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Abstract

This report provides a summary of technical papers present-
ed at the Nanotechnology in Wood Composites Symposium
held at the USDA Forest Products Laboratory in Madison,
Wisconsin, May 18, 2011. Papers in this report included

the oral presentations and posters that explore the adapt-
ability and applicability of using nanocellulose as a potential
resource to create value-added commodities and innovative
bio-based composites. Presenters from around the world
reviewed nanotechnology applications in developing and
improving forest products in the past, present, and future. A
variety of nanomaterials are obtained from wood, including
nanofibrils, nanocrystals, lignin particles, and extractives.
Most research efforts focus on developing continuous, high-
performance composite reinforcement from cellulose nano-
fibrils; improving performance and value-added features of
existing wood-based composites; developing coatings and
additives for improved durability of wood composites; and
developing films and membranes with tailored mechanical
and barrier properties, sensing capabilities, and
biodegradability.
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Executive Summary

Nanotechnology has enormous promise to bring about
fundamental changes and significant benefit to the forest
products industry. Cellulose is the most abundant and inex-
haustible natural polymer, with an annual production in the
biosphere of about 90 billion tons. Use of nano-dimensional
cellulose in nanocomposites will allow the production of
much higher performance materials to replace nonrenew-
able metal and plastics, with widespread application in the
forest products and other industries. This report compiles
technical papers presented at the Nanotechnology in Wood
Composites Symposium held at the USDA Forest Products
Laboratory in Madison, Wisconsin, on May 18, 2011. The
objective of this symposium was to provide information
recognizing that the values of wood and bio-based materi-
als at the nanoscale are virtually untapped and have huge
potential for the economy. Wood-derived nanomaterials will
offer new revenue streams with high-value-added products.
Presenters from the world reviewed nanotechnology appli-
cations in developing and improving forest products in the
past, present, and future. Future needs and challenges for
applying nanotechnology in forest products require the abil-
ity to develop chemical and mechanical methodologies for
converting nano-fibrillated cellulose into user-friendly forms
and pilot-plant scale-up and industrial collaboration to refine
and demonstrate the technology.
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Extended Abstract

Nanotechnology is the understanding and control of matter at dimensions of roughly 1 to
100 nanometers. where unique phenomena enable novel applications. Encompassing
nanoscale science. engineering and technology, nanotechnology involves imaging,
measuring, modeling. and manipulating matter at this length scale. Nanotechnology
research and development (R&D) in the U.S. is high priority research across all segments
of science and engineering since the enactment of the National Nanotechnology Initiative
(NNI) in 2001. The forest products industry in the U.S. developed a nanotechnology
research roadmap in 2005 and more recently in 2010, recognized the study of cellulose-
based nanomaterials as a signature research initiative. Nanotechnology research
roadmaps have been developed and applied to forest products globally. Research focus
areas for nanotechnology applications in forest products include: polymer composites and
nanoreinforced materials; self-assembly and biomimetics: cell wall nanostructure;
nanotechnology for sensors, processing and process control; and analytical methods for
nanostructure characterization.

At first glance, applications of nanotechnology in forest products might appear to be a
relatively new development, but in actual fact. nanoscale materials have been used in the
production of sized and coated paper for over a century. Colloidal materials which are
systems consisting of a mechanical mixture of particles between 1 nm and 1000 nm
dispersed in a continuous medium, usually water, are commonly used in paper chemicals,
as well as in paints and coatings to protect wood. The terminologies used to describe
nanomaterials become important because the term nanotechnology was first coined in
1974. Even though the term nanotechnology is relatively new, we have been in fact
utilizing nanomaterials in production of man made materials for many centuries and a
number of good examples can be found in the popular scientific media including glazings
for pottery, carbon nanofiber reinforced steel, emulsions for food, ete.

In considering nanotechnology and forest products, we can apply nanomaterials to forest
products in the form of coatings, biocides and modified resins or we can derive
nanomaterials from wood. Nanomaterials derived from renewable biomaterials like wood,
especially cellulose and lignin, will undoubtedly play a large role in future
nanotechnology research efforts. High profile nanotechnology applications in forest
products include optically transparent cellulose nanofiber paper and optically transparent
cellulose nanocomposites for flexible LED displays. Wood protection applications have
been a significant focus of nanotechnology including the utilization of nanobiocides and
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nanocarrier delivery systems in wood preservatives. Wood coating applications of
nanotechnology are now becoming common in the consumer marketplace where coatings
with improved scratch and abrasion resistance, hydrophobicity, ultraviolet light blocking
and dust free surfaces are touted by commercial manufacturers.

Cellulose nanomaterials are a large focus of research across the world as evidenced by
four comprehensive literature reviews appearing in the peer reviewed literature in 2010.
Cellulose fibers on the nanoscale are prepared in four different forms: 1) bacterial
cellulose nanofibers, 2) cellulose nanofibers by electrospinning, 3) micro- or nano-
fibrillated cellulose plant cell fibers, and 4) nanorods or cellulose whiskers. Processing
techniques have a significant impact on the adhesion properties of the resulting cellulose
nanofibers in composite material applications. The behavior of cellulose surfaces in
polymers as well as their interaction with different chemicals is of great importance in
their current and future applications in nanocomposites. The mechanical performance of
nanocomposites, for instance, is dependent on the degree of dispersion of the fibers in the
matrix polymer and the nature and intensity of fiber-polymer adhesion interactions.
Challenges in the scale-up of producing commercial quantities of cellulose nanofibrils for
materials applications include: scalable homogenization processing methodologies,
adequate methods to dry the fibrils and maintain the nanoscale dimensions, and reduction
in energy requirements and production costs.

Future needs of nanotechnology in forest products include the ability to have scalable
nano-manufacturing by adapting conventional manufacturing processes or developing
novel process equipment. For example, a goal might be to adopt papermaking processes
where we currently self assemble wood cells on the micron and millimeter length scale at
60 miles per hour (100 kilometers per hour). Novel composite manufacturing processes
will need to be developed for automobiles, adhesives, ballistic applications, coatings,
biomedical applications as well as drug delivery. Concerns, challenges and opportunities
of nanotechnology in forest products will include addressing consumer perception issues
of sustainability as well as health risks. There may be market opportunities to improve
existing products with nanotechnology such as the development of intelligent packaging.

[t appears that we may be on the cusp of significant commercial applications of novel
nanotechnology applications in forest products. The current applications of nanomaterials
in wood protection and wood coatings as well as the near to market potential for some
cellulose nanofibril material applications is an exciting development in the forest
products industry. Perhaps the future is now?
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Transparent Polymer Composites
Reinforced by Nanocrystalline Cellulose

James Snyder, Chemist
Hong Dong, Chemist
Joshua Steele, Chemist
Ken Strawhecker, Chemist
Joshua Orlicki, Chemist

U.S. Army Research Laboratory, Aberdeen Proving Ground, Maryland

Richard S. Reiner, Chemical Engineer
Alan W. Rudie, Supervisory Research Chemist

Forest Products Laboratory, Madison, Wisconsin

The demand for lighter and stronger materials across Army
platforms is promoting the development of lightweight
composites. Traditional reinforcement materials such as
polymers, carbon, and ceramics incur penalties with respect
to processing costs to achieve high specific strength, and
they typically frustrate transparency. In contrast, cellulose
fibers provide a renewable, low-cost alternative with favor-
able properties that include low densities and high specific
strength and modulus (Samir and others 2005, van den Berg
and others 2007, Sturcova and others 2005). Recent work
by Nogi and others (2009) demonstrating transparency of
bacterial cellulose nanofibers in thin sheets as well as in
nanocomposites (Nogi and others 2005) indicates potential
applicability for nanocellulose in transparent composite de-
fense applications.

At the U.S. Army Research Laboratory (ARL), low-cost,
high-performance cellulosic reinforcement of transparent
composites is being investigated by means of advanced
nanostructured architectures, improved cellulose-matrix
interfaces, and characterization of bulk laminates. This par-
allel approach enables simultaneous development of several
critical properties and facilitates more rapid transition of the
technology into useful components. The U.S. Forest Service
is providing most of the cellulose nanomaterials and surface
modifications for the project, including efforts to scale up
the laboratory procedures for using wood pulp to produce
cellulose nanocrystals (CNC) using a modification of the

75%PMMA/
25%CNC-Tween

procedure reported by Gray and others and the larger and
less crystalline nanofibrillated cellulose (NFC) using the
TEMPO oxidation technique (Saito and others 2006).

Solvent-dispersed blends of polymer and cellulose nanopar-
ticles were cast into films and thin laminates for initial eval-
uation of optical and mechanical properties at high loadings.
Polymethylmethacrylate (PMMA) was used in this study

as a test matrix. Films suitable for optical testing were cast
from solution in N,N- dimethylformamide at 60 °C under
standard atmospheric pressure onto a tempered glass plate.
The solution casting methods investigated here are not ideal
for thicker laminates and are presented for baseline testing
only (Figs. 1 and 2).

Initial optical characterization was performed using a Gard-
ner Haze-Gard Plus analyzer (BYK-Gardner, Columbia,
Maryland) to investigate the transmittance, haze, and clarity
of each specimen. The target sample thickness was 0.8 mm.
The optical properties in our films demonstrated a reduction
in transmittance and clarity and an increase in haze with
CNC loading. The decline in optical properties with CNC
loading may arise from the processing method used here,
because solvent casting frequently generates voids and vari-
ations in thickness. Although the films investigated appeared
well-formed and smooth, it is unclear whether the trends
are inherent to the nanoparticle loadings or whether opti-
cal properties degrade due to poorly formed particle-matrix

25%PMMA/
75%CNC-Tween

30%PMMA [
30%CNC-Tween

Figure 1. Solution cast PMMA films with increasing concentrations of CNC modified with Tween-40.



Figure 2. Electrospun PMMA fibers reinforced with 17 wt%
CNCs.

interfaces and/or film imperfections. Continuing studies are
focused on advanced processing procedures to better quan-
tify optical properties in thicker laminates.

To achieve more control over CNC dispersion and interfac-
ing with the matrix, high-performance fibers and porous net-
works are being developed that remain transparent in lami-
nates. The initial focus has been on production of cellulose-
polymer composite nanofibers of various composition using
electrospinning, which uses an external electrostatic field to
generate small fibers with diameters on the nanometer scale
(Huang and others 2003). These CNC-based nanofibers

are expected to possess enhanced mechanical properties in
strength, modulus, and resistance to fracture. The highly
interpenetrated and porous framework of a nanofiber web
may then be used to reinforce polymer composites. More-
over, controlled orientation of CNCs in the polymer matrix
is possible using one-dimensional alignment of CNC-based
polymer nanofibers. The diameter of the fibers is small and
controllable to be in the nanometer range to promote optical
transparency.

Electrospun PMMA reinforced with CNCs yielded uniform
and smooth nanofibers at all concentrations considered in
this study, up through 40 wt% CNC. The average diameters
of the fibers ranged from 500 to 200 nm. Fourier trans-
form infrared (FT-IR) spectroscopy was used to confirm
the incorporation of CNCs in PMMA. The local moduli of
the nanofibers were studied by nanoindentation of fibers
electrospun directly onto glass cover slip substrates. Trans-
verse loadings were performed using a TI-950 nanoindenter
(Hysitron, Inc., Minneapolis, Minnesota) and employing

a 500-nm-radius cone-shaped diamond probe. Indentation
depths were typically between 100 and 200 nm. A plot of
nanoindentation modulus, E, as a function of CNC con-
centration (Fig. 3) indicates a trend of increasing modulus
as CNC loading increases. At 33 wt% CNC the modulus is
about 25% higher than that of the neat PMMA nanofiber.
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Figure 3. Nanofiber modulus as a function of fiber diam-
eter and CNC concentration.

A slight dip at higher concentrations may be indicative of
CNC aggregation.

The fibers were collected on a rapidly rotating mandrel,
aligning the electrospun fibers. The orientation of CNC in a
CNC/PMMA fiber was investigated by etching PMMA out
from fibers with drops of tetrahydrofuran (THF). Homo-
geneously dispersed and highly aligned CNCs introduced
into PMMA fibers were observed along the fiber axis, likely
caused by high shear force in the electrospinning process.
Several layers of 33 wt% CNC/PMMA nanofibers were
stacked into a mold with excess PMMA powder and pressed
at 150 °C to yield CNC-reinforced PMMA composites. In
these trial laminates, the final CNC concentration was 1
wt%. The nanofibers were found to integrate seamlessly into
the pressed matrix to form CNC-reinforced PMMA sheets,
and noticeable degradation of transmittance was not de-
tected relative to a 100% PMMA laminate. The optical and
mechanical properties of PMMA with CNC nanocomposite
fibers are currently being characterized at a greater range of
formulations.

More refined control over cellulose architecture may be de-
rived from defining the network prior to matrix integration.
We have therefore used gelled networks of NFC as a start-
ing point for these networks. Removing the solvent yielded
aerogels that were subsequently backfilled with resin and
cured to form the composite. In an alternative method, the
solvent was directly displaced with resin, maintaining a finer
cellulosic network and better optical properties. Mechanical
properties, currently under evaluation, are expected to im-
prove not only from the specific property of NFC, but also
from the hydrogen bonding that constructs the network.
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In conclusion, we have successfully fabricated nanofibers
and thin films of cellulose-polymer transparent compos-
ites. Controlled integration of nanostructured cellulose in
polymer matrices is essential to maintain the desired optical
qualities of the composite while still providing enhanced
levels of mechanical reinforcement. Our results indicate that
cellulose reinforcement of transparent materials is feasible,
which would enable a potential route to low-cost, scalable
composite structures using these bioderived resources.
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Enhancing Durability of Wood-Based
Composites with Nanotechnology

Carol A. Clausen, Supervisory Research Microbiologist

Forest Products Laboratory, Madison, Wisconsin

Abstract

Wood protection systems are needed for engineered com-
posite products that are susceptible to moisture and bio-
deterioration. Protection systems using nano-materials are
being developed to enhance the durability of wood-based
composites through improved resistance to biodeterioration,
reduced environmental impact from chemical leaching, and
improved resistance to ultraviolet (UV) degradation. Three
approaches will be presented: (1) direct application of nano-
metals to wood-based products, (2) slow release of biocides
embedded in nano-polymer matrices, and (3) controlled de-
livery of biocides with a nano-carrier. In the first approach,
wood was vacuum impregnated with nano-sized particles
of metals commonly used in wood preservative formula-
tions (e.g., zinc and copper). Nano-zinc oxide particles were
shown to be leach resistant, protected against UV degra-
dation, and acted as a termite toxicant when compared to
soluble zinc, a key component of the wood preservative am-
moniacal copper zinc arsenate and zinc borate. In the second
approach, self-assembling hyperbranched nano-polymers
were loaded with an organic biocide. The complex surface
of the nano-polymer encapsulated the biocide until a change
in the physical environment (i.e., elevated heat or moisture)
triggered its release. Nano-polymer encapsulation could
provide long-term protection of composites as a surface
treatment. In the third approach, nano-tubules made from an
inert material served as a carrier for organic biocides. Load-
ed nano-tubules released the biocide in a slow, controlled
fashion and provided superior protection of heat-labile or-
ganic biocides during the fabrication process compared to
treatment with the biocide alone. Loaded nano-tubules may
be used for surface application, pressure impregnation, or as
an additive to engineered products.

Introduction

Nano-materials often exhibit novel physical and physio-
chemical properties that differ significantly from larger
particles of the same material (Clausen 2007, Clausen and
others 2011). Recent research looks at ways these properties
can be exploited in the development of new preservative
systems. Opportunities exist for using advances in nano-
technology to enhance the moisture tolerance of composites
in traditional markets such as building materials. Embedding
biocides in nano-polymer matrices or controlling delivery
of biocides with nano-carriers is being evaluated to improve
the durability of engineered composite products. The status

of research on nano-metals, nano-polymer matrices, and
nano-carriers is presented and discussed.

