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Global dependence on petroleum, a finite source, is creating economic, social, and environmental
unrest. The quickly depleting limited resource needs a sustainable alternative that can offer the
same multifunctional benefits as petroleum. Nanocellulose, or cellulose that is approximately 2
nm in diameter with varying lengths, is sourced from renewable forms of biomass including trees
and grasses. Nanocellulose is a promising sustainable alternative, but in its current applications it
lacks the adaptability to fill both basic and complex functionalities and thus fails to compete with
petroleum products. However, controlling the structure of nanocellulose at multiple scales offers
multiple points of control increasing its potential success in basic applications such as textiles
and complex applications such as small electronics, sensors, or other biomedical applications. In
this work we demonstrate the massive untapped potential of nanocellulose as a diverse
sustainable alternative material to petroleum. Initially we demonstrate the multiple points of
control available with nanocellulose production to tailor fiber aspect ratio and surface charge,

giving independent control over two critical fiber properties. The individual control over these



properties opens nanocellulose fibers to a wide range of applications not previously afforded by
typical synthesis methods. Through these tailored properties we successfully designed
nanocellulose for high performance in a novel pre-alignment technique involving electric field
and flow focusing. The electric field provides individual CNF fiber rotation and a higher degree
of alignment while the flow focusing provides a quick fiber fixation establishing permanent
anisotropy. We demonstrate the positive effects of this alignment on mechanical performance
and the potential of this continuous filament as an alternative textile. Finally, we further adapt
this aligned filament to fill more complex applications by introducing a conductive filler to
create an aligned conductive composite filament. While most report performance loss, through
engineering the CNF nanostructure and carefully controlling the alignment of the composite
components, we demonstrate exceptional performance beyond the qualities possible with a pure
CNF filament. The alignment not only improves the mechanical properties but the electrical
properties as well. The implications of this new conductive composite filament to fill complex
functionalities are demonstrated through its performance as a micro wire for small electronics
and a unique water sensor. This project demonstrates the potential of nanocellulose as a

multifunctional and sustainably sourced alternative to petroleum.
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l. Introduction

1.0 Petroleum Dependence

Petroleum is the source for a variety of daily products that exist in the world today, and its
success as a material stems from application versatility. Crude oil, when harvested from the
ground, is separated to make a variety of chemicals via a distillation column. This column produces
different length carbon-based chemicals that are translated into several different materials
including polymer-based plastics that are dependent on the chemical structure. This versatility to
create fundamental products like plastic translates to crude oil comprising several daily products
ranging from the basic such as textiles to the complex involving small electronic devices. This
blanket use of petroleum products causes problems both because of its limited resource and its
lack of biodegradability. It is commonly known that petroleum is a limited resource, and we
consistently rely upon it, creating many social, economic, and environmental problems.
Environmentally methods of harvesting petroleum are extremely harmful to the Earth, and socially
they are extremely dangerous. In addition, the limited availability causes constant fluctuations in
price creating economic and social anxiety in addition to community unrest.! Its imperative that
an alternative material be found to offset petroleum dependence and improve global sustainability.
In addition to a depleting finite petroleum source the disposal of plastics derived from crude oil
also presents a large issue as every year 8 million tons of plastic waste escapes into the oceans.
These large first-generation plastics (plastics directly disposed,) can cause issues, but there is also
growing concern for second generation microplastic, microplastic resulting from first generation
plastic degradation. Second generation microplastics have been found in several different
organisms and continue to cause concern with bioaccumulation and habitat pollution. Perhaps the
greatest form and concern of microplastic exists from small plastic fibers often not seen to the

naked eye but that exist in the air or in the water from textile washing.?? These second generation
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plastics have been found to interrupt the respiration of some lobster and found in the membranes
of some filter feeders.*®> Addressing a sustainable alternative to both of these issues will require
attention to the three pillars of sustainability social, economic, and environmental.® Environmental
sustainability encompasses all environmental impacts throughout the entire life cycle of the
product including cradle to grave. Economic sustainability considers the economic success and
viability of a product with considerations including capital costs, sustainable maintenance costs,
and global market success. Social sustainability considers the community impact from multiple
aspects including health and safety of material processes, ethics and quality of life, and education
and job possibilities. All three pillars create a nearly unattainable standard, but they should be
heavily considered when developing a sustainable alternative to the limited petroleum resource. It
is likely to fill the large gap left by dependence on crude oil products their will need to be multiple

alternatives, and these alternatives will need to be as versatile as crude oil.

2.0 Cellulose and Nanocellulose

Cellulose is one of the most abundant natural polymers in the world and can easily be found
in many types of biomass, with woody biomass being the most easily identifiable form. Trees
achieve incredible structural feats growing to be 120 ft tall in the case of cedars, and wood is still
a structural staple in many human designed complex structures. In addition to its incredible
strength, it is a naturally biocompatible and biodegradable material that can be sustainably grown
while providing numerous other environmental benefits such as habitat formation, carbon
sequestration, and oxygen production. Biomass itself is an attractive material solution for creating
globally sustainable products because it has components satisfying all three pillars of
sustainability. Environmentally biomass as a source shows promise with plantation growth or

sustainable forest harvesting. In addition to a sustainable source, the natural biocompatibility
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promotes quick decomposition and no secondary pollution or bioaccumulation of products.
Economically biomass as a resource provides sustainable jobs in agriculture and processing, and
the global availability creates a more predictable market than that of petroleum. Socially the
aesthetic value and increased quality of life provided to communities through forestation and
minimal plastic pollution has countless benefits. It is clear that cellulose offers major benefits in
terms of sustainability, but its viability is entirely dependent of the versatility of the material. This
means that cellulose will need to fill both basic needs such as textiles or plastics and more complex
needs such as small electronics or biomedical devices. It seems challenging to convert a massive
tree standing in nature to a shirt or even further to a small electronic device, but chemically it’s
entirely possible.

Chemically cellulose is simply glucose monomers attached to create long chains. These long
chains are then stacked together to get something larger called cellulose microfibrils. Then these
stacked bundles are put together to create large stacks of cellulose that eventually make up the tree

cell.

Cellobiose

Figure 1. Chemical structure of two glucose monomers together often called cellobiose or a

small cellulose chain.’
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While making a tree into a textile seems challenging if we isolate the cellulose from the tree cell
wall down so we have just the cellulose microfibrils, or even smaller to just single or a few long
chains of cellulose bundled together, the material becomes much more moldable. These small
chains or bundles of glucose chains are commonly referred to as nanocellulose or cellulose
nanofibrils (CNF).

Cellulose nanofibrils (CNFs) are simply the same cellulose chains made from glucose
monomers found in woody biomass but on the nano scale. The “nano” is defined as having at least
one dimension in the nano scale usually associated with being less than 100 nm. This means that
the nano form of the cellulose chains is still bio-based and biocompatible coming with all the same
sustainable benefits as regular cellulose. However, cellulose at this small scale presents a different
set of attractive material and mechanical properties due to the small scale that could serve a
multitude of multifunctional applications. CNF’s desirable material traits include optical
transparency, high aspect ratio, and excellent mechanical properties.2 These nanosized fibrils can
vary in length from 50 nm to 1 um, with a diameter typically from 2 to 5 nm, thus the achieving
the required nano scale. Strength properties of these materials include an ultimate tensile strength
from 0.1-0.8 GPa and young modulus from 5 to 55 GPa.® In addition to its unique nano scale
properties, the fibers are incredibly versatile due to the numerous types of CNF, and the fiber

structure that can be manipulated to create properties targeted toward any number of applications.
3.0 Multiscale Manipulation of Nanocellulose Structure

3.1 Manipulating Nanocellulose Fiber Structure and Properties
Generally, the fiber properties can be tailored to fit an application through the method CNF
synthesis, that determines the type of CNF produced. There are two primary ways to obtain CNF;

a bottom-up approach using bacteria to grow CNF, or a top-down approach using strong acids or
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chemical exfoliation to break down biomass to the nano size. Each synthesis method results in

specific CNF traits making the chosen synthetic method dependent upon the future application.

Nanocellulose TE Synthesis Method Properties Applications
. \ AN * Very Pure * Medical
Bacterial * Film growth Application

Nanocellulose
(BC)

* No additional
functional groups

Supercapacitor

4050°C

¢ Very Crystalline * Mechanical

Cellulose * High Stiffness Improvements
Nano Crystals e Short rod length ¢ Polymeric
(CNC) = T additive

S * Crystalline * Strength
Cellulose i * Functionalization Properties
Nano Fibers e * Existin * Aerogel/Hydrogel
(CNF) T u— suspension * Liquid

: — @) Manipulation

Figure 2. Chart outlining different forms of nanocellulose and their properties and applications.
TEM images are included to demonstrate the different textures as well as a representative

depiction of each synthesis method.

The bottom-up approach produces bacterial cellulose nanofibrils and they are known for their
extremely high purity and lack of surface charge. Generally, the CNF is grown in sheets, so the
geometry is limiting and the lack of charge on the surface makes it challenging to disperse in water
without significant precipitation in solution, which greatly limits its applications. However, the
excellent dielectric properties, high purity, and sheet growth are ideal for super capacitors or more
commonly biomedical applications, such as biocompatible bandages for burns.!* The two most
common top down synthesis of CNF result in nano fiber like geometries but with different
properties depending on the synthesis method. Strong acid top-down synthesis generally results in
noticeably short fibers, approximately 200 nm or less, that are highly crystalline, more commonly

referred to as cellulose nanocrystals (CNC). This high crystallinity creates a very high stiffness
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that directly translates to its ideal use as a reinforcer in films or as an additional additive to increase
material stiffness.'? The second top down method involves chemical exfoliation methods in
addition to mechanical deformation and are commonly referred to as cellulose nanofibrils or CNF.
They include both the crystalline and amorphous regions of the cellulose and are known for being
able to sustain high surface charges making the CNF colloidally stable in water.'® These fiber
suspensions are often desired to create a variety of pure nano cellulosic materials that typically
require liquid manipulation, such as aerogels or films.}* The liquid manipulation has the most
promising outlook for multifunctionality as many industrial processes rely on liquid transportation
of materials for ease of processing. The many different types and characteristics of nanocellulose
further validate the material as an alternative to petroleum products because the great versatility of
properties can fill numerous applications. While the types and potential applications of CNFs are
boundless, nanocellulose has still not successfully been applied because of the failed transfer of
properties observed at the nano level to the micro and macro levels. This failed transfer is likely
because of defects in assembled structures or failed interactions between fibers, creating points of

stress concentration, and ultimately mechanical failure.

3.2 Alignment of Nanocellulose Micro and Macro Structures
While current applications have not been successful in synthetically capture the amazing
nano properties at the larger scales, nature has done this successfully for ages in woody biomass.
As mentioned before the chemical structure of the nanocellulose is unaltered and remains to be
glucose monomers, and in fact are isolated from standing strong trees. The major difference in our
applied nanofibrils and those found in nature lies in the alignment of these assembled structures.
In a tree cell wall nanofibrils are aligned and bundled to form microfibrils, these microfibrils are

also then aligned within a tree cell wall, and even tree cells aligned within growth rings.%®
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(millimeters)
Cellulose bundle

Lignin

Figure 3. Biomass energy crop structure depicting the aligned cell wall structures and a single
cell wall comprised of cellulose microfibrils coated in lignin, and hemicellulose. A magnification
of the cellulose microfibril shows the structure is composed of aligned cellulose chains. The figure
to the upper right demonstrates that in three of the four total tree cell walls the microfibril bundles

are aligned with each other.5’

This multiscale alignment beginning with the nano scale, continuing to the microscale, and even
through the macroscale is responsible for the incredible anisotropic strength and adaptability of
woody biomass. The alignment of microfibrils regarding each other create an exceptional amount
of strength and stiffness in the aligned directions improving inter fiber bonding, while the overall

microfibril alignment at multiple angles through each layer of the cell wall creates strength and
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adaptability in other directions. This shows that the successful macroscale performance of CNFs
is not only strongly influenced by the structure and properties established at the nano scale but also
that multiscale CNF alignment is critical. Some biomimetic alignment techniques have been
investigated but critical improvements are required before the versatility and sustainability
required for alternative petroleum products is achieved.

Biomimetic techniques for aligning CNF can be split into two categories; those that induce
alignment in an already formed solid matrix, we will call post fixation alignment, or post
alignment, and those that establish alignment prior to fiber fixation, called prefixation alignment
or pre-alignment.

Post alignment techniques generally involve CNF fixed in a polymer matrix creating limited
fiber mobility restricting anisotropy to the bulk rather than individual fiber alignment. Typical
methods involve the polymer/CNF composite enduring mechanical rubbing or drawing to drive
the rotation of fiber elements.'®%° This necessary mounting in a secondary polymer reduces the
overall sustainability of the material, as it still requires a crude oil based polymer. The secondary
polymer also poses a problem for fiber manipulation because a much greater force is required
potential using more energy and creating difficulties working within a solid matrix. The alignment
established through these processes is also flawed because a large degree of anisotropy is often
lost to polymer relaxation when tension or mechanical force is removed. The strain or deformation
to the solid matrix form the force can also create defects prior to its final application, ultimately
detracting from mechanical performance.?’ Overall post alignment techniques lack refinement and
cause damage while creating alignment netting in just a small gain in mechanical performance.

Pre-alignment entails establishing alignment prior to fiber fixation by manipulating a

suspension of nanocellulose, followed by locking the alignment in place. Pre alignment techniques
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require fiber suspension, before fixation generally requiring a highly viscous liquid, a surfactant,
or a high fiber charge. The high fiber charge is the most desirable from a sustainability standpoint
and the use of a viscous liquid or surfactant could prohibit fiber fixation resulting in poor
mechanical performance. The high fiber charge makes the chemical exfoliation of CNF the most
ideal form of nanocellulose for these methods because they readily exist as a stable suspension.
The pre alignment method is far more attractive because the alignment is conducted independent
of a solid matrix minimizing defects and improving single fiber manipulation, but it can be
challenging to maintain the alignment through fiber fixation. Typical pre alignment methods
include electric fields,?*?*magnetic fields,*®*° and liquid shear flow?®-33, followed by the chemical
compound addition to induce a sol gel transition or time extensive polymer curing. These electric
fields require a large voltage (~ 2000 V/cm)? and magnetic fields are static and require an
extended amount of time (~ 180 min)? to establish fiber alignment and fixation. The static nature
of these systems also makes it challenging to maintain alignment during extended periods of fiber
fixation and limits the size of the resulting aligned CNF material.

