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BACTERIAL CELLULOSE/THERMOPLASTIC POLYMER NANOCOMPOSITES

Abstract

by Elvie E. Brown, M.S.
Washington State University
May 2007

Chair: Marie Pierre Laborie

Bacterial cellulose (BC) has many applications in membranes, electronics, textiles
and especially in the biomedical field. For bacterial cellulose to be more effectively
utilized in these applications, it is imperative to fine-tune its properties.

This research aims at engineering the morphology, composition and structure of
BC-thermoplastic polymer nanocomposites by augmenting the growth medium of the
cellulose-producing bacterium, Acetobacter xylinum, with the thermoplastic polymer,
thereby manipulating BC biogenesis. It is hypothesized that addition of the thermoplastic
polymer into the medium allows the development of intermolecular interactions with the
BC fibers during cellulose crystallization into nanofibers, yielding a thermoplastic
nanocomposite reinforced with finely dispersed BC nanofibers.

Engineering of the nanocomposites was done by varying the type or the amount of
polymer added to the medium. Varying polymers by addition of poly(ethylene oxide)
(PEO) or poly(vinyl alcohol) (PVA) into the medium both produced nanocomposites with
dispersed BC nanofibers and showed polymer melting point depression. However,
BC/PVA nanocomposite demonstrates considerable miscibility and interaction when

compared to BC-PEO material by forming hydrogen bonds and also by having single glass



transition and degradation temperatures. Varying the amount of polymer added into the
medium varied all the characterized properties. BC fiber dispersity, polymer chemical
composition and nanocomposite surface roughness increased as polymer amount in
medium increased. Also, thermal and mechanical stability increased as BC loading in the
nanocomposite increased. These variations of properties illustrated that BC/PEO and

BC/PVA nanocomposites can be engineered by BC biogenesis manipulation.
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CHAPTER I: INTRODUCTION

Applications of Bacterial Cellulose

Bacterial Cellulose (BC) has gained attention in the research realm for the
favorable properties it possesses; such as its remarkable mechanical properties in both dry
and wet states, porosity, water absorbency, moldability, biodegrability and excellent
biological affinity (Shoda and Sugano 2005). Because of these properties, BC has a wide
range of potential applications including use as a separation medium for water treatment
(Brown 1989, Choi et al 2004), a specialty carrier for battery fluids and fuel cells (Brown
1989), a mixing agent, a viscosity modifier (Brown 1989, Jonas and Farah 1998), light
transmitting optical fibers (Brown 1989), a biological substrate medium (Brown 1989,
Watanabe et al 1993), food or food substitute (Miranda et al 1965, Brown 1989, Jonas and
Farah 1998), lint-free specialty clothing (Brown 1989), optoelectronics devices (Nogi et al
2005), paper (Jonas and Farah 1998, Shah and Brown 2005), stereo diaphragms (Jonas and
Farah 1998) and immobilization matrices of proteins or chromatography substances (Jonas
and Farah 1998, Sokolnicki et al 2006). The prevalent application of BC is in the
biomedical field, as it is highly useful for wound dressing (Hamlyn et al 1997,
Cienchanska 2004, Legeza et al 2004, Wan and Millon 2005, Czaja et al 2006); artificial
skin (Jonas and Farah 1998, Czaja et al 2007); dental implants; vascular grafts; catheter
covering dressing (Wan and Millon 2005); dialysis membrane (Wan and Millon 2005,
Sokolnicki et al 2006); coatings for cardiovascular stents, cranial stents (Wan and Millon

2005), membranes for tissue-guided regeneration (Wan and Millon 2005, Czaja et al



2007), tissue replacement, controlled-drug release carriers (Wan and Millon 2005),
vascular prosthetic devices (Charpentier et al 2006), a scaffold for tissue engineering
(Czaja et al 2007), and as artificial blood vessels (Klemm et al 2001, Backdahl et al 2006,
Wan et al 2006).

For BC to be suitable for these diverse applications, some of its

properties must be modified. Modification of BC had been accomplished in the

applications listed in Table I-1.

Applications BC Product Processing Ideal/Obtained Properties References
Vascular -BC films are used to coat -Minimizes blood clotting and (Charpentier
prosthetic device | surface-treated medical- increases biocompatibility. et al, 2006)
(to replace grade polyesters. -Has high mechanical strength in wet
diseased arteries) state, substantial permeability to water
and gases, high water retention and
low surface roughness.
Wound care -BC sheets were -Highly nanoporous, allowing transfer (Hamlyn et
product (wounds | impregnated with drugs of antibiotics or medicines while al 1997,
such as thermal | known as SOD (procel- serving as a physical barrier against Ciechanska
burns) Super), porviargol(Procel- external infections. 2004,
PA) and Inerpan. -Wound healing accelerated. Legeza et al
-Never-dried BC sheets are | -High mechanical properties in wet 2004, Czaja
immersed in chitosan state et al 2006)
solution.
-BC grown statically in a
chitosan-modified medium.
Artificial blood | -BC grown in a static -High mechanical strength in wet state (Klemm et
vessel in culture molded in BASYC® | enormous water retention values, low al, 2001)
microsurgery tubes (a hollow-shaped tube | surface roughness of inner surface.
mimicking blood vessel -Highly moldable in situ.
shape). -Can sustain a mean tensile force of
800mN.
Tissue-engineered | -BC grown in a tubular- -Young modulus should match carotid | (Backdahl et
blood vessels shaped mold. arteries, about 3MPa. al, 2006)
-Inner side of tubular BC must be
smoother compared to the outside.
Optically -BC sheets are impregnated | -Highly transparent due to its (Nogi et al,
transparent with acrylic resins. nanoscale fibers free from light 2005)
reinforcement for scattering.
optoelectronics -Low thermal coefficient.
industry (for -Mechanical strength 5 times that of
transparent engineered plastics.
polymers used for
displays)
Substrate for -BC membrane grown -High permeability (Watanabe
mammalian cell | statically and electrically et al, 1993)
culture charged.




Applications BC Product Processing Ideal/Obtained Properties References
Cation-exchange | -BC membranes are -Tensile strength of 12MPa and (Choi et al,
membrane for modified with cation- elongation of 6% 2004)
industrial exchangeable acrylic acid
wastewater
treatment
Electronic paper | -BC sheets are doped with -Paper has high reflectivity and (Shah and
conductors for embedding contrast. Brown,
of electronic dyes. -Improved conductivity in BC. 2005)
Encapsulation -Statically grown BC -BC have the appropriate mass transfer | (Sokolnicki
membrane system | membrane. parameters and membrane morphology | et al, 2006)
for living tissues
or protein
enzymes

Table I-1. Bacterial cellulose applications.

Table I-1 illustrates that for specific applications, specific properties must be met.
Note that from the applications mentioned above, and in Table I-1, biomedical dominion
has substantial utilization. The need for biomedical materials has grown significantly over
the years (Anderson 2006, Jagur-Grodzinski 2006) and for this need, BC is highly regarded
for it has the suitable properties especially for regenerative medicine (Czaja et al 2007).
Yet for biomedical application, properties such as thermal stability, strength, porosity,
roughness, morphology and density are crucial (Rezwan et al 2006). Fine-tuning of these
properties is imperative for BC to conform to the substituted environment (Jagur-
Grodzinski 2006, Rezwan et al 2006). Table I-1 cites some of the necessitated
modifications for BC properties. In this research, modification is directed at the biogenesis
of BC.

In the next section, the synthesis of BC by bacterium Acetobacter xylinum is

discussed, to provide insight into the plausible property fine-tuning method of BC.




Biogenesis of BC
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Figure I-1. Mechanism of BC formation by Acetobacter xylinum.

BC is a product of microbes’ primary metabolic processes. It is produced by a
species of Zoogloea, Sarcina, (Canale-Parola and Wolfe 1960), Salmonella, Rhizobium
(Napoli et al 1975), Pseudomonas (Spiers et al 2003), Escherichia, Agrobacterium,
(Matthysse et al 1995), Aerobacter, Achromobacter, Azotobacter, Alcaligenes, and
Acetobacter. The most studied and most used BC-producing bacterium specie is
Acetobacter xylinum, including the strains ATCC 23769, 10145, 53582, AX5 and many

others (Klemm et al 2001). Acetobacter xylinum is an obligate acrobe bacterium usually



found in vinegar, alcoholic beverages, fruit juices, fruits, and vegetables, and most likely in
rotting ones as well (Klemm et al 2001). The bacteria consume the sugar or carbohydrate
from fruits as their main food. BC is formed on the air-liquid medium interface when the
HS liquid medium (noted by Hestrin and Schramm, 1954, consisting of 2wt% D-glucose,
0.5wt% peptone, 0.5wt% yeast extract, 0.27wt% disodium phosphate, 0.115wt% citric
acid) and distilled water is inoculated with a strain of Acetobacter xylinum. Glucose
functions as the bacteria’s carbon source, peptone as a nitrogen source, yeast extract as a
vitamin source and citric acid and disodium phosphate as a buffer system for the medium.
The mechanism of BC formation by Acetobacter xylinum is depicted in Figure I-1
and implements as follows (Brown 1996). The bacterium extrudes linear glucan chains
from its terminal complexes that are composed of few catalytic sites of extrusion.
Approximately 10-100 linear glucan chains aggregate to form into twisting nanofibers.
Some papers (Brown, 1976, Zaar 1977) refer to the different level of aggregated glucan
chains as sub-elementary microfibrils or microfibrils, but this will be referred to
collectively as nanofibers here. The nanofiber from a single bacterial cell with a
rectangular cross section of 10-20 x 30-40A aggregate further to form a ribbon with a
diameter of about 70-80 nm. These ribbons are about 20pum long (Zaar 1977). The ribbons
are spun into the liquid medium and intertwine with ribbons from other cells to form into a
gelatinous suspension or pellicle (Brown 1996). The lateral dimension of BC increases as
bacteria grow and as the population increases. During bacterial growth, new production
sites for BC become available. Hence, the BC fibril or ribbon widens. At cell division, BC

production sites are distributed between two daughter cells, which also increases BC



ribbon width (Zaar 1977). BC fibrils aggregate due to hydrogen bonding (Brett 2000) and
Van der Waals forces. These forces cause the fibrils to interact, and they are held apart by
adsorbed water layers. When the water layers evaporate, the hydroxyl groups of fibril
chains associate irreversibly, and a highly crystalline cellulose sheet is formed (Colvin and
Leppard 1977). When compared to plant cellulose, BC ribbons are only one one-hundredth
in width (Shoda and Sugano 2005). The degree of polymerization (DP) of BC is usually
between 2,000 and 6,000 (Jonas and Farah 1998). The morphology of BC depends on the
growing culture environment. For a static culture, a leather-like pellicle of overlapping and
intertwined ribbons forms (Jonas and Farah 1998). On the other hand, an agitated medium
forms irregular BC granules and fibrous strands (Vandamme et al 1998).

The bacterium increases its population by consuming the glucose and oxygen
initially dissolved in the liquid medium. When the oxygen has diminished, only the
bacteria with access to air can continue their BC-producing activity. The bacteria below the
surface are considered dormant, but can be reactivated by using the liquid as an inoculum
for a new culture medium (Klemm et al 2001).

Given that BC is extruded as a very fine fibril, it is logical to start fine-tuning its

morphology during biogenesis. These methods are examined in the next section.

Modification of BC

Alteration of BC morphology during its biogenesis is a concept adapted from
researchers that use various polymers to investigate the facet of cellulose formation

whether in plant cell wall or in BC (see Table 1-2). As miscible polymers such as



hemicelluloses, cellulose derivatives and dyes are added into the BC-producing bacterium
growth medium, the aggregation of nanofibers is altered due to the competitive adsorption
of polymers in the medium. Polymerization and crystallization are separate mechanisms in
BC biogenesis (Haigler et al 1980). Therefore, subsequent to BC polymerization, the
polymer added in the medium can associate and co-crystallize with BC, producing an
intimately blended composite material. The modification of bacterial cells is another way
to alter BC morphology. However, this research concentrates on using miscible polymer to
alter BC biogenesis.

Manipulating BC biogenesis can be a useful approach for fine-tuning BC properties
to appropriate applications or for producing BC composites with tailored characteristics. A
few researchers have undertaken this approach, including Ciechanska (2004), who
fabricated modified BC by growing it in a chitosan-modified growth medium for wound
dressing application, and Seifert et al (2004), who produced modified BC in a
carboxymethylcellulose-, methylcellulose- and poly(vinyl alcohol)-modified medium to
produce water-content-controlled BC for medically useful biomaterials. Biogenesis
manipulation can presumably produce BC composites of nanoscale polymer interaction,
given that BC fibrils and polymer can co-crystallize during ribbon formation and the fact
that ribbon dimensions are in the nano scales. Moreover, the composites produced will
have dispersed BC fibrils, as aggregation of the fibrils is controlled, which reduces

dispersion (the major challenge in composite fabrication) (Stell, 1987).