Results and Discussion
Nano-Metals

Either used alone or in combination with existing biocides,
nano-metals may play an important role in the next genera-
tion of wood protection products. Nano-metals are created
by altering particulate size either in the liquid phase (e.g.,
metal oxide sols, colloidal metals), gas phase (e.g., flame
synthesis, plasma-based vapor phase synthesis), or solid
phase (e.g., high energy ball milling). Nano-metal prepara-
tions of silver, zinc, copper, and other metals have high dis-
persion stability and low viscosity, allowing for more uni-
form particulate distribution over a surface (Clausen 2010,
Kartal and others 2009).

Dispersion stability coupled with the controlled uniformity
of pyrolyzed particles may greatly improve durability of
solid and composite wood products in a number of applica-
tions: (1) preservative penetration in commercial lumber
species, (2) treatability of refractory wood species that are
of low commercial value, (3) organic treatments for engi-
neered composites, (4) stability of finishes and coatings for
aboveground applications, (5) nonleachable or hydrophobic
treatments for both solid and composite materials, (6) photo-
stability of treated wood, and (7) leach resistance of aqueous
treatments.

In the presence of moisture, metals oxidize, which results

in the release of metal ions. The ionic form of the metal is
often the form that is responsible for microbial inhibition
(Clausen 2010, Dorau and others 2004). Smaller particles
having a higher surface area result in a greater area available
for oxidation. Particles with diameter less than 100 nm are
required in order to have the necessary surface area to allow
a continuous release of metal ions. The size of the metal
particle has also been shown to affect microbial inhibition;
the smaller the particle, the greater the antimicrobial activity
(Nair and others 2009, Reddy and others 2007). Properties
of nano-zinc oxide (nano-ZnO) particles were evaluated for
their ability to alter physical and biological deterioration of
southern pine.

When southern pine sapwood was vacuum impregnated
with 30-nm particles of zinc oxide, virtually no leaching
occurred in a laboratory leach test, even at the highest reten-
tion of 13 kg/m3 (Clausen and others 2010a). Unleached
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Exposed Surface

Unexpnsed Surface

Figure 1. Weathering of nano-ZnO treated southern pine after 12 months of outdoor ex-
posure. Unexposed surface (specimens on right) refers to the underside of the individual
“exposed surface” specimens shown on the left.

samples were protected from UV damage after 12 months
of outdoor exposure; photostability was visibly obvious on
both exposed and unexposed surfaces compared with un-
treated controls (Fig. 1) (Clausen and others 2010b). Gray-
ing was markedly diminished, although checking occurred
in all specimens. Nano-ZnO treatment at a concentration

of 2.5% or greater also provided substantial resistance to
water absorption following 12 months of outdoor exposure
compared with untreated and unweathered southern pine. In
laboratory tests against termites and decay fungi, zinc oxide
(30 nm) caused moderate termite mortality in a no-choice
bioassay but gave mixed results for inhibition of decay fungi
(Kartal and others 2009, Clausen and others 2010b). A sub-
sequent study on the effect of particle size compared 30-nm
and 70-nm particles. Specimens were evaluated for leach
resistance and termite mortality in laboratory tests (Clausen
and others 2011). Results showed that there was no differ-
ence in leach resistance (<4%) or termite mortality

(Fig. 2). Eastern subterranean termites consumed less

than 10% of the leached nano-ZnO-treated wood, with

93% to 100% mortality in southern pine treated with both
30-nm and 70-nm ZnO particles.

Because engineered composites have a lower moisture toler-
ance than does solid wood, the unique properties of nano-
ZnO (i.e., leach resistance, resistance to water absorption,
photostability, and termite resistance) are characteristics that

could greatly improve the durability of engineered
composites.

Nano-Polymer Matrices

Nano-polymer matrices offer a sophisticated method for
biocide encapsulation and controlled delivery. Self-assem-
bling nano-polymers, called hyperbranched fluoropolymer—
poly(ethylene glycol) (HBFP—PEG) cross-linked networks,
were first created by melding two normally incompatible
polymers and crosslinking the mixture (Fig. 3) (Bartels and
others 2007). The complex subsurface of the resulting hy-
perbranched nano-polymer has unusual tensile strength and
provides nanoscale channels for the uptake and release of
“guest” molecules such as biocides. The size of the chan-
nels, which have been likened to the holes in a sponge,

can be customized to accommodate the guest molecule of
choice. The nano-polymer is able to encapsulate and hold a
chemical until a change in the physical environment (e.g.,
humidity, temperature, or pH) triggers its release. This tech-
nology has been successfully demonstrated for applications
ranging from anti-fouling agents (Gudipati and others 2004)
to fragrances.

The cross-linked HBFP-PEG45 nano-polymer was loaded
with an experimental multi-component biocide formulation
containing carvone as an indicator molecule.
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Figure 2. Eastern subterranean termite resistance to
southern pine treated with nano-zinc oxide and soluble
zinc sulphate indicated by mass loss, i.e., wood con-
sumption. The number above each column represents
the average percent termite mortality for that treatment
group.

Figure 3. Self-assembling nano-polymer networks act like
the holes in a sponge to hold biocides (depicted in pur-
ple) until changes in the environment trigger their release
(Brown and others 2005, Bartels and others 2007).

The loaded polymer matrix was evaluated for controlled
release of the biocide over a range of temperatures from

25 to 75 °C. Gravimetric changes in the loaded nano-
polymer following an 8-h exposure to 25, 40, or 75 °C are
shown in Table 1. Following isothermal release, the nano-
polymer matrices were extracted in methylene chloride and
quantitatively analyzed with GC-MS for residual carvone
(Table 1).

Results showed that as temperature increased, more of the
volatile indicator molecule was released from the matrix
with isothermal weight loss reaching 100% after exposure
to 75 °C. Quantitative results from the GC-MS analysis sug-
gested that isothermal weight loss alone could not reliably

10

General Technical Report FPL-GTR-218

Table 1—Carvone analysis of loaded
HBFP-PEGA45 following isothermal
release at varying temperatures

Carvone Isothermal Carvone
Temperature loaded weight loss extracted

(°C) (ng) (%) (ng)
Control — 0 0
25 297 35.5 101
40 348 954 48.5
75 303 100 20.9

predict release of the biocide above 25 °C. Biocides
encapsulated in customized nano-polymer networks could
provide prolonged protection as surface treatments for engi-
neered composites.

Nano-Carriers

Several nano-carrier systems are recognized that may find
an application in the field of wood protection, particularly
for increased durability of engineered composites (e.g.,
oriented strandboard (OSB)). For example, a patented
nano-carrier system uses 100-nm plastic beads embedded
with biocide (Laks and Heiden 2004). Based on the type of
polymer comprising the bead, pore size in the bead, biocide
viscosity and solubility, biocide-embedded nanoparticles
can be designed for slow, controlled release of the biocide.
Other cylindrical, tubule-shaped materials (i.e., nano-
tubules) made from ceramics, clay, metal, or lipids that have
been used as carriers in various medical and industrial appli-
cations are now being evaluated for use in engineered com-
posites. Some properties of nano-carriers that would benefit
the field of wood protection include

e delivery and placement of biocide,
e slow release of a biocide, and

e release of the biocide upon exposure to certain environ-
mental conditions, such as high humidity.

Protection of heat-labile organic biocides during panel
fabrication has greatly limited the applications of newly
developed biocides and the number of treatment options for
engineered composites.

When developing controlled-release nano-tubules for
biocide delivery in composites, a considerable number of
variables must be optimized prior to proof of concept. How
to precisely control release of a biocide, whether the nano-
tubules are compatible with resin used to fabricate the com-
posite, whether the resin itself may be a barrier to release
of the biocide, and calculating and regulating actual release
rate were examined in the preliminary stage of this project.
Methodology was development for analyzing the thermal
stability of nano-tubules loaded with a commercial biocide
over a range of temperatures from 170 to 190 °C and time.
Release rate of the biocide was based on leach resistance,
and residual efficacy was evaluated following leaching us-
ing two microbial assays that measured the zone of fungal
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P. chrysogenum T. viride

Figure 4. Paper samples treated with biocide-loaded nano-tubules, biocide alone, and
untreated controls challenged with three mold fungi.

inhibition in a Petri plate and fungal resistance in a simu-
lated environmental chamber.

Biocide-loaded nano-tubules were incorporated into OSB,
medium density fiberboard (MDF), and paper. Samples

of nano-treated OSB were tested for modulus of rupture
(MOR), modulus of elasticity (MOE), density, moisture
swelling, and antifungal resistance in laboratory tests. Pre-
liminary studies on engineered composites demonstrated
thermal protection, slow release, and enhanced mold inhi-
bition for the biocide loaded into nano-tubules compared
to controls that incorporated either biocide alone or nano-
tubules alone. Figure 4 shows the results of paper treated
with biocide-loaded nano-tubules and exposed to three
mold fungi, Aspergillus niger, Penicillium chrysogenum,
and Trichoderma viride. Controls are untreated paper and
paper treated with the biocide. Not only are the mold fungi
completely inhibited on the surface of samples treated with
loaded nano-tubules, but the clearing zone surrounding the
samples demonstrates the release of biocide from the nano-
tubules. Improved protection of paper treated with biocide-
loaded nano-tubules is obvious compared to paper treated
with the biocide alone or to untreated paper controls.

Similar results were seen for OSB and MDF that were
treated with biocide-loaded nano-tubules compared with
untreated controls (Fig. 5). Treated and untreated specimens
were placed on Petri dishes of malt extract agar, sprayed
with a suspension of Aspergillus niger mold spores, and
incubated for 4 weeks according to the ASTM D 4445-10
standard laboratory test for controlling sapstain and mold
fungi on unseasoned lumber (ASTM 2010). Mold growth
occurred on the agar surface and on the surface of untreated
test specimens, but mold growth was completely inhibited
on specimens treated with biocide-loaded nano-tubules. Re-
lease of biocide from the nano-tubules is also evident from
the clearing zone surrounding test specimens on agar plates.

Conclusions

Advances in the development of nanotechnology for im-
proved durability of engineered composites are in progress.
Unique properties such as photostability, leach resistance,
and biocide behavior against biodeteriorating organisms
have been identified for select nano-metals. Such properties
are desirable for development of new preservative systems.
Encapsulating biocides in designer nano-polymer matrices
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Figure 5. Oriented strandboard (OSB) (top) and medium
density fiberboard (MDF) (bottom) either untreated or treat-
ed with biocide-loaded nano-tubules were challenged with
the mold fungus, Aspergillus niger.

are promising delivery systems that release the biocide
when triggered by a specific change in the environment.
Nano-polymer matrices are ideal for surface treatments of
solid and composite wood products. Nano-carriers, such as
nano-tubules, can be loaded with organic biocides for target-
ed delivery that is protected from heat during the fabrication
process. Loaded nano-tubules undergo controlled release of
biocide to provide prolonged protection of composites from
fungal growth.
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Abstract

In the recent vears several composite materials were developed and studied with an aim to
obtain suitable materials to replace natural ligaments and tendons. While developing artificial
tendons or ligaments, properties like biocompatibility, mechanical properties as well as
resistance to in vivo moisture and temperature conditions need to be considered. Biomaterials
based on cellulose nanofibers isolated from softwood were developed, with an aim to be used
as artificial ligament/ tendons. Two types of composites; 1) All cellulose nano composites 2)
The studies indicated that nanocelluloses have inherent properties like low toxicity,
biocompatibility and biodegradability together with excellent mechanical properties which
makes cellulose based nano composites an excellent candidate in biomedical applications.
Prototypes in the form of tubes or braids were developed and tested in vive in rats to further
explore and optimise its application as ligament/ tendon replacement.

Introduction:

Research in the field of artificial ligaments and tendons indicates that mechanical
performance comparable to that of natural ligaments/tendons and biocompatibility are the
primary requirements for materials considered for artificial ligament /tendon application. In
the recent years several composite materials were developed and studied with an aim to obtain
suitable materials to replace natural ligaments and tendons." ? Artificial tendon made of
composites consisting of poly (HEMA) reinforces with polyethylene terephthalate (PET)
fibres as well as PET reinforced polvurethane composites for use as ligament prostheses were
reported earlier. I3 While developing artificial tendons or ligaments biocompatibility,
mechanical properties as well as resistance to in vivo moisture and temperature conditions and
cyclic loading conditions needs to be considered. Since natural tissues function at 37 °C it is
advantageous to measure the properties at this temperature though elevated temperatures may
dehydrate the specimen and affect its properties.” ™

The current report is unique because of the use of biobased raw materials with remarkable
mechanical properties for developing the ligament or tendon substitute. The nanocellulose
fibres were isolated from wood using chemical and mechanical treatments and were utilized
by itself or in combination with collagen, to develop composite materials having mechanical
properties similar or better than natural ligaments or tendons. MNanosized cellulose fibers used
is expected to result in a homogeneous and uniform product as well as improved fibre-matrix
interaction owing to high surface area available for nanocelluloses. The processing and
properties of the nano composites, especially in the body conditions of 37° C and high relative
humidity conditions (98 %) are reported here. This study is expected to provide valuable
insights on the use of nanosized cellulose fibres in the development of artificial ligaments and
tendons. The in vitro biocompatibility studies on these nanofiber based composites materials
were looked into and were finally fabricated into prototypes and is being evaluated for in vivo
biomechanical performance.
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Experimental

Materials

Manofibers were isolated from softwood dissolving pulp ( supplied by Domsj Fabriker AB,
Sweden)by mechanical fibrillation method which is reported else where.5 ]Cnllagen used in
this study was Kindly supplied by Resorba Wundversorgung GmbH & Co.KG., Nurnberg,
Germany, in the form of collagen suspension of 0.5 wi% in acetic acid medium with a pH of
3.5. This collagen was isolated from horses.

Figure 1 shows the used cellulose nanofibers with diameters in the range of 12-39 nm and
collagen nanofibers at pH 7, having diameter in the range of 80-150 nm.

' P — 100 pm o : Ampliade &8 pm
Figure 1 The AFM height images of cellulose
nanofibers(lefi) and collagen nanofibers (right)

Processing Methods

Composite 1: Nanofiber suspensions (0.5 wt%) were used to prepare nanofiber mats using a
filter press under vacuum and subsequent dryving. The nanofiber mats were partiallay
dissolved using ionic liquids followed by precipitation in water and washing with  distilled
water residual ionic liquid. The samples were finally dried in a hot press

Composite 2: Nanofiber suspensions were thoroughly mixed with collagen suspension and
casted on Petri dishes to obtain flat films. These films were neutralised and cleaned by water
washing. These films were subsequently crosslinked and washed and dried in vacuum oven
for 12 hrs at 35 °C.

Prototvpe development:

i) Prototypes for ligaments/tendons were developed based on the all-cellulose nano
composites. The cellulose nanofiber films were prepared and coated with ionic liquid. These
coated films were rolled into tubules and kept at 80 "C for 90 min to carry out partial
dissolution. After that it is kept immersed in water for 12 hrs to stop the dissolution and
precipitate the dissolved cellulose. This is rinsed in a water bath for 48 hrs to remove all
residual ionic liquids.

i) Prototypes of crosslinked collagen-cellulose nano composites were obtained from the films
of the nano composites. The films were cut into strips and braided manually to prototypes
with a diameter of 8 cm and width of lem.
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RESULTS AND DISCUSSION
Composite 1

Mechanical Properties: Mechanical properties of the developed materials were tested in
room conditions as well as in simulated body conditions to evaluate its potential as
ligament/tendon substitutes. The data from tensile testing (room and simulated body
conditions) are given in Table 1.

Table 1. Tensile properties of nanofiber based composites in room conditions in room
condition and simulated body conditions and after sterilization.

Sample TS (MPa) Strain (%)
Nanofiber mat 105.9+5.5 65+15
All Cell Comp 1M122+65 50+1.0
MNanofiber mat (SBC) 645+49 234+21
All Cell Comp (SBC) 38.2+£33 21338
Nanofiber mat (SBC), ster 251214 201186
All Cell Comp (SBC), ster 29117 277+4.4
Collagen-Cell 96.2 +12.2 14105
X-Collagen —Cell 186.2 £ 34.2 2405
Collagen-Cell(SBC) 351+27 28 0+ 3.1
X-Collagen -Cell(SBC) 423+47 19.0+ 4.2
Collagen-Cell(SBC) ster 372 £37 176147
*-Collagen-Cell(SBC) ster 57.8 £127 151+41

The data shows that the nanofiber networks as well as the composites obtained by partial
dissolution have very strength in the range of 110 MPa and modulus of 6-8 GPa.In simulated
body conditions, the strength and modulus decreased drastically for the nano composites
where as the strain at break increased, compared to the corresponding dried ones In order to
further confirm the suitability of these materials in biomedical application these materials
were tested after sterilization using gamma radiations. It was found that sterilization the
material properties were lower in both room and simulated body conditions compared to the
corresponding non-sterilized ones. The partially dissolved mats exhibited strength of 30MPa
and a strain of 30 % at 37 °C and 95% RH, afier sterilization and the properties of these
materials are still with in the acceptable range for use in ligament or tendon application.