The liquid shear flow is showing great promise for a continuous alignment and quick fiber
fixation method but the alignment lacks individual fiber manipulation.®* Aligning CNF using
extensional shear flow can be challenging especially when considering CNF rather than CNC
because the naturally longer fibers, fiber interactions due to charge and higher viscosity. In
addition to difficulty controlling these factors flow rates are directly related to degree of fiber
alignment. CNF at lower flow rates show alignment but increasing the flow rate decouple often
results in no alignment because of the morphology of CNF fibers. Fibers are generally longer and
have amorphous sections and high flow rates can cause fiber entanglement within a single fiber or

amongst other fibers. These entanglements prohibit fiber elongation and alignment and instead
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create flow obstruction and cause rotation with local vorticity. In addition, shear flows can cause
a rapid rotation of individual fibers and alignment can be lost quickly. The fiber length and
morphology are critical to shear flow alignments and shorter fibers can easily rotate establishing
alignment quickly, but this anisotropy can be quickly lost to Brownian motion as well.
Alternatively longer fibers can resist Brownian motion longer but establishing the alignment
becomes challenging. CNF pre-alignment methods have shown a greater potential to create a
higher degree of alignment and minimize defects offering an opportunity to maximize pure CNF
material performance. Perhaps considered one of the most successful flow focusing methods is the
one developed by Mittal et al. This flow method involves a primary focusing flow on CNF
downward followed by an extensional flow of water that functions as a protective sheath flow and
to establishes some initial alignment. Then semi- aligned core CNF flow than continues downward
encountering a secondary extensional flow of a weak acid that serves to induce a sol gel transition
between fibers. The first shear flow demonstrated a decrease in fiber order due to flow deceleration
but then due to flow acceleration after focusing order increased, and the second shear flow showed
this same behavior. These momentary drops in order still resulted in an extremely strong filament
with an ultimate tensile strength at approximately 1300 MPa and young’s Modulus at roughly 80
GPa. Their work also pointed out that fiber size and timing was critical to the resulting aligned
material, with success occurring in instances when the time for sol gel transition was quicker than
the time for Brownian motion to restore random order, and these time scales are greatly determined
by the fiber length. Mittal also concluded that the surface charge of filaments was not relevant to
the alignment from shear flow focusing. It is clear from this great success in created aligned CNF
filaments that the pre-alignment method shows far greater potential, and that the fiber structure

and properties are key to establishing and maintaining alignment.
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These aligned pure CNF filaments show great potential filling basic needs such as
applications as an alternative textile, or even as reinforcing structures in other polymer matrices.
Although there are forms of cellulose filaments currently used as textile alternatives such as Rayon,
these processes cannot be considered sustainable because of the infamously dangerous and toxic
synthesis causing harm to both process engineers creating the product and the environment.
Numerous fatalities from mere minutes of exposure to carbon disulfide, a necessary chemical for
rayon synthesis, causes massive losses in neurological function and the fatalities from this process
are so great that a book about the harms of Rayon “Fake Silk: The Lethal History of Viscose
Rayon” gained much attention.®% The flow focusing process used for the CNF alternative textile
requires mostly pure water with the only hazard being a weakly concentrated acid, making it a far
more sustainable option to current cellulose textile alternatives. Beyond a basic application these
nano fibers also need to fulfill other functions currently filled by petroleum-based polymers that
in are included in more complex applications. One way to achieve a high multifunctionality is

through the incorporation of another structure that can add to the multifunctionality of the CNF.

3.3 Expanding to Nanocellulose Composite Structures

Controlling CNF nanostructure and alignment cannot only improve mechanical performance
and bolster functionality in basic applications requiring pure CNF such as textiles or pure plastics,
but they will be critical in achieving more complex functionalities, such as small electronics or
biomedical sensing. These complex applications will require properties that are not native to the
material, but rather they can be achieved in composite forms of CNF materials.3*3" A composite
form of CNF will be a mixture of CNF and some other secondary material or chemical that possess
the desired trait. Typically adding secondary materials becomes increasingly complex because

both the mechanical performance of the CNF and the secondary trait need to be successfully
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transferred throughout various size scales. Generally, people report a loss in CNF mechanical
performance when adding secondary material structures, or to preserve CNF performance a tertiary

chemistry is used that often sacrifices the desired added functionality.

3.4 Carbon Nanotubes

As previously mentioned, electrical conductivity is a key trait necessary for complex
functionality and most recently this is achieved with the addition of carbon nanotubes. Carbon
nanotubes are purely carbon-based materials known for their sp? hybridization much like graphene,
but rather in a tubular morphology. These nanotubes are known to have unique properties including
good chemical stability, thermal stability, mechanical performance, and electrical conductivity.
Among nanotubes there are subdivisions generated based on size and chemical functionality.
Single walled carbon nanotubes considered a one-dimensional material, are a single tube of
graphene rolled up into a single cylinder, while multi walled carbon nanotubes are tubes consisting
of multiple stacked walls of concentric rolled graphene tubes. The properties of both materials are
heavily dependent on the morphology, chirality, and chemical nature, which can be determined
through the growth processes or secondary treatments. Chemical functionality of nanotubes is one
method of adapting nanotubes by changing the surface chemistry that can lead to additional
functionalities in sensing different molecules etc.

Choosing carbon nanotubes as a composite filler will expand the possibilities of aligned CNF
structures and provide yet another point of control on the final product. This filler could have
implications in small electronics, in biomedical sensing, or in tissue growth amongst many other
complex functionalities. There are great challenges that come when working with nanotubes
especially in solutions of water like those that would be used for CNF pre-alignment techniques.

Nanotubes are hydrophobic in nature, and sometimes this can be overcome with chemical
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functionalization of the tube, but generally the workable mass is greatly limited. Generally harsh
solvents or surfactants are required as the medium for suspension, but this would again reduce the
overall sustainability and likely cause issues in the final structures.

However, the structure of CNF and the tailorable surface charge of fibers opens the
possibility for nanocellulose itself to function as both a polymer matrix and a surfactant. This
would maintain the sustainability and functionality of the filaments while still providing added
functionality. CNF filament performance will likely be maximized with single walled nanotubes
(SWNT) because the diameter more closely matches the individual CNF fibers, and the geometry
of the nanotube, similar more rigid structure to CNF, presents an opportunity to align both
components. Through controlling the nanostructure of the CNF and the alignment of both
materials, with the application in mind, most significant losses to mechanical and secondary
performance will be minimized. This reveals the key to CNF multifunctionality especially in filling
complex applications lies in the control of the CNF nanostructure and the material alignment.

4.0 Summary

The future of sustainability will require alternative materials to petroleum reducing the
overall global dependence. Cellulose is a promising alternative to petroleum offering a sustainable
alternative source, but its success is dependent on its ability to fill a multitude of functionalities
much like petroleum-based products. Currently the greatest potential for successful application is
cellulose in the nano form or nanocellulose. This nanocellulose comes in many forms and most
importantly its traits can be tailored through manipulation of its structure and thus properties.
Aligning nanocellulose offers a further point of engineering making nanocellulose a material with

multiple facets of control throughout production. These multiple points of control increase its
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potential for success in both basic applications such as textiles but also in more complex
applications such as small electronics, sensing, or biomedical applications.

In this work, we demonstrate the massive untapped potential of nanocellulose as a diverse
sustainable material through three key objectives. Initially we demonstrate the multiple points of
control available with nanocellulose production to tailor fiber aspect ratio and surface charge,
giving independent control over two critical fiber properties. The individual control over these
properties opens nanocellulose fibers to a wide range of applications not previously afforded by
typical synthesis methods. Through these tailored properties we successfully designed a
nanocellulose for high performance in a novel pre-alignment technique involving electric field and
flow focusing. The electric field provides individual CNF fiber rotation and a higher degree of
alignment while the flow focusing provides a quick fiber fixation establishing permanent
anisotropy. We demonstrate the benefits of this alignment in the continuous filament produced
with potentials in alternative textiles. Finally, we further adapt this aligned filament to fill more
complex applications by introducing a conductive filler to create an aligned conductive composite
filament. While most reports lose performance, through engineering the CNF nanostructure and
carefully controlling the novel pre-alignment method, we demonstrate exceptional performance
beyond the qualities possible with a pure CNF filament. The implications of this new conductive
composite filament are demonstrated through testing it as a unique water sensor. The alignment
also improves the sensitivity of fibers demonstrating success as a sensor filling a complex need.
This project demonstrates the potential of multifunctional materials made with sustainable CNF

offering a sustainable alternative to petroleum.
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I1. Materials and Methods

2.1 CNF Preparation via TEMPO Oxidation
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Figure 4. Flow diagram outlining the steps required to create TEMPO oxidized CNF. Most of the
steps involve purification and concentration, with two primary active steps, oxidation, and

mechanical defibrillation, occurring at steps 1 through 2 and 6 through 7, respectively.

CNFs were prepared using 2,2,6,6-Tetramethyl-1-piperidinyloxy (TEMPOQO) oxidation from
bleached softwood pulp kindly provided by WestRock (mixture of 50/50 Doulgas fir and
Hemlock).? Briefly, cellulose fibers were dispersed in water and mixed in a solution of TEMPO,
sodium bromide, and sodium hypochlorite. After the solution was mixed, 1 M sodium hydroxide
was added until the pH stabilized at 10. The pH of the solution was adjusted to 7 with 1 M HCI

and then centrifuged at 5000 rpm for 15 min (Allegra 25R Centrifuge, Beckman Coulter). The
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precipitate was dialyzed against deionized water for five days. The dialyzed solution was blended
for 30 min (Oster, Sunbeam Products inc.) followed by horn sonication for 2 min (750 W, 100 %
amplitude, Sonics Vibracell VCX). The suspension was centrifuged at 5000 rpm for 15 min and
the supernatant was characterized and stored for further processing in the electric field-assisted

flow focusing system.

2.2 Conductometric Titration for CNF Charge Density

Charge Density of CNF dispersions were measured using conductimetric titration to ensure
that the TEMPO oxidation process changed the surface chemistry of the CNF. Briefly, 50ml of 0.1
wt % CNF dispersion and 1 ml of 0.1 M hydrochloric acid were mechanically stirred to protonate
carboxylic acid groups. Then 100 ul allocates of 0.02M NaOH were added, and the conductivity
measured and recorded after each addition. The volume of NaOH needed to stabilize the charge

was calculated to give the concentration of carboxylic acid per gram of CNF.

2.3 CNF and SWNT Dispersions

Complex dispersions involving both CNF and SWNTs were prepared using a double
sonication method. CNF solutions at 0.32 wt% were measured into 50 ml allocates and placed in
a tall beaker to maximize exposure to sonic horn tip. SWNTs functionalized with carboxylic acid
groups (cheaptubes.com) were massed according to the desired weight percent using equation 1.
The nanotubes were slowly added to the CNF solution while vigorously stirring to ensure SWNTs
were thoroughly mixed. The dispersion was then transferred into a sonic bath and the tip of a sonic
horn (750 W 40 % amplitude, Sonics Vibracell VCX) was inserted as far as possible into the
beaker. The 50 ml solution was double sonicated for 8 min, removed and centrifuged for 50 min
at 5500 RPM. After centrifugation, the precipitate was discarded and exactly 35 ml of the

supernatant was removed and stored for future use with a shelf life of one week.
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Mass of SWNTs
Mass of CNF+Mass of SWNTs

SWNT wt% = ( ) x 100 (Equation 1)

2.3.1 CNF and SWNT Dispersion Characterization

CNF and SWNT dispersion quality were characterized using UV-VIS spectrometry.
Dispersions were prepared with constant SWNTSs (63 mg) and varying CNF concentration, and
vice versa using the double sonication method described above. UV-Vis measurements were
performed at room temperature on dispersions diluted 30 times using a Perkin ElImer Lambda 750

spectrophotometer operating in the 250-800 range, with a 1 nm resolution.
CNF Dispersion Viscosity (Viscometer)

The viscosity of different prepared dispersion was measured using a DV2TLV viscometer
from Brookfield. The viscosity for all dispersions was measured by depositing 16 ml in a beaker

and inserting ULA spindle (Brookfield) with temperature maintained at 293 K.

2.3.2 CNF and SWNT Aspect Ratio

CNF fiber length and diameter were determined by measuring at least 20 individual CNFs
using Atomic Force Microscopy (AFM). Samples were prepared by drop casting 10 uL of 0.00005
wt% CNF solution on freshly cleaved mica discs (TedPella Inc., 12mm) and air dried for 2 hours
prior to imaging. The AFM was used in tapping mode with a bluedrive photothermal excitation
and a scan rate of 1 Hz (Asylum Research, Cypher).

CNF and SWNT Compound Structure Characterization

CNF and SWNT dispersions at 0.005 wt% were bath sonicated for 5 min and drop casted
on a copper TEM grid within 30 minutes of bath sonication. Images were taken on a Tecnai G2
F20 SuperTwin TEM with a 200 kV accelerating voltage. Chemical confirmation of the compound
CNF and SWNT structure was verified using photo induced force microscopy (PiFM). Samples
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were prepared by drop casting 10 pL of 0.0005 wt % dispersions on freshly cleaved mica slides.
PiFM images were taken using a VistaScope from Molecular Vista Inc. couple to a LaserTune LT-
OEM with a range from 750-1877 cm™. The microscope was operated in tapping mode with a

pmasch NCH-Pt 300kHz noncontact cantilever from Nanosensors.