Modification Resulting Properties or Modification (When Compared to Reference
BC growth medium with: Pure BC)
Hemicellulose
Xyloglucan -Crystallite size of fibrils changed. Uhlin et al 1995,
-Aggregation of fibrillar units into ribbon assemblies broke Yamamoto et al
down. 1996, Hirai et al
-Lower stiffness or breaking stress. 1998, Whitney et
-Increased extensibility in uniaxial tension. al 1999, Astley et
al 2003
Xylan -Ribbons were coherent, heavy bundles instead of flat and Uhlin et al, 1995
twisting.
-Ribbon width decreased as aggregation of fibril subunits was
controlled.
Pectin -Increased extensibility and decreased breaking stress Astley et al, 2003
compared to pure BC.
Phosphomannan -Fibrils are oriented in parallel. Ohad 1963, Ben-
-Aggregation time of fibrils is delayed. Hayyim and Ohad
1965, Uhlin et al
1995
Glucomannan, -Induced coalescence of fibrils and dramatic reduction of Whitney et al 1998
galactomannan crystallinity.
Other Hemicellulosic -Crystallinity of BC was modified. Iwata et al 1998
polysaccharides:
glucuronoxylan,
arabinogalactan

Cellulose derivatives

Carboxymethyl Cellulose
(CMC)

-In vivo cellulose ribbon formation prevented normal
fasciation of fibril bundles into a typical ribbon.

-Thinner ribbon width and smaller crystallite fibril size.
-Aggregates and pellicle show birefringence, and contain
crossed, superimposed layers of cellulose fibrils oriented in
parallel.

-Less resistant to stress.

Ohad 1963, Ben-
Hayyim and Ohad
1965, Haigler et al
1982,
Uhlin et al 1995,
Yamamoto et al
1996, Hirai et al
1998

Cellulose derivatives
(hydroxyethylcellulose,
methylcellulose)

-In vivo cellulose ribbon formation was altered.
-Fibril size was modified, and diameter was thinner.

Haigler et al 1982,
Hirai et al 1998

Dyes

Calcofluor White ST

-Morphology of BC is changed by preventing assembly of
fibrils prohibiting crystallization, but BC is crystalline when
dried.

Benziman et al
1980, Haigler et al
1980, Colvin and
Witter 1983,

Congo Red -Formation of the ribbon was prevented. Colvin and Witter,
1983
Tinopal -Support van der Waals force as initial step in cellulose Cousins and
crystallization. Brown, 1997
Antibiotics
Nalidixic acid, -Elongates A. xylinum cells producing thicker, larger BC Yamanaka et al,
chloramphenicol ribbons. 2000
Theinamycin, mecillinam | -Shortened A. xylinum cells producing thinner BC ribbons. Yamanaka et al,
2000




Modification Resulting Properties or modification (when compared to Reference
pure BC)
Others
Dextransucrase and -Produce soluble BC with new structure. Doman et al, 1999
alternansucrase
Lignin-carbohydrate -Crystallinity of BC modified. Iwata et al, 1998
complexes -BC is more resistant to alkali.

Table I-2. Modification of BC Biogenesis.

Research Objectives

The aim of this study is to demonstrate that BC fiber-reinforced thermoplastic
composites can be developed with engineered properties by growing BC in a growth
medium that contains the thermoplastic polymer. The polymer is expected to disrupt the
further aggregation of ribbons, producing very thin and long BC fibers that crystallize with
the polymer and form into a nanocomposite. Reinforcement of polymer with nanoscale
thin fibers produces superior composites with excellent properties (Coleman 2006) for the
product. By including the thermoplastic polymer in the medium while BC was developing,
the polymer interacts with BC in the nanoscale dimension. The produced nanocomposites
are expected to be composed of dispersed fibers. Depending on the polymer miscibility
with BC or the amount of polymer added to the medium, the nanocomposite morphology
should be diverse, resulting in diverse properties; namely, density, strength, thermal
properties, and composition. In other words, manipulation of growth medium composition
may alter material properties leading to the engineering of a nanocomposite.

Two different polymers are used in this research, namely poly(ethylene oxide)
(PEO) and poly(vinyl alcohol) (PVA). These two polymers have different molecular

structures, one which has the ability to hydrogen-bond with cellulose and one which does



not. The difference in interaction between these polymers produces different trends in
property modifications. Chapter II discusses the bacterial cellulose/PEO nanocomposite,
while Chapter III discusses bacterial cellulose/PVA nanocomposites. For each polymer,
different concentrations were applied in order to discover whether nanocomposite
engineering can be accomplished with either polymer selection or polymer concentration
variation.

In this project, two major hypothesis were proposed: that nanoscale dispersed BC
reinforces thermoplastic polymer to form into a nanocomposite, and that engineered BC
nanocomposites will be produced by BC biogenesis manipulation. Biotechnology and
nanotechnology were employed to achieve and characterize BC composites of tailored
properties. Characterization of nanoscale BC fibrils utilized Atomic Force Microscopy
(AFM) and Transmission Electron Microscopy (TEM) for physical imaging.
Compositional and molecular interaction analysis was accomplished with
Thermogravimetric analysis (TGA) and Fourier Transform Infrared (FT-IR). Finally,
thermal and mechanical properties were determined with Dynamic Scanning Calorimetry

(DSC) and Dynamic Mechanical Analysis (DMA) instruments.
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CHAPTER I1: BIOENGINEERING OF BC/PEO

NANOCOMPOSITES

Introduction

Bacterial cellulose (BC) has long been used in a variety of applications in the
paper, food and electronic industries (Jonas and Farah 1998, Miranda et al 1965, Nishi et al
1990, Shah and Brown 2005, Yano et al 2005). Owing to its high porosity, water
absorbance, mechanical properties, moldability and biocompatibility, bacterial cellulose
has recently attracted a great deal of attention for its biomedical applications (Czaja et al,
2007). For instance, bacterial cellulose has been successfully used for wound dressings
(Ciechanska et al 1998, Czaja et al 2006, Legeza et al 2005) and for vascular implants
(Klemm et al 2001, Klemm et al 1999). The potential of BC for in vitro and in vivo tissue
regeneration also continues to be explored and shows great promise (Backdahl et al 2006,
Helenius et al 2006, Svensson et al 2005, Watanabe et al 1993).

For such biomedical applications, it is highly desirable to fine-tune the properties of
the scaffold or implant to match the properties of the material it intends to regenerate or
replace (Guilak et al, 2003). To that end, researchers have engaged in augmenting
bacterial cellulose. For instance, bacterial cellulose has been soaked in hydroxyapatite to
develop a composite scaffold for bone regeneration (Hong et al 2006, Wan et al 2006).
Bacterial cellulose has also been augmented by immersion in solutions of polyacrylamide

and gelatin yielding hydrogels with improved toughness (Yasuda et al, 2005). Similarly,
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immersion of bacterial cellulose in polyvinyl alcohol has yielded hydrogels with a wide
range of mechanical properties for use in cardiovascular implants (Millon et al, 2006).

Another means of altering the properties of bacterial cellulose has been to
manipulate its biosynthesis in order to synthesize copolymers or miscible blends.
Ciechanska (2004) produced bacterial cellulose in a chitosan-enriched medium, thus
developing BC/chitosan copolymers with improved water absorbance and mechanical
properties. Seifert et al (2004) added cellulose derivatives and polyvinyl alcohol in a
culture medium yielding a composite material with improved water retention and ion
absorption capacities.

The latter synthetic approach, in which bacterial cellulose is modified with a host
polymer during biosynthesis, is particularly interesting because competitive adsorption of
the host polymer present in the culture medium can alter the crystallization of cellulose,
affording a range of morphologies (Haigler et al 1982, Hirai et al 1998, Uhlin et al 1995,
Yamamoto et al 1996). In the case of Acetobacter xylinum, glucan chain sheets are
extruded from the membrane enzymatic terminal complexes (Brown et al, 1976) into the

aqueous medium where they crystallize into 3 to 7nm wide microfibrils of cellulose I

primarily, which then aggregate into twisting ribbons with cross-sections 3-4nm x 70-
140nm (Haigler et al 1980, Yamanaka et al 2000, Zaar 1977). When a compatible polymer
is present in the culture medium, competitive adsorption of the host polymer onto the
glucan chains hinders the crystallization into microfibrils and ribbons, resulting in smaller
crystalline structures (Haigler et al, 1982). Many studies have investigated cellulose

derivatives, hemicelluloses and pectins to shed light on the biogenesis of cellulose and the
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plant cell wall (Haigler et al 1982, Hirai et al 1998, Uhlin et al 1995, Yamamoto et al
1996). As expected, BC biogenesis is altered when polymers are compatible, resulting in a
range of microfibril and ribbon dimensions, crystalline allomorphs, and crystallinity
indices.

It is therefore clear that fiber morphology can be tailored by adding a water-soluble
polymer in the culture. In particular, this biotechnological tool could be used to develop
bacterial cellulose reinforced thermoplastic nanocomposites, in which composition and
morphology may be tailored to yield desirable properties for a specific application. Yet
this potential to simultaneously tailor cellulose morphology and its dispersion into a
polymer matrix for the manufacture of nanocomposites with improved properties has been

largely unexploited.

Finely dispersed cellulose in
hanocomposite

-

Acetobacter Xylinum

Bioengineering bacterial cellulose reinforced thermoplastic nanocomposites

This research aims to demonstrate that by modifying the culture conditions of
bacterial cellulose with a thermoplastic polymer, polyethylene oxide (PEO),
nanocomposites can be synthesized with a range of chemical compositions and

morphologies. PEO is of particular interest, as it is biocompatible and water-soluble (seal
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et al 2001). By tailoring the chemical composition and morphology of the BC/PEO
nanocomposites, it is further hypothesized that properties can be fine-tuned. This goal is
of significance not only for improved utilization of bacterial cellulose in biomedical
applications, but also as a demonstration of how biotechnology and nanotechnology can be

combined to afford greater flexibility in nanocomposite manufacture.

Materials and Methods

Production of the Starter Culture

Acetobacter xylinum of the strain 23769 was purchased from American Type
Culture Collection. For the bacterium growth, the standard Hestrin-Schramm (HS)
medium was prepared and pH was adjusted to 5.0 with hydrochloric acid (Hestrin and
Schramm 1954). The starter culture was first autoclaved at 121°C for 15 minutes and then
inoculated with the bacterium strain in static conditions at 29°+1C in an incubator. After 1
week of production, the cellulose had materialized at the air-liquid interface and was

sampled for preparing the BC/PEO products.

Production of Bacterial Cellulose into Polyethylene Oxide Modified Media

5
Polyethylene oxide (M =1.10 g/mol) was purchased from Fisher Scientific and

added into the culture medium to produce 5 different culture media with PEO
concentrations of 0.5, 1, 2, 3, and 5 w/w %. After 2 days of incubation in static cultures,

some of the suspension material was used to start agitated cultures and develop a
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homogeneous cellulose/PEO product. Under these conditions, strings of materials started
appearing on the second day of growth, and were harvested by filtering with gauze on the
seventh day.

Some of the material was prepared for transmission electron microscopy (TEM) by
passing it through 400-mesh copper TEM grids. For Fourier transform infrared
spectroscopy (FTIR), transparent films were produced by flattening a few milligrams of

the harvested product into 3x3cm’ plastic bags and freeze-drying. For all other

characterizations, 7x3.3cm2 films were prepared by first freeze-drying for up to 24 hours
and then compression-molding into 1.0+0.4mm thick specimens using an hydraulic press
operating at room temperature under 4000 psi. All products were kept in vacuumed
desiccators with anhydrous calcium sulfate until characterization. Three batches of
BC/PEO products were grown for each media, yielding trireplicate samples for each
characterization technique. Weights were recorded at all stages of the sample preparation.
Control PEO samples were also prepared by placing PEO into an aqueous solution and

following the same sample preparation as for the BC/PEO products.

Transmission Electron Microscopy (TEM)

The loaded TEM grids were lightly washed with distilled water, dried and stained
with 1% uranyl acetate. TEM images were acquired at 60K and at 100K magnifications on
a JEOL 1200 EX operating at 100kV. Microfibril dimensions were computed from 5 to 10

measurements.
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Atomic Force Microscopy (AFM)

A 5x3x0.6 mm sample was retrieved from the compression-molded product and
bonded to the AFM sample disc. The sample surface was trimmed with a glass knife
mounted on a cryogenic ultramicrotome (PowerTome-X, RMC Products). Imaging was
then performed in tapping mode on a Veeco Multimode AFM equipped with a NanoScope
[ITa controller. A silicon cantilever having a resonance frequency around 200-300 kHz and
a nominal spring constant of 40 N/m was used along with a 3x3 um J-scanner. The scan
rate was 1.5 Hz and integral and proportional gains were 0.3 and 0.5 respectively. Ribbon

dimensions were computed from 5 to 10 measurements.

Thermogravimetric Analysis (TGA)

To determine chemical composition and thermal stability, the control PEO, the pure
BC and the composite products were characterized in accordance with ASTM E 113133 on
a Rheometrics STA 625. Approximately 10 to 25 mg of powder material was retrieved
from the compression molded products and placed in aluminum pans in the TGA operating

under 90ml/min N2 flow. After equilibration at 30°C for 5 minutes, the sample was heated

to 600°C at 20°C/minute, at which point only ashes remained. Raw and derivative weight
data were used to determine decomposition temperatures and associated weight losses.

Trireplicate measurements were performed.

Fourier Transform Infrared Spectroscopy (FTIR)

FTIR spectra of the neat components and the BC/PEO products were obtained in

transmission mode on a Nicolet Nexus 670 FT-IR. While the freeze-dried cellulose and
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BC/PEO products could be analyzed as thin films, the control PEO required pressing into

-1
KBr pellets. Forty scans were acquired in the 4000 — 600 cm range with a resolution of 4

-1
cm . Samples were analyzed in duplicate.

