ABSTRACT
SPENCE, KELLEY LYNN. Processing and Properties of Microfibrillated Cellulose. (Under
the direction of Dr. Richard Venditti and Dr. Orlando Rojas.)

Microfibrillated Celluloses (MFCs) are generally considered to be fibrils with diameters
in the range of 10-100 nm liberated from larger plant based cellulose fibers. MFCs have
garnered much attention for use in composites, coatings, and films because of high surface
areas, renewability, and unique mechanical properties. Many of the recent studies of MFC
generated from wood pulp have focused on fully bleached chemical pulps; however, these
materials must be further modified to be incorporated in hydrophobic matrices for composite
reinforcement. The production of MFCs containing less hydrophilic lignin may reduce the
need for surface modifications.

To investigate, wood pulps of different chemical

compositions were used to produce MFCs to determine the effect of chemical composition
on microfibril and film properties. It was found, after homogenization, that the presence of
lignin did not significantly decrease film mechanical properties, even with a significant
decrease in density, contrary to the physical properties of the produced hand-sheets. As
expected, increasing film density resulted in higher tensile indices. Samples containing
lignin also had higher specific surface areas and water retention values than samples without
lignin.
Three different types of mechanical processing equipment were used to generate MFC.
Results show that the microfluidizer resulted in significantly tougher films than both microgrinding and homogenization and required less energy to obtain these properties, offering
great promise for producing MFC materials with lower energy input. The ability to produce
MFCs containing lignin could potentially provide new markets for MFC such as composite
reinforcements in hydrophobic matrices without surface modification, while production with
the microfluidizer and the micro-grinder could provide a more economically feasible
production method as compared to the homogenizer. A modification to the Congo red

specific surface area measurement was developed to more accurately compare surface areas
between samples containing lignin and those without lignin.
One potential application for microfibrillated cellulose is in the paper and packaging area.
Films of bleached hardwood produced by micro-grinding were modified using internal fillers
and surface coatings in an attempt to develop properties comparable to that of polyethylene.
It was determined that coating the MFC films with cooked starch, paraffin wax, and beeswax
resulted in water vapor transmission rates lower than low density polyethylene. The addition
of internal fillers such as kaolin clay and calcium carbonate decreased WVTR, hypothesized
to be due to an increase in path length because of decreased water vapor solubility in the
film. The determined pore radii of the MFC films by the Knudsen diffusion model was in
agreement with those calculated based on SEM imaging.
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CHAPTER ONE : INTRODUCTION
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1. Introduction to Microfibrillated Cellulose
Cellulose, first characterized by Anselme Payen, is found in the cell walls of higher
plants and can also be formed by algae, bacteria, fungi, and tunicates (Kirk and Othmer
1993). Approximately 7.5 x 1010 tons of cellulose grows and is utilized each year, making
this biomass the most abundant renewable resource on the planet. In woody plants, cellulose
is found in a matrix with lignin, hemicellulose, and extractives; these biopolymers are found
in varying concentrations, depending on wood type and species, throughout the cell wall. As
an example, the lignin distribution is shown in Figure 1.1. The typical distribution of
cellulose, hemicellulose, lignin, and extractives for softwood is 42%, 27%, 28%, and 3%,
respectively, while hardwood distribution is 45%, 30%, 20%, and 5%, respectively (Smook
2002). Cellulosic materials can be utilized with or without lignin and hemicelluloses, and are
commonly used as lumber, textiles, and paper and packaging; these materials are also
processed and utilized as films, membranes, explosives, and dietary fibers.

Figure 1.1: Lignin distribution in the fiber cell wall (Dr. Martin Hubbe)
Microfibrillated celluloses (MFCs) were first produced in 1983 by Turbak et al. using
purified cellulose from wood pulp and a high pressure homogenizer. Cellulosic fibers were
disintegrated into their sub-structural fibrils and microfibrils having lengths in the micron
scale and widths ranging from 10 to few hundred nanometers, Figure 1.2. These materials
were found to form stable aqueous suspensions providing an opportunity for multiple uses as
thickeners, emulsifiers or additives in food, paints and coatings, as well as cosmetics and
medical products (Turbak et al. 1983). More recently, MFCs were produced by combining
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mechanical shearing of wood pulp with enzymatic hydrolysis (Henriksson et al. 2007) and
TEMPO-mediated oxidation (Saito et al. 2007).

Figure 1.2: The development of cellulosic fibers from cellulose molecules
(Nutrition Resources, 2006)
Cellulose-based materials, such as microfibrillated celluloses, have recently garnered
much attention for use in composites, coatings, and films because of the industrially
abundant fiber precursor, renewability, high surface area, and unique mechanical properties;
Table 1.1 shows the tensile properties of cellulose-based materials and commonly used
materials. The cellulose-based materials have a wide range of strengths, from 50 MPa for
cellophane, to 243 MPa for regenerated cellulose and microcrystalline cellulose composite
films. These materials have the potential to be stronger than other commonly used materials
such as Nylon and low and high density polyethylenes. The potential strength of these
materials is due to the theoretical strength of individual nanofibers, predicted to be
approximately 145 GPa in the case of modulus (Eichhorn and Young 2001) and due to strong
adhesion between the microfibers in the material. Materials made from cellulose microfibers
resist brittle failure due to the large surface areas of the microfibers and the ability to
redistribute stress by shifting and stretching of the microfibrils in the material (SEM images,
Appendix 2). As expected, MFCs from wood pulps are significantly stronger than the
precursor pulp. This is likely due to the preservation of tensile strength of the individual
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microfibrils while increasing the specific surface area (Taniguchi and Okamura 1998). This
increase in specific surface area results in stronger bonds and a higher quantity of hydrogen
bonding, resulting further in increased tensile strength. It is also believed that these materials
have more distributed defects and utilize a crack stopping mechanism resulting in better
mechanical properties (Nakagaito and Yano 2004). Even though the theoretical strength of
these materials is very strong based on the strength of the nano-scale elements, the
production of very strong macro-materials from cellulose nanofibers is difficult, as the
separation of the nanofibers from the macrofibers can cause damage to the nanofiber
structure, as well as technological challenges such as defibrillation resulting in a uniform
product.
Table 1.1: Mechanical Properties of Commonly Used Materials
Material

Tensile Strength
(MPa)
170.31

Regenerated cellulose film
Regenerated cellulose /MCC composite
215.1 - 242.81
film
Cellophane
50 - 1202
2
30 g/m MFC films, prepared by free
1363
drying
Original pulp handsheets
2.2 – 5.9
MFC films
82.2 – 90.3
Nylon 6,6
75.94
Low density polyethylene
8.3 – 31.44
High density polyethylene
22.1 – 31.04
1
(Gindl and Keckes 2005)
2
(Mark et al. 1968)
3
(Syverud and Stenius 2009)
4
(Callister 2003)

2. Production of Microfibrillated Cellulose
Microfibrillated celluloses can be produced from various sources such as wood pulp,
tunicin, and cotton (Taniguchi and Okamura 1998). These materials are typically produced
by four common mechanical methods: homogenization, microfluidization, micro-grinding,
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and cryocrushing, each having advantages and disadvantages, but all typically produce MFCs
with diameters in the 10-100 nm range.
When processing with a homogenizer, pulp is passed through either one or two stages,
where the fibers are subjected to rapid pressure drops, high shear, and impact forces against a
homogenization valve and an impact ring (Nakagaito and Yano 2004), Figure 1.3. The
pressure drop is typically 8,000 psi (55 MPa) in Manton-Gaulin 15MR homogenizers, and
the fibers are cycled through the homogenizer approximately 10-20 times (Turbak et al.
1983; Andresen et al. 2006; Andresen et al. 2007; Erkisen et al. 2008; Herrick et al. 1983;
Stenstad et al. 2008; Syverud and Stenius 2009). Besides the larger energy consumption, a
main disadvantage of the homogenization of wood fibers is that long fibers often clog the
system, particularly at the in-line valves, which then must be disassembled and cleaned.
However, the homogenizer can easily be scaled to industrial production and can be operated
continuously.

Figure 1.3: The homogenizer (APV, Gaulin, Inc.)
Processing with a microfluidizer reduces the likelihood of clogs because it has no in-line
moving parts. Pulp is passed through an intensifier pump that increases the outlet pressure to
40,000 psi (276 MPa), followed by an interaction chamber which defibrillates the fibers by
shear forces and impacts against the channel walls and colliding streams (Microfluidics
Incorporated, 2010). The microfluidizer operates at a constant shear rate, compared to the
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homogenizer, which operates at a constant processing volume. The interaction chamber can
be designed with different geometries to produce different sized materials and plugging can
be resolved using reverse flow through the chamber, Figure 1.4. For example, in the case of
a “Y” shaped orifice, the high pressure inlet is the bottom of the “Y” and is then split into
two streams. These streams collide with the walls at a 45o angle and then enter a high shear
zone which results in the streams interacting with the wall at 90o and a reduction in pipe
diameter, both effective in reducing particle size. The two streams then meet and collide
with each other in the high impact zone, before exiting through the low pressure outlet. The
utilization of piping angles and colliding streams reduces the need for moving parts, such as
utilized by the homogenizer, reducing processing and plugging issues.

Outlet

Inlet
Reservoir

Cooling
Jacket

Intensifier Pump
Patented
Interaction
Chamber

Pressures to
40,000 psi

Pressure
Gauge

Figure 1.4: The microfluidizer (Microfluidics, Inc.)
During micro-grinding, wood fibers are forced through a gap between a rotary and a
stator disk, Figure 1.5; these disks have bursts and grooves that contact the fibers to
disintegrate them into the sub-structural components (Nakagaito and Yano 2004). Contact
with the hard surfaces and repeated cyclic stresses result in the defibrillation of the fibers.
Typically, the material used for the disks is silicon carbide with a grit class of 46. The disks
can be produced using different grit classes and different groove configurations to alter flow
patterns during processing. Disk maintenance and replacement can be a drawback since
wood pulp fibers can wear down the grooves and grit. However, the main advantage of
processing with the micro-grinder is that the mechanical, fiber shortening pretreatment
utilized with other processing techniques is not required.
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Figure 1.5: The micro-grinder (Masuko)
Finally, in cryocrushing, liquid nitrogen is used to freeze the water in the wood pulp and
a mortar and pestle are used to produce a high impact force to liberate the fibrils from the cell
wall (Chakraborty et al. 2005; Janardhnan and Sain 2006).

For obvious reasons,

cryocrushing is not amenable to large scale production and will not be considered further in
this study.
The main issue when processing wood pulps to produce MFC with the homogenizer and
the microfluidizer is fiber length, which causes fibril entanglement and clogging of the
equipment. Mechanical, chemical, and enzymatic pretreatments are used to reduce fiber size
and/or to pre-defibrillate the fibers, thus reducing the frequency of equipment clogging.
Such pretreatments also remove the primary cell wall, where the microfibrils are organized
randomly, which efficiently exposes the more organized fibrils located in the secondary cell
wall for further processing (Montanari et al. 2005). Alternatives for mechanical reduction of
fiber size include disk refiners, PFI mills, manual cutting, and Valley beaters, which can be
used prior to the production of MFC (Herrick et al. 1983; Turbak et al. 1983; Nakagaito and
Yano 2004; Iwamoto et al. 2005; Andresen et al. 2006; Henriksson et al. 2008).
This study will investigate the energy consumption of the three processing methods,
homogenization, microfluidization, and micro-grinding, as well as the effect of processing
method on MFC and MFC film properties.
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3. Pretreatments Utilized in the Production of Microfibrillated Cellulose
Harsh mechanical pretreatments damage the microfibril structure by reducing molar mass
and degree of crystallinity (Henriksson et al. 2007) and can also be energy intensive. For
these reasons, chemical pretreatments such as acid hydrolysis, alkaline, enzymatic
hydrolysis, and TEMPO mediated oxidation have been introduced and each improves
processing in different ways, all reducing processing energy consumption.
Acid hydrolysis assists in processing by making the cell wall brittle (Henriksson et al.
2007) and removing amorphous regions (Montanari et al. 2005). This embrittlement is
expected to be the result of the molecular reduction in cellulose chain length, which also
results in a 5 to 10 fold decrease in the degree of polymerization and the production of
irregular fragments (Boldizar et al. 1987).

A major disadvantage to utilizing the acid

pretreatment, however, is that it can result in a significantly lower molecular weight
cellulose, mainly microcrystalline cellulose (MCC), which reduces the reinforcing effect of
the material if used in composites (Henriksson et al. 2007).
Alkaline pretreatments improve processing by swelling the pulp fibers, making
defibrillation easier.

The swelling promotes water uptake within the fiber, reducing

hydrogen bonding, and resulting in less energy required to defibrillate the macrofibrils into
microfibrils. It is also expected that alkaline pretreatments result in the reorganization of the
microfibrils because of inhomogeneous swelling (Zhang et al. 2005); this reorganization also
promotes defibrillation because of reduced hydrogen bonding.
Similar to the alkaline pretreatment, enzymatic hydrolysis also swells the fibers, while it
also promotes the generation of fines (Henriksson et al. 2007). The swelling promoted by the
enzyme reduces hydrogen bonding, allowing for easier removal of the microfibrils. The
smaller fiber fragments, fines, produced during enzymatic hydrolysis act as a suspension
agent, impeding the aggregation and sedimentation of the microfibrils during processing,
making processing more homogeneous and resulting in fewer equipment issues (Henriksson
et al. 2007).
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TEMPO-mediated oxidation is expected to result in improved MFC individualization by
electrostatic repulsion from the introduction of negatively charged surface groups (Montanari
et al. 2005). The utilization of acid hydrolysis, alkaline, and enzymatic hydrolysis in the
wood and paper industry is commonly used, however, TEMPO is an emerging technology
not commonly used in industrial applications related to the pulp and paper industries. A
major challenge for the application of TEMPO industrially is cost, but a significant energy
reduction in producing these materials could overcome this challenge and promote the
production of these renewable materials for new applications.
TEMPO, 2,2,6,6-tetramethylpiperidine-N-oxyl is a nitroxyl or nitroxide radical (Bragd et
al. 2004). It is extremely stable against decomposition and inert towards organic molecules;
it oxidizes primary alcohol groups, producing carboxylate ions.

Advantages of using

TEMPO oxidation for polysaccharides, in comparison to acid, are high reaction rate, yield,
and selectivity while only minimal degradation (Bragd et al. 2004). Reaction time for the
common pretreatments may cause issues for industrial scale up, but the reaction rate for
TEMPO can be modified by temperature, TEMPO concentration, and NaBr concentration,
with temperature being the most significant parameter (Suh et al. 2007). It is believed that
TEMPO assists in producing MFCs by loosening adhesion between the microfibrils and
introducing electrostatic repulsion between them (Saito et al. 2006).
This study does not focus on chemical pretreatments, as the samples contain lignin which
alters the chemistry; this study utilizes a mechanical pretreatment for processing the wood
pulps, but the investigation of chemical pretreatments with pulps containing lignin to produce
MFCs is suggested for future work.

4. Utilization of Microfibrillated Cellulose
4.1 Composite Reinforcements

MFCs are being extensively investigated for use as composite reinforcements due to
many advantages including intrinsic properties (low cost, health safety, and renewability) and
convenient processing (flexibility during manufacture and reduced abrasion of metal and
ceramic components) (Berglund 2005; Nakagaito and Yano 2006; Kamel 2007).
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Applications of MFCs may include car construction components, shipping crates and pallets,
toys, storage bins, outdoor furniture, etc. (Kokta et al. 1983) as well as materials for
biomedical applications (Berglund 2005).
Having a theoretical modulus of 145 GPa, (Eichhorn and Young 2001) and a high surface
area, MFCs allow for the formation of a highly dense hydrogen bonding network; therefore,
strong materials, including those listed above, can be produced (Gardner et al. 2008). In fact,
when compared to fiber-based nonwovens such as paper, MFC-based materials were found
to have more interfibril adhesion, higher fibril strengths, and smaller and better distributed
defects (Gardner et al. 2008; Henriksson et al. 2008). In addition, the elastic modulus and
tensile strength of MFC-based films developed from softwood dissolving pulp were found to
range between 10.4 and 13.7 GPa and 129 to 214 MPa, respectively (Henriksson et al. 2008).
Mixing cellulosic fibers and MFCs has also been reported. For example, the addition of 4%
of MFCs obtained from Kraft pulp to thermo-mechanical pulp (TMP) resulted in a 10%
increase in tensile index (Eriksen et al. 2008). Furthermore, the replacement of cellulose
fibers with MFC as reinforcement materials in polymer-based composites produced a huge
improvement of the respective mechanical properties (bond density, toughness, etc.) and
prevented crack propagation more effectively (Nakagaito et al. 2005).
A major drawback associated with MFCs is the dispersion ability in non-polar media,
mainly caused by the hydrophilic nature of cellulose. In fact, mixing, compounding, and
dispersing MFCs uniformly in non-polar media has remained challenging. However, this
issue has been exaggerated since the starting material used thus far to produce MFCs has
consisted of low yield, pure, hydrophilic cellulosic fibers. In addition, processing of such
“pure” cellulosic materials to produce MFCs is highly energy inefficient and resource
demanding (typically involving chemical treatment, bleaching, heat exchange, and separation
stages) which drastically increases the costs.
Lignin, which exists intimately linked to native (wood and non-wood) fibers as a random
polymer network, is considered to be the connecting material that adheres to the other two
major biopolymer components (cellulose and hemicellulose). Therefore, the use of lignin-
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containing cellulosic fibers is expected to result in less hydrophilic MFCs having better
dispersion ability in non-polar media, in particular, when forming composites with typical
hydrophobic matrices. Motivated by this potential property and also by the issues explained
above, this investigation involved the use of wood pulps containing various concentrations of
lignin (low and high yield pulps). One aim of this research was to utilize and compare, in
terms of processing and properties of the resulting films, wood pulps of various chemical
compositions to produce MFCs. The rationale for the use of unbleached pulps, containing
residual extractives, lignin, and hemicelluloses, was that the materials can provide
opportunities for production at higher yields and lower operational costs, with the potential
benefits of better strength and barrier properties. To accomplish these goals, microfibrillated
celluloses were produced from pulps of various chemical compositions, as well as different
drying history and processing, to determine the feasibility of potentially using recycled paper
to produce MFCs.
4.2 Packaging Applications

Another application, food packaging, has improved significantly during recent years,
mainly due to increased demands on product safety, shelf-life extension, cost-efficiency,
environmental issues, and consumer convenience. In order to improve the performance of
packaging to meet these varied demands, innovative modified and controlled packaging
materials are being developed and optimized for potential commercial use. Currently these
materials are largely produced from fossil-derived synthetic plastics, but with increasing
environmental concerns, materials derived from renewable resources are being strongly
investigated as potential replacements. These materials must provide protection for products
to obtain a satisfactory shelf life at the same levels as those obtained with petroleum-derived
ones (Rhim 2007; Rhim and NG 2007). Indeed, applicable materials must have adequate
mechanical properties, and provide a sufficient barrier to oxygen, water vapor, light,
microorganisms, and other contaminants in order to prevent food deterioration. Although
chemically modified biopolymers such as cellulose derivatives or thermoplastic starches have
been widely used in packaging, renewable biopolymers are currently of central interest as
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there is the potential to replace conventional petroleum-derived polymers typically used in
food packaging (de Vlieger 2003).
MFCs produced from TEMPO-mediated oxidation have potential uses in packaging
applications and electronics. Fukuzumi et al. treated the oxidized MFCs to improve gas
barrier properties and hydrophobicity, both important properties for these applications
(2009). It is expected that the high carboxylate content after oxidation will result in the films
having low resistance to water. To improve hydrophobicity, thin films of oxidized MFCs
were produced using vacuum filtration on a membrane and then treated for 10 seconds with
0.05% AKD. Films were then washed and dried overnight at 50oC. After complete drying,
films were heated at 100oC for 10 minutes. The results show that the AKD treated films
were hydrophobic (contact angle of 94o) and resisted water penetration for 10 seconds. This
compared to the non-treated film, which had an initial contact angle of approximately 45o
and absorbed some of the water in the 10 seconds, for a final contact angle of approximately
25o (Fukuzumi et al. 2009).
Cellulosic fibers, as paper and paperboard, have traditionally been used in packaging for
a wide range of food categories such as dry food products, frozen or liquid foods and
beverages and even fresh foods (Kirwan 2003; Kirwan and Strawbridge 2003). Cellophane,
which is regenerated cellulose obtained from wood pulp through a physico-chemical process,
is also extensively used as a material for food packaging (Kirwan 2003; Kirwan and
Strawbridge 2003). The new class of cellulosic materials, microfibrillated celluloses, has
emerged recently as a potential packaging material because it exhibits many of the barrier
and mechanical properties required in packaging, in addition to the utilization of an abundant
of fiber precursor, renewability and biodegradability. In fact, the strength of MFC-based
films is a requisite that can be easily met given the fact that, at a 35 g/m2 basis weight, MFC
films were found to have suitable mechanical properties: tensile index of 146 Nm/g,
elongation of 8.6%, and an elastic modulus of 17.5 GPa (Syverud and Stenius 2009). These
films have shown low oxygen transmission rates, 17 ml/m2*day, which were comparable to
synthetic packaging based on oriented polyester ethylene vinyl alcohol. For MFC-based
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films, the porosity, which is an important criterion for packaging and barrier properties, is
modifiable by drying from different solvents, creating a tunable feature that provides an
advantage over melt-formed plastics. For example, the porosity for MFC-based films dried
from water was as high as 28%, in contrast to films dried from solvents such as methanol,
ethanol, and acetone that had porosities of up to 40% (Henriksson et al. 2008). Also, when
used as a coating layer on paper, it was shown that 10% MFC significantly reduced air
permeability by reducing the surface porosity (Syverud and Stenius 2009).
For ease of processing, MFCs are usually produced from purified cellulose fibers, which
express a hydrophilic character and, consequently, the resulting MFC-based films possess
poor barrier properties against water vapor. This factor constitutes the main drawback for
their application in some categories of food packaging and, in order to overcome this issue,
several strategies including chemical modifications and the addition of hydrophobic
substances have been explored. The motivation for the present study, which investigates the
use of MFCs containing the lignin that naturally occurs intimately linked to native cellulose
fibers, utilizes the same objective. The processability of such pulps requires a mechanical
pretreatment in order to soften the fibers prior to the main step of fibers
disintegration/individualization. Lignin-containing MFCs (produced at comparatively high
yield) could provide opportunities to lower the operational costs with the potential benefits of
better strength and barrier properties.
As previously discussed, several barriers to the implementation of MFC technology
include hydrophilicity and dispersion issues in non-polar media, and energy requirements for
the production of these materials which increase production costs.

This research will

investigate the utilization of microfibrillated cellulose from wood pulps containing lignin, a
potential solution to hydrophilicity and dispersion issues in non-polar media. This research
will also investigate the three common methods of MFC production to determine energy
consumption and material differences between the processes, with the intent of improving
understanding of industrial scalability. Other barriers to implementation include the removal
of water from the MFC slurry, as increased specific surface areas result in an increase in
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difficulty in the removal of water.

The issue of water removal is significant for both

shipping, as the cost of shipping MFC at 3% solids would not be economically feasible, and
production, as the use of standard paper machines would require modifications to retain the
smaller materials and a reduction in speed because the water would be more difficult to
remove.

5. Concluding Remarks
In the present work, MFCs produced from wood pulps containing extractives,
hemicelluloses, and lignin were used to produce films by a casting-evaporation technique.
Film physical, mechanical, optical, and water interaction properties were investigated. These
properties were hypothesized to depend on the chemical composition of the MFCs and films;
therefore, the elucidation of the effect of pulp type (chemical composition) on such properties
is the focus of my research so that the employment of such materials, either alone or mixed in
hydrophobic matrices (for example in packaging and composite manufacture) can be
realized.
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CHAPTER TWO : RESEARCH OBJECTIVES
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Microfibrillated Celluloses (MFCs) are generally considered to be fibrils with diameters
in the range of 10-100 nm liberated from larger plant-based cellulose fibers. MFCs have
garnered much attention for the use in composites, coatings, and films because of high
surface areas, renewability, and unique mechanical properties. Many of the recent studies of
MFC generated from wood pulp have focused on fully bleached chemical pulps; however,
these materials must be further modified to be incorporated in hydrophobic matrices for
composite reinforcement. The production of MFCs containing less hydrophilic lignin may
reduce the need for surface modifications.
The development of these materials for packaging applications and composite
reinforcements will result in the utilization of a renewable biopolymer and potentially reduce
the consumption of petroleum-based plastics and the amount of plastic waste in landfills.
The motivation for this research is to develop a better understanding of MFCs produced from
less-processed wood pulps.

It is intended that the research results will inspire further

research into utilization and industrial production of these materials.
This study investigates the production and utilization of microfibrillated celluloses from
wood pulps, with the main focus as determining the effect of chemical composition on
processing, MFC properties, and film properties. The main objective in the present study is
to develop a fundamental understanding of the effect of chemical composition on MFC and
MFC film properties. Several hypotheses to be investigated are as follows:
A. The development of MFCs containing other wood cell matrix polymers, such as
lignin and hemicellulose, results in increased mechanical properties. It is
hypothesized that native lignin improves mechanical properties by improving
defibrillation during processing (i.e. increased surface area) because of negative
surface charges.
B. Water vapor barrier properties of MFC films containing lignin and extractives are
higher than MFC films containing only cellulose and hemicellulose.

It is

hypothesized that the pores formed during MFC film formation of samples
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containing lignin are larger and less hydrophilic than those produced from
samples without lignin.
C. MFC film water vapor barrier properties can be modified using internal filler and
surface coatings. It is hypothesized that these modifications decrease water vapor
permeability inside the film, decrease pore diameter, and/or increase the path
length a water vapor molecule must travel to exit the film, depending on the type
of structure modification (surface or internal).
The initial part of this research will focus on the development of MFCs of different
chemical compositions and the effect of the chemical composition on physical, optical,
mechanical, and water interaction properties (Chapters 3 and 4). Next, the research will
focus on different production methods to develop MFCs to determine economic feasibility
and differences in resulting properties between the methods (Chapter 5). Improvement of
water vapor barrier properties of MFC films will be investigated by utilizing internal fillers
and surface coatings (Chapter 6). Finally, the effect of lignin on MFC properties will be
further investigated (Chapter 7).
The main research questions that will be answered are as follows:
A. Can MFCs be developed using pulps containing the hemicellulose-lignin matrix?
B. Does the chemical composition affect properties? How?
C. Do the common MFC production methods result in materials with different
properties?
D. Is there one production method more economically feasible than the other
methods?
E. Can water vapor barrier properties be improved using fillers and coatings?
F. How can the vapor transport be modeled in pure MFC films, film containing
fillers, and externally coated films?
G. Are the previously observed trends (ie. increased tensile index, increased water
retention and hard-to-remove water content, etc.) the result of lignin?
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1. Abstract
Films of microfibrillated celluloses (MFCs) from pulps of different yields, containing
varying amounts of extractives, lignin, and hemicelluloses, were produced by combining
refining and high-pressure homogenization techniques. MFC films were produced using a
casting-evaporation technique and the physical and mechanical properties (including density,
roughness, fold endurance and tensile properties) were determined. Homogenization of
bleached and unbleached Kraft pulps gave rise to highly individualized MFCs, but not for
thermo-mechanical pulp (TMP). The resulting MFC films had a roughness equivalent to the
surface upon which the films were cast. Interestingly, after homogenization, the presence of
lignin significantly increased film toughness, tensile index, and elastic modulus. The
hornification of fibers through a drying and rewetting cycle prior to refining and
homogenization did not produce any significant effect compared to films from never-dried
fibers, indicating that MFC films can potentially be made from low-cost recycled cellulosic
materials.

Keywords: MFC films, chemical composition, hornification, homogenization, lignincontaining microfibrillated cellulose
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2. Introduction
Cellulose-based materials, such as microfibrillated celluloses, have garnered much
attention for use in composites, coatings, and films because of the industrially abundant fiber
precursor, renewability, high surface area, and unique mechanical properties; Table 3.1
shows the tensile properties of several of these materials. These materials have a wide range
of strengths, from 50 MPa for cellophane, to 243 MPa for regenerated cellulose and
microcrystalline cellulose composite films. These materials have the potential to be stronger
than other commonly used materials such as Nylon and low and high density polyethylenes.
Microfibrillated celluloses (MFCs) were first developed in 1983 by Turbak et al. using, as
starting materials, purified cellulose fibers from wood pulp after high pressure mechanical
homogenization. Cellulosic fibers were disintegrated into their sub-structural fibrils and
microfibrils having lengths in the micron scale and widths ranging from 10 to few hundred
nanometers. These materials were found to form stable aqueous suspensions providing an
opportunity for multiple uses as thickeners, emulsifiers or additives in food, paints and
coatings, as well as cosmetics and medical products (Turbak et al. 1983). More recently,
MFCs were produced by combining enzymatic hydrolysis and mechanical shearing of wood
pulp (Henriksson et al. 2007).
Table 3.1: Tensile strengths of common materials
Material

Tensile Strength
(MPa)

Regenerated cellulose film

170.31

Regenerated cellulose /MCC composite film
Cellophane
30 g/m2 MFC films, prepared by free drying
Original pulp handsheets
MFC films
Nylon 6,6
Low density polyethylene
High density polyethylene

215.1 - 242.81
50 - 1202
1363
2.2 – 5.9
82.2 – 90.3
75.94
8.3 – 31.44
22.1 – 31.04

1

Gindl et al. 2005
Mark, H. et al. 1968
3
Syverud, K. and Stenius, P. 2009
4
Callister, W. 2003
2
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MFCs are being extensively investigated for use as composite reinforcements due to
many advantages including intrinsic properties (low-cost, health safety, and renewability)
and convenient processing (flexibility during manufacture and reduced abrasion of metal and
ceramic components) (Berglund 2005; Kamel 2007; Nakagaito and Yano 2006).
Applications of MFCs as composite reinforcements may include car construction
components, shipping crates and pallets, toys, storage bins, outdoor furniture, etc. (Kokta et
al. 1983) as well as materials for biomedical applications (Berglund 2005).
Having a theoretical modulus of 145 GPa (Eichhorn and Young 2001), and a high surface
area, MFCs allow for the formation of a highly dense hydrogen bonding network; therefore,
strong materials, including those listed above, can be produced (Gardner et al. 2008). In fact,
when compared to fiber-based non-wovens such as paper, MFC-based materials were found
to have more interfibril adhesion, higher fibril strengths, and smaller and more distributed
defects (Gardner et al. 2008; Henriksson et al. 2008). In addition, the elastic modulus and
tensile strength of MFC-based films developed from softwood dissolving pulp were found to
range between 10.4 and 13.7 GPa and 129–214 MPa, respectively (Henriksson et al. 2008).
Mixing cellulosic fibers and MFCs has also been reported. For example, the addition of 4%
of MFCs obtained from Kraft pulp to thermo-mechanical pulp (TMP) resulted in a 10%
increase in tensile index (Eriksen et al. 2008). Furthermore, the replacement of cellulose
fibers with MFC as reinforcement materials in polymer-based composites produced a huge
improvement of the respective mechanical properties (bond density, toughness, etc.) and
prevented crack propagation more effectively (Nakagaito and Yano 2005).
A major drawback associated with MFCs is the dispersion ability in non-polar media,
mainly caused by the hydrophilic nature of cellulose. In fact, mixing, compounding, and
dispersing MFCs uniformly in non-polar media has remained challenging. However, this
issue has been highly exaggerated since the starting material used thus far to produce MFCs
has consisted of low yield, pure, hydrophilic cellulosic fibers. In addition, processing of such
‘‘pure” cellulosic materials to produce MFCs is highly energy inefficient and resource
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demanding (typically involving chemical treatment, bleaching, heat exchange, and separation
stages) which drastically increase the costs.
Lignin, which exists intimately linked to native (wood and nonwood) fibers as a random
polymer network, is considered to be the connecting material that holds together the other
two major biopolymer components (cellulose and hemicellulose). Therefore, the use of
lignin-containing cellulosic fibers is expected to result in less hydrophilic MFCs having
better dispersion ability in non-polar media, in particular, when forming composites with
typical hydrophobic matrices. Motivated by this potential property and also by the issues
explained above, this investigation involved the use of wood pulps containing various
concentrations of lignin (low and high-yield pulps). The aim of this research is to utilize and
compare, in terms of processing and the properties of the resulting films, wood pulps of
various chemical compositions to produce MFCs. The rationale for the use of unbleached
pulps, containing residual extractives, lignin, and hemicelluloses, was that the materials can
provide opportunities for production at higher yields and lower operational costs, with the
potential benefits of better strength and barrier properties. To accomplish these goals,
microfibrillated celluloses were produced from pulps of various chemical compositions, as
well as different drying history and processing, to determine the feasibility of potentially
using recycled paper to produce MFCs. Future research will investigate the water interaction
properties of these materials such as water vapor transmission rate, contact angle, hard-toremove water content and specific surface area.

3. Methods
3.1 Materials

Unbleached and bleached hardwood and softwood Kraft pulp samples were obtained
from pulp mills in the Southeastern United States. The unbleached samples were obtained
prior to an oxygen delignification stage while the bleached samples were taken from the final
bleach tower washer. An unbleached softwood pulp with high lignin content was also
obtained from a high density storage chest. For comparison purposes, a sample of thermo-
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mechanical pulp (TMP), with the highest lignin content, was also obtained. All pulps were
used as received.
3.2 Cellulosic Fibers

The chemical compositions and fiber characteristics of the collected pulps were
determined using TAPPI standard methods (T204 1997; T222 1998; T249 2000), the
Dionex-ICS 3000 (Dionex Corporation, Sunnyvale, CA, USA), and the Fiber Quality
Analyzer – FQA (OP Test Equipment, Hawkesbury, Ontario, Canada). Fines were
considered to be cell wall elements with a length between 0.05 and 0.20 mm, according to
FQA tests. A sample FQA printout appears in Appendix 1, section 1.

Pulp pH was

ascertained using TAPPI standard method T252 (T252 1998).
3.3 Microfibrillated Celluloses

Before high-pressure homogenization, pulps were subjected to a pretreatment step. Pulps
were dispersed in water at a concentration of 2% and refined in a laboratory scale Valley
beater (Valley Iron Works, Appleton, WI, USA) for a total refining time of 3 h. The resulting
fiber slurries were stored in a cold room until needed.
Homogenization of the refined pulps was performed with a 15MR two-stage MantonGaulin homogenizer (APV, Delavan, WI, USA) at a solids content of 0.7%. Operation
pressure was 55 MPa and the temperature was not controlled, but processing was temporarily
ceased when the temperature reached approximately 90°C to prevent pump cavitation.
Processing then recommenced when the samples had cooled to approximately 45°C. Samples
were taken after 1, 4, 8, 12, 16, and 20 homogenization passes and stored in a cold room until
needed.
In order to determine if wetting/drying cycles impact the production and properties of
MFCs, chemically-pulped fibers (bleached softwood and hardwood samples) were subjected
to an additional pretreatment; samples were refined using a Valley beater at 2% solids until a
freeness of 300 CSF (T227 1999) and then dried at 105°C for 3 days to ensure complete
drying. Dried samples were diluted to 2% solids content and dispersed using a TAPPI
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disintegrator, and then subjected to the same total refining time and homogenization
procedures previously described.
3.4 Characterization of MFCs

Imaging of fibers and fibrils for diameter distribution was performed using an Olympus
BH-2 optical microscope (Olympus, Center Valley, PA, USA) and a JEOL 6400F (JEOL,
Peabody, MA, USA) field emission scanning electron microscope (FE-SEM), respectively.
A standard operating procedure for the optical microscope developed for training appears in
Appendix 4.
X-ray diffraction experiments were carried out on dried films using a Philips X-ray
diffractometer type PW 1848 (Royal Philips Electronics, Amsterdam, Netherlands) with a
rate of 10 s scans/step from 5° to 45°. The crystallinity index was determined based on the
empirical method of Segal (Segal et al. 1959).
3.5 MFC Films

The respective MFC slurry was placed under vacuum for 10 min in an ultrasound bath
followed by manual shaking to remove entrained air. A portion of the slurry was slowly
poured into a petri dish to produce films with a basis weight of 30 g/m2 after drying. Dried
films were conditioned at 23°C and 50% ambient relative humidity. Typical time required for
drying was 5 days. Films from TMP could not be removed from the plastic petri dishes. For
this reason, TMP samples were produced using Teflon petri dishes and oven drying at 50°C
with an approximate drying time of 24 h.
Film thickness and roughness were measured using a Lorentzen and Wettre Micrometer
51 and a Parker Print Surface Tester (L&W, Stockholm, Sweden), respectively (standard
methods T411 (1997) and T555 (1999)). Roughness was measured on both the top (air) and
bottom (dish) sides of the films with a clamp pressure of 3.4 kPa. The areal weight (basis
weight) was determined using TAPPI standard T410 (1998) and apparent film density was
calculated using the thickness and measured basis weight. Each sample tested consisted of 10
measurements.
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Tensile strength was determined using an Instron 4411 apparatus (Instron, Norwood,
MA, USA) with a modified TAPPI standard testing procedure (T404 1992). Samples were 15
mm wide and the clamp span was modified to be 25.4 mm. Cross-head speed was modified
to 4 mm/min. Fold endurance was determined using the M.I.T. Fold Endurance tester (T511
1996) (Tinius Olsen, Horsham, PA, USA). Each sample tested consisted of three
measurements. Instron sample data and toughness calculations appear in Appendix 1, section
2.