Biocompatibility: Cytocompatibility of these materials was studied to understand cell
adhesion and growth of HOC and HEC cells on all cellulose nano composites. It was found
that all cellulose nano composites favoured cell adhesion and growth and the cell density
increased after 3 days for both type of cells and was especially favourable for HOC and 80%
cells were retained after 3 days. This study indicated that these materials are non-cytotoxic
and cytocompatible.

Composite 2

Mechanical Properties: Tensile testing of f collagen and cellulose nanofibers based
nanocomposites are given in Table 1. The table shows the data of the tensile testing in room
conditions as well as in simulated body conditions of 98% RH and 37 C. In addition the most
promising materails based on these studies were sterilized using gamma rays and tested again
in simulated body conditions. The increase in mechanical properties is remarkable in these
composites and the crosslinked as well as uncrosslinked nano composites showed better
mechanical properties than both collagen and the cellulose nanofibers. The crosslinked
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materials showed higher strength than their uncrosslinked counter parts where as the strain at
break showed a reverse trend. This synergistic effect indicates good chemical compatibility
between the two phases. as well as good dispersion. Additionally the in situ pH induced
fibrillation of collagen seems to have positive impact on the mechanical characteristics of
these materials. The materials were tested at high humidity and 37 °C, in order to obtain some
inputs on the performance of these materials in simulated body conditions. In the case of wet
samples that simulated body conditions the strength and modulus decreased compared to the
dry samples. where as the strain at break increased. The data from the tensile studies in wet
conditions showed that all the developed materials are very close to the reported values of
natural ligament or tendon, especially at 75% nanofiber content.

Biocompatibilty: Cytocompatibility of these materials was studied to understand cell adhesion
and growth on these substrates. It was found that crosslinked collagen —cellulose
nanocomposite surfaces favoured cell adhesion and growth and the cell density increased after
I5 days.(See figure 2) This study indicated that the crosslinked collagen —cellulose composite
is non-cytotoxic and cytocompatible.

HEC

Day 1 Day 3 Day 9 Day 15

Figure 2. Biocompatibility of sterilized crosslinked collagen- cellulose nanocomposites

Prototypes

Figure 3 Developed prototvpes based on a)
All-Cellulose nanocomposites and b) X-
collagen-cellulose nanocompaosites, in dry
room conditions and in PBS medium
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The photographs of the prototypes are shown in Figure 3. Both the prototypes were stable in
PBS medium and maintained its structural and dimensional stability. It is expected that the
developed prototype will have excellent mechanical properties and stability in body
conditions and at the same time is non-toxic and biocompatible Further, in vivo
biomechanical tests on the prototypes to evaluate its suitability as ligament/tendon substitute
are under progress and will be reported subsequently.

CONCLUSION

Cellulose nanofiber based composite materials were developed to be used as the load-bearing
component of ligament/tendon substitutes. The nanocellulose composites with nanofibers
alone and in combination with collagen were developed for this application. The mechanical
properties of the studied composites in simulated body conditions closely matched the
mechanical requirement as ligament/ tendon replacement. The initial studies indicated that
nanocelluloses having inherent properties like low toxicity, biocompatibility and
biodegradability together with excellent mechanical properties are potential candidates to
develop cellulose based nano composites for biomedical applications. Prototypes based on
these composites are being evaluated for in vitro studies for biocompatibility and in vivo
studies for biomechanical performance in order to develop these materials to a commercial
application level.
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Abstract

Bacterial cellulose/conducting polymer nanocomposites were prepared by the in-situ
chemical oxidative polymerization of aniline or pyrrole and bacterial cellulose. Polyaniline
conducting polymer nanocomposites with bacterial cellulose fibers were prepared and
characterized. In both nanocomposites, the bacterial cellulose was fully encapsulated with
polyaniline or polypyrrole by direct in-situ polymerization of the respective monomers using
the oxidant and dopant. These bacterial cellulose/conducting polymer nanocomposite
materials exhibited the inherent properties of both components. The deposition of a
conducting polymer on the bacterial cellulose surface was characterized by scanning electron
microscopy, conductivity and cyclic voltammetry measurements.

1. Experimental

1.1. Material

Bacterial cellulose was cultivated using the cultivation method reported below. Aniline
monomer and pyrrole monomer were purchased from Sigma Aldrich. Ammonium persulfate
(APS) and Ferric chloride as the oxidant were purchased from Duksan Pure Chemical Co.,
LTD. p-Toluenesolfonic acid as the dopant was purchased from Sigma Aldrich.

1.2. Polymerization of conducting polymer on the bacterial cellulose surface

Bacterial cellulose with a HCI aqueous solution was used as a source for the bacterial
cellulose/PANi nanocomposites. Aniline was added to distilled water containing bacterial
cellulose. An aqueous HCI solution (35 wt%) was added dropwise to the above-prepared
solution until the pH of the solution was 3, and stirred for 1 h under vigorous stirring. APS as
an oxidant and p-TSA as a dopant dissolved in distilled water was added to the
aniline/bacterial cellulose solution. The monomer : oxidant : dopant molar ratio was kept at
4:1:2. The polymerization of aniline was carried out at room temperature for 2 h. After
polymerization, the BC/PANi nanocomposites were obtained.

The method for manufacturing the BC/PPy nanocomposite was similar to that of the
BC/PANi nanocomposites. Firstly, pyrrole was added to distilled water containing bacterial
cellulose. FeCls or APS as the oxidant and p-TSA as the dopant dissolved in distilled water
were added to the above prepared beaker. The monomer : oxidant : dopant molar ratio was
kept at 4:1:4. The polymerization of pyrrole was carried out below 5 °C for 30 min. After
polymerization, the BC/PPy nanocomposites were obtained. Table 1 is lists the composition
of the nanocomposites.

1.3. Measurements
FE-SEM was used to characterize the polymerization surface of Dbacterial
cellulose/conducting polymers.
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All specimens used for the conductivity measurements were obtained by the polymerized
nanocomposites. A four-probe conductivity apparatus was used for the conductivity tests.

Cyclic voltammograms were recorded on aqueous solutions and performed in a standard
three-electrode cell setup utilizing an Autolab with the nanocomposite as the working
electrode. A platinum plate and Ag/AgCl were used as a counter and reference electrodes,
respectively.

2. Results and Discussion

As shown in Figure 1(a) and (b), the surfaces of the nanocomposite were covered completely
with polyaniline on the surface of bacterial cellulose. The PANi on the sample doped with p-
TSA had a similar nano-granular morphology to the non doped PANi sample. In addition, the
grain size was estimated to be ~100 nm.

Figure 1(b) shows the surface morphology of bacterial cellulose/PPy nanocomposite. The
PPy coating was composed of small uniform spheres, ~ 100 to 200 nm in diameter, which
were fused together to fully encapsulate the bacterial cellulose fiber. In all cases,
nanocomposites with four different PPy using the different oxidants and dopants had a
globular morphology with some different sizes. PPy particles nucleated and grew on the
bacterial cellulose surface. Regular spherical shape particles were observed. Johnston et al.
(Johnston et al., 2005) reported that interfacial adhesion between PPy and cellulose fiber was
due to the formation of hydrogen bonds between the pyrrole ring and cellulose surface. All
the PPy particles on the bacterial cellulose surface had a spherical shape and controlled size,
~100 to 200 nm in diameter. In addition, in the case of PPyl and PPy2, the individual
bacterial cellulose was actually fully covered with PPy. However, the formation of PPy3 and
PPy4 was different. The PPy had a cauliflower like morphology. These morphological
properties show that oxidant or dopant has a significant effect on the particle shape and size
of conducting polymers on the surface of the bacterial cellulose fiber.

Room temperature electrical conductivity measurements were carried out on bacterial
cellulose/conducting polymer nanocomposite films using a four probe method. Table 6 lists
the conductivity of the nanocomposite. The calculated electrical conductivities ranged from
0.8 to 1.3 S/cm for the BC/PANi nanocomposites and 0.2 to 2.3 S/cm for the BC/PPy
nanocomposites, whereas the bacterial cellulose sheet was insulating. This considerable
increase in electrical conductivity from insulating to semiconducting is significant. It was
reported that the electrical conductivity of PANi depends on the degree of doping, oxidation
state, particle morphology, crystallinity, interior intrachain interactions, molecular weight, etc
(Abdiryim et al., 2007; Stafstr et al., 1987; Zhang et al., 2002). The conductivity of the
BC/PANil nanocomposite was higher than that of BC/PANi2, which was not doped with p-
TSA. Therefore, the doping level affects the electrical conductivity.

Table 2 lists the conductivity of nanocomposites of PPy on bacterial cellulose doped with p-
TSA. The BC/PPyl nanocomposites provided the highest conductivity, which used FeCls as
the oxidant and p-TSA as the dopant during polymerization. Little difference between
(BC/PPy1, BC/PPy2) and (BC/PPy3, BC/PPy4) was observed. This suggests that the oxidant
affects the conductivity. In particular, chloride ions have a good influence on the electrical
conductivity. Therefore, the BC/PPy1 and BC/PPy2 nanocomposite show higher conductivity
than BC/PPy3 and BC/PPy4. As mentioned above, nanocomposites using p-TSA as the
dopant have a high doping level, so that the nanocomposites using p-TSA show higher
electrical conductivity than the nanocomposites without p-TSA. Richardson reported that the
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difference in the oxidant and dopant had a large effect on the electrical conductivity of wood
cellulose-based polypyrrole composites (Richardson et al., 2006).

Table 1 Composition of nanocomposites.

g Bacterial Monomer Oxidant Dopant
Sample name
cellulose  Apifine  Pyrrole  APS FeCl;  p-TSA
BC/PANII o O o o
BC/PANI2 o 0 o
BC/PPy1 o o o o
BC/PPy2 o o o
BC/PPy3 o o o o
BC/PPv4 o o o

Table 2 The electrical conductivity values of nanocomposites.

Samples Electrical conductivity (5/cm)
PANI 1.3
PANi2 0.8
PPyl 23
PPy2 2.0
PPv3 0.5
PPv4 0.2

Figure 1. FE-SEM images of (a) BC/PANil. (b) BC/PANI2. (c)
Be/PPy1, (d) BC/PPy2, (e) BC/PPy3, (f) BC/PPy4 nanocomposite
sheets and (g) pure BC.
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EXTENDEND ABSTRACT

Mowadays, there is a growing interest in the use of more environment-friendly
materials and polymers of natural occurrence, such as cellulose, for developing
materials. Cellulose is a versatile polymer that can be extracted in a nanofibre form,
leading to a material with mechanical strength just limited by the forces among adjacent
atoms. The micro/nanofibres have be used for different commercial applications:
pharmaco (Villanova et al.. 2011). dietary food (Okivama et al., 1993), packaging (Siro
and Plackett, 2010). special papers (Schaqui et al.. 2011) and especially as
reinforcement in polymer matrices (Gardner et al. 2008). The geometric properties of
the nanocellulose structures (shape, length and diameter) depend mainly on the origin of
the cellulose and the extraction process (Ahola et al., 2008).

Several sources of cellulose have been used to obtain cellulose nanostructures
with different morphologies and crystalinities: however, the potential use of wood short
fibres for production of nanofibres has been insufficiently explored. In tropical regions,
eucalyptus is a fast growing hardwood species with good fibre qualities and relatively
cheap market price. Among kraft pulps, bleached eucalyptus kraft pulp (BEKP) is the
most abundant and has been becoming increasingly more available than others. A
proper choice of starting cellulose materials can reduce energy consumption in the
micro/nanofibres production, a key issue for industrial up-scaling. Although eucalyptus
pulp has been widely employed in the paper industry throughout the world, there is
limited information in the scientific literature concerning its use as raw-material for
production of micro/nanofibres designed for different aplications. Eucalyptus pulp
presents shorter fibres than pinus pulp for example, which can suggest that the same
occurs if it is broken the hierarquical structure of the fibre cell wall. The important is
that the smaller the fibre length (which generally relates to lower aspect ratio), the easier
the fibre dispersion.

Cellulose micro/nanofibres can be obtained from mechanical and chemical
approaches. Between the mechanical procedures it can be cited: refining and
sonification, which lead to micro and nanofibres. Refining is carried out in the presence
of water, usually by passing the suspension of pulp fibres through a refiner composed
by a relatively narrow gap between the rotor and the stator. The main effect of refining
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in cellulosic fibre structure as a result of mechanical action is the fibrillation of the
fibres. Sonification is carried out in a fibre suspension in order to separate the fibrils
bundles in the fibre cell wall through cavitation. Between the chemical procedures it can
be reported: enzymatic hydrolises with cellulases giving origin to micro and nanofibres;
and acid hydrolises with sulphuric or hydrochloric acid leading to nanocristaline
particles (whiskers). The amorphous regions around the cellulose microfibrils are
destroyed by acid hydrolysis under a controlled period of time and temperature, keeping
the crystallites intact. The acid hydrolysis is selective in amourphous cellulose, resulting
in colloid suspensions of well-defined cellulose nanocrystals. In the present study, fibres
and micro/nanofibres extracted from bleached eucalyptus Kraft pulp were investigated
in terms of morphology (optical mycrosccopy - OM, atomic force microscopy - AFM
and scanning transmission electron microscopy — STEM), chemical composition
(elemental analysis), crystallinity (XRD), zeta-potential, and thermal stability (TG).

As expected it was observed the yield decrease from a yield of 65% to 61% with
the increase of hydrolises time (from 30 min to 60 min), as a consequence of the
disintegration of amorphous cellulose and degradation of the crystalline reginons during
hydrolysis (Bondeson et al., 2006). The X-ray difractograms (XRD) of the fibres and
micro/nanofibres showed a well defined peak around 20 = 22,5° that is characteristic of
cellulose 1. Sonified micro/nanofibres presented lower crystalinity index due probably
to the cavitation occurred, which acts separating the glucose chains in the cellulose
nanocrystals, no glucose solubilisation is expected. The decrease of crystalinity was also
observed in refined fibres due to the shearing of the crystalites during the mechanical
treatment suffered by the fibres. Nanofibres obtained by hydrolysis presented higher
crystalinity index than the others due to remotion of amorfous cellulose, hemicelluloses
and residual lignin, then resulting in the majority the crystalites formed by well
organized glucose chain. The increase in crystallinity with the time of hydrolysis was
also undoubtedly due to the removal of hemicelluloses and lignin, which exist in the
amorphous regions

Acid hydrolises decreased the onset degradation temperature of the nanofibres as
also observed elsewhere by Teixeira et al. (2010) for cotton nanofibres. Thermal analyse
of the fibres and micro/nanofibres showed two stages of thermal degradation. The first
stage occurred at temperatures of 150 to 350 °C, with weigth loss of around 70% and
40% for fibres and micro/nanofibres respectively. The second stage is the thermal
degradation between 350 and 525 °C. Decomposition of the starting fibre and
micro/nanofibres occurred in several stages, indicating the presence of different
components that decompose at different temperatures. Hydrolised nanofibres (30 min
and 60 min) presented low decomposition temperatures and began to degrade from
around 180 °C and 210 °C, probably owing to the decomposition of remanescent
degraded hemicelluloses and lignin. Thermal degradation occurred first in the chains
with sulphate groups for cellulose nanofibres obtained by acid hydrolises, because they
promote the dehydration reactions that release water and catalize the cellulose
degradation reactions (Corréa et al., 2010). Furthermore, the substitution of OH groups
by sulphate groups decreases the activation energy for cellulose chain degradation. This
will limit the use of some of the present nanofibres to polymers that do not require high
processing temperatures (e.g. above 180 °C) for extrusion.