Differential Scanning Calorimetry (DSC)

Approximately 1144 mg of powder material from the compression molded
products was loaded in aluminum pans and placed in a Mettler Toledo DSC 822e¢. All
DSC experiments were conducted under N2 flow of 80ml/min and controlled cooling with
liquid nitrogen. A first temperature program was conducted to record glass transition

temperatures (T ), melting temperature (T ) and heat of fusion (AHf). Namely, after
g m

heating to 100°C at 20°C/min for 5 minutes in order to erase thermal histories, the samples
were cooled down to -100 °C at a cooling rate of 30°C/min. A second heating scan was
conducted from -100°C to 100°C at 20°C/min and thermal transitions were recorded. For
pure bacterial cellulose, the first heating ramp was conducted to 180°C in order to pyrolyze
the proteinaceous material, followed by a similar cooling to -50°C and a reheat scan to

200°C.
0
Equilibrium melting temperatures of PEO, T , were also determined with the
m

Hoffman-Weeks method (Hoffman and Weeks 1962) for the control PEO and for the
BC/PEO product obtained when the culture medium was augmented with 1% w/w PEO.
First the samples were heated to 100°C for 10 minutes to ensure complete melting of PEO,

after which they were quenched to a crystallization temperature, T , and allowed to fully

crystallize over a 30-minute period. The crystallization temperatures were 34, 36, 48, 50,
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and 52°C for control PEO, and 34, 36, 40, 42, 44°C for the BC/PEO product. The samples

were then quenched to 20°C. Upon reheating to 100°C at 20°C/min, the melting

0
temperature corresponding to each crystallization temperature was recorded and the T

m

PEO in both materials determined (Hoffman and Weeks 1962).

Dynamic Mechanical Analysis (DMA)

The compression molded samples were cut into strips of approximate dimensions

3
34x7x0.6 mm and tested in tension mode on a Rheometrics RSA II. The thermal history
of the samples was first erased by heating to 100°C, with the exception of the control PEO,
which was heated to only 55°C. The samples were then cooled to 30°C and a dynamic

strain sweep was performed at 1Hz to determine the linear viscoelastic range. The samples

-4
were further cooled (30°C/min) to -70°C. Using a dynamic strain level less than 4x10
within the linear viscoelatic range and a frequency of 1Hz, a temperature scan was then

conducted at 2°C/min to 100°C. Duplicate measurements were performed.

Results and Discussion

Morphology of Cellulose/PEO Nanocomposites

We anticipated that the modification of the HS medium with a host polymer
capable of interacting with cellulose would alter the aggregation and crystallization of
glucan chains into cellulose microfibrils and ribbons, possibly resulting in smaller and

more dispersed structures (Haigler et al 1982, Hirai et al 1998, Uhlin et al 1995,
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Yamamoto et al 1996). To evaluate PEO’s effect on cellulose crystallization into
microfibrils, TEM images of the products retrieved from the standard HS medium, and
from the HS medium modified with 1, 3, and 5% of PEO, were captured at 60K and 100K
magnifications (Figure II-1). When grown in the standard HS medium, cellulose
microfibril bundles that were 17+5nm in width formed from Acetobacter Xylinum, and this
result was slightly larger than that previously observed under static conditions (Zaar 1977,

Brown, 1996). These are referred to as nanofibers in this paper.
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Figure II-1. TEM images (60K) of bacterial cellulose/polyethylene oxide (BC/PEO) products: BC grown in
a) Hestrin-Shramm (HS) medium, b) HS medium with 1% PEO, c¢) HS medium with 3% PEO and d) HS
medium with 5% PEO.

The nanofibers then aggregated into ribbons, 94+3nm in width in accordance with
previous reports (Zaar 1977, Brown, 1996). As PEO was added to the HS medium, two
changes in the structure and morphology of BC were apparent from the TEM images

(Figure II-1). First, the nanofibers became smaller, with width of 10.0+1.6nm, 9.8+1.0nm,
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and 9.7+1.5nm with addition of 1%, 3% and 5% PEO respectively. Concomitantly, the
contour of the nanofibers gradually faded until they could no longer be distinguished in the
TEM images when grown in a 5% PEO content HS medium. Adsorption and coating of
PEO on the surface of the nanofibers could hinder the uranyl acetate from distinctively
staining the BC, thereby inhibiting contrast and observation by TEM.

A second change that occurred in the structure of bacterial cellulose as the PEO
content increased was the alteration of cellulose nanofibers into ribbons. With 1 % PEO in
the HS medium, ribbons of 49+6nm in diameter formed, and these were approximately
half the size of the neat bacterial cellulose ribbons (Figure II-1b). With the further addition
of PEO in the HS medium, the aggregation into ribbons was again no longer clear from the
TEM images, yet the nanofibers appeared to be held together by PEO.

While TEM provided information on the in vivo crystallization of cellulose,
nanofiber dispersion in the PEO matrix was further visualized with AFM (Figure 11-2).
Samples changed from having a fibrous and rough surface for neat BC to having a
smoother surface in the BC/PEO products, thereby facilitating AFM imaging. The
smallest structures that could be distinguished with AFM were the ribbons. In neat BC,
ribbons of 104+16nm in width were clearly imaged and in good agreement with the
94+3nm measured with TEM (Figure 1I-2a). As PEO concentration in the culture medium
increased from 0.5% to 5%, the composite ribbons grew smaller, from 86+9nm to 54+4nm,
until the sample became too smooth to distinguish individual ribbon contours at 5% PEO

addition. At the same time, the ribbons appeared to be bonded together into aggregates,
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whose width increased from 195+71nm to 204+50nm as the PEO content in the HS

medium increased from 3% to 5%.

Figure 1I-2. Atomic force microscopy(AFM) topographical images (3x3 pm) of bacterial cellulose/
polyethylene oxide (BC/PEO) products obtained in a) Hestrin-Shramm (HS) medium, b) HS medium with
1% PEO, c¢) HS medium with 3% PEO and d) HS medium with 5% PEO.

The morphological changes observed with TEM and AFM corroborate the
proposition that by adding PEO to the HS medium during BC synthesis, the dimensions of
the microfibrils and ribbons can be tailored.  This also confirms the fact that this
manufacturing approach allows PEO to blend with cellulose structures, whether they
aggregate in 10 nm wide cellulose nanofibers, 100 nm wide ribbons or 200 nm wide ribbon

aggregates. In other words, truly dispersed cellulose/PEO nanocomposites are
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manufactured. Clearly, by augmenting the culture medium with the desired matrix
polymer, an excellent dispersion of high aspect ratio nanofibers can be achieved,
circumventing the aggregation issue that is often encountered with other nanoscale
reinforcements such as cellulose whiskers (Azizi Samir et al, 2004, Ljungberg et al, 2005).
Fine dispersion of bacterial cellulose nanofibers into the thermoplastic matrix is
remarkable, considering that their aspect ratio is estimated at 1000 (well above the typical
cellulose whisker aspect ration of 100) (Zaar 1977, Azizi Samir et al 2005). To evaluate
whether this manufacturing approach could also be used to tailor the chemical composition

of cellulose/PEO nanocomposite, TGA was conducted.

Tailoring the Chemical Composition of Cellulose/PEO Nanocomposites

In Figure II-3, the TGA traces for control PEO, neat BC and one BC/PEO
nanocomposites are shown along with the derivative traces. The derivative traces are best
suited to determine the decomposition temperatures for each constituent, whereas the
weight traces can be used to determine the weight loss associated with the decomposition
of this constituent (ASTM E 1131). For PEO, a single degradation temperature was
clearly observed at 410+£1°C. For bacterial cellulose, decomposition involved three stages
with peak temperatures at 159+4°C, 218+4°C and 346+3°C. These three weight loss
stages were attributed to the loss of bound water, and loss of proteinaceous material from
the bacterial cells and cellulose respectively (George et al 2005). In the BC/PEO
nanocomposites, all four degradation temperatures were clearly observed, allowing
calculation of the weight percent of bound water, proteinaceous material, cellulose and

PEO (Figure II-3). In addition, the ash content was computed from the final weight.
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Figure II-3. Thermogravimetric analysis illustrating the original and derivative curves for the pure cellulose
(BC) and polyethylene oxide (PEO) (top) and for all the BC/PEO nanocomposites as a function of the culture

medium modification (bottom).

Degradation temperature (°C) Chemical composition (weigth %) BC:PEO

water protein | cellulose PEO water | protein | cellulose | PEO wiw %
Pure BC 158.5+4.1| 217.9+£3.5 | 346.4+£2.4 - 18.6+4.3 | 19.6+3.8]| 61.8+11.4 - 100:0
Control PEO - - - 410.3+0.7 - - - 100.0 0:100
BCin .5% PEO | 152.3+4.0| 219.44+5.3 | 345.7+7.0 | 425.9+£3.2 | 14.8+6.4 | 15.7£7.0| 41.1+6.4 |28.4+3.1 59:41
BCin 1% PEO | 157.842.3]210.7+25.8| 350.7+2.3 | 428.3+£3.5 | 17.0+£2.45 | 13.3+6.7| 37.0+8.2 | 32.7+3.5 53:47
BCin 2% PEO | 154.6+4.0| 218.0+1.6 | 351.4+1.8 | 428.6+0.6 | 11.1£1.5 | 13.2+1.2| 24.844.3 [ 50.9+3.7 33:67
BC in 3% PEO | 159.245.8| 222.5+3.6 | 351.6+1.7 | 427.3£1.5| 11.0£2.0 | 11.1+1.5] 17.7+4.1 | 60.2+6.3 23:77
BCin5% PEO | 160.8+1.0| 224.94+7.5 | 348.344.3 | 425.3+4.8 | 9.5+1.7 | 7.8£0.5 | 12.0+1.8 [ 70.7+3.5 15:85

Table II-1. Degradation temperature and chemical composition of bacterial cellulose (BC) and polyethylene

oxide (PEO) and their nanocomposites.

27




As expected, modification of the culture medium with various concentrations of
PEO resulted in a range of thermal stabilities (Figure II-3). This range stemmed in turn
from a range of chemical compositions. By increasing the PEO concentration in the HS
medium from 0.5wt% to 5wt%, the PEO content in the nanocomposite increased. In
parallel with the reduction in the Table 1 cellulose content, the contents in bound water,
proteinaceous material, and ash also decreased (Table II-1). This is expected, since the
bound water is linked to the cellulose and the proteinaceous material and ash contents are
linked to the bacteria cells. In fact, with the experimental conditions of this study, the
BC:PEO w/w ratio in the nanocomposites varied from 59:41 to 15:85, suggesting that any
blend composition could be attained by appropriately modifying the culture medium
(Table II-1).

It is also interesting to note that the degradation temperature of the PEO was
increased by approximately 15°C in the nanocomposite compared to the control PEO
(Figure II-3 and Table II-1). In other words, dispersion of cellulose nanofibers into the
PEO matrix increased the thermal stability of PEO. This increase in thermal stability may
have arisen from strong intermolecular interactions between PEO and cellulose nanofibers.
This thermal stabilization of PEO by cellulose contrasts with previous observations on
solvent cast cellulose whiskers/PEO, possibly indicating enhanced dispersion and
miscibility in the present biosynthetic approach.

With the ability to tailor chemical composition in the final nanocomposites, yields
of glucose conversion into cellulose and also PEO incorporation into the composite could

be computed. The conversion yield of glucose into cellulose decreased from 32% in the
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standard HS medium to the 10-20% range with the addition of PEO in the culture medium.
Simultaneously, PEO incorporation into the nanocomposites decreased from 40% to 16% ,
when PEO concentration in the HS medium increased from 0.5 to 5%.

The TGA results therefore confirm the hypothesis that the present manufacturing
approach allows tailoring the chemical composition of bacterial cellulose reinforced
thermoplastic nanocomposites. Altogether, it is clear that chemical composition, nanofiber
dimensions and dispersion in the polymer matrix can be tailored by manipulating the
growth condition of bacterial cellulose in a polymer matrix solution. This is likely also
true for PEO, because cellulose and PEO can develop favorable interactions (Kondo and

Sawatari 1994, Kondo et al 1994, Nishio et al 1989). CH2 asymmetric stretching of PEO
-1

shifted from 2890 for pure PEO to 2883cm in the BC/PEO composite, suggesting a

decrease in PEO crystallinity (Bailey and Koleske 1976) (Figure I1-4). Cellulose

-1
morphology was also altered, as evidenced by the change in the 750 and 710 cm

absorption bands that are characteristic of the I and IB crystalline allomorphs respectively
(Yamamoto et al 1996). As PEO content increased in the composite, the IB/I allomorph

ratio, measured from the intensity ratio of the respective absorption bands, increased from
1.01 for neat bacterial cellulose to 1.28 and 1.31 in BC/PEO composites (Table I1-2). The
presence of PEO in the culture medium therefore favored cellulose crystallization into the

more stable IB allomorph as previously observed with other culture modifications. The
increase in production of the IB allomorph is consistent with the observed crystallization

into finer microfibrils as PEO content increased (Yamamoto et al, 1996).

29



BC:PEQ

| BC:PEO

Absorbance
Absorbance

53:47
M

3600 3500 3400 3300 3200 3100 30 3100 3000 2900 2800 2700

Wavenumbers (cm'l) Wavenumbers (cm'l)

c BC:PEO

TN

15:85
i 23:77
i 53:47 53:47
_W -
100:0

1200 1100 1000 90( 760 740 720 700

Absorbance
Absorbance
PN o
3 R

Wavenumbers (cm™1) Wavenumbers (cm'l)

Figure 1I-4. FTIR spectra of bacterial cellulose (BC)/ polyethylene oxide (PEO) nanocomposites as a
function of BC:PEO w/w ratio.
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To further evaluate miscibility and interactions between the two polymers, the main

thermal transitions, glass transition temperatures (T ) and melting temperatures (T ), were
g m

evaluated and compared to those of the neat components. The DSC scans of the BC/PEO

composites indicated that the T of PEO and cellulose and the T of the PEO in the
g m

nanocomposites were around -50°C, 0°C and 60°C respectively (Figure II-5). The
crystallinity index of the PEO in the composite material was also computed from the heat

of fusion, using a AHf for pure crystalline PEO of 201.2 J/g (Mark, 1999) (Table II-2).
Cellulose T varied greatly between -20°C to 20°C as a result of the different water
g

contents and plasticizing effects (Salmen and Back 1977) in the nanocomposites and

therefore was not considered for evaluating miscibility. On the other hand, the T of PEO
g

was clearly detected for all nanocomposites at around —50°C, independent of composition

(Table II-2).