4. Results and Discussion
4.1 Precursor Pulps for MFC Production

For ease of discussion, the different wood pulps employed were labeled with
abbreviations, and tables were organized by increasing lignin content. Table 3.2 provides
main morphological and chemical characteristics of the original pulp fibers. As expected,
cellulose contents were high for the chemical pulps, i.e., bleached and unbleached soft and
hard wood pulps (65–79%), while the respective lignin and extractive contents were low. The
amount of hemicelluloses was around 20% for all fibers. The thermo-mechanically processed
pulp (TMP) had a higher lignin and hemicellulose content (31.2% and 29.2%, respectively);
such composition was close to that of the original wood used which consisted of a mixture of
softwood fibers. Also, a significant number of fines (22.7%, length weighted average) was
observed in the case of the TMP pulps, as expected. Hardwood samples contained a
significant number of fines (16–17%), while the softwood contained 5–6% fines. The typical
fiber lengths and diameters were less than 1 mm and greater than 2 mm and approximately
20 and 34 µm for the hardwoods and softwoods, respectively.
In order to produce MFCs, pulps were mechanically treated in a high-pressure
homogenizer after a mechanical refining pretreatment. Direct homogenization of raw fibers
was not successful because of cavitations during processing, as also reported by Turbak et al.
(1983). The refining pretreatment, mainly to shorten and pre-defibrillate the fibers, was
carried out using a batch refiner (Valley beater) for a total time of 3 h. This extensive refining
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Table 3.2: Wood pulp chemical compositions and fiber characteristics of samples used to
produce MFC
Pulp Type
Bleached
Softwood
Bleached
Hardwood
Unbleached
Hardwood
Unbleached
Softwood
Low Lignin
Unbleached
Softwood
High Lignin
Thermomechanical

Sample
Abbrev.

Cellulose
(%)

Total
Hemicelluloses (%)

Total
Lignin
(%)

Extractives
(%)

Length
(mm)

Diameter
(µm)

Fines
(%)

BSW

79.2 ± 0.2

20.0 ± 0.1

0.8 ± 0.1

0.0 ± 0.0

2.4

30.4

6.3

BHW

78.0 ± 0.2

20.3 ± 0.1

1.3 ± 0.1

0.5 ± 0.1

0.96

20.5

17.4

UBHW

78.0 ± 0.5

19.3 ± 0.1

2.4 ± 0.4

0.3 ± 0.2

0.97

20.4

16.2

UBSWloK

69.0 ± 2.5

22.0 ± 0.7

8.8 ± 1.8

0.2 ± 0.1

2.09

30.8

11.9

UBSWhiK

65.2 ± 0.8

20.1 ± 0.1

13.8 ± 0.7

0.8 ± 0.6

2.54

34.4

5.4

TMP

37.7 ± 0.6

29.2 ± 0.1

31.2 ± 0.5

1.9 ± 0.0

1.52

34.2

22.7

time was chosen, after preliminary experiments, to ensure the ability of the unbleached pulps
to pass through the homogenizer and to minimize equipment plugging with all pulps. The
softwood pulps presented more homogenization difficulties, especially the unbleached,
lignin-rich softwood pulp (UBSWhiK), probably caused by effects associated to fiber length
and microfibril entanglement. On the other hand, the high-yield, high fines content TMP
samples were the easiest to process. These observations suggest not only is the initial fiber
length important, the fines initially present in the pulps facilitate homogenization, as also
observed by Herrick et al. who suggested that exposed cross-sections in fines are more
accessible to defibrillation (Herrick et al. 1983).
4.2 MFC Characterization

The morphology of the fibers before and after homogenization was assessed by optical
microscopy. As an illustration, images corresponding to unbleached softwood with high
lignin content are included in Figure 3.1. The original fiber surfaces (Figure 3.1A) appeared
smooth but after the refining pretreatment (Figure 3.1B), a large density of fibrils appear on
the surface of the fibers, in addition to a net reduction of fiber diameters. However, after
homogenization (Figure 3.1C), fibers were no longer visible, and only small cell wall
fragments were observed. Overall, samples of UBSWhiK, as well as the other materials
processed, experienced similar changes upon refining and homogenization, namely size
(length and diameter) reduction and extensive deconstruction of the cell wall.
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SEM imaging, Appendix 2, showed that the surface of films from pretreated fibers was
non-uniform with somewhat intact fibers and a large density of inter-fiber pores, as expected.
However, after homogenization, the films displayed a more uniform surface structure,
smaller fibrils and fibril bundles were observed. Cross-sections of the films after cryogenic
fracture showed a densification of the structure after homogenization. These observations
apply to all chemically-produced pulps, regardless of the chemical compositions, i.e., the
amount of lignin did not appear to have any major effect on the morphology of the films
produced with the chemical pulps. The dimensions of the resulting materials were accessed
using the FQA for original fibers and FE-SEM images for the pretreated and the
homogenized fibrils/microfibrils, shown in Figure 3.2. Diameter results show that fibril
diameters of chemically processed pulps decreased after refining pretreatment (from micron
scale to hundreds of nanometers) and further after homogenization (to a few nanometer
dimensions). Moreover, it is apparent that the presence of lignin prevented the reduction in
fibril diameter (softwood and hardwood samples). TMP did not yield highly individualized
MFCs as the fiber diameter remained in the micron scale even after homogenization (Figure
3.2). This implies that the modification/partial removal of the lignin-hemicellulose-cellulose
matrix during pulping is essential for subdividing the materials into microfibrils.
In addition to the morphology, the crystallinity index of the fibers before and after each
treatment was evaluated. The diffraction patterns revealed the presence of the main
characteristic peaks of native cellulose for all samples studied, before and after processing.
This is taken as an indication that the fibers maintained the native crystalline structure despite
the mechanical process, to which the materials were subjected. Crystallinity indexes were in
the 53-59%, 46-65% and 47% range for softwood, hardwood and TMP samples, respectively.
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A

B

C

Figure 3.1:: Stained optical images of unbleached softw
softwood
ood with high lignin content
(UBSWhiK) (A) original pulp, (B) pretreated, (C) homogenized
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Figure 3.2: Diameters for original (gray) pulp as calculated by FQA and pretreated (white)
and homogenized (black) samples as calculated from FE SEM images, mean and +/- 25%
quartiles of the population indicated
After the refining pretreatment, a small increase of the crystallinity indexes was
observed; the indexes decreased again slightly below the respective original values after the
homogenization. Similar observations were made by Heux et al. in the case of MFCs
mechanically processed from cellulose fibers extracted from sugar beet pulp (Heux et al.
1999). This slight decrease of the crystallinity indexes after homogenization could be related
to the increase of the number density of crystals at the surface of the fibrils with disorganized
lateral cohesion and no periodic lateral hydrogen bonds. These disordered crystallites are
expected to contribute to the amorphous component (thus lowering the crystallinity indexes).
4.3 MFC Films

The fibrillar structures described were used to manufacture films by a castingevaporation technique. The films were prepared with the same starting amount of dry
material to create a controlled mass per unit area. The obtained films were characterized in
terms of thickness, density, and roughness, cf. Table 3.3. The pretreatment resulted in the
film thickness decreasing to approximately one-third of the untreated fibers. Further
homogenization resulted in an additional decrease of approximately 30%. These thickness
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decreases resulted in a concurrent increase in film density. In general, samples that contained
more lignin showed a higher reduction in film thickness after refining and homogenization.
As a consequence of the changes in thickness, film density increased significantly with the
refining pretreatment and less significantly with homogenization. The films obtained in this
study had lower densities than those reported by Syverud and Stenius (Table 3.1), which is
mainly explained by differences in the vacuum filtration and pressing operations (Syverud
and Stenius 2009). Roughness for both the upper (‘‘air”) side and the bottom (‘‘dish”) side
decreased with refining and homogenization; however, after homogenization, the roughness
of the bottom side approached that of the petri dish (approximately 1 µm). This is because
the homogenized samples presented good compliance against the solid substrate. The
roughness was also found to correlate with lignin content for each type of mechanical
treatment, as expected, since a higher lignin content resulted in a larger microfibril diameter.
It is also noted that the TMP homogenized sample, though still containing macrofibrils,
reached a dish side roughness similar to the MFCs from the kraft pulps. This suggests that a
significant number of fines and microfibrils were generated during processing.
In terms of mechanical behavior, significant differences were observed for films
produced with the original, pretreated, and homogenized fibers. For example, fold endurance
increased significantly with the refining pretreatment, but only a limited increase was
observed after homogenization, with the exception of TMP (Table 3.4) which increased
significantly with both refining and homogenization. The significant increase for TMP with
increased processing implies that modifying the production procedure to increase the energy
input could further reduce the size of the macrofibrils. Improvement of the mechanical
properties of the films, including elastic modulus, tensile index, and toughness, were
observed after both refining and homogenization, as shown in Table 3.4 and Figure 3.3. The
improvement in the mechanical properties of the films is related to the highly dense hydrogen
bond network created by the higher surface area produced after refining and homogenization
of the fibers. From the stress–strains curves (Figure 3.3) and the corresponding values
reported in Table 3.4, it can be concluded that films based on refined or homogenized fibers
were less brittle, compared to those prepared from the original fibers. In addition, the lignin

33

Table 3.3: Film physical properties for original pulps, pretreated materials (3 hour refined in
Valley beater) and homogenized samples (20 passes)
Thickness (µm)
BSW

BHW

UBHW

UBSWloK

Original

Roughness – lower
air side (µm)
12.8 ± 0.3

48 ± 6

637 ± 75

1.5 ± 0.2

10.5 ± 0.2

Homogenized

35 ± 3

860 ± 74

1.1 ± 0.1

8.0 ± 0.2

Original

110 ± 6

273 ± 14

11.0 ± 0.2

11.2 ± 0.2

Pretreated

44 ± 7

697 ± 87

2.0 ± 0.2

9.4 ± 0.4

Homogenized

33 ± 2

903 ± 44

1.9 ± 0.5

7.5 ± 0.3

Original

132 ± 6

228 ± 10

11.7 ± 0.2

12.1 ± 0.1

Pretreated

42 ± 5

717 ± 87

1.7 ± 0.1

10.4 ± 0.2

Homogenized

31 ± 1

972 ± 38

1.4 ± 0.3

6.4 ± 0.1

Original

182 ± 9

165 ± 8

13.2 ± 0.2

13.3 ± 0.1

Pretreated

49 ± 4

622 ± 48

1.4 ± 0.1

11.2 ± 0.2

Original
Pretreated
Homogenized

TMP

Roughness – upper
dish side (µm)
12.7 ± 0.3

Pretreated

Homogenized
UBSWhiK

144 ± 9

Density
(kg/m3)
210 ± 12

Original

38 ± 3

784 ± 58

1.4 ± 0.1

7.8 ± 0.3

212 ± 10

142 ± 7

13.5 ± 0.3

13.4 ± 0.3

65 ± 4

465 ± 26

2.9 ± 0.2

12.0 ± 0.2

38 ± 2

792 ± 32

1.4 ± 0.1

9.1 ± 0.1

226 ± 28

134 ± 15

11.1 ± 0.7

12.6 ± 0.2

Pretreated

66 ± 2

455 ± 16

2.5 ± 0.1

10.6 ± 0.2

Homogenized

58 ± 3

514 ± 25

1.9 ± 0.3

8.9 ± 0.2

content of the fibers clearly affected the mechanical properties of the films, as can be seen in
Figure 3.4A. The elastic modulus and tensile index of the original and pretreated (refined)
samples decreased with increasing lignin content, as expected. Interestingly, after
homogenization the same measured mechanical properties increased with increasing lignin
content, i.e., after homogenization MFC films from unbleached pulps were stronger than
those from bleached pulps, possibly due to the uniform distribution of the lignin and
hemicellulosic components. This relationship between the mechanical properties and the
lignin content can be explained based on the resulting film density. The film mechanical
properties strongly correlate with film density, tensile index as an example, is shown in
Figure 3.4B. This density is also related to the resulting diameter of each fiber type, i.e., a
smaller particle size results in a more dense film, Figure 3.4C. The resulting diameter
depends strongly on the ability to defibrillate the fiber into its microfibril components, which
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appears to be more difficult for samples containing lignin, as they result in microfibrils with
larger diameters.
Table 3.4: Film mechanical properties for original, refined, and homogenized samples

BSW

BHW

UBHW

UBSWloK

UBSWhiK

TMP

Fold

Elastic Modulus

Tensile Index

Endurance

(MPa)

((N*m)/g)

Toughness (KJ/m3)

Original

0.9 ± 0.2

2620 ± 320

28.1 ± 2.9

1150 ± 130

Pretreated

4.2 ± 0.3

7900 ± 220

97.1 ± 4.9

4700 ± 850

Homogenized

4.4 ± 0.1

6670 ± 650

105.3 ± 19.4

5670 ± 2110

Original

1.1 ± 0.1

2530 ± 340

27.3 ± 3.1

940 ± 80

Pretreated

4.2 ± 0.2

5820 ± 970

73.9 ± 13.4

4910 ± 990

Homogenized

4.4 ± 0.1

6310 ± 630

91.7 ± 25.2

5800 ± 3190

Original

0.6 ± 0.2

2670 ± 230

21.1 ± 3.4

480 ± 110

Pretreated

4.1 ± 0.1

9090 ± 300

68.9 ± 15.1

2990 ± 1760
6470 ± 2210

Homogenized

4.4 ± 0.0

7710 ± 450

109.1 ± 11.6

Original

1.1 ± 0.1

1850 ± 430

18.8 ± 0.8

470 ± 80

Pretreated

3.7 ± 0.5

7070 ± 540

80.6 ± 7.2

3000 ± 590

Homogenized

4.5 ± 0.0

8720 ± 2000

120.3 ± 12.3

6390 ± 2050

Original

0.7 ± 0.5

1720 ± 1170

16.2 ± 4.0

420 ± 100

Pretreated

3.6 ± 0.1

10100 ± 1500

67.7 ± 14.0

1650 ± 820

Homogenized

3.9 ± 0.1

8640 ± 400

114.4 ± 6.7

6100 ± 760

Original

0.0 ± 0.0

850 ± 100

4.6 ± 0.6

60 ± 10

Pretreated

1.0 ± 0.0

4510 ± 450

26.7 ± 5.0

660 ± 400

Homogenized

3.1 ± 0.0

5130 ± 830

55.0 ± 2.9

2200 ± 320
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Figure 3.3: Stress-strain curves for (A) bleached softwood-BSW, (B) unbleached softwood
with high lignin content – UBSWhiK, (C) bleached hardwood – BHW, (D) unbleached
hardwood – UBHW, and (E) thermomechanical pulp – TMP where ― represents original
pulp, - - - represents pretreated material and ….. represents homogenized MFC
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Figure 3.4: (A) Mechanical properties of films with varying lignin contents for original pulps
(□), pretreated materials (∆), and homogenized samples (◊). (B & C) density and microfibril
diameter correlations for hardwood pulps (□), thermo-mechanical pulps (∆), and softwood
pulps (◊)
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It was also determined for homogenized hardwood and softwood samples that the
specific properties of tensile index divided by density, toughness divided by density, and
elastic modulus divided by density all increased with increasing lignin content, R2 = 0.68,
0.74, 0.85, respectively. For the original and pretreated materials, no trend or a slight
decrease in specific properties was determined.
A more detailed analysis of the change in mechanical properties with the number of
passes during homogenization could reveal the reasons for the previous observations. It was
observed that a significant change in film characteristics occurred in approximately the first
eight homogenizer passes. However, incremental changes of a smaller magnitude of the
mechanical properties were observed after eight passes. The density, opacity, and toughness
of softwood MFC films are shown in Figure 3.5. Density was found to significantly increase
with pretreatment and slightly increase with increasing number of homogenizer passes, as
seen in Figure 3.5A. This trend was also observed with the hardwood samples. The opacity
for all of the samples remained approximately the same throughout the homogenization
process (Figure 3.5B). The toughness, however, continued to increase after pass 8, but not as
significantly as the first eight passes. Overall, the results presented before indicate that after
the refining pretreatment no more than eight homogenization passes are necessary since
further processing would only produce limited improvements in MFC properties.
4.4 Effect of Hornification

Hornification, the loss of swelling ability by cellulose fibers that results from drying and
rewetting, typically produces a decrease in paper strength properties (Park et al. 2006; Welf
et al. 2005; Zhang et al. 2004). This loss of strength is significant to market pulp and recycled
papers, and is expected to be dominant in low yield chemical pulps, which are relatively
lignin free.
In order to evaluate the suitability of using recycled pulps and papers as a starting
material for production of MFCs and films, the effect of fiber hornification on processability
and the ensuing properties was investigated. Only bleached pulps from soft and hardwoods
were used and samples were completely dried to represent the recycling of paper.
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In general, it was observed that depending on the degree of hornification, the wood pulps
showed different processability behaviors at each stage, refining and homogenization.
Hornified pulps were more difficult to refine compared to never-dried ones; this is because of
a more compact (collapsed) surface structure and more hydrogen bonding. Since these bonds
were damaged during the refining pretreatment and fibers were dramatically reduced in
length, the effects of hornification on the homogenization process were not observed; both
materials resulted in approximately the same number of plugs as the never-dried
counterparts. Previous studies have claimed that dried pulps were either harder to
homogenize (Eriksen et al. 2008; Herrick et al. 1983) or there was no difference in ease of
processing (Henriksson et al. 2007).
Hornification appeared to reduce several properties of bleached softwood fibers, while it
also improved several properties of the bleached hardwood. For the softwood, diameters
were larger and specific surface area was smaller than the never-dried bleached softwood
(BSW), while the diameters for the hardwood were smaller and the specific surface area was
larger. This may be related to the higher lignin and hemicelluloses content in the bleached
hardwood pulp, preventing a large number of irreversible bonds during hornification. As for
the thickness, roughness, and density of the films, properties were found not to be
significantly different than both hardwood and softwood at the same number of homogenizer
passes. However, hornification of fibers resulted in slight decrease of the elastic modulus
compared to the never-dried samples (see Table 3.5). The tensile index increased and the fold
endurance decreased for the bleached hardwood sample after hornification while the
properties remained approximately the same for the bleached softwood sample. Hornification
resulted in a significantly higher toughness (Table 3.5); this result is hypothesized to be from
the reorganization of hemicelluloses during the drying of the pulp. It is possible that
hemicelluloses are reorganized during the evaporation of water associated with the harsh
drying because they are mostly soluble in water. This reorganization likely resulted in stiffer
fibers, which were more susceptible to cutting during the refining pretreatment and
defibrillation during homogenization.

The observed increase in toughness is a result of

increased elongation in the material, as the tensile index was approximately the same. The
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increased elongation of the material is hypothesized to be a result of increased curl in the
microfibrils and a wider distribution of microfibril diameters after processing. Drying of the
cellulosic fibers resulted in irreversible bonding, which potentially resulted in curling of the
microfibrils. This curling would improve the elongation of the film because the microfibrils
would straighten upon initial strain instead of fracturing. A wider distribution of microfibril
diameters after processing is likely, as the drying of the cellulosic fibers results in semipermanent pore closure, therefore reducing the swelling ability of the fibers and making
defibrillation more difficult.
Table 3.5: Comparison of homogenized hornified and never-dried samples
Pulp Type

Elastic Modulus (MPa)

Tensile Index (N*m/g)

Toughness (KJ/m3)

BSW

6670 ± 650

105.3 ± 19.4

5670 ± 2110

hBSW
BHW
hBHW

6170 ± 380
6310 ± 630
5040 ± 650

104.0 ± 9.1
91.7 ± 25.2
110.5 ± 5.1

7080 ± 1470
5800 ± 3190
10600 ± 1590

5. Conclusions
The production of microfibrillated celluloses from wood fibers containing lignin could
potentially result in new applications for MFCs as well as cost reductions in processing by
reducing energy and chemical requirements. The procedure presented here produced MFC
films from unbleached pulps that had significantly improved strength properties from their
original form and were comparable with MFC films from bleached fibers. Fiber hornification
did not significantly affect the quality of the MFC produced which is an indication of the
potential use of low-cost, recycled cellulosic materials.
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1. Abstract
The interactions with water and the physical properties of microfibrillated celluloses
(MFCs) and associated films generated from wood pulps of different yields (containing
extractives, lignin, and hemicelluloses) have been investigated. MFCs were produced by
combining mechanical refining and a high pressure treatment using a homogenizer. The
produced MFCs were characterized by morphology analysis, water retention, hard-to-remove
water content, and specific surface area. Regardless of chemical composition, processing to
convert macrofibrils to microfibrils resulted in a decrease in MFC film water adsorption and
water vapor transmission rate, both important properties for food packaging applications.
After homogenization, MFC films with high lignin content had a higher water vapor
transmission rate, even with a higher initial contact angle, hypothesized to be due to large
hydrophobic pores in the film. A small amount of paraffin wax, less than 10%, reduced the
WVTR to a similar value as low density polyethylene. Hard-to-remove water content
correlated with specific surface area up to approximately 50 m2/g, but not with water
retention value. The drying rate of the MFCs increased with the specific surface area.
Hornified fibers from recycled paper also have the potential to be used as starting materials
for MFC production as the physical and optical properties of the films were similar to the
films from virgin fibers. In summary, the utilization of lignin containing MFCs resulted in
unique properties and should reduce MFC production costs by reducing wood, chemical, and
energy requirements.

Keywords: Water interactions, lignin-containing microfibrillated cellulose (MFC), specific
surface area, hard-to-remove water, nanofibrillar cellulose (NFC)
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2. Introduction
Food packaging has become significantly more complex during recent years, mainly due
to increased demands on product safety, shelf-life extension, cost efficiency, environmental
issues, and consumer convenience. In order to improve the performance of packaging to meet
these varied demands, innovative modified and controlled packaging materials are being
developed and optimized for potential commercial use. Currently these materials are largely
produced from fossil-derived synthetic plastics, but with increasing environmental concerns,
materials derived from renewable resources are being extensively investigated as potential
replacements. These materials must provide protection for products to obtain a satisfactory
shelf life at the same levels as those obtained with petroleum-derived ones (Rhim 2007;
Rhim and NG 2007). Indeed, applicable materials must have adequate mechanical properties,
and provide a sufficient barrier to oxygen, water vapor, light, microorganisms, and other
contaminants in order to prevent food deterioration. Although chemically modified
biopolymers such as cellulose derivatives or thermoplastic starches have been widely used in
packaging, renewable biopolymers are currently of central interest as there is the potential to
replace conventional petroleum-derived polymers typically used in food packaging (de
Vlieger 2003).
Cellulosic fibers, as paper and paperboard, have traditionally been used in packaging for
a wide range of food categories such as dry food products, frozen or liquid foods and
beverages, and even fresh foods (Kirwan 2003; Kirwan and Strawbridge 2003). Cellophane,
which is regenerated cellulose obtained from wood pulp through a physico-chemical process,
is also extensively used as a material for food packaging (Kirwan 2003; Kirwan and
Strawbridge 2003). An interesting form of cellulosic materials called microfibrillated
celluloses (MFCs), first developed in 1983 by Turbak et al., has emerged recently as a
potential packaging material because it exhibits many of the barrier and mechanical
properties required in packaging, in addition to the potential utilization of an abundant fiber
precursor, renewability, and biodegradability. Previous research has focused on various
aspects of MFC production, such as chemical pretreatments for reducing energy consumption
(for example, enzymatic hydrolysis (Henriksson et al. 2007) and TEMPO-mediated oxidation
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(Saito et al. 2007)), and utilization for packaging applications (Eriksen et al. 2008;
Henriksson et al. 2008), and composite reinforcements (Yano and Nakahara 2008). These
studies, however, have focused on MFCs from bleached fibers; this study investigates MFCs
from fibers containing lignin.
Previous studies have shown that the strength of MFC-based films for packaging
applications is a requisite that can be easily met given that, at a 35 g/m2 basis weight, MFC
films were found to have suitable mechanical properties: tensile index of 146 Nm/g,
elongation of 8.6%, and an elastic modulus of 17.5 GPa (Syverud and Stenius 2009) and low
oxygen transmission rates, 17 ml/m2 day, which were comparable to synthetic packaging
based on oriented polyester ethylene vinyl alcohol. For MFC-based films, the porosity, which
is an important criterion for packaging and barrier properties, is modifiable by drying from
different solvents, creating a tunable feature that provides an advantage over melt-formed
plastics. For example, the porosity for MFC-based films dried from water was as high as
28%, in contrast to films dried from solvents such as methanol, ethanol, and acetone that had
porosities of up to 40% (Henriksson et al. 2008). Also, when used as a coating layer on
paper, it was shown that 10% MFC significantly reduced air permeability by reducing the
surface porosity (Syverud and Stenius 2009).
For ease of processing, MFCs are usually produced from purified cellulose fibers, which
express a hydrophilic character and, consequently, the resulting MFC-based films have poor
barrier properties against water vapor. This factor constitutes the main drawback for the
application in some categories of food packaging and, in order to overcome this issue, several
strategies including chemical modifications and the addition of hydrophobic substances have
been explored. The motivation for the present study is to investigate the use of MFCs
containing aromatic lignin, the polymer that occurs in nature intimately linked to native
cellulose fibers. Lignin is a random network polymer found in the cell walls of woody plants;
it is considered to be the joining material that holds together the other two major biopolymer
components in natural fibers (cellulose and hemicelluloses). Therefore, the use of lignincontaining cellulosic fibers is expected to result in less hydrophilic MFCs. In a previous
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study by Spence, Venditti, and co-workers (2010), the feasibility of producing MFCs from
wood pulps having various chemical compositions, mainly different amounts of lignin, was
demonstrated. The processing of such pulps required a mechanical pretreatment in order to
soften and make smaller the fibers prior to the main step of disintegration/individualization
with homogenization. Lignin-containing MFCs (produced at a comparatively high yield)
could provide opportunities to lower the operational costs with the potential benefits of better
strength and barrier properties. The objective of this study is to further elucidate the effect of
pulp type (lignin content) on the physical and water interaction properties of MFCs and
corresponding films so that the employment of such materials, either alone or contained in
hydrophobic matrices (for example in packaging and composite manufacture) can be
realized.

3. Experimental
3.1 Materials

Kraft wood pulps obtained after different chemical treatments and a thermo-mechanical
pulp (TMP) were obtained from pulp mills in the Southeastern United States and were used
as received. Pulp chemical compositions were determined using TAPPI standard methods
(T204 1997; T222 1998; T249 2000) and a Dionex-ICS 3000 (Dionex Corporation,
Sunnyvale, California, USA). The respective fiber characteristics were determined with a
Fiber Quality Analyzer—FQA (OP Test Equipment, Hawkesbury Ontario, Canada) using
length weighted averages of about 3000 fibers. Fines were considered to be cell wall
elements with a length between 0.05 and 0.20 mm, according to FQA tests. A sample FQA
print out appears in Appendix 1, section 1. Pulp pH was ascertained using TAPPI standard
method T252 (T252 1998).
3.2 Microfibrillated celluloses

Before high pressure homogenization, pulps were subjected to a pretreatment step. Pulps
were dispersed in water at a solids content of 2% and then mechanically refined in a
laboratory scale Valley beater (Valley Iron Works, Appleton, Wisconsin, USA) for a total
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refining time of 3 h utilizing a 5503 gram weight. The resulting fiber slurries were stored at 4
o

C in cold storage until needed.
Homogenization of the refined fiber slurries was performed with a 15MR two-stage

Manton-Gaulin homogenizer (APV, Delavan, WI, USA) at approximately 0.7% solids
content. The operating pressure was maintained at 55 MPa, but the temperature was not
controlled. Typically, homogenization temporarily ceased when the temperature of the stock
reached approximately 90 oC, to prevent pump cavitation. Processing then recommenced
when the samples had cooled to approximately 45 oC. Samples were collected and tested
after 20 passes through the homogenizer and stored at 4 oC in cold storage until needed.
In order to determine if wetting/drying cycles impact the production and properties of
MFCs, chemically-pulped, bleached fibers (softwood and hardwood samples) were subjected
to a different pretreatment, hornification; the respective samples were first refined using the
Valley beater at 2% solids until a freeness of 300 CSF was achieved (T227 1999)
(approximately 40 min) and then samples were dried at 105 oC for 3 days to ensure complete
drying. Dried samples were re-suspended in water at 2% solids content using a TAPPI
disintegrator, and then subjected to the remaining refining time (approximately 2 h and 20
min) and homogenization procedures previously described.
3.3 Characterization of MFCs

Imaging of fibers and the determination of the resulting fibril diameter distribution was
performed using an Olympus BH-2 optical microscope (Olympus, Center Valley,
Pennsylvania, USA) and a field emission scanning electron microscope (FE-SEM) JEOL
6400F (JEOL, Peabody, Massachusetts, USA), respectively. A standard operating procedure
for the microscope appears in Appendix 4.

Approximately 100 total measurements of

microfibrils or fibrils were measured from several SEM images, Appendix 2, to determine
the average and distribution of each sample.
Specific Surface Area (SSA) was determined using the Congo red adsorption method
(Goodrich and Winter 2007; Ougiya et al. 1998). Samples were adjusted to a pH of 6 and
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treated with varying amounts of Congo red at a final solids content of 0.7%. These samples
were incubated at 60 oC for 24 h, and then centrifuged at 12,000 rpm (14,000 rcf) for 15 min.
Measurements of UV–Vis absorption (Perkin Elmer, Waltham, MA, USA) at 500 nm of the
supernatant samples were taken to determine Congo red concentration using Langmuir
isotherms, according to Eqn. 4.1:

(Eqn. 4.1)
where [E] is the solution concentration of Congo red at adsorption equilibrium in mg/ml, [A]
is the adsorbed amount of Congo red on the cellulose surface in mg/g (that reached a
maximum value equivalent to Amax, the maximum adsorbed amount), and Kad is the
equilibrium constant. The specific surface area was determined using the following equation:

(Eqn. 4.2)
where N is Avogadro’s constant, SA is the surface area of a single dye molecule (1.73 nm2),
and MW is the molecular weight (696 g/mole) of Congo red. Sample calculations for
determining SSA using the Congo red method appears in Appendix 1, section 3. Water
retention value (WRV) was determined using the TAPPI Useful Method with a centrifugal
force (Eppendorf North America, Hauppauge, New York, USA) of 900 rcf (2,400 rpm) for
30 min (UM256 1981). Sample data and calculations for determining WRV appears in
Appendix 1, section 4 and a centrifuge standard operating procedure appears in Appendix 4.
Hard-to-remove water content (HRW) was determined with a Q500 thermogravimetric
analyzer (TGA, TA Instruments, New Castle, Delaware, USA) following the procedure
proposed by Park et al. (2006a). Homogenizer samples were tested at 1% solids since it was
difficult to thicken the MFC slurry to 10% as suggested in the procedure. A heat and hold
program was used to isothermally heat each sample to 90 oC and hold the temperature for 90
min. Sample data and calculations for determining HRW appears in Appendix 1, section 6.
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3.4 MFC films

MFC slurry was de-aerated under vacuum for 10 min in an ultrasound bath followed by
manual shaking. A portion of the slurry was slowly poured into a plastic petri dish to produce
films with a basis weight of 30 g/m2 after drying. Dried films were conditioned at 23 oC and
50% ambient relative humidity. Typical time required for drying and conditioning was 5
days. Films from TMP were produced using Teflon petri dishes, as the materials could not be
removed from the plastic ones. Samples were oven dried at 50 oC with an approximate drying
time of 24 h.
Film thickness and roughness were determined by using standard methods (T411 1997;
T555 1999) with a Lorentzen and Wettre Micrometer 51 and a Lorentzen and Wettre Parker
Print Surface Tester (L&W, Stockholm, Sweden), respectively. Roughness was measured on
both the air and dish side surfaces with a clamp pressure of 3.4 kPa. The weight per unit area
(or basis weight) was determined using TAPPI standard T410 (1998) and the apparent film
density was calculated using the thickness and measured basis weight.
Optical properties (opacity, color, ISO brightness, and scattering coefficient) were
measured using a Technidyne Color Touch 2 ISO Model (Technidyne Corporation, New
Albany, Indiana, USA) (T452 1998; T519 1996; T527 1994).
A humidity trial was performed by placing homogenized film samples in a desiccator
containing phosphorous pentoxide at 0% relative humidity for 1 week. Samples were tested
for tensile properties immediately upon removal using an Instron 4411 (Instron, Norwood
Massachusetts, USA) with a modified TAPPI standard testing procedure (T404 1992).
Samples were 15 mm wide and the clamp span was modified to be 25.4 mm. Crosshead
speed was also modified to 4 mm/min.
Film water absorption was determined by placing a 4 cm diameter circle of the MFC film
in a petri dish of 30 ml containing deionized water. The weight of the film before and after
10 min immersion in water was obtained to determine the amount of water absorbed. Water
vapor transmission rate (WVTR) was determined using a wet cup method. Film samples
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were cut into 4 cm diameter circles and restrained above 50 ml of water in a closed container.
The container was placed on a dynamic wetting apparatus interfaced with a computer for data
acquisition. Data were taken every 3 s and the slope of the generated weight loss curve and
film thicknesses were used to calculate the specific WVTR for each sample. Sample data and
calculations for determining WVTR appears in Appendix 1, section 5.
The initial and dynamic water contact angle (WCA) were determined using a Phoenix
300 contact angle analyzer (SEO Co. Ltd, Lathes, South Korea) for both air and dish side
film surfaces. To determine the effect of extractives on WCA, films were extracted for 24 h
using a benzene-ethanol (1:2) mixture with reflux condensation. Films were air dried for 2
weeks after the extraction process and then measured with the DCA. Sample data and
calculations for determining WCA appears in Appendix 1, section 7 and a standard operating
procedure for contact angle analysis appears in Appendix 4.