In conclusion, it was showed that eucalyptus cellulose micro/nanofibres can be
isolated using mechanical fibrillation (refining and sonification) and chemical (acid
hydrolysis) processes. Nanofibres obtained here presented distint morphological
characteristics that can be used for engineering of polymeric composites, with the
possibility of impact differently in their mechaninal performances. Sonificated
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nanofibres presented similar diameters and higher length than crystaline nanofibres
(whiskers). The present work contributes to the wide spreading of different methods for
micro/nanofibres production for polymer reinforcement.
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ABSTRACT

MNotched and unnotched Izod impact strength of cellulose nanofiber (CNF) and
microfibrillated cellulose (MFC)-filled impact modified polypropylene (PP) composites
were evaluated and compared with microcrystalline cellulose (MCC)-filled composites.
[zod impact strength and fracture initiation resistance values were investigated and a
characteristic impact resistance model was developed to evaluate the impact fracture
mechanism of cellulose nanofibril-filled PP composites. As filler content increased, both
notched and unnotched impact strength decreased because of the agglomeration of the filler,
which caused the cracks to easily propagate in the composite. CNF and MCC-filled
composites showed higher impact resistance than MFC-filled composites as filler loading
increased but CNF and MFC-filled composites showed higher characteristic impact
resistance than MCC-filled ones. It was found that impact resistance is not the only
evaluation criteria. but in addition, the characteristic impact resistance is another evaluation
tool to describe the material’s unique impact characteristics. The unnotched impact energies
were considerably larger than the notched impact energies because the unnotched impact
energies are a measure of crack propagation. and also of crack initiation. Impact modified
PP used in this study is more fracture resistant, but more crack sensitive than conventional
PP.
Key words: Notched and unnotched Izod impact: cellulose nanofiber; microfibrillated
cellulose; microcrystalline cellulose; characteristic impact resistance model;

crack propagation: crack initiation

INTRODUCTION

Recently. organic/inorganic nanoscale material-filled composites have attracted a
great deal of interest from researchers because these composites often exhibit superior
properties that are synergistically derived from the filler and matrix polymer (Svoboda et al
2002). Especially, cellulose nanofibril-filled thermoplastic composites have been studied
extensively because they are an alternative to inorganic filler reinforced thermoplastic
nanocomposites in terms of low cost and mitigation of health and environmental concerns.
Because cellulose materials are totally biodegradable, while inorganic nano fillers such as
nanoclay, silica, mica and carbon nanofibers are not, cellulose nanocomposites are viewed
to be an environmentally friendly composite material and interest in cellulose
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nanocomposites has increased in recent vears (Mi et al 1997). Cellulose is a renewable
natural polvmeric material which has special properties such as biocompatibility, long-term
durability and extreme heat resistance over a wide temperature range (Zugenmaier 2006).
In addition, relative high-strength, high stiffness and low density are positive properties.
therefore, natural fillers can be a replacement for synthetic fillers to reinforce plastics used
in the automotive industry, packaging. and furniture production (Alemdar and Sain 2008).

From the point of view of polymer matrices, thermosetting polymers are both
expensive and brittle. There is an increasing need for developing favorable polymer
composite materials that can serve industrial needs and provide an economical substitute
while maintaining properties similar to those composites. Polypropylene (PP) is suitable as
a matrix polymer because of its low price and favorable properties such as good stiffness.
lightweight, good weathering ability, design flexibility and good mechanical properties (Mi
et al 1997). To be suitable for mass production, polymeric materials must be economical
and easily available using well-established and reliable technologies. These conditions are
clearly accomplished by PP-based reinforced composites. In fact, PP matrix composites can
be produced with many different types of fillers using widely applied processing techniques
such as injection molding and compression molding. Recent developments in natural filler
reinforced composites have shown that it is possible to obtain high performance materials
utilizing environmentally friendly reinforcements. PP is among the most utilized polymer
matrices as a consequence of its recyclability and low processing costs (Manchado et al
2000). To improve the competitiveness of PP for engineering plastic applications, it is an
important objective in PP compounding to simultaneously increase its dimensional stability,
heat distortion temperature, stiffness. strength, and impact resistance without sacrificing
easy processing (Svoboda et al 2002).

Certain composite applications need high strength and brittleness. while others
need good stiffness and ductility. Fracture toughness and impact resistance are among the
most important mechanical properties of a material when impact loading is applied.
Determination of fracture characteristics, therefore, is extremely important (Hristov et al
2004). Especially for application in motor vehicle exteriors such as bumpers and impact-
resistant panels, fracture initiation and propagation mechanisms are a key factor of a
material’s property requirements. There are few reported investigations dealing with
analyses of the individual stages of the fracture process under impact loading applications
(Hristov et al 2004, Yang et al 2004, Oksman and Clemons 1998 and Stark and Rowlands
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2003) .

In this study, impact properties of cellulose nanofiber (CNF) and microfibrillated
cellulose (MFC)-filled impact modified polypropylene (PP) composites were evaluated and
compared with microcrystalline cellulose (MCC)-filled composites by means of notched
and unnotched Izod impact tests including discussion of individual impact energy behavior
during fracture and development of a characteristic impact resistance model. A fracture
initiation resistance concept is developed to characterize the different fracture mechanisms
between notched and unnotched Tzod impact tests and a characteristic impact resistance
model was also developed to describe material’s unique impact characteristics. The purpose
of this study is to investigate the effect of cellulose nanofibril fillers as well as
microcrystalline cellulose on the impact properties of thermoplastic polymer composites

and to analyze fracture processes during applied impact loading.

EXPERIMENTAL PROCEDURE
Materials
Matrix Polymer
The polypropylene (PP) used as the thermoplastic matrix polymer was supplied by
Polystrand Co., in the form of impact modified copolymer pellets with a density of 900
kg/m’ and a melt flow index of 35 g/10 min (230°C/2,160 g). The product’s commercial
name was FHR Polypropylene AP5135-HS and it was stored in sealed packages.

Reinforcing Fillers

The cellulose materials used as natural reinforcing fillers in the composites were
microcrystalline cellulose (MCC) for the comparison purposes, cellulose nanofiber (CNF)
and microfibrillated cellulose (MFC). The product name of the MCC was Sigmacell®
Cellulose Type 50 supplied by Sigma-Aldrich Co.; the CNF was Arbocel Nano MF 40-10
supplied by J. Rettenmaier & Stéhne GMBH Co., Germany: and the MFC was Lyocell
L010-4 supplied by EFTec™ Co. CNF was in the form of a suspension with a solids
content of 10 wt.%. MFC was in the form of wet fiber web with a solids content of 15 wt.%.
CNF is in the form of rod-like short fiber 50 - 300 nm in diameter and 6 - 8 in aspect ratio,
MFC is in the form of long fiber 50 - 500 nm in diameter and 8,000 - 80,000 in aspect ratio,
and MCC is in the form of particle 50 pm in average diameter and 1 - 2 in aspect ratio. The
MCC was stored in sealed containers after being oven dried for 24 h at 103°C. The CNF
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and MFC were stored in a refrigerator at 5 - 10°C in sealed packages before being used.

Sample Preparation

The MCC was dried to a moisture content of less than 1 wt.% using a forced air oven at
103°C for at least 24 h and then stored in sealed containers in an environmental chamber
prior to compounding. The CNF and MFC were stored in sealed containers in a refrigerator
at 5 - 10°C prior to compounding. A Brabender Prep-mixer® was employed to compound
the MCC, CNF and MFC with the PP, with the latter being used as a matrix polymer.
During the CNF and MFC mixing with PP, the cellulose nanofibril suspension and wet fiber
webs were slowly and carefully fed into the bowl mixer in low amounts for each attempt,
otherwise the water would evaporate explosively and violently. The process temperature
and torque changes were measured in real time. The sample preparation procedure
consisted of three general processes, viz. melt blending. grinding and injection molding.
Compounding was performed at 190°C for 40 min with a screw speed of 60 rpm. The
blended mixture was granulated using a lab scale grinder, the ground particles were stored
in sealed packs to avoid unexpected moisture infiltration after first being oven dried for at
least 24 h at 103°C. Seven levels of filler loading (1. 2. 3, 4. 6. 8 and 10 wt.%) for MCC,
CNF and MFC were used in the sample preparation. Cellulose fillers were blended with PP
for 40 min. ground and then stored in sealed containers in an environmental chamber prior
to injection molding. The samples used for the [zod impact tests were injection molded at
246°C. using an injection pressure of 17.25 MPa. The width, length and depth of the impact
test samples were in accordance with ASTM D 256-06. After injection molding, the test
samples were conditioned before testing at 2322°C and 50+£5% RH for at least 40 h
according to ASTM D 618-99,

Test Methods

Izod Impact Tests

Motched and unnotched Izod impact strength tests were conducted using a Ceast pendulum
impact tester (Model Resil 50B) according to ASTM D 256-06 at 23+£2°C and 50+5% RH
in the environmentally conditioned mechanical testing room. Each wvalue obtained
represented the average of six samples and in the case where COV (coefficient of variance)

exceeded 5%, the number of samples was increased to twenty.
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Scanning Electron Microscopy (SEM)

Studies on the morphology of the Izod impact fracture surfaces of the composites were
carried out using an AMR 1000 (AMRay Co.) scanning electron microscope (SEM).
Images were taken at 10 kV with 200= SEM micrograph magnifications. All samples were

sputtered with gold before the microscopic observations were made.

RESULTS AND DISCUSSION

Notched and unnotched Izod Impact Strength

The notched and unnotched [zod impact samples were tested and Fig. 1 shows the lzod
impact strengths of the composites at different filler loadings. Both notched and unnotched
Izod impact strength of the composites decreased as the filler content increased. The
agglomerated filler particles generated filler-filler contacts where there was no interfacial
adhesion in the matrix polymer, which caused any cracks to easily propagate in the
composite since no crack initiation energy was required (Yang et al 2004). These micro-
cracks caused decreased impact strength of the composites (Yang et al 2006a), however, a
previous study reported that the addition of a compatibilizing agent could improve filler
dispersion and the impact resistance of the composites (Svoboda et al 2002 and Yuan et al
2008). Based on previous research results (Zhang et al 2003 and Zhang et al 2004), it can
be assumed that impact strength of the composites should be enhanced by nano
reinforcement but in real applications, no researchers have successfully enhanced the
impact strength of the composites by incorporating nanoparticles. Previous research results
(Zhang et al 2003 and Zhang et al 2004) indicate that the impact strength increased as filler
loading increased up to low filler content such as 2 - 6 wt.% but decreased as filler loading
was increased further. The decrease in impact strength of the composites was usually
caused by poor dispersion of filler particles. If the filler particles are dispersed thoroughly
in the matrix polymer. cracks will occur only at the filler-matrix interface. In the case when
small particles are incorporated in the matrix. crack length increases considerably during
the process of fracture. Increases in crack length leading to increases in energy absorption
before fracture (Bledzki et al 2009) should enhance impact strength.
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Fig. 1. Notched and unnotched Izod impact strengths of the composites at different filler

loadings.

This is the ideal concept but in real applications, filler particles tended to agglomerate with
each other and there were many filler-filler contacts in the composites which are more
crack sensitive than the filler-matrix interface as shown in Fig. 2. This is the major reason
for a decrease in impact strength as filler loading increases in the composites. Especially
cellulose nanofibril fillers strongly tend to agglomerate with each other during drying or the
melt mixing process by hydrogen bonding because the raw cellulose nanofibrils are
produced in a form of aqueous suspension. Therefore, preventing agglomeration and
achieving good dispersion of cellulose nanofibril reinforcements in polymer composites is

one of the key points of future research.
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Fig. 2. Crack at the interface during the impact fracture in the composites.

The unnotched impact strength of CNF-filled PP composites displayed higher values than
the other fillers as loading increased. which was attributed to the larger agglomerations of
fillers in the MFC and MCC-PP composites while the CNF-filled PP composites exhibited
less agglomerations as shown in Fig. 3. Agglomerated particles or fibers caused poor stress
transfer to the matrix polymer and this led to lower impact strength of the composites as
shown in Fig. 1. The notched samples exhibited lower impact strength than the unnotched
samples. The notched tip is the stress concentrating point when impact occurs, and the easy
propagation of the crack results in the low impact strength in the notched sample (Yang et
al 2004). In the case of the unnotched samples. the filler-matrix interface is the stress
concentrating point and crack propagation begins at micro-cracks in the composite.
Previous researchers reported that maleic anhydride grafted polypropylene (MAPP)
compatibilizer had little or no effect on the notched impact strength but appeared to
increase the unnotched impact strength of the composites (Oksman and Clemons 1998 and
Stark and Rowlands 2003), which was attributed to the improved interfacial adhesion
causing a higher impact resistance in the case of the unnotched impact test. The unnotched
sample made with 100 wt.% of polypropylene exhibited significantly higher impact
strength than the sample made with 1wt.% filler loading.
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Fig. 3. SEM micrographs of the composites unnotched impact samples away from the
notch (3 wt.% of filler loading).
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The unnotched [zod impact energies were considerably larger than the notched Izod impact
energies because of the different fracture processes involved in the notched and unnotched
samples. The impact properties were affected by the crack initiation and the crack
propagation mechanism between the filler and the matrix polymer (Yang et al 2006b).

There are several photographs in Fig. 4 which describe notched and unnotched impact
fracture behavior. Fig. 4 (a) is a notched sample and the crack easily propagated from the
notched tip. Fig. 4 (b) is an unnotched sample, impact loading applied at the opposite side
of notched tip and the crack was initiated and then propagated from the impact point. In this
case. stress whitening occurred at the impact point. Fig. 4 (¢) is a fracture end of the
notched sample and almost no stress whitening occurred. but Fig. 4 (d) is a fracture end of

the unnotched sample and stress whitening occurred at the opposite side of the notched tip.

(b) Unnotched sample

(c) Fracture end of notched sample (d) Fracture end of unnotched sample
Fig. 4. Fracture surfaces of notched and unnotched impact samples (3 wt.% of filler
loading).
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The unnotched sample impact behavior was controlled to a considerable extent by fracture
initiation processes which. in turn, were controlled by stress concentrations occurring at
defects in the composite system. Notched impact behavior was controlled to a greater
extent by factors affecting the propagation of fractures initiated by the stress concentration
at the notched tip. In other words, the unnotched Izod impact energies are not only a
measure of crack propagation. but also of crack initiation (Yang et al 2004 and Yang et al
2007a). This is because the notched impact energy comprises only the crack propagation,
whereas the unnotched impact energy consists of the crack initiation and crack propagation
in the composite system (Yang et al 2007h).

Fracture initiation resistance can be calculated by subtracting notched impact strength from
unnotched impact strength and is shown in Fig 5.