PEO T Cellulose PEO T
9 Tg / m "'.
, 0 B
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Figure II-5. Differential scanning calorimetry thermograms illustrating the determination of the glass
transition and melting temperatures in the nanocomposite (left) and the variation in the melting endotherm of
polyethylene oxide (PEO) as a function of the BC:PEO w/w ratio (right).
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Table II-2. Thermal transitions and other morphological characteristics of polyethylene oxide (PEO) and
bacterial cellulose (BC) in nanocomposites of varying BC:PEO ratios.

In contrast, the T and heat of fusion of the PEO was greatly reduced by the
presence of cellulose in the nanocomposites (Figure 11-5). This depression of the PEO T

of approximately 10°C was accompanied by a large drop in crystallinity from about 67%

to 21% (Table 11-2). The T and crystallinity index of PEO decreased proportionally to the

cellulose content in the nanocomposite. These results are similar to those obtained on
tunicin whiskers/PEO nanocomposites (Azizi Samir et al, 2004). In PEO/tunicin whiskers

composites, the T of PEO was unaffected by the addition of up to 30% cellulose whisker,
g
whereas the T and crystallinity index of PEO were significantly depressed by the

presence of cellulose. The diameter of the PEO spherulites was also found to decrease
from approximately 200 microns to 10 microns with addition of 10% cellulose whiskers.
This behavior was ascribed to cellulose whiskers acting has a nucleating surface for PEO,

but also sterically hindering spherulitic growth due to their fine dispersion into the PEO

6
(Azizi Samir et al, 2004). Although the PEO was of higher molecular weight (1.10 g/mol)
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than in the present study, similar morphological effects likely contributed to the depression
in melting temperature and crystallinity in the BC/PEO nanocomposites. That is, in
presence of bacterial cellulose, PEO crystallization was hindered by the dispersion of
cellulose nanofibers yielding smaller and less stable crystals. Aside from morphological
effects, the depression in melting points may have also arisen from thermodynamic effects

of miscibility between cellulose and PEO (Kondo and Sawatari 1994, Nishio et al 1989).

741 e PEO

721 v BC:PEO = 53:47
— Tm = TC
70 A

68
66

Tm (°C)
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60 -

20 30 40 50 60 70 80
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Figure II-6. Hoffman-Weeks plots for determining the equilibrium melting temperatures in control
polyethylene oxide (PEO) and in a bacterial cellulose (BC)/PEO nanocomposite.

Molecular interactions and miscibility in polymer blends are best evaluated in the
framework of the Flory-Huggins theory (1953) of polymer miscibility and the

thermodynamic interaction parameter o that is calculated from depression in the

0 0
equilibrium melting temperature, T . In that objective, the T of PEO in the control
m m
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PEO sample and also in the nanocomposite with BC:PEO w/w ratio of 53:47 was
evaluated with the Hoffman-Weeks method (1962). As expected the melting temperature

(T ) increased linearly with the crystallization temperature (T ) (Figure 11-6). Linear
m C

regression of the data and extrapolation to T =T yielded both the stability parameter, ¢,

0
and the T according to the equation for isothermal crystallization (Hoffman and Weeks
m

1962, Nishi and Wang 1975):
Ty -T,=¢, -T.)
A stability parameter of 0.22+0.04 and 0.24+0.05 was thus obtained in the control
PEO sample and in the nanocomposite respectively, comparable to the value of 0.24+0.07
obtained on water cast PEO with a similar molecular weight (Fuller et al, 2001). Positive

stability parameters indicated relatively unstable crystals. More importantly, the similarity

0

in stability parameters in both systems indicated that any difference in T was due to
m

0
thermodynamic rather than morphological effects. In the control PEO, T was calculated

0
at 74.1°C, in accordance with the literature (Fuller et al, 2001). In the nanocomposite T

was depressed to 70.1°C, supporting the hypothesis of exothermic interactions between
PEO and BC in this system. To further evaluate the magnitude of the exothermic

interactions in the blend, X, was estimated from equilibrium melting temperature

depression:

%n —%0 = —R(V,, | AH,)[Inv, IV, +(1/V, =1/V,)v, + Bv} / RT, ]

i
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0
In this equation, T is the equilibrium melting point of PEO and T is the

observed equilibrium melting point of PEO in the nanocomposite). Subscripts 1 and 2
refer to cellulose and PEO, respectively, and v is the volume fraction, V the molar volume,

V2 the molar volume of the repeating units of PEO, AH2 the enthalpy per mole of

u

repeating units of PEO, B the interaction energy density and R the gas constant. V1 and
V2 are large, and hence the entropic contribution to melting point depression could be

neglected (Nishi and Wang, 1975), leaving only the enthalpic contribution to equilibrium
melting point depression as:

R = e AR VB
The Flory-Huggins interaction parameter was then determined from B as:

BzRTm(Zu/Vlu)

3
Using densities of 1.51 and 1.09 g/cm (at 75°C) for cellulose and PEO (Nishio et
al 1989) respectively the volume fraction for the BC:PEO blend was computed and the

melting point depression was plotted against volume fraction. The slope of the plot
3
allowed calculating B using AH /V2 =240 J/cm, and finally, o using V1 =107 cm /mol

as determined from the molar mass and density of cellulose (Nishio et al 1989, Mark

1999). A slope of 17.3°C was thus calculated, yielding a o of —1.90 at 75°C. Although

this negative value should be taken with caution, considering the number of data points, it
is consistent with previous observations of thermodynamic miscibility in PEO/cellulose

blends with %, at -0.67 (Nishio et al, 1989) and at -0.4 (Fuller et al, 2001). In the BC/PEO
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nanocomposite, however, the negative magnitude of the o is much greater than that

previously observed in solvent-cast blends (Kondo and Sawatari 1994, Nishio et al 1989),
suggesting that the integrated manufacturing approach used in this study allowed for
greater exothermic interactions than in solvent-cast blends. Additional Van der Waals
forces and H-bonds may augment the enthalpic contribution to miscibility in the BC/PEO
nanocomposites (Kondo and Sawatari, 1994). The existence of additional intermolecular
interactions is also consistent with the increased thermal stability of PEO observed in the
BC/PEO nanocomposites, in contrast with previous studies on water-cast blends of

cellulose whiskers and PEO (Azizi Samir et al 2004).

Physical and Mechanical Properties of BC/PEO Nanocomposites

Pure bacterial cellulose dries in the form of irregular granules and fibrils that have a
coarse structure and are remarkably brittle. In contrast, the nanocomposites were in the
form of fibrous material that could be easily molded into resilient and bendable films. The
surface topography of the nanocomposites changed with chemical composition. As the
BC:PEO ratio decreased from 59:40 to 15:85, the nanocomposites became smoother, with
RMS roughness dropping to the subnanometer level as measured from AFM (Figure 11-7).
This indicated that in the nanocomposites, the surface roughness may be tailored from
chemical composition, which may be of particular interest for biomaterial applications that

require specific surface properties and adhesion.
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Figure II-7. Root mean square roughness bacterial cellulose (BC)/polyethylene oxide (PEO) nanocomposites
as a function of BC:PEO w/w ratio.

The linear mechanical behavior of the nanocomposites was also evaluated in tensile
mode under dynamic loading (Figure II-8). Note that neat bacterial cellulose was not
tested, as it was too brittle to be handled. The storage modulus of both pure PEO and
cellulose/PEO nanocomposites decreased slightly, from -70°C to about 60°C, with no

apparent T (Figure II-8). Interestingly, the nanocomposites with higher BC content had
g

higher sub ambient modulus, although the differences were small. As the melting point of
PEO approached around 60°C, the dramatic drop in E’ that was observed in the control
PEO was significantly reduced by the cellulose reinforcement. Again, the modulus drop
decreased with increasing cellulose content in the nanocomposites. At a BC:PEO ratio of
59:41, there was almost no noticeable drop in E’ at the melting point of PEO. Clearly,
cellulose provided significant thermal stabilization of PEO properties. A similar behavior
has been observed in tunicin whiskers/PEO nanocomposites, and was ascribed to the

formation of a rigid percolating cellulose nanocrystals network (Azizi Samir et al, 2005).
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The much greater aspect ratio of bacterial cellulose (1000) compared to tunicin
nanocrystals (70) may further explain the large reinforcing effect in BC/PEO

nanocomposites. The lower crystallinity index in nanocomposites having higher cellulose

content also likely contributed to the observed stabilization.
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Figure II-8. Storage tensile modulus E’ versus temperature at 1 Hz for nanocomposites of varying BC:PEO
W/w ratios.

Conclusions

The potential of manipulating the biogenesis of bacterial cellulose to produce fiber-
reinforced thermoplastic nanocomposites of controlled chemical composition, morphology
and properties was demonstrated. By modifying the culture medium of bacterial cellulose
with various concentrations of polyethylene oxide, nanocomposites were produced with

BC:PEO w/w ratios ranging from 15:85 to 59:41. As PEO content increased, the cellulose
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crystallized into smaller nanofibers (20 to 10 nm in width) and smaller ribbons (100 to
50nm in diameter) that were finely dispersed into PEO and formed 200 nm wide ribbon

aggregates. At the same time, the IB cellulose allomorph became more prominent and the

crystallinity and melting temperature of PEO decreased. The morphological modifications
of PEO are ascribed to the fine dispersion of cellulose nanofibers into the PEO matrix, but
also to strong intermolecular interactions such as H-bonding, as demonstrated by FTIR and

by the negative thermodynamic interaction parameter X12=—1.9O. As expected, the thermal

and mechanical properties of the nanocomposites depended on chemical composition and
morphology. Regardless of cellulose content, the thermal decomposition temperature of
PEO increased by 15°C. When tested in tension, BC effectively reinforced the PEO matrix
in the glassy and rubbery states, and most significantly, above the melting temperature of
PEO. The reinforcing effect was proportional to the cellulose content. Surface roughness

was also significantly reduced with increasing PEO content.
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CHAPTER I11: BIOENGINEERING OF BC/PVA

NANOCOMPOSITES

Introduction

Bacterial cellulose (BC) has gained considerable attention for its very broad
potential applications that include membranes, food, textile, chromatography and
biomaterials (Jonas and Farah, 1998). BC’s exciting application in biomedicine such as in
vascular prosthetic devices (Charpentier et al, 2006), skin substitutes (Czaja et al, 2007),
artificial blood vessels (Klemm, 2001) and other organ substitutes provide the motivation
for this project. For BC to be suitable for such applications, some of its properties must be
fine-tuned to match the essential attributes necessary for biomedical use. For example,
BC’s strength have to be manipulated for organ substitutes, and its porosity shall be
manipulated for biological separation media (Rezwan et al, 2006).

The main objective of this research is to demonstrate that BC’s unique properties,
such as its fiber morphology, density, thermal and mechanical characteristics can be
schemed by manipulating its biogenesis. This objective has already been demonstrated in a
previous study that used poly(ethylene oxide) (PEO) to modify the growth medium of BC-
producing bacterium. In the present study, poly(vinyl alcohol) (PVA) is used. PVA has
OH groups and can hydrogen bond with cellulose. Also, its structure and solubility
parameter is much closer to that of cellulose, suggesting that greater miscibility may be
attained in the PVA/cellulose system compared to the PEO/cellulose system. Molecular

structures of PEO, PV A and cellulose are shown in Figure III-1.
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Figure I1I-1. Molecular Structures of cellulose and PVA.

The solubility parameter (3), which is the square root of cohesive energy density,
provides an indication of possible miscibility and intermolecular interactions between two
polymers, as it accommodates three types of interaction forces: dispersion (d), polar (p)
and hydrogen bonding (h). Polymers with similar solubility parameters can develop
intermolecular interactions or are miscible. One approach to determine solubility
parameters is to use the theory of functional group contributions (VanKrevelen and
Hoftyzer, 1976). Equations and computation of (3) and Ad (differences in 6 of BC and
PEO or PVA) are detailed in Appendix C. A value of A6 <5 means that the two polymers
are miscible. Table III-1 enumerates the computed 6 and AJ, using the Hoy method
(VanKrevelen and Hoftyzer 1976). The difference in the solubility parameter between PEO
and BC is much larger than 5, so only minor interactions are expected between the two
components. The value of Ad for PVA and BC is only 3.9, and thus a close interaction and

significant miscibility is expected when these two polymers are blended. Miscibility is
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known to affect characteristics of nanocomposites, such as thermal properties (Simon,

2003).
Material Solubility A8 (J/em®)'?
parameter ()
(/e m3)1/2
BC 31.9
PEO 21.4 15.6
PVA 28.8 3.9

Table I1I-1. Solubility parameters.

The objective of this study is still to demonstrate that BC/PV A nanocomposites can
be engineered. The difference in interaction and miscibility between BC/PEO and
BC/PVA will be investigated to see how the interactions affect the nanocomposite
properties. The aim 1is to develop alternative methods in bioengineering BC
nanocomposites. These methods include polymer amount variation and polymer type
selection. To select a polymer, solubility parameters can be used to predict miscibility,

which in turn shall predict the trend of property modification.