2.3.3 CNF and SWNT Bonding

Fourier transform infrared (FTIR) was used to elucidate chemical interactions between
CNF and SWNT in a solid state. Films of varying CNF/SWNT dispersions were created by oven
drying 15 ml of solution at 50°C. Spectra were collected from 1100 to 3500 cm™ using a Shimadzu

FTIR spectrophotometer with a resolution of 1 cm™ in attenuated total reflectance (ATR) mode.

2.4 Filament Formation (Electric Field Flow Focusing Channel) and Characterization

The microfluidic channel consisted of a 1 x 1 mm? primary flow channel and two secondary
flow channels, all controlled by 5 syringe pumps (Figure S4). The primary downward flow (red)
of CNF, at the top of the channel, was approximately 0.3 wt % and flowed at a rate of 2.4 ml/ hr.
As the CNF moved down the channel, just before the introduction of the first extensional flow,
there were four electrodes made of copper. All the electrodes were 4 mm in diameter and 14mm
apart from each other (measured center to center) with one side in direct contact with the CNF
flow. The electrodes were supplied an AC sinusoidal voltage from a function generator and then
amplified using a high voltage amplifier. The downward flow continued for approximately 5 mm
past the last electrode (measured at center) and then encountered the first shear extensional flow,
comprised of DI water (Blue) flowing at a rate of 6 ml/hr. Approximately 3 mm after the first
extensional flow, the CNF reached the second extensional flow of 1 M hydrochloric acid flowing
at a rate of 3.6 ml/hr. The compound flows continued downward until they were ejected into a

beaker of DI water. The gelled filaments were then removed and dried under tension in controlled
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humidity and temperature. To collect polarized optical data and deduce the degree of fibril
alignment, images were taken though a pair of crossed polarized filters with a CCD camera (Mako

U-029B). The light source was a He-Ne laser (130 mW) with a 5 mm radius irradiating circle.
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Figure 5. Depiction of combining two common alignment methods, electric field and flow
focusing, into a novel combination electric field flow focusing channel on the right. The continuous
electric field flow focusing channel is composed of 4 electrodes and is operated by a total of 5

syringe pumps resulting in an aligned filament hydrogel that is deposited into a beaker of water.

2.4.1 Filament Surface Characterization

Each pure CNF filaments surface, morphology and uniformity were characterized using
Scanning Electron Microscopy (SEM, XL830, FEI Company, Hillsboro, OR, USA). The filaments
were mounted using carbon tape and prepared by sputter coating with a gold/palladium target for

30 seconds at a deposition rate of 13 nm per minute. The SEM was operated using a 5 kV
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accelerating voltage and 5 mm working distance. The following equation was used in tandem with
SEM image analysis to assess filament degree of orientation and alignment at the micro scale.
FWHM refers to the fullwidth half maximum of fitted peaks created through histograms or plotted

intensities measured using 2D XRD, or SEM image analysis.

__ (180—FWHM)

fe="— (Equation 2)

Composite CNF and SWNT filaments were imaged on a ThermoFisher Scientific Apreo
SEM equipped with a standard ETD in chamber SE Detector, a back scatter electron detector
(BSE), and an in- column SE detector. Filaments were mounted on carbon tape and left uncoated
so observe surface and subsurface topography. Different detectors were used to examine different
filament qualities, in general surface images were taken using the in-chamber ETD detector at a
2kV accelerating voltage and subsurface images were taken using the in- column SE detector with
a 20 kV accelerating voltage. Filament cross sections used a combination of detectors operating at
2kV to capture high contrast and clarity.

2.4.2 Filament Alignment and Chemical Characterization

2D X-ray Diffraction was used to characterize the crystallinity index of CNF and nano
scale orientation of crystalline regions for individual CNF filaments. Samples were mounted
directly on a silicon dioxide wafer and a Bruker D8 powder diffractometer was used with a high-
efficiency Cu anode microfocus X-ray source and a Pilatus 100K large-area 2D-detector. The
beam was generated at 50 kV and 1000 uA and adjusted to 0.10 mm spot using a beam collimator.
For crystallinity index diffractograms were taken from 10 ° to 90 ° with 11 ° increments and a 30
s exposure time per increment. Crystallinity Index (CI) was calculated using the Segal method
described in Equation 3, where I; is the Intensity of the crystalline peak at 26 = 22.7 ° and la is the
Intensity of the amorphous peak (110) at 26 = 18.1 ° (Segal, Nam). For alignment measurements
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the x-ray source and 2D detector were kept at the 26 = 18 °, with an 11 ° increment and had a total

exposure time of 150 s.

Crystallinity Index = Itl_—la (Equation 1)

t

A Renishaw InVia Raman Microscope (Leica DMIRBE inverted optical microscope) with
a 785 nm laser excitation source was used to asses overall alignment of a control and treatment
filaments as well as chemical alterations from the electric field. The Raman laser spot size was 20
um focused on a single filament, using a short working distance (x50) lens. The filament was
manually rotated 90 degrees to capture both the direction corresponding to the parallel and

perpendicular direction of the primary flow, and asses the anisotropy of the material.

2.4.3 Filament Mechanical Properties

Both pure CNF filaments and composite CNF/SWNT filaments underwent the same
mounting and mechanical testing procedures. Once the filament was formed in the channel it was
removed from a beaker of DI water and suspended between to aluminum posts for drying. Once
the filaments dried, they were adhered to a 1 inch piece of paper with a 30 mm hole cut in the
center. The suspended filaments were then dried in an oven for 30 min to achieve 0 % humidity or
stored in a humidity chamber overnight to reach 35 % humidity. After establishing the humidity
of filaments, the paper mounts were loaded into a tensile rack and the sides of the paper cut to
leave tension on the filament alone. The filaments were tested on a Shimadzu EZ-SX tester at 0.5
mm/min equipped with a 1 N load cell. The cross section was assumed to be circular, and the
diameter determined by scanning electron microscopy (SEM). At least 20 filaments were tested

for each data point, to ensure statistical significance.
CNF/SWNT Electrical Properties (Keithley and Electrodes)

32



Filaments were cut to 15 mm and adhered to a glass microscope slide with electrical leads
that were established by adhering flat nickel chromium wire to the filament ends using silver
adhesive paste. Super glue was used to further secure extensions of nickel chromium wire to the
microscope slide and prevent electrode from detaching. The electrical conductivities of conductive
composite filaments were measured by a voltage—current meter (Keithley 2400) using a two-probe

method.

2.5 CNF/SWNT In-Situ Swelling

The conductive filaments mounted on a glass slide were placed on a light microscope
(Zeiss Axiolab) equipped with a Zeiss Axiocam ERc5s digital camera. The filament once in focus
with a 10x microscope objective was attached to a voltage-current meter (Keithley 2400) using a
two-probe method. Then while a 1uL drop of water was placed on the filament, bandicam software
was used to record active changes in filament diameter, in tandem with Realtime resistance
changes from the voltage-current meter. Kinovea software was used to extract frames at 0.7s
intervals and Image J software was used to measure filament diameters. These changes in filament
diameter were paired with the resistance changes over time to extract in-situ swelling and

resistance measurements.
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11 Results and Discussion

1.0 Chapter 1: Controlling Nanocellulose Structure
1.1 Synopsis
Objective: Establish control over nanocellulose properties and structure to produce idyllic

characteristics for specialized applications.

Characterization Techniques:
e Conductimetric Titration to determine Charge Density
e AFM for nanocellulose fiber aspect ratio
Conclusions:

e Aspect ratio and surface charge are critical characteristics to establish anisotropy of
synthesized macro materials.

e Chemi-mechanical synthesis methods increase economic and social sustainability of CNF
production through reduce energy costs, and improved safety.

e TEMPO oxidation allows for independent control of CNF surface charge and fiber aspect
ratio through two primary steps, surface oxidation and mechanical defibrillation.

e Surface Charge can be tailored between 0.3- 1.2 mmol COOH/g CNF by controlling
oxidation time, reaching up to 0.75 mmol COOH/g CNF and sodium hypochlorite
concentration, reaching up to 1.2 mmol COOH/G CNF.

e Primary oxidation step determines starting microfiber size and breaks fibers for the
subsequent mechanical defibrillation.

e Mechanical defibrillation time and intensity can directly control nanofiber aspect ratio,

with harsher treatments resulting in smaller fibers.
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1.2 Introduction

Cellulose is one of the most abundant biopolymers on earth and is considered environmentally
sustainable because of its natural abundance, biocompatibility, and biodegradability. Manipulating
cellulose to fill basic and complex functions commonly filled by petroleum products would greatly
improve global material sustainability.*® While translating a standing tree into a textile or small
electronic seems challenging, breaking down the cellulose into a manageable nano from presents
a clear path forward. The nano form of cellulose maintains the sustainability component because
of the similar chemical makeup and includes unique properties that could fulfill the more complex
requirements of some petroleum-based products such as microchips. The successful application of
CNF will require biomimicry of the multiscale alignment exhibited in standing biomass which has
been most successfully achieved in pre-alignment techniques. These pre-alignment techniques as
previously outlined are largely dependent on critical fiber structural elements such as fiber length
and surface charge which allow the fibers to be easily manipulated in a suspension. These traits
need to be engineered to improve the resulting CNF filaments performance and allow adaptability

for the future incorporation of composite fillers.

There are primarily three different types of nanocellulose, and they are generally classified by
the synthesis method and resulting material properties. The three methods can be divided into a
top-down approach, referring to the breakdown of a large cellulosic material into smaller nano
sized chains, and a bottom-up synthesis, that involves putting glucose monomers together to form
nano sized chains. The bottom-up synthesis involves bacterial propagation of monomeric glucose
into polymers and is generally considered not scalable and costly because of challenges in limited
production and bacteria growth.*® The top-down synthesis methods can further be classified into

three groups mechanical, chemical, and a of combination chemical and mechanical that we will

35



call “chemi-mechanical”.*®#! Mechanical synthesis involves high shear rates or large amount of
mechanical agitation to mechanically break fibers down to the required nano size. This method
has high energy requirements lacking economic sustainability and generates a rather wide fiber
size distribution ultimately sacrifice mechanical performance.*? The mechanical fibers also lack a
sustained surface charge meaning fibers are generally exist as a precipitate in solution and thus
will not be compatible with most pre-alignment techniques. The chemical synthesis often involves
high temperature and concentrated hazardous chemicals to reach the desired fiber size, lacking
both economic and social sustainability.*>** The chemical methods can create surface charges on
the ends of fibers, but the harsh treatment often shortens fibers down to the crystalline size around
200 nm and thus any established anisotropy would be quickly lost to Brownian motion resulting
in a randomly oriented CNF structure that would likely require a secondary polymer to be held
together. The chemi-mechanical option combines both chemical and mechanical treatments
making it the most economic and socially sustainable way to achieve an environmentally
sustainable alternative material. Minimal harsh chemical exposure establishes a more socially
sustainable option and the already chemically fractured cellulose is estimated to lower energy costs
of mechanical treatment from 20,000 to 30,000 kWh/ton to 1000 kWh/ton of cellulosic fibers
establishing environmental and economic sustainability.*® In addition the chemistry involved in
chemi-mechanical synthesis creates fibers with a suspended charge create a suspension of
nanocellulose that flows easily and generally fibers are longer that those made with a purely
chemical treatment. While chemi-mechanical treatments offer the most promise, the properties of
the material need to be tailorable to its future performance in pre-alignment techniques and to

further increase the viability as a multifunctional sustainable alternative.
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We sought to control different nanostructure traits of CNF fibers using a known chemi-
mechanical form of synthesis, to demonstrate their potential as a multifunctional sustainable
material filling both basic and complex functions.*® Both aspect ratio and charge density of
nanomaterials will be critical to their manipulation in pre-alignment processes. Controlling critical
traits such as aspect ratio, and fiber charge at the time of synthesis can be key to dispersion
performance and alignment transferring desirable nano traits to the micro and macro level. Here
we demonstrate detailed knowledge of a chemi-mechanical CNF synthesis method, TEMPO
oxidation, and establish independent control over both aspect ratio and fiber charge using two key
steps. This synthesis offers individual control over two critical properties and creates a sustainable
material that can be easily engineered to achieve ideal mechanical and chemical performance

targeted to countless applications including pre-alignment processes.

1.3 Nanocellulose TEMPO Oxidation

Chemi-mechanical TEMPO oxidation involves multiple steps that can be broken down into
two active steps, a chemical and mechanical phase, with intermediate washing and concentrating
throughout the process (Figure 6). The two primary stages are the chemical or oxidation step and
the mechanical or cellulose defibrillation step. These two steps can be thought of as largely
independent of each other with the oxidation controlling the CNF charge, and mechanical
defibrillation controlling the CNF aspect ratio. Control over the CNF charge is critical to CNF
dispersion quality and future chemical functionalization that could directly benefit the
application.*”*® Aspect ratio of CNF can be critical to the mechanical performance and individual
fiber manipulation during macro material synthesis. These two characteristics will be critical to
our demonstrated applications of the CNF in an alternative textile and conductive composite

Sensor.
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Figure 6. Depiction of the full 9 step TEMPO Oxidation process for CNF production. Steps 1-2
involve a critical oxidation step followed by three purification steps that entail neutralization (step
3), concentration (step 4) and dialysis (step 5). Then the primary mechanical defibrillation to
control the fiber aspect ratio (step 6 and 7) followed by one more purification step to reach the

final solution of dispersed nanocellulose fibers shown in step 9.