4. Results and discussion
4.1 Wood pulps

For ease of discussion, the different wood pulps employed were labeled as reported in
Table 4.1 and samples in tables were ordered by increasing lignin content. The main
morphological and chemical characteristics were also provided in Table 4.1. As reported in
previous work (Spence et al. 2010), cellulose contents were high for the bleached and
unbleached pulps and the lignin and extractive contents were relatively low. The
hemicellulose content was around 20% for all chemically pulped fiber types. The thermomechanically processed pulp (TMP) had a higher lignin and hemicellulose content (31.2 and
29.2%, respectively); such composition was near that of the original wood used which
consisted of softwood fibers. Also, a significant fraction of fines (22.7% length weighted
average) was observed in the case of the TMP pulps, as expected. Hardwood chemical pulps
contained a significant fraction of fines (16– 17%), while those from softwood contained 5–
6% fines. The typical fiber lengths for the hardwood and softwood pulp fibers were less than
1 mm and greater than 2 mm, respectively. The fiber width for the hardwood and softwood
was about 20 and 34 µm, respectively.
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Table 4.1: Wood pulp chemical composition and fiber characteristics

±1 Standard deviation indicated
by Fiber Quality Analyzer

a Measured

4.2 MFC interactions with water

The morphology before and after homogenization of the wood pulps were accessed by
optical microscopy. As previously discussed (Spence et al. 2010), the pretreated materials
were reduced in length and fibrils were observed at the surface of the fibers. After
homogenization, no fibers, but only small cell wall fragments were observed. All pulp
samples demonstrated similar morphology changes during the process resulting in an overall
size reduction. FE SEM images showed that the films produced from the pretreated materials
had a non-uniform surface with pores and few untreated fibers, Appendix 2. After
homogenization, the images showed a more uniform structure with smaller fibrils and fibril
bundles. Scanning electron microscopy images of the homogenized softwood films are
shown in Figure 4.1. Some globules of unidentified materials were observed for all samples,
but were more frequently observed with the hornified samples. The cross-sectional images of
the films showed densification after homogenization, Appendix 2. Overall, the amount of
lignin did not have any apparent effect on the morphology, with the exception of TMP,
which contained a significant amount of large, minimally-processed fibers. This implies that
the modification of the lignin-hemicellulose-cellulose matrix during pulping is essential for
the production of MFC. For a more detailed determination of the dimensions of the resulting
fibers and microfibrils, a study was carried out using FQA or SEM, depending on the nature
of the fibers/microfibrils. Original fiber dimensions were determined using FQA while
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pretreated and homogenized fibril/microfibril diameters were determined from SEM images
and the collected data are reported in Table 4.2. These results confirmed that fibril diameters
of chemically-processed pulps decreased after the pretreatment from microns to hundreds of
nanometers and to a few nanometers after homogenization. Moreover, it appears that
increasing lignin content resulted in a larger fibril diameter for each wood pulp type
(softwood and hardwood). However, the processing of TMP did not result in highly
individualized MFCs as the average fiber diameter remained in the micron scale after the
homogenization step.
Specific surface area (SSA) was calculated by Congo red adsorption and using Langmuir
equilibrium constants, Kad (Eqn. 4.1), as determined by separate experiments, of 0.02, 0.01,
and 0.005 for the original, pretreated, and homogenized materials, respectively (see Table
4.2). It is possible that Congo red specific surface area is affected by the chemical
composition of the samples, and therefore, comparisons of different fiber/fibril types must be
exercised with caution. To account for this issue, specific surface areas of freeze-dried
bleached and unbleached fibers/microfibrils were also measured with a nitrogen adsorption
technique (BET multipoint surface area, Gemini VII 2390, Micrometrics, Atlanta, Georgia,
USA), which was assumed to be independent of chemical composition of the MFC samples
(Appendix 1, section 10). Based on the Congo red and BET techniques, it was determined
that the unbleached samples adsorbed about 1.8 times more Congo red per unit BET surface
area than bleached samples. Thus, all measured Congo red SSA values for the unbleached
samples were divided by 1.8 to provide a comparative SSA measurement between the
samples in the wet state (Appendix 1, Section 11). The uncorrected values are shown in
Table 4.2 (as published) and the corrected values are shown in Table 4.3.
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Figure 4.1: Field emission scanning electron microscopy images of a unbleached softwood
with a high lignin content, b bleached softwood, and c hornified bleached softwood
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Table 4.2: Average fiber diameter, specific surface area (SSA), and water retention value
(WRV) for samples of different chemical compositions

Table 4.3: Corrected specific surface area (SSA) for unbleached samples
SSA (m2/g)
UBHW

UBSWloK

UBSWhiK

TMP

Original

16 ± 2

Pretreated

41 ± 3

Homogenized

112 ± 4

Original

8±2

Pretreated

21 ± 3

Homogenized

64 ± 4

Original

2±2

Pretreated

19 ± 3

Homogenized

89 ± 4

Original

9±2

Pretreated

9±3

Homogenized

16 ± 4
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A significant increase in SSA was observed when comparing the original fibers relative
to the homogenized microfibrils, depending on the type of pulp. Softwood samples showed
the most significant increase in SSA, i.e., increases of 184, 56, and 87 m2/g for the bleached
(BSW), unbleached low lignin content (UBSWloK), and unbleached high lignin content
(UBSWhiK), respectively. The total increase in SSA for hardwood samples was 63 and 96
m2/g for bleached (BHW) and unbleached (UBHW), respectively, while TMP resulted in the
smallest increase in SSA of 7 m2/g (Table 4.2 and Table 4.3), confirming the difficulty in
subdividing the highly-lignified cellulosic material.
Comparing all studied fibers, there appears to be no relation between the surface area and
lignin content. However, SSA values for each subclass of pulp fibers (softwood and
hardwood) increased with the respective lignin content. This observation can be explained by
(1) the internal and external pore structures that change with lignin removal during the
bleaching which probably enhance the diffusion of Congo red molecules and (2) the less
hydrophilic nature of fibers containing a high content of lignin that may improve the
adsorption of Congo red molecules at the surface thereby over-expressing the SSA values.
The water retention values (WRV), shown in Table 4.2, more clearly reflect the
differences in the hydrophilicity of the fibers. WRV values followed an opposite trend with
lignin content compared to that of the SSA values, i.e., the higher the lignin content, the
lower the WRV. WRV values increased with the processing of the fibers (pretreatment and
homogenization) to a greater extent with the hardwood samples, i.e., increases of 27.9 g/g
and 21 g/g for unbleached and bleached, compared to 9 g/g, 21.1 g/g, and 8.3 g/g for
softwood samples (bleached, unbleached low lignin content, and unbleached high lignin
content) and only 2.9 g/g for TMP. This small increase for TMP was expected, as larger
macrofibrils still remained in the product. Unbleached hardwood, containing a small amount
of lignin, had the highest WRV of the hardwood samples, whereas unbleached softwood with
low lignin content showed a maximum WRV for the softwood samples. This peculiar
behavior could be related to the fine structure of lignin and possibly the presence of
hemicelluloses as well.
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The derivative weight curves from TGA (Figure 4.2), particularly the weight and second
derivative weight curves, were used to calculate the hard-to-remove water (HRW) content.
Contrary to Park et al., most samples displayed two constant rate zones (as seen, for example,
by the ‘‘bump’’ at approximately 20 min of the UBHW original curve in Figure 4.2). This is
likely due to interfiber diffusion that is unable to maintain a constant rate to support constant
external evaporation. The calculations, however, were performed using the same method. As
expected, more hard-to-remove water was associated with MFC than the original fibers,
Figure 4.3. UBHW displayed the most significant increase in HRW, which is also consistent
with the most significant increase in WRV. Even though WRV has been found to correlate
with HRW of fibers (Park et al. 2006a), no such correlation was found in this study (R2 =
0.1256 for fibers and R2 = 0.3204 for MFC). HRW was found to correlate with specific
surface area for original pulp samples (R2 = 0.8723), but not for MFC (R2 = 0.2979), Figure
4.4a. This implies that after a SSA of approximately 50 m2/g, HRW is less affected by
increases in SSA. Above this SSA, the diffusion is hypothesized to be more dependent on the
fiber physical properties such as pore volume and geometry (Park et al. 2006a). It was
determined that a correlation exists between the drying rate per gram of sample to the
specific surface area, Figure 4.4b. This correlation shows that the rate of evaporation of water
from a given material strongly depends on the surface on which the evaporation can take
place. If a material has a higher specific surface area, including pores, water can more rapidly
evaporate from the material. This correlation also suggests that specific drying rate can be
used to estimate specific surface area. A reduction in the correlation coefficients is observed
when correcting for the SSA of the unbleached samples, as previously mentioned, Figure 4.5.
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Figure 4.2: Derivative weight loss curves generated by thermogravimetric analysis (TGA) for
bleached (BHW) and unbleached (UBHW) hardwood samples used to determine hard-toremove water (HRW) content
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Figure 4.3: Hard-to-remove water content (HRW) for originial (gray column) pulps and
homogenized MFCs (white column) from bleached softwood (BSW), bleached hardwood
(BHW), unbleached hardwood (UBHW), unbleached softwood low lignin content
(UBSWloK), unbleached softwood high lignin content (UBSWhiK) and thermomechanical
pulp (TMP) error bars depict ± 1 standard deviation
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Figure 4.4: A: Hard-to-remove water content (HRW) versus specific surface area (SSA)
before treatment () and after homogenization () and B: Drying rate normalized to oven
dry (OD) sample weight versus specific surface area (SSA)
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Figure 4.5: A: Hard-to-remove water content (HRW) versus corrected specific surface area
(SSA) before treatment () and after homogenization () and B: Drying rate normalized to
oven dry (OD) sample weight versus specific surface area (SSA)

4.3 MFC films

The fibrillar structures described were used to manufacture films by a castingevaporation technique. The obtained films were characterized in terms of thickness, density,
and roughness (Spence et al. 2010). In general, samples that contained more lignin showed a
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higher reduction in film thickness after processing, as shown in previous work. Film densities
were found to be between 514 and 973 kg/m3 after processing, Table 4.4.
Table 4.4: Film optical properties for original pulps, pretreated materials, and homogenized
samples

The optical properties (brightness and opacity) were evaluated, since these properties are
relevant to most packaging applications. With the exception of the TMP, all films
demonstrated a decrease in brightness when the fibers were refined, but brightness increased
again after homogenization (Table 4.4). This is expected to be related to the film opacity and
scattering coefficient (also reported in Table 4.4); samples that scatter less light (less opaque)
are likely to appear less bright. As expected, the films made from the lignin-containing MFCs
were significantly lower in brightness than the films formed from bleached pulp MFCs.
During the refining pretreatment with the Valley beater, fiber length was significantly
reduced with only slight defibrillation. The effect of fiber cutting during refining resulted in
smaller fiber sizes that scatter less light, resulting in lower opacity. With homogenization,
these fiber components were not significantly reduced in length, but were significantly
defibrillated, resulting in the ability to scatter more light (higher opacity). This observation is
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supported by the opacity and scattering coefficient data for the chemical pulps. The TMP
samples, on the other hand, did not exhibit this behavior. The processing of the TMP resulted
in a significant increase in the scattering coefficient; an increase of almost 70 m2/kg was
noted. This also resulted in an increased opacity and brightness. TMP appeared to form a
yellow coating on the petri dish surface instead of a translucent film, which can be explained
by the larger diameters of the processed samples in comparison to the chemical pulp samples.
It has been shown that moisture content in cellulosic materials, particularly paper, affects
the tensile properties. It is expected that a higher humidity will result in significantly lower
strength properties due to the water acting as a plasticizer at higher moisture contents,
resulting in fewer and weaker hydrogen bonds (Haslach 2000). The average tensile index of
the MFC films at lower relative humidity (circa 4.5–7.5% moisture content) was slightly
higher for all samples relative to conditioning at higher relative humidity (in the range of 10–
12% moisture content), Figure 4.6, with an overlap in range of test values. This observation
can be explained by the significantly larger surface area of the fibrils in the MFC films. The
moisture in the films may have hindered hydrogen bonding, but it appeared that the smaller
fibrils were able to pack closer together, preventing substantial weakening of the bonds. The
lignin content of these films also did not have a strong effect on the tensile strength.

Tensile Index (Nm/g)

175
150
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50
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Figure 4.6: Effect of humidity on tensile strength of bleached softwood (BSW), bleached
hardwood (BHW), unbleached hardwood (UBHW), unbleached softwood low lignin content
(UBSWloK), and unbleached softwood high lignin content (UBSWhiK) MFC films at 0% RH
(gray columns) and 50% RH (white columns); error bars depict ± 1 standard deviation
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Film equilibrium water adsorption after 10 min significantly decreased with processing
(Table 4.5). This trend was the same for both bleached and unbleached samples. The lignincontaining samples adsorbed more water in the original form, but were similar to the
bleached samples after treatment. It was found, that the water pick-up of the original pulp
fibers correlated with lignin content, but did not after processing, Figure 4.7. The correlation
coefficient for the original pulp samples (0.6447) is not large enough to conclude the
existence of a strong linear correlation, but it is significantly higher than the coefficients for
the pretreated (0.0161) and MFC (0.0058) samples, allowing for the hypothesis that the result
can be explained by the structural differences between the original and MFC samples. The
MFC film structure was significantly more compact, therefore less water can penetrate into
the film compared to those generated from the original pulp samples, regardless of lignin
content.
Similar to water adsorption, water vapor transmission rate (WVTR) decreased
significantly with pretreatment and with homogenization, Table 4.4. After homogenization,
the lignin resulted in an increased WVTR. If Knudsen diffusion, the diffusion through a long
and narrow pore structure, is the mechanism assumed to be responsible for the water vapor
transmission rate, lignin-containing MFC may actually increase the WVTR, by having more
non-adsorbing large pores (Hu et al. 2000). TMP samples also resulted in higher WVTRs,
likely due to larger macrofibrils still present after processing which resulted in larger pore
diameters and a more connected pore network. This could also be due to the large amounts
of unmodified native lignin, which is suspected to result in a more hydrophobic pore
network. Homogenized samples approached the WVTR of a low density polyethylene film,
9.03e-3 (g/m2 day)/m, but were still approximately double in comparison. An amount of
paraffin wax of 8.6% on the pretreated bleached softwood resulted in WVTR approximately
half the value of LDPE, in agreement with a pore filling mechanism. The paraffin wax and
MFC blend shows potential for barrier applications. Previous work by Fukuzumi et al. has
also shown that the addition of a cellulosic nanofiber coating to PLA films reduces the
oxygen permeability from 746 to 1 ml m-2 day-1 Pa-1, suggesting further applications for
barrier properties.
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Water Adsorption (g/g)

Table 4.5: Water adsorption, vapor transmission rate (WVTR) and initial contact angle for
original pulps pretreated materials, and homogenized samples; ±1 standard deviation
indicated
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Figure 4.7: Water adsorption versus lignin content for MFC films, original pulps (),
pretreated materials (), and homogenized samples (); error bars depict ± 1 standard
deviation
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Because lignin is less hydrophilic than cellulose, it was expected that the initial water
contact angle correlated with lignin content. This was indeed the case as observed in Figure
4.8. It is also known that the water contact angle correlates with surface roughness because of
the solid–liquid–gas interfaces associated with a macroporous surface (Tamai and Aratani
1972). The effect of this surface roughness should also be affected by the lignin content; it
was observed, however, that the initial contact angle did not correlate with surface roughness
of the tested samples. Water contact angle results showed no trend with processing
(pretreatment and homogenization) (Table 4.5), and after homogenization, water drops on the

Initial Contact Angle (o)

film surface were stable for longer than 10 min, Figure 4.9.
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Figure 4.8: Initial contact angle (dish surface side) versus lignin content for film samples
produced from MFC-before extraction (), after extraction (); error bars depict ± 5%
error
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Figure 4.9: Surface water stability as measured by dynamic contact angle for homogenized
(petri dish side) film samples for bleached softwood (), hornified bleached softwood (),
unbleached softwood with low lignin content (x), and unbleached softwood with high lignin
content (); error bars depict ± 5% error
To determine if the initial contact angle was affected by the extractives content, films
were extracted with a benzene-ethanol mixture. This extraction procedure reduced the
contact angle on both sides of the films, Table 4.6. Furthermore, this reduction in WCA was
related to the extractives content and not to any residual solvent because the bleached
softwood sample, with no extractives, resulted in the same initial contact angle after
treatment. The samples containing larger amounts of extractives (i.e., TMP and UBSWhiK)
presented significant reductions in initial contact angle, as predicted by the removal of the
hydrophobic extractives. There still was an increase in initial contact angle versus lignin
content for the extractive free films, Figure 4.8.
Table 4.6: Initial water contact angle results before ("As-is") and after extraction
("Extracted") with a benzene ethanol mixture (1:2) for 24 h
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4.4 Effect of hornification

Hornification, typically observed in low yield, fully bleached pulps, is the loss of a
cellulosic fiber’s ability to swell in water, resulting in a decrease in strength properties
(Zhang et al. 2004; Welf et al. 2005; Park et al. 2006a, b). As shown in previous work
(Spence et al. 2010), tensile properties were not statistically different between the hornified
and never dried samples. Hornification of softwood resulted in a larger average microfibril
diameter (134 nm) while the opposite was observed in the case of hardwood fibers (56 nm)
after homogenization. This could be a result of a larger number of initial fines in the bleached
hardwood sample. As expected based on larger fiber diameters, hornified bleached softwood
fibers also resulted in a smaller specific surface area (65 m2/g). It is expected that the
diameter and specific surface area results can be related to the fact that the bleached
hardwood sample contained more lignin and hemicelluloses than the bleached softwood
sample, preventing a number of irreversible bonds during hornification and also resulting in
less brittle fibers, more difficult to defibrillate into MFC.
Film optical properties, opacity and scattering coefficient, were statistically the same for
the hardwood and softwood samples after hornification (Table 4.7). The bleached hardwood
hornified sample had a significantly higher opacity and scattering coefficient than the neverdried sample, an interesting result considering that the diameter of the hornified bleached
hardwood samples was smaller than the never dried samples. This could be explained by a
broader diameter distribution in the case of the hornified samples.
A reduction in the amount of water the pulp can retain, measured by water retention value
(WRV), is typically observed with hornification of fibers and is ascribed to the reduction in
the accessible hydroxyl groups on the fiber surfaces after drying. The hornified bleached
hardwood MFC samples actually increased in WRV, whereas the hornified bleached
softwood decreased in WRV with homogenization, Table 4.7. This difference might be due
to a small amount of residual lignin in the hardwood sample, Table 4.1. The surface stability
to a water drop of the hornified samples was reduced relative to the non-hornified samples,
i.e., a water drop penetrated the surface faster (Figure 4.9), even though the final contact
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angles were the same. The water adsorption of both samples (Table 4.7) also demonstrates
this observation, as the hornified samples adsorbed more water than not hornified samples.
The water vapor transmission rate was similar for hornified and non-hornified samples
(Table 4.7). In summary, MFC from hornified fibers were similar in properties to the nonhornified samples.

Table 4.7: Film and microfibril properties of hornified and never dried homogenized
materials

5. Conclusions
Microfibrillated celluloses from wood pulps of various chemical compositions have
shown potential for packaging applications. The production of microfibrillated cellulose from
fibers containing lignin could result in new applications for MFC as well as cost reductions
in processing by reducing energy and chemical requirements. Lignin containing MFC films
were darker, which may be advantageous for some packaging applications, whereas nonlignin containing MFC films were more translucent. Recycled paper also has the potential to
be used as starting materials for MFC production as the physical and optical properties of the
films were similar to the films from virgin fibers.
Utilizing the Congo red adsorption method, it was determined that the MFCs produced
from chemically pulped hardwood pulps containing lignin had higher specific surface areas
than those without lignin. This could be an artifact of Congo red adsorption (to be further
investigated) or could be related to the reduction in hydrogen bonds because of lignin,
making defibrillation easier and resulting in more individualized microfibrils. It was also
observed that the specific surface area strongly correlated with hard-to-remove water content
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for the pulps, but not for the microfibrils, suggesting that water diffusion is more dependent
on pore structure and geometry than surface area.
Regardless of chemical composition, processing to convert macrofibrils to microfibrils
resulted in a decrease in water adsorption and water vapor transmission rate, both important
criterion for food packaging. After homogenization, it was determined that samples with
increased lignin content had higher water vapor transmission rates, an unexpected result, but
hypothesized to be due to large hydrophobic pores in the film. All films resulted in a WVTR
higher than low density polyethylene, but a small amount of paraffin wax reduced the WVTR
to a similar value as LDPE. MFC from bleached hardwood provided the highest water vapor
barrier properties.
The MFC prepared from unbleached hardwood showed significantly higher water
retention values, hard to remove water values, and specific surface area than the other
samples. This MFC has the potential for utilization in applications that may require water
retention, as it out performed the MFCs made from other wood pulps.
Utilizing the same processing conditions for TMP as the kraft pulp fibers resulted in
coarser microfibrillated cellulose, as there were still macrofibrils present after processing.
This was confirmed by lower specific surface area and water retention values for the TMP,
indicating more resistance to defibrillation as compared to the kraft pulps. This implies that
the chemical modification of the lignin-hemicellulose-cellulose matrix during the kraft
pulping process assists in the defibrillation of these materials. The utilization of these
materials on an industrial scale would be difficult, as more energy would be required to
subdivide the highly lignified fibers and a less uniform product would be obtained in
comparison to MFCs from kraft pulps.
As shown from these results, the chemical composition of the wood pulps utilized to
produce MFC is very important for water interaction and film physical properties. Lignin,
which was hypothesized to improve barrier properties, was actually found to increase water
vapor transmission rate, indicating that the less hydrophilic nature of the material is not the

71

only important criteria for barrier properties. The unbleached hardwood was able to retain the
most water, most likely due to the large specific surface area, providing significant potential
for new absorbency applications. Further investigation of these materials is needed, but the
utilization of lignin containing MFCs should reduce production costs by reducing raw
material, chemical, and energy requirements.
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1. Abstract
Microfibrillated celluloses (MFCs) with diameters predominantly in the range of 10-100
nm liberated from larger plant-based fibers have garnered much attention for the use in
composites, coatings, and films due to large specific surface areas, renewability, and unique
mechanical properties. Energy consumption during production is an important aspect in the
determination of the “green” nature of these MFC-based materials. Bleached and unbleached
hardwood pulp samples were processed by homogenization, microfluidization, and microgrinding, to determine the effect of processing on microfibril and film properties, relative to
consumption. Processing with these different methods affected the specific surface area of
the MFCs, and the film characteristics such as opacity, roughness, density, water interaction
properties, and tensile properties. Apparent film densities were approximately 900 kg/m3 for
all samples and the specific surface area of the processed materials ranged from
approximately 30 to 70 m2/g for bleached hardwood and 50 to 110 m2/g for unbleached
hardwood. The microfluidizer resulted in films with higher tensile indices than both microgrinding and homogenization (148 Nm/g versus 105 Nm/g and 109 Nm/g, respectively for
unbleached hardwood). Microfluidization and micro-grinding resulted in films with higher
toughness values than homogenization and required less energy to obtain these properties,
offering promise for producing MFC materials with lower energy input.

It was also

determined that a refining pretreatment required for microfluidization or homogenization can
be reduced or eliminated when producing MFCs with the micro-grinder. A summary of the
fiber and mechanical energy costs for different fibers and processing conditions with
economic potential is presented.

Keywords:

processing

energy,

microfibrillated

cellulose,

homogenization,

microfluidization, micro-grinding, nanofibrillated cellulose
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2. Introduction
With the annual world consumption of plastic approaching 100 million tons, it is
imperative to develop bio-based, renewable alternatives (Clean Air Council 2006).

In

addition to concerns related to land-filling, recent studies have shown that chemicals
commonly found in plastics can be a threat to human health (Kuehn 2008). As an alternative
to petroleum-based plastics, natural cellulose fibers are renewable, bio-degradable, do not
contain harmful chemicals, and can be used to develop materials with unique structural,
functional and optical properties. Currently, the amount of paper consumed globally is
around 400 million annual tons, an example of a hugely available renewable cellulose-based
material. Microfibrillated celluloses, MFCs, were first produced in 1983 by Turbak et al.
using wood pulp and a high pressure homogenizer, which promoted the disintegration of
cellulosic fibers into sub-structural fibrils and microfibrils having lengths in the micron scale
and widths ranging from 10 to a few hundred nanometers (Turbak et al. 1983). This material
was found to form stable aqueous suspensions, providing an opportunity for multiple uses as
thickeners, emulsifiers or additives in food, paints and coatings, as well as cosmetics and
medical products. Microfibrillated celluloses have impressive mechanical properties, making
the material ideal as a composite reinforcement and, concurrently, to reduce the utilization of
petroleum-based components. For example, a 10% phenol-formaldehyde (PF) resin and
MFC composite obtained a 370 MPa bending strength, in comparison to a 2.5% PF resin and
pulp composite that obtained approximately 150 MPa bending strength (Nakagaito and Yano
2005).
Today, MFCs with diameters in the 10-100 nm range can be produced from various
sources such as wood and non-wood fibers, bacteria, and animal-derived cellulose
(Taniguchi and Okamura 1998). MFCs are typically produced by four mechanical methods:
homogenization, microfluidization, micro-grinding, and cryocrushing, all of which consume
energy at different levels.
Homogenization is most commonly utilized in food and paint processing, particularly to
produce homogenized milk and to disperse dyes and pigments in paints. When processing
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with a homogenizer, cellulose fibers (from wood pulps) are passed through either one or two
stages, where the fibers are subjected to rapid pressure drops, high shear, and impact forces
against a valve and an impact ring (Nakagaito and Yano 2004). The pressure drop is typically
around 55 MPa (8,000 psi) and the fibers are cycled through the homogenizer approximately
10 - 20 times (Andresen et al. 2006; Andresen and Stenius 2007; Erkisen et al. 2008; Herrick
et al. 1983; Stenstad et al. 2008; Syverud and Stenius 2009; Turbak et al. 1983); overall, it
can be stated that homogenization is an energy-intensive process. Besides the large energy
consumption, a main disadvantage of the homogenization of wood fibers is that long fibers
often clog the system, particularly at the moving parts (in-line valves) which then must be
disassembled and cleaned.

However, the homogenizer can easily be scaled to industrial

production and can be operated continuously.
Microfluidization is a process commonly used in the cosmetic, biotechnology, and
pharmaceutical industries (Microfluidics Corporation 2010). In the case of wood fibers,
compared to the homogenizer, processing with a microfluidizer reduces the likelihood of
clogs because it has no in-line moving parts. Cellulosic pulp is passed through an intensifier
pump that increases the pressure to 276 MPa (40,000 psi), followed by an interaction
chamber which defibrillates the fibers by shear forces and impacts against the channel walls
and colliding streams (Microfluidics Corporation 2010). The microfluidizer operates at a
constant shear rate, compared to the homogenizer, which operates at a constant processing
volume. The interaction chamber can be designed with different geometries to produce
different sized materials and plugging can be resolved by using reverse flow through the
chamber. For example, in the case of a “Y” shaped orifice, the high pressure inlet is the
bottom of the “Y” and is then split into two streams. These streams collide with the walls at
a 45o angle and then enter a high shear zone which results in the streams interacting with the
wall at 90o and a reduction in pipe diameter, both effective in reducing particle size. The two
streams then meet and collide with each other in the high impact zone, before exiting through
the low pressure outlet. The utilization of piping angles and colliding streams reduces the
need for moving parts, such as utilized by the homogenizer, reducing processing and
plugging issues.
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During micro-grinding, wood fibers are forced through a gap between a rotary and a
stator disk; these disks have bursts and grooves that contact the fibers to disintegrate them
into the sub-structural components (Abe et al. 2007). Contact with the hard surfaces and
repeated cyclic stresses result in the defibrillation of the fibers. Typically, the materials used
for the disks in the micro-grinder are non-porous resins containing silicon carbide. The disks
can be produced using different grit classes and different groove configurations to alter flow
patterns during processing. Disk maintenance and replacement can be a drawback since
wood pulp fibers can wear down the grooves and grit.

However, a main advantage of

processing with the micro-grinder is that the mechanical, fiber shortening pretreatment
utilized with other processing techniques may not be required.
Finally, in cryocrushing, liquid nitrogen is used to freeze the water in the wood pulp and
a mortar and pestle (for example) are used to produce a high impact force to liberate the
fibrils from the cell wall. Since this latter method does not produce very fine fibrils, it is
limited to cellulose fibrils from primary cell walls (Chakraborty et al. 2005; Janardhnan and
Sain 2006).

Cryocrushing is not amenable to large scale production and will not be

considered further in this study.
The main processing issue when converting wood pulps to MFC with the homogenizer
and the microfluidizer is fiber length, which causes fiber and microfibril entanglement and
clogging of the equipment. Mechanical, chemical, and enzymatic pretreatments are used to
reduce fiber size and/or to pre-defibrillate the fibers, thus reducing the frequency of
equipment clogging.

Such pretreatments also remove the primary cell wall, where the

microfibrils are organized randomly, which exposes more efficiently the more organized
fibrils located in the secondary cell wall for further processing (Montanari et al. 2005).
Alternatives for mechanical reduction of fiber size include disk refiners, PFI mills, manual
cutting, and Valley beaters, which can be used prior to the production of MFC (Andresen et
al. 2006; Henriksson et al. 2008; Herrick et al. 1983; Iwamoto et al. 2005; Nakagaito and
Yano 2004; Turbak et al. 1983).
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Chemical pretreatments typically promote fine production and fiber swelling, making
defibrillation easier. TEMPO-mediated oxidation (Saito et al. 2007) and enzymatic treatment
(Henriksson et al 2007; Lindstrom et al. 2007) of cellulose prior to the defibrillation have
been reported as efficient chemical routes facilitating disintegration, requiring less processing
to obtain MFC, therefore reducing energy consumption. Abe et al. produced MFC from
wood powder with only one pass through a grinder with the assistance of an extensive
chemical pretreatment (Abe et al. 2007). The use of enzymes to reduce energy consumption
has also been proposed; Henriksson et al. used cellulase enzymes to promote destruction of
the amorphous regions of the cellulose and to facilitate production of MFC by high pressure
homogenization (Henriksson et al. 2008). Similarly, Janardhnan and Sain reported on the
isolation of cellulose microfibrils by using enzymatic approaches (Janardhnan and Sain
2006). To our knowledge, values of energy reduction for a specific property have not been
established.
While the use of hybrid approaches, i.e., combining mechanical, enzymatic, and/or
chemical treatments are very attractive and are believed to reduce energy consumption, the
most common processing method for fiber wall deconstruction is still mechanical. However,
to our knowledge, no systematic study has been undertaken to determine the relationship
between product quality and energy consumption during MFC production. This approach,
from the experimental point of view, was considered to be simpler and more amenable to
better understanding product properties as a function of energy consumed during processing
which will help to adapt, more adequately, the processing and pretreatment step, if needed.
More specifically, this study compares the energy consumption during the production of
MFC via high shear homogenization, microfluidization, and micro-grinding. A mechanical
refining pretreatment utilizing a Valley beater was performed before utilization of the three
methods. Also, the differences in physical properties of the resulting MFCs were examined.
Insights on energy consumption as a function of the mechanical process used, and respective
variables and resultant properties of the produced materials are expected to provide critical
information to improve the processing options on the industrial scale. Overall, it is expected
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that the generated knowledge will facilitate overcoming the important challenges in
economically producing MFC from wood fibers.

3. Experimental
Never-dried bleached (BHW) and unbleached (UBHW) kraft hardwood pulps were
obtained from pulp mills in the Southeastern United States and were used as received. The
bleached hardwood sample contained approximately 1.3% total lignin and the unbleached
sample contained approximately 2.4% total lignin (Spence et al 2010a). The average length
of the fibers was approximately 0.96 mm and the average diameter was approximately 20.5
µm for both samples. As a pretreatment step to reduce fiber length, pulps were mechanically
refined in a laboratory Valley beater (Valley Iron Works, Appleton, Wisconsin, USA) for a
total refining time of 3 hours at 2% solids content and a 0.5 kg load. The resulting slurries of
refined fibers were stored at 4oC until needed for further processing to produce MFC.
Homogenization of the refined fiber slurries was performed with a two-stage 15MR
Manton-Gaulin homogenizer (APV, Delavan, Wisconsin, USA) at approximately 0.7%
solids content. The operation pressure was maintained at 55 MPa (8000 psi), and processing
was temporarily ceased when the temperature of the slurry reached approximately 90oC to
prevent pump cavitation. Processing recommenced when the samples had cooled to
approximately 45oC. Samples were collected after 1, 4, 8, 12, 16, and 20 homogenizer passes
and stored at 4oC.
Microfluidization of the refined fiber slurries was performed at 0.7% solids content with
a M-110EH and a M-110P processor (Microfluidics Corporation, Newton, Massachusetts,
USA) at operating pressures of 69 MPa (10,000 psi), 138 MPa (20,000 psi), and 207 MPa
(30,000 psi). The main difference between the M-110EH and the M-110P units was that the
first was pilot/production scale equipment, whereas the second was for laboratory use. The
chambers utilized were the G10Z (Z configuration, 100 µm orifice diameter) and H210Z (Z
configuration 200 µm), and samples were taken intermittently for up to 20 passes.
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Micro-grinding of the refined fiber slurries was performed with a 10-inch Masuko Super
MassColloider (Masuko Sangyo Co., Kawaguchi-city, Japan) at 0.7% and 3% solids and at a
rotor speed of 1,500 rpm. Samples were taken intermittently for analysis during processing
for up to 9 passes. Micro-grinding was also performed on a sample without a refining
pretreatment, as the micro-grinder operation can accommodate untreated fibers at original
fiber lengths. Table 5.1 shows the processing parameters for each experiment. A standard
operating procedure for a micro-grinder appears in Appendix 4.
Energy calculations for the micro-grinder and the homogenizer were performed using the
amperage as measured with an ammeter, the flow rate, and the voltage of the equipment. In
the case of the homogenizer, calculations accounted for its sinusoidal amp usage. The
microfluidizer energy calculations were provided from Microfluidics, Inc. Specific energy
consumption was reported in units of kJ per kg of MFC and kWh per metric ton MFC
produced on a dry basis.
Specific surface area (SSA) of the fibers and microfibrils was determined using a Congo
red dye adsorption method (Goodrich and Winter 2007; Ougiya et al. 1998; Spence et al.
2010b). Aqueous suspensions of fibrous samples were adjusted to pH 6 and treated with
varying amounts of Congo red, incubated at 60oC for 24 hours, and centrifuged at 12,000
rpm (14,000 g) for 15 minutes. UV-Vis absorption (Perkin Elmer, Waltham, Massachusetts,
USA) at a 500 nm wavelength was measured to determine Congo red concentration in the
supernatant.

This information was used to determine the adsorbed mass and thus the

respective SSA assuming an area per molecule of 1.73 nm2 by the depletion method, as
discussed in our previous work (Spence et al. 2010b). Sample SSA calculations appear in
Appendix 1, section 3.
It is possible that Congo red specific surface area (SSA) is affected by the chemical
composition of the samples, and therefore, comparisons of different fiber/fibril types must be
exercised with caution. To account for this issue, specific surface areas of freeze-dried
bleached and unbleached fibers/microfibrils were also measured with a nitrogen adsorption
technique (BET multipoint surface area, Gemini VII 2390, Micrometrics, Atlanta, Georgia,
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USA), which was assumed to be independent of the chemical composition of the MFC
samples, Appendix 1, section 10. Based on the Congo red and BET techniques, it was
determined that the unbleached samples adsorbed about 1.81 times more Congo red per unit
of BET surface area than bleached samples. Thus, all measured Congo red SSA values for
the unbleached samples were divided by 1.81 to provide a comparative SSA measurement
between the samples in the wet state. The calculations for this correction factor appear in
Appendix 1, section 11.
Table 5.1 Parameters used to produce MFC from bleached and unbleached wood pulp fibers
by homogenization, microfluidization, and micro-grinding
Experiment
code

Processing method

Pretreatment

Pressure
or speed

Number of
passes
(chamber)

Total Energy
Consumption*
(kJ/kg)
7,230

20

78,800

-

9
9

5,580
12,810

-

1 (H210Z)
5 (G10Z)

10,580

M-110EH Processor

1 (H210Z)
5 (G10Z)

8,430

M-110EH Processor

1 (H210Z)
5 (G10Z)

8,430

M-110P Processor

5 (H210Z)
5 (G10Z)

10,180

20 (H210Z)

11,230

M-110P Processor

20 (H210Z)

11,230

M-110EH Processor

5 (G10Z)

10,380

M-110EH Processor

5 (G10Z)

9,180

M-110EH Processor

5 (G10Z)

8,230

M-110EH Processor

V. Beater Pretreament
HV1

Homogenizer

V. Beater

MG1
MGV1

Micro-grinder
Micro-grinder

none
V. Beater

MFV1

Microfluidizer

V. Beater

MFV2

Microfluidizer

V. Beater

MFV3

Microfluidizer

V. Beater

MFV4

Microfluidizer

V. Beater

MFV5

Microfluidizer

V. Beater

MFV6

Microfluidizer

V. Beater

MFV7

Microfluidizer

V. Beater

MFV8

Microfluidizer

V. Beater

MFV9

Microfluidizer

V. Beater

55 MPa
(8kpsi)
1500 rpm
1500 rpm
69 MPa
(10 kpsi)
207 MPa
(30 kpsi)
69 MPa
(10 kpsi)
69 MPa
(10 kpsi)
69 MPa
(10 kpsi)
69 MPa
(10 kpsi)
69 MPa
(10 kpsi)
138 MPa
(20 kpsi)
69 MPa
(10 kpsi)
69 MPa
(10 kpsi)
207 MPa
(30 kpsi)
138 MPa
(20 kpsi)
69 MPa
(10 kpsi)

Notes

M-110P Processor

*To convert from kJ/kg to kWh/ton divide by 3.6.