Materials and Methods

Production of the Starter Culture

Acetobacter xylinum of the strain 23769 was purchased from American Type
Culture Collection. For the bacterium growth, the Hestrin-Schramm (HS) medium was

prepared with 2wt% D-glucose, 0.5wt% peptone, 0.5wt% yeast extract, 0.27wt% disodium
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phosphate, 0.115wt% citric acid (monohydrate) in distilled water, and the pH was adjusted
to about 5.0 with hydrochloric acid (Hestrin and Schramm, 1954). The starter culture was
composed of 150 grams of water, and the remaining HS reagents placed in a 250ml
Erlenmeyer flask and autoclaved at 121°C for 15 minutes. Then this was cooled down and
inoculated with the bacterium strain. The inoculated medium was incubated at room
temperature. The starter culture produced in this way was grown in a static environment
for approximately 1 week, at which time a thin cellulose film had materialized at the air-
liquid interface. The thin film was taken out, and the bacteria-rich medium was used for
subsequent growth of the cellulose in the HS media, modified with PVA grown in batches.
A batch consisted of 250ml Erlenmeyer flasks, each holding 150 grams of water, as well as
HS reagents and varied amounts of PVA inoculated with A. xylinum bacterium that was
typically grown for about 7-10 days. For every batch, a starter culture was cultivated

statically to use for subsequent batches.

Production of BC in the Poly(vinyl alcohol)-Modified HS Media

Acros Organic PVA with average molecular weight of 22,000 was purchased from
Fisher Scientific. In order to produce BC/PVA materials with a range of chemical
compositions, the HS media were modified with 1, 2, 3, 4, 5, 7 and 9wt% PV A, amounting
to 7 different media conditions. The modified media were first autoclaved in a method
similar to that used with the starter culture, and bacterial incubation was then statically
conducted. After 2 days of incubation, a thin pellicle had developed. This was retrieved
and squeezed with long tweezers to extract and recover the bacteria-rich suspensions.

These bacteria-rich suspensions were used to start magnetically stirred cultures of the PVA
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modified BC. In this case, stirring is necessary to keep PVA dissolved and distributed in
the liquid medium, and to promote interactions and co-crystallization with BC during its
growth. Under these conditions, cloud-shaped materials started appearing on the second
day of growth. After 3 to 7 days, the medium was filled with a white cotton-like substance.
The product was harvested by filtering the growth medium with gauze to gather the
product. A drop of the product (enough to coat the TEM grid for the TEM analysis) was
added. This formed transparent, thin films that were pressed between two 3x3cm’ plastic
cellophane for the FT-IR examination. Removal of the bacteria from the product with
alkali or other methods (George et al, 2005) was not attempted, as this study intends to
evaluate the intact structure of the composites resulting from such incubation conditions.
Instead, the products were washed thoroughly with distilled water and placed in
rectangular plastic bags measuring 3.3x7cm’. The molded products were stored in a freezer
for 24 hours, and then freeze-dried for 12 to 24 hours. The dried products were weighted
to obtain the conversion of glucose and PVA, then flattened into thin sheets of thickness
0.7+0.2mm in a small hydraulic press with a pressure of about 2.76 x 10" N/m* for
characterizations. All products were kept dried in vacuumed desiccators with calcium
sulfate until characterization. At least three batches of BC and PVA modified BC were
grown, of which one batch consisted of seven media conditions, Therefore, at least three

replicates of data can be obtained in the characterization of each modified BC.

Transmission Electron Microscopy (TEM)

To evaluate the cellulose fiber structure and dispersion during biosynthesis, TEM

images were obtained for wet samples that were set in the 400-mesh copper TEM grid.
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The loaded grid was lightly washed with distilled water, dried and stained with 1% uranyl
acetate. Images were acquired at 60K magnification on a JEOL 1200 EX operating at
100kV. The diameters of cellulose nanofibers were measured and averaged from 5-10

measurements. Duplicate samples were imaged.

Atomic Force Microscopy (AFM)

To further assess the nanofiber and product morphologies, in particular the phase
domain sizes and dispersion, the dry materials were imaged by AFM. Around 3 x 5 x
0.7um rectangular-shaped sheet of freeze-dried product was glued into an AFM sample
disc with Permatex PermaOxy glue. Using an RMC Products PowerTome-X
ultramicrotome with a CRX cryosectioning system, the top of the sample was trimmed
with a glass knife to produce a smooth surface. AFM image scanning was then performed
in a tapping mode under open air on a Veeco Multimode instrument operating with
NanoScope IIla Version 5.30r3sr3 software. The scanner used was a J scanner, and the
tapping tip was aVeeco MPP-11100 silicon tip with a cantilever frequency resonance of
around 200-300 kHz and a nominal spring constant of 40 N/m. The scan rate was 1.5 Hz,
and the scan size was 3um x 3um, with an aspect ratio of 1. Integral and proportional gains

were 0.3 and 0.5 respectively. Two AFM images were obtained for each sample.

Fourier-Transform Infrared Spectroscopy (FT-IR)

To determine the chemical composition of the produced cellulose/PVA
nanocomposites, a calibration model was developed with FTIR based on known mixtures

of PVA and microcrystalline cellulose . Namely, microcrystalline cellulose obtained from
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Fisher Scientific and PVA were dissolved in distilled water in known w/w % and pressed
into thin transparent films between 3x3 c¢cm’ plastic sheets. To evaluate the composition
and specific interactions developed between PVA and BC , FT-IR spectra of neat PVA and
PVA modified BC products were also analyzed. Thin films of BC and PVA modified BC,
prepared as described in the production section, were freeze-dried for a maximum of 8
hours, producing very thin, transparent films. PVA powder was blended with KBr to form
into pellets. The samples were then frozen for 8 hours and freeze-dried for another 8 hours.
The dried transparent films and pellets were analyzed in a Nicolet Nexus 670 FT-IR
machine under transmission mode. For each sample, 40 scans were acquired in the 4000 —
600 cm™' range with a resolution of 4 cm™ Three replicates of each known mixtures were

obtained.

Thermogravimetric Analysis (TGA)

To determine the degradation temperatures (Tq4ee), the dried products were
characterized with TGA in accordance with ASTM E 1131 (1988). Measurements were
performed on Rheometrics STA 625 equipped with RSI Orchestrator software and
operating under a constant flow of nitrogen gas at a rate of 90ml/min. Samples used are the
sheets of modified BC’s that were previously pressed, then cut into very tiny strips and
pieces. Approximately 10 to 25 mg of the dried product was placed in aluminum pans and
submitted to a two-step heating program. The samples were first equilibrated at 30°C for 5
minutes and subsequently heated to 500°C at 10°C/min, at which point only ashes
remained. Similar measurements were performed on the neat PVA powders and pure BC

sheets to determine their degradation temperature. Derivative data of temperature versus
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weight percent were used to obtain Ty as these were not very distinct in the raw data.

Three data sets were obtained.

Dynamic Scanning Calorimetry (DSC)

Approximately 11+4 mg of dried product was loaded in a DSC aluminum pan and
placed in a a Mettler Toledo DSC 822e, operating with the STARe software. The sample
of BC and nanocomposite consisted of diminutive strips cut from the previously pressed
sheet, and the PVA was powder. Each sample was first heated from 25°C to 250°C at
30°C/min. Heating above the T, of PVA and the Tys of both materials allowed prior
thermal histories to be erased. The sample was then cooled down to -20°C at a 30°C/min
cooling rate. Once the prior thermal history had been erased, the sample was heated, from
-20°C to 250°C, at a 20°C/min heating rate, and Tgs and T,ys were recorded. T, was taken.
as the temperature corresponding to 50% of the transition or the inflection point of the heat
flow, while T, was determined from the minimum of the melting endotherm peak.
Throughout the DSC experiments, the cell was purged with N2 gas at a flow rate of

80ml/min and cooled by liquid nitrogen. Three replicate data sets were obtained.

Dynamic Mechanical Analysis (DMA)

Samples that were previously pressed with a pressure of 2.76 x 10’ N/m” in the
small hydraulic press were cut into strips of dimensions 34+2 x 7+1 x 0.7+0.2 mm. The
samples were tested in the tension mode on a Rheometrics RSA II instrument with TA
Orchestrator software. First, the samples were quickly heated (30°C/min) from 20°C to

150°C to erase any previous thermal histories, and then cooled back to 30°C. A dynamic
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strain sweep was performed at 1Hz to determine the linear viscoelastic range (LVE). This
was defined by the strain region, which showed less than a 5% reduction in the initial E’.
After the strain scan, the samples were cooled (30°C/min) to -20°C. Following a 1 min
soak time at -20°C, a temperature scan of maximum strain level 3x10™ was conducted
from -20°C to 250°C at 3°C/min at 1Hz. The storage modulus (E’) and tan delta traces
obtained during that scan were recorded. E’ before T, was defined to be the average E’ in
the temperature range of -20°C to 40°C and E’ after T, was the average E’ between

temperatures 70°C to 250°C. Duplicate data were obtained.
Results and Discussion

Production Results

Because production of the nanocomposites was conducted to obtain just enough
samples for characterization, the growth setup was cultivated only for 7 to 10 days. From
this period of growth, a maximum glucose conversion of 51wt% was attained. On the other
hand, for PVA, a maximum of 17wt% was developed into nanocomposite. A longer
growth period or the idea of recultivating the growth medium was contemplated to produce

higher conversion of the components.
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Figure III-2. Actual and calculated weighted average density vs. PVA initial amount

PVA wt% in HS medium Density (mg/mm’)
BC 0.61+0.19
2 0.70+0.12
3 0.84+0.12
5 0.85+0.18
7 0.83+0.07
9 0.92+0.06
PVA 1.09+0.06

Table III-2. Density of BC, PVA and BC/PVA samples.

Densities of the products were plotted vs. initial PVA values in Figure I1I-2, and
numerical figures are listed in Table I1I-2. Determination of density was done by cutting a
rectangular sheet from the previously pressed samples of dimensions 17+6 x 71 x

0.7£0.2mm and weighing it in a digital scale with 0.0mg precision. The dimensions;
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length, width and thickness were acquired with a digital caliper of precision 0.00 mm.
Density was taken as weight over volume. Three replicates were obtained for each sample.
Densities showed increasing trend as PVA amount in the medium increased. The formation
of BC with PVA formed a denser material compared to pure BC. When compared to the
computed weighted average density, the data seemed to follow the trend. Going back to the
solubility parameter, it was predicted that PVA would have a greater interaction than PEO,
yet the result of density trend showed otherwise. BC/PEO nanocomposites densities were
higher than the computed average, implying that there was closer interaction than
BC/PVA. This result should be investigated further.

Investigation of BC and PVA interactions and how the nanocomposites form was
done by determining product morphology, compositions, chemical interactions, and

thermal and mechanical properties. Characterizations are presented in subsequent sections.

Morphology of BC/PVA Nanocomposites

It was expected that BC nanofibers would have modified morphology as PVA was
added to its growth medium. Figure I1I-3 shows that BC grown in medium without PVA
had the widest nanofibers, 17.1+5.2nm and nanofibers aggregated into ribbons of diameter
94.0+£31.0nm. The individual nanofibers observed were much thicker than observed by
Zaar (1977), which had the diameter of 30 to 40A, but the ribbons were almost the same
dimension as observed here. The individual nanofiber width observed could possibly be
aggregated thinner fibers that Zaar observed, and this was perhaps not detected because of

resolution limitation and the difference in time length of BC development. Zaar
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investigated the BC fibers after 5 hours of incubation, while the fibers in this research were

subjected to TEM after 10 days of development.

Figure III-3. TEM Images of BC and PVA modified BC. A)control BC. BC grown in medium with B)1wt%
PVA C) 5wt% PVA D) 9wt% PVA.

When PVA was added into the growth medium, specifically 1, 5 and 9 wt
percentages, the nanofiber diameters shrank to 10.6+1.6, 9.8+1.6, 9.7+1.2 nm for the
respective PVA percentages. The smaller nanofiber widths with PVA addition confirmed
that BC nanofiber formation was influenced by the addition of PVA in the medium. The
aggregation of nanofibers was barely detected in Figure III-3B for BC grown in the

medium with 1wt% PVA. The ribbons had a diameter of 43.44+6.8nm, half of the pure BC
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ribbon size, and this size corresponded to the results obtained by Millon and Wan (2006).
The nanofiber aggregation diminished when BC was grown in the medium with 5wt% and
9 wt% PVA, as seen in Figure III-3C and Figure III-3D. PVA had been predicted to
interact extensively with BC, as both have the ability to hydrogen bond because of the their
OH group (molecular structures in Figure III-1). This interaction can initially be seen in
TEM images as PVA disrupted agglomeration of nanofibers into ribbons. Yet, considering
the previous work of BC-PEO nanocomposites, the dimensions of BC diameters are almost
the same, thus the predicted close interaction between BC and PVA is not evident from the
nanofiber crystallization and sizes observed with TEM. To additionally inspect the
morphology of BC and PVA combination, the dried products were examined with AFM.
AFM images are shown in Figure I11-4.