Flg =1y - In

where Flg is fracture initiation resistance, Iy is unnotched and Iy is notched impact strength.
respectively. The fracture initiation resistance of CNF-filled PP composites showed higher
values than the other samples. which was attributed to the large agglomerations of the other

fillers and displays a similar trend to graph in Fig. 1 (a).
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Fig. 5. Fracture initiation resistances of the composites at different filler loadings.
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Fig. 6 shows the comparison between conventional PP (homo PP) and impact modified PP
used in this study. The matrix polymer’s resistance to crack propagation has an influence
upon notched impact strength, while unnotched impact strength was affected by the energy
consumed due to plastic flexural deformation prior to crack initiation (Yang et al 2006b).
From Fig. 6 (b), the unnotched impact strength of the impact modified PP used in this study
was nearly twice the conventional PP, but the notched impact strength was lower than
conventional PP. This means that the impact modified PP was more fracture resistant than
the conventional PP while more crack sensitive than conventional PP. In other words. when
impact loading is applied. impact modified PP is hard to initiate but easy to propagate
cracks compared with the conventional PP. In the case of the notched sample made with
100 wt.% PP with the notched tip. the crack was initiated at the impact occurrence, but the
unnotched specimen had no such defect and therefore showed significantly higher impact
strength. The addition of the filler led to the creation of an interface between the filler and
the matrix polymer, which then constituted the stress concentrating and crack initiating
point. and this caused significantly reduced impact strength in the unnotched sample (Yang
et al 2004 and Yang et al 2007a).
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Fig. 6. Notched and unnotched Izod impact strength comparison between conventional PP
and impact modified PP ((a): courtesy of Yang et al 2006b).
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Characteristic Impact Resistance Model

During the evaluation of impact fracture surfaces, it was observed that stress whitening
occurred at the impact point when the crack initiated and then propagated from the end of
fracture initiation zone to the slip-stick point. Beyond the slip-stick point, there was no
impact resistance in this brittle fracture zone. The area between the fracture initiation zone

and slip-stick point can be described as a fracture propagation zone as shown in Fig. 7.
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Fig. 7. Fracture initiation and propagation zone of notched and unnotched Izod impact
samples (3 wt.% of filler loading).
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[t also has been found that the length of the fracture initiation zone is directly proportional
to fracture initiation resistance of the composite samples as filler loading increases.
Therefore, the relationship between fracture initiation zone length and fracture initiation
resistance can be established using a regression function as shown in Fig. 8. Among the
possible regression functions, a single exponential 3 parameter function provided the best
fit with the empirical data. By drawing a regression line at the fracture initiation zone
length of O that intersects with the y axis (fracture initiation resistance) of the graph,
although this extreme situation will never happen in real applications, which imaginably
means no energy was consumed to initiate impact fracture, but all impact energy was
consumed to propagate fracture. This is the boundary condition and the y intercept value

can be described as a characteristic fracture propagation resistance as summarized in eq. (1).
y=C/+ aleblx (1)
If x =0, y = C; + a; (characteristic fracture propagation resistance)

Where x = fracture initiation zone length (m), y = fracture initiation resistance (kJ/m?) and
Ci, a1, by = constants calculated by regression. The regression functions including C;, a;
and b; values are as follows;

y=6.55+0.03¢"907 R?=0.9986 (CNF-PP)

y=1.28+0.08¢""*" R*=0.9967 (MFC-PP)

y=-16.87 + 1.55¢°*%  R?=0.9963 (MCC-PP)

In the case of x = 0, y = 6.58 (CNF-PP), 1.36 (MFC-PP) and -15.32 (MCC-PP). The minus
value of characteristic fracture propagation resistance in the MCC-PP composite sample
means that there is no resistance during fracture propagation in the boundary condition.
This is a unique characteristic when the material is at the boundary condition and CNF- and
MFC-filled PP composites are more resistant than MCC-PP in terms of characteristic
fracture propagation resistance. For example, if all impact energy is consumed to propagate
fracture, the largest energy will be required in the CNF-PP composite samples while the

MCC-PP samples will require no energy which means just brittle fracture will occur.
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Fig. 8. Relationship between fracture initiation zone length and fracture initiation resistance.

On the other hand. the length of the fracture propagation zone was inversely proportional to
fracture initiation resistance of the composite samples as filler loading increased. Therefore,
the relationship between fracture propagation zone length and fracture initiation resistance
can be established as shown in Fig. 9. By drawing a regression line at the fracture
propagation zone length of 0 that intersects with the y axis (fracture initiation resistance) of
the graph which imaginably means all energy was consumed to initiate impact fracture but
no energy was consumed to propagate fracture. This is another boundary condition and the

v intercept value can be described as a characteristic fracture initiation resistance in eq. (2).
—h.x
y=C,+ae™ (2)
If x =0, y= s+ a (characteristic fracture initiation resistance)

Where x = fracture propagation zone length (m), y = fracture initiation resistance (kJ/m”)
and Cs. a». b; = constants calculated by regression. The regression functions including Cs,

a> and b, values are as follows:
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y=924+165.10¢""7*  R*=0.9963 (CNF-PP)

y=3.11+ 154.55¢"7*  R*=0.9975 (MFC-PP)

y=-0.09 + 146.27¢" %% R*=0.9948 (MCC-PP)

In the case of x = 0, y = 176.34 (CNF-PP), 157.66 (MFC-PP) and 146.18 (MCC-PP). This
is a unique characteristic when the material is in the boundary condition, for example, if all
energy is consumed to initiate fracture, the largest energy will be required in the CNF-PP
composite samples while the MCC-PP samples will require the smallest amount of energy.
This result is different from Fig. 5 where fracture initiation resistance of CNF, MCC- filled
PP composites is higher than MFC-PP composites. This means that the apparent values
such as impact strength and fracture initiation resistance are not the only tool to evaluate a

material’s unique characteristics when the material is in extreme/boundary conditions.
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Fig. 9. Relationship between fracture propagation zone length and fracture initiation

resistance.
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Fracture Initiation Resistance

There are two possible scenarios comparing two different materials in terms of impact
resistance as shown in Fig. 10. In case 1. both fracture initiation resistance and
characteristic fracture propagation resistance of material A are better than material B,
therefore material A is recommended. Meanwhile in case 2, fracture initiation resistance of
material A is higher than material B, but in terms of characteristic fracture propagation
resistance. material B is better than material A. This means that once fracture is initiated.
material B is more resistant than material A. Material A in case 2 applies to MCC-PP and
material B applies to CNF-PP and MFC-PP in this study. Considering all the possible end
user environments, it is important for structural designers or material manufacturers to
understand the practical implications of impact behavior depending on the specific
applications, and also. will be helpful to determine proper materials to be utilized. The
characteristic impact resistance model will be a new and valuable analysis tool to

investigate unique characteristics of nanocomposite materials.
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Fig. 10. Case study of two different materials using characteristic impact resistance model.
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CONCLUSIONS
CNF was found to offer better impact strength and resistance than MCC as the filler
loading increased, which was attributed to the larger size of the MCC. The impact
properties were affected by the crack initiation and crack propagation mechanism between
the filler and the matrix polymer. The unnotched Izod impact energy was considerably
larger than the notched Izod impact energy, and this was due to the different fracture
processes involved in the notched and unnotched [zod impact samples. [t was found that the
impact modified PP used in this study was more fracture resistant while more crack
sensitive than conventional PP. CNF and MCC-filled composites showed higher impact
resistance than MFC-filled composites as filler loading increased but CNF and MFC-filled
composites showed higher characteristic impact resistance than MCC-filled ones. It was
found that both impact resistance and characteristic impact resistance are tools to describe a

material’s unique impact characteristics.
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Abstract

Highly porous metals with millimeter-sized cellular struc-
tures have found a broad range of applications from energy
absorption to machine construction due to their interesting
combinations of physical/mechanical properties, structural
morphology, and low densities. However, the mechanical
properties of these metals scale adversely with the relative
density, and therefore the porous materials retain only a
fraction of the bulk values. Recent studies on nanoporous
metallic materials have revealed a dramatic improvement in
mechanical properties, such as yield strength, as the dimen-
sions of the pores approach submicron to nanometer range.
These encouraging results point to a promising approach to
bridge the gap between high strength and high porosity. The
reason for this enhancement is attributed to the significant
size effect of the nanoscale ligament in addition to the rela-
tive density. Nevertheless, the implementation of such a
material is severely hampered due to critical challenges in
search of viable manufacturing routes and materials. By us-
ing celluloses nanofibers, we aim to design and synthesize
hybrid porous cellulose/metal nanocomposite materials with
proper metallization processes. In this presentation, we will
report our initial results in the construction of three-dimen-
sional (3D) microfibrillated cellulose nanocomposites and
their potential applications in terahertz devices. Our future
work will focus on investigation of conformal synthesis of
3D porous nanocomposites.
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Introduction

The pursuit for materials that have versatile functionalities
but are yet strong and lightweight has long been a dream

of material scientists and engineers. Bulk materials, which
have been used since the advent of human activities, al-
most reach their ends in this context unless a dramatically
transformative category of materials is discovered. Instead,
a logical alternative is to intelligently engineer porous or
cellular materials into a new class whose properties can be
well tailored to meet various high-performance needs at
very low relative densities. During the past several decades,
such a class of material has received much attention due to
the combination of functionalities and mechanical proper-
ties that it displays, and it has been used in a variety of ap-
plications ranging from structural components to functional
devices that show interesting combinations of physical/me-
chanical properties, structural morphology, and lightweight-
ness (Banhart 2001). However, extensive experimental work
has concluded that the retained mechanical properties scale
adversely by following Gibson and Ashby’s theory, which
suggests that mechanical properties (e.g., Young’s modulus
or tensile strength) of the porous metals retain only a frac-
tion of the bulk values (Gibson and Ashby 1999).

In the past few years, nanostructured three-dimensional
(3D) metallic foams with much smaller pore dimensions
have become a hot research topic. Recent developments in-
clude materials made of noble metals such as gold (Au), sil-
ver (Ag), and platinum (Pt) (Biener and others 2005, Biener
and others 2006, Hodge and others 2007). Inspired by the
localized electrochemical corrosion phenomenon occurring
with an alloy, the controlled process can be favorably ex-
ploited to produce nanoporous metals. This process is called
dealloying, which is adopted, for example, to generate Au
nanofoams from an initial binary Au—Ag alloy. Surprisingly,
mechanical property tests reveal values of the yield stresses
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that are significantly higher than that of bulk Au. Further-
more, as the ligament size becomes smaller (i.e., 10 nm),
the yield stress approaches the theoretical limit (Biener and
others 2005, Biener and others 2006). These findings seem
contradictory to the previously described, widely accepted
Gibson and Ashby predication, making it necessary to re-
evaluate the factors (besides relative density) that determine
the strength value at nanometer length scale (Hodge and
others 2007). Overall, this research area is in its early infan-
cy. There remain several bottlenecks in understanding such
a class of material, and the implementation of such a materi-
al is also severely hampered due to critical challenges in the
course of further development. One key challenge lies in the
synthesis processes, among which dealloying (preferentially
etching one element from a binary alloy) is dominant. An-
other challenge is the availability of viable materials, which
are generally limited to noble metals such as Au, Ag, and Pt.
None of these is economically preferred for structural appli-
cations and other functional situations. Thus, exploration of
both new materials and effective synthesis routes are critical
to bringing these materials to real-world applications.

Interest in cellulose-based porous nanomaterials has re-
cently received a great boost, not only because the cellulose
microfibrils or nanofibers themselves possess excellent ten-
sile properties and modulus, but also because their substan-
tial tunabilities offer enormous potential for creating new
hybrid functional nanomaterials. For example, nanofiber
networks were used either as constituents or templates to
synthesize new functional materials for magnetic aerogels
and stiff magnetic nanopaper (Olsson and others 2010), cell
regeneration (Barreiro and others 2010), nanoparticle syn-
thesis (Ifuku and others 2009), electrically conducting flex-
ible aerogels (Paakko and others 2008), gas sensor (Huang
and others 2005), and catalysis (Shigapov and others 2001).
We envision that a combination of atomic-level material
deposition with properly designed 3D cellulose nanofiber
networks will lead to a new fabrication route toward novel
nanocomposites at a true nanoscale and will also enhance
the diversity of component metals and alloys. As an initial
step, we report our preliminary studies on synthesis of nano-
composites consisting of cellulose nanofibers and magnetic
nanoparticles as well as their potential applications in tera-
hertz devices. Our future work will focus on investigation of
conformal synthesis of 3D porous nanocomposites.

Experimental

The cellulosic nanofibers were generated through a micro-
fluidizer processor, which is essentially a specialized ho-
mogenizer and forces liquid streams through microchannels
at extremely high shear rates, resulting in a size reduction
of particles in the liquid stream. In this study, eucalyptus
(Eucalyptus grandis, E. amplifolia) fibers were enzymati-
cally treated to convert some cellulose into fermentable
sugars for ethanol production. The remaining coarse fibers
were then passed through the microfluidizer until they were
reduced to primarily nanofibers. The particles used are
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silica-encapsulated magnetic oxide Fe;O, nanoparticles with
controlled dimensions, which were synthesized following
the microemlusion procedure described in Ifuku and oth-

ers (2009). The nanocomposite samples were prepared by

a simple drop-cast method by mixing the nanofibers and
particles and subsequently sonicating and coating to a mi-
croscope slide. This is followed by baking at 50 °C on a hot
plate overnight. As a comparison, the fibers alone were

also coated the same way in the absence of magnetite
nanoparticles.

Scanning electron microscopy (SEM) was carried out by

a JEOL JSM-7000F (JEOL Ltd., Tokyo, Japan) equipped
with a field emission gun. Prior to SEM observations, the
specimens were coated with thin layers (less than 1 nm) of
carbon. Atomic force microscopy (AFM) was performed
with Digital Instruments (Veeco) Dimension-3100 (Digi-
tal Instruments Veeco Metrology Group, Plainview, New
York) under tapping mode. Both the height images and the
amplitude images were collected simultaneously. Surface
morphology studies were performed by using a SPI Di-
mension 3100 atomic force microscope that uses standard
and advanced scanning probe microscopy (SPM) imaging
modes to measure surface characteristics. The terahertz
transmission spectroscopy of the cellulose and its composite
films was performed on a system consisting of a frequency
extension module covering 0.57-0.63 THz and a Schottky
diode-based THz detector.

Results and Discussions

Figure 1 shows both SEM images of a sample without mag-
netite nanoparticles and a nanocomposite sample. It can

be clearly seen that a porous cellulosic nanofiber network

is present in the nanofiber-alone coating (Fig. 1(a)). When
magnetite nanoparticles are added, two distinct regions are
observed: one is an aggregated area of nanoparticles

(Fig. 1(b)) and another is a networked area of nanofibers
(inset of Fig. 1(b)) similar to that in Fig. 1(a). This indicates
a phenomenon commonly encountered in particle nanocom-
posites. The morphological features of the two samples from
AFM measurements are shown in Figure 2. It is readily evi-
denced that the interwoven networks are formed with long
cellulose fibers with diameters between 16 and 25 nm

(Fig. 2(a)). The phase separation of the particle-enriched
region and nanofiber region is also seen in the AFM image
(Fig. 2(b)) of the nanocomposite. From the amplitude im-
age, the diameter of the core-shell nanoparticle shown by a
pair of red arrows is determined to be 21 nm, but the actual
size is slightly smaller due to apex of the AFM tip.

Both the SEM and AFM analyses seem to suggest that the
simple preparation procedure yielded a nonuniform but less
porous nanofiber matrix. However, the heterogeneous dis-
persion of the nanoparticles is detrimental to the integrity of
the resultant composites and therefore limits the mechani-
cal loading, adhesion, and local magnetic performances. To
overcome such a problem, several chemical modification
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Figure 1. SEM images showing (a) porous cellulosic nanofiber network morphology of the sample without magnetite
nanoparticles and (b) magnetite nanoparticles in the nanocomposite sample.
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Figure 2. AFM images showing morphology of (a) interwoven network of 16-25-nm-diameter cellulosic nanofibers in the
sample without nanoparticles and (b) magnetite nanoparticles in the nanocomposite sample.

mechanisms using coupling agents, such as organosilanes
(Paakko and others 2008) and aminopropyl-triethoxylsilane
(APTES) (Huang and others 2005), have been explored to
modify the interfacial behaviors of the dispersoids and ma-
trices. Because both surfaces of the cellulosic fiber and the
silica shell present hydroxyl groups in our system, we will
address this issue by investigating and establishing an opti-
mal silanization protocol to achieve not only strong covalent
interfacial bonding but also improved particle dispersion.

The THz transmission spectroscopy system (0.57-0.63
THz) was applied to characterize cellulose samples shown
in Figure 3. The nanocomposite samples under examination
are prepared by dropping and drying liquids on 3-mil Mylar
thin films, and the measured data are normalized to the volt-
age response of the blank Mylar thin film measured using
this system for THz transmission. Shown in Figure 3(b) is
the THz spectrum of one cellulose sample in the frequency
range of 0.57-0.63 THz. Stronger absorption is observed
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Figure 3. THz transmission spectroscopy of the resultant nanocomposites at 0.57-0.63 THz: (a) configuration of the solid

state frequency domain THz system based on quasi-optical, ultra-broadband, Schottky diode detector—system diagram; (b)
THz transmission spectrum of cellulose sample, narrow absorption features have been observed; and, (c) THz transmission
comparison of cellulose sample and cellulose with magnetic nanoparticles. Enhanced THz transmission is observed for cel-

lulose with nanoparticles sample.

at 0.62-0.63 THz, 0.57 THz, and 0.58 THz. The absorption
peaks show narrow frequency bandwidths less than

0.01 THz. These spectral features are difficult to be discov-
ered using conventional time-domain THz techniques and
could be used for characterization and identification of cel-
lulose samples. The THz spectrum of cellulose samples with
nanoparticles was also measured and compared to cellulose
samples under the same preparation conditions, as shown
in Figure 3(c). The sample with nanoparticles shows higher
transmission than the sample without. In addition, the trans-
mission of the magnetic nanoparticles sample is larger than
the one over the entire frequency range of 0.57-0.63 THz,
indicating a field enhancement. This property may find ap-
plications in THz-based chemical and biological sensing.