TEMPO Oxidation is a common method of oxidizing cellulose or pulp, and the nomenclature
results from the reaction path that involves 2,2,6,6-Tetramethyl-1-piperidinyloxy (TEMPO). There
are many different variations of TEMPO oxidized CNF, and the reactions typically include
TEMPO and Sodium Hypochlorite (NaCIO") as an activating agent to produce TEMPO™* .*° This
active version of TEMPO very selectively reacts primary alcohols to aldehydes and together with

cellulose this gives a selective reaction of the C6 hydroxyl group on glucose units to an aldehyde
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(Figure 7). These two critical chemicals are typically accompanied by a third chemical that serves
to both recycle the TEMPO for continued use and further react the C6 aldehyde to a carboxylic
acid group.*® Examples of this third chemical can include additional Sodium Hypochlorite or in
our case Sodium Bromide (NaBr).'* TEMPO oxidation is primarily a surface reaction and only
readily available C6 hydroxyl groups will be targeted. The hydroxyl to aldehyde and subsequent

aldehyde to carboxylic acid are thought to
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Figure 7. TEMPO oxidation chemical process depicted using chemical structures. Step 1 involves
the activation of TEMPO using sodium hypochlorite followed by step 2 the reaction of the C6
hydroxyl on a glucose monomer to form an aldehyde. Step 3 involves the hydration of the aldehyde
and subsequent reaction to form a carboxylic acid, that is finally capped with a sodium under

basic conditions. *°
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1.3 Controlling Surface Charge of CNF
Figure 6 is a graphical depiction of the method of TEMPO oxidation we used involving
TEMPO, Sodium Hypochlorite and Sodium Bromide. Once these chemicals are physically added
to a solution of mixing bleached pulp the pH is maintained at 10 to encourage the continual

oxidation of pulp fibers.

Individual control over the surface charge was confirmed by isolating different parts of
TEMPO oxidized CNF process and measuring the surface charge to elucidate which step was
responsible for the charge. Surface charge was determined using a conductometric titration that
begins with adding an excess of acid to protonate weak carboxylic acid groups. The conductivity
of the solution is then recorded while a dilute solution of sodium hydroxide is added, that serves
to cap carboxylic acid groups with a sodium. The conductivity of the solution will initially drop as
the sodium hydroxide will more readily neutralize excess ions from acid until a plateau is reached,
during which time the sodium hydroxide is neutralizing the weak acid groups. Once the weak acid
groups are consumed sodium hydroxide exists in excess and the ions will increase the conductivity
of the solution linearly. The volume of sodium hydroxide consumed during the plateau can then
be directly related to the number of carboxylic acid groups present. It is worth mentioning that
other aldehyde groups likely exist from the TEMPO reaction but this conductimetric measures
only the carboxylic acid units. Pure bleached pulp, the starting material for the TEMPO process,
and pulp that only underwent the mechanical defibrillation or steps 6 and 7 showed no plateau in
conductimetric titrations indicating the fibers had no method of consuming the added sodium
hydroxide and thus no surface charge Figure 8. Fully oxidized TEMPO CNF showed an obvious
plateau indicating a consumption of approximately 1.5 ml of sodium hydroxide by weak

carboxylic acid groups.*® This demonstrated that the surface charge is solely controlled by the
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chemical oxidation, indicating that controlling reaction qualities of these first two oxidation steps,

would allow us to control the surface charge independent of aspect ratio.
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Figure 8. (A) Diagram of oxidation steps from the 9 step TEMPO oxidation process to produce
CNF. The first step involves adding the three primary oxidizing chemicals and the second involves
maintaining the pH at 10 with sodium hydroxide until the pH is stable and the color changes from
yellow to clear. (B) Graphical conductimetric titration measurements of different types of CNF or

cellulose demonstrating that the oxidation step is key to establishing CNF surface charge.

The first method of controlling the surface charge is through controlling the oxidation time
through manipulating the pH. During oxidation, the pH is maintained at 10 to encourage the
reaction forward, and when the pH no longer drops from 10 the reaction is considered complete
with the maximum surface charge achieved. When solutions were neutralized with a low
concentration of acid (HCI) before completion the low pH caused oxidation to stop resulting in
fewer functional groups. We manipulated the oxidation time using the pH (Figure 9) and found
that longer oxidation times increased the surface charge up to 0.75 mmol COOH/g CNF with
minimal changes occurring after 1 hour. Visual observation of CNF solutions with shorter
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oxidation times such as 5 or 30 min revealed much larger fibers before mechanical defibrillation
treatments. The shorter exposure time to harsh exfoliating chemicals such as sodium hypochlorite
likely resulted in reduced chemical breaking or peeling.>® The consistent aspect ratio (~ 700 nm
length and ~ 2 nm fiber diameter) was achieved at each oxidation time in Figure 9 by increasing
the mechanical defibrillation intensities and time resulting in shorter fibers. This increased
mechanical defibrillation also resulted in wider distributions of fiber lengths when compared to
the 3-hour oxidation time. This is likely because the starting fiber size before mechanical treatment
was larger with a wider distribution. A tailorable surface charge was successfully achieved through
controlled oxidation time, but the charge density was still limited by the number of available
groups on the pulp, because TEMPO oxidation is primarily a surface reaction. In order to further
increase the surface charge to some of the highest reported in literature we examined other routes

to control surface charge.
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Figure 9. Graph depicting independent control over the charge density of CNF fibers through

controlling the oxidation time. The charge density increases with oxidation time plateauing around
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1 hour. Fibers at lower oxidation times were larger and visible to the naked eye but the fiber aspect
ratio was maintained with additional mechanical treatment and wider distributions were observed

at lower oxidation times.

The second method we discovered to control surface charge involves tailoring the exposed
surface area thereby increasing the amount of primary hydroxyl groups that are available for
functionalization into aldehydes.'®* We controlled the exposed surface hydroxyl groups by
adjusting the ratio of sodium hypochlorite to cellulose, thus regulating the S elimination
responsible for chemically breaking cellulose chains.®® Typical concentrations reported in the
literature are 5 mmol/ g of pulp but by increasing this ratio by double or even quadruple we can
increase chemical exfoliation. This exfoliation allowed us to encourage or discourage the access
of TEMPO to more crystalline and difficult to reach locations, allowing us to achieve a higher
charge density than possible with controlled oxidation times.>? Doubling the sodium hypochlorite
from the typical 15 mmol/3 gram batch of pulp increased the overall charge density with minor
decreases in CNF yield (Figure 10). This demonstrates charge densities between 0.70-1.2 mmol
COOH/g CNF can be targeted by increasing the ratio of sodium hypochlorite to pulp, giving
control over not just the lower range charge densities achieved with oxidation time but the higher
ranges as well. However, increasing the sodium hypochlorite concentration further to 30 mmol/3g
batch of pulp came with a greater cost to the overall fiber yield suggesting that the benefit of high
charge should be carefully weighed against yield. Quadrupling the sodium hypochlorite revealed
an overall lower measured carboxylic acid charge density and a significant decrease in yield
indicating a maximum surface charge.®>® This decrease in charge and yield with quadruple the
Sodium Hypochlorite concentration is likely a result of continual CNF degradation into small

monomeric products such as tartaric acids ultimately lowering the yield and charge.>*
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Figure 10. Graph demonstrating the effect of sodium hypochlorite concentration on yield and
charge density. Higher charge densities were achieved than possible with simply controlling
oxidation time. However, quadrupling the concentration from typical quantities can lead to over
processing creating degradation products lowering the overall measurable carboxylic units and

yield.

This increased fiber breaking is also supported when examining the fiber aspect ratios with
increased sodium hypochlorite concentration. While excess fiber lengths from shorter oxidation
times required additional mechanical defibrillation, doubling the sodium hypochlorite significantly
decreased the over fiber length to 150 nm (Figure 11).2 This is likely to due to the increased S
elimination shortening fiber length during oxidation, causing a shorter fiber size feeding into the
mechanical defibrillation. Shorter mechanical defibrillation times can be used to retain fiber length

after oxidation, to compensate for the increased chemical breaking.

Both controlling oxidation time and sodium hypochlorite concentration are effective for
tailoring surface charge and can primarily be done independent of fiber aspect ratio giving charge
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densities between 0.3 — 1.2 mmol COOH/g CNF. Controlling oxidation time is ideal for achieving
lower charge densities, while increasing the sodium hypochlorite concentration is ideal for
achieving higher charge densities above 0.75 mmol/g CNF. These controlled surface charges will
aid in creating free flowing suspensions for pre-alignment methods or controlling charge to
maximize CNF’s secondary performance as a surfactant for composite fillers. Pre-alignment

techniques will also require careful control over the individual fiber length.
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Figure 11. Graph displaying the effect of sodium hypochlorite concentration on Fiber length and
Fiber diameter. Higher concentrations of sodium hypochlorite show a shorter resulting length

when undergoing the same mechanical treatment supporting the idea of increased fiber breaking.

1.4 Tailoring Aspect Ratio of CNF
The fiber length can primarily be controlled through steps 6 and 7 otherwise known at the
mechanical defibrillation stage. The mechanical defibrillation step is typically done after the

chemical oxidation because the oxidation can reduce the starting fiber size and reduce the amount
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of mechanical treatment necessary to reach the nano scale because of chemical treatment. Typical
mechanical treatments involve blending the oxidized cellulose for approximately 30 minutes
followed by a ~ 2-minute horn sonication to further cut the fibers to the nano scale while

maintaining a narrow distribution (Figure 12).
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Figure 12. A) Diagram highlighting the mechanical defibrillation step from the full 9 step TEMPO
oxidation process. (B) AFM image of nanocellulose fibers depicting typical lengths and diameters.
(C) Histogram demonstrating normal fiber length distribution of typically oxidized and
mechanically treated CNF. (D) Histogram of CNF fiber diameters that underwent typical

oxidation and mechanical treatment as outlined in the materials and methods.

However, typically whatever the treatment type it will only reduce fiber dimensions further

making the maximum attainable fiber aspect ratio the resulting size from the oxidation step.*®
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Double the charge density as mentioned before decreases the fiber size from chemical breaking so
undergoing the same mechanical treatment creates a shorter aspect ratio compared to batches

prepared with typical charge densities, but still maintain a narrow and normal distribution (Figure

13).
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Figure 13. Nanocellulose prepared with double the amount of typical sodium hypochlorite
(10mmol/g CNF) and the same mechanical treatment as typical CNF batches. (A) Histogram
showing the normal distribution of the fiber diameter with an average of 2.4 nm. (B) Histogram

showing a shorter fiber length and a normal distribution with an average of 150 nm although the

same mechanical treatment was used.

While minimally dependent on the oxidation step, this phase still has independent control
over aspect ratio because fibers resulting from the oxidation are generally still in the macro and
micro scale, and clearly visible to the naked eye. Since fibers from the oxidation step are not yet
on the nano scale mechanical defibrillation is still the major determining factor of fiber aspect
ratio. Lower oxidation times give longer fibers but increasing the horn sonication time by 8 or 10

minutes, in addition to the typical two minutes, we can decrease fiber length to approximately 300
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nm (Figure 14). Even shorter fiber lengths can be achieved with longer sonication times while still
maintaining a normal distribution and consistent fiber diameter. Alternatively, higher
concentrations of sodium hypochlorite result in high charge densities but a shorter fiber length, yet
this length can still be maintained by decreasing the typical 2-minute sonication or 30-minute
blending time. Ultimately fiber length can be controlled independent of charge density through

mechanical defibrillation times and intensity, but it should be conducted after oxidation.
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Figure 14. Graph comparing average fiber lengths and diameters of CNF with additional
mechanical defibrillation. Increasing the sonication time causes significant reductions in fiber

length but no in fiber diameter.

1.5 Conclusion
Controlling CNF charge density and aspect ratio are critical to its successful application in
pre-alignment processes and as a multifunctional alternative sustainable material. These two

critical qualities determine the dispersion quality and dictate the formation and response of the
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fibers to externally applied forces to establish alignment. The fiber length and surface charge are
also critical to transferring desirable properties from the nano to the micro and macro scale because
the length can dictate the number of defects or fiber junctions while the charge can affect inter
fiber bonding. Chemi-mechanical techniques of producing CNF are ideal because of the
environmental and economical sustainable benefits it offers in addition to the necessary surface
charge and fiber length it offers that are critical qualities needed in pre-alignment methods. The
TEMPO oxidation, a form of chemi-mechanical synthesis, is ideal for CNF nanostructure control
because both surface charge and aspect ratio can be controlled independently. Surface charge can
be controlled from approximately 0.35-1.2 mmol COOH/g CNF by tailoring the oxidation time or
sodium hypochlorite concentration. Oxidation time can be used to achieve lower surface charges
while increasing sodium hypochlorite concentration can obtain higher charges with minimal loss
in yield. Although oxidation can dictate the starting macro fiber size, mechanical defibrillation is
the primary method of controlling the nano level aspect ratio. Nanofiber length can be decreased
by increasing time and severity of mechanical defibrillation. Controlling these properties
individually allows a variety of fiber size and surface charge combinations making it possible to

optimize the nanostructure to pre-alignment processes and other diverse applications.
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2.0 Chapter 2: Field-Assisted Alignment of Cellulose Nanofibrils in a Continuous Flow-
Focusing System

2.1 Synopsis
Objective: Align nanocellulose using novel electric field flow focusing system to produce
filament with improved mechanical properties.
Characterization Techniques:

e AFM

e Conductimetric Titration to determine Charge Density

e 2D XRD: Crystallinity via the Segal Method and Individual Nanofiber Alignment

e Electric Field Flow Focusing Channel for Filament Production

e SEM paired with Image J Directionality Software

e Micro-Raman

e Tensile Testing

Conclusions:

e CNF charge density and fiber length nanostructure were tailored to quickly establish and
maintain anisotropy in a novel electric field flow focusing pre-alignment technique

e AC external field is significant beyond a threshold voltage (600 V) enhancing the CNF
orientation factor up to 16 %

e Electric field significantly contributes to improve the CNF ordering in the bulk, through
individual fiber polarization, while the CNF alignment on the filament surface is only
slightly affected

e 2D X-ray diffraction shows that CNFs are densely packed anisotropically in the plane

parallel to the filament axis without any preferential out of plane orientation
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The improved nano scale ordering combined with the tight CNF packing yield impressive
enhancements in mechanical properties, with stiffness up to 25 GPa and more than 63 %,
46 % and 120 % increase in tensile strength, strain-to-failure and toughness, respectively.
This study demonstrates for the first time the control over the structural ordering of

anisotropic nanoparticles in a dynamic system using an electric field
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2.2 Introduction

Cellulose nanofibrils (CNFs) are a class of earth-abundant bio-based and biocompatible
materials with attractive properties such as lightweight, thermal stability, and good strength.®
When assembled into macroscale materials, the mechanical and dielectric performance of the
resulting components is strongly influenced by the CNF orientation in these systems.%’” The
development of highly-ordered structures comprising cellulose-based nanomaterials with high
aspect ratio has recently spurred great interest.'® In this context, multiple techniques for controlling
the collective alignment of colloidal nanocellulose have been explored and can be divided into two
categories depending on what type of external forces are used to impose alignment. Typical
external forces involve mechanical rubbing,®!8°%80 electric fields,?*?22 magnetic fields,?>2561
and liquid shear flow,6230636465 while the tendency of certain particles to self-assemble into
ordered structures can be exploited in some cases without the need for external forces.%® Although
electromagnetic applications have been widely used to align various elongated nanoparticles,?”:63:69
including cellulose nanocrystals,?>7%%72 studies focusing on nanofibrillated cellulose remain
relatively scarce.”>’* Among these methods, only the use of AC electric field appears to be
versatile enough for practical implementation. This is because the low magnetic susceptibility of
cellulose requires unrealistically strong magnetic fields,”® while the negative charges of CNF tend
to generate aggregates at the anode when DC electric fields are applied.”® When exposed to AC
electric field, individual CNFs rotate and align along the field direction if their movement is not
restricted by the surrounding environment.”® This is attributed to the anisotropic nature of the
material, which ensures that the dipole moment in the direction parallel to the CNF main axis is
stronger than the one in the perpendicular direction. After rotation, inter-fibril interactions take

place to form cellulosic chains parallel to the electric field lines, which become thicker and longer
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as the electric field is applied for longer period of time. Some reports examined how the parameters
of the applied electric field (i.e. amplitude, duration...) influence the orientation of CNFs in
various solutions,”"* while other researchers used a combination of shear forces and electric field
to improve nanocellulose alignment.”” However, all these studies are limited to the preparation of
thin films in batch experiments. To the best of our knowledge, there is no report in the literature
where AC electric field has been applied in a continuous flow system to control the nano scale
orientation of elongated particles.