Distinguishable ribbon diameters for BC and modified BC grown with 1wt% PVA
were 104+16nm and 61+6nm respectively. These dimensions are about 10-20% larger than
the ribbons measurements from TEM images, but this may have been the BC ribbons
wrapped by PVA in the dried state of the product. The BC grown in the medium with
Iwt% PVA had ribbons oriented parallel (Figure III-4B). This phenomenon has been
observed in other instances when a cellulose derivative was added to the growth medium
(Ben-Hayyim and Ohad 1965). The cellulose derivative was carboxymethyl cellulose, a
polymer that, like PVA, has a potential to hydrogen bond with BC. Thus, the molecular
structure of the additive polymer can influence arrangement of ribbons in the dried
product. As shown in Figure I1I-4C-D, BC grown in 5 and 9 wt% PVA did not provide

significant morphological information because the surfaces were flat and smooth. Possibly
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the ribbons were too small to be perceived, or that the PVA wrapped the nanofibers and
covered the contours. Perhaps a new sample preparation or AFM setup should be done to
get better images. BC/PEO nanocomposite seemed to be a lot more fibrous in surface when
compared to BC/PVA, since BC nanofibers in PEO can be seen distinctly in AFM even

with initial amount of PEO of 5wt%.

Figure I1I-4. AFM image. A)BC, ribbon width=104+16nm. BC grown in HS medium with B)1wt%PVA,
ribbon width=61+6nm C)5wt% PVA D)9wt% PVA.

57



The root mean square Roughness, rms (R), was computed to determine changes in
surface texture with increasing PVA content. The roughness of 2.9+1.1, 1.2+0.2nm,
0.6+0.2 and 0.8+0.0 were taken for BC grown in 1, 5 and 9wt% PVA in the HS medium
respectively. In other words, the modified BC was smoother due to the addition of PVA.

TEM and AFM initially attested that PVA could have interacted with BC during
BC biogenesis, as shown by the change in its physical morphology. But the questions
remains as to whether a composite would be formed as a final product from this. The

composition was investigated using FT-IR.

Chemical Compositions of BC/PVA Nanocomposites

In the previous study on cellulose/PEO nanocomposites, the chemical composition
was determined from TGA, but TGA data of BC/PVA samples cannot provide such
information, since there was only one degradation temperature that appeared for both.
TGA results will be discussed in a later section.

To determine composition, characteristic IR absorption bands of each component
were identified. These absorption bands, unique to bacterial cellulose and PVA, could be
detected in the composite at 1160cm™ and 850cm™ respectively. To get the correlation
between the characteristic bands and chemical composition, a plot of absorption band area
ratios (Aj160/Asso) vs. composition data was obtained. The data was fitted using modified

hyperbola with 2 parameters in SigmaPlot version 9software. The graph and fitted curve is

shown in Figure I1I-5 with the equation: y = axx where a=268.2, b=3.086, x is Aj160/Asso,

1+b
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where y is the wt% of cellulose and r* is equal to 0.960. This equation could be used to get
BC wt% of the products with the assumption that the product was composed only of BC
and PVA and not accounting for the bound water and proteinacious materials. The
composition obtained will only be an estimation, as the cellulose used to get the standard
equation is not BC. The interactions between BC with PVA and microcrystalline cellulose
with PVA could likely be different. However, the fitted equation should provide a
reasonable estimation of PVA and BC compositions. Computed composition of the
product is enumerated in Table III-3 and also plotted in Figure III-5. Evidently, as the
amount of PVA was increased in the medium, PVA composition in the dried product also

increased (Table III-3).
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Figure III-5. Calibration and product data from FT-IR for chemical composition analysis.
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PVA in HS BC final wt% | PVA final wt% | BC:PVA ratio
medium (wt%) (w:w%)
1 85.9+0.3 14.1 86:14
2 83.3+0.4 16.7 83:17
3 77.5+£4.2 22.5 78:22
4 70.34£0.2 29.7 70:30
5 69.0+3.6 31.0 69:31
7 58.0+0.3 42.0 58:42
9 26.1+9.1 73.9 26:74

Table I1I-3. Composition of BC/PV A nanocomposites.

The compositional analysis verified the formation of composites, so in the next
section, the interaction between PVA and BC will be investigated to see if a nanoscale

interaction occurred in the composites.

Evaluation of Molecular Interaction and Crystallinity of BC/PVA Nanocomposites

and Its Influence to Thermal Properties

The whole and expanded FT-IR spectra revealing characteristic absorption bands
of BC, PVA and PVA modified BC’s are shown in Figure I1I-6. The characteristic bands
that appeared or perceived to have shifted were listed in Table I11-4. BC O-H stretching is
characterized by the sharp absorption band at wave number 3348cm™ and the band slightly
shifted to 3347cm™ for all the BC/PVA samples. O-H stretching for PVA was represented
with a broad absorption band centered at 3375cm™. As seen in Figure II1-6, as the amount
of PVA increased, the O-H stretching band broadened. This broadening was due to

intermolecular hydrogen bonding between PVA and BC that was also seen in PVA-soaked
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cellulose (Majumdar 2005). A big shift in the C-H stretching frequency of PVA was seen
from 2943cm™ to 2937cm™ when BC was grown in medium with 9wt% PVA. The
intensity of this absorption band had consequently dwindled and eventually became a
shoulder comparable to plain BC as the amount of initial PVA decreased. This big shift of
the C-H stretching absorption band, also seen in a precipitated cellulose and PVA blend
(Salama et al 2004), could be a simultaneous effect of the shifting peak of the isotactic
stereosequence vibration (Pritchard 1970) from 850cm™ of PVA to 83lcm™ of the
nanocomposites. This shift could indicate a change in morphology or crystallinity of PVA
as its isotactic stereosequence was altered. The peak at 1730cm™ is not expected from the
PVA structure and it may represent a C=O stretching which may have arisen from the
unpolymerized vinyl alcohol. The C=O stretching peak decreased and broadened as less
PVA was added to the growth medium. The peak at 1144cm™ that was assigned to skeletal
motion of C-O and C-C stretching in the PVA crystal correlated to the degree of
crystallinity of PVA (Pritchard 1970, Salama et al 2004). It disappeared with BC-PVA

blend, likely indicating that PVA crystallinity diminished in the presence of cellulose.

BC peak w/ 1% initial w/ 5% initial w/ 9% initial PVA (cm™) Assignment (Oh
(cm™) PVA (cm™) PVA (cm™) PVA (cm™) et al 2005)
(Pritchard 1970)
3348 3347 3347 3347 (wide) 3375 O-H stretching
2942 2942 2942 (shoulder) | 2937 (medium 2943 (strong C-H stretching
(shoulder) (shoulder) peak) peak)
- 1733 1733 1733 1733 C=0
1160 1160 1160 1160 - COC stretching at
B-glycosidic
linkage
- - - - 1144 C-Cand C-O
stretching of PVA
- 841(vague) 841 (wide) 831 (wide) 850 Skeletal vibration
of isotactic PVA

Table I1I-4. FT-IR characteristic peaks of BC, PVA and BC/PV A samples.
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Figure III-6. FT-IR spectra of BC, PVA and BC/PVA samples. Characteristic peaks are highlighted with
dotted lines.
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The rest of the peak, namely 1160 and 850 cm™', corresponded to the presence or
absence of BC or PVA in the sample. Since all peaks appeared in the products, it verified
that composites are produced. These peaks accordingly describe the sample’s composition
as discussed in the previous section.

FT-IR showed molecular interactions between PVA and BC through hydrogen
bonding and crystallinity change. This was observed in the change of C-H stretching and
bending at the absorption bands around 2900 and 800cm™. A change in PVA crystallinity
was also detected through the disappearance of an absorption band characteristic of PVA
crystals.

To evaluate, verify, and analyze the effects of the assumed interactions,
crystallinity changes and thermal properties were inspected with Thermal Gravimetric
Analysis (TGA) and Dynamic Scanning Calorimetry (DSC).

TGA data for BC, PVA and BC/PVA nanocomposites are shown in Figure I1I-7,
with the derivative in Figure III-8 and the list of Tge, in Table III-5. The bound water and
proteinaceous materials evaporated and degraded at ~150°C and ~220°C respectively, as
shown by the first two peaks in the left (Figure III-8). The Ty, of BC and PVA are
346.4+2.4°C and 319.0+6.7°C respectively. Moreover, as the amount of BC in the
nanocomposites increased, its Ty, also increased from 319.1+1.1°C of BC:PVA ratio
26:74 to 336.1+2.2°C of BC:PVA ratio 87:13. This increase in Ty confirmed the
enhancement of thermal stability of PVA as other paper had found also that clay
nanocomposite can have the same effect on PVA (Yu et al, 2003). The thermal

stabilization could be induced by the interaction of BC and PVA specifically the hydrogen
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bonding observed from FT-IR. The Tg., of PVA can therefore be adjusted by changing the
amount in the growth medium.

Miscibility of cellulosic blends had been investigated by Nishioka and coworkers
(1998). They noted that when there is decrease in thermal stability for cellulose, this
suggests good compatibility between cellulose and polymer. They had found out that there
was no alteration in Tge, for blend of cellulose from softwood pulp and PVA, indicating no
significant miscibility, which is very different from what was seen in the result of the
current research. It is obvious then that good miscibility between PVA and BC is seen here

and that there should be an intimate mixing between the two to cause changes in Tyeg.
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Figure I1I-7. TGA data of BC, PVA and BC/PVA nanocomposites.
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BC:PVA ratio | Water Tgeg Proteinaceous | Nanocomposite
materials Tgeq Tdeg

BC 158.5+4.1 217.94£3.5 346.4+2 .4

83:17 145.6+1.6 216.3+£17.8 336.1+2.2

78:22 147.7£2.2 210.7£0.7 336.0+0.7

69:31 147.2+3.2 211.9+£12.8 334.2+2.6

26:74 152.2+4.1 221.545.4 319.1£1.1

PVA 319.0+6.7

Table III-5. Degradation temperatures obtained from TGA for BC, PVA and BC/PVA materials.

To further evaluate miscibility and interactions between the two polymers, the main
thermal transitions, T, and Ty, were evaluated and compared with those of the neat
components by DSC. A change in T, in the blend compared to the neat component would

be indicative of miscibility within the amorphous phase. Alternatively, a change in the
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PVA Ty, would indicate that BC fibers alter the crystalline morphology of PVA, suggesting
intimate mixing in the crystalline phase.

When two polymers are blended, the thermal transitions vary depending on the type
of interaction that takes place between the two polymers. The shift of glass transition
temperature (T,) is a good measure of miscibility in the amorphous phase, whereas the
appearance of individual unchanged T, indicates immiscibility (Simon 2003). As seen in
Figure III-9, in the temperatures between 40-60°C together with the numerical data in
Table III-6, Ty’s of the nanocomposites increased with increasing amount of BC. T,’s of
pure substances; BC and PVA are 198.4+2.5°C and 61.8+4.6°C respectively. The T,’s of
nanocomposites increased from 78.4+1.3°C of BC:PVA=26:74 to 101.3+12.8°C of
BC:PVA=86:14. This rise could be attributed to the confinement of PVA molecules due to
their intimate interaction with BC that in turn prevented its segmental motions as also seen

with clav nanocomnosite-PV A blend (Yu et al 2003).
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Figure I1I-9. DSC data of PVA, BC and BC/PVA samples. Melting temperature (T,,) is highlighted with
dotted lines and glass transition temperatures (T,) with arrows.
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Sample T, (°C) Tm (°C) Crystallinity
Index
BC 198.4+2.5 - -
BC:PVA=86:14 101.3+12.8 - -
BC:PVA=69:31 92.5+1.8 - -
BC:PVA=58:42 81.6+2.3 162.7+6.2
BC:PVA=26:74 78.4+1.3 165.4+4.1 0.09
PVA 61.8+4.6 184.5+1.8 0.14

Table I11-6.T,, and T, data from DSC.

Likewise, as BC content increased, the melting endotherm of PVA became less
prominent and broader, and eventually disappeared when BC:PVA was 69:31.
Additionally, Ty, decreased with increasing cellulose content. Neat PVA had a distinct Ty,
at 184.5+1.8°C and it decreased to 165.4+4.1°C and 162.68+6.2°C in the nanocomposites
with BC:PVA equal to 26:74 and 58:42 respectively. The T, depression and the
broadening of the endotherm peak denoted that the ordered association of PVA molecules
into crystalline structures was hampered by BC. Depression in the melting point may arise
from a morphological change (smaller and less stable crystals) or from thermodynamic
favorable interactions (miscibility). In previous studies, Ty, depression in similar blends
investigated by Nishio and coworkers (1989) and by Park and coworkers (2001)) were also
observed, and ascribed to the favorable interaction due to hydrogen bonding between
cellulose and PVA.

The miscibility of BC and PVA in the amorphous phase was clearly evident in the
appearance of one T, in the nanocomposite samples as well as T, variation with

composition. Miscibility in the crystalline phase can also be assumed with Ty, depression.
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This means that there is a very tight interaction between the two polymers in both
amorphous and crystalline phases, where hydrogen bonding could have played a major
role. The disappearance of melting endotherm in the nanocomposites with higher BC
contents means that the crystalline order of PVA was disrupted in the presence of BC. The
crystallinity index (Table III-6) of PVA decreased from 0.14 of pure PVA to 0.09 for
BC:PVA=26:74, denoting that using about 26% of BC in the nanocomposite can reduce
the crystallinity of PVA by almost 65%.

To quantify the interaction in crystalline phase, the melting point depression can be
analyzed to determine thermodynamic interaction parameter (y;2). However, T,, appeared
only on compositions with high PVA. Determining the equilibrium melting temperatures
would be challenging as the melting endotherm broadened significantly with BC:PVA
ratio 58:42. Nishio and coworkers (1989) did measure y;, and they obtained a value of -
0.948, indicating that enthalpic contributions to energy of mixing did influence the Ty,
depression and that this was not just due to morphological changes. From the result of ¥,
in the BC/PEO computation, where ;2 of BC/PEO had a higher negative number than that
of wood pulp cellulose/PEO by Nishio and coworkers (1989), it is predicted then that y;»
for BC/PVA would have higher negative value than —0.948. Therefore, the interaction of
PVA and BC did alter the crystalline part of PVA and thermodynamic effects of
miscibility is assumed.