Summary

A nanocomposite was prepared by co-deposition of cel-
lulosic nanofibers and core-shell magnetic Fe;O,4-silica
nanoparticles. While a fine interwoven network of the nano-
fibers is formed, there exist regions where the particles are
aggregated. Our future work will focus on developing an
optimized silanization protocol to create covalent interfacial
bonding and homogenous particle dispersion and evaluating
the resultant nanocomposites in magnetic, mechanical, and
thermal performances. The THz transmission spectroscopy
examination of the nanocomposite films from 0.57 to

0.63 THz suggests strong absorption peaks and enhance-
ment of intensity due to incorporation of magnetic nanopar-
ticles. This may indicate potential usefulness of this cel-
lulose nanocomposite in chemical and biological sensing.
Our future work will focus on investigation of conformal
synthesis of 3D porous nanocomposites.
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Abstract

Because of its abundance, as well as its high stiffness, cellulose has been recognised as
having huge potential in the production of environmentally friendly composite materials.
Although research on cellulose reinforced composites has advanced rapidly over the last
decade or so (Azizi et al. 2005, Eichhorn et al 2010), there is a need for further
investigation into the mechanical behaviour of these materials. Despite the fact that the
molecule of interest - cellulose - is the same, there is a significant amount of variation in
its reinforcing capabilities resulting from the raw material, the preparation methods,
chemical treatments, etc. A well-known property of cellulose is its ability to form stable
water suspensions and this has been utilized in the production of composites. However
the reinforcement of hydrophobic polymers has been limited due to the hydrophilic
nature of cellulose.

In the present study TEMPO-oxidized cellulose fibrils (TOCF), prepared from bleached
birch pulp, were used to reinforce poly(lactic) acid (PLA). Acetylation, using acetic
anhydride in dimethylformamide (DMF), was carried out in order to facilitate dispersion
of the TOFC in a non-polar solvent (chloroform) in which the PLLA was dissolved. The
degree of acetylation was evaluated by FT-IR spectroscopy. Composites were prepared
by solvent casting from a solution of PLA in chloroform containing up to 10 wt% load of
acetylated TOFC. The resulting composites had a thickness of approximately 80 um and
were tested in tension according to ISO 527:1996. Further investigation was undertaken
with Raman spectroscopy as well as with scanning electron microscopy.

The acetylated TOCF showed significantly improved dispersion in non-polar media,
which led to the successful preparation of composite films. The mechanical properties of
reinforced PLA exhibited different properties compared to unreinforced PLA. Fracture
energy (toughness) was significantly increased at lower weight fractions of TOCEF.
However, the same effect was not observed at higher weight fractions of reinforcement.

Preparation of composite films

TEMPO-oxidized cellulose fibrils (TOCF) were prepared from bleached birch Kraft pulp
according to the method of Saito et al. (Saito et al 2006). After oxidation, the fibrils were
stirred in a commercial blender with the addition of deionised water until a transparent
gel was formed. The TOCF was solvent exchanged, by two sequential centrifugations at
8000 rpm for 15 min at 20 °C, to and then acetylated. Acetylation took place in a round
bottom flask at 105 = 5 °C for 15 and 120 minutes. Subsequently, acetone was added to
wash away the reaction by-products and left overnight, following which the suspension
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was solvent exchanged to acetone and from acetone to chloroform. PLA (2002 D Nature
Works) was dissolved in chloroform at room temperature and mixed with the acetylated
TOCF. The mixture was homogenized and degassed before casting onto a release agent
(chemlease 75) treated glass plate. It was kept overnight in a room and finally cured in an
oven at 55°C £ 5 for 30 min.

Mechanical testing

Specimens for tensile testing were prepared in accordance with ISO 527:1996. Specimen
type 1BA was punched out of the films using a custom made cutting die. There were at
least 5 specimens in each group. The thickness of films was up to 100 pm. Specimens
were conditioned at +23 °C £ 1 °C and 50 % + 2 % relative humidity (RH) for at least 72
h before testing. Testing of the composites was performed at a crosshead speed of 20
mm/min.

Results

Dried samples of acetylated and non-acetylated cellulose were investigated using FT-IR
spectroscometer FTS 600 (Bio-Rad). The spectra were recorded between 400 cm™ and
4000 cm™. The results are presented in Figure 1.

MO min acetylated TOC
15 min acetylated TOC
/\\\J\/\/\foxidized cellulose (TOC)

non-modified cellulose

1000 1250 1500 1750 2000 2250 2500

Intensity (arbitrary units)

Wavenumber (cm!)

Figure 1.FT-IR spectra of non-modified, tempo-oxidized and acetylated oxidized cellulose.

The tempo-oxidation introduces carboxylic groups on cellulose surface (Saito et al 2007).
Therefore the peak in FT-IR spectrum occurs at around 1600 cm™. It is not visible in the
spectrum of the non-modified cellulose. Carboxylic groups are esterified during the
acetylation reaction as evanesce of 1600 cm™ peak and appearance of 1750 cm'peak,
corresponding to carbonyl group, indicates. Interestingly the reaction duration did not
have a significant effect on the level of acetylation, implying that the accessible hydroxyl
groups reacted within the first 15 minutes.

It is known that the dispersion of cellulose in non-polar solvents depends on the degree of
substitution (DS) (Tingaut et al. 2010). The dispersion of TOCF was investigated using
optical microscopy and Raman spectroscopy, Figure 2.
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Figure 2. Optical micmscdpc image (X20) of cross-section of composite with 10 wi% load of acetylated
TOCF and a Raman map of the area within the rectangular. Scale bar indicates arbitrary intensity units
{lighter colour corresponds to higher amount of cellulose).

T

White areas in the optical image intuitively could be related to cellulose clumps due to
aggregation although it could also be other contaminants. The Raman spectra were
recorded from the area within the rectangular (Figure 2), at a spacial resolution of 1 pm.
The Raman map was constructed by taking the intensity ratio of two distinct peaks: 1095
em” corresponding to cellulose and 1130 em™ corresponding to PLA. The Raman
mapping data agrees with the hypothesis that the clumps, visible in the optical
microscope image. are cellulose aggregates. However the difference in intensities implies
that the PLA matrix impregnated them to a certain extent.
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Figure 3. Mechanical properties of composite films reinforced with 15 min acetylated TOCF. Columns
represent Young's modulus: curve represents tensile strength. The error bars denotes standard deviation.

The addition of TOCF altered mechanical behaviour of the PLA. The Young’s modulus
was significantly lower than the unreinforced PLA at 1 wt% load of TOCF. However,
with only 2 wt% load the stiffness was comparable with that of pure PLA and at 5 wt%
load, a slight (8%) increase in stiffness was observed. At a weight fraction of 10% TOCF
the Young's modulus decreased mainly due to the extensive aggregation as shown in
Figure 2. The tensile strength followed the similar trend. although exhibiting a somewhat
more moderate drop at 1 wt% load in comparison to Young's modulus. The decrease in
both Young’s modulus and tensile strength was accompanied by large increase in strain
to failure and consequently the work of fracture. This is probably due to crazing as
extensive “stress whitening” in the test samples was observed.

Conclusions

Tempo-oxidized cellulose reinforced PLA films were successfully prepared. The
dispersion of polar cellulose in non-polar chloroform was significantly improved through
esterification of the hydrophilic hydroxyl groups. The resultant composites exhibited
significantly different mechanical behaviour compared to pure PLA. especially at low
weight fractions of reinforcement agent. High values of strain to failure — approx 250%



Nanocelluloses: Potential Materials for Advanced Forest Products Proceedings of Nanotechnology in Wood Composites Symposium

were observed at low weight fractions of TOFC, although at the expense of strength and
stiffness.
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Abstract

This study investigated the influences of temperature,
heating rate, purge gas type, and flow rate on the production
of nano-structured carbons from southern pine wood chips
by pyrolysis. Pyrolysis temperatures were between 450 and
1,000 °C with heating rates of 1.0, 10, and 50 °C/min. The
purge gases were nitrogen and hydrogen with flow from

100 to 1,000 mL/min. The surface morphology of pine
chars was characterized using scanning electron microscopy
(SEM) and transmission electron microscopy (TEM). SEM
analyses indicated that the surface of pine chips had already
started to decompose at 450 °C if nitrogen was used with a
flow rate of 500 mL/min, but no nanoparticles were formed.
The formation of sphere nanoparticles with a diameter from
50 to 100 nm was observed at 650 °C. More nanoparticles
were produced as pyrolysis temperature increased to

1,000 °C, and the particle diameter in the surface was
around 20 nm. Pine chars produced with nitrogen gas
showed more nanoparticles on the char surface than those
with hydrogen. The surface of the pine chars had fewer
particles with increased purge gas flow. The particle quantity
was increased at higher heating rates. Nano carbon spheres,
nano carbon chips, carbon nanofibers, carbon nanotubes,
some porous carbon particles, and micro-pores and channels
were observed from the chars produced at 1,000 °C.

Introduction

Driven by the shortage of crude oil and environmental
concern, research efforts have been made to develop new
processes for converting renewable biomass to energy.

The biofuels can be achieved from biomass through

thermal degradation and biological processes (Kumar

and others 2009). Three phases are produced during the
thermal transformation of biomass under inert atmosphere:
gases, liquids (tars, condensable vapors), and solids (char)
(Wampler 2006). The operating conditions such as pyrolysis
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temperature and heating rate are key factors affecting three
phase product fractions (Baumlin and others 2006).

Pyrolysis processes may be conventional or fast pyrolysis,
depending on the operating conditions. Conventional

slow pyrolysis has been applied for thousands of years,
such as for charcoal production (Demirbas 2009). In

slow pyrolysis, biomass is heated to 500 °C with vapor
residence times ranging from 5 to 30 min. For fast pyrolysis,
biomass is rapidly heated in the absence of oxygen.
Biomass decomposes to generate vapors, aerosols, and
solid char. Fast pyrolysis processes produce 60—75 wt%
of liquid bio-oil, 15-25 wt% of solid char, and 10—-20
wt% of non-condensable gases (Mohan and others 2006).
Carbon content of wood varies from about 47% to 53%
due to varying lignin and extractives content (Ragland and
Aerts 1991), and 30% to 50% of the carbon in the wood is
converted to solid char during the pyrolysis process.

In bio-oil research, most attention has been concentrated

on liquid product upgrading and syngas formation and
utilization, but the char, an attractive byproduct, has
received less attention. Thus far, there is no other value-
added use available for this solid residue besides direct
combustion for heat production. The synthesis of value-
added, carbonaceous nanomaterials from the bio-chars as
well as carbon rich and renewable biomass such as wood

or agriculture plants can be an attractive option to use
carbon resources in a sustainable and “CO,-neutral” way
compared to using fossil resources (Hu and others 2010).
Limited studies were found on systematically analyzing the
effects of thermal treatment conditions such as temperature,
heating rate, purge gas type, and gas flow rate on the surface
morphology change of bio-chars produced from biomass
and the formation of nanomaterials from these bio-chars.
The objective of this study was to investigate the effects of
these thermal treatment variables on the formation process
of nanomaterials and the surface morphology change of bio-
chars pyrolyzed from southern pine clear wood biomass.
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The different morphologies and structures of bio-chars can
be produced with various operating conditions. Ohata and
others (www.geocities.jp/vasizato/Yoshizawal7.pdf) heated
the sapwood of Hinoki from 400 to 900 °C with a heating
rate of 20 °C/min and held it for 120 min at 900 °C. Three
nitrogen gas rates of 100, 200, and 1,000 cm3/min, and

three oxygen concentrations of 0.7, 0.3, and 0.06 vol% were
investigated. Tube-like carbon fibers were observed on cell
walls of the charcoals when the sample was heated at

900 °C in 0.06 vol% of oxygen concentration. It was
suggested that cobalt serve as the catalyst and carbon
monoxide as the carbon source. Saito and Arima (2002)
observed cone-shaped carbon materials inside the cell lumen
of pre-heat-treated (300—400 °C) sapwood of Japanese cedar
heat-treated at 2,500 °C with argon gas for 1 h. The heating
rate, pressure, and cooling rate were 10 °C/min, 10-20 Pa,
and 30 °C/min, respectively. There were no carbon particles
observed for samples heated less than 2,500 °C.

Carbonized microfibrils and onion-shaped graphitic
nanoparticles were observed from 20-year-old Japanese
cedar carbonized up to 700 °C for 30 min with a heating
rate of 4 °C/min and in an argon gas atmosphere (Hata and
others 2000). Onion-like nanoparticles and nano-size pore
structures were observed on the surface of Japanese

cedar carbonized at 700 °C for 1 h with a heating rate of
10 °C/min (Ishimaru and others 2001). Kurosaki and others
(2003) flash-heated the sapwood of Japanese cedar at

800 °C for 1 h and produced well-aligned curved,
fragmented, and not-closed graphitic plane carbon
structures. But this was not for the slow heating process
(in a helium atmosphere at 4 °C /min, gas flow rate

50 mL/min, and pressure 300 kPa) where the cell structure
was still maintained. Most particles observed were about
25 nm in diameter, but larger size particles up to 100 nm
were also observed, which were elliptical rather than
spherical.

It was found that under a high heating rate the biomass
char particles underwent plastic deformation (i.e., melted)
and developed a structure differing from that of the virgin
biomass (Cetin and others 2004). Pressure was also found
to influence the physical and chemical structures of char
particles. Guerrero and others (2005) characterized the
chars from pyrolysis of eucalyptus at different temperatures
and heating rates, and the influence of their morphology
changes on overall reactivity was investigated. Large
internal cavities and a more open structure were observed
over the high heating rate char particles. The globular
particles with the size of approximately 20 nm were
observed in the cell wall sections of sycamore maple heated
to 1,100 °C under nitrogen (Herzog and others 2006). After
subsequent activation by CO, at 900 °C for a dwell time of
0 min, molecular-sized pores with diameters ranging from
3 to 20 nm and particles containing crystallized minerals
were observed. There was a fundamental difference in the

nanoforms before and after activation. Stacked carbon
structures were found in cellulose-rich regions before
activation. After activation, additional onion-like, multi-
walled clusters were observed.

Hu and others (2008) prepared chars from rice husk

at different pyrolysis conditions. Scanning electron
microscopy (SEM) images showed that the surface of
pores in char particles became increasingly rough in the
middle of pyrolysis. Biagini and others (2009) produced
the bio-chars from cacao shells and olive cake using a
high heating rate and characterized the char morphology
after the first step of devolatilization. Different chars were
produced in a drop tube reactor by rapid pyrolysis with
various nominal temperatures and residence times. It was
found that char particle size enlarged at 500—-600 °C due
to swelling phenomena and bubble formation, and at a
higher temperature (800 °C) the final size slightly decreased
with respect to the parent material for crack formation and
melting of material.

Fu and others (2009) characterized pyrolysis chars from
maize stalks with the effects of pyrolysis temperature

and heating rate on the char properties investigated. The
pyrolysis was performed at atmospheric pressure and
temperatures from 600 to 1,000 °C under low and high
heating rates. As the temperature increased, maize stalk
chars had a slightly less amorphous structure and fewer
aliphatic side chains and became more aromatic and
ordered. At a high heating rate, progressive increases in
porosity development with increasing pyrolysis temperature
occurred. The surface area of the chars reached a maximum
of 81.6 m?/g at 900 °C and decreased slightly at a higher
temperature. Above 900 °C, structural ordering, pore
widening, and/or the coalescence of neighboring pores

led to the decrease in the surface area values, resulting

in thermal deactivation of the chars. The influence of the
heating rate on the surface area was not significant.