Prior to film production, the MFC suspension was de-aerated under vacuum for 10
minutes in an ultrasound bath followed by manual shaking. Films were produced using a
casting-evaporation technique onto petri dishes with a target weight per unit area (basis
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weight) of 30g/m2. Dried films were conditioned at 23 oC and 50 % ambient relative
humidity. Typical time required for drying and conditioning was five days.
Film thickness and roughness were determined using standard TAPPI methods (T411
1997; T555 1999) with a Lorentzen and Wettre Micrometer 51 (L&W, Stockholm, Sweden)
and a L&W Parker Print Surface Tester, respectively. Roughness was measured on both the
air and dish side surfaces with a modified clamp pressure of 3.4 kPa (0.5 psi). The weight
per unit area (or basis weight) was determined using TAPPI standard T410 (T410 1998) and
the apparent film density was calculated using the thickness and the measured basis weight.
The average and standard deviation of five measurements were reported. It is noted that
conventional paper testing methods used here to determine the thickness of the films are
likely to overestimate the thickness, and, therefore, underestimate the film density (ChingaCarrasco and Syverud 2010).
Optical properties (opacity, color, ISO brightness, and scattering coefficient) were
measured using TAPPI standard methods (T452, T519, T527) and a Technidyne Color Touch
2 ISO Model (Technidyne Corporation, New Albany, Indiana, USA) (T452 1998; T519
1996; T527 1994). The average and standard deviation of five measurements were reported.
Water vapor transmission rate (WVTR) was determined using a wet cup method. Film
samples were cut into 3.9 cm diameter circles and restrained above 50 ml of water in a closed
container. The container was placed on a gravimetric balance (Mettler Toledo PG 203-S,
Mettler Toledo, Columbus, Ohio, USA) with sensitivity of 0.001grams interfaced with a
computer for data acquisition. Ambient conditions, temperature and relative humidity, were
kept constant during all measurements at 23oC and 50% RH, respectively. Weight data were
taken every 3 seconds for at least one hour and the slope of the generated water loss curve
and film thicknesses were used to calculate the specific WVTR for each sample. Sample
data and calculations appear in Appendix 1, section 5. Water adsorption was determined by
placing a 3.9 cm diameter circle of the MFC film in a petri dish containing 30 ml of
deionized water. The weight of the film before and after 10 minutes of immersion in the
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water was obtained to determine the amount of water adsorbed. The average and standard
deviation of three measurements were reported.
Tensile strength of the MFC films was determined using an Instron 4411 apparatus
(Instron, Norwood, Massachusetts, USA) with a modified TAPPI standard testing procedure
(T404, 1992). Samples were 15 mm wide and the clamp span was set to 25.4 mm. Crosshead
speed was set to 4 mm/min. Tensile index, the tensile strength divided by the basis weight,
was reported to account for variations in film basis weight that could skew the tensile
strength results. The average and standard deviation of three measurements were reported.
Example Instron data and toughness calculations appear in Appendix 1, section 2.

4. Results and Discussion
Processing of bleached (BHW) and unbleached (UBHW) hardwood fiber slurries resulted
in minor clogging of the microfluidizer and homogenizer, respectively; the micro-grinder,
however, did not present such issues.

Fiber clogs were easier to remove from the

microfluidizer, by using reverse flow, while the fiber clogs in the homogenizer required
disassembly. Micro-grinding slurries at 0.7% fibers did not produce MFC, since at this low
solids content fiber-fiber friction during processing was negligible; therefore, slurries at
higher solids contents (3%) were used to increase such effects during processing.
A focal point in this investigation is the energy consumed during the mechanical
treatments. As such, measurements of energy demand and efficiency were obtained for each
processing method.

It was determined that a large difference in the specific energy

consumption per pass existed upon processing the fibers with the homogenizer and the
micro-grinder, 3940 and 620 kJ/kg, respectively. The microfluidizer energy measurements
were 200, 390, and 630 kJ/kg per pass for processing pressures of 69 MPa (10kpsi), 138 MPa
(20kpsi), and 207 MPa (30kpsi), respectively.
Specific surface area (SSA) as measured by the Congo Red method significantly
increased with the mechanical refining pretreatment for both unbleached and bleached
hardwood pulps, Table 5.2. Homogenization resulted in large increases in specific surface
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area, with maximum values of 68 and 110 m2/g for bleached and unbleached hardwood
fibers, respectively. This was likely due to additional fiber shortening that occurred during
processing when the fibers were passed through the homogenization valves as well as the
separation of macrofibrils into microfibrils. Microfluidization of the bleached fibers resulted
in a similar SSA (69 m2/g) when processed with the M110P microfluidizer with a H210Z
chamber at 69 MPa (10kpsi). Processing with the M-110EH microfluidizer with a G10Z
chamber at 69 MPa (10kpsi) resulted in MFCs of the highest SSA for unbleached fibers (62
m2/g) with the microfluidizer, but this value was less than that of the homogenizer and the
micro-grinder. Samples processed with the grinder without the mechanical pretreatment had
significant increases as well, with maximum SSA values of 59 and 76 m2/g, for bleached and
unbleached hardwood fibers, respectively. The bleached hardwood fiber processed with the
micro-grinder and the pretreatment resulted in a SSA of 44 m2/g; this surface area was
significantly higher than that for the starting material, but lower than that of the samples
without the pretreatment. This is likely due to the reduction in fiber-fiber and fiber-disk
interactions for the pretreated sample.
An increase in specific surface area suggests smaller microfibrils, which are expected to
produce composites and films with higher mechanical properties. Microfibrillar elements
with diameters less than 1 micron generated with the three techniques after freeze drying are
shown in Figure 5.1. In the case of the unbleached hardwood, homogenization resulted in a
significantly higher SSA, but with a much larger energy consumption, Figure 5.2. Similarly,
higher pressures with the microfluidizer resulted in larger SSA values than the lower
processing pressures, as expected for the increase in processing energy. The micro-grinder
used more energy, but resulted in SSA values lower than the microfluidizer, Figure 5.2.
A higher apparent density and a lower surface roughness are expected for MFCs with
smaller average fibril size. Similar to the SSA, the density increased significantly with the
refining pretreatment (Table 5.2).

All three processing methods resulted in significant

increases in density for MFCs with both unbleached and bleached fibers, with the
microfluidizer resulting in the highest density (960 and 990 kg/m3 for bleached and
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unbleached fibers, respectively). Surface roughness on the air side of the films was reduced
most significantly by the micro-grinder for both fiber samples (Table 5.2). There was no
attempt to smoothen the air side surface; smoother surfaces would be realized if pressing or
another method was used to decrease irregularities in the formation. In fact, the dish side
surfaces had roughnesses of approximately 1 µm, reflecting very small microfibrillar
elements. The casting dish roughness was approximately 1 µm, indicating that the MFC
material dish side roughness was a reflection of the dish irregularities.
Table 5.2: MFC specific surface area (SSA) and film physical properties (density, roughness
and water transmission rate) after Processing bleached and unbleached hardwood fibers
(BHW and UBHW, respectively)

Original
fibers
Pretreated
fibers
HV1
MG1
MGV1
MFV1
MFV2
MFV3
MFV4
MFV5
MFV6
MFV7
MFV8
MFV9

Density (kg/m3)

WVTR ((g/m2*day)/m)

Specific Surface
Area (m2/g)
BHW
UBHW
5±2
15 ± 2

BHW
273 ± 14

UBHW
228 ± 10

BHW
11.2 ± 0.2

UBHW
12.1 ± 0.1

BHW
7.3e-2 ± 3.1e-3

UBHW
1.0e-1 ± 4.2e-3

27 ± 3

40 ± 3

697 ± 87

707 ± 87

9.4 ± 0.4

10.4 ± 0.2

2.7e-2 ± 2.9e-4

3.2e-2 ± 9.0e-4

68 ± 4
59 ± 4
44 ± 4
39 ± 4

110 ± 4
76 ± 4
−
−

903 ± 44
930 ± 30
914 ± 72
974 ± 0

972 ± 38
942 ± 82
−
−

7.5 ± 0.3
3.1 ± 1.7
2.5 ± 0.4
3.5 ± 0.1

6.4 ± 0.1
3.1 ± 0.8
−
−

2.0e-2 ± 2.2e-4
8.5e-2 ± 2.6e-2
2.0e-2 ± 3.7e-3
2.9 e-2 ± 5.0e-4

2.2e-2 ± 3.2e-3
6.3e-2 ± 1.4e-2
−
−

45 ± 4
39 ± 4
35 ± 4
69 ± 4
−
−
−
−

−
−
−
−
62 ± 4
57 ± 4
56 ± 4
39 ± 4

910 ± 11
938 ± 16
960 ± 15
922 ± 33
−
−
−
−

−
−
−
−
990 ± 19
1076 ± 42
862 ± 26
826 ± 28

5.5 ± 0.0
5.8 ± 0.1
4.7 ± 0.0
5.9 ± 0.8
−
−
−
−

−
−
−
−
4.7 ± 0.6
7.5 ± 2.9
5.8 ± 0.1
6.6 ± 0.6

2.9e-2 ± 5.0e-4
3.0 e-2 ± 5.0e-4
3.0 e-2 ± 5.0e-4
3.0 e-2 ± 5.0e-4
−
−
−
−

−
−
−
−
2.5 e-2 ± 8.9e-3
−
3.8 e-2 ± 8.9e-3
−

Roughness – air side (µm)

Water vapor transmission rates (WVTR) correlated with film density, Table 5.2, as
reported previously by Spence et al. (2010b). As expected, all MFC films were able to
prevent water penetration for a longer period of time after mechanical processing, regardless
of the processing method, as observed by water adsorption. This property was previously
found to depend most significantly on density (Spence et al. 2010b). Interestingly, of the
pretreated samples, microfluidization resulted in a lower WVTR for the unbleached fibers.
This is possibly due to the reduction of large lignin-coated, non-adsorbing pores during
processing by pore filling by the smaller particles as reflected by the density and surface
roughness. Comparison of WVTR values of MFC films after grinding, with and without
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pretreatment, indicated that refining reduced the water vapor transmission by blocking pores
with smaller diameter fibrils and fragments which otherwise promote mass transport. This is
observed by the significantly higher WVTR for the sample without the pretreatment and the
much larger variability in the measurements.
Differences in optical properties were determined between the MFC films obtained from
bleached and unbleached fibers, as expected due to effects related to the presence of lignin,
Table 5.3. However, MFC obtained by the micro-grinder with and without pretreatment
resulted in statistically the same scattering coefficient for both samples (5.1 m2/kg). The
opacity for these two samples was also similar. It appears that the micro-grinder was able to
produce the most uniform MFC films with the smallest particle/pore size, as the network of
the microfibrils scatters less light. This is mostly likely related to limited defibrillation of
unbleached fibers (that contain more lignin) when using large pressure drops with the
homogenizer and the microfluidizer.
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A

B

C

Figure 5.1: FE SEM images of freeze dried unbleached hardwood MFC samples from (A)
homogenization (20 passes at 800 psi), (B) microfluidization (5 passes at 10,000 psi) , and
(C) micro-grinding (9 passes). Scale bar represents 2 µm
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Figure 5.2: Specific surface area from Congo Red dye adsorption of unbleached MFC based
on energy consumption and processing method (■ homogenizer UBHW, □ homogenizer
● microfluidizer UBHW, ○ microfluidizer BHW,  micro-grinder no pretreatment
BHW,
UBHW,
∆ micro-grinder no pretreatment BHW,  pretreated UBHW,  pretreated
BHW, - original UBHW, + original BHW)

Mechanical properties of the MFC films such as elastic modulus, tensile index, and
toughness, were significantly different with processing method and sample type, Table 5.4.
The elastic modulus increased with the refining pretreatment and decreased or had little
change with further processing with all samples. Tensile index significantly increased with
the pretreatment as expected by the increase in microfibril specific surface area which leads
to higher contact points for bonding and a more uniform bond distribution. Processing with
the microfluidizer resulted in significantly higher tensile indices, and after processing, the
lignin-containing (unbleached) fibers had similar or higher mechanical properties, as
previously shown by Spence et al. (2010a).

It was also observed that the specific surface
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area and tensile indices strongly correlated, Figure 5.3, with the unbleached hardwood fibers
reaching a limiting strength, while in the case of bleached fibers the tensile index did not
reveal a limiting strength value. Toughness of the MFC films, as measured by the area under
the stress-strain curve, Figure 5.4, was significantly increased with all processing methods,
but most significant with the micro-grinder and the microfluidizer. This can be explained by
the fiber entanglement observed in optical microscopy images of the homogenized samples
(Spence et al. 2010a), which likely resulted in film defects. Microfluidization resulted in a
threefold increase in toughness for the bleached hardwood MFC and a fourfold increase for
the unbleached hardwood MFC, relative to the original fibers, possibly due to the fiber
alignment during processing in the interaction chamber.

Table 5.3: Optical properties of films produced with various processing methods

Original Pulp
Pretreated
HV1
MG1
MGV1
MFV1
MFV2
MFV3
MFV4
MFV5
MFV6
MFV7
MFV8
MFV9

Scattering Coefficient (m2/kg)
UBHW
BHW
35.9 ± 0.5
35.4 ± 1.3
10.8 ± 1.3
13.5 ± 1.1
12.1 ± 3.2
20.6 ± 0.9
5.1 ± 1.6
5.1 ± 0.7
4.4 ± 0.2
−
4.6 ± 0.3
−
20.1 ± 1.7
−
14.9 ± 0.3
−
7.9 ± 0.3
−
10.4 ± 4.1
−
−
16.3 ± 2.3
−
8.9 ± 5.2
−
18.1 ± 6.7
−
18.8 ± 9.1

Opacity (%)
BHW
UBHW
54.0 ± 0.8
83.5 ± 0.5
33.6 ± 2.7
85.3 ± 2.0
35.5 ± 5.7
83.5 ± 1.2
27.8 ± 6.4
30.2 ± 1.0
69.9 ± 2.8
−
39.5 ± 2.0
−
68.7 ± 6.8
−
60.8 ± 0.1
−
39.8 ± 1.0
−
65.8 ± 16.1
−
−
79.9 ± 1.9
−
64.5 ± 12.0
−
78.7 ± 10.4
−
80.1 ± 2.6
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Table 5.4: Mechanical properties of films produced with various processing methods

Original Pulp
Pretreated
HV1
MG1
MGV1
MFV1
MFV2
MFV3
MFV4
MFV5
MFV6
MFV7
MFV8
MFV9

Elastic Modulus (MPa)
BHW
UBHW
2530 ± 340
2670 ± 230
5820 ± 970
9090 ± 300
6310 ± 630
7710 ± 450
4554 ± 864
6292 ± 1414
4435 ± 826
−
5380 ± 2000
−
5320 ± 1200
−
5380 ± 620
−
4240 ± 1790
−
5350 ± 1220
−
−
6220 ± 530
−
4670 ± 590
−
5420 ± 500
−
4830 ± 390

Tensile Index ((N*m)/g)
BHW
UBHW
27 ± 3.1
21 ± 3.4
74 ± 13.4
69 ± 15.1
92 ± 25.2
109 ± 11.6
113 ± 20.9
105 ± 13.2
93 ± 3.3
−
120 ± 33
−
134 ± 13
−
135 ± 8
−
135 ± 22
−
124 ± 13
−
−
148 ± 14
−
54 ± 1
−
93 ± 1
−
138 ± 11

Toughness (kJ/m3)
BHW
UBHW
940 ± 80
480 ± 110
4910 ± 990
2990 ± 1760
5800 ± 3190
6470 ± 2210
16045 ± 3587
12453 ± 2829
9974 ± 2608
−
12780 ± 7210
−
12370 ± 3170
−
13970 ± 1220
−
15960 ± 5980
−
12890 ± 3150
−
−
12260 ± 1590
−
5810 ± 580
−
7230 ± 490
−
11940 ± 2040

Figure 5.3: Effect of Congo Red dye adsorption (SSA) on tensile index for processing with
various methods (□ bleached hardwood and ∆ unbleached hardwood)
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Figure 5.4: Stress-strain curve of bleached hardwood samples produced by various
processing methods (∆ homogenizer, ◊ microfluidizer, □ grinder-no pretreatment, 
grinder, ○ pretreatment, ■ original pulps)
A focal point in this investigation is the energy consumed during the mechanical
treatments. As such, measurements of energy demand and efficiency were obtained for each
processing method.

It was determined that a large difference in the specific energy

consumption on a solids basis per pass existed upon processing the fibers with the
homogenizer and the micro-grinder 3940 kJ/kg (1095 kWh/ton) and 620 kJ/kg (170
kWh/ton), respectively. The microfluidizer energy measurements were 200, 390, and 630
kJ/kg (56, 110, 175 kWh/ton) per pass for processing pressures of 69 MPa (10kpsi), 138 MPa
(20kpsi), and 207 MPa (30kpsi), respectively. The tensile index with respect to energy
consumption is shown in Figure 5.5a and 5.5b for bleached hardwood and unbleached
hardwood, respectively. From Figure 5.5a, it can be observed that MFCs obtained after
microfluidization and micro-grinding had a more significant increase in tensile index for the
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bleached hardwood fiber while homogenization was somewhat ineffective at lower energy
consumption; the processing of the unbleached hardwood fibers, however, was more
effective. It is noted that the microfluidizer resulted in the highest tensile index overall yet at
lower energy consumption.
Further investigation of the energy consumption of the specific processing methods
showed interesting results. First, for microfluidization, increasing the processing pressure
significantly increased the energy consumption, but, unexpectedly, decreased the toughness
and tensile index, Figure 5.6. This could be due to damage of the microfibrils at such high
pressures, as the increase in pressure resulted in higher surface areas and/or shorter residence
times in the interaction chamber.

Increasing the number of passes from 5 to 20 also

increased the energy consumption, but resulted in only a minimal improvement in properties,
suggesting that 5 passes or less is more efficient for the microfluidizer. For homogenization,
the tensile strength and toughness level off at approximately 8 passes when utilizing the
pretreatment, suggesting that 8 or fewer passes are required, Figure 5.7. This significantly
reduced the energy consumption, as well as promoted a smoother operation by reducing the
frequency of clogs. Most importantly, it was observed that pretreatment was not required for
micro-grinder processing, significantly reducing energy consumption but resulting in similar
tensile properties to the pretreated sample, Figure 5.8.
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Figure 5.5: Film tensile indices based on energy consumption and processing method A:
bleached hardwood, B: unbleached hardwood (■ original, ● pretreated, □ homogenizer, ○
microfluidizer, ∆ grinder no pretreatment,  grinder w/pretreatment)
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Figure 5.6: Physical properties versus energy consumption for unbleached hardwood with
microfluidization using the M-110EH interaction chamber (○ tensile index, □ toughness)

Figure 5.7: Physical properties versus energy consumption of unbleached hardwood with
homogenization using the 15MR two stage homogenizer (○ tensile index, □ toughness)
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Figure 5.8: Physical properties versus total energy consumption for unbleached hardwood
with pretreatment and micro-grinding (• tensile index, ■ toughness) and micro-grinding
alone (○ tensile index, □ toughness)

Energy consumption for the processing methods studied varied significantly because of
parameters such as number of passes and flow rate. Homogenization, for example, had a
much slower processing flow rate than the microfluidizer and the micro-grinder, which
significantly increased the amount of energy required for processing. The processing rates
were approximately 2 kg/min, 1 kg/min, and 0.2 kg/min for micro-grinding,
microfluidiziation, and homogenization, respectively.

Increasing the pressure of the

microfluidizer also significantly increased energy consumption, as the pump required more
amps to reach higher pressures.

In summary, to produce MFC films with maximum

obtainable properties for each processing method, the total energy required was
approximately 9,180 kJ/kg for the microfluidizer with pretreatment, 9,090 kJ/kg for the
grinder with pretreatment, and 5,580 kJ/kg for the grinder without pretreatment and 31,520
kJ/kg for the homogenizer with pretreatment. The energy consumption values reported herein
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are within the range of literature reported values and slightly greater than those reported for
MFC materials prepared after chemical pretreatments (Siro and Plackett 2010).
Assuming an energy cost of $60 per megawatt-hour, homogenization with the refining
pretreatment was the least cost effective method in producing MFC, with an energy cost of
$650/ton, Table 5.5. When comparing the energy and raw material costs of homogenization
to common plastic market prices, homogenization is not economically feasible ($1300 per
ton for homogenized MFC vs $1400 per ton market value for high density polyethylene), as
further processing (and therefore cost) would be required to utilize MFCs as plastics or
reinforcements.

Microfluidization at 69 MPa (10,000 psi) (with the pretreatment) was

$140/ton and micro-grinding was $95/ton and $210/ton, without and with the pretreatment,
respectively. The ability to eliminate the pretreatment with micro-grinding significantly
reduces the energy costs.

Assuming raw material costs of $350/ton for unbleached

hardwood, $650/ton for bleached hardwood, and $100 for recycled fiber, it can further be
expected that processes in which the unbleached fibers did not cause processing issues, such
as micro-grinding and microfluidization will be favored for producing MFCs. The most cost
efficient production of MFC could be obtained by utilizing recycled fibers and the microgrinder without a pretreatment.
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Table 5.5: Comparison between petroleum-based plastic market values and raw material and
energy costs of MFCs produced with homogenization, microfluidization, and micro-grinding
Material

Bleached Hardwood
(BHW)

Unbleached Hardwood
(UBHW)

Recycled Fiber
Sludge

Process
Homogenizer
8 Pass + Pre
Microfluidizer
5 Pass + Pre
Micro-grinder
9 Pass + Pre
Micro-grinder
9 Pass
Homogenizer
20 Pass
Homogenizer
8 Pass + Pre
Microfluidizer
5 Pass + Pre
Micro-grinder
9 Pass + Pre
Micro-grinder
9 Pass
Homogenizer
20 Pass
Micro-grinder
9 Pass
Micro-grinder
9 Pass

Energy Cost
per Ton

Energy & Material
Cost per Ton

Material

Market
Price per
Ton

$650

$1,300

LDPE*

$1,500

$140

$790

HDPE*

$1,400

$210

$860

PP*

$1,840

$95

$745

PS*

$1,600

$1,310

$1,960

PLA**

$1,900

$650

$1,000

$140

$490

$210

$560

$95

$445

$1,310

$1,660

$95

$195

$95

$115

5. Conclusions
Reducing the processing energy requirement is one of the most important requisites to
produce MFCs on an industrial scale.

This research has shown that compared to

homogenization, microfluidization with a refining pretreatment and the micro-grinding of
wood fibers are production methods which require less energy and produce MFC films with
better mechanical properties.

It was hypothesized that the microfluidizer was more

successful at producing these properties at lower energy input due to significantly higher
shear rates (10,000,000+ and 650,000 s-1 for the microfluidizer and homogenizer,
respectively) and by the utilization of colliding streams instead of moving parts to break
down the cellulosic fibers into microfibrillated cellulose. Because microfluidization uses a
constant shear rate to defibrillate the material (in contrast to the homogenizer which is a
constant volume process) it was likely that the size distribution of the materials was smaller
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and more uniform, resulting in better film formation and better mechanical properties. It was
also possible that the collision of the materials in the high impact zone results in curling of
the microfibrils; the more uniform distribution of microfibril diameters resulted in
microfibrils which could consolidate more during drying, and the curling resulted in higher
mechanical properties through a distribution of tensile stress upon stretching of the material.
This consolidation is in agreement with the higher densities of the films produced from
microfluidization. Production of MFCs with a homogenizer, however, resulted in microfibrils
with the highest specific surface area and films with the lowest water vapor transmission rate.
Overall, it is concluded that films produced in this study by the microfluidizer and the microgrinder had superior physical, optical, and water interaction properties than homogenization,
suggesting that these materials could be produced in a more economically feasible way for
potential packaging applications.
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CHAPTER SIX : WATER VAPOR BARRIER PROPERTIES OF
MICROFIBRILLATED CELLULOSE FILMS
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1. Abstract
Microfibrillated celluloses (MFCs) have mechanical properties sufficient for packaging
applications, but lack in comparison to petroleum-based plastics in water vapor barrier
properties. These properties can be modified by the use of mineral fillers, added within the
film structure or as surface coatings. In this investigation it was found that addition of fillers
resulted in films with lower densities but also lower water vapor transmission rates. This was
hypothesized to be due to decreased water vapor solubility in the films. Associated transport
phenomena were described by the Knudsen model for diffusion, but due to the limited
incorporation of chemical factors in the model, accurate prediction of pore diameters for
filled films was not possible. Modeling the filled-films with Fick’s equation, however, takes
into account chemical differences, as observed by the calculated tortuosity values.
Remarkably, coating with beeswax, paraffin, and cooked starch resulted in films with water
vapor transmission rates lower than those for low density polyethylene. These coatings were
modeled with a three-layer model, which determined that the coatings were more effective in
reducing WVTR.

Keywords: Microfibrillated cellulose; MFC; Nanofibrillated cellulose; NFC; Water vapor

transmission rate; Internal filler, Surface coatings; Mineral fillers; Beeswax; Paraffin;
Cooked starch
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1. Introduction
Cellulosic fibers have traditionally been used in packaging for a wide range of food
categories such as dry, frozen, or liquid foods and beverages (Kirwan 2003; Kirwan and
Strawbridge 2003). Cellophane, which is regenerated cellulose obtained from wood pulp, is
also extensively used as a material for food packaging, having a water vapor permeability of
1.25x10-9 mol*cm/(cm2*s*atm) (Nobile et al. 2002). A newer class of cellulosic materials,
microfibrillated celluloses (MFC), developed in 1983 by Turbak et al. (1983), has emerged as
a potential packaging material because of its mechanical properties. In fact, the strength of
MFC-based films is a requisite that can be easily met given the fact that, at a 35 g/m2 basis
weight, MFC films were found to have a relatively high tensile index of 146 Nm/g,
elongation of 8.6%, and an elastic modulus of 17.5 GPa (Syverud and Stenius 2009). These
MFC films have also shown low oxygen transmission rates, 17 ml/m2*day, which are
comparable to those of synthetic packaging based on oriented polyester ethylene vinyl
alcohol. For MFC-based films, the porosity, which is an important criterion for packaging
and barrier properties, is modifiable by drying from different solvents, which provides an
advantage over melt-formed plastics. For example, the porosity for MFC-based films dried
from water was as high as 28%, in contrast to films dried from solvents such as methanol,
ethanol, and acetone that had porosities of up to 40% (Henriksson et al. 2008). When used as
a coating layer on paper, it was shown that addition of MFC at approximately 10% of the
total mass significantly reduced surface porosity and air permeability (Syverud and Stenius
2009). Although chemically modified biopolymers such as cellulose derivatives or
thermoplastic starches have been widely used in packaging, renewable biopolymers are
currently of central interest, as there is the potential to replace conventional petroleumderived polymers typically used in food packaging (de Vlieger 2003).
In order to improve the performance of packaging to meet the demands of product safety,
shelf-life extension, cost-efficiency, environmental burdens, and consumer convenience,
innovative modified and controlled packaging materials are being developed. Currently,
these materials are largely produced from fossil-derived synthetic plastics, but with
increasing environmental concerns, materials derived from renewable resources are strongly
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being investigated as potential replacements. These materials must provide protection for
products to obtain a satisfactory shelf life at the same levels as those obtained with
petroleum-derived ones (Rhim 2007; Rhim and Ng 2007). Indeed, applicable materials must
have adequate mechanical properties and provide a sufficient barrier to oxygen, water vapor,
light, microorganisms, and other contaminants in order to prevent food deterioration.
MFCs produced from TEMPO-mediated oxidation have potential uses in packaging
applications and electronics.

Fukuzumi et al. (2009) coated polylactic acid films with

TEMPO-oxidized MFCs to improve gas barrier properties and hydrophobicity, both
important properties for these applications. It is expected that the high carboxylate content
after oxidation will result in the films having low resistance to water.
Previous work on water vapor transmission has shown that increasing the lignin content
in MFC samples resulted in higher WVTRs (Spence et al. 2010): an increase of 10, 25, and
92% when replacing bleached by unbleached fibers from hardwood, softwood with a low
lignin content, and softwood with a high lignin content was noted, respectively.

These

results were unexpected, due to the higher initial water contact angles of the more highly
lignified samples. It was hypothesized that this increase was related to a different pore
structure formed between the microfibrils in the film.
Water vapor transmission rate (WVTR) can be calculated using Fick’s law of diffusion if
steady state diffusion and a linear concentration gradient through the material are assumed
(Chinnan and Park 1995). For example, water vapor transmission through a paper sample as
measured by the wet cup method is prevented by the contribution of three factors (Hu et al.
2000): boundary layers of stagnant air, and sample surface inside and outside of the
measuring cup.
WVTR is a measure of flux per unit area (Hu et al. 2000), and the flux can be calculated
from Fick’s law using the following formula (Crank 1975):
     =







×



 

 

=  /   ×  

(Eqn. 6.1)
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where J is the flux, D is the diffusion coefficient, ∆C is the change in concentration across
the material, x is the thickness, Q is the amount of water diffusing through the material, A is
the area of diffusion, and t is time.
For a solid polymer, WVTR is likely to occur in four main steps (Hu et al. 2000). First,
water molecules adsorb onto the sample surface (i.e. inside cup surface). Water will then
dissolve into the sample, rapidly establishing equilibrium and further diffuse through the
material. Water molecules will then exit the sample (i.e. outside cup surface) by desorbing
from the surface. However, for a microporous material, it is likely that molecules pass
through large, non-adsorbing pores (Knudsen diffusion). It is possible that films of MFC
exhibit a combination of both Fickian and Knudsen diffusion mechanisms, Figure 6.1.

Figure 6.1: Types of molecular diffusion (Hale et al. 2001)
It has been observed that WVTR is affected by temperature, pressure, film thickness, film
density, pore structure, pore size, sample crystallinity, and hydrophilicity (Chinnan and Park
1995; Hu et al. 2000; Shogren 1997). Increasing the temperature and pressure results in
higher WVTR, whereas increasing film density and film thickness results in lower WVTR.
Modifying the structure of the pore network by decreasing pore size or increasing sample
crystallinity will reduce the WVTR. In this work, mineral fillers were investigated in an
attempt to block the pore network and decrease water vapor permeability. Starch, paraffin,
and beeswax were also used as coatings for analysis of improved barrier properties.
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3. Experimental
3.1 Materials

MFC samples were produced from bleached hardwood market pulp using a 10-inch disk
diameter Masuko Super Masscolloider (Masuko SangyoCo., Kawaguchi-City, Japan).
Samples were processed at 3% consistency, with no pretreatment, for 9 passes (an energy
consumption of approximately 5,600 kJ/kg).
Kaolin clay (No. 1 filler clay, Imerys, Paris, France) with diameters of approximately 0.12.5µm and a density of 2.8 g/cm3 and calcium carbonate (Hydrocarb 80, Omya North
America, Cincinnati, Ohio) with diameters of approximately 0.5-1.0 µm and a density of 2.4
g/cm3 were used as fillers (values as reported by suppliers). An ethylated starch, Ethylx
(Staley Starch, Decatur, IL), was cooked at 100oC for 25 minutes (0.03 g starch/mL water)
for use as a coating and as filler. Ethylx was also used as filler, with a density of 560 g/cm3,
without prior cooking. Materials used for film coatings were cooked starch, beeswax, and
paraffin wax. Natural beeswax (Country Lane Candle Supplies, Doylestown, PA) with a
melting point of 62-64oC (Donhowe and Fennema 1993) and a density of 0.97 g/cm3 and
paraffin wax (Sigma-Aldrich, product no. 327204, St. Louis, MO) with a melting point of 5357oC and a density of 0.93 g/cm3 (values as reported by suppliers) were applied as solutions
in heptane at a concentration of 0.03 g/mL.
3.2 Methods

MFC films were produced using a casting/evaporation technique. A portion of the MFC
slurry was poured into a plastic petri dish after 10 minutes of mixing and vacuum de-aeration
to produce films with a basis weight of 30 g/m2 after drying. Dried films were conditioned
under TAPPI standard conditions (23 oC and 50% relative humidity) for a minimum of 24h
before testing. The typical time required for drying and conditioning was 5 days.
In the case of filled samples, fillers were added to the slurry before vacuum de-aeration.
For coated films, films of MFC were produced using the casting/evaporation technique and
allowed to dry and condition. The conditioned samples were then coated using a dipping
technique. Films were submersed in glass petri dishes containing approximately 30 mL of
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solution for approximately 10 seconds, removed, and dried vertically. Films were allowed to
dry between coatings. After coating, films were conditioned at 23 oC and 50% relative
humidity for a minimum of 24 hours before testing.
Film thickness was determined using TAPPI Method T411 by means of a Lorentzen and
Wettre Micrometer 51 (L&W, Stockholm, Sweden). The basis weight was determined using
TAPPI standard T410, and the apparent film density was calculated using the measured basis
weight and sample thickness. The average and standard deviation of ten measurements were
reported.
Field emission scanning electron microscopy was performed with a JEOL 6400F FESEM (JEOL, Peabody, MA, USA) with a sputter coating of approximately 6 nm of Au/Pd, an
accelerating voltage of 5kV, and a working distance of 20 mm. Fracture samples were
prepared by fracturing in liquid nitrogen. Additional SEM images can be found in Appendix
2.
Tensile strength of the MFC films was determined using an Instron 4411 apparatus
(Instron, Norwood, Massachusetts, USA) with a modified TAPPI standard testing procedure
(T404, 1992).

Samples were 15 mm wide, and the clamp span was set to 25.4 mm.

Crosshead speed was set to 4 mm/min. Tensile index, the tensile strength divided by the
basis weight, was reported to account for variations in film basis weight that could skew the
tensile strength results. The average and standard deviation of three measurements were
reported. Example Instron data and toughness calculations can be found in Appendix 1,
section 2.
WVTR was determined using the wet cup method (Spence et al. 2010). Conditioned film
samples were cut into 4 cm diameter circles and restrained above 50 mL of water in a closed
container, and placed on a dynamic wetting apparatus interfaced with a computer for data
acquisition. Room conditions were held constant at 23 oC and 50% relative humidity. Data
were taken every 10 seconds, and the slope of the generated weight-loss curve and film
thickness were used to calculate the specific WVTR in (g/(m2*day))/m for each sample. The
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average and standard deviation of three measurements were reported.

The WVTR of

aluminum foil was measured to be 0 g/(m2*day); this measurement was in agreement with
literature values (Shogren 1997). Sample data and calculations for WVTR can be found in
Appendix 1, section 5.

4. Results
4.1 MFC films containing filler

Adding internal mineral fillers to MFC films resulted in a decrease in density, as shown
in Figure 6.2. This was expected, as mineral fillers and cellulosic fibers do not bond well
(Scott 1996), creating a no bonding area between the filler and the cellulose, as well as
generating voids due to consolidation interference, Figure 6.3.