Since there was a significant change in T,’s, amorphous interaction can be
quantified with the Gordon-Taylor equation. This empirical equation (Equation 1) takes on

the principle of ideal volume-mixing of the two components in a blend, and shows that the

68



changes in the coefficients of thermal expansion of glassy or rubbery components are
constant as the blend is subjected to elevated temperatures (Gordon and Taylor, 1952). The
principle applied to the amorphous component of polymer is that if the mixing of the two
polymers was ideal, there would be no change on each of its volume and free volume. On
the other hand, if there was interaction between polymers, its decrease in free volume
would result in a change in the thermal expansion coefficients. In Equation 1, w refers to

weight fraction, T, to glass transition temperatures, 1 and 2 refers to PVA and cellulose

Ay — agz

a _agl

respectively and k is (where a is the coefficient of thermal expansion, r

and g refers to rubbery and glassy state). In the absence of a values, k can be determined

by linear best fit of experimental T, vs. W%vl (T gz —T,) (Ahn et al, 1997). The k value can

be related to the strength of interaction between the components in miscible blends--the
lower its value, the weaker its interaction. The determination of the Gordon-Taylor k value
is shown in Figure III-10. T, shifting in wood pulp cellulose-PVA blend observed by
Nishio and Manley (1988) was plotted with BC-PVA T, data for comparison. The BC-
PVA k value was 0.11 (r*=0.83) and wood pulp cellulose-PVA k value was 0.09 (1°=0.99).
The k values were low when compared to other polymer blends (Ahn et al 1997, Gordon
and Taylor 1952), indicating that cellulose and PVA has a lower interaction than other
studied blends. But the blends they investigated were chemically reacted copolymers such
as butadiene/styrene (Gordon and Taylor 1952) and polybenzimidazole/polyimides, so the
k values were about 0.2 to 3. Yet, when comparing BC-PVA and wood pulp cellulose-

PVA interaction, it seemed that BC-PVA had a slightly higher interaction. This could be
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due to the likelihood of PVA interacting with greatly dispersed and high aspect ratio BC
nanofibers. Molecular weights of PVA for BC-PVA and wood pulp cellulose-PVA were
22,000 and 78,000 respectively, and this difference could also affect the interaction

between PV A and cellulose.

Tg _Tgl
W2 = 2 1
k(Tg —Tg)+Tg —Tg

Equation 1. Gordon-Taylor Equation.
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Figure I11-10. Gordon-Taylor Equation fitting to BC-PV A products and Nishio and Manley (1988) wood
pulp cellulose-PVA data.

Molecular interaction, crystallinity alteration and amorphous phase interaction
between BC and PVA were seen by FT-IR peak, Ty, and T, shifting in different

compositions of BC-PVA composites. It had been established therefore by molecular
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interactions and thermal properties that as varied amounts of PVA were added to the BC
growth medium, the properties of the sample diverged from the properties of pure
components. In the next section, mechanical properties are investigated to see how this

property changed as nanocomposite compositions changed.

Mechanical Properties of BC/PVA Nanocomposites

BC:PVA of ratios 26:74 and 78:22 were submitted to mechanical testing, as shown
in Figure III-11. It can be seen that with final wt% ratio BC:PVA=26:74, the storage
modulus (E’) was 3.1e8+1.7e8 Pa, which is only about 30% of the BC:PVA =78:22 E’
(listed in Table I1I-7). The pattern of E’ observed is also seen in other works such as PVA
blended with methyl cellulose (Park et al, 2001) and clay (Yu et al, 2003). Although the
numerical values were not identical, the sudden decrease of E” at PVA T, occurred. Nishio
and Manley’s (1988) blend of wood pulp cellulose and PVA obtained a higher storage
modulus as their samples had E’ close to 10"’ Pa. E’ values can reflect interaction of
components in the blend yet the difference in instrumentation can be a factor of E’ value

difference since Nishio and Manley used a viscoelastometer.

71



1.4e+9

0.8

12049 - L e i,

1.0e+9 1

8.0e+8

E' (Pa)

4.0e+8 A

6.0e+8

2.0e+8

0.0

—— BC:PVA=26:74
....... BC:PVA=78:22

Tan delta

100

150

Temperature (C)
Figure I1I-11. DMA data of BC/PV A nanocomposites. Arrows pointed out T,, of samples.

250

BC:PVA E’ (Pa) before T, | E’ (Pa) after T, | T, (°C) Tm (°C)
78:22 9.5¢8+4.3e8 4.5e7+1.7¢7 57.1+0.5 175.1+1.7
26:74 3.1e8+1.7e8 2.7e7+0.4e7 77.8+£0.7 187.7+3.1

Table I11-7.Storage modulus, T, and Tm data of BC/PVA nanocomposites from DMA.

It can be noted from Table I11-7 that the trend in E” after T, was the same as before
T,, and that the nanocomposites with higher amounts of BC had higher E’. The
improvement of mechanical property, as demonstrated by the increase in E’, can
presumably be influenced by the change in BC spherulite form (Kai and Kobayashi, 1992).
This is considering that nanocomposites with approximately only 13wt% PVA
unexpectedly had a high E’, while E’ for pure BC was unobtainable as it was too brittle to

have even the slightest strain. This aforementioned spherulite change can occur when BC
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is grown in a medium with PVA (Kai and Kobayashi, 1992). Thus, another aspect that can
be tailored by modifying growth medium is spherulite configuration.

The peaks of tan delta data in Figure III-11 represented relaxation temperatures
namely T, exhibited by the bigger peak and T, by the smaller peak (Park et al, 2001).
These temperatures were determined by taking the highest value of each peak since the
data seemed too noisy. The T, trend in this instrumentation was opposite from DSC for it
increased with an increasing amount of PVA, whereas it was the opposite in DSC. This
ambiguous result could be attributed by the noisy data of tan delta. A thorough
investigation of T, with DMA would have to be performed to understand the trend seen
here. Meanwhile, the Ty, trend corresponded to the DSC data but the values from this
instrumentation were around 20°C higher, which could presumably be a consequence of
the different operating mechanisms of the two instruments. Otherwise, Ty, depression was
demonstrated again, verifying that there should be an alteration in the crystalline

configuration of PVA as a result of BC and PVA intimate interaction.

Conclusion

One of the main objectives of this paper is to demonstrate that physical, chemical,
thermal and mechanical properties can be fine-tuned by modifying the growth medium of
the cellulose-producing bacterium with a varying amount of PVA. Starting with the
physical attributes, TEM images verified decrease of nanofiber widths in the wet state.
AFM demonstrated a parallel orientation of nanofibers in the dry state. As expected,

chemical compositions varied as the amount of PVA in the medium varied. FT-IR
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established hydrogen bonding between BC and PVA, which subsequently may have
resulted in thermal stabilization of PVA, observed by TGA and Tg and Tm alteration of
the nanocomposites. Miscibility of BC and PVA was very apparent with the alteration of
Taee. Amorphous phase interaction was noted in the appearance of a single T, and verified
by the Gordon-Taylor equation, resulting in a k value higher than 0. Crystalline phase
interaction between BC and PVA was seen in two methods. First, crystalline PVA was
modified as revealed by DSC when Ty, gradually vanished, and second, by FT-IR as PVA
crystalline absorption peak disappeared with increasing amounts of BC in the
nanocomposites. Mechanical properties increased with an increasing amount of BC in the
nanocomposites. These results indicated that the properties were altered and therefore can
be engineered.

Another objective of this paper is to demonstrate that with the aid of solubility
parameters, interaction of BC and polymer can be approximated. That is, when two
polymers are considered, values of solubility parameters should give an initial perception
of how the properties will change. Here, the most significant change was in thermal
properties. Solubility parameters predicted extensive interaction and miscibility for BC and
PVA, as both can hydrogen-bond, hence their blend produced products having only one T,
and Tgeg. In contrast, PEO and BC solubility parameters predicted minor interaction, which
showed immiscibility as its nanocomposites had separate T, and Tyeg.

In effect, BC properties can be tailored by either modifying the growth medium
with various amounts of polymer, or by designating the appropriate polymer. These

multiple methods of tailoring provide an advantage, especially when a specific application
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is implemented with two situations that could occur--that is, where either the choice of
polymers is limited or unlimited. When polymer choice is limited, BC modification can be
done by controlling the additive amount. When it is unlimited, solubility parameters can

initially narrow down the choices.
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CHAPTER IV: CONCLUSION

Summary of Research Findings

The two expected outcomes from this research were 1) to manufacture BC
fiber/thermoplastic nanocomposites having nanoscale dispersion, and 2) to gain useful
knowledge on the engineering of the properties of BC nanocomposites. To achieve these
objectives, BC was grown in media that were augmented with different amounts of
thermoplastic polymers, polyethylene oxide (PEO) and polyvinyl alcohol (PVA).

As seen in TEM and AFM, both BC-PEO and BC-PVA nanocomposites were
comprised of fibers having nanometer scale diameters and micron scale length that create a
high aspect ratio (length/diameter) BC reinforcement, which is a trait favorable to
nanocomposite properties. Chemical composition of the composite and morphology were
therefore easily tailored from the growth conditions (Table 1V-1 and Table IV-2). The
ability to tailor the chemical composition and fiber morphology allowed the development
of a range of material properties such as melting and softening behaviors, thermal stability,

dynamic tensile behavior, surface roughness, and density (Table IV-1 and Table 1V-2).
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ND: Not detected

c PEO in HS medium 0 0.5 1 2 3 5 PEO
= | (wt%)
g | BC:PEO ratio of 59:41 53:47 33:67 23:77 15:85
S | dried product
© | composition (w:w%)
BC fiber size in wet 17.1, 10.0, 9.8,ND | 9.7,ND
-. | state (nm) 94.0 48.8
S | (nanofiber, ribbon)
£ | BCribbon size in 104 86 54 ~204
‘26 dry state (nm)
PEO Crystallinity 0.21 0.36 0.49 0.49 0.67
Index
E’ before T, (Pa) 2.70x10° | 2.71x10° 2.78x10° | 2.36x10° | 2.23x10°
= | Surface Roughness 2.9 14 0.9 0.8
S gl (om)
£ £ | Density (mg/mm?°) 0.61 0.81 1.06 0.96 1.04 0.73
£ S| T, (°C) (PEO) -50.1 -49.7 -48.4 -48.4 -51.0 -52.4
‘% 0| Tgeq (°C) (BC, PEO) | 3464, - 345.7, 350.7, 3514, 351.6, 348.3, -,410.3
o 425.9 428.3 428.6 427.3 425.3
T (°C) (PEO) 59.8 61.7 63.2 66.1 68.1 68.1
Table IV-1. BC-PEO nanocomposite properties.
PVA in HS 0 1 2 3 4 5 7 9 PVA
S medium (wt%)
§ BC:PVA ratio of 86:14 | 83:17 | 78:22 | 70:30 | 69:31 | 58:42 | 26:74
=3 dried product
S composition
(W:w%)
BC fiber size in 17.1, | 10.6, 9.8, 9.7,
- wet state (nm) 94.0 43.4 ND ND
S (nanofiber, ribbon)
£ | BCribbon size in 104 61
g dry state (nm)
PVA Crystallinity ND ND ND 0.09 0.14
Index
E’ (Pa) (before Ty) 9.5 3.1
= x10° x10°
o @ | Surface Roughness | 2.9 1.2 0.6 0.8
2 £ | om)
€ S| Density (mg/mm®) | 0.61 0.70 | 0.84 0.85 | 0.83 | 092 | 1.09
% 2| T4(°C) 198.4 | 101.3 92.5 81.6 78.4 61.8
o Taeq (°C) 346.4 | 336.1 336.0 334.2 319.1 | 319.0
Ta (°C) (PVA) ND ND | 162.7 | 165.4 | 1845

Table IV-2. BC-PVA nanocomposite properties.
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The variation of density is an illustration on how properties changed with polymer
selection and concentration. The density trend was different for the two polymers and this
is also pertinent to other properties, especially Tm, Ty and Tgeg. There is a melting
depression for both PEO and PVA, but T, for PVA diminished as more BC was present in
the product and subsequently, only one Ty and Tgeg had arisen for BC/PVA materials.
Chemical composition and mechanical properties followed the same trend, as they
increased with an increase in the amount of BC in the nanocomposites. The variation of
BC nanocomposite properties suggest that these properties could be engineered to match a
desired application.

Although there has been significant work on cellulose/PEO and cellulose/PVA
composites (Azizi Samir 2005, Nishio and Manley 1988) demonstrating a variation in
properties with PEO content, previous work differed in the nature and dimensions of the
cellulose reinforcement. In particular, the aspect ratio (length/diameter) of BC nanofibers
that reinforce the thermoplastic polymers differs. The tunicin cellulose used by Azizi
Samir et al (2005) has an aspect ratio of 70. The predominantly used microcrystalline
cellulose produced from hydrolyzed cellulose source has a varying aspect ratio depending
on the source. For example, cotton is 40 and tunicin whisker and paper is around 60 (Azizi
Samir et al 2004, Podsiadlo et al 2005). With the BC produced in this research, the aspect
ratios of individual nanofibers and ribbons are around 1200 and 220 respectively, assuming
the 20um length reported by Zaar (1977). The aspect ratio can be higher when BC-

thermoplastic polymer nanocomposite forms as polymer disrupts the further formation of
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thick ribbons. This high aspect ratio indicates very intimate interaction between the two
composing polymers, which subsequently leads to advantageous engineering of the
nanocomposites.