Material and Methods
Materials and Heating Device

The southern pine wood chips (>1 mm in length) were dried
on an onsite dryer with a maximum moisture content of
10%. Pyrolysis of the pine chips was carried out in a fixed-
bed tubular quartz reactor with an outer diameter of

25.4 mm and a length of 120 cm (Fig. 1). A K-type
thermocouple was placed inside the tube and embedded in
the wood chip sample to monitor the temperature. For each
experimental run, 15 g of pine chips (Fig. 2) were packed in
the middle of a 25.4-mm O.D. quartz tubular reactor.

Experimental Design

Temperature effect on the morphology of the pine chars
was studied at five temperatures (450, 500, 550, 650, and
1,000 °C) with a nitrogen flow under atmosphere pressure.
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Figure 1. Thermal reaction system (a) and 25.4-mm O.D. quartz reactor (b).

Figure 2. Raw southern yellow pine chips (> 1 mm).

For each of five temperature runs, the gas flow rate, heating
rate, and pyrolysis time were 500 mL/min, 10 °C/min, and
30 min, respectively.

Heating rate effect on the morphology of the pine

chars was studied using three heating rates (1, 10, and

50 °C/min) under nitrogen atmosphere. For each of three
runs, the gas flow rate, final temperature, and pyrolysis
time were controlled at 500 mL/min, 1,000 °C, and 30 min,
respectively.

Three nitrogen gas flow rates (100, 500, and 1,000 mL/min)
were used to investigated the gas flow rate effect on the
morphology of the pine chars. For each of three flow runs,
the final temperature, heating rate, and pyrolysis time were
controlled at 1,000 °C, 30 °C/min, and 30 min, respectively.

Two types of gases (hydrogen and nitrogen) were used
to study the effect of gas type on the morphology of the
pine chars. For each of the two types of gas runs, the final
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temperature, heating rate, gas flow rate, and pyrolysis time
were controlled at 1,000 °C, 50 °C/min, 500 mL/min, and
30 min, respectively.

Characterization

The morphologies of the raw wood chips and the pine char
samples were examined by SEM on a JEOL JSM-6500F
instrument (JEOL Ltd., Tokyo, Japan) operating at

5.0 kV. The SEM samples were pre-coated with gold before
being introduced into the vacuum chamber. The resulting
char samples were soaked in ethanol and sonicated for

20 min. The carbon particles washed from the char surface
were collected and examined with a JEOL JEM-100CX

II transmission electron microscope (TEM) (JEOL Ltd.,
Tokyo, Japan) operating at 80 kV.

Results and Discussion
Temperature Effect

The SEM images of the raw pine wood chips and the chars
obtained under pyrolysis temperatures of 450, 500, 650,
and 1,000 °C are shown in Figures 3 to 7, respectively.
Figure 3 shows that the surface of the chip is smooth and
clean. There is no dust or devolatilization coking residue
on the wood surface. Figure 4 shows that the wood had
already started to decompose at 450 °C. Smooth regions
on the surface suggested that the wood had begun to
melt; however, the decomposition was not significant. No
particles were found on the surfaces of the char sample
heated up to 450 °C.

The surface of the chars heated up to 500 °C was in the
form of continuous melt and decomposition (Fig. 5). The
most obvious feature observed on the char at 650 °C was
the formation of sphere particles over its surface (Fig. 6)
with diameters of 50 to 100 nm. The loss of surface material
and the growth of crystalline structure suggested that the
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Figure 3. SEM images of surface morphologies of raw pine
chips at three magnifications of: (a) x90; (b) x1,000; and,
(c) x100,000.

50KV X 10,000

Figure 4. SEM images of surface morphologies of pine
chars treated at 450 °C for 30 min, with a nitrogen gas flow
rate of 500 mL/min and a heating rate of 10 °C/min at two
magnifications of: (a) x500 and (b) %x10,000.

part of decomposition products precipitated to form the
crystalline deposits. When volatile matter is generated, the
physical structure of a char changes significantly during the
devolatilization. Pyrolysis temperature had a notable impact
on the pore structure of biomass char (Hu and others 2008).

As pyrolysis temperature increased to 1,000 °C, the surface
of pine chars was covered with more nano sphere particles
(Fig. 7). The diameter of the particles appearing on the top
of the pine char surface ranged from 50 to 100 nm, whereas
the particles underneath the surface were around 20 nm in
diameter. The formation of surface nanoparticles indicated
that the more volatile products vaporized and redeposited to
form the crystalline structures. More micro-pores and micro-
channels were observed on the char surface as the pyrolysis
temperature increased.
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Figure 5. SEM images of surface morphologies of pine chars treated at 500 °C for 30 min, with a nitrogen gas flow rate of
500 mL/min and a heating rate of 10 °C/min at two magnifications of: (a) X750 and (b) x10,000.

h_‘_.

MELU-EMC S X5l W G.3mm =kl n AN 10000 WG

Figure 6. SEM images of surface morphologies of pine chars treated at 650 °C for 30 min, with a nitrogen gas flow rate of 500
mL/min and a heating rate of 10 °C/min at two magnifications of: (a) x750 and (b) x10,000.

Heating Rate Effect

SEM images of pine chars from heating rates of 1, 10, and
50 °C /min are shown in Figure 8. For all char samples,
sphere-shaped nanoparticles were observed. These particles
might be due to pyrolytic carbon deposits resulting from
organic volatiles. During carbonization, hydrocarbons
release from the samples as volatile matter. Collisions

of these compounds with pore walls might bring about

more particles with 100-200 nm diameters. More and larger
particles appeared over the surface of the chars with the rate
of 50 °C/min. These particles obtained under high heating
rates may be the result of secondary product formation from
the precipitation of volatile gases. The higher heating rate
leads to a rapid formation of volatile matter, causing a rapid
increase of pressure in the wood particle and an explosive
release of volatiles (Sharma and others 2001, 2004).

cracking and carbon deposition.

The surface with the heating rate of 1 °C/min was smooth,
and 50—100 nm particles were distributed over the surface.
Under the heating rate of 10 °C/min, the pine char surface
is covered with different sizes of smooth, open pores and
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Purge Gas Flow Rate Effect

Figure 9 shows SEM images of pine chars produced with
three nitrogen flow rates. The surface of pine chars under
100 mL/min flow rate was covered with nanoparticles
with sizes ranging from 10 to 50 nm in diameter, and
fewer micro-pores and micro-channels were formed on the
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Figure 7. SEM images of surface morphologies of pine chars treated at 1,000 °C for 30 min, with a nitrogen gas flow rate of
500 mL/min and a heating rate of 10 °C/min at two magnifications of: (a) x5,000 and (b) x50,000.

surface. The surface of pine chars had fewer nanoparticles
and more micro-pores and micro-channels with the increase
of the purge gas flow rate from 100 to 1,000 mL/min. In this
case, the fast volatile release during pyrolysis leads to loss
of porosity of the char, because part of the volatiles would
decompose and deposit as the secondary reaction char in
the micro-channels or the surface of the char matrix at a low
flow rate, whereas the porosity of the char should increase
when the purge gas flow rate increases. Therefore, more
micro-pores and micro-channels are observed over pine
chars produced at the higher purge gas flow rate.

Purge Gas Type Effect

Figure 10 shows SEM images of pine chars purged with
nitrogen and hydrogen gases. Many nanoparticles were
observed over the surface of the char purged with nitrogen.
The char purged with hydrogen had few or no nanoparticles
over its surface. Many micro-pores and micro-channels were
evenly distributed over the surfaces of chars purged both by
nitrogen and hydrogen. The surface of hydrogen-purge chars
is relatively smoother compared to nitrogen-purge chars.

Particle Characterization

Figures 11 to 14 show TEM images of nanoparticles washed
off from pine chars produced under different thermal
treatment conditions. Typically, nano carbon spheres, nano
carbon chips, and some porous carbon particles (Fig. 11)
were observed for the pine chars produced at 1,000 °C with
heating rate of 1 °C/min under a nitrogen flow rate of

500 mL/min, and these particles had the diameters between
20 and 100 nm. Large amounts of nano carbon spheres
mixed with porous carbon particles (Fig. 12) were found
for the pine chars produced at 1,000 °C, with a 1 °C/min
heating rate and a hydrogen flow rate of 500 mL/min,

and these carbon spheres were between 20 and 50 nm in
diameter.

For the chars produced at 1,000 °C with a 100 °C/min
heating rate under a nitrogen flow rate of 500 mL/min,
porous carbon particles and carbon nanofibers (or carbon
nanotubes (CNTs)) were observed, as shown in Figure

13. It was interesting to find some CNTs formed in the
mixture with carbon particles (Fig. 14) when the chars were
produced under the condition of 1,000 °C, with 100 °C/min
heating rate under a 500 mL/min hydrogen flow. Although
no metal catalysts and hydrocarbons or CO were introduced,
trace levels of metals (southern pine contains very small
amounts of inorganic elements such as Ca, K, Mg, Na,

Si, Fe, and Mn) (Koch 1972) in the chars catalytically
decomposed the volatile products such as methane, organic
compounds, and CO to form carbon nanotubes during the
pine pyrolysis process.

Conclusions

The influences of final pyrolysis temperature, heating rate,
purge gas type, and flow rate on the surface morphology of
pine chars were investigated using SEM and TEM. SEM
images of raw pine chips show that the surface is smooth
and clean, and there is no dust.

The surface morphologies of pine chars were significantly
affected by pyrolysis temperature for the pine chips heated
under a nitrogen flow rate of 500 mL/min and a heating rate
of 10 °C/min for 30 min. SEM analyses indicated that at
450 °C, pine chips had already started to decompose. The
pine char obtained at 500 °C was in the form of a continuous
melt and decomposition. No nanoparticles were observed on
the char surfaces as temperature increased to 500 °C.

The most obvious feature observed was the formation of
sphere particles over the surface of the pine chars heated up
to 650 °C, where particle diameters ranged from 50 to

100 nm. As temperature increased to 1,000 °C, the char
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Figure 8. SEM images of surface morphologies of pine Figure 9. SEM images of surface morphologies of pine
chars produced at three heating rates: (a) 1 °C/min; chars heated to a final temperature of 1,000 °C, with a
(b) 10 °C/min; and, (c) 50 °C/min to the final temperature heating rate of 30 °C/min for 30 min under three nitrogen
of 1,000 °C for 30 min, with a nitrogen gas flow rate of flow rates: (a) 100 mL/min; (b) 500 mL/min; and,

500 mL/min. (c) 1,000 mL/min.
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Figure 10. SEM images of surface morphologies of pine chars heated to a final temperature of 1,000 °C, with a
heating rate of 50 °C/min for 30 min using purge gases of (a) nitrogen and (b) hydrogen gases of a constant flow rate

of 500 mL/min.

Single Nano Sphere

Figure 11. TEM images of carbon particles (20-100 nm in diameter) washed off from pine chars heated to the final
temperature of 1,000 °C for 30 min, with a heating rate of 1 °C/min under a nitrogen flow rate of 500 mL/min.

surface was covered with more nano sphere particles. The
particles distributed on top of the char surface range from
50 to 100 nm in diameter, whereas the particles underneath
the char surface were about 20 nm in diameter. More
micro-pores and micro-channels were seen on the pine
char surfaces as the temperature increased to 1,000 °C.

The heating rate has a significant influence on the surface
morphology of pine chars pyrolyzed at 1,000 °C for 30 min
with a nitrogen gas flow rate of 500 mL/min. The size and
quantity of nanoparticles on the pine char surface increased
as the heating rate increased from 1 to 50 °C/min. Different

sizes of smooth, open pores can be produced on the pine
char surface with a heating rate of 50 °C/min.

The lower the nitrogen gas flow rate, the more nanoparticles
and fewer micro-pores and micro-channels are formed on
the pine char surface. Also, the higher the nitrogen gas flow
rate, the fewer nanoparticles and the more micro-pores and
micro-channels there were. The surface of pine chars purged
with nitrogen yielded significantly more nanoparticles

than those purged with hydrogen. Both chars purged with
nitrogen and hydrogen had many evenly distributed
micro-pores and micro-channels, but the surface of
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Mano Carbon Spheres

Figure 12. TEM image of carbon particles
washed off from pine chars produced at
the final temperature of 1,000 °C for 30
min, with a heating rate of 1 °C/min and a
hydrogen flow rate of 500 mL/min.

Porous Caron Particles
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hydrogen-purged chars was relatively smooth compared
with the nitrogen-purged chars.
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Figure 14. TEM images of carbon particles washed off from pine chars produced at the
final temperature of 1,000 °C for 30 min, with a heating rate of 100 °C/min and a hydrogen
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Introduction

Medium density fiberboard (MDF) is widely used in cinema halls and conference halls.
Nowadays with rising energy costs, optimization in the use of energy has been considered. Thus,
many researchers study the new ways to increase the thermal insulation properties (reduction of
thermal conductivity) in internal walls of houses and conference halls. Nanotechnology
represents a major opportunity for the forest products industry to develop new products. The
nanotechnology searches to develop materials and structures that significantly improved physical
and chemical properties and functions due to their nanoscale size (Wegner et al. 2005; Wegner
and Jones 2006). Lei et al. (2008) found that slight percentages of NaMMT nanoclay could
improve the performance of thermosetting UF resin. It had an accelerating effect on the curing of
UF resin that could lead to increase water resistance of plywood and internal bond of
particleboard. Also, X-ray diffraction of NaMMT/UF resin composites indicated that after
dispersion inside the resin, the NaMMT was completely exfoliated. Laoutid et al. (2009) in his
review article on the clay/nanocomposites noted that the collection of clay on the surface of the
material limits heat transfer within the material. Our study is aimed to evaluate the effects of Na*
montmorillonite (NaMMT) nanoclay on the thermal insulation properties of MDF. For this
purpose, we applied nanoclay/UF resin to produce the MDF. The effect of nanoclay was
analyzed by means of thermal conductivity test and scanning electron microscopy (SEM).

Materials and methods
Materials

Urea formaldehyde (UF) resin was used at level of 10% based on the oven-dry weight of wood
fibers. The commercial UF resin was purchased from Tiran Chemie Inc., Iran. The
characteristics of the resin are given in Table 1. Ammonium chloride (NH4CL) was added as a
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hardener in UF resin at a level of 2% based on the oven-dry weight of resin. Na™ montmorillonite
(Na"MMT) nanoclay with a cation exchange capacity (CEC) value of 92.6 mequiv/100 g was
obtained from Southern Clay Products Inc., USA. The nanoclay was added to the resin at three
levels of 0%, 2.5% and 5% based on the oven-dry weight of resin. The characteristics of
Na"MMT nanoclay are given in Table 2. The wood fibers of Hardwoods were kindly provided
from the Arian Sina Inc., Mazandaran, [ran. The final moisture content of the fibers after drying
was about 1-2%. The dry fibers were classified using the Sonic Sifter (VU100 type), Imal Inc.,
Italy. The average fiber length was 1.1 mm, and the amount of dust was close to 39.2%.

Table 1. The characteristics of UF resin based on laboratory tests.

Density (kg m™) 1300
Gel time (s) 69
Viscosity (CP) 320
pH 7
Solid amount (%) 60

Table 2. The characteristics of Na"MMT nanoclay based on Southern Clay Products Inc.,

USA.

Supplier designation Cloisite® Na*
Organic modifier None
Density (kg m™) 2860

Moisture (%) 4-9
Weight loss on ignition (%) 7

Preparation of composites

MDF composites measuring 0.4x0.4x0.016 m® with two densities of 650 and 750 kg m™ were
manufactured. The UF resin was mixed with the Na"MMT nanoclay by mechanical stirring for
360 s at the room temperature to get a good dispersion and partly exfoliation of Na"MMT in the
UF resin (Lei et al. 2008). It seems the UF resin can also wet Na"MMT and partly penetrates into
the silicate layers during this time. Then, the UF resin containing well-dispersed nanoclay was
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sprayed into the fibers by using a rotary blender. Mats were hand formed in a forming frame and
then the fiber mats were manually pre-pressed. The fiber mats at 10% moisture content were
exposed to the hot press. The hot press was applied at a pressure of 3.43x10° Pa at 175 °C for
360 s. Three replicate composites were made for each treatment. All composites were
conditioned at 65+5% relative humidity and 20=1°C for about 2 weeks. The different prepared
MDF trials are given in Table 3.