In addition, structural

differences were observed by SEM imaging, Figure 6.4. The 7.5% kaolin clay sample
showed aggregates of clay; these aggregates were likely to cause a larger decrease in density
by interfering further with the compaction of microfibrils, due to the presence of the larger
mineral aggregates. By observing the general trends in Figures 6.2 and 6.4, it appears that
the mineral particles decreased density by interfering with microfibril consolidation, but the
cooked starch did not have such an effect, because it was solubilized in the water during
drying.
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Figure 6.3: Impact of mineral fillers on the compaction of microfibrils
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Figure 6.4: Change in film compaction as observed by SEM. The figures are as follows: left
– pure MFC; middle – MFC containing 2.5% kaolin clay; right – MFC containing 7.5%
kaolin clay. Scale bar provided in the black panel is equivalent to 10 microns.
The utilization of cooked and uncooked starch resulted in a slight increase in tensile
index, Figure 6.5, as expected due to bonding between the starch and the microfibrils.
Interestingly, in the case of samples filled with kaolin clay, an increase in tensile index was
observed with a 2.5 weight-% addition, followed by a decrease. One hypothesis for this
observation is due to a smaller amount of water in the film, as the mineral fillers do not retain
water similar to the cellulose microfibrils. It was previously shown that films with lower
equilibrium moisture contents had higher tensile indices (Spence et al. 2010); the addition of
the mineral filler is likely to reduce the amount of water present at equilibrium, therefore
increasing the mechanical properties. Another possible hypothesis for the observed increase
is improved film formation during drying. The addition of internal fillers at low percentages
may result in slower evaporation or more dispersed MFC during casting, resulting in a film
with fewer formation defects. The addition of these fillers at concentrations higher than
2.5% resulted in particle agglomeration (Figure 6.6), which caused a significant decrease in
mechanical properties.
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Figure 6.5: Tensile index as related to internal filler content

Figure 6.6: SEM nitrogen fracture imaging of a MFC film with 7.5% kaolin clay
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The addition of 0.1-2.5 µm calcium carbonate and 0.5-10 µm kaolin clay resulted in a
decrease in WVTR, as shown in Figure 6.7, suggesting differences in the chemical
composition of the pore network, outweighing the effects of density observed. Kaolin clay
resulted in a lower WVTR than calcium carbonate; for example, at 7.5% addition, kaolin clay
reached a WVTR of 1.04 (g/m2*day)/m and calcium carbonate reached a WVTR of 1.69
(g/m2*day)/m, reductions of 51.6% and 21.4%, respectively. Park et al. (2003) observed
similar trends, with the addition of clay to thermoplastic starch, resulting in up to a 40%
reduction in WVTR. The addition of cooked and uncooked starch resulted in an increase in
WVTR, suggesting that the chemical modification of the pore network enhanced the
transmission of water vapor through the film, contrary to the addition of the mineral fillers.
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Figure 6.7: Water vapor transmission rate (WVTR) as related to filler content
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4.2 Surface Coatings

An alternative method to decreasing the WVTR is to surface coat the films. As such,
cooked starch was used as a coating for MFC films and resulted in a coating weight of
approximately 9 g/m2 on 30 g/m2 MFC film after six successive submersions. The rate of
coating weight increase for paraffin wax was double that of cooked starch (coating weight of
ca. 16 g/m2 with six submersion and drying cycles). This suggests differences between the
coatings, such as the viscosity, solvent type, wettability, and penetration. Beeswax reached a
coating weight of approximately 27 g/m2 with six submersions; with a pickup amount double
that of paraffin and almost four times that of cooked starch. The coating was able to
penetrate the MFC film pore structure to different degrees (Figure 6.8). The ability of the
beeswax to penetrate the MFC films more than paraffin is likely due to the chemical
composition of the two waxes, differences in viscosity and differences in surface chemistry
between the materials and the microfibrillated cellulose. Beeswax consists of hydrocarbons,
free fatty acids, and mostly long chain esters (Tulloch and Huffman 1972), whereas the
paraffin is composed of long-chain, potentially branched, hydrocarbons. It is thought that the
more linear structure of the beeswax and its lower viscosity are among the reasons for film
penetration, in comparison to the paraffin. It is also possible that the beeswax is able to wet
the pore structure more quickly which promoted penetration.

Figure 6.8: Coating characteristics as observed by SEM. Figure on the left is a MFC film
coated with paraffin wax (2.8 g/m2). Figure in the center is a MFC film coated with beeswax
(10.2 g/m2). Figure on the right is a MFC film coated with cooked starch (4.6 g/m2). All
samples (30g/m2) were coated with 3 submersions.
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The initial addition of the beeswax and paraffin resulted in an increase in tensile index,
but as expected, increasing the coating weight of these materials decreased the tensile index,
because of the addition of mass without additional bonding, as indicated in Figure 6.9A. The
addition of cooked starch did not significantly change the tensile index for up to a coating
weight of 10 g/m2. This is likely due to the ability of the starch to bond with the cellulose
microfibrils at the starch-MFC interface. When calculating the T.I. based on the MFC film
weight alone (the additional weight of the coating excluded), the starch films exhibited an
increase in tensile strength, likely due to the increased in bonding between the starch and the
microfibrils at the interface, (Figure 6.9B). The addition of paraffin resulted in an initial
increase in mechanical properties, followed by a decrease, likely due to the larger amount of
coating added. Similarly, the beeswax films had approximately the same tensile index for a
coating weight of up to 10 g/m2, but further increasing of the coating weight resulted in a
significantly decreased tensile index.
Increasing the coating weight resulted in a significant decrease in WVTR, and beeswax
resulted in the lowest value. LDPE had a significantly lower WVTR compared to films from
MFC; however, a coating weight of approximately 1 g/m2 of beeswax, 2.5 g/m2 of paraffin,
and 5 g/m2 of cooked starch resulted in a WVTR of approximately half that of LDPE (Figure
6.10).

Further increasing the coating weight of paraffin and cooked starch did not

significantly decrease WVTR, suggesting that the additional coating was mainly on the
surface. The ability of the beeswax to penetrate and wet the surface more easily resulted in a
significantly higher coating weight and a further reduction in WVTR.

This was also

confirmed by SEM (Figure 6.8). The differences in surface chemistry and physical structure
of the waxes appear to be important for the improvement of water vapor barrier properties.
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Figure 6.9: Changes in tensile index with increasing coating weight of beeswax, paraffin, and
cooked starch. A: TI calculated based on total weight. B: TI calculated based on MFC film
weight alone. Vertical error bars, representing +/- one standard deviation would be 7 Nm/g.
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Figure 6.10: Water vapor transmission rate (WVTR) of microfibrillated cellulose (MFC)
films coated with beeswax, paraffin, and cooked starch at varying coating weights. Vertical
error bars, representing +/- one standard deviation would be equal to 0.0034 (g/m2*day)/m.

5. Discussion
Previous modeling of water vapor transport through paper has shown that transport can
occur by various mechanisms, such as diffusion through inter-fiber void space, Fickian
diffusion, Knudsen diffusion (when the pore diameter is smaller than 10 nm), surface
diffusion, bulk solid diffusion within fibers, and capillary transport (Liang et al. 1990;
Nilsson et al. 1993). It was theorized that the first mechanism, diffusion through inter-fiber
void space, is the dominant mechanism of transport in paper, particularly in samples tested at
less than 58% relative humidity, as it occurs at the fastest rate (Nilsson et al. 1993).
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It can be determined if moisture vapor transport through a MFC film can be appropriately
modeled using Knudsen diffusion which can be characterized by the dimensionless Knudsen
number (Geankoplis 2003):

 =

̅

λ

(Eqn. 6.2)

where λ is the mean free path or distance a gas molecule travels before a collision with
another molecule, and r is the average pore radius of the material. The corresponding mean
free path can be calculated by Eqn. (6.3):

λ=

!.#
$

%

&'

()

(Eqn. 6.3)

where µ is the viscosity (Pa*s), P is the pressure (Pa), T is the temperature (K), M is the
molecular weight (g/mol), and R is the universal gas constant (8.314 m3*Pa/mol K). At the
current research conditions, the mean free path was determined to be 0.00014 m. If the value
of the Knudsen number is larger than 10, the diffusion is considered to be primarily Knudsen
diffusion (Geankoplis 2003).
An estimated pore diameter can be calculated using previously determined MFC
dimensions (Spence et al. 2010) and the assumption that MFCs have a uniform cross section
that can be assumed to be equivalent to that of a circle. The pore area is calculated by
assuming a square with sides equal to the diameter of the MFC is placed with corners at the
center of each circle, Figure 6.11. The pore area is then represented by the area of the square
minus the area of the circle (four times the area of 1/4 of each circle). The pore is assumed to
be the shape of a square (see Appendix 2 for calculations). Another geometrical model using
ellipses (with a ratio of axes of 3 to 1) instead of cylinders was also used to calculate pore
diameter, as MFCs are not cylindrical in shape. This model resulted in a calculated pore
diameter percent difference of 73%, but calculated Knudsen numbers were still significantly
above 10, Table 6.1.
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Figure 6.11: Pore diameter determination assuming cylindrical MFC geometry.

Table 6.1: Calculated pore diameters and Knudsen numbers based on equivalent cylindrical
and elliptical cross-sections

Sample
Bleached
Hardwood
Unbleached
Hardwood
Bleached
Softwood
Unbleached
Softwood Low
Lignin
Content
Unbleached
Softwood
High Lignin
Content

Lignin
Content
(%)

Cylindrical
Approximated
Average Pore
Radius (nm)

Knudsen
Number

Elliptical
Approximated
Average Pore
Radius (nm)

Knudsen
Number

1.3 ± 0.1

14.4 ± 7.4

5000

24.9 ± 12.8

2800

2.4 ± 0.4

19.7 ± 3.7

3600

34.1 ± 6.4

2100

0.8 ± 0.1

18.3 ± 8.8

3800

31.7 ± 15.3

2200

8.8 ± 1.8

19.5 ± 18.1

3600

33.7 ± 31.3

2100

13.8 ± 0.7

61.4 ± 69.0

1100

106.3 ± 119.6

700

The effect of pore diameter on film density can be elucidated using a similar model,
Figure 6.12. In this model, a cylinder with diameter r and length a is placed in the middle of
a cube with sides of length a. The cube represents cellulose, with a density of 1.6 g/cm3, and
the cylinder represents a pore. Assuming a to be 50 nm, a reasonable estimate for the width
of two microfibrils with diameter 25 nm placed next to each other, the radius of the pore, r,
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can be varied to determine the effect of radius on material density, Figure 6.13. As expected,
increasing the pore radius resulted in decreased material density, especially above 15%.

a
r

Figure 6.12: Geometrical model for determining effect of pore size on density
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Figure 6.13: Effect of pore diameter (as calculated as percent of a side of a cube with length,
a) on density
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The Knudsen numbers calculated using equation 6.2 were greater than 10, therefore
diffusion can be modeled with Knudsen diffusion. The equation for molar flux is defined as
(Geankoplis 2003):

* = −

,-.
* ,/

(Eqn. 6.4)

where DKA is the Knudsen diffusivity (m2/s), and dca/dz is the z component of the gradient of
concentration. The concentrations, ci and ce (mol/m3), can be calculated using the following
equation, with RHlocal equal to 93% and 53% for the interior and exterior surface in mol/L,
respectively, due to the movement of water vapor through stagnant air near the film surfaces
(Radhakrishnan et al. 1998):

0 =

&123452 × $657
899&'

(Eqn. 6.5)

where RHlocal is the local relative humidity, Psat is the vapor pressure (Pa) at temperature T
(K), and R is the universal gas constant (8.314 m3*Pa/mol*K). The variable DKA is defined
as:
*

= 97.0=̅ 

'

).
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(Eqn. 6.6)

where T is temperature (K), MA is the molar mass (g/mol), and r is the average pore
diameter (m). Equations (6.4) and (6.6) can be solved using WVTR data to estimate the
average pore radius in the material, Table 6.2. The average SEM pore radius was
significantly larger than that from the diffusion-calculated pore radius, likely due to the large
distribution of MFC diameters. The diffusion estimated pore radii were in the range of the
SEM calculated pore radii when considering the standard deviation in the SEM
measurements, verifying the model for the case of the unfilled MFC films.
Films previously produced from MFCs of different chemical compositions and different
processing methods, were found to have higher tensile strength and lower moisture vapor
transmission rates at higher densities, likely the result of a higher density of bonding and a
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more collapsed pore network, respectively. As observed using the cylinder and cube model,
increasing the pore diameter resulted in a lower density and, in return, should result in an
increase in WVTR. This was observed in the case of the addition of uncooked starch, the
addition of which resulted in a decreased density, calculated average pore radius, and
increased WVTR. This trend was not observed, however, in the case of the mineral fillers,
in which density was shown to decrease, but WVTR and calculated average pore radius
decreased. This may be explained in the context of the following equation for permeability:
>=

∗@

(Eqn. 6.7)

where P is permeability (WVTR), D is the diffusion coefficient, and S is the solubility of the
vapor in the material. The fillers added to the system decreased the water vapor transmission
rate (P) perhaps due to the lower solubility of the water vapor through these materials.
Table 6.2: Knudsen Number and Calculated Pore Radius of MFC Films Containing Fillers
and Coated MFC Films
Sample

WVTR x 100
((g/m2*day)/m)

MFC
Kaolin Clay 2.5%
Kaolin Clay 7.5%
Calcium Carbonate 2.5%
Calcium Carbonate 5%
Calcium Carbonate 7.5%
Calcium Carbonate 10%
Uncooked Starch 2.5%
Uncooked Starch 5%
Uncooked Starch 7.5%
Uncooked Starch 10%
Cooked Starch 2.5%
Cooked Starch 5%
Cooked Starch 7.5%
Cooked Starch 10%

2.15
1.77
1.04
2.49
1.79
1.69
1.32
2.18
2.29
2.82
3.12
2.51
2.37
2.62
2.55

Calculated
Average Pore
Radius (nm)
7.70
6.32
3.72
8.90
6.40
6.04
4.72
7.79
8.18
10.07
11.15
8.97
8.47
9.36
9.11

Calculated Knudsen
Number
9100
11000
19000
7900
11000
12000
15000
9000
8600
6900
6300
7800
8300
7500
7700

The large Knudsen numbers observed in Table 6.2 appear to indicate that the transport
follows Knudsen diffusion, because the values are much greater than 10; the observations
based on pore diameter and density results show otherwise for the samples containing
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mineral fillers. The density and pore diameter observations with the addition of uncooked
starch were as expected. These two results indicate the importance of chemistry on water
vapor transport, as well as the limits of the utilization of the Knudsen diffusion model. In the
case of starch, the added material has a similar chemical composition to the cellulose and it
appears to be successfully modeled by Knudsen diffusion. The addition of mineral fillers
however, introduced different chemistries and was not successfully modeled by Knudsen
diffusion, indicating the need for examining another diffusion model. Modeling the MFC
films containing lignin, from our previous studies (Spence et al. 2010), with Knudsen
diffusion showed that increasing lignin content resulted in larger pore radii, likely the result
of lignin interfering with hydrogen bonding, Table 6.3.
Table 6.3: Knudsen Number and Calculated Pore Radius of MFC Films Containing Lignin
Sample
Bleached
Hardwood
Unbleached
Hardwood
Bleached
Softwood
Unbleached
Softwood Low
Lignin Content
Unbleached
Softwood High
Lignin Content

WVTR * 100
((g/m2*day)/m)

Lignin
Content (%)

Diffusion
Approximated
Average Pore
Radius (nm)

Knudsen
Number

SEM Approximated
Average Pore
Radius (nm)
(cylindrical)

2.0 ± 0.0

1.3 ± 0.1

7.2

9797

14.4 ± 7.4

2.2 ± 0.0

2.4 ± 0.4

7.9

8906

19.7 ± 3.7

2.4 ± 0.7

0.8 ± 0.1

8.6

8164

18.3 ± 8.8

3.0 ± 0.6

8.8 ± 1.8

10.7

6531

19.5 ± 18.1

4.6 ± 1.4

13.8 ± 0.7

16.4

4259

61.4 ± 69.0

Previous work by Hale et al. utilizing a microporous polyethylene/calcium carbonate
film, showed that the moisture vapor transport could be modeled using Fick’s law of
diffusion and that Knudsen diffusion calculations did not accurately describe the process of
molecular diffusion (Hale et al. 2001). Others have modeled paper using Fick’s diffusion
(Radhakrishnan et al. 1998). The utilization of the Knudsen diffusion coefficient accounts
only for the motion of the individual molecules based on pore size, whereas Fick’s accounts
for the motion of all the molecules under the influence of a concentration gradient (Malek
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and Coppens 2003).

The diffusion is

also affected by material chemistry.

As the

microfibrillated cellulose film is a complex structure, it is important to consider the
concentration gradient using Fick’s law. Results from the MFC films containing filler were
evaluated by using Fick’s law due to the chemical limitations of the Knudsen model. It was
assumed that vapor transmission in MFC followed Fick’s law, so that the flux, as measured
by WVTR, can be written as follows (Radhakrishnan et al. 1998):

 =

A
*

=

BCDD
1

0E − 0F 

(Eqn. 6.7)

where J is the flux of water vapor (mol/cm2*s), W is the slope of the weight-loss curve
(mol/s), A is the area of the sample through which the water diffuses, Deff is the effective
diffusion coefficient (cm2/s), H is the film thickness (m), and ci and ce are the water vapor
concentrations on the interior and exterior film surface, respectively, as calculated by
equation 6.5.
These two equations can be solved for Deff after determining the other experimental
variables. It is hypothesized that Deff is composed of two parts, the diffusivity related to the
transport in the material pores, and the diffusivity related to the transport into the surface of
the material (Defrenne et al. 2009). This can be represented as the following:
FGG

=

I

HJ
K

+

G

8MI
JD

(Eqn.6.8)

where Da is the open space diffusivity (pore space), Df is the intrinsic diffusivity of moisture
into the fibers, ε is the void fraction of the structure, and τ is tortuosity, the net increase of
the length of the diffusion path. It is theorized that the diffusion of water vapor through a
porous material is governed by void fraction and tortuosity (Defrenne et al. 2009). Void
fraction was calculated using a linear mixing rule and densities of 1.6 g/cm3 for cellulose and
filler densities as stated in the materials section. It is noted that conventional paper testing
methods used here to determine the thickness of the films are likely to overestimate the
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thickness, and, therefore, underestimate the film density (Chinga-Carrasco and Syverud
2010), resulting in over estimated void fractions.
Defrenne et al. calculated an intrinsic wood fiber diffusivity ratio to relate Df to Da. The
value of this ratio is 0.02 for highly refined fibers (Defrenne et al. 2009).

Assuming

microfibrils are similar to highly refined fibers, then the diffusivity term related to the pore
network is much larger than the diffusivity term related to the fibers and Eqn. 6.8 simplifies:
FGG

=

I
HJ
K

(Eqn. 6.9)

Equations 6.7 and 6.9 and the estimated void volume values can be used to calculate
tortuosity, Table 6.4. The path length is determined by multiplying the tortuosity by the film
thickness; this length is the estimated distance a molecule of water vapor would travel to exit
the film, Figure 6.14. For reference, a softwood hand-sheet is expected to have a tortuosity
of approximately 0.7 and a hardwood hand-sheet is expected to have a tortuosity of
approximately 1.3.
Table 6.4: Tortuosity and Void Volume of MFC Films Containing Fillers
Sample
MFC
Kaolin Clay 2.5%
Kaolin Clay 7.5%
Calcium Carbonate 2.5%
Calcium Carbonate 5%
Calcium Carbonate 7.5%
Calcium Carbonate 10%
Uncooked Starch 2.5%
Uncooked Starch 5%
Uncooked Starch 7.5%
Uncooked Starch 10%
Cooked Starch 2.5%
Cooked Starch 5%
Cooked Starch 7.5%
Cooked Starch 10%

WVTR x 100
((g/m2*day)/m
2.15 ± 0.17
1.77 ± 0.23
1.04 ± 0.01
2.49 ± 0.38
1.79 ± 0.47
1.69 ± 0.04
1.32 ± 0.20
2.18 ± 0.07
2.29 ± 0.37
2.82 ± 0.06
3.12 ± 2.65
2.51 ± 0.22
2.37 ± 0.17
2.62 ± 0.16
2.55 ± 0.12

Estimated Void
Fraction
0.44
0.48
0.54
0.47
0.50
0.53
0.55
0.45
0.47
0.44
0.46
0.41
0.44
0.36
0.43

Tortuosity
3.57
4.76
9.09
3.30
4.94
5.49
7.42
3.61
3.66
2.75
2.57
2.92
3.25
2.42
2.95

Path length
(µm)
129
178
380
123
192
229
325
130
132
109
104
102
127
95
118
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Figure 6.14: Potential paths of water vapor transport, depending on filler chemistry
The addition of the mineral fillers has been shown to modify the pore network by the
introduction of different material chemistries, and reduce the WVTR. This was observed in
the case of the smaller, water-insoluble fillers, the calcium carbonate and the kaolin clay;
however, when void volume was calculated using material densities, the addition of these
fillers increased the void volume of the films. Only the addition of cooked starch internally
resulted in a lower void volume than the original MFC film. The estimated void volumes
and tortuosity values, Table 6.4, show that even though the carbonate and kaolin fillers
increased void volume, an increase in tortuosity was observed. The fillers added to the
system decreased the water vapor transmission rate likely due to a lower solubility of the
water vapor through these materials.

This is indicated in Table 6.4 by the increased

tortuosity and path length, as the water vapor molecule must travel around the mineral fillers,
Figure 6.14. No significant change in WVTR for the cooked starch was observed, likely due
to the similar densities and solubility of water vapor molecules in the cooked starch-filled
and unfilled films.
In the case of beeswax, the addition of material did not decrease the film density, as
shown in Figure 6.15. This suggests that the coating penetrated the film and closed the pore
network. This was also observed in Figure 6.9, in which the addition of the beeswax
decreased the mechanical properties of the film. The cooked starch and the paraffin coating
resulted in a decrease in film density, as expected when a coating is placed on the surface,
Figure 6.15, and a constant tensile index, Figure 6.9, suggesting a multiple layer structure. In
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the case of paraffin, the initial addition of mass did not result in a decrease in density, likely
due to the filling of surface pores. Additional paraffin resulted in a decrease in density,
suggesting surface coating. The results were similar in the case of cooked starch.
Previous work has shown that lignin-containing MFC films have higher WVTRs than
those without lignin, suggesting the presence of a well-connected, hydrophobic pore network
(Spence et al. 2010). The results were modeled using Fick’s and tortuosities and path lengths
were calculated, Table 6.5. Interestingly, the tortuosity varied linearly with lignin content
with a 90% coefficient of determination. This trend showed that increasing lignin content
decreased the path which the water vapor must take to pass through the film, an expected
result due to the higher WVTRs. These calculations assumed a lignin density of 1360 kg/m3
(Terashima et al. 2009). It also implies that the lignin chemistry increases water vapor
transmission by increasing the water vapor permeability.
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Figure 6.15: Density versus coating weight for MFC film samples
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Table 6.5: Tortuosity and Void Volume of MFC Films Containing Lignin
Sample

Lignin Content
(%)

WVTR * 100
((g/m2*day)/m)

Void Volume

Tortuosity

Path Length
(µm)

1.3

2.0

0.43

4.42

146

2.4

2.2

0.39

3.33

103

0.8

2.4

0.46

3.73

131

8.8

3.0

0.50

2.50

95

13.8

4.6

0.49

1.68

64

Bleached
Hardwood
Unbleached
Hardwood
Bleached
Softwood
Unbleached
Softwood Low
Lignin Content
Unbleached
Softwood High
Lignin Content

The Fick’s and Knudsen results for all previously determined samples (including
bleached and unbleached hardwood, bleached and unbleached softwood, bleached hardwood
containing internal fillers, and bleached hardwood with coatings) are shown in Figure 6.16.
WVTR increased linearly with pore diameter, as calculated by Knudsen diffusion.
Tortuosity, as calculated by Fick’s, exponentially decreased with increasing pore diameter.
These results were expected as increasing the pore diameter results in a more connected pore
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Figure 6.16: Attributes (tortuosity  and pore diameter ) for all samples from Fick’s
(tortuosity) and Knudsen (pore diameter) diffusion.
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The theoretical WVTR of the coated films can be calculated using a multiple layer
model, Figure 6.17, based on a double-sided coating. A comparison between the theoretical
WVTR and the actual WVTR may indicate if film pore penetration occurred.
Water
Vapor
c4
xA
c3
xB
c2
xA

c1

Figure 6.17: Model for water vapor transmission rate through multiple layers in a series.
Dark gray areas represent coatings, white areas represent pores, and light gray areas represent
MFC film.
To calculate the theoretical WVTR using the model, it was assumed that there was no
pore penetration by the coating material and there was no accumulation of water vapor in the
film. The WVTR was then calculated by the following equation:

NOPQ    =
 ∗
RS

∆

∑&

(Eqn. 6.10)

where C is change in concentration (as calculated by Eqn. 6.5) and R is the sum of the
resistance to water vapor transport, as defined as:

Q=



V*

(Eqn. 6.11)

where R is the resistance in units of (s*m)-1, x is film thickness in meters, k is a transfer
coefficient in s-1, and A is the film area in m2. An R value is calculated for each layer in the
model, Figure 6.17. The transfer coefficient for MFC films was calculated to be 2.4 x 10-5 s-1
using the WVTR of the pure MFC film. WVTR values of 1.82 x 10-6 and 2.78 x 10-6
mol/(m2*s) were obtained from literature for beeswax (Donhowe and Fennema 1993) and
paraffin (Martin-Polo et al. 1992). The conditions for these values from the literature were
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used to determine transfer coefficients of 3.58 x 10-6 and 5.1 x 10-8 s-1 for paraffin and
beeswax, respectively (Appendix 1, section 14). The estimated and measured WVTRs are
shown in Table 6.5.
Table 6.6: Estimated and Measured WVTR for Coated MFC Films
Sample

Estimated
WVTR
(mol/(m2*s))

Measured
WVTR
(mol/(m2*s))

Percent
Difference (%)

Estimated
WVTR Based
on Coating
(mol/(m2*s))

MFC

---

3.81 x 10-4

---

---

Beeswax Coated
MFC
Paraffin Coated
MFC

1.70 x 10-6

6.82 x 10-6

75.1

1.71 x 10-6

1.24 x 10-6

6.75 x 10-5

98.2

1.24 x 10-6

The model-estimated WVTR for the paraffin was lower than for the beeswax. This was
expected as Donhowe and Fennema (1993) found that films of pure beeswax had lower water
vapor transmission rates when compared to other waxes such as candelilla, carnauba, and
microcrystalline, paraffin, and high density polyethylene.

Interestingly, estimating the

WVTR based on just the coating resulted in WVTRs approximately equal to the calculated
value of the composite. This implies that the surface coating is the limiting factor for
moisture vapor transport.

The percent difference for beeswax and paraffin were 75% and

98%, respectively. This could be due to differences in the WVTR values found in the
literature as compared to the actual materials used in this study and the fact that both coatings
penetrated the surface.
The estimated water vapor transmission rate can be significantly affected by the mass
transfer coefficient, k, Figure 6.18. In the case of the model, the mass transfer coefficients
were determined by using WVTR values and sample characterization in the literature. When
calculating the mass transfer coefficient using the WVTR of the measured samples, the
values were significantly higher than those found in the literature, particularly in the case of
the paraffin. The larger difference in the case of the paraffin were possibly due to defects in
the film, i.e., the paraffin could have cracks in the coating, as it is likely less pliable than the
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beeswax, and these cracks would more easily allow the transport of water vapor. This was
also supported by the fact that the estimated WVTR for the paraffin is on the same order of
magnitude of the beeswax, but the measured value was an order of magnitude larger for the
paraffin.
1.E-05

WVTR ((g/m 2*day)/m)

1.E-05
1.E-05
8.E-06
6.E-06
4.E-06
2.E-06
0.E+00
0.E+00

1.E-07

2.E-07

3.E-07

4.E-07

5.E-07

6.E-07

4.E-06

5.E-06

6.E-06

k (1/s)

1.E-04
9.E-05

WVTR ((g/m2*day)/m

8.E-05
7.E-05
6.E-05
5.E-05
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3.E-05
2.E-05
1.E-05
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2.E-06

3.E-06
k (1/s)

Figure 6.18: Effect of mass transfer coefficient, k, on WVTR. A. Beeswax B. Paraffin
(Square represents measured WVTR and circle represents model-estimated WVTR)
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6. Conclusions
1. Coating microfibrillated cellulose (MFC) films with cooked starch, beeswax, or paraffin
resulted in WVTRs lower than that of low density polyethylene, likely due to surface
pore closure and filling of the pore network.
2. Moisture vapor transport through MFC unfilled-films could be modeled with Knudsen
diffusion, but, in the case of filled films, the filler chemistry has an influence that is not
factored in this model.
3. A multilayer structure was used to model the studied structures to explain differences
between the beeswax and paraffin coated MFC films, and showed that the coating was
the most important resistance to water vapor transport of the composite.
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MICROFIBRILLATED CELLULOSE
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1. Abstract
Microfibrillated celluloses (MFCs), fibrils with diameters in the range of 10-100 nm
liberated from larger plant-based cellulose fibers, have recently been produced from wood
pulps containing lignin. The production of MFCs containing aromatic lignin may reduce
production costs and result in new uses and products. MFCs produced from lignin containing
pulps were found to have higher specific surface areas and higher water retention properties
than MFCs produced from lignin-free pulps; films from MFCs containing lignin were also
found to have lower densities but similar mechanical properties and lower water vapor
barrier properties. The removal of lignin from lignin-containing MFCs was performed to
determine the effect of native lignin on MFC film properties and it was found that
mechanical properties decrease upon removal. The addition of a commercially available
lignin from the kraft pulping of softwood to lignin-free MFC demonstrated a decrease in
density but similar mechanical properties, suggesting that cellulose-lignin interactions
improve bonding. Specific surface areas of MFC with and without lignin were determined
with a Congo red adsorption method; a correction factor was applied to recognize that the
lignin-containing samples adsorbed 1.8 times more dye per unit surface area than the samples
without lignin.

Increased water retention values were observed for samples containing

lignin, hypothesized to be due to a more negative surface charge of the fibers. Finally,
lignin-containing MFC films had higher water vapor transmission rates, hypothesized to be
due to larger pores and/or extractives content.
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2. Introduction
Microfibrillated cellulose (MFC), typically produced from highly purified wood pulp
cellulose by mechanical defibrillation, were first developed in 1983 (Turbak et al. 1983).
These materials are being widely investigated as potential composite reinforcements and for
potential packaging applications. One major drawback to the utilization of MFC is the high
production cost associated with high energy consumption. Previous studies have investigated
different processing methods (Spence et al. 2011) and chemical pretreatments (Abe et al.
2007; Henriksson et al. 2007; Janardhnan and Sain 2006; Nakagaito and Yano 2005) for
reduction in energy consumption. Another method to reduce production costs is to utilize
unbleached pulp instead of highly-bleached pulp.

Previous studies of lignin-containing

MFCs have shown interesting and unexpected results (Spence et al. 2010; Spence et al. 2010;
Spence et al. 2011).

This chapter will further investigate these results, which were

previously hypothesized to be the result of lignin.
Lignin is found in softwoods and hardwoods at approximately 25-30% and 20-25%,
respectively (Kirk and Othmer 1993) and is considered to be the networking material for
cellulose and hemicellulose.

Based on weight percentages, it is mainly found in the

secondary cell wall (79%), but is also found in the middle lamella and primary cell wall
(21%) (Kirk and Othmer 1993). The primary purpose of lignin is to provide mechanical
properties for the wood fibers as support for the tree, and to decrease permeation of water
across the cell wall (Kirk and Othmer 2001). Chemical pulping and bleaching are used to
remove the lignin to produce high-quality white paper for printing and writing grades. This
pulp, high in cellulose content, is most commonly used in the production of MFC.
There are six polymorphs of cellulose, I, II, III1, III11, IV1, and IV11, that can be
interconverted (Marchessault and Sarko 1967; Marchessault and Sundararajan 1983;
O'Sullivan 1997; Walton and Blackwell 1973). Cellulose I, the polymorph found in nature,
can be converted to Cellulose II, the most commonly studied polymorph, by mercerization or
regeneration. Cellulose I can also be converted to Cellulose III1 by ammonia or amines and
Cellulose II can be converted to Cellulose III11 by ammonia or amines, both reversible
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processes. These Cellulose III polymorphs can be converted to the respective Cellulose IV
polymorphs irreversibly with heat. This process is shown in Figure 7.1. Typical conditions
for mercerization are a pH above 10.8, a temperature at room temperature or above, a time of
15 minutes or longer, and complete washing afterwards (Holt and Schwartz 1935).

Cellulose I

Mercerization
Regeneration

Cellulose II

Ammonia
Amines

Ammonia
Amines

Cellulose
III1

Cellulose
III11

Heat

Heat

Cellulose
IV1

Cellulose
IV11

Figure 7.1: Cellulose polymorph interconversions

The conversion of cellulose I to a more stable cellulose II results in the conversion of a
parallel structure to an anti-parallel one, Figure 7.2 (Kontturi et al. 2006; O'Sullivan 1997). It
is thought that cellulose II, with the anti-parallel structure, is more amorphous in nature. The
actual conversion process is not well understood, however, it is thought to proceed through a
series of sodium-cellulose intermediates (O'Sullivan 1997).
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Figure 7.2: Bonding in cellulose I and cellulose II polymorphs
It is hypothesized that the previously thought lignin-related mechanical and water
retention property increases are related to inherent properties of the wood pulps. These
properties could be due to differences between the cellulose I and cellulose II polymorphs,
the negative charge of the system in the presence of lignin, or the wood species and growth
conditions of the trees used to produce the pulps. This chapter will re-investigate previous
results with this new hypothesis.

3. Materials
Never-dried bleached and unbleached kraft pulps and a thermo-mechanical pulp (TMP)
were obtained from pulp mills in the Southeastern United States and were used as received.
The kraft pulp samples included the following: bleached hardwood (BHW), bleached
softwood (BSW), unbleached hardwood (UBHW), unbleached softwood with low lignin
content (UBSWloK), and unbleached softwood with high lignin content (UBSWhiK). Pulp
chemical compositions were previously determined using TAPPI standard methods (T204,
T222, and T249) and a Dionex-ICS 3000 (Dionex Corporation, Sunnyvale, California, USA),
Table 7.1. Fiber characteristics including length and diameter were determined with a Fiber
Quality Analyzer – FQA (OP Test Equipment, Hawkesbury Ontario, Canada) using length
weighted averages of a minimum of 3000 fibers, Table 7.1. For this analysis, fines were
considered to be cell wall elements with a length between 0.05 and 0.20 mm. Pulp pH was
ascertained using TAPPI standard method T252.
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Table 7.1: Pulp chemical composition and physical characteristics

Pulp Type
BSW

Cellulose
(%)
79.2

Hemicellulose
(%)
20.0

Lignin
(%)
0.8

Extractives
(%)
0.0

Length
(mm)
2.39

Diameter
(um)
30.4

Fines
(%)
6.32

pH
7.01

BHW

78.0

20.3

1.3

0.5

0.96

20.5

17.43

7.19

UBHW

78.0

19.3

2.4

0.3

0.97

20.4

16.21

8.83

UBSWloK

69.0

22.0

8.8

0.2

2.09

30.8

11.88

9.36

UBSWhiK

65.2

20.1

13.8

0.8

2.54

34.4

5.46

9.39

TMP

37.7

29.2

31.2

1.9

1.52

34.2

22.69

4.83

All pulp samples were subjected to a mechanical pretreatment by refining at 3% solids in
a laboratory scale Valley beater (Valley Iron Works, Appleton, Wisconsin, USA) for three
hours, utilizing a 5503g weight. The resulting fiber slurries were stored at 4oC until further
processing.