One of the main challenges of using AC external field in a dynamic process consists of
locking the field-aligned CNFs into a metastable structure as the materials travel through the
electric field to prevent the time dependent relaxation toward isotropy due to Brownian diffusion.
Inspired by the flow focusing approach,® the present study employs a set of extensional flows
downstream to initiate a sol-gel transition before Brownian motion becomes dominant, hence
forming highly ordered cellulose filaments. While the hydrodynamic alignment may induce non-
uniform orientation profiles across the fiber width due to the inherent velocity gradient toward the
channel walls,®! the utilization of AC electric field may help to mitigate this issue for the
production of anisotropic and uniform fibers with larger diameters.

In this research, TEMPO-oxidized CNFs were extracted from renewable softwood pulp to
produce anisotropic fibers using an innovative field-assisted flow focusing process. The
continuous production of renewable fibers with good mechanical attributes is particularly relevant
considering that fibers account for more than 20 % of the overall plastic production, which was
valued at $55 trillion in 2017.7® The evolution of CNF alignment during processing with regard to
the applied voltage was studied in-situ using polarized optical microscopy. Both surface and bulk

order characterizations of the resulting filaments were conducted respectively by scanning electron
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microscopy coupled with image analysis and by orientation dependent variation of the polarized
Raman scattering signal. 2D-XRD was performed to examine the CNF orientation in the planes
perpendicular and parallel to the filament axis. Finally, several meters of filaments were produced
under different conditions to investigate how the amplitude of the AC electric field influences the

mechanical properties of the resulting nanocomposites.

2.3 Engineered CNF Characteristics

CNFs were synthesized based on a previously reported TEMPO-mediated oxidation
procedure with 3 mmol NaClO per g of bleached softwood pulp followed by homogenization using
mechanical blending and double acoustic irradiation.”®8%8153 As-prepared CNFs exhibited a mean
length and diameter of 620 nm and 2 nm, respectively, yielding a high aspect ratio of 310 (Figure
15). The tailored CNF fiber length was critical to maintain established alignment from the applied
electric field. Shorter length fibers align quicker than lengthier fibers however, they typically do
not retain the alignment as well as longer fibers due to Brownian motion. The carboxylate content
of CNFs was 0.7 mmol/g, as measured by conductometric titration and the crystallinity index was
41%, as determined by XRD according to the Segal method (Equation 3).82 The CNFs were
completely dispersed at the individual nanofibril level in water by electrostatic repulsion and
osmotic effects due to anionically charged carboxylate groups densely present onto the CNF
surface.3%# The tailored polar group density established via controlled oxidation was also a key
component in creating anisotropy because they are responsible for nano fiber rotation from electric

field exposure.
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Figure 15. (A) Histogram exhibiting normal distribution of CNF fiber diameter with2nm average.

(B) Histogram exhibiting normal distribution of CNF fiber length with a 620 nm average. (C)

AFM image of CNF dispersion exhibiting wide narrow range of fiber length and diameter. (D)

XRD analysis of nanocellulose film with a 41 % crystallinity calculated using the segal method.
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2.4 Continuous Aligned Filament Formation
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Figure 16. Assembly of nanostructured cellulosic filaments using novel electric field flow focusing
system. (A) Schematic of the field-assisted double flow-focusing channel used for the preparation
of macroscopic filaments. The CNF suspension is injected in the core flow, while DI water and
acid at low pH are supplied in the first and second extensional flows, respectively. Before reaching
the extensional flows, the core CNF flow is exposed to four copper electrodes that are supplied a
desired voltage to cause fiber polarization from the generated electric field. After the second
extensional flow the CNF core undergoes a sol gel transition, and the hydrogel filament is
deposited into a beaker of DI water. (B) Optical microscope image of the double flow-focusing
part of the setup represented horizontally. Note that blue dyes were added to the core flow for
clarity purposes. (C) Polarized optical transmission measurements of CNF alignment at various

applied voltages along the core microfluidic channel, as illustrated in the above schematic.
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Aqueous solutions containing 0.3 wt% CNFs, exhibiting a non-Newtonian behavior with a
viscosity of 13 mPa, were fed into a 1-mm microfluidic channel for the continuous fabrication of
macroscopic cellulose filaments. To align the CNFs in parallel with the filament axis, the core
flow was equipped with 4-mm electrodes vertically spaced every 14 mm to generate an alternating
AC electric field. Two extensional flows were installed downstream with the first one composed
of water and the second one comprising 1 M HCI, as illustrated in Figure 16A. A combination of
five syringe pumps were used to control the flow rates of the core and all extensional flows, which
were kept constant for all experiments. Optical transmission measurements of the core flow were
collected between crossed polarizers to examine the birefringent properties of CNFs at different
positions along the microfluidic channel. Experiments were conducted at different applied voltages
varying from 0 to 600 Vppin 200 Vpp increments. VVoltages higher than 600 V,p were not considered
to prevent water electrolysis. The variations in signal intensity observed at position 0 indicate that
the sole electromagnetic polarization of the core flow gave rise to the nematic ordering of CNFs
in solution, which gradually improved with increasing applied AC external field. This means that
the electrostatic torque exerted on the CNFs by the applied voltage was sufficient to overcome the
effects of Brownian diffusion. It is also worth noting that the CNF response to the electric field
was not linear and started to level off at elevated voltages, which is consistent with recent results
from numerical simulations.®? The magnitude of the field-assisted alignment at 600 Vpp, (i.€. signal
intensity of 0.30) was only 25% lower than the nematic CNF ordering obtained by the extensional
flows at position 1 when no voltage was applied (i.e. signal intensity of 0.37). This demonstrates
that polar moieties grafted on the CNF surface during the TEMPO-mediated oxidation enable
strong CNF polarization and spontaneous alignment of dipoles under applied AC external field. In

addition, the benefits of the field-assisted alignment are well maintained throughout the entire flow
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focusing process despite Brownian diffusion. Besides assisting nanoparticle alignment by
accelerating the core flow, the first set of extensional flows (i.e. position 1) generated a protecting
sheath flow of DI water preventing CNF friction with the microfluidic channel wall. When 600
Vpp Was applied compared to the baseline experiment without AC external field, the signal
intensity increased by 44% and 56% at the first and second extensional flow positions (i.e. channel
positions 1 and 5), respectively. Beyond the second set of extensional flows (i.e. position 5), the
presence of low pH acid limited electrostatic repulsions between individual CNFs due to the
protonation of carboxyl (COO—-) groups and promoted the sol-gel transition of the biopolymer,
forming well-ordered macroscopic filaments.8388 These results reveal that the upstream field-
assisted alignment of the core flow offers a unique opportunity to improve the downstream

ordering of nanoparticles induced by extensional flows.

58



2.5 Characterization of Filament Formation and Alignment
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Figure 17. Morphological characterization of the prepared bio-based filaments. (A)
Representative SEM image of a cellulosic filament with the diameter distribution shown in the
inset. (B) SEM image of the cross section of a filament showing a layered structure with dense
CNF packing and a void less core structure. Histograms representing the orientation degree of
CNF threads on the surface of macroscopic filaments prepared without (C) and with (D) external
electric field. High magnification SEM images of the filament surfaces, shown in the insets, and

orientation factors calculated using equation 2 CNF micro bundle alignment.
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The continuous filaments made by the field-assisted flow-focusing process were cut into
small sections and air-dried under tension for further characterization. Electron microscopy
analysis revealed that all filaments exhibited similar ribbed textures with a mean diameter of 17.7
+/- 4.3 [Im regardless of the applied voltage (Figure 17 A). The representative cross-section image
of a filament in Figure 17 B shows that CNFs were tightly packed into a well-defined layered
structure. This was consistent with the XRD pattern of macroscopic filaments, which was similar
to that of CNFs with much lower intensity of cellulose peaks, suggesting a compact layout of
CNFs. Observations at higher magnifications indicated that each filament was comprised of
multiple CNF bundles of 1-3 0im in diameter forming aligned threads throughout the filament.?®
To assess the degree of alignment of these striations, the orientation index, f,, was computed based
on equation S2 using ImageJ software.®” This micro-scale orientation factor was determined for
filaments prepared under the same flow conditions but at different applied voltages. The high
ordering of CNF bundles was confirmed by orientation factors higher than 0.9 in each case. When
an external electric field was applied (Figure 17 D), the orientation index slightly increased from
0.92 to 0.94 compare to the baseline filament without applied voltage (Figure 17 C). However,
there were no statistically significant differences between the orientation factors measured at
various applied voltages.

While the above results provided an estimate of the microscale directionality of CNFs on
the external surface of the filament, polarized Raman spectroscopy was conducted at ambient
conditions to better examine the bulk orientation and the quality of the alignment of individual
CNFs within the filaments.88° Samples were mounted on silicon dioxide wafers and all spectra
were collected at an excitation wavelength of 785 nm and normalized using the silicon dioxide

signature peak at 521 cm™. The characteristic peak at 1095 cm™, commonly associated with the
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C-O vibration of the cellulose backbone parallel to the molecular chain axis,***was studied due
to its strong dependence on the polarization angle.®? Since the Raman intensity of randomly
oriented fibrils remains constant regardless of the polarization angle, systematic deviation from
this can serve to characterize the degree of fibril alignment. Figure 18 A shows that when the long
axis of the filament was parallel to the incident laser polarization (//), a large enhancement of the
Raman intensity was observed for all specimens. Rotating the filaments from 0° to 90° reduced
the intensity of the 1095 cm™ band more dramatically for the filament prepared with the assistance
of an external electric field. The filaments produced under applied voltage retained only 15.6 % of
their maximum intensity, while the filaments synthesized without AC external field retained more
than 30 % of their maximum intensity. This significant change in intensity indicates that greater
optical anisotropy was achieved when the applied voltage reached 600 Vpp. Furthermore,
signature peak at 380 cm™ corresponds to the region describing skeletal bending of CCC, COC,
OCC and OCO internal bonds, and signature peaks 1096-, 1121-, and 1152 cm™ all correspond to
the region dominated by CC and CO stretching motion in the backbone of cellulose chains or
parallel to the cellulose chain axis.®™* There is no shift in any of these signature peaks with applied
voltage indicating there is no change in cellulose chemical structure from exposure to the
electromagnetic field. (Figure 18 B). The combination of electron microscopy and image analysis
with polarized Raman spectroscopy revealed that an externally applied electric field improved the
alignment of CNFs both on the filament surface and in the bulk. In the absence of AC electric
field, however, bulk ordering was significantly reduced, while surface ordering was only slightly
affected. This may be attributed to the radial velocity profile of CNFs from the core flow toward

the channel walls.3! Besides enhancing to some extent the magnitude of CNF ordering, the
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utilization of AC electric field ensures a more uniform CNF orientation across the macroscale

filament.
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Figure 18. Raman spectra of cellulosic filaments prepared with (red) and without (black) external
electric field. The voltage applied in this case was 600 Vpp. Each spectra was collected at an
excitation wavelength of 785 nm in parallel with (solid line) and perpendicular to (dashed line)

the filament axis.