Table 3. Amount of Na"MMT added and density of boards for the different MDFs

Density of Na"MMT
Code board (kg nanoclay
m) (%)
Al 0
A2 650 2.5
A3 5
B1 0
B2 750 2.5
B3 5

Measurement of thermal conductivity

Thermal conductivity test was applied according to ASTM C177 specification. The guarded hot
plate apparatus consists of heating and cooling units and edge insulation to prevent excessive
edge losses. Thermal conductivity was calculated using the following equation:

Wi
K=—" 1
AAT m

where KX is the thermal conductivity, ¥ is the power in watts, ¢ is the thickness of sample, 4 is the
cross section of sample and A7 is the steady-state temperature difference between the two plates
where the sample is placed.

Field Emission Scanning Electron Microscopy (FE-SEM)

A vacuum dried thin layer of MDF containing Na"MMT was coated with platinum by an ion
sputter coater and was observed with a FE-SEM (JSM-6700F; JEOL Ltd., Tokyo, Japan)
operating at 5000 V.

Results and discussion

The results of the thermal conductivity test are plotted in Fig. 1. The results show that all
modified MDFs have less thermal conductivity values in comparison to control MDF, meaning a
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suitable barrier property in the modified MDFs. The stabilization of nanoclay through the
material acts as a protective layer that limits heat transfer in the material (Laoutid et al, 2009).
The thermal conductivity value of control MDF (A1) is 0.125 W m™ K™', while that of MDFs
treated with 2.5% and 5% of NaMMT nanoclay (A2 and A3) is 0.113 W m™ K'and 0.112 W m™’
K', respectively. Similarly, in the case of denser MDFs, the thermal conductivity value for Bl
specimen is 0.149 W m™ K'', while the value for B2 and B3 specimens is 0.109 W m™ K' and
0.103 W m™ K™, respectively. The thermal conductivity values for A2 and A3 MDFs decreased
by 10.6% and 11.6% of the corresponding value for control MDF, respectively. Similarly, the
thermal conductivity values for B2 and B3 MDFs decreased by 36.7% and 44.7% of the
corresponding value for control MDF, respectively. The barrier performance of NaMMT
nanoclay improves by increasing of nanoclay loading. Qin et al. (2005) has been suggested that
the principal thermal stability mechanism is due to the formation of the barrier effect of
exfoliated layered silicates against heat and volatiles due to the movement of nanolayer to the
material surface.
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Fig. 1. The thermal conductivity chart for 6 groups of samples.
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Fig. 2 shows the FE-SEM micrographs of MDF produced by adding of 5% Na"MMT nanoclay
in the UF resin. Based on Fig. 2, nanoclay with a bit agglomeration is observed in the MDF
structure. The observations are similar to those for a previous study which evaluated the effects
of nanoparticle and matrix interface on the nanocomposites properties (Miller 2008). The
micrographs show distinct regions of clay while adjacent regions of the MDF contain little
visible nanofiller which might be covered by the resin.

Fig. 2. SEM images of MDF produced with a Na' MMT nanoclay-added UF resin. (a) The arrow shows the
silicate lavers covered by UF resin (30,000:) (b) A pit partially filled by UF resin and silicate layers
(15,000:=). The tiny particles of silicates can decrease the thermal conductivity.

Conclusion

Thermal conductivity property were determined for medium density fiberboard (MDF)
reinforced with Na"MMT nanoclay. The thermal conductivity through the reinforced
MDF decreases by increasing the nanoclay particles. The incorporation of exfoliated
nanoclay provides a tremendous improvement in thermal conductivity. In fact. slight
percentages of Na' montmorillonite (NaMMT) nanoclay could improve the thermal
insulation properties of MDF.

The dispersion and exfoliation phases of NaMMT nanoclay particles have a suitable
effect on thermal conductivity of the MDFs. This means that the barrier effect of
exfoliated layered silicates has a good cooperation on the reduction of thermal
conductivity in MDF.
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Abstract

Microcrystalline cellulose (MCC) / Polypropyvlene (PP) / composites were prepared
containing polypropylene-graft-maleic anhydride (PP-g-MA) as compatibilizer. The weight ratio
of the cellulosic materials to polymer matrix was 40:60 (w:w). The obtained results showed that
tensile, flexural and impact strengths of the composites were significantly enhanced with
addition of MCC, as compared with pure PP and composites without MCC. The effect of MCC
on impact was minimal compared to the effects of PP-g-MA content. Scanning electron
microscopy has shown that the composite, with compatibilizer, promotes better fiber-matrix
interaction. In all cases, the degradation temperatures shifted to higher values after addition of
PP-g-MA. The maximum improvement on the thermal stability of the composites was achieved
when 5% PP-g-MA was used. However, the increase in MCC content substantially reduced the
thermal stability. This work showed that MCC along with wood flour could be effectively used
as reinforcing agent in thermoplastic matrix.

Keywords: Microcrystalline cellulose; Physical properties; mechanical testing; injection molding

1. Introduction

Many studies are ongoing to find ways to use cellulose-based fibers in place of synthetic
fibers as reinforcements [1]. Therefore. plant fibers obtained from wood or non-wood have
recently attracted the attention of researchers both from academia and industry. This trend has
been prompted mainly due to various environmental, economic and performance issues.

These natural plant fibers provide several benefits over synthetic fibers. They are generally of
lower density and exhibit high specific strength and stiffness that allow the production of low-
density composites with higher filler concentration. Additionally. plant fibers have flexibility and
are therefore less susceptible to fracture during processing [2.3]. One of the most common plant
fibers used in the thermoplastics industry is wood flour, which is produced commercially from
post-industrial sources such as planer shavings and sawdust. The scrap wood is sourced for
species purity and then ground to specific particle size distributions [4].

Cellulose, the most abundant biopolymer on earth. is the main constituent of wood and non-
wood. It is located predominantly in the secondary wall of the wood fiber. Approximately 45—
50% of extractive-free dry substance in most plant species is cellulose, and it is the most single
important component in the fiber cell wall in terms of its volume and effect on the characteristics
of wood. Cellulose molecules consist of long linear chains of homo-polysaccharide, composed of
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b-D-glucopyranose units, which are linked by (1-4)-glycosidic bonds [5]. Within the microfibrils
in the cell wall, cellulose is arranged into regions that display both amorphous and crystalline.
Cellulose of various plant origins (wood and non-wood) exhibits a wide range of crystallinity
(20-90%). Crystalline cellulose is much stronger and stiffer than amorphous cellulose and
cellulose itself, and is supposed to be a better reinforcing agent than cellulose. MCC is
crystalline cellulose and is typically derived from the acid hydrolysis of cellulose. This is a low
cost process for production of MCC. The acid hydrolysis preferentially removes the amorphous
regions of cellulose [6.7]. A new class of cellulosic reinforcing agent is microcrystalline
cellulose (MCC). MCC has been widely used especially in food, cosmetic and medical industries
as a water-retainer, a suspension stabilizer, a flow characteristics controller in the systems used
for final products. In addition. MCC is used in polymer composites as a reinforcing agent. When
compared with glass fibers, silica and carbon black, MCC in composites has many advantages:
low cost, low density, little abrasion to equipment, renewability, and biodegradability [7].
Enhancement of material properties achieved with MCC has stimulated active research in

polymer composites

[2.8-10]. Although. there have been some studies on MCC in polymer composites in the past few
years [11-14], little work has been done on the effects of using MCC as a reinforcing filler in
wood plastic composites. The goal of present work is to prepare and characterize MCC/wood
flour/polypropylene composites, through addition of PP-g- MA as a compatibilizing agent. The
objectives are: (a) to characterize the mechanical properties, thermal stability and morphology of
the resulting composites and (b) to evaluate the synergetic effects of the compatibilization and

MCC on the mechanical behavior of the composites.

2. Experimental methods
2.1. Materials

The cellulosic reinforcing materials used in this work are MCC and wood flour. MCC
(Pulver-40 micron), was supplied by Aldrich Chemical Company. The poplar sawdust from local

mill was ground to obtain 60 mesh fractions.

The polypropylene (PP) was obtained from Bandar Imam Petrochemical Commercial Co.,
Iran, as polymer matrix. PP had a melt flow index of 7-10 g/10 min and density of 0.90 g/cm’.
Polypropylene-graft-maleic anhydride (PP-g-MA) was supplied by Eastman Chemical Company,

with 16 mg KOH/g. melt flow index of 142 °C and molecular weight of 60,000,

2.2, Composite preparation

All the composites were made with cellulosic materials to PP mass ratio of 40/60 (w/w); this
value amount was selected because it is typical of many industrial formulations and represents
excellent balance between performances and cost. Formulations of the composites and their mass
ratios used for the respective blends prepared are given in Table 1. In the first stage. the raw
materials were premixed based on formulations before being fed into the extruder. The
compounding of the blends was performed in a co-rotating twin screw extruder (Collin). The
barrel temperatures of the extruder were controlled at 165, 175, 185 and 190 °C for zones 1, 2. 3
and 4, respectively, while the temperature of the die was held at 190 °C. The melt temperature
was kept 190 °C to prevent wood degradation, and screw speed was set at 60 rpm. The extruded
strand was passed through a water bath and granulated. In the second stage, the cooled extrudate

in the form of strands were injection molded at 190 °C to produce standard ASTM specimens.
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2.3. Mechanical testing

After conditioning (23 + 2 °C, 50 + 5% RH), all the specimens were tested following ASTM
standard D638 for tensile properties, ASTM D790 for flexural properties and D256 for notched
Izod impact strength. Tensile and bending tests were conducted using an Instron Universal
Testing Machine (model 1186) at speeds of 1.5 and 2 mm/min, respectively. A pendulum impact
tester (Zwick 1446) was used for the Izod impact test. For each treatment level, five replications
were conducted.

2.4. Thermogravimetric analysis (TGA)

TGA was used to study the thermal stability characteristics of resultant composites. Samples
of 8 mg were heated from room temperature to 600 °C under nitrogen atmosphere with a
constant heating rate of 10 °C/min.

2.5 Morphological study

Studies on the morphology of the composites were carried out using a Philips XL 30 scanning
electron microscope (SEM). The fracture surfaces of the specimens after tensile test were
sputter-coated with gold before analysis in order to eliminate electron charging.

3. Results and discussion
3.1. Tensile properties

Fig. 1 shows the tensile strength of the composites made with various MCC and PP-g-MA
contents. Maximum tensile strength ranges from 36 to 39 MPa for type C, while minimum
tensile strength is approximately 28 MPa for pure PP. In other words, tensile strength of pure PP
is enhanced at least 1.3-fold when PP-g-MA and MCC are used. The mechanical properties of
the composites are determined by several factors, such as nature of the reinforcement fiber, fiber
aspect ratio, fiber—matrix interfacial adhesion, and also the fiber orientation in the composites
[15]. The improvement in tensile strength at the presence of cellulosic materials is expected as
they are to be much stiffer than polymer matrix and as a result it adds stiffness to the composites
[16].

In order to enhance the bonding strength between the cellulosic materials and the matrix
polymer, compatibilizing agent was used. With the addition of PP-g-MA, tensile strength of the
composites significantly improved up to the pure PP. In general, composites with high PP-g-MA
content exhibited better tensile strength than the untreated ones. Most effective content of PP-g-
MA is 5 wt.% as shown in Fig. 1. The increase in tensile strength is due to the improved
chemical bond between the fibers and PP polymer chains. Results demonstrate that modifying
the fibers surface enhances the compatibility of hydrophobic polymer and hydrophilic cellulosic
fibers. Similar observations were reported for other lignocellulosic fibers based PP composites
[17].

3.2. Flexural properties

The flexural proprieties of the composites vary significantly with PP-g-MA and MCC
content. Composites made with MCC showed the highest strength of flexural, whereas pure PP
and sample Al composites exhibited the lowest properties, respectively (Fig. 1). The maximum
flexural strengths were shown in C3 sample. It was found that composites made with 5 wt%
compatibilizer provided significantly higher flexural strength, compared with untreated samples.
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This increase was expected due to the improved adhesion between components in the
composites. It is also observed that the flexural strength increases with increasing MCC as well
as the PP-g-MA. For example, the flexural strength of the composite type Al is 38.9 MPa, while
the flexural strength of Bl and C1 is 48.3 and 50.2 MPa, respectively. Generally, all the
compositions showed a flexural strength higher than the pure PP.

3.3. Impact strength

The notched specimens were tested shows the Izod impact strengths of the composites made
with the different PP-g-MA and MCC contents. Like the tensile and flexural strengths, the lzod
impact strength of composites increased with the increase in the compatibilizing agent content.
Composites made with MCC (types B and C) had significant effect on the impact strength. In
other words. the specimens made with 4 and 8 wt.% of MCC exhibited remarkably higher impact
strength than the specimen made without MCC (type A). Cellulosic fiber is a kind of stiff
organic agent, so adding fiber could decrease the impact strength of composite. With addition of
PP-g-MA, the interfacial bonding between the fiber and the matrix polymer was improved, thus
the crack was not initiated at the interface.
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FIG. 1. Tensile and flexural strength of the composites as a function of the PP-g-MA and MCC.

3.4. Morphology characteristics

The effect of addition of PP-g-MA on the morphology of the composites was studied by SEM
(Fig. 4). Non-coupled composites (samples Al and B1) displayed a rough morphology with the
presence of many voids and cavities resulting from fiber pullout. This indicates poor interfacial
adhesion, thus revealing the low affinity between the polymer matrix and the wood flour filler. A
few traces of filler particles, either pulled out or fractured filler particles. are to be seen in the
micrographs of the composites containing compatibilizing agent (B2). The presence of the
compatibilizing agent changed the morphology of the materials. Addition of PP-g-MA to the
composites produced a more homogeneous surface with less voids and cavities (sample C3).
This indicated that PP-g-MA had a positive effect on the interfacial adhesion between filler and
matrix. The use of 5 wt.% PP-g-MA greatly improved the interfacial bonding between the wood
flour filler and the PP matrix. as it can be observed through the surface photomicrograph in Fig.
4 (C3). This composite showed a more homogeneous and a smoother surface with very small
voids and few cavities.
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FIG. 4. SEM micrographs of fracture surfaces of the composites.

3.5. Thermal properties

The thermal stability of the composites is a very important parameter for the processing and
usage of these materials. The manufacture of such composites requires the mixing of fibers and
matrix at high temperatures, so the degradation of the cellulosic materials can produce
undesirable effects on the properties. The TGA of pure PP showed a single-mass loss step with
maximum degradation rate centered at 360 *C (Fig. 4). For the non-coupled composite (sample
Al), it was verified that the maximum degradation rate was shifted to a higher temperature
(around 400 °C) showing that the presence of the wood flour improved the thermal stability of
the polymer compared with the pure PP. Another important feature observed was the higher
degradation temperature of the polymer matrix in the composites containing the PP-g-MA. The
temperature of degradation of the polymer matrix increased about 40 °C in comparison to the
non-coupled composite, indicating that PP-g-MA improved the thermal stability of the polymer.
This indicates that the compatibility and the interfacial bonding increased by mixing both
components in the presence of the compatibilizing agent. These results illustrate that the thermal
stability of the composites decreases after using MCC compared to the wood flour (sample Al).
This could be explained by the low thermal stability of cellulose and hemicellulose compared to
the lignin [18]. In an interesting research, Yildiz et al. [19] also reported that lignin is thermally
the most stable component of wood.
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FIG. 4. TGA curves of the composites.

4. Conclusions
Based on the results of this study the following conclusions can be drawn:

1. Mechanical properties of the composites made with MCC and PP-g-MA were superior to
those of untreated ones, due to the stronger interfacial bonding between the cellulosic
fiber and the matrix polymer.

2. SEM study also shows that interfacial adhesion between the fiber and the matrix is
improved with the addition of PP-g-MA.

3. The thermal stabilities of all composites were remarkably enhanced as compared to the
pure PP. This was reflected by the fact that the onset temperature of thermal degradation
increased with the incorporation of MAPP. It is to be noted that MCC could not improve
the thermal stability.

4. The results showed that MCC along with wood flour could be effectively used as
reinforcing agent in thermoplastic matrix.
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