Water was added during processing intermittently as fiber swelling and

evaporation resulted in reduced pulp flow in the beater.
All refined fiber slurries were further processed using homogenization with a 15MR twostage Manton-Gaulin homogenizer (APV, Delavan, WI, USA) at approximately 0.7% solids
content. The operating pressure was maintained at 55 MPa, but the temperature was not
controlled. Typically, homogenization was temporarily ceased when the temperature of the
stock reached approximately 90oC to prevent pump cavitation. Processing was resumed
when the samples had cooled to approximately 45oC. Samples were collected and tested
intermittently for up to 20 passes through the homogenizer and stored at 4oC until testing and
film production.
Hardwood samples, bleached and unbleached, were also processed with a microfluidizer
and a micro-grinder as a comparison. Microfluidization of the refined fiber slurries was
performed at 0.7% solids content with a M-110EH and a M-110P processor (Microfluidics
Corporation, Newton, Massachusetts, USA) at operating pressures of 69 MPa, 138 MPa, and
207 MPa. The main difference between the M-110EH and the M-110P units was that the
first was pilot/production scale equipment, whereas the second was for laboratory use. The
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chambers utilized were the G10Z (Z configuration, 100 µm orifice diameter) and H210Z (Z
configuration, 200 µm orifice diameter), and samples were taken intermittently for up to 20
passes. Micro-grinding of the refined fiber slurries was performed with a 10-inch Masuko
Super MassColloider (Masuko Sangyo Co., Kawaguchi-city Japan) at 0.7% and 3% solids
and at a rotor speed of 1,500 rpm. Samples were taken intermittently for analysis during
processing for up to 9 passes. Micro-grinding was also performed on a sample without a
refining pretreatment, as the micro-grinder operation can accommodate untreated fibers at
original fiber lengths.

4. Methods
4.1 MFC Characterization

Imaging of the fibers was performed using an Olympus BH-2 optical microscope
(Olympus, Center Valley, Pennsylvania, USA) and a JEOL 6400F field emission scanning
electron microscope (FE-SEM) (JEOL, Peabody Massachusetts, USA), respectively.
Specific surface area (SSA) of the fibers and microfibrils was determined using the
Congo red adsorption method (Goodrich and Winter 2007; Ougiya et al. 1998; Spence et al.
2010). Aqueous suspensions of fibrous samples were adjusted to pH 6 and treated with
varying amounts of Congo red, incubated at 60oC for 24 hours, and centrifuged at 12,000
rpm (14,000 g) for 15 minutes. UV-Vis absorption (Perkin Elmer, Waltham, Massachusetts,
USA) at a 500 nm wavelength was measured to determine Congo red concentration in the
supernatant.

This information was used to determine the adsorbed mass and thus the

respective SSA assuming an area per molecule of 1.73 nm2 by the depletion method, as
discussed in our previous work (Spence et al. 2010). Sample calculations for this method
appears in Appendix 1, section 3.
A Nitrogen adsorption technique, BET, was also used to determine the specific surface
area of several samples for comparison. Adsorption was performed using a Gemini VII 2390
(Micrometrics, Atlanta, Georgia, USA) with an evacuation rate of 300 mmHg/min,
evacuation time of 1 minute, equilibration time of 5 seconds, and relative pressures of 0.05,
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0.11, 0.18, 0.24, and 0.30. Background information on BET and sample calculations appear
in Appendix 1, section 10.
Water retention value (WRV) was determined using a modified TAPPI Useful Method
(UM256) with a centrifugal force of 900 rcf (Eppendorf North America, Hauppauge, New
York, USA). The method was modified to create a fibrous mat of 700g/m2, one-half the
standard weight. A method description and sample calculations appear in Appendix 1,
section 4.
4.2 Film Characterization

MFC slurry was de-aerated under vacuum for 10 minutes in an ultrasound bath, followed
by manual shaking. A portion of the slurry was slowly poured into a plastic petri dish to
produce films with a basis weight of 30 g/m2 after drying. Dried films were conditioned at
23 oC and 50% ambient relative humidity. Typical time required for drying and conditioning
was 5 days. Films from TMP were produced using Teflon petri dishes, as the material could
not be removed from the plastic ones. Samples were oven dried at 50oC with an approximate
drying time of 24 hours.
Film thickness and roughness were determined by using TAPPI standard methods T411
and T555 with a Lorentzen and Wettre Micrometer 51 and a Parker Print Surface Tester
(L&W, Stockholm, Sweden), respectively. Roughness was measured on both the air and
dish side surfaces with a clamp pressure of 3.4 kPa. The weight per unit area (or basis
weight) was determined using TAPPI standard T410 and the apparent film density was
calculated using the measured thickness and basis weight.
Optical properties (opacity, color, ISO brightness, and scattering coefficient) were
measured using a Technidyne Color Touch 2 ISO Model (Technidyne Corporation, New
Albany, Indiana, USA) and TAPPI standard methods T452, T519, and T527.
Tensile strength was determined using an Instron 4411 apparatus (Instron, Norwood,
MA, USA) with a modified TAPPI standard testing procedure (T404). Samples were 15 mm
wide and the clamp span was modified to be 25.4 mm. Cross-head speed was modified to 4
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mm/min. Fold endurance was determined using the M.I.T. Fold Endurance tester (T511)
(Tinius Olsen, Horsham, PA, USA). Example Instron data and toughness calculations appear
in Appendix 1, section 2.
Film water absorption was determined by placing a four cm diameter circle of the MFC
film in a petri dish containing 30 mL deionized water. The weight of the film before and
after a 10 minute immersion in water was obtained to determine the amount of water
absorbed.
Water vapor transmission rate (WVTR) was determined using a wet cup method. Film
samples were cut into 4 cm diameter circles and restrained above 50 mL of water in a closed
container. The container was placed on a dynamic wetting apparatus interfaced with a
computer for data acquisition. Data were taken every 3 s and the slope of the generated
weight loss curve and film thickness was used to calculate the specific WVTR for each
sample.
The initial and dynamic water contact angle (WCA) were determined using a Phoenix
300 contact angle analyzer (SEO Co. Ltd, Lathes, South Korea) for both air and dish side
film surfaces. To determine the effect of extractives on WCA, films were extracted for 24
hours using a benzene-ethanol (1:2) mixture with reflux condensation. Films were air dried
for 2 weeks after the extraction process and then measured with the DCA.
4.3 MFC Bleaching

Bleaching of the microfibrillated cellulose produced from unbleached hardwood pulps
was performed using a modified holocellulose method. The equivalent of five oven-dried
grams of MFC was placed in a flask and heated, in a water bath located in a fume hood, to
80oC. Glacial acetic acid (2.5 ml) and sodium chlorite (7.5 g) was added to the slurry every
thirty minutes and mixed every ten minutes for 2.5 hours. After 2.5 hours of reaction time,
the sample was centrifuged to remove the remaining bleaching solution and washed using
vacuum filtration on two P8 filters.
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4.4 Lignin Addition

Lignin (Indulin AT, WestVaco, Charleston, South Carolina, USA ) was added to the
MFC slurry and varying concentrations before vacuum de-aeration. The MFC/lignin slurry
was then de-aerated under vacuum for 10 minutes in an ultrasound bath, followed by manual
shaking. A portion of the slurry was slowly poured into a plastic petri dish to produce films
with a basis weight of 30 g/m2 after drying. Dried films were conditioned at 23 oC and 50%
ambient relative humidity. Typical time required for drying and conditioning was 5 days.

5. Results and Discussion
5.1 Physical Properties

Previous observations have noted interesting results related to lignin content. Opacity
decreased with processing for the bleached samples, but increased with processing for the
unbleached samples. This can be explained by a larger microfibril diameter distribution for
the unbleached samples compared to the bleached samples and a lower density (i.e. more air
to scatter light). It was also visually observed that the lignin containing films were darker in
color to their handsheet counterparts. This can be explained using the Kubelka-Munk theory
of reflectance (Kubelka, P. and Munk, F. 1931).

The following equation shows the

relationship between reflectance (R∞) and the scattering (S) and absorption (K) coefficients of
a material:

QW = 1 +


Y

− %


Y

+


Y

≈1− %


Y

(Eqn. 7.1)

In this equation, decreasing the absorption of light results in a higher reflectance and
decreasing the scattering of light results in a lower reflectance. In general, a material with a
lower reflectance will appear to be less bright in color. Increasing the amount of lignin in the
MFC samples resulted in a decrease in the scattering coefficient (Table 4.3), as did the
processing of the materials by homogenization. The decrease in the scattering coefficient
resulted in a lower reflectance for the processed materials (assuming a constant absorption
coefficient), which makes the films appear to be darker than the handsheets.
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It is also important to note that the diameters of the microfibrillated cellulose produced
from unbleached softwood with a low lignin content were smaller than the microfibrillated
cellulose produced from bleached softwood, Figure 7.3.

Figure 7.3: SEM images of bleached softwood (left) and unbleached softwood (right) MFC
films

The smaller microfibrils produced from the unbleached samples as compared to the
bleached samples was hypothesized to be related to the inherent properties of the pulps, such
as wood species and plantation conditions, surface charge, and, potentially, cellulose
polymorph. The wood species could impact the size of the microfibrils, as the types and
amounts of hemicellulose, as well as the microfibril angle in the cell wall, could improve or
hinder defibrillation. Plantation conditions such as temperature, soil condition, rain fall
totals, and time of harvest could also have an impact on microfibril size, as the tree will adapt
to the external conditions, for example through the production of springwood versus
summerwood. While the pulps were obtained from the same mill, with the exception of
UBSWhiK and TMP, the mill most likely obtains wood from multiple sources, and
potentially more than one species (such as loblolly and longleaf pine in the case of
softwood). These differences could result in different microfibril diameters.
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Another possible explanation of the smaller microfibrils shown in Figure 7.3 is the effect
of lignin during defibrillation. As lignin after kraft pulping is more hydrophilic than native
wood lignin, the lignin may improve fiber swelling, promoting defibrillation during
homogenization. The lignin is also more negatively charged and may improve dispersion
and ease of defibrillation, similar to the effect of TEMPO-mediated oxidation. It has been
hypothesized that TEMPO-mediated oxidation results in improved MFC individualization at
lower energy consumption by electrostatic repulsion from the introduction of negatively
charged surface groups (Montanari et al. 2005; Saito et al. 2006). It is possible that the
highly charged lignin results in electrostatic repulsion, improving MFC individualization.
Finally, it is possible that a conversion of cellulose I to cellulose II occurs during the
bleaching process. In order for mercerization to occur, fibers must be allowed to swell in
sodium hydroxide, and then the sodium hydroxide must be completely removed (O'Sullivan
1997).

Even though sodium hydroxide is present during kraft pulping, chemicals are

consumed by the more reactive lignin, which is dissolved from the cellulose-hemicelluloselignin complex, and hemicellulose.

This means that the unbleached pulp samples were

possibly in the form of cellulose I. Bleaching, however, is thought to convert the samples to
cellulose II because of several hot extraction sequences (60-80oC, pH >10.8, time < 2hours)
between chlorine bleaching stages (Smook 2002). This process is shown in Figure 7.4. It is
thought that the cellulose I and II structures would defibrillated differently.
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Figure 7.4: Comparison of wood and cellulose treatment with NaOH (Revol and Goring
1981)
5.2 Mechanical Properties

Mechanical properties of these materials have also resulted in interesting observations.
First, in the case of tensile index for paper samples, increased lignin content resulted in lower
mechanical properties, as expected due to the interference of lignin with cellulose hydrogen
bonding, Figure 3.4A. This interference results in fewer hydrogen bonds and, therefore, a
weaker sample.

After homogenization, however, this trend was not observed.

It was

observed that MFCs obtained from pulps with higher lignin content did not result in a
significant loss in mechanical properties, and a slight increase was observed. It is also noted
that the standard deviation of the homogenized and pretreated samples was larger than the
untreated pulp, most likely due to structural differences in the location of lignin and
hemicellulose with respect to the cellulose microfibrils (Spence et al. 2010). This change in
mechanical properties after homogenization may be the effect of lignin, or can be related to
the differences in microfibrils due to wood species, lignin charge, or cellulose polymorph, as
previously discussed.
Further investigation into this trend showed a strong correlation between film density and
tensile index for each type of wood (Spence et al. 2010). This was expected, as a more dense
material is likely to have more hydrogen bonds, resulting in higher mechanical properties.
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The slopes of these curves were calculated to be 0.1396, 0.1046, and 0.0839 (N.m/g)/(kg/m3),
for softwood, hardwood, and TMP, respectively. These values were expected due to stronger
properties associated with softwood microfibrils than hardwood microfibrils and TMP as the

TI = m ∗ ρ_`ab

weakest. These trends can then be modeled with the following equation:
(Eqn. 7.2)

where TI is the tensile index in Nm/g, m is the slope of the tensile index v. density curve
previously discussed, and ρfilm is the film density in kg/m3, Figure 7.5. This result shows the
importance of film density to mechanical properties. The densities of the unbleached films
compared to the bleached films were statistically different (1 variable ANOVA analysis,
Appendix 3), suggesting that the lignin did effect the density of the films. The mechanical
properties, however, were not statistically different. Because decreased film density should
result in lower mechanical properties, it is thought that the native lignin, or previously
mentioned potential differences in microfibrils, is the reason for the similar mechanical
properties.
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Figure 7.5: Tensile index versus film density of  hardwood,  softwood, and TMP
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One effect of lignin was observed by the addition of indulin to bleached hardwood MFC
produced by micro-grinding. This resulted in a decrease in mechanical properties, with the
exception of 2.5 and 5%. These addition rates significantly (1 variable ANOVA analysis)
decreased film density, but did not significantly decrease mechanical properties, Figure 7.6.
The addition of lignin to cellulosic fibers was previously found to not significantly change
handsheet mechanical properties (Maximova et al. 2001).

The resulting mechanical

properties with the addition of lignin were similar to the previously observed results with
native lignin, and were also similar to results observed with the addition of filler (Spence et
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Figure 7.6: Effects on film density and tensile index of the addition of lignin as an internal
filler ( tensile index,  film density)
These observations related to density decreases with the addition of small, waterinsoluble fillers such as calcium carbonate and kaolin clay (Spence et al. 2011) are shown in
Figure 7.7. The density of these materials can be modeled by:
cGES = def=g0hi gji ∗ kG + cGESE

(Eqn. 7.3)

The equation as a function of particle size can be determined using the slope of the
density versus filler content curves and the average diameter of the material, Figure 7.8.
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Figure 7.8: Slope versus particle size for model development

The resulting equation is:

cGES =  l mgfii= − 13.467 ∗ kG + cGESE
8!

(Eqn. 7.4)
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Plugging eqn. 7.4 back into eqn. 7.2 results in the following relationship that can be used to
model the effects of filler content on tensile index:
Pq =  ∗ 

8!
mgfii=
l

− 13.467 ∗ kG + cGESE

(Eqn. 7.5)

Modeling the lignin and filler addition with this equation will elucidate properties
associated with each additive. The calcium carbonate, Figure 7.9A, behaved as expected
based on the model, with the exception of a slight increase at 2.5%. This suggests that the
calcium carbonate decreased bonding, and therefore decreased tensile strength, by uniform
distribution/interference in the MFC films. The addition of kaolin clay also results in an
increase at 2.5%, Figure 7.9B, a deviation from the model. Following the increase, the loss of
TI was higher for the sample than the model. This shows that the kaolin clay was not evenly
distributed in the film and was aggregated at higher addition rates, reducing density more
than expected. Lignin, however, did not follow the model, Figure 7.9C. This was possibly
due to the larger particle size or possible cellulose-lignin interactions.
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An increase in mechanical properties is commonly observed in the case of addition of
nanoparticles to polymer matrices. The addition of 5 weight-percent montomorillonite to
poly-(lactic acid) resulted in a 30% increase in tensile modulus (Lewitus et al. 2006), while a
5 weight-percent addition of nanoclay to nylon 6 resulted in a 12.5% increase in tensile
strength (Want et al. 2001). These increases have been hypothesized to be due to an increase
in surface area for bonding between the clay and the polymer matrix.
Bleaching of unbleached MFC without the use of sodium hydroxide was also performed
to elucidate the effect of lignin on MFC processing. In the case of the micro-grinder, the
bleached sample had a higher tensile index than the unbleached sample, 113 and 105 N.m/g,
respectively (Spence et al. 2011). The bleaching of the unbleached hardwood resulted in a
lower tensile index, 96 N.m/g. Interestingly, this supports the previous finding that a small
amount of lignin increases mechanical properties.
5.3 Water Interaction Properties

Increasing lignin content of the MFC samples resulted in higher water contact angles
(Spence et al. 2010) as expected, but also higher WVTR. Initially it was thought that a
higher WCA would result in a lower WVTR due to less favorable surface interactions.
WVTR did not correlate with lignin content for the original pulps, but did for the processed
samples, Figure 7.10. Increasing lignin content resulted in a higher WVTR. This can be
explained by modeling with Fick’s law of diffusion and Knudsen diffusion (Spence et al.
2011). The samples containing lignin resulted in higher void volumes and lower tortuosities
based on Fick’s and larger diameters based on Knudsen. The MFCs from pulps with higher
lignin contents also had higher extractive contents, and the removal of these extractive
reduced film contact angle, Figure 7.11. It is thought that these extractives also result in
higher WVTRs, as they most likely coat the surfaces of the microfibrils, resulting in a more
hydrophobic pore structure.
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Figure 7.11: Initial contact angle versus lignin content before () extraction and after ()
extraction
Another interesting observation was that the unbleached hardwood and softwood (low
lignin content) samples had higher water retention values than did the bleached hardwood
and softwood, respsectively, Figure 7.12. One explanation for this is the higher pH of the
samples; a higher pH typically results in higher swelling in cellulosic materials. Alkaline
pHs improve processing by swelling the pulp fibers, making defibrillation easier.

The
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swelling promotes water uptake within the fiber, reducing hydrogen bonding, and resulting in
less energy required to defibrillate the macrofibrils into microfibrils. It is also expected that
higher pHs result in the reorganization of the microfibrils because of inhomogeneous
swelling (Zhang et al. 2005); this reorganization also promotes defibrillation because of
reduced hydrogen bonding.
Another explanation for the increased WRV is the higher negative charge of the samples
containing lignin. Kraft pulp samples with higher lignin contents contain a higher number of
negatively charged carboxylic acid groups (Laine, J. et al. 1994). These groups are highly
polar and it is energetically favorable for hydrogen bonding between water molecules and the
carboxylic acid moieties, resulting in more and stronger bonds (Deruiter, J. 2005). Because
there are more bonds between these groups and the water molecules, the water retention
value as calculated using the TAPPI method is higher.
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Figure 7.12: Water retention values (WRV) for untreated pulps, pretreated materials, and
homogenized MFC
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Utilizing the Congo red dye adsorption method is considered to be an accurate
measurement of specific surface area of cellulosic materials in the wet state. Initial testing of
the materials resulted in suspeciously high SSA values for the unbleached samples in
comparison to the bleached samples, Figure 7.13A. It is thought that these higher values are
due to a different affinity of Congo red to lignin than to cellulose, related to surface charges.
To correct for this, samples were anaylzed using BET nitrogen adsorption for specific surface
area. This technique is generally thought to be chemistry independent. A correction factor
of 1.8 was determined from these experiments, which shifts the unbleached hardwood curve
closer to the bleached hardwood curve, Figure 7.13B. This correction factor is possibly an
indication of increased packing on the lignin surfaces due to a higher number of hydroxyl
groups, because the lowest energy for adsorption occurs when the molecule is placed near
hydroxyl groups (Woodcock and Sugiyama 1995). The remaining difference between the
bleached and the unbleached hardwood samples is likely due to small lignin fragments
created during processing, resulting in higher adsorption of CR. Freeze drying of the pulp
fibers did not change the Congo red specific surface area; however, a significant decrease in
Congo red specific surface area was found for the MFC samples (60.6 to 13.8 and 68.9 to
25.8 for 3 and 6 micro-grinder passes, respectively).
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A

B

Figure 7.13: Tensile index versus specific surface area for all processed samples ( bleached, 
unbleached) A- raw data and B- corrected data

6. Conclusions
Microfibrillated celluloses were successfully produced from wood pulps containing
lignin and hemicellulose. Results previously thought to be solely due to the lignin content of
the MFC samples have been shown to be possibly related to inherent properties of the wood
pulps, such as wood species, growing conditions, and potentially cellulose polymorphs. The
removal of lignin from the unbleached microfibrils showed that the native lignin did improve
the mechanical properties of the films. The addition of lignin to the bleached MFC films did
not follow predicted trends based on density changes, suggesting that lignin-cellulose
interactions improve film properties with respect to predicted values based on density. A
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correction factor to use the Congo red adsorption method for specific surface area of lignin
containing materials was developed, and thought to be based on a different packing
mechanism for the Congo red molecule on the higher charged lignin surfaces (containing
more hydroxyl groups) as compared to the cellulosic surfaces.
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Microfibrillated Celluloses (MFCs) are generally considered to be fibrils with diameters
in the range of 10-100 nm liberated from larger plant based cellulose fibers. MFCs have
garnered much attention for the use in composites, coatings, and films because of high
surface areas, renewability, and unique mechanical properties. Many of the recent studies of
MFC generated from wood pulp have focused on fully bleached chemical pulps; however,
these materials must be further modified to be incorporated in hydrophobic matrices for
composite reinforcement. The production of MFCs containing less hydrophilic lignin may
reduce the need for surface modifications.
The development of these materials for packaging applications and composite
reinforcements could result in the utilization of a renewable biopolymer and potentially
reduce the consumption of petroleum-based plastics and reduce the amount of plastic waste
in landfills. The motivation for this research is to develop a better understanding of MFCs
produced from less-processed wood pulps. It is hoped that the research results will inspire
further research into utilization and industrial production of these materials.
Wood pulps of different chemical compositions were used to produce MFCs to
investigate the effect of lignin on microfibril and film properties.

It was found, after

homogenization, that the presence of lignin did not significantly decrease mechanical
properties, contrary to the physical properties of paper. The removal of lignin after MFC
processing resulted in lower mechanical properties, indicating that native lignin does improve
MFC strength, hypothesized to be due to higher specific surface area and better dispersion
during film forming due to the highly negative charge of lignin.

It was also found,

unexpectedly, that lignin-containing MFCs had lower water vapor barrier properties than
samples without lignin. This was concluded to be the result of larger pore diameters in the
MFC films and a more hydrophobic pore network.
Further, three different types of mechanical processing equipment were used to generate
MFC. Results showed that the microfluidizer resulted in significantly tougher films than
both micro-grinding and homogenization and required less energy to obtain these properties,
offering great promise for producing MFC materials with lower energy input.

It is
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hypothesized that the microfluidizer is more successful at producing these properties at lower
energy input due to significantly higher shear rates (10,000,000+ and 650,000 s-1 for the
microfluidizer and homogenizer, respectively) and by the utilization of colliding streams
instead of moving parts to break down the cellulosic fibers into microfibrillated cellulose.
Because microfluidization uses a constant shear rate to defibrillate the material (in contrast to
the homogenizer which is a constant volume process) it is likely that the size distribution of
the materials is smaller and more uniform, resulting in better film formation and better
mechanical properties. It is also possible that the collision of the materials in the high impact
zone results in curling of the microfibrils; the curling results in higher mechanical properties
through a distribution of tensile stress upon stretching the material. This consolidation is in
agreement with the higher densities of the films produced from microfluidization. It is
suggested that the mechanism of production using the microfluidizer be investigated further.
Production with the micro-grinder also eliminated the need for a pretreatment step,
streamlining the production process for easier industrial scalability. The ability to produce
MFCs containing lignin could potentially provide new markets for MFC such as composite
reinforcements in hydrophobic matrices without surface modification, while production with
the microfluidizer and the micro-grinder could provide a more economically feasible
production method as compared to the homogenizer.
A potential application for microfibrillated cellulose is in the paper and packaging area.
Films of bleached hardwood produced by micro-grinding were modified using internal fillers
and surface coatings in an attempt to develop properties comparable to that of polyethylene.
It was found that coating the surface of the MFC films reduced the water vapor transmission
rate more significantly than the addition of internal filler, reducing to values lower than that
of polyethylene. The WVTR of coated MFC films and those containing internal fillers could
be modeled using Knudsen diffusion and Fick’s law of diffusion. Diameters calculated using
Knudsen diffusion were in agreement with those calculated from SEM imaging and
microfibril diameter measurements. A multilayer series structure could be used to explain
the differences between beeswax coated MFC films and paraffin coated MFC films.
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It is intended that this research will result in further promotion of the utilization of MFC
to reduce the amount of petroleum-based products currently used. Observations such as
improved mechanical properties when utilizing the less processed, lignin-containing MFCs
should advocate for further research into production and utilization of these materials.
Finally, the barrier properties obtained with coated MFCs should promote further research in
utilizing these materials to replace polyethylene in packaging applications.
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CHAPTER NINE : SUGGESTED FUTURE WORK
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In the current investigation, the production and properties of microfibrillated cellulose
were elucidated as related to lignin content, production method, and barrier property
modification in an attempt to develop a better understanding of these materials. The future
utilization of MFC will greatly depend on the ability to produce the materials in an
economically feasible manner, as well as potential uses in the packaging and composite
reinforcement areas.
The production and analysis of lignin-containing MFCs in this research demonstrated that
the materials were less expensive to produce and had similar physical properties, slightly
higher mechanical properties, but lower water vapor barrier properties as compared to MFCs
made from highly purified cellulose. These results, however, must be further analyzed to
determine the specific effect of lignin as compared to effects due to cellulose polymorphs. A
study should be done to compare cellulose I and cellulose II MFC samples by pulping with
and without sodium hydroxide, as well as bleaching with and without sodium hydroxide.
These experiments will determine if the observed results were due to the sample lignin
content or processing method/cellulose polymorph. These results could also elucidate how
lignin impacts the production process, i.e. the development of specific surface area for the
materials. It is also hypothesized that the negative surface charges of the lignin increase
defibrillation during processing. This could be investigated by reducing the effect of surface
charges during processing with the addition of additives such as salts.
Lignin-containing MFCs were investigated with the intention to eliminate or reduce the
need for surface modification when using cellulosic materials as composite reinforcements
because of their aromatic lignin content. A study should be performed to determine the
compatibility of lignin-containing MFCs and common composite media. This research may
also demonstrate potential new uses for lignin-containing MFCs.
A production study was performed to determine the differences in MFCs produced from
different methods. Microfluidization resulted in the strongest materials, at a lower energy
consumption than homogenization. The mechanism of which microfluidization is able to
produce these materials should be further investigated.

Chemical pretreatments and
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optimized production methods should be further investigated to determine optimum
processing conditions that could be scaled to industrial production. An in-depth economic
analysis should also be performed to compare the renewable, cellulosic materials with
current petroleum-based materials.
Finally, additional research related to MFC water vapor barrier properties should be
performed. This study should involve a combination of filler and coatings to improve barrier
applications, as well as investigate other barrier properties such as oxygen and air
permeability. It is hypothesized that the pore structure and the pore network structure (i.e.
chemistry and connectivity) will have significant impacts on oxygen and air permeability and
the investigation of these properties will help elucidate a more fundamental understand of the
MFC film structure.

Improving these barrier properties will enable MFCs to be used in

food and other packing applications.
Future work investigating chemical pretreatments, optimized production methods,
utilization of lignin-containing MFCs, and an in-depth economic analysis will help promote
the use of microfibrillated cellulose on an industrial scale. Investigation into the effect lignin
and cellulose polymorphs on MFC properties will develop a fundamental understanding of
these materials and determining composite compatibility and improved barrier properties will
provide new end-use applications for these materials.
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Appendix 1: Sample Data and Calculations
1. Abstract

This appendix includes various sample data and calculations used in this research. Sections
include:
FQA Results
Tensile Properties
Specific Surface Area (Congo Red Method)
Water Retention Value
Water Vapor Transmission Rate
Hard-to-Remove Water Content
Dynamic Contact Angle Analysis
Fick’s Diffusion
Knudsen Diffusion
BET Specific Surface Area
Determination of Congo Red Specific Surface Area Correction Factor
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2. FQA Results
Example FQA printout:
FIBER QUALITY ANALYZER
V1.3 RE214 CV-M4+

5/12/2009 13:34 Page 1
ACCUMULATED TEST RESULTS

Test:
Fiber count

BSW
=

2862

=

15.09 EPS

=
=

54.22
6.32

=
=
=

0.976 mm
2.389 mm
3.109 mm

#Fibers <3000

Fiber Frequency:
Percent fines
(L=0.05…0.20 mm)

Arithmetic
Length Weighted
Mean Length
(L=0.07…10.00 mm)

Arithmetic
Length Weighted
Weight Weighted
Mean Curl Index

(L=0.05…10.00 mm, CI = 0.00…10.00 #Fibers=1305)

Arithmetic
Length Weighted

=
=

0.193
0.224

Mean Kink Index
(L=0.05…10.00 mm, KI = 0.00…20.00 #Fibers=1305)

Kink Index
Total Kink Angle
Kinks per mm

=
=
=

2.20 (1/mm)
77.74 degrees
1.01 (1/mm)

Mean Width
(W=7…60um)(L=0.50…10.00 mm)

Arithmetic

=

30.4 um
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3. Tensile Properties
Example of Instron Print out: BHW 9 pass micro-grinder
Tensile Testing of Thin Films
Lab Name
Operator Name
Crosshead Speed
Length
Width
Grammage
Thickness

Paper Test Lab
Kelley Spence
4.0 mm/min
25.40000 mm
15.00000 mm
30.00
21.00000 um

Kelley Spence
Dept. of Wood & Paper Science
Box 8005 NC State University
Raleigh, NC 27695-8005 USA
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Load at
Break
(Standar
d)

Maximu
m Load

Breaking
Length
(m)

Tensile
Strength
(N/m)

(N)

Modulus
(Automatic)
(MPa)

(N)

Tensile
strain at
Break
(Standard)

Tensile
strain at
Maximum
Load

(mm/mm)

(mm/mm)

1

1.28858

64.50990

9706.765

4300.6599

5063.560

0.135

0.134

2

48.16095

48.16095

7221.193

3210.7301

4741.998

0.105

0.105

3

28.75160

62.33541

9230.527

4155.6939

3498.734

0.138

0.136

26.06704

58.33542

8719.495

3889.0280

4434.764

0.126

0.125

Standard
Deviation

23.551

8.878

1319.236

591.878

826.417

0.018

0.017

Coefficient
of
Variation

90.34864

15.21918

15.12972

15.21918

18.63497

14.53594

13.97715

Mean + 1
SD

49.61826

67.21359

10038.73
0

4480.9062

5261.180

0.144

0.143

Mean - 1
SD

2.51582

49.45725

7400.259

3297.1498

3608.347

0.108

0.108

Mean
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Specimen 1 sample data:
Load at Break (Standard)
Maximum Load
Tensile Strength
Modulus (Automatic)
Tensile strain at Break
(Standard)
Tensile strain at Maximum
Load
Tensile stress at Break
(Standard)
Energy at Break (Standard)
Breaking Length (m)
Grammage
Thickness

1.28858 N
64.5099 N
4300.66
5063.56 MPa
0.13472 mm/mm
0.1338 mm/mm
4.09073 MPa
0.13909 J
9706.765
45.21
58

Time Extension
Load
(sec) (mm)
(N)
0
0
0
1
0.0654
0.01342
2
0.132
0.02684
3
0.1987
0.04026
4
0.2653
0.1208
5
0.332
1.11409
6
0.3987
4.34898
7
0.4653
9.43621
8
0.532 15.86573
9
0.5987 22.17443
10
0.6653 27.24825
45
46
47
48
49
50
51
51.35

2.9986
3.0652
3.1319
3.1986
3.2652
3.3319
3.3986
3.4219

59.81192
60.64414
61.34212
62.14749
62.92601
63.75822
64.5099
1.28858

Tensile
strain
(mm/mm)

Tensile
extension
(mm)

Tensile stress
(MPa)

0
0.00257
0.0052
0.00782
0.01044
0.01307
0.0157
0.01832
0.02094
0.02357
0.02619

0
0.0654
0.132
0.1987
0.2653
0.332
0.3987
0.4653
0.532
0.5987
0.6653

0
0.0426
0.08521
0.12781
0.38349
3.53679
13.80629
29.95622
50.3674
70.39501
86.50238

0.11806
0.12068
0.1233
0.12593
0.12855
0.13118
0.1338
0.13472

2.9986
3.0652
3.1319
3.1986
3.2652
3.3319
3.3986
3.4219

189.8791
192.5211
194.7369
197.2936
199.7651
202.407
204.7933
4.09073
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Toughness calculation:
Load at Break (Standard)
Maximum Load
Tensile Strength
Modulus (Automatic)
Tensile strain at Break (Standard)
Tensile strain at Maximum Load
Tensile stress at Break (Standard)
Energy at Break (Standard)
Breaking Length (m)
Grammage
Thickness

1.28858
64.5099
4300.66
5063.56
0.13472
0.1338
4.09073
0.13909
9706.765
45.21
58

Time

Extension

Load

Tensile
strain

(sec)

(mm)

(N)

(mm/mm)

0

0

0

0

Tensile stress
(MPa)
0

N
N
MPa
mm/mm
mm/mm
MPa
J

Average
height

average
height *
width

Width

0

0

0

1

0.0654

0.01342

0.00257

0.0426

0.0213

0.00257

0.000054741

2

0.132

0.02684

0.0052

0.08521

0.063905

0.00263

0.00016807

3

0.1987

0.04026

0.00782

0.12781

0.10651

0.00262

0.000279056

4

0.2653

0.1208

0.01044

0.38349

0.25565

0.00262

0.000669803

5

0.332

1.11409

0.01307

3.53679

1.96014

0.00263

0.005155168

6

0.3987

4.34898

0.0157

13.80629

8.67154

0.00263

0.02280615

7

0.4653

9.43621

0.01832

29.95622

21.881255

0.00262

0.057328888

8

0.532

15.86573

0.02094

50.3674

40.16181

0.00262

0.105223942

9

0.5987

22.17443

0.02357

70.39501

60.381205

0.00263

0.158802569

10

0.6653

27.24825

0.02619

86.50238

78.448695

0.00262

0.205535581

43

2.8653

58.22803

0.11281

184.8509

183.657765

0.00263

0.483019922

44

2.9319

59.06025

0.11543

187.4929

186.171875

0.00262

0.487770313

45

2.9986

59.81192

0.11806

189.8791

188.685985

0.00263

0.496244141

46

3.0652

60.64414

0.12068

192.5211

191.20009

0.00262

0.500944236

47

3.1319

61.34212

0.1233

194.7369

193.62898

0.00262

0.507307928

48

3.1986

62.14749

0.12593

197.2936

196.015255

0.00263

0.515520121

49

3.2652

62.92601

0.12855

199.7651

198.529365

0.00262

0.520146936

50

3.3319

63.75822

0.13118

202.407

201.086075

0.00263

0.528856377

51

3.3986

64.5099

0.1338

204.7933

203.600185

0.00262

0.533432485

51.35

3.4219

1.28858

0.13472

4.09073

104.44203

0.00092

0.096086668

17287.15308
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4. Specific Surface Area (Congo Red Method)

Background

Congo Red is a direct benzidine-based dye, Figure A4.1, with two napthionic acid
molecules (Cotoruelo et al. 2010). At a basic pH in aqueous solution, the sulfite groups of
the molecule are associated with sodium. At an acidic pH, the sulfite groups are associated
with hydrogen and the amino group is associated with an extra hydrogen to form an
ammonium cation. This additional charge is shared between four resonance structures in
solution, Figure 1A4.2.

Figure 1A4.1: Congo Red Structure in Basic Conditions (Woodcock et al. 1995)

Figure 1A4.2: Congo Red Structure in Acidic Conditions (Cotoruelo et al. 2010)
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Based on molecular simulation, it has been shown that the Congo Red molecule adsorbs
parallel to the cellulose surface because of dominant electrostatic interactions between the
hydroxyl groups and acetal oxygens on the cellulose surface and the polar groups on the
Congo Red molecule (Woodcock et al. 1995). Raman spectroscopy has shown that hydrogen
bonding occurs between these sites in the amorphous regions of the cellulose (Pielesz et al.
2005). Other studies have shown that Congo Red adsorption follows Langmuir’s monolayer
adsorption theory (Chatterjee et al. 2010, Goodrich and Winter 2007, Ougiya et al. 1998) for
substrates such as carbon nanotube containing hydrogel beads, chitin nanocrystals, and
cellulosic fibers, and can be used to calculate the specific surface area of cellulosic materials,
assuming a molecule adsorption area of 1.73 nm2.
Pore structure has a significant effect on cellulose reactivity and surface area (Inglesby
and Zeronian 1996). During Congo Red adsorption, adsorption can occur on three locations
in the sample, the external surface, micropores, and macropores, Figure 1A4.3.