To evaluate the influence of the amplitude of the electric field on the CNF ordering,
filaments prepared at different applied voltages were characterized by 2D-XRD (Figure 19). The
characteristic peak of the (200) crystallographic plane of cellulose at 26 = 22.4°, commonly
attributed to the d spacing between crystal regions of individual cellulose chains, was used to assess
the CNF orientation in the filaments.***® CNF orientation was analyzed both in the planes
perpendicular (W) and parallel (@) to the filament axis, as illustrated in Figure 19E. Figure 19A-
D report the evolution of the (200) band intensity as a function of the in-plane rotation angle for

filaments produced under different conditions. Each specimen exhibited two distinct peaks at 0°
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and 180°, revealing the uniaxial orientation of CNFs along the filament axis. These peaks are
obviously sharper in the case of the filaments prepared at 600 Vpp, while only minimal variations
of the peaks’ full width half maximum (FWHM) are observed for the other samples. This was
consistent with the short appearance rate of the (200) band in the diffractogram of the 600 Vpp
filament compared to the other samples. The orientation index, f., was computed based on
equation S2 to quantify the quality of CNF alignment in the different filaments.®*?° Note that the
slight differences between the f. values determined at 0° and 180° might be attributed to the
difficulty of mounting perfectly stretched filaments onto the XRD stage. The averages between
the f, values calculated at 0° and 180° were considered for comparison purposes. The fc values
followed an upward trend and slightly increased from 0.815 to 0.865 when the applied voltage
increased from 0 up to 400 Vpp. Beyond this point, the fc culminated to 0.945 at 600 Vyp,
representing a 16 % increase from the baseline filament synthesized without AC external field.
These results reveal that, while the addition of external electric field can improve CNF ordering,
its effects become significant once a threshold voltage is applied to the core channel of the flow
focusing setup. This is consistent with previous batch experiments where no obvious alignment
was observed in nanocellulose samples exposed to electric field lower than a certain value.”® In
the out-of-plane direction (Figure 19F), however, the (200) band remained clearly visible in each
diffractogram when the filaments were tilted from 0° to 90° without any obvious differences
between filaments prepared at various applied voltages. This indicates the absence of preferential
out-of-plane CNF orientation, suggesting that the CNFs were packed isotropically in-the-plane, ¥,

but parallel to the plane, .
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Figure 19. 2D XRD analysis of CNF alignment within the cellulosic filaments. (A) Azimuthal
integration of the (200) scattering plane of the diffractograms with respect to @ rotations for
cellulosic filaments prepared at (A) 0, (B) 200, (C) 400 and (D) 600 Vyp. (E) Schematic illustrating
the axis of rotations with respect to the filament layout on the XRD stage for the in-plane, @, and
out-of-plane, ¥, directions. (F) Diffractograms of cellulosic filaments prepared at various applied

voltages with respect to ¥ rotations.

2.6 Anisotropic vs Isotropic Filament Mechanical Properties
The influence of CNF orientation with respect to applied voltages on the mechanical
response of the filaments was evaluated using stress-strain measurements. One-meter-long

filaments were prepared at various applied voltages and cut into 3-cm long sections. For statistical
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soundness, over 30 tensile tests were conducted for each condition and the results were subjected
to one-way analysis of variance (ANOVA) and Tukey tests based on 5 % alpha level (i.e. 95 %
confidence). Statistical significance in tensile strength, strain-to-failure and toughness were
determined with p-values < 0.05. As shown in Figure 20A, the tensile strength and strain-to-failure
for the filaments prepared at 600 Vp, were significantly larger than for the others samples. This
was consistent with the XRD data since the largest orientation enhancements were expected to
yield the greatest effects on the mechanical properties. Compared to the baseline filaments made
without electric field, the filaments at 600 Vp, exhibited more than 63 % and 46 % augmentations
in tensile strength and strain-to-failure, respectively. Such simultaneous increases in both tensile
strength and strain-to-failure at 600 Vpp yielded an impressive improvement of the material’s
toughness, with nearly 120 % augmentation compared to the baseline filament prepared without
AC external field. It is noteworthy, that this increase in toughness did not sacrifice the material’s
stiffness, as changes in the filaments’ modulus of elasticity were not statistically significant. The
Young’s modulus hovered around 20 GPa, which is among the highest values reported for bio-
based materials.31%9"% |n addition, the yield point, delineating the region when the material
begins to deform plastically, was raised drastically when the applied voltage increased from 0 to
600 Vpp, as depicted in Figure 20B. This reveals that important improvements in mechanical
resilience can be achieved for structural materials with highly ordered nanofibrils. The good
mechanical properties obtained at elevated voltages can be attributed to the anisotropic nature of
the filaments combined with the tight CNF packing and limited electric field-induced structural

defects.
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Figure 20. Mechanical properties of cellulosic filaments. (A) Histograms showing the ultimate
tensile strength, strain-to-failure and Young’s modulus of filaments prepared at different applied
voltage. (B) Triplicate stress-strain curves of representative filaments prepared at 0 (black) and

600 Vpp (red).

2.7 Conclusion

In summary, macroscopic filaments comprising highly-ordered TEMPO-oxidized CNFs
were produced from renewable wood pulp using an innovative field-assisted flow focusing
process. Tailored polar moieties established on the CNF surface via controlled oxidation enabled
strong polarization and spontaneous alignment of dipoles under applied external electric field,
which significantly improved the downstream nematic ordering of CNFs despite diffusion caused
by Brownian motion. Fiber lengths were tailored to the appropriate length to maintain alignment
from electric field and mechanical properties of individual CNF fibers. While the upstream field-
assisted alignment enhanced the CNF ordering both on the filament surface and in the bulk
demonstrating individual fiber manipulation, its effect became dominant once a threshold voltage
was applied. Filaments produced at 600 Vyp had greater optical anisotropy and exhibited a 16 %

augmentation in orientation index compared to filaments prepared without an AC external field.
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Despite the relatively high voltages incurred, there were no signs of either electric field-induced
structural defects or water electrolysis. 2D XRD analysis also revealed that the CNFs were
randomly aligned in the plane along the filament length but oriented parallel to the filament axis.
The high orientation degree of CNFs combined with their dense packing yielded impressive
improvements in the mechanical properties of the resulting filaments, with up to 120 % increase
in toughness without compromising the material’s stiffness. These results demonstrate for the first
time that an external electric field can be applied in a continuous flow process to control the
structural ordering of anisotropic materials. Future optimization of the bio-based filaments can be
made possible through the functionalization of CNFs with charged molecules and/or magnetic
nanoparticles to tune the material response to an electromagnetic field and adjust inter-particle
interactions for multifunctional applications.

These sustainably sourced filaments have potential applications as an alternative cellulosic
based textile that could cure a growing concern for microplastic bioaccumulation. Synthetic
textiles typically sourced from petroleum-based products to include polyester are detrimental when
introduced to the environment either in a primary or secondary fashion. These textiles have been
known to leach into groundwater, cause phytotoxicity and soil quality degradation.®® One of the
largest contributors to synthetic fibers in water systems wastewater from washing machines that
gets dumped into sewage.’® It has been discovered that 18 shores across 6 continents have
microplastic accumulation in sewage with the main products being polyester, acryclic and
polypropylene, and in some cases the ratio between polyesters and other additives matched
common clothing compositions. °* Creating textiles from cellulose based material could mean
that as secondary fibers are generated from the inevitable washing or discarding of clothes would

more easily breakdown in marine environments causing less bioaccumulation. Studies The
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biocompatible nature of the fibers could also cause less harm if ingested by marine or other species.
This just demonstrates how filling one basic need with cellulose, that is currently being filled by
petroleum-based products, could have a large implication in multiple growing global issue.
Expanding the sustainable benefits of cellulose to more complex implications could have equally

as large of an impact or potentially even greater.
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3.0 Aligned Conductive Composite Filaments for Complex Sensing Applications

3.1 Synopsis

Objective: Incorporate SWNTs into a composite CNF based filament and demonstrate

improvements in both mechanical and electrical performance from pre-alignment techniques for a

multifunctional sustainable alternative to fill complex functions.

Characterization Techniques:

UV-VIS

AFM

Viscometer

FTIR

PiFM

SEM and Conductive Imaging SEM

Tensile Testing

2D-XRD

Keithley Resistance Measurements

In-Situ Swelling Rate: Light Microscope with Zeiss Camera and Keithley

o Bandicam software used for screen capture of fiber swelling

Conclusions:

CNF charge density, concentration, and length are critical to SWNT dispersion quality,
maximum carrying capacity and alignment
CNF disperse SWNTSs through both mechanical wrapping and counterion interactions that

creating a strong interface between dispersion components and individualized SWNTs
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Interfacial chemistry and individualized SWNTSs is key to transferring nano properties to
the macro scale

SWNTSs are the primary component maintaining alignment because of their comparatively
longer fiber length, and CNF undergo secondary alignment from SWNT wrapping
increasing CNF fiber matrix bonding

The alignment and increased bonding directly increased the mechanical performance of
filaments beyond the capabilities of pure CNF filaments

Previous methods of incorporating SWNT with CNF report exceptionally low loadings of
nanotubes with significant losses in mechanical performance, especially with increased
SWNT loadings, compared to pure CNF filaments

Pre-alignment techniques also increased electrical conductivity by creating intentional
fiber junctions

These intentional junctions translated to a higher sensitivity when applied as a water sensor
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3.2 Introduction

Petroleum fills base applications such as textiles but can also be adapted to fill many other
complex needs that involve sensing, electronics, or biomedical applications.’% Sustainable
alternatives generally succeed in filling only one specific role, making little progress in reducing
global dependence on unsustainable sources. A truly impactful sustainable solution is a material
that can adapt to fill not only the basic but also more complex applications, or items with compound
functionality much like petroleum. Nanocellulose is a sustainable material that has been proven to
fill extremely basic low functionality needs such as alternative plastic films.*%1% Furthermore, we
have increased the mechanical properties of pure nanocellulose products by tailoring CNF in
tandem with pre-alignment techniques to include a variety of other base applications that require
even greater mechanical performance such as textiles.’% Adapting nanocellulose products to a
composite form will create opportunities for nanocellulose products with added functionalities
such as conductivity or chemical selectivity expanding the possibilities to diverse complex

functionalities such as electronics, sensing or biomedical applications.®

Many of these complex diverse functionalities rely on conductivity as the primary mechanism,
and this is particularly true for electronics and sensing devices.*?® Nanocellulose is naturally a
dielectrict®” and by itself cannot strongly conduct electricity, therefore it requires a conductive
filler to provide a conductive property. Single walled nanotubes (SWNTSs) are an attractive
material as a composite filler because of their high conductivity, and ideal mechanical performance

and material properties such as a high aspect ratio, tensile strength, and stiffness.'%

However, transferring these beneficial properties from the nano to the macro scale is a great
challenge because they are hydrophobic by nature and this causes them aggregate to form large

parallel bundles in the presence of water.!%® Poor SWNT dispersion quality and aggregates can
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create large defects and poor bonding within polymeric matrices forming areas of stress
concentration diminishing the mechanical performance.t!%'t Aggregates also decrease efficiency
of the finale product giving low conductivity and to compensate for poor formation a larger mass
of SWNTS must be used in order to attain a conductive network, lowering its overall economic
and social sustainability. The pre-alignment techniques developed in this work and in other works
that require CNF alignment for effective mechanical performance require that fibers be suspended
in water for easy fiber rotation making the water compatibility an unavoidable necessity. SWNTs
offer a great opportunity to create a high performing material with additional exploitable
characteristics but the effective dispersion in water is critical to develop a CNF/SWNT sustainable

composite.

The hydrophobic nature that largely stands in the way of achieving these two critical goals, is
currently overcome by adding tertiary chemical surfactants.!'? Chemical surfactants generally
consist of hydrophobic backbones and hydrophilic polarized sections to produce an overall
amphiphilic nature that surrounds and coats individual or small bundles of nanotubes.* While the
largely hydrophobic aromatic backbone can form van der waals interactions with the SWNTS pure
carbon tubular structure the hydrophilic portions serve to hold the structures in solution and
prevent particle precipitation. Although they can disperse nanotubes, the surfactant acts as a barrier
disrupting nanotube junctions and polymer matrix bonding weakening the conductivity and
mechanical properties. The tertiary surfactant would also decrease the sustainability of the overall
product because common surfactants tend to be petroleum based. They would also add to the
overall size of individual fibers in solution causing a lack of control over size and viscosity that
could cause large problems in pre-alignment techniques, especially those requiring an electric field

like the hybrid system we have developed. Overall while adding a surfactant is effective in
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dispersing nanotubes the sum cost to alignment control, mechanical, and electrical performance
outweighs the benefits. However, the careful control over CNF surfaced charged provides a

solution that no longer requires the typical surfactant used by most.

Nanocellulose as a natural amphiphilic polymer dispersion offers a unique opportunity to both
disperse nanotubes and serves as the primary polymeric matrix abandoning the tertiary surfactant
requirement.!** TEMPO oxidized nanocellulose, that allows us to independently control fiber
aspect ratio and surface charge, provides an especially unique opportunity to create an ideal CNF
that can maximize the ability to disperse SWNTs.® We can maximize the surface charge of the
CNF by controlling the oxidation phase, increasing the hydrophilic nature and thus the carrying
capacity of CNF dispersions. The fiber length of both components will still need to be critically
controlled to ensure fiber alignment is maintained as well as the mechanical integrity of the

resulting product.*®

Typical inclusions of nanotubes in petroleum polymer-based matrices have two methods of
mechanical improvement. The first is through inclusion of large amounts of SWNTSs to improve
contributions from the filler on the mechanical performance of the composite. The second is
through the natural formation of an interphase polymer between the matrix and nanotubes that
strengthens stress transfer. The polymerization in the presence of nanotubes is suspected to
improve seeding and orientation of the polymer interphase. The successful individualization of
large loading of nanotubes would allow for polymer interphases to be formed on a majority of
SWNTs greatly increasing the mechanical properties. However, these synergistic properties
between polymer matrices and nanotubes are still greatly limited by challenges of poor dispersion
quality, and in most cases nanotube aggregation is detrimental to the ultimate fiber properties with

loadings higher loadings greater than 10 %.° Although polymer seeding is unlikely with CNF
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these studies make it clear that understanding the interfacial interactions between SWNTS is

critical to the overall successful filament mechanical performance.