The present findings also differ from the work of Ciechanska (2004) and Seifert
and coworkers (2004), which also produced BC-nanocomposites by manipulating the
biogenesis of BC. In their work, static cultures were used that would likely result in
heterogeneous products, and a systematic change in chemical composition and properties
was not attempted. In the present research, stirring was employed that is assumed to yield
homogeneously dispersed nanocomposites.

This research is therefore the first demonstration of the manufacture of
BC/thermoplastic nanocomposites in which 1) cellulose fibers with an aspect ratio of over
1000 are dispersed in a thermoplastic matrix and 2) chemical composition and properties

can be systematically varied, yielding a range of properties and performance.

Future Works

Of the wide potential applications of BC, its utilization in biomedicine is very
promising, especially for scaffolds, implants, tissue and organ regeneration. This research
is an initial step to producing functional biomaterial for these applications. A detailed
diagram of requisites to achieve the biomaterial for biomedicine application is shown in
Figure IV-1, taken from the review written by Seal and coworkers (2001). Using bacterial
cellulose will minimize the biocompatibility challenge, as this already has been effective as

a skin substitute. Also, BC is characterized by porosity and high mechanical strength in a
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wet state. Thus it is only a matter of fine-tuning the degree of these characteristics to

conform to the required properties.

Factors to Consider When Designing a New Biomaterial

Required
Mechanical Properties

Reguired —‘—J L——-- = Reguired
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nd Medicine

Figure 1V-1. Illustration of how some material, biological, medical and engineering properties must be
integrated to achieve successful biomaterials for tissue regeneration (Seal et al 2001).

There are many avenues of exploration as a result of this research, namely, i)a
study for a specific application in biomedicine, such as blood vessel or dura mater
application; ii) production kinetics and conversion studies of BC; iii) modeling the trend of
property changes as a function of growth medium composition; iv) in-depth
characterization of the products in a specific environment or state, either wet or dry; v)

utilizing surfactants so non-water soluble polymers can be used, as well as many more.
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One of the main questions to emerge when considering the utilization of BC in an
application is the production yield. There is no mass production method for BC yet, but a

few attempts for improvement are listed in Table 1V-3.

Ways to improve BC production References

Addition of plant extracts to medium Webb and Colvin,
1963

Addition of endoglucanase to the medium Tonouchi et al, 1995

Addition of insoluble microparticles such as diatomaceous earth, silica, Vandamme et al, 1998

small glass beads, and loam particles to submerged agitated culture.

Growing BC in shake flask culture with polyacrylamide-co-acrylic acid. Joseph et al, 2003

Addition of ethanol in agitated culture. Shoda and Sugano,
2005

Table 1V-3. Ways of improving BC production.

These means of improving production would be helpful for the development of BC
as a biomaterial for biomedicine applications. Currently, there has not an efficient enough
production method for BC, making mass amount applications challenging. Although the
target application is in the high value, materials and mass production are not a necessity,
and a sufficient amount of the product must be produced for this to be economically
efficient. To utilize BC for biomedicine applications, property manipulation and

production improvement must be addressed.
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APPENDIX A: PRODUCTION OF BC/THERMOPLASTIC

POLYMER NANOCOMPOSITES



Images of Production setup

Figure A-1. Incubation in magnetically-stirred environment.

Figure A-2. Stringy material adhered to the Teflon stirrer instigate growth of product.
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Figure A-3. Image of the bottom of the Erlenmeyer flask. The white cotton-like material is the product.

Figure A-4. Product ready for harvest.
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Images of Dried Products

Figure A-5. Freeze-dried and flattened nanocomposites.

88



APPENDIX B: BC/PEO NANOCOMPOSITE DATA



TEM Images

Replicates images from TEM

Widths(nm)
Individual fibrils 17.1+5.2
ribbons 94.0+31.0

Figure B-1. TEM images of BC in unmodified HS medium.

Widths(nm)
Individual fibrils 10.0+1.6
ribbons 48.8+6.0

Figure B-2. TEM images of BC in 1wt% PEO1-modified HS medium.
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Widths(nm)
Individual fibrils 9.8+1.0
ribbons -

Figure B-3. TEM images of BC in 3wt% PEO1-modified HS medim.

Widths(nm)
Individual fibrils 9.7+15
ribbons -

i ,A . I: & -_ 3
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Figure B-4. TEM images of BC in 5wt% PEO1-modified HS medium.
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AFM Images

Replicate images of AFM. The area inside the rectangular white outline is the region where

bearing and roughness were analyzed.

- 21.2nm

0nm

Image is 5 X 5um

Figure B-5. AFM image of dried BC grown in unmodified HS medium.

92



20.0 nm

Image is 2 X 2um

Figure B-6. AFM image of dried BC grown in unmodified HS medium.

Both image are 3 x 3um

Figure B-7. AFM Images of dried BC grown in 1wt% PEO1-modified HS medium.
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Both image are 3 x 3um

Figure B-8. AFM Images of dried BC grown in 3wt% PEO1-modified HS medium.

Both image are 3 x 3um

Figure B-9. AFM Images of dried BC grown in 5wt% PEO1-modified HS medium.
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Computation of Equilibrium Melting Temperature

(Using MatchCad)

From experimental line Tm vs Tc, let al = slope, bl = intercept, x1 = Tc and y1 = Tm
and the line isyl = al*x1 +bl
From theoretical line, lety = Tm, x = Tc and the line isy = X

To determine the equilibrium temperature, the experimental line and the theretical line has to
intercept or meet, thus an extrapolation has to be done so that x = al*x1 + bl and find x=x1

CALCULATION!

Pure PEO1

Giver

alpeo1X%PE0L * PlPEOL= XPEO!

Ypeo1:= Find(Xpgqy)

Ypgo1 = 74.087C Teq of PEO1

With 1wt% initial PEO1
Giver

Yac_peo1=Find(Xgc peoi)

YBC_PpEO1= 70-816C Teg of BC/PEO1 sample
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Calculation of y;,

Molecular weights of repeating units:

Tm_blend =70.8C
Density:
=152
PBC= 17 (Nishio et al 1989)
cm
PPEOL= 1.099—"‘3 (Nishio et al 1989)
cm

Enthalpy of fusion

3 J
AHf, :=8.8510 —
PEO1 mol

(Mark 1999)

From the blend:
Mass per 1 gram of blend:

mBC = OS:QIT

Volume fraction of BC:
VBC

VBCT T
VBC * VPEO1

96

Equilibrium Temperatures

1621 9M
Mwpe:=16211 "1 (Nishio et al 1989)

Molar volume of repeating units:

Mw 3
Ve iz —2C Vi = 107.3515M
BC BC mol
PBC
MWpgQ1 cm’

PPEOL mol

Volume per of each component in 1 gram blend

VBC™ R Vpe = 0.351cm

PBC BC = T-ooem
VPEO1™ beot VpEqq = 0.431cm:
PPEOL PEO1= DAiem



2
Fromthe plotof vgc  vs AT =Tyg pEo1~ Tm blend

slope :=17.28C

Vpeo1 )
PEOL ) 2

SO|Verr0m AT:_TmO_PEOI F D'V C
PEO1)

B = interaction energy density characteristics

of the two components

slope cal

B— 51126 B--12211%
VpeO1 ) omd omd

AHfpEQ] )

B:=

_TmO_PEOI[

Solving the thermodynamic interaction parameter *1Z

Xlz\ . _
B=RT| — T:=(75+ 273K at 75C same with Nishio 1989
V)
BC)
R:=831—
K-mol
_ BVgc
2= Ry
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Production Yield

Initial PEO wt% in W1t% D-glucose Wt% PEO
HS medium conversion conversion
0.5 15 40
1 13 22
2 14 29
3 14 31
5 7 16

Table B-1. Wt% conversion of D-glucose to BC and PEO1 to nanocomposite.
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APPENDIX C: BC/PVA NANOCOMPOSITE DATA



TEM Images

Widths(nm)
Individual fibrils 17.1£5.2
ribbons 94.0+31.0

; ‘e"\ PR ~‘ & ()r

Figure C-1. TEM Images of BC grown in unmodified HS medium.

Widths(nm)
Individual fibrils 10.6+1.6
ribbons 43.4+6.8

Figure C-2. TEM Images of BC grown in 1wt% PVA-modified HS medium.
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Widths(nm)
Individual fibrils 9.8+1.6
ribbons -

Figure C-3. TEM Images of BC grown in 5wt% PV A-modified HS medium.

Widths(nm)
Individual fibrils 9.7+£1.2
ribbons -

Joe : & v ' ,‘ | . ' : -: i - o -

Figure C-4. TEM Images of BC grown in 9wt% PV A-modified HS medium.
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AFM Images

The area inside the rectangular white outline is the region where bearing and roughness

was analyzed.

Figure C-5. AFM images of dried BC grown in 1wt% PVA-modified HS medium.

0 nm

Figure C-6. AFM Images of dried BC grown in Swt% PV A-modified HS medium.
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Figure C-7. AFM Images of dried BC grown in 9wt% PV A-modified HS medium.
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FT-IR Data

Calibration FT-IR data (microcrystalline cellulose/PVA blend)

PVA

\
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1300 1200 1100 1000 900 800 700

Wavenumbers (cm™)
Figure C-8. Ajj65/Asso from FT-IR data of microcrystalline cellulose/PVA blend as calibration to use for
composition analysis of the produced BC/PV A nanocomposites.

Wit% cellulose Aj165/Asgso
10 0.022+0.006
30 0.11040.037
50 0.159+0.049
70 0.6984+0.130
90 9.476+0.447

Table C-1. Known cellulose wt% and A1165/A850 values for calibration to use for compositional analysis of
produced BC/PVA nanocomposites.
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Production Yield

Initial PVA wt% in Wt% D-glucose Wt% PVA
HS medium conversion conversion
1 30 3
2 44 3
3 35 4
4 51 8
5 55 8
7 38 9
9 17 17

Table C-2. Wt% conversion of D-glucose to BC and PVA to nanocomposite.

Solubility Parameter Computations

(Using MathCad)
Cellulose
4 CH,OH
*, (@]
(@) 5 0
HO 2 *

Parameters for functional groups taken from VanKrevelen and Hoftyzer 1976.

Ft_CHZ =266 Ft_CH = 17¢ Ft_OHprim:: 675
Fp cH2=C Fy cpi=0 Fp OHprim =67
Vg = 15.5¢ Ve = 9.5¢ VoHprim= 124!
At cpp =002 A cg=00L AT OHprim= 0-04
Ft_OHsec =591 Ft_O =235

Fpy OHsec = 59! Fy o :=21¢

VOHsec = 12.4: Vo= 6.4:

AT_OHsec :=0.04¢ AT_O =0.01¢
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Functional groups
CHz =1

Hoy Calculation

OHprim =1

OHSec =2

Fy= CHZ'Ft_CHZ + CH'F'L_CH + OHprim' Ft_OHprim+ OHsec'Ft_OHsec + O'Ft_O

Fo=CHyF, cap+ CHF, cp + OHyiny B oHprim * OHsec Fp OHsee + O'Fp 0

V:=CHy Vepp + CH- Ve + OHprim' VOHprim+ OHgee-VoHsee + O'Vo

Ap=CHyAr cpp+ CHAT g+ OHpriny AT OHprim* OHsec AT OHsec + OAT 0

777 A
o =
\%
F, + —
Spe: { o
BC- v
1
F \2
8 BC=9BC 5
F, + —
t n)
dgc = 31.906

n:

0
A

5

—

84 BC = (

B:=277

2 2
5gc ~ % BC ~ % BC
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PEO

e
I. 2

CH,—/O
I'n
Functional groups
CHz =2 O:=1
Hoy Calculation

Ft = CHZFt_CHZ + OFt_O

Fp = CHZFP_CHZ + OFp_O

AT = CHZAT_CHZ + OAT_O

77747

a =

(=}

>
—

W

B:=277

1

oc—l\2

8 PEO = SPEO'(
_ « )

84 PEO = (

2 2
Spg0 8 PEO ~ Sh PEO
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PVA

CH,—CH
OH | ,
Functional groups
CHy =1 CH:==1 OHgee =1

Hoy Calculation
Fo=CHyFy cpp+ CHF oy + OHgee Fy OHsec
Fpi=CHyFp cpp+ CHF, cp + OHgec By OHsec

V= CH2VCH2 + CH: VCH + OHSCC 'VOHSCC

A1 :=CHyAr cpp+ CHAT cy+ OHgeo AT opgec

777A 0.5
o= ni=-— =27
\% T
. 1
Fi+— 2
n
o = = 1\
PVA™= " S pvA = SPVA'(
_ o )
1
Fp 3 2 3
) =0 | = i
b PVA = OPVA B 2 ? ?
Fi+ — ) % pvA =\%PVA ~9 PVA ~% PVa
n

8, pya = 16342 34 pva = 14887

cm?®

b
Unitsofé‘)is( J )2
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Ad

1

2
2

Adgc pEO= [(Sd_BC - 8d_PEo)2 + (Sp_BC - 8p_PEo) + (Sh_BC - Sh_PEO)ZJ

1

) 2

ABgc pyA‘= [(6d_BC - 5d_PVA)2 + (6p_BC - 5p_PVA) + (511_}3(: - 6h_PVA>2i|

ASpc pEo= 15:568
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