The

adsorption on these surfaces can be interfered by bound water associated with cellulose
molecules or by hydrogen bonding that occurs during sample drying. For example, the
specific surface area of cotton and cotton linters in the wet state was found to be 139 and 162
m2/g, whereas dried samples were found to have areas of 0.6 and 1.9 m2/g using nitrogen
adsorption (Inglesby and Zeronian 1996). This observation also shows the importance of
measuring the surface area of cellulosic substrates in the wet state instead of the dry state.

Figure 1A4.3: Surface Diagrams (Ougiya et al. 1998)
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particularly the (1 4) - r –D-glucopyranose units (Wood 1980), but the affinity of the
Studies have reported that Congo Red has a high degree of specificity cellulose,

molecule towards lignin has not been elucidated.

In the case of previous experiments

(Spence et al. 2010), a pH of 6 was used to determine specific surface area. At this pH, the
dye molecule exists as a cation, and is in the maximum pH adsorption range of 5.5 – 6.5
(Cotoruelo et al 2010). Cellulose from wood pulp has a negative charge of approximately 20
µeq/g (Herrington and Petzold 1992) and lignin has a negative charge of approximately 1000
µeq/g (Lappan et al. 1997) at this pH. The significantly higher surface charge of the lignin
can impact the adsorption of the Congo Red and the obtained specific surface area results,
manifested as either a higher affinity (faster adsorption) or higher packing.
Specific Surface Area (SSA) will be determined using the Congo Red adsorption method
(Ougiya et al. 1998; Goodrich and Winter 2007). Samples will be adjusted to a pH of 6 and
treated with varying amounts of Congo Red at a final solids content of 0.7%. These samples
will be incubated at 60oC for 24 hours, and then centrifuged at 12,000 rpm for 15 minutes.
Measurements of UV-Vis absorption (Perkin Elmer, Waltham, Massachusetts, USA) at 500
nm of the supernatant samples will be taken to determine Congo red concentration using
Langmuir isotherms, according to Eqn. A4.1:

[E] = 1 + [E]
[ A] K ad Amax Amax

Eqn. 1A4.1

where [E] is the solution concentration of Congo red at adsorption equilibrium in mg/ml, [A]
is the adsorbed amount of Congo red on the cellulose surface in mg/g (that reached a
maximum value equivalent to Amax, the maximum adsorbed amount), and Kad is the
equilibrium constant. The specific surface area will be determined using the following
equation:

@@ =

*5s × t × Y*
)A × 89u

Eqn. 1A4.2
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where N is Avogadro’s constant, SA is the surface area of a single dye molecule (1.73 nm2)
and MW is the molecular weight (696 g/mole) of Congo red.
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Method
Sample preparation calculations:
Total Volume
Total OD grams pulp
CR concentration

20 mL
0.07 g
0.6525 mg/ml

Table 1A4.1: Sample preparation calculations

Sample

Type

Sample
Consistency
(%)

0
0
0
0

0
0
0
0

0
0
0
0

Pulp (g)
#DIV/0!
#DIV/0!
#DIV/0!
#DIV/0!
#DIV/0!

Congo Red
0.21
1.07
2.15
3.22
4.29

Water (g)
#DIV/0!
#DIV/0!
#DIV/0!
#DIV/0!
#DIV/0!

*input sample name, type and consistency into row 1, transfers to rows 2-5
*pulp (g) = CR concentration / (Sample Consistency/100)
*water (g) = total volume – Congo red – pulp

Record the following during sample preparation:
Table 1A4.2: Sample preparation data recording

Tube #

Actual
Water
(g)

Actual
Pulp (g)

Time

Place in shaker bath at 60oC for 24 hours.
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Centrifuge samples at 12,000 rpm for 15 minutes, recording the amount of water added to
make centrifuge tubes equal in weight.
Pour supernatant into storage containers for pictures and further analysis.

Record the following during UV-Vis absorption at 498 nm:
Table 1A4.3: UV-Vis data recording
Sample
0
0
0
0
0

Type
0
0
0
0
0

Test Tube
#

Centrifuge
Tube #

Adsorption 1

Adsorption 2

Dilution

*sample name and type loads from sample prep worksheet

Input the data from the sample prep worksheet:
Table 1A4.4: Sample preparation input for calculations

Sample
0
0
0
0
0

Type
0
0
0
0
0

Consistency
(%)
0
0
0
0
0

Water
(g)

Pulp (g)

OD pulp
(g)
0.000
0.000
0.000
0.000
0.000

Congo Red
(mg)
0.137
0.698
1.403
2.101
2.799

Initial Congo
Red
Concentration
(mg/mL)
#DIV/0!
#DIV/0!
#DIV/0!
#DIV/0!
#DIV/0!

*Sample name, type, and consistency loads from sample prep worksheet
*OD Pulp(g) = Pulp(g)*(Consistency/100)
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*Initial Congo Red concentration (mg/ml) = Congo Red (mg)/(water+(Pulp-OD pulp)
Input the data from the centrifuge measurements:
Table 1A4.5: Sample centrifugation preparation input

Before addition
tube weight (g)

After addition
tube weight
(g)

Additional
Water added
Centrifuge (g)
0
0
0
0
0

*Additional water added = after addition tube weight – before addition tube weight
Sample images:

Figure 1A4.4: Congo red filtrate – pulp

Figure 1A4.5: Congo red filtrate – MFC
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Input the data from the UV-Vis measurements:
Table 1A4.6: UV-Vis sample data input

Adsorption 1

Adsorption 2

Average
Adsorption
#DIV/0!
#DIV/0!
#DIV/0!
#DIV/0!
#DIV/0!

Dilution
Factor

Including
Dilution
#DIV/0!
#DIV/0!
#DIV/0!
#DIV/0!
#DIV/0!

*Average adsorption = average(adsorption 1, adsorption 2)
*including dilution = average adsorption * dilution factor

Worksheet outputs:

Table 1A4.7: Worksheet outputs

Sample
Concentration
(mg/ml)
#DIV/0!
#DIV/0!

Actual
Concentration
#DIV/0!
#DIV/0!

Change in
Concentration
#DIV/0!
#DIV/0!

Average Adsorption
(mg Congo Red/ OD g
pulp)
#DIV/0!
#DIV/0!

*sample concentration = including dilution / 46.182
*actual concentration = (sample concentration*(additional water added + (pulp – OD pulp) +
water))/(water + (pulp – OD pulp)
*change in concentration = actual concentration – initial concentration
*average adsorption = change in concentration * (water + additional water added + (pulp –
OD pulp)) / OD pulp
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The following graph can then be plotted:
Absorbed Congo Red (mg/OD gram)

40
Pretreated

35

Homogenized
30
25
20
15
10
5
0
0

0.1

0.2

0.3

0.4

0.5

Free Congo Red (mg/ml)

Figure 1A4.6: Sample Congo red plot for raw data

Determination of 1/r vs 1/c (data retreived from previous worksheet):
*1/r = 1/average adsorption

1/r

*1/c = 1/actual concentration

0.6
0.5
0.4
0.3
0.2
0.1
0

y = 4.93144E-04x + 2.16814E-02
R² = 9.94315E-01

0

500

1000

1500

1/c

Figure 1A4.6: Sample Congo red plot for linearized data
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Calculations:
*m = slope of the 1/r vs 1/c curve
*b = intercept of 1/r vs 1/c curve
Rmax = 1/b
K = m*Rmax
SSA = (Rmax/1000)*6.023*10^23*(1.73/(10^9)^2)/696.7

80
Never Dried

Congo Red SSA (m 2 /g)

70

Freeze Dreied

60
50
40
30
20
10
0
0.00

1.00

2.00
3.00
2
BET SSA (m /g)

4.00

5.00

Figure 1A4.7: Congo Red SSA vs BET SSA before and after freeze drying
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5. Water Retention Value
Tappi UM 256
1. Using Kelley Spence’s set up, the area of her crucible(s) is 0.0004524m².
2. The procedure requires a quantity of pulp that would give a pad of 1400 g/m²
3. 1400 g/m² * 0.0004524 m² = 0.63336 od gms. of pulp
4. At your % consistency, calculate how many gms of wet pulp you need to obtain 0.63336 od
gm
5. Filter thru the crucible till the sample is below the top of the crucible
6. Put on the top and the plastic catch for the liquid
7. Place in the centrifuge: Eppendorf 5702 that has the swing arms, and centrifuge for 30
minutes at 900 G’s. (0.9rcf)
8. Remove the samples from the crucibles and place in a pre-weighed weighing dish with lid
9. Measure the wet weight and record
10. Place in 105°C oven overnight.
11. Cool in a desiccator for 30 minutes before weighing the dry weight.
Water retention value is reported to three significant figures, as ratio of grams of water to
grams of fiber after centrifuging.
Calculation: WRV = wet wt. – dry wt
(not including crucibles)
dry wt.
If your pulps are not in a dilute state to begin with such as bleached pulps that had been centrifuged to
~ 30% consistency, you might need to rewet and blend the pulp following a procedure similar to the
following:
a. Weigh out 3.0 od gms and place in the blender with the square type blade
b. Add DI water to a total volume of 400 gms. This is 0.75% consistency.
c. Blend for 45 secs to break up the pulp
d. Measure out 84.4 mls by weight (should contain 0.63336 od gms)
e. Follow steps 5-11 above, run in triplicate
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Example calculations
0.024
1400

m
g/m^2

0.0004524

m^2

0.6333451

total OD
grams

Table 1A5.1: Sample preparation calculations

Pulp Type

Number of
passes

%K

Total
grams
needed /
sample

Actual at
700

#DIV/0!
#DIV/0!
#DIV/0!
#DIV/0!

#DIV/0!
#DIV/0!
#DIV/0!
#DIV/0!

Total grams needed/ sample = total OD grams/(%K/100)
Actual at 700 = total grams needed/sample divided by 2

Table 1A5.2: Data recording and input

Sample

Container
#

Empty
Weight

Wet
Weight +
Container

Wet
Sample
Weight
0
0
0
0
0
0

Dry
Weight +
Container

Dry
Sample
Weight
0
0
0
0
0
0

WRV
#DIV/0!
#DIV/0!
#DIV/0!
#DIV/0!
#DIV/0!
#DIV/0!

Wet sample weight = (wet weight + container) – empty weight
Dry sample weight = (dry weight + container) – empty weight
WRV = (wet sample weight – dry sample weight) / dry sample weight
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6. Water Vapor Transmission Rate

Film location
Removable cap
to secure film
Water
Sealed bottom
Figure 1A6.1: WVTR apparatus

Example data
Data was collected in the following form:

S
S
S
S
S
S
S
S
S
S
S
S
S
S
S

S
S
S
S
S
S
S
S
S
S
S
S
S
S
S

136.268
136.269
136.269
136.268
136.268
136.268
136.267
136.267
136.267
136.266
136.266
136.266
136.266
136.265
136.265

g
g
g
g
g
g
g
g
g
g
g
g
g
g
g

0
20
30
40
50
60
70
80
90
100
110
120
130
140
150
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Example calculation
This data was graphed as weight versus time and the slope calculated.
136.275
136.27

Weight (g)

136.265
136.26
136.255
136.25
136.245
y = -3E-05x + 136.27
R² = 0.9985

136.24
136.235
136.23
0

200

400

600

800

1000

1200

Time (sec)

Figure 1A6.2: Sample WVTR raw data
This slope, in g/sec, is the weight loss value for each sample. The value is converted to g/day by
multiplying by 86400. The area of the sample was 0.001257 m2. To calculate the WVTR, the g/day
value was divided by the area, to give g/m2*day.
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7. Hard-to-Remove Water Content
Example Data: UBHW 20 pass
CLOSED
Version
Language
Run
RunSerial
Instrument
Module
InstSerial
Operator
File
FurnaceType
Sample
Size
ProcName
Method
Comment
Xcomment
Xcomment
Xcomment
Xcomment
Xcomment
Text
Kcell
TempCal
InstCalDate
Controls
Nsig
Sig1
Sig2
Sig3
Sig4
Sig5
Sig6
Sig7
AirCoolTime
AutoAnalysis
MacroFile
Date
Time
OrgMethod
OrgMethod
OrgFile

2
English
1
9
TGA Q500 V6.3 Build 189
TGA
0500-0626
\\D3mhy571\ta\Data\TGA\Spence\UBHW 20
Pass.002
Standard
UBHW 20 Pass 6
133.311 mg
Isothermal for
Isothermal for
Pan: Aluminum
Gas1: Nitrogen
Gas2: Nitrogen
Balance Gas: Nitrogen 40.0 ml/min
Sample Gas: Nitrogen 60.0 ml/min
1
1 pts
357.42
Weight Date 2008-09-11 12:22:17
Gas 1 Event Off Sampling 0.5
7
Time (min)
Temperature (°C)
Weight (mg)
Balance Purge Flow (mL/min)
Sample Purge Flow (mL/min)
Deriv. Weight (%/min)
2nd Deriv. Weight (%/min²)
0.0 min
Off

358

2/24/2009
15:27:57
1: Ramp 20.00 °C/min to 90.00 °C
2: Isothermal for 50.00 min
C:\TA\Data\TGA\Spence\UBHW 20 Pass.002
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StartOfData
2.47E-03
0.004167
0.0125
0.020833
0.029167
0.0375
0.045833
0.054167
0.0625
0.070833
0.079167
0.0875
0.095833
0.104167
0.1125

34.7626
34.8401
34.9117
34.9912
35.0645
35.142
35.2153
35.2856
35.3598
35.4356
35.5085
35.5778
35.6505
35.7263
35.8007

133.306
133.301
133.297
133.294
133.29
133.285
133.28
133.277
133.273
133.269
133.264
133.26
133.256
133.252
133.248

39.9927
40.012
40.0102
39.9713
40.0368
40.0155
39.9735
40.0076
39.9876
40.0272
39.9666
39.9997
40.0171
39.9628
40.0194

59.9788
60.0319
60.0037
59.9635
60.0211
59.981
60.0292
59.9683
60.0039
60.0175
59.9792
60.0194
59.9752
59.9997
60.0285

0.3815
0.3801
0.3811
0.3836
0.3847
0.3840
0.3833
0.3842
0.3865
0.3862
0.3857
0.3859
0.3868
0.3847
0.3865

-0.4782
-0.4790
-0.2916
-0.0603
0.0303
-0.0073
-0.0365
0.0157
0.1151
0.0988
0.0472
0.0533
0.0837
0.2289
0.1908

52.6875
52.6958
52.7042
52.7125
52.7208
52.7292
52.7375
52.7458
52.7542

90.0007
90.0007
90
90.0003
90.0001
90.0025
90.0024
90.0006
90.0008

13.2633
13.2632
13.263
13.2629
13.2628
13.2627
13.2626
13.2626
13.2624

39.9578
40.0158
40.0183
39.9954
39.9827
40.0211
39.9877
40.0027
40.0029

60.0471
59.988
59.9657
60.0239
60.0419
59.9427
60.0031
59.9814
60.0369

0.0107
0.0106
0.0106
0.0105
0.0105
0.0104
0.0103
0.0104
0.0106

-0.0130
-0.0157
-0.0163
-0.0166
-0.0181
-0.0177
-0.0144
-0.0355
-0.0567
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Example data analysis:

Figure 1A7.1: Sample TGA HRW content data

Table 1A7.1: HRW content calculations

TMP
TMP
TMP
TMP
UBHW

%K
6.89
3.33
2.78
2.69
2.84

x
6.89
3.33
2.78
2.69
2.84

y
27.12
14.20
8.07
10.89
10.59

HRW
293.83
326.05
190.80
304.73
273.60

UBHW

1.98

1.98

13.21

568.73

HRW = (y-x)/x*100
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8. Dynamic Contact Angle Analysis

Example Data:
Table 1A8.1: DCA sample data

7F

Air
Side

Time

Seconds

Left Angle

Right Angle

Average

6 27 34

0

52.48

44.19

48.335

6 28 24

50

37.87

34.8

36.335

6 30 44

190

31.87

32.2

32.035

6 32 24

290

25.6

20.96

23.28

Figure 1A8.1: Sample DCA Images for 5 minute span of time
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9. Fick’s Diffusion

Background

Previous work by Hale et al. utilizing a microporous polyethylene/calcium carbonate
film, showed that the moisture vapor transport could be modeled using Fick’s law of
diffusion and that Knudsen diffusion calculations did not accurately describe the process of
molecular diffusion the material (Hale et al. 2001). Assuming that this is true for films of
MFC, the flux, as measured by WVTR can be written as follows (Radhakrishnan et al. 1998):

 =

A
*

=

BCDD
1

0E − 0F 

(2)

where J is the flux of water vapor (mol/cm2*s), W is the slope of the weight-loss curve
(mol/s), A is the area of the sample through which the water vapor leaves, Deff is the effective
diffusion coefficient (cm2/s), H is the film thickness (m), and ci and ce are the water vapor
concentrations on the interior and exterior film surface, respectively. ci and ce can be
calculated using the following equation, with RHlocal equal to 92.5% and 52.6% for the
interior and exterior surface, respectively (Radhakrishnan et al. 1998):

0 =

&123452 × $657
899&'

(3)

where RHlocal is the local relative humidity, Psat is the vapor pressure (Pa) at temperature T
(K), and R is the universal gas constant (8.314 m3*Pa/mol*K).
With these two equations, Deff is the unknown variable, which can be back-calculated
using the WVTR, film thickness, and the surface concentrations calculated with Eqn. (3).
The effective diffusion coefficient, Deff, is hypothesized to be composed of two parts, the
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diffusivity related to the transport in the material pores, and the diffusivity related to the
transport into the surface of the material (Defrenne et al. 2009). This can be represented as
the following:
FGG

=

I
HJ
K

+

G

8MI
JD

(4)

where Da is the open space diffusivity, related to the diffusivity of the pore space, Df is the
intrinsic diffusivity of moisture into the fibers, ε is the void volume of the structure, and τ is
tortuosity, the net increase of the length of the diffusion path. It is theorized that the
diffusion of water vapor through a porous material is governed by these two factors, void
volume and tortuosity (Defrenne et al. 2009).
Defrenne et al. calculated an intrinsic fiber diffusivity ratio to relate Df to Da.
Assuming microfibrils are similar to highly refined fibers, the value of this ratio is 0.02
(Defrenne et al. 2009). For calculating Deff, it was assumed that the diffusivity term related
to the pore network is much larger than the diffusivity term related to the fibers so that Eqn.
(4) simplifies to and can be determined based on WVTR:
FGG
References

=

I
HJ
K

(5)

Defrenne, Y., Zhdankin, V., Takagaki, S., Ramaswamy, S., Lavrykov, S., and Ramarao, B. "MultiScale Moisture Transport in Paper: Impact of Pore and Fiber Tortuosity & Anisotropy." Proc.,
Advances in Pulp and Paper Research, 455-473.
Hale, W., Dohrer, K., Tant, M., and Sand, I. (2001). "A diffusion model for water vapor transmission
through microporous polyethylene/CaCO3 films." Colloids and Surfaces A: Physicochem. Eng.
Aspects, 187-188, 483-491.
Radhakrishnan, H., Chatterjee, S., and Ramarao, B. (1998). "Moisture Transport through a Bleached
Kraft Paperboard Stack in a Diffusion Cup Apparatus." ESPRI, Syracuse, NY, 62-76.
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Sample Calculation
2.5% Kaolin clay and MFC Film- WVTR = 1.77 (x100 g/m2 x day)/m), thickness = 37.37
um

WVTR = 1.77 (x 100 g/m2 x day)/m)
WVTR /100 = .0177 (g/m2 x day)/m
WVTR/m*(1/86400) = 0.00548246 g/m2 x sec
0.00548246 g/m2 x sec / 18.02 = 3.04e-4 mol/m2*s

0E =

0E =

QvSR-HS × >Hw
100QP

92.5% × 2819 >f
100 ∗ 8.314 3 ∗ >f/|h ∗ } ∗ 296.15}
0E = 0.01059 |h/3
0F =

0F =

QvSR-HS × >Hw
100QP

52.6% × 2819 >f
100 ∗ 8.314 3 ∗ >f/|h ∗ } ∗ 296.15}
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3.04 e − 4

0F = .00602 |h/3
idd

mol
∗s=
m2

3.737i − 5 

= 2.486i − 6

FGG
FGG

=

2.486i − 6

. 004573 |h/3


+
H


FGG

=

2


1 − 
G
G


H


2
2 
= 2.48i − 5
∗




ε = ((1600*0.975+2830*0.025)-853)/(1600*0.975+2830*0.025) =
0.48
0.100242 =

0.48


 = 4.79
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10. Knudsen Diffusion

Background

It can be determined if moisture vapor transport can be accurately modeled using Knudsen
diffusion by determining the Knudsen number (Geankoplis 2003):

 =

̅

λ

(1)

where λ is the mean free path or distance a gas molecule travels before a collision with
another molecule, and r is the average pore radius of the material. If this value is larger than
10, the diffusion is primarily Knudsen diffusion (Geankoplis 2003). The mean free path can
be calculated by Eqn. (2):

λ=

!.#
$

%

&'

()

(2)

where µ is the viscosity (Pa*s), P is the pressure (Pa), T is the temperature (K), M is the
molecular weight (g/mol), and R is the universal gas constant (8.314 m3*Pa/mol K). If
Knudsen diffusion holds true, the equation for flux is then defined as (Geankoplis 2003):

* = −

,-.
* ,/

(3)
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where DKA is the Knudsen diffusivity (m2/s), and dca/dz is the change in concentration with
respect to distance, calculated the same as previously calculated using Fick’s law. DKA is
defined as:

*

= 97.0=̅ 

'

).

8/



(4)

Equations [3] and [4] can be solved using WVTR data to determine the average pore
radius in the material.
References
Geankoplis, C. J. (2003). Transport Processes and Separation Process Principles, Prentice Hall,
Upper Saddle River, New Jersey.

Sample Calculation
2.5% Kaolin clay and MFC Film- WVTR = 1.77 (x100 g/m2 x day)/m), thickness = 37.37
um

WVTR = 1.77 (x 100 g/m2 x day)/m)
WVTR /100 = .0177 (g/m2 x day)/m
WVTR/m*(1/86400) = 0.00548246 g/m2 x sec
0.00548246 g/m2 x sec / 18.02 = 3.04e-4 mol/m2*s

λ=

3.2
QP

>
2
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8.314310! >f
∗ 296.15}
3.2 ∗ 0.950710 − 3 >f ∗ 
|h}

λ=

1.0132510l >f
2 ∗ 18.02
∗ 1/1000
|h

λ = 0.00014 

*

*

P 8/
= 97.0=̅  
*

296.15} 8/
= 97.0=̅ 

18.02 /|h
2

 = 393.233=̅
*

* = −

* = −393.233=̅

m0*
*
mj

0.006017 − 0.01059
3.737i − 5 

* = 48120.3=̅

3.04e − 4 mol/m2 ∗ s

= 48120.3=

6.318 e − 9 m

= =

202

 =

 =

2=̅

λ

. 00014 
2 ∗ 6.318i − 9 

 = 11080
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11. BET Specific Surface Area

Background

BET (Brunauer, Emmett, and Teller) nitrogen adsorption for determining pore size
distribution and surface area is typically used in applications such as pharmaceutical, soil
science, and cosmetics, but it can also be applied to forest biomaterials. Unlike the Congo
Red method, BET nitrogen adsorption measures the SSA of cellulosic materials in the dry
state. In this method, an adsorptive gas is adsorbed onto the solid surface (adsorbent) using a
gas volumetric method. Static gas volumetric determination is used when a known amount
of pure gas is isothermally injected into a confined volume containing the sample for
analysis. The pressure is measured and falls as the gas is adsorbed onto the surface. After
equilibrium is reached, more gas is injected and the system is allowed to equilibrate again.
This data allows for a point-by-point construction (at least 3 points are required, but results
are better if 5 or more points are used) of the isotherm and is generally used at the boiling
point of nitrogen at atmospheric pressure (77K) (Sing et al. 1985). It has been noted that the
term volumetric is not appropriate because the change in pressure is measured, not the
change in volume, to determine the amount of gas adsorbed onto the surface (Sing 2001).
The use of nitrogen as the adsorptive for BET adsorption started in the late 1940s (Sing
2001). Nitrogen is best suited for surface area calculations because the nitrogen atoms are
saturated with only a weak force field surrounding them; this weak force field allows for the
assumption that there are no interactions between the nitrogen molecules on a solid surface
and that there are only weak interactions between the first and second layers (Langmuir
1916). It is assumed that the BET monolayer is close-packed, resulting in am (N2) = 0.162
nm2 at 77K, but for different types of adsorbents, this value can vary within 20% of the true
surface area calculated, depending on how the adsorbent surface interacts with the nitrogen
(Sing et al. 1985).
According to Langmuir’s theory of monolayer adsorption, it is assumed that a solid has a
defined number of spaces for molecule surface adsorption, depending on the surface

204

characteristics including roughness, crystallinity, and chemistry.

The interaction energy

between these spaces and the gas are fairly large, but after the first layer is formed, the
interaction energy between the layer of gas molecules and the condensing gas molecules is
much less, resulting in more rapid evaporation and less concentration on the solid surface’s
second layer. In theory, the number of molecules in this layer is negligible (Langmuir 1916).
Similar to Langmuir’s theory, the BET theory is an over-simplified model of
physisorption that models the adsorbent surface as a matrix of adsorption sites in which the
adsorbate adsorbs in a random manner and no lateral interactions between the adsorbed
molecules are observed. The BET equation is only applicable to the linear region of the
adsorption isotherm, however (Sing 2001).
The specific (BET) surface area can be calculated using the BET equation (Westermarck
2000):

Eqn. 1
where V is the adsorbed volume, Vm is the volume of the monolayer, p is the sample pressure,
po is the saturation pressure, and c is the BET constant. Plotting p / (V(po – p) versus p / po
results in a straight line (Brunauer et al. 1938), which can then be used to determine the
values of Vm. The values are then used to calculate the BET surface area using the following
equation (Westermarck 2000):

Eqn. 2
where n is Avogadro’s number, am is the cross sectional area of a nitrogen molecule (0.162
nm2 at 77K), m is the sample weight, and VL is the molar volume of nitrogen gas (22414 cm3
at 77K) (Westermarck 2000).
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In order to calculate mesopore (2-50 nm in width) size distribution from the
physisorption isotherms, it is assumed that the pores are rigid with a cylindrical shape,
micropores (less than 2nm in width) are absent, and the size distribution does not encompass
both the mesopore and macropores (above 50 nm in width) at the lower size limits (Sing et
al. 1985). The BJH (Barrett, Joyner, and Halenda) method is the most popular way of
determining the pore size distribution from a nitrogen isotherm (Sing 2001), however it was
also suggested that the pore size distribution can be approximated using a Gaussian or
Maxwellian distribution (Barrett et al. 1951).

No evidence was observed in the literature

proving the accuracy of the latter.
The following equation can be used for the computation of pore volume distributions
using pore radii. It depends on two fundamental assumptions: 1. the pore volume is related
to the capillary volume as the square of their cross sectional areas, and 2. the amount of
adsorbate in equilibrium with the gas phase is retained by adsorption on pore walls and
capillary condensation in the inner capillaries (Barrett et al. 1951).

Eqn. 3
The pore size distribution can be determined using the BJH model, which utilizes the
corrected Kelvin equation to calculate the relative pressure of nitrogen in equilibrium with
the porous solid and the pores where capillary condensation occurs (Shull et al. 1948).

Eqn. 4
Any moisture associated with a sample will result in a large decrease in surface area
results (nitrogen will not adsorb onto the water) (Thodes et al. 1958). For cellulose samples,
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it is important to remove all moisture by freeze drying or solvent exchange with drying in a
vacuum oven. In this study, MFC samples will be freeze dried before the specific surface
area measurement.
Outgassing will be performed to remove contaminants that are physisorbed on the surface
of the adsorbent and is typically done with high vacuum and high temperature. Ultra high
vacuum or high temperatures however can result in changes in surface composition such as
decomposition or surface defects (Sing et al. 1985). The surface can also undergo aging or
other surface modifications if the physisorbed molecules remain on the surface during
testing, therefore, it is important to remove them through outgassing (Sing 2001).
After being prepared, samples will be placed in the outgassing port of the Beckman
Coulter SA 3100. The temperature and pressure for outgassing depends on the sample type
(temperature and pressure should remain lower than when any phase change or
decomposition could occur) but time is usually about 90 minutes, including ramp up and cool
down times.

After outgassing, samples will be removed and capped to prevent

contamination. Samples will be placed in the analysis sampling port (one at a time) in a
dewar filled with liquid nitrogen. The central processing unit of the equipment will calculate
the surface area and pore distribution based on the principles described previously and the
use of helium to determine dead space volume, and then will display the final results on the
screen, Figure 1A11.1.

MFC Samples
BHW
UBHW

Freeze
Drying

Outgassing

Nitrogen
Adsorption

Figure 1A11.1: Nitrogen Adsorption Procedure

The Beckman Coulter SA 3100, Figure 1A11.2, determines BET surface area and pore
size using gas adsorption technique utilizing a known volume of gas (adsorbate). Doses of
the adsorbate are added and the sample vessel pressure monitored. Ideal gas laws are then
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used by measuring the reduced pressure and calculating the gas volume adsorbed on the
surface of the sample.

The system determines BET and Langmuir surface area, BJH

adsorption and desorption, pore size distribution, t-plot, and total pore volume (Beckman
Coulter).

Figure 1A11.2: Beckman Coulter SA 3100 (Beckman Coulter)
References
Barrett, E., Joyner, J., and Halenda, P. (1951). "The determination of pore volume and area
distributions in prous substances. I. computations from nitrogen isotherms." Journal of the American
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Brunauer, S., Emmett, P., and Teller, E. (1938). "Adsorption of gasesin multimolecular layers."
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Sing, K. (2001). "The use of nitrogen adsorption for the characterisation of porous materials."
Colloids and Surfaces A: Physicochemical and Engineering Aspects, 187-188, 3-9.
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Example BET Printout (Microgrinder BHW 0 Pass)
Gemini VII 2390 V1.00
Serial Number: 168
Instrument ID:
Setup Group: 1 - 1
Sample ID: 1
Sample mass: 0.4172 g
Evacuation rate: 300.0 mmHg/min
Free Space: -0.97 cm3 STP (Measure)
Analysis Mode: Equilibrate

Started: 25/02/11 11:19:56
Completed: 25/02/11
11:45:48
Evacuation time: 1:00
Saturation pressure: 761.71 mmHg
(Entered)
Equilibration time: 5 s

BET Multipoint Surface Area Report
Surface Area:
Slope:
Y-Intercept:
C:
Qm:
Correlation Coefficient:

1.4541 m2/g
2.854240 g/cm3 STP
0.139559 g/cm3 STP
21.451785 1/mmHg
0.334024 cm3/g STP
9.9992e-01

Relative
Pressure
-------0.0503
0.1137
0.1754
0.2384
0.3010

Quantity Ads.
(cm3/g STP)
------------0.189
0.273
0.33
0.383
0.431

Pressure
(mmHg)
-------38.33
86.64
133.62
181.59
229.29

Elapsed Time
(h:m:s)
-----------00:17:45
00:19:39
00:21:27
00:23:21
00:25:14

Calc.
Select
-------st
st
st
st
st
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Data Analysis
For each point, the BET transformation is calculated as follows:
8 =

>FS8
1.0 − >FS8  × H,8

Where BI is in units of g/cm3 STP, PrelI is relative pressure, and NadsI is the amount of gas
adsorbed after equilibrating Ith dose in cm3 STP.
The calculated value of BI for each point is plotted versus relative pressure to give the
following graph:
1.2

BI (g/cm 3 STP)

1

y = 2.8513x + 0.1411
R² = 0.9998

0.8
0.6
0.4
0.2
0
0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

PrelI

Figure 1A11.3: Sample data for BET
The slope and the intercept of this graph, S and YINT, respectively, are placed in the following
BET Surface area formula (units of m2/g):
@' =

k@ × 6.023 × 10! 

22414 0! @P> × 108   × @ + t' 


Where CSA is the analysis gas molecular cross-sectional area, 0.612 nm2.
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12. Determination of Congo Red Specific Surface Area Correction Factor

BET surface area was determined with the method described in the previous section for 6
freeze-dried samples, 3 unbleached hardwood samples (9 pass micro-grinder, 5 pass
microfluidizer, and 20 pass homogenizer) and 3 bleached hardwood samples (0, 3, and 6
micro-grinder passes). The results were as follows:

Table 1A12.1: Unbleached hardwood SSA Results

Process
Micro-grinder
Microfluidizer
Homogenizer

SSA by
BET
5.26
5.74
6.34

SSA by
Congo
Red
138
113
200

Difference
( %)
96.2
94.9
96.8

Table 1A12.2: Bleached hardwood SSA Results

Sample
Micro-grinder 0
Micro-grinder 3
Micro-grinder 6

SSA by
BET
1.42
2.85
4.58

SSA by
Congo
Red
10.56
60.62
68.89

Difference
( %)
86.5
95.3
93.3

These values were plotted as Congo Red SSA versus BET SSA to determine the value of the
slope of the best fit line in units of m2/g Congo Red SSA / m2/g BET SSA. The intercept of
the two trendlines were set to 0 and the microfluidizer sample was removed from the data
because the sample was believed to not be correctly dried.

The determined slopes were

29.356 and 16.119 for the unbleached and bleached samples, respectively. The correction
factor was equal to 29.36/16.1, or 1.8.

211

Congo Red SSA (m 2/g)

250

200

y = 29.356x
R² = 0.6972

150

100
y = 16.119x
R² = 0.7928

50

0
0.00

2.00

4.00

6.00

8.00

BET SSA (m 2/g)

Figure 1A12.1: Congo Red SSA vs BET SSA for unbleached hardwood () and bleached hardwood
() MFC

Another potential issue noted with the Congo red adsorption method is the effect of
dissolved solids on UV-Vis adsorption. This issue was investigated by generating calibration
curves using water, filtrate from an unbleached hardwood sample and filtrate from a bleached
hardwood sample. Calibration curves were found to have different slopes (46.6, 45.7, and
47.2 for water, unbleached hardwood filtrate, and bleached hardwood filtrate, respectively),
as shown in Figures 1A12.2-1A12.4. The utilization of these slopes, however, did not result
in a significant change to the calculated Congo red specific surface areas (less than 0.5 m3/g)
It is noted that the test method should be modified to include a blank pulp sample (0 mg/ml
of Congo red) instead of using water as the blank for UV-Vis in future testing.
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5
y = 46.613x + 0.0368
R² = 0.9937

4.5
UV-Vis Adsorption

4
3.5
3
2.5
2
1.5
1
0.5
0
0

0.02

0.04

0.06

0.08

0.1

0.12

0.1

0.12

Congo Red Concentration (mg/ml)

Figure 1A12.2: Calibration curve for water

5
y = 45.702x + 0.008
R² = 0.998

4.5

UV-Vis Adsorption

4
3.5
3
2.5
2
1.5
1
0.5
0
0

0.02

0.04

0.06

0.08

Congo Red Concentration (mg/ml)

Figure 1A12.3: Calibration curve for filtrate from unbleached hardwood
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5
y = 47.158x - 0.0224
R² = 0.9982

4.5

UV-Vis Adsorption

4
3.5
3
2.5
2
1.5
1
0.5
0
0

0.02

0.04

0.06

0.08

0.1

0.12

Congo Red Concentration (mg/ml)

Figure 1A12.4: Calibration curve filtrate from bleached hardwood
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13. Modeling of MFCs to Calculate Pore Diameter

The pore area is calculated by assuming a square with sides equal to the diameter of the
MFC is placed with corners at the center of each circle, Fig. 1A13.1. The pore area is then
represented by the area of the square minus the area of the circle (four times the area of 1/4
of each circle). In order to calculate a diameter, the pore is assumed to be the shape of a
square.