This unique dispersion of engineered CNF and SWNT (CNF/SWNT) will create opportunities
to fill complex needs and their multifunctionality can be further expanded when controlling the
anisotropy through pre-alignment established with the novel electric field flow focusing system.
There are reports that the one-dimensional geometry of SWNTSs and interaction between polymer
matrices promote alignment independent of an external force, and this alignment could be
amplified by the dual flow focusing system.*> Aligning both components could greatly improve
the overall mechanical properties of the filament by introducing a strong interfacial region and
increasing bonding between CNF fibers. Aligning SWNT dispersions will also have positive
effects on the secondary traits by creating intentional unidirectional junctions of SWNTSs
translating to improved electrical conductivity and lowering the overall threshold for changes in

conductivity.*’

Here we create aligned conductive composite CNF/SWNT filaments to be used for complex
applications such as sensing. First, we engineered the CNF nanostructure to create an ideal
dispersion of nanocellulose and single walled nanotubes that will maintain CNF fiber mechanical
integrity and exploit surface charges to achieve high loadings of SWNTSs. The highest achieved
loading of SWNT was then investigated using electron imaging and photo induced force
microscopy techniques to understand the interfacial chemistry and geometry of the CNF/SWNT
compounded structure. We then applied these CNF/SWNT dispersion to the applied electric field
flow focusing channel to create a CNF/SWNT composite filament. The function of the applied
electric field independent of the flow focusing was investigated and it was found that the applied

electric field issued a strong polarization from SWNTs translating to strong filaments with
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increased conductivity. The dispersion and alignment of CNF/SWNT components was so effective
that composite filaments exhibited mechanical properties exceeding that of pure nanocellulose
filaments. We then go on to demonstrate the benefit of the conductive traits within CNF filaments
through water sensing validating the filaments’ ability to fill complex needs currently being filled

by petroleum products.

3.3 CNF/SWNT Dispersion Characterization

Dispersion quality is critical to filament formation and the transfer of ideal properties from
the nano to the micro and macro scale. TEMPO oxidized CNF was engineered targeting a
dispersion with long fibers and a high charge density to preserve mechanical functionality and
disperse a large weight percent of SWNTSs, respectively.!'® The selected CNF had a charge density
of 0.85 mmol COOH/g CNF established through a controlled oxidation time (3.5 hours) and a high
aspect ratio with a 650 nm fiber length and a 2 nm diameter. Although higher charge densities
would more effectively disperse nanotubes, we chose not to increase the sodium hypochlorite ratio
to achieve higher charge densities because the additional sodium hypochlorite would greatly
weaken fibers and the secondary sonication needed for SWNT dispersion would have greatly
affected the overall fiber length. Single walled nanotubes (5-30 um length and 2 nm diameter)
with carboxylic acid functional groups were used achieve high quality dispersions, with the charge
suspended on the SWNTs compensating for the mid-range charged CNF. It’s also been
demonstrated that carboxylic acid groups on SWNTSs result in a stronger and faster polarization
from applied electric fields compared to pure SWNTSs, thus providing the SWNTSs the greatest
chance for polarization to establish anisotropy.l!” A variety of CNF/SWNT dispersions were
prepared through double sonication with an 8-minute sonication time to achieve good dispersion

quality and moderately conserved fiber length (360 nm) (Figure 21 A and B).}8 SWNTs were
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found to be an order of magnitude longer because of the longer starting fiber length of up to 30
pm (Figure 21 C and D). While longer times result in higher loadings and better dispersion

quality, we chose to the limit the overall time to maintain the mechanical integrity of both

components in the composite.
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Figure 21. (A) AFM Image demonstrating visual of good dispersion quality of 50 wt %
CNF/SWNT dispersion. (B) Fiber length Histogram off pure CNF dispersions after 8 min

sonication prepared at the same wt % of all CNF/SWNT dispersions. (C) TEM image of 50 wt %
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CNF/SWNT dispersions with red arrows pointing to the same single SWNT fiber. (D) STEM image

of 50 wt % CNF/SWNT dispersion with one red arrow pointing to one SWNT fiber.

UV-VIS absorption demonstrated that the tailored CNF concentration had a significant
effect on the SWNT carry capacity and individualization through increased absorption peaks at
250 nm.t® Preparing the same CNF with different concentrations of SWNTSs revealed that the
CNF is primarily responsible for the SWNT dispersion with subtle contributions from carboxylic
acid functionalization on the nanotubes. Three different dispersions were prepared for application
to the electric field flow focusing channel including pure CNF as a comparison. CNF dispersions

prepared at 0.32 wt % successfully dispersed up to 0.16 g (50 wt %) of SWNTSs, and (Figure 22

B).116
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Figure 22. (A) UV-VIS absorption of the same mass of SWNTs (63 mg) with different
concentrations of the same CNF. (B) Three different CNF/SWNT dispersions (pure CNF or 0 wt
% and 15, 25, and 50 wt % SWNTSs) prepared using double sonication for 8 min followed by 50
min centrifugation at 5500 RPM. These dispersions were prepared for application to the electric

field flow focusing channel.
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Dried CNF/SWNT films (Figure 23 F) demonstrated through shifts in -COOH FTIR signatures at
3329 cm?, and 1600 cmthat this dispersion involved carboxylic acid functional groups and
aromatic interactions, respectively.*?° The carboxylic acid groups help with initial association and
stabilization through repulsive interactions and steric hinderance. All CNF/SWNT concentrations
demonstrated shear thinning with the pure CNF showing the lowest viscosity and the 50 wt %
dispersion demonstrating the highest viscosity (Figure 23 A). This increase in viscosity is likely

because of reduced repulsive forces between fibers that are occupied with SWNTs and the

increasing mass of all fibers in water.'?!
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Figure 23. (A) Viscosity versus strain rate of different SWNT wt % dispersions. (E) UV-VIS
absorbance of different SWNT wt % solutions prepared for application in the applied electric field

flow focusing channel. (B) FTIR of films prepared from different SWNT wt % dispersions to

demonstrate carboxylic acid interaction.

3.4 Compound Structure of CNF with SWNT
Understanding this CNF/SWNT compound structure created during double sonication is
the key to understanding the dispersions performance in the electric field flow focusing channel,
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and beneficial nano property transfer from the nano to the micro and macro scale. While the
mechanism might not be the exact same as SWNT in petroleum matrices the same principles of a
strong interfacial interaction and aligned structure are critical. The two common theorized methods
of CNF/SWNT dispersions are either wrapping'?>!?® or counterion interaction.>* Physical
wrapping has been speculated with an AFM by comparing the diameter of different components
identified by speculated differences in length.34116124 However, this method is challenging because
the diameter of both CNF and SWNT range from 1- 4 nm and there is no guarantee that all longer
elements are indeed nanotubes. Counterion interactions were discovered by force changes in a
spherical AFM probe coated in CNF brought into close proximity of a graphene sheet.>* While the
structure of SWNTs and graphene both exhibit sp? hybridization this measurement does not
account for SWNT curvature or functionalization. There has not been a definitive direct
measurement of nanotubes associated with CNF both chemically and physically. Using
photoinduced force microscopy (PiFM) combined with transmission electron microscopy (TEM)
we demonstrated that both components interact with a combination of wrapping and chemical

interaction.

Photoinduced force microscopy (PiFM) is a new technique that is critical to measuring the
direct interaction between individual CNF and SWNT components. AFM alone only shows
differences in surface topography and gives no information on chemical components. While the
FTIR only measures the absorption or transmittance of radiation in a large given area and lacks
topographical information and a small spatial resolution. PiFM can be thought of as a combination
of atomic force microscopy (AFM) and an infrared laser, thus providing both topographical
information and chemical component information.'?® The system works using a typical AFM that

requires a cantilever that comes to an exceedingly small point that interacts with the surface of a
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mounted material. As the tip scans across the surface attractive and repulsive interactions between
the material and the tip cause deflections in the cantilever that are measured using a laser, and thus
creating a topographical map of the material. PiFM works using the same AFM system but with
the addition of an IR laser, that causes radiation absorption at specific wavelengths much like
FTIR. However rather than measuring the absorption of light via transmittance the absorption is
measured through force detection hence “photo induced” and “force” in the instrument name.?®
The IR laser when absorbed by the sample will cause sample excitation at signature wavelengths,
and this causes a dipole-dipole interaction between the excited sample and the metal AFM tip.
Then this small force interaction is detected by a laser measuring small cantilever deflection and a
position sensor.*?” This force from excitation scanned at different wavelengths detected by the high
spatial resolution AFM tip gives each pixel a location, and an excitation force paired with each
scanned wavelength to give a topographical map that also depicts chemical signature (Figure

24).128
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Figure 24. Schematic of Photoinduced Force Microscopy (PiFM) technique. The IR laser is
focused through a series of mirrors and aligned on to the sample through parabolic mirror shifts.
As the AFM cantilever probes the samples dipole-dipole force interactions from excitation are
recorded in addition to typical AFM interactions to produce information on both the topographical

and chemical nature of the sample.

Drop casted solutions on a copper TEM grid revealed long nanotubes (> 1um ) and an amorphous
structure on the surface of SWNTSs (Figure 25 C). Although a transmission image, it is likely that
the CNF are wrapped on the outside wall as the diameter of CNF is close to the measured diameter
of SWNTs. The AFM phase of the drop casted dispersion also showed a change in material
surrounding certain portions of the SWNTs (Figure 25 C and D). PiFM spectra were taken at
seven points along a single fiber and peak broadening was observed around the 1612 cm™
wavelength in addition to a peak shift at 1347 cm™ and a peak height increase at 1071 cm™ (Figure
25 A and B). The shift and increase in the peak height are assigned to nanocellulose signature

peaks'?® indicating bonding and the presence of more CNF fibers, while the 1612 cm™ peak
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broadening indicates aromatic interactions. These changes in FTIR signature along a single fiber
indicate a compound structure between CNF and SWNT that involves both mechanical wrapping
and electrostatic interactions. Electrostatic interactions can include the initial attraction caused by
a fluctuation of counterions that induces a sp? polarization on the SWNTSs structure, and hydrogen

bonding from both SWNT and CNF carboxylic acid functionalization.®

It is also speculated that
the interaction of the aromatic CNF primary backbone and SWNT wall can reduce entropy also
promoting strong hydrophobic interactions.>'® These electrostatic interactions are responsible
for the chemical association observed in the FTIR but the agitation and additional energy from
sonication can also cause physical interactions that can lead to wrapping.*?® This observation of
strong chemical and physical interactions in the CNF/SWNT dispersion should create a strong

interface between CNF and SWNT components leading to consistent filament formation and a

successful transfer of mechanical properties across scales. 1%
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Figure 25. (A) Photoinduced Force Microscopy (PiFM) of drop casted and dried CNF/SWNT at
50 wt % with seven points indicating the location of collected FTIR Spectra. (B) FTIR of seven
points taken on the PiFM (color matched to locations on image A) with peaks indicated at 1612
cm?, 1347 cm, and 1071 cm™. (C) Transmission electron microscope (TEM) image of a single
walled nanotube with rough textured nanocellulose wrapped on the SWNT surface wall. (D) PiFM

Phase image depicting different material stiffness on and next to fibers.

3.5 CNF/SWNT Filament Characterization
Different dispersions prepared at 0 wt % (Pure CNF), 15 wt %, 25 wt %, and 50 wt % were

prepared and applied to the electric field flow focusing channel with both 0 V and 100 V, to see
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the effect of the electric field on filament formation and anisotropy. All filaments independent of
SWNT loading and applied voltage demonstrated a uniform tightly packed core structure with no
obvious voids, and an 11.5 mm diameter (Figure 26 D). Higher magnification of the filament ends
revealed exceedingly small bundles of nanotubes evenly distributed throughout the entire filament
core. The filament surface exhibited a rough and bumpy texture comparable to pure CNF filaments

but with SWNTSs visibly woven throughout the surface.
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Figure 26. (A) SEM image of the full cross section of a 50 wt % filament showing a solid structure

with a uniform tight packing. (B) Histogram demonstrating a normal distribution of filament
diameters independent of filament SWNT loading and applied voltage. (C) Higher magnification
of the 50 wt % CNF/SWNT filament with applied voltage showing brighter SWNT throughout the

filament core and unidirectional nanotubes aligned with the filament longitudinal axis. (D) Surface
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of 50 wt % CNF/SWNT filament showing a rough surface texture and micro alignment with SWNTs

woven throughout the surface.

Conductive imaging techniques showed SWNTs below the surface were aligned in both the 0
V and 100 V filaments. While both showed obvious signs of alignment the 100 V demonstrated
more SWNT chaining, a characteristic common to alignment through dielectrophoresis.”®"317 |t
is clear through SEM imaging that the flow focusing alone established marginal alignment in
filaments, however the chaining indicates a strong response to the electric field that and this

alignment is directly translated to improved mechanical and electrical performance.

50 wt % SWNT 100 V.

Figure 27. (A) Conductive imaging of 50 wt % filament created without an applied electric field
showing sub surface SWNTs and a preferential alignment in the longitudinal direction. (B)
Conductive imaging of 50 wt % filament with a 100 V applied electric field to show SWNTs below

the surface and SWNT bundles circled in red.

3.6 Mechanical and Electrical Properties of Composite Filaments
All prepared dispersions (0 wt % Pure CNF, 15 wt %, 25 wt %, and 50 wt %) were applied
to the electric field flow focusing system with creating filament with both 0 V and 100 V applied

electric field to elucidate the response of SWNT content from the applied electric field. The applied
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electric field had no significant effect on the mechanical properties of the pure CNF filament, while
filaments containing 25 wt % and 50 wt % showed significant improvements. 2D XRD of pure
CNF filaments with no applied electric field, indicated that crystalline regions from longer fibers
maintain alignment with an fc = 0.82 while shorter filaments showed no convergence indicating
anisotropy is lost (Figure 28). This indicates that any improved performance from the applied
electric field is likely from the polarization of longer SWNTSs coated in CNF because the longer
nanotubes more readily resist Brownian motion. While individualized CNF fibers do not maintain
alignment the alignment of longer SWNT structures will promote secondary alignment of the

wrapped CNF promoting more hydrogen bonding between wrapped elements.
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Figure 28. 2D XRD analysis of CNF alignment within the pure CNF filaments created with no
applied electric field. (A) Azimuthal integration of the (200) scattering plane of the diffractograms
with respect to @ rotations for cellulosic filaments prepared with 360 nm CNF fiber length (A)
and (B) 645 nm fiber length. Filaments created with shorter CNF showed no convergence
indicating random orientation of CNF fibers, while longer fibers exhibited a clear inline with the

filament axis.
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Although there is no established anisotropy amongst short, individualized CNF, the pure CNF
filaments still show the best performance with and without an applied voltage. This indicates the
SWNTs behave as a defect that improves with more SWNT mass because the mechanical
properties of the SWNTSs begin to overtake the composite. However, even the highest loading of
SWNTs were still not able to perform as well as the pure CNF filament. The significant decrease
in'Y oung’s modulus of 0 V filaments with SWNTs indicates that they disrupt bonding between
CNF fibers overall decreasing mechanical performance compared to the pure CNF filament. This
indicates that alignment is critical to increasing filament mechanical performance in addition to

good interfacial bonding.