Figure 1A13.1: Pore diameter determination assuming cylindrical MFC geometry
Area of a circle:
Area of a square:
Area of pore:
Length of side of square:

 = = 

 = h ∗ ℎ = h

 = h  − 4 ∗  =   = h  − =  

h =2∗=

8

Table 1A13.1: MFC diameters

MFC Sample
BHW
UBHW
BSW
UBSWloK
UBSWhiK

Diameter from
SEM (nm)
62
85
79
84
265

*plug diameters into area of pore equation
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Example:
BHW

1
 = h  − 4 ∗  =   = h  − =  
4
 = 4=  − =  

 = 4

62 
62 
 −    
2
2

 = 824.9 

*Assume shape of pore is a diamond with equal sides (i.e. a square)
 = h  = 824.9 
h = 28.7 
h =2∗=

= = 14.4 

Table 1A13.2: Calculated MFC diameters
MFC Sample
BHW
UBHW
BSW
UBSWloK
UBSWhiK

Diameter from
SEM (nm)
14.4
19.7
18.3
19.5
61.4
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14. Three Layer Modeling of MFC Coated Films

Water
Vapor
c4
xA
c3
xB
c2
xA

c1

Figure 1A14.1: Model for water vapor transmission rate through a three layered material. Dark gray

areas represent coatings, white areas represent pores, and light gray areas represent MFC film.
Assuming no accumulation:

|h
 
* 
* 
NOPQ    =
∗ 08 − 0  =
∗ 0 − 0!  =
∗ 0! − 0 
 ∗
*

*

Solving for concentration change:

08 − 0  = NOPQ

*
* 

0! − 0  = NOPQ


 

0 − 0!  = NOPQ

Adding concentration equations together:


 

|h
08 − 0
NOPQ    =
*    * 
 ∗
* +  + *
|h
08 − 0
NOPQ    =
*   
 ∗
2  + 
*
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Simplified to:

|h
∆k
NOPQ    =
∑Q
 ∗
Q=




Calculation of concentrations for WVTR conditions:
0 =
0 =

QvSR-HS × >Hw
100QP

92.5% × 2819 >f
100 ∗ 8.314 3 ∗ >f/|h ∗ } ∗ 296.15}
0 = 1.059 |h/3
08 =

08 =

Concentration difference:

QvSR-HS × >Hw
100QP

52.6% × 2819 >f
100 ∗ 8.314 3 ∗ >f/|h ∗ } ∗ 296.15}
08 = 0.60225 |h/3

08 − 0  = 1.059 − 0.602 = 0.457 |h/3

Calculation of k for BHW MFC:

|h
 
NOPQ    =
∗ 0 − 0! 
 ∗
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 ∗ .0012572
|h
∗ 0.457 |h/3
0.00038112    =
3.623i − 5
 ∗
 = 0.00002404  M8

Calculation of k for beeswax (values from Donhowe and Fennema 1993):
08 =
08 =

QvSR-HS × >Hw
100QP

100% × 3169 >f
100 ∗ 8.314 3 ∗ >f/|h ∗ } ∗ 298.15}
08 = 1.278 |h/3

NOPQ 

0 = 0 |h/3

|h
* 

=
∗ 0 − 0! 
*
 ∗ 

|h
* ∗ .0022
3.56i − 6    =
∗ 1.278 |h/3
 ∗
. 00005
 = 6.96i − 8  M8

Calculation of R for MFC film:

Q=

Q=




3.623i − 5
2.4i − 5/ ∗ .0012572
Q = 1201
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Calculation of R for Beeswax film:

Q=

Q=




1.17i − 5
6.96i − 8/ ∗ .0012572
Q = 133734

Theoretical WVTR:




|h
08 − 0
NOPQ    =
   
 ∗
2 * + 
*


|h
0.457 |h/3
NOPQ    =


 ∗
2 ∗ 133734  + 1201 
NOPQ 

|h
 = 1.70i − 6
 ∗ 

Calculation of k for paraffin (values from Martin-Polo et al 1992):
08 =
08 =

QvSR-HS × >Hw
100QP

22% × 3169 >f
100 ∗ 8.314 3 ∗ >f/|h ∗ } ∗ 298.15}
08 = 0.2813 |h/3
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0 =

84% × 3169 >f
100 ∗ 8.314 3 ∗ >f/|h ∗ } ∗ 298.15}
0 = 1.074 |h/3

NOPQ 

|h
* 
=
∗ 0 − 0! 

 ∗
*

* ∗ 0.0009622
|h
∗ 0.7926 |h/3
2.775i − 6    =
 ∗
0.00014
 = 5.095i − 8  M8

Calculation of R for MFC film:

Q=

Q=




3.623i − 5
2.4i − 5/ ∗ .0012572
Q = 1201

Calculation of R for Paraffin film:

Q=

Q=







2.36i − 5/2
5.095i − 8/ ∗ .0012572
Q = 184248
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Theoretical WVTR:

|h
08 − 0
NOPQ    =
   
 ∗
2 * + 
*


|h
0.457 |h/3
NOPQ    =


 ∗
2 ∗ 184248  + 1201 
NOPQ 

|h
 = 1.24i − 6
 ∗ 
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Appendix 2: Sample Image Analysis

Abstract
This appendix includes FE SEM and optical microscopy images of samples.
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Figure 2A.1: BHW 3 hour refined, film surface image

Figure 2A.2: BHW 20 pass (homogenizer), film surface image

Figure 2A.3: UBHW 3 hour refined, film surface image
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Figure 2A.4: UBHW 20 pass (homogenizer), film surface image

Figure 2A.5: Hornified BHW 3 hour refined, film surface image

Figure 2A.6: Hornified BHW 20 pass (homogenizer), film surface image
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Figure 2A.7: BSW 3 hour refined, film surface image

Figure 2A.8: BSW 20 pass (homogenizer), film surface image

Figure 2A.9: Hornified BSW 3 hour refined, film surface image
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Figure 2A.10: Hornified BSW 20 pass (homogenizer), film surface image

Figure 2A.11: UBSWhiK 3 hour refined, film surface image

Figure 2A.12: UBSWhiK 20 pass (homogenizer), film surface image
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Figure 2A.13: UBSWloK 3 hour refined, film surface image

Figure 2A.14: UBSWloK 20 pass (homogenizer), film surface image

Figure 2A.15: TMP 3 hour refined, film surface image
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Figure 2A.16: TMP 20 pass (homogenizer), film surface image

Figure 2A.17: Bleached hardwood MFC before tensile test, film surface image

Figure 2A.18: Bleached hardwood MFC after tensile test, film surface image
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Figure 2A.19: Unbleached hardwood MFC, film surface image

Figure 2A.20: Unbleached hardwood MFC after bleaching, film surface image
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Figure 2A.21: Unbleached hardwood MFC (20 pass homogenizer), freeze dried sample
image
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Figure 2A.22: Unbleached hardwood MFC (5 pass microfluidizer), freeze dried sample
image
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Figure 2A.23: Unbleached hardwood MFC (9 pass micro-grinder), freeze dried sample image
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Figure 2A.24: Bleached hardwood MFC with cooked starch coating (3 dips), film surface
image
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Figure 2A.25: Bleached hardwood MFC with 7.5% kaolin clay, nitrogen fracture image
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Appendix 3: Statistical Analysis
Abstract: This appendix includes statistical analysis for bleached and unbleached hardwood samples
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Criteria
null hypothesis: groups are equal
F statistic is smaller than the critical value, we fail to reject the null
hypothesis
P<0.05
Softwood Density
Anova: Single Factor
SUMMARY
Groups
Column 1
Column 2
Column 3

Count

Sum
Average Variance
8 6881.236 860.1545 5531.119
8 6272.91 784.1137 3390.058
8 6335.134 791.8918 1034.727

ANOVA
Source of
Variation
Between Groups
Within Groups

SS
28006.66
69691.33

Total

97697.99

df

MS
F
P-value
2 14003.33 4.219606 0.028812
21 3318.635

F crit
3.4668

23
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Softwood tensile index
Anova: Single Factor
SUMMARY
Groups
Column 1
Column 2

Count

Column 3

Sum
Average Variance
3 315.7961 105.2654 375.109
3 360.9679 120.3226 151.7267
3 343.2434 114.4145 44.64389

ANOVA
Source of
Variation
Between Groups
Within Groups

SS
345.3326
1142.959

Total

1488.292

df

MS
F
P-value
F crit
2 172.6663 0.906417 0.452927 5.143253
6 190.4932
8

HW density
Anova: Single Factor
SUMMARY
Groups
Column 1
Column 2

Count

Sum
Average Variance
8 7222.318 902.7897 1924.921
8 7775.606 971.9508 1457.369

ANOVA
Source of
Variation
Between Groups
Within Groups

SS
19132.99
23676.03

Total

42809.03

df

MS
F
P-value
1 19132.99 11.31363 0.004637
14 1691.145

F crit
4.60011

15
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HW tensile
Anova: Single Factor
SUMMARY
Groups
Column 1
Column 2

Count

Sum
Average Variance
3 275.0672 91.68907 633.9941
3 327.3463 109.1154 134.8365

ANOVA
Source of
Variation
Between Groups
Within Groups

SS
455.517
1537.661

Total

1993.178

df

MS
F
P-value
F crit
1 455.517 1.184961 0.337542 7.708647
4 384.4153
5
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Appendix 4: Equipment Standard Operating Procedures

Abstract
This appendix includes equipment standard operating procedures generated during this
research.
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STANDARD OPERATING PROCEDURE (SOP)
SEO Phoenix Dynamic Contact Angle / Surface Tensiometer

Location:

1235 Pulp and Paper Labs

CAUTION
Sharp Objects

Standard Operating Procedure: Measuring Contact Angle
1) Carefully remove syringe
2) Fill syringe with deionized water
3) Replace syringe
4) Turn on light source, behind device on the right
5) Turn on computer
6) Login as NCSU User and see the current Responsible User for password
7) Open ImageXP program
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8) The home screen of the program looks like the following, where:
A. Start live image
B. Configuration
C. Pump controls
D. Image capture

A.

B.

C.

D.
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9) Click the Configuration button to set up your experiment
a. Click SINGLE under CAPTION MODE for one image, or SEQUENCE for multiple
images
b. Under SEQUENCE MODE SETTINGS, 1000 in the INTERVAL box represents 1
second and FRAMES represents the total number of frames
For example, if one wants to take an image every half second for 1 minute, one
would put 500 in INTERVAL and 120 in FRAMES
c. No other settings should be adjusted
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10) Make sure the lights over the DCA are turned OFF before taking any images
11) Move the stage up/down, and camera forward or up/down to focus on the surface
12) Adjust the light source behind the bubble using the knob on the machine
13) Adjust the light source observed by the camera by closing/opening the aperture by turning the
ring closest to the back of the camera
14) Adjust the zoom by turning the second ring closest to the back of the camera
15) Change the focus by turning the front lens
16) The camera should look directly at the bubble on the sample, i.e. the stage should not be seen
in the image
17) Once the experiment has been set up, click the Image capture to take images
18) Click YES to take images
19) Start the pump using the pump controls or manually by turning the knob on the top of the
machine
20) After the experiment is over click YES to view your images –the program CAN NOT be
stopped while it is taking images
21) To save the images, one must save them INDIVIDUALLY by left clicking on the image, then
SAVE AS and save the file – it is best to save them in a personal folder on the desktop
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22) The analysis screen will look like the following:
A. Image number
B. View thumbnails
D. Analysis data

A.

B.

C.

C. Data (can be exported to excel)

D.

245

23) Check to make sure the contact angle results are reasonable
24) Always import the images into ImageJ (http://rsbweb.nih.gov/ij/) to check contact angle
25) After saving all of images and data, close the window and start the next sample – all data will
be lost once the window is closed
26) After completion, click the STOP LIVE IMAGE button on the program’s main window
27) Close the software
28) Shut down the computer
29) Turn off the power switch on the DCA
30) Turn off the monitor
31) Cover device and computer with the plastic covering

Standard Operating Procedure: Measuring Surface Tension
1) Carefully remove syringe
2) Fill syringe with deionized water
3) Replace syringe
4) Turn on light source, behind device on the right
5) Turn on computer
6) Login as NCSU User and see the current Responsible User for password
7) Open ImageXP program
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8) The home screen of the program looks like the following, where:
B. Start live image
D. Image capture

A.

B.

B. Configuration

C.

C. Pump controls

D.
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9) Click the Configuration button to set up your experiment
a. Click SINGLE under CAPTION MODE for one image, or SEQUENCE for multiple
images
b. Under SEQUENCE MODE SETTINGS, 1000 in the INTERVAL box represents 1
second and FRAMES represents the total number of frames
For example, if one wants to take an image every half second for 1 minute, one
would put 500 in INTERVAL and 120 in FRAMES
c. No other settings should be adjusted
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10) Make sure the lights over the DCA are turned OFF before taking any images
11) Move the stage up/down, and camera forward or up/down to focus on the tip of the syringe
12) Adjust the light source behind the syringe using the knob on the machine
13) Control the light source observed by the camera by closing/opening the aperture by
turning the ring closest to the back of the camera

14) Control the zoom by turning the second ring closest to the back of the camera
15) Adjust the focus by turning the front lens
16) The camera should look directly at the tip of the syringe, i.e. the stage should not be seen in
the images

17) Once the experiment is set up (using water first), click the Image capture to take images
18) Click YES to take images
19) Start the pump using the pump controls or manually by turning the knob on the top of the
machine

20) After your experiment is over click YES to view the images – The program CAN NOT be
stopped while it is taking images

21) To save the files, images must be saved INDIVIDUALLY by left clicking on the image, then
SAVE AS and save the file – it is best to save them in a personal folder on the desktop
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22) The analysis screen will look like the following:
A. Image number
D. Analysis data

B. View thumbnails

A.

B.

C.

C. Data (can be exported to excel)

D.
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23) Click on the SETTINGS button at the bottom of the column of buttons on the window and
change the syringe diameter to make the surface area of water 72 (trial and error)

24) Record this value and use it for each sample

25) After saving all of the images and data, close the window and start the next sample – all data
and images will be lost when the window is closed

26) After completion, click the STOP LIVE IMAGE button on the program’s main window
27) Close the software
28) Shut down the computer
29) Turn off the power switch on the DCA
30) Turn off the monitor
31) Cover device and computer with the plastic covering
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STANDARD OPERATING PROCEDURE (SOP)
Contact Angle Tensiometer
Location:

3107 Robertson

CAUTION
Sharp Objects

Standard Operating Procedure
1) Carefully remove syringe
2) Fill syringe with deionized water
3) Replace syringe
4) Turn on light (panel on right hand side)
5) Make sure light intensity is not in the red (on the panel)
6) Place microscope slide on stage
7) Turn syringe to place drop on microscope slide
8) Focus on drop by moving lens forward or backward using knob on left
9) If required, move stage up and down by using the knob on the stage right
a. If the image has disappeared focus on the syringe needle, then move to the sample on
the stage
10) Once drop is in focus, remove microscope slide
11) Place sample on stage
12) Turn syringe to place drop on sample
13) Measure contact angle by:
a. align the baseline with the base of the sample (turn eyepiece, part farthest away)
b. align marker with the angle of contact
c. read the contact angle where the large tick mark is located
d. repeat on other side and average
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STANDARD OPERATING PROCEDURE (SOP)
Olympus BH2 Optical Microscope and Sony Camera
Location:

1235 Pulp and Paper Labs
CAUTION
None

Standard Operating Procedure
1) Turn on the microscope and camera:
a. Switch on bottom front of microscope – light source for below slide
b. Switch on side of cream-colored control box, located on table behind microscope –
light source for above slide
c. Switch on top of black-colored control box, located on table behind microscope –
camera
2) Turn on computer and log in using credentials found on cover of log book
3) Open Image-Pro Plus software (microscope icon on quicklinks beside start menu)
4) On the menu bar, go to Acquire – Video/Digital (or click small camera icon) - then click
“start preview”
5) Place slide in sample clips on the stage
6) Select the objective to magnify sample (do not grab the individual objectives to turn them!!)
7) Adjust image focus using the fine and coarse focus knobs on right side of the microscope
8) Move the sample back and forth or side to side using the knobs attached to the bottom right
side of the stage
9) Adjust the amount of light shining on the sample using the cream box
10) Adjust the amount shining through the sample using the dial at the bottom of the microscope
and the dial on the base
11) Adjust the dial under the stage to fine tune the image contrast
12) Repeat steps 7-11 until a suitable image is obtained
13) Click Snap to take the image
14) Click the yellow caliper icon to add a scale bar
a. Use James5, 10, 20, etc for corresponding objective and click “marker”
b. In the pop up window, set the width of the scale bar and the design (black numbers,
black numbers with black outline, white numbers, white numbers with white outline)
c. Click OK
d. Scale bar appears in the top left corner of the image – drag to desired position
e. Right click outside of bar to attach to image
15) Click Save to save the image – and save images in your personal folder (create one under
“Image Pro’s Documents” if necessary)
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STANDARD OPERATING PROCEDURE (SOP)
6-inch Masuko Super Masscolloider
Location:

1227 Pulp and Paper Labs

CAUTION
Pinch Points, High Speed Moving Parts

Standard Operating Procedure
1) Open the grinder using the outer set of black knobs to check and make sure the grinding
stones and hopper are clean
2) Replace hopper and make sure the block (labeled “1”) goes over the limit switch on the right
side of the machine (the grinder will not work if the limit switch is not pressed)
3) Open the MKCA6-3 INV. Control panel using the silver handle on the left side
4) Turn on the main power using the circuit breaker inside the panel
5) Close the panel
6) Press the GREEN button to turn the grinder on (RED button to turn off)
7) Increase the grinder speed to 6.5 HZ using the speed dial on the right
8) Using the handle on the front of the machine, lower the upper grinding stone by turning
clockwise until the stones touch (distinct sound)
9) Set the gauge to 0
10) Back off 1 tick mark for the closest gap possible (or more if a larger gap is required)
11) Tighten black knob to maintain gap
12) Increase grinder speed to desired HZ (typically 25)
13) Pour in sample
14) Repeat to desired number of passes
15) After experiment is complete, run deionized (DI) water through the grinder until the water
runs clear
16) Press the RED button to turn the grinder off
17) Open the control panel
Turn off the equipment by switching the circuit breaker to OFF
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STANDARD OPERATING PROCEDURE (SOP)
Beckman J21C High Speed Refrigerated Centrifuge
Location:

3121 Pulp and Paper Labs

CAUTION
Not properly balancing samples in the centrifuge can result in personal injury and
damage to the equipment
Standard Operating Procedure
1) Weigh out samples in the high speed centrifuge tubes, located in the clear plastic container on the lab
bench, making sure that the tubes, lids, and the samples weigh the same amount (This is VERY
important, failing to do so will result in damage to the machine and possible people in the lab)
2) Open the centrifuge using the button on the left front panel and the lever on the top
3) Place the weighed samples in the rotor, evenly distributing the weight (i.e., samples of the same weight
across from each other)

4)
5)
6)
7)
8)
9)
10)

11)
12)
13)
14)

15)

Place the lid on the rotor, making sure that it is sealed properly
Close the centrifuge door using the lever on the top
Turn on the centrifuge using the toggle switch on the bottom left corner of the control panel
Set the desired RPM, make sure the sample tubes can be used at this RPM and DO NOT GO ABOVE
14,000 RPM!
Set the desired time by turning the dial past 30 minutes and then back to the desired time
Press the white button to start the centrifuge, it will light up when the centrifuge starts
Wait until the centrifuge has reached full speed to make sure the load is even distributed – if it is not,
the centrifuge will vibrate and make noises - stop the centrifuge immediately by turning the dial back
to zero, reweigh the samples to make them equal in weight, including the tube and the cap
Do not open the lid while the rotor is moving
The light will turn off once the rotor has stopped moving
Remove the lid of the rotor, remove the samples, and return the lid to the rotor
Close the centrifuge lid and turn off the power to the centrifuge
Remove samples from the tubes, clean , and return to the plastic bin
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Appendix 5: Sugar surfactants in paper recycling
Published in Nordic Pulp and Paper Research Journal, 2009, Vol. 24 no. 1 pages 107-111

Summary
The objective of this research was to evaluate surfactants based on renewable materials
(sugars and proteins) for use in ink removal from recycled paper via flotation deinking. By
applying green chemistry approaches we aim to minimize the environmental impact of
deinking agents and to open an avenue for a number of products that are being produced
from natural resources. Foamability by the respective surfactants was considered and
detergency experiments via piezoelectric sensing were used to reveal fundamental
differences in terms of surfactant activity. Lab scale flotation deinking efficiency was
measured primarily by image analysis and flotation yield determined gravimetrically. Based
on deinking efficiency versus yield results, it was demonstrated that sugar-based surfactants
are viable replacements to petroleum-based surfactants in flotation.

Keywords: Sugar surfactants, Natural surfactants, Protein surfactants, Paper recycling,
Flotation deinking, Quartz crystal microbalance, Alkyl phenol ethoxylates, Copy paper,
model inks
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Introduction
In paper recycling, deinking operations are used to remove the ink from recovered paper
by washing and flotation processes. The flotation process separates ink from the fibers by the
injection of air in the presence of a foaming agent (McCool 1993). Rising bubbles carry away
the ink particles and are then separated from the top of the flotation vat. It is beneficial to
minimize fibers lost in the reject stream. Likewise, some ink particles remain in the fiber
accepts and therefore the final paper quality depends on the selectivity of the separation
process. The key operational steps in flotation involve the use of surfactants to ensure the
detachment of the ink from the fibers (detergency) and the formation of a stable foam that
can be separated from the pulp during the flotation stage. In a typical process the amount of
surfactant used is approximately 0.025-0.25% based on oven-dry fiber mass.
The effect of the surfactant on the attachment of ink and other hydrophobic particles to
the air bubbles is complex. The surfactant can exist at the ink-water interface, the ink-air
interface, and the air-water interface, changing the surface characteristics.
Foaming is a key performance attribute of flotation surfactants. It has been found that
surfactants have the ability to promote foaming above and below their critical micelle
concentration (Borchardt 1992). For linear alkyl benzene sulfonates, it has been found that
the foaming activity of the surfactant increases with length of the alkyl chain and that anionic
surfactants tend to foam more readily than non-ionic ones with the same hydrophobe.
Two of the most common types of surfactants used for deinking are fatty acid soaps and
polyethyleneoxide alkyl ethers, which are classified as anionic and non-ionic surfactants,
respectively. The case of nonylphenol ethoxylates is particularly significant. Nonylphenols
used as a nonionic surfactant could potentially result in its release to the environment through
various waste streams in paper recycling operations. Furthermore, nonylphenols are
suspected to be endocrine disruptors (Ren et al. 1997) and are severely irritating to eyes and
skin in high concentrations (NIOSH 1983). Therefore, our research objective was to evaluate

257

natural surfactants and understand their behavior in flotation deinking with respect to
foaming, detergency and separation effectiveness.

Experimental
Materials
The main deinking agents discussed in this study were received as donations from
chemical suppliers and included an alkyl phenol ethoxylates (APE), sugar-based surfactant,
protein-based surfactant, and a commercial surfactant mixture. The ethoxylated surfactant
consisted of octylphenol ethoxylate with an average of 9.5 ethylene oxide units per molecule.
The sugar-based surfactant was an alkyl (C10-C16) mono and oligomeric D-glucopyranose.
The protein-based surfactant was derived from soybean with a base (amphoteric) polymer
composed of approximately 25 different types of amino acids linked with amide bonds with a
weight averaged molecular weight of around 100-300 kDa. Only at pH values above 7 is the
polymer fully soluble. A proprietary commercial flotation deinking aid intended for mixed
office paper based on a non-ionic surfactant blend was also investigated.
Commercial copy paper with calcium carbonate as a filler with a recycled fiber content of
30% was printed on both sides with 12 point font, single spacing, and one inch margins using
xerographic toner (Konica Minolta MT Toner 303A). Sheets were shredded and pulped at
3% consistency for ten minutes in a TAPPI British disintegrator.

Model ink films
In order to conduct detergency studies in controlled conditions, model films were used.
An oil-based ink film was produced by using tripalmitin, a fatty acid, via vacuum
sublimation. Reflux condensation using acetic acid was used to keep the surface at 75oC
(Weerawardena et al. 1999). Model toner films were also manufactured. This involved spin
coating (Laurell Technologies model WS-400A-6NPP: North Wales, USA) poly(methyl
methacrylate) Sigma-Aldrich CAS 9011-14-7) in THF (1% solution) on gold surfaces at
5000 rpm for 40 seconds followed by air drying.
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Methods
Surface tension and foamability
Surface tension was measured using a Du Noüy Ring (Fisher Scientific Model 20) to
determine the critical micelle concentration and minimum surface tension (surfactant
effectiveness). Static foamability was performed using the Ross-Miles Test (ASTM 2001)
whereby foam height was recorded five minutes after impact of surfactant solution on the
same solution in a thermostated column. A dynamic method to measure foamability and
foam stability was also used. In this case 185 ml/min air was bubbled through 400 ml
surfactant solution (0.025 g/L) with a diffusing stone while recording the foam height.

Detergency via contact angle and Quartz Crystal Microbalance measurements
The evaluation of detergency was performed by measuring the contact angles with water
on the ink and toner films before and after surfactant treatment. Each film was incubated with
0.25% surfactant solution by suspending the substrate in a beaker immersed in surfactant
with continuous stirring. At each time interval, the film was removed, dried with compressed
air, and the contact angle measured. Thereafter, the film was dried with air and placed back
in the beaker with the solution. Surfactant treatment was carried out until the contact angle
with a water drop probe reached a constant value. A rinsing sequence was performed by
suspending the film in a beaker of deionized water and the procedure repeated until the
contact angle reached a constant value.
A Quartz Crystal Microbalance with Dissipation monitoring, QCM-D (Q-sense D-300,
Sweden) was also used to study surfactant adsorption and activity on films deposited (via
vacuum sublimation or spin coating) on coated quartz/gold electrodes (with surface area of
0.2 cm2). The monitored change in frequency was related to the mass adsorbed and released
(after rinsing) for each surfactant using the Sauerbrey relation (Rodahl, et al. 1995). As stated
by the Sauerbrey equation, if a thin and rigid film is adsorbed on the sensor, the change in
frequency ∆f (relative to the bare surface) is proportional to the change in mass ∆m (added or
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released):
∆m = – C∆f / n,
where C = 17.7 ng Hz-1 cm-2 for a 5 MHz quartz crystal and n = 1,3,5,7 is the overtone
number. In this investigation, the QCM third overtone frequency was used to calculate the
change in model ink mass (Sauerbrey 1959). It is noted that the mass detected by the QCM-D
includes any change in the amount of solvent that oscillates with the surface.

Flotation deinking
Flotation deinking was performed in a Wemco Laboratory Flotation Unit (EIMCO
Process Equipment, Salt Lake City, UT) equipped with the Wemco 1+1 rotor disperser with
2000 gram cell tank. Surfactant was added either prior to pulping or in the flotation cell.
Different surfactant concentrations (0.1-0.75% on OD solids) were evaluated. Handsheets
were made in a standard Tappi handsheet mold and pressed using a standard Tappi press. The
ink content and handsheets brightness were measured after conditioning at 50% relative
humidity and 23oC using a Spec*Scan 2000 (Apogee Systems Inc.) and a Color Touch 2
spectrophotometer (Technidyne Corporation), respectively.

Results
Surface tension and foamability
The surface activity of the different surfactants is important in detergency, foamability
and foam stability in flotation deinking (Table A5.1). It is noted that the protein solution did
not exhibit a critical micelle concentration (cmc) while the sugar-based surfactant had the
lowest surface tension at the cmc (effectiveness).
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Table A5.1: Surfactant minimum surface tension and cmc at 25oC

Foam behavior, including foamability and stability produced from each surfactant type, is
important in deinking operations. The foam generated must be strong enough to be
mechanically removed from the system but have low time persistence to facilitate disposal.
Dynamic foam tests showed that the protein-based surfactant produced no foam while the
sugar and commercial surfactants exhibited similar behaviors (Figure A5.1). The static Ross
Miles foam height for sugar-based surfactant was higher than those of APE and commercial
mixtures (Figure A5.1).

Figure A5.1: Foam height versus time surfactant concentration of 0.25%. The static
foamability results are indicated in parentheses and shows general agreement with dynamic
tests
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Detergency by contact angle measurements
Surfactants assist in detergency (separation of ink from fiber) in a positive way but can
negatively impact flotation by adsorbing to ink particles, producing a more hydrophilic
surface. In flotation, it is desirable for the contaminant to be hydrophobic (i.e., have a very
high contact angle with water). If the adsorption of surfactant to the ink is an important factor
to determine flotation efficiency, then surfactants that promote a high contact angle would be
expected to have higher efficiency.
For the model oil-based ink, the results from the surfactant treatment and rinsing
experiments are shown in Figure A5.2. The protein solution produced a significant decrease
in contact angle even after rinsing, suggesting that the relatively hydrophilic protein had a
strong affinity for the surface. On the other hand, the commercial surfactant mixture showed
the smallest change in contact angle, both before and after rinsing.

Figure A6.2: Changes in contact angle after treatment of model ink surfaces with surfactants
0.25% surfactant solution, before (solid symbol) and after rinsing with water (washing, open
symbols)
For model toner, the protein solution also produced a significant decrease in contact
angle, suggesting a strong affinity for the toner surface. Similar to the model ink, the
commercial mixture had the smallest change in contact angle before and after rinsing.
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The contact angle change (% change) after surfactant treatment and after washing with
water (rinsing) sequence is shown for the model ink and toner surfaces in Table A5.2. The
initial percent change was calculated using the initial contact angle and the equilibrium
contact angle after surfactant treatment. The washing percent change was calculated using
the initial contact angle and the equilibrium contact angle after the rinsing sequence. The
protein solution produced the highest percent change after rinsing. The sugar and commercial
based surfactants behaved similarly for the model ink. As for the model toner, the sugarbased performed more similarly to the APE.
Table A5.2: Water contact angle for model films

Detergency by Quartz Crystal Microbalance
Quartz Crystal Microbalance (QCM) experiments were performed by monitoring the
vibration frequency of the model ink- or toner-coated sensor as a function of time. These
measurements allowed the elucidation of (a) the extent of adsorption and adsorption kinetics
for the respective surfactant in contact with the model film and, (b) the affinity between
surfactant with the substrate. This last parameter was accessed by monitoring the mass of
surfactant released upon rinsing.
Figure A5.3 shows the sensor’s frequency during equilibrium in water, after injection of
surfactant solution at about 500 s and following rinsing at 2500 s. An increase in -∆f
indicates mass uptake by the sensor, i.e., adsorption of surfactant, while a decrease in -∆f
value is related to the release of mass (surfactant desorption).
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In all cases, adsorption to the ink surface follows a fast adsorption dynamics. In the case
of the commercial surfactant mixture, the signal returns to near the original level after
washing. In the case of the other surfactants the signal does not return to the original value
after washing, indicating a larger degree of binding. The mass released after rinsing is related
to the amount of surfactant that desorbs from the interface or, if film is removed from the
interface, to the amount of ink that is released. A higher affinity (lower surfactant release) is
a favorable situation in terms of the detachment of ink from fiber process because in this case
a better wetting of the substrate occurs. However, for the attachment of ink to air bubbles,
this is unfavorable.

Figure A6.3: QCM frequency change after exposing model ink coated sensors to different
surfactant solutions of 0.25% concentration at about 500 s and after rinsing with water at
about 2500 s
The QCM results are summarized in Table A5.3. All surfactants adsorbed to a similar
extent on the model ink surface. However, the degree of binding was significantly lower for
the commercial surfactant blend. It is well known that proteins adsorb strongly and
irreversibly to a variety of surfaces in agreement with results herein showing the proteinbased surfactant with largest degree of binding. The QCM signal for the commercial
surfactant mixture, after rinsing, is lower than the base line, which indicates that a portion of
the ink substrate may have been removed from the interface. In the case of the model toner,
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the protein had the least adsorption, but the adsorption was irreversible. All of the surfactants
adsorbed more readily to the model toner surface than the oil-based ink surface.

Table A5.3: Change in model ink (Sauerbrey) mass after surfactant treatment

Flotation deinking
Flotation deinking was performed on samples of copy paper, as explained in the Methods
section. The detected toner particle count (PPM from optical scanning) was used to calculate
the ink removal efficiency for the given sample compared to the control (a sample subjected
to deinking operations in the absence of surfactant). The removal efficiency thus defined as:

The removal efficiency was plotted against the solids yield to determine surfactant
overall performance when added to the flotation cell (Figure A5.4). Similar trends were
obtained for the case of addition of the surfactant in the pulper. The alkyl phenol ethoxylate
(APE) and sugar-based surfactants exhibited optimal removal efficiencies versus yield at
both addition points. The commercial surfactant blend performed markedly better when
added in the flotation cell rather than the pulper, in agreement with the intended addition
point specified by the surfactant supplier. The protein-based surfactant had the least desirable
removal efficiency versus yield performance when added to the pulper or the flotation cell.
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Figure A5.4: Removal efficiency versus yield for surfactants (0.25%) added in the flotation
cell (lines were drawn as a visual aid only)
The flotation results are plotted in terms of removal efficiency versus surfactant amount
on oven dried (OD) fiber mass in Figure A5.5. The protein-based surfactant produced
significantly lower removal efficiency versus surfactant charge than all of the others.

Figure A6.5: Removal efficiency versus surfactant amount for surfactants added in the
flotation cell (lines were drawn as a visual aid only)
The effectiveness of the surfactants with respect to ash removal was also investigated.
The sugar-based and the APE surfactants exhibited approximately the same ash removal if
the surfactant was added in the pulper; however, if addition was in the flotation cell, the APE
was slightly better. The protein is significantly less efficient at removing ash. When
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comparing multiple types of recycled fiber (newsprint, mixed office waste, and old
magazine), the commercial mixture obtained the highest yield, removal efficiency, and
brightness improvement (data not shown). The sugar and the APE surfactants were once
again comparable for all grades except newspaper, in which case the sugar-based showed
better yield but lower brightness improvement.

Discussion
The decreased performance of the protein-based surfactant in flotation deinking can be
explained by the following two observations. The protein-based surfactant produced the
lowest amount of foam. Further, the protein-based surfactant had the highest
affinity/adsorption for the model ink and produced the lowest contact angle with water after
adsorption to the model ink surfaces. This indicates that the protein-based surfactant is acting
as a resistance to effective air bubble-toner contact that is required in flotation. A similar
finding was reported for cationic starch and toner particle agglomeration by Venditti and
coworkers (Zheng et al. 1999, 2001) and by Berg and coworkers (Snyder, Berg 1994). In
these cases, starch adsorbed onto the surface of toner particles acted as a hindrance for tonertoner contact which is required for agglomeration, similar to the air- toner contact required in
flotation. Similar results were found for starch in water interfering with acrylic microsphereacrylic microsphere contact (Huo et al. 2001) and acrylate particle- polyester fiber contact
(Huo et al. 1999).
There is a strong correlation between foamability and removal efficiency (Figure A5.6).
Therefore, there is a strong correlation between foamability and removal efficiency,
foamability and performance of a surfactant are closely related, and developing natural
surfactants that create the correct quantity and quality of foam should also remove more ink
from paper in recycling.
It has been found that the increase in contact angle between surfactant adsorption and
rinsing can be related to the removal efficiency. In the case of protein surfactant, the contact
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angle did not increase between adsorption and rinsing but the other three surfactants all
showed contact angles that increased by approximately 15 degrees on rinsing. This indicates
that there is a correlation between affinity of the protein for the ink surfaces and flotation
efficiency. As expected, the surfactant with the greatest change in water contact angle after
treatment and rinsing had the lowest removal efficiency in flotation deinking.

Figure A5.6: Relationship between maximum foam height and ink removal efficiency

Conclusions
The alteration of a model ink surface can be investigated by measuring contact angles of
water on the model ink after exposure to different surfactant solutions. Adsorption of
surfactant onto model ink film can be monitored using the QCM technique. The ability of the
surfactants to produce foam was positively correlated to the flotation efficiency. The
efficiency of a flotation cell (with respect to ink removal and process yield) was very
sensitive to the surfactant chemistry utilized. It was demonstrated that a sugar-based
surfactant produced flotation ink removal efficiency versus overall yield that was similar to
conventional surfactants. A protein surfactant that had low foamability and adsorbed to the
ink surface rendering the surface much more hydrophilic produced very low flotation ink
removal efficiency versus overall yield, confirming that surfactant adsorption and foaming
phenomena are important in the flotation deinking process.
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