Although without the electric field the SWNTSs fail to enhance performance, the minimal
100 V applied electric field becomes a great asset at 25 wt % and 50 wt % increasing the
mechanical performance beyond the pure CNF filament capabilities. The applied electric field
increased the ultimate tensile strength of the 25 wt % and 50 wt % filaments by 31 % and 16 %,
respectively, restoring the ultimate tensile strength to equal the pure CNF filaments at 258 MPa.
The 50 wt % created with no applied voltage were successful at recovering the pure CNF filament
strain, but with the added 100 V the additional alignment from the electric field surpassed the pure
CNF filament strain by 47 % (Figure 29 A). This superior strain translated to a 51 % increase in
filament toughness beyond the pure CNF filament granting superior mechanical performance to
the aligned 50 wt % CNF/SWNT filament. The young’s modulus, an indicator of internal bonding,
offers a good explanation for the improved mechanical performance with the applied electric field.
The applied electric field restored the young’s modulus of the 15 wt % and 25 wt % filaments back
to the pure CNF filament indicating that alignment improves inter fiber bonding both between all

participating components, owing to the improved mechanical performance (Figure 29 B). The 50
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wt % aligned filament mechanical performance was further improved by increasing the humidity
of the testing environment to 35 % improving the UTS by 23 % to 333 MPa.?%13° This increase in

UTS and toughness has been accredited to increase hydrogen bonding density caused by water

bridges, however, this phenomenon has an upper limit relative humidity above 60 %.*°
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Figure 29. (A) Ultimate tensile strength (UTS) and maximum strain of filaments with and without
an applied electric field as a function of SWNT content. Filaments created with a 100 V applied
electric field at 50 wt % SWNT showed a significantly higher strain and the same UTS as pure
CNF filaments. (B) Young’s Modulus and Toughness of filaments with and without an applied
electric field as a function of SWNT content. The applied electric field improved the young'’s

modulus of 15wt % and 20 wt % filaments to match the performance of pure CNF filaments. (C)
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Representative tensile graph of pure CNF and 50 wt % SWNT filaments prepared at both 0 V and
100 V. (D) UTS, Strain and Toughness of a filaments made with 50 wt % SWNT content and a 100
V applied electric field tested with 0 % and 35 % humidity, demonstrating significant increases in

the UTS.

This increased mechanical performance result with 50 wt % SWNT filaments is uniquely
different from previous reports of CNF and carbon nanotube composite fibers because no one has
been able to recover or improve mechanical performance beyond pure CNF filaments. Typically
increasing the carbon nanotube content decreased the mechanical performance and the highest
performing loadings were achieved with the lowest nanotube wt % (Table 1).34124131132 Thjs
demonstrates the importance of controlled dispersion quality and the significant effects it has on
interface between SWNT and CNF, as well as creating a preferred alignment of both composite
components. Once again, the applied electric field flow focusing systems ability to individually
polarize elements leads to a successful transfer of nano properties to the macro scale through

dielectrophoretic continuous nano alignment.
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Table 1. Mechanical properties of different CNF and nanotube aligned filaments created with

different carbon nanotube types, loadings, and alignment methods. Differences in humidity are

denotes with a “% H” and the method of alignment is denoted in the “Notes” column.

Author

Hamedi M.

Yuan Yuan
L.

Haisong Q.

Zhangmin
Wan

This Work

Carbon
Nanotubes
(Wt%0)

43 SWNT

50 CNT

8 MWCNT

50 SWNT

50 SWNT-
COOH

Youngs

o )
UTS (MPa) Strain (%) (GPa) Notes:
Flow
220 2.1 14 Focusing
Channel
i 3D printing
247 4.5 Method
78.3 5.2 6.3 et
Spinning
263.2(12%H) 231(12%H) ~18o0r19 Core Shell
223.2(50% H) 4.05(50% H) ~150r16 Structure
258 (0% H)  26(0%H) 22.4(0%H) FiEe'Izcgl'gW
331 (30% H) 3.1(30%H) 14.6 (30 %H) .
Focusing

This unique nano alignment not only improved the mechanical performance but also the

electrical conductivity of filaments.!7133134 Fijlaments with 50 wt % SWNT were mounted on a

glass slide using silver adhesive paste and flat nickel chromium wire was attached using the same

silver adhesive to extend the electrode for easy hookup. Ohmic contacts were revealed from the

linear trend that emerged from current- voltage curves (I-V Curve) created using a wide range of

voltages (Figure 30 C).'3! Filaments with the applied electric field revealed a 26 % decrease in
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resistance from the creation of more intentional end to end junctions between SWNTs. We
successfully transformed a dielectric pure CNF filament into a semiconductive filament by
incorporating nanotubes, and we were able to increase the conductivity by influencing the SWNT
alignment using the applied electric field. A blue LED was lit up using our conductive composite
filaments as proof of concept for their applications in small complex electronics. The viability of
this conductive composite filament for other complex multifunctional applications was further

investigated with an in-situ water sensing system.
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Figure 30. (A) Representative depiction of filament mounting method and inclusion in a circuit

with an LED light bulb. (B) Photo of the circuit depicted in A demonstrating the successful
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illumination of a blue LED bulb with as little as 5 V supplied via a keithley. (C) Current as a
function of voltage for 50 wt % filaments created with and without and applied electric field. (D)
Resistance measurements of 50wt % filaments mounted at 15 mm in length to be used for future

testing and resistance measurements.

3.7 Application of Conductive Aligned Filaments

The hygroscopic nature of cellulose and intentional small filament microstructure is ideal for
piezoresistive water sensing because interruptions in conductivity will be more direct and readily
identified unlike most large surface area films.3":13 Filaments with 50 wt % SWNTs were mounted
on a microscope stage with a camera and attached to a Keithley for real-time resistance
measurements (Figure 31). After identifying the initial filament diameter and resistance a 1 pl
drop of water was pipetted onto the filament surface and resistance changes were recorded in
tandem with video feed from the attached microscope camera. The filament diameters were then
measured by extracting frames every seven tenths of a second and measuring each frames filament

diameter.
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Figure 31. Schematic of in-situ swelling set up demonstrating continuous real-time measurement
of swelling rate and resistance changes. All filaments used for in-situ swelling measurements were

50 wt % SWNT and 15 mm length attached to microscope slide with silver adhesive paste.

Both filaments exhibited the same initial sharp increase, but those created with the applied
electric field revealed a secondary slower upwards trend while the more isotropic fiber exhibited
a plateau. The resistance follows the same trend as the relative diameters and although both
filaments swell to approximately 80 % relative diameter the aligned filament demonstrated a 1.5
times greater change in relative resistance over the unaligned (Figure 32 A). The filament swelling
rate for each filament was 11.5 um/s regardless of applied voltage used during synthesis (Figure
32 B). This significant increase in response from aligned filaments is likely due to the intentional
junctions created through aligning the SWNTSs. Cyclic testing of the filaments revealed that water
evaporation does significantly drop the resistance, but it does not return to the starting resistance
indicating some structural changes occurred in the filament (Figure 3 C). It is possible with a few
repeated cycles that the hysteresis would disappear once a new oriented equilibrium nanostructure

is achieved.'® The pre-alignment method was not only key to improving the mechanical
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properties, but it also has significant implications on lowering sensing thresholds and increasing

sensitivity opening the possibility for numerous other multifunctional applications.
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Figure 32. (A) Relative swelling diameter and resistance changes after a 141 drop of water is
placed on 50 wt % filament produced with and without an applied electric field. (B) Swelling rate
of aligned and unaligned 50 wt % filament with respect to time. (C) Cyclic water sensing of 1.1 of
water on a 50 wt % filament created with an applied electric field. (D) Microscope images 50 wt

% aligned dry filament (left) and swelled filament from water exposure (right).

3.8 Conclusion
CNF is an ideal sustainable polymeric matrix for creating conductive composites to fill a

variety of complex needs involving sensing, biomedical applications, and small electronics. This
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material has the added benefit of functioning as a natural dispersant for SWNTSs, a necessary
component due to the semiconducting nature of CNF, through mechanical wrapping and
counterion interactions producing a compound dispersion with a high SWNT loading.
Transforming these dispersions into filaments using a novel electric field flow focusing channel
establishes anisotropy in SWNTs and improves mechanical performance of the 50 wt % SWNT
filaments beyond the possibilities of pure CNF filaments and other reported CNF and nanotube
composite filaments. This alignment not only directly benefits the mechanical performance, but
the conductivity is also significantly increased through intentional junctions created from the
SWNT alignment. This increased conductivity from alignment also translates to a higher
sensitivity and a better performance overall creating sustainable multifunctional composite

filament.
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IV. Conclusion and Future Work

Nanocellulose is a promising alternative material to petroleum-based products offering a
sustainable alternative source, but its success is dependent on its ability to fill a multitude of
functionalities. This nanocellulose is a unique alternative its traits can be tailored through
manipulation of its structure and thus properties.

Using a chemi-mechanical synthesis, TEMPO oxidation, we have demonstrated independent
control over two critical characteristics, surface charge and fiber aspect ratio. These two traits
determine the dispersion quality and dictate the future product formation as well as the successful
transfer of desirable properties from the nano to the micro and macro scale. Surface charge can be
controlled from approximately 0.35-1.2 mmol COOH/g CNF by tailoring the oxidation time or
sodium hypochlorite concentration. Controlling the oxidation step can dictate the starting macro
fiber size, but mechanical defibrillation is the primary step used to control the nano fiber aspect
ratio. Nanofiber length can be decreased by increasing time and severity of mechanical
defibrillation. Controlling these properties individually allows a wide variety of fiber size and
surface charge combinations allowing the nanostructure to specifically be tailored to the pre-
alignment process or other diverse applications.

The key to capturing the unique nano properties of CNF at the macro scale is mimicking the
fiber alignment found in nature. Pre-alignment methods involving alignment before fiber fixation,
offer more potential to produce a highly aligned, strong, and continuous materials as opposed to
post-alignment methods. Using the knowledge gained from previous work tailored polar moieties
were established on the CNF surface via controlled oxidation enabling strong polarization and
spontaneous alignment of dipoles under an applied external electric field, which significantly
improved the downstream nematic ordering of CNFs despite diffusion caused by Brownian

motion. Fiber lengths were tailored to the appropriate length to maintain alignment from electric
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field and mechanical properties of individual CNF fibers. While the upstream field-assisted
alignment enhanced the CNF ordering both on the filament surface and in the bulk, its effect
became dominant once a threshold voltage was applied. Filaments produced at 600 Vpp had greater
optical anisotropy and exhibited a 16 % augmentation in orientation index compared to filaments
prepared without an AC external field. The high orientation degree of CNFs observed using 2D-
XRD combined with their dense packing yielded impressive improvements in the mechanical
properties of the resulting filaments, with up to 120 % increase in toughness without compromising
the material’s stiffness. These results demonstrate for the first time that an external electric field
can be applied in a continuous flow process taking advantage of individual nano fiber ordering
from the electric field and quick fiber fixation offered from the flow focusing to create anisotropic
continuous filaments. These strong filaments can be applied as pure cellulose textile or as a base
alternative to plastic fibers. This filament was further adapted to demonstrate its ability to fill more
complex functionalities such as small electronics or sensors.

CNF lacks the natural conductivity necessary to perform complex functionalities
commonly associated with sensors or small electronics, but through incorporation of a secondary
conductive filler, SWNTSs, we created a conductive CNF/SWNT composite filament. Typically, a
surfactant is required to successfully disperse SWNTS, but by tailoring CNF surface charge it acts
as a natural dispersant for SWNTSs. Understanding the dispersion mechanism to be mechanical
wrapping and counterion interactions allowed us to produce a compound dispersion with a high
SWNT loading and an aligned uniform filament. Transforming these dispersions into filaments
using the novel electric field flow focusing channel established anisotropy in SWNTs and
improved mechanical performance of the 50 wt % SWNT filaments beyond the possibilities of

pure CNF filaments and other reported CNF and nanotube composite filaments. This alignment
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also significantly increased filament conductivity by creating intentional junctions between
SWNTSs demonstrating potential to function in small electronics and sensors. Taking advantage of
the hygroscopic nature of cellulose and the filament geometry, we displayed the filament
performance as a humidity sensor and aligned filaments showed a higher sensitivity to liquid water.
This conductive filament and its demonstration as a water sensor demonstrates the potential for
CNF to function to fill multiple applications.

The impact of this work goes beyond the direct applications displayed here and can extend
to all applications involving polymer-based networks or other petroleum products, most notably
biomedical fields. The aligned CNF filament’s biocompatibility could have major implications in
tissue engineering.*® Scaffolds for cellular regrowth in tissues engineering face many challenges
including size control, porosity, and biocompatibility among other traits, but the tailorable nature
of CNF displayed in this work allows us to achieve all the desired traits in one material. The
hydrogel nature, micron size, and natural biocompatibility of the created CNF filament when it
exited the channel is ideal for cellular growth and the tunability of factors give the potential
scaffold an adaptability to grow many different cellular types.t3® Our novel alignment method is
also unique and could be used to grow more complex tissues that require aligned scaffolds to
encourage anisotropic striated muscle tissue growth. This continuous aligned filament can have
major implications in aligned organoid growth and 3D cellular printing.

In addition to the innate properties of CNF obvious to applications in the biomedical field,
the filament itself can be improved upon with the addition of crosslinkers to improve strength
properties extending the range of applications. There is also great potential in adding other

secondary compounds to change the material properties such as magnetic nanoparticles. Overall,
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this work has implications that provide insight into multiple adaptations that could be used to

improve and expand the filament and its functionality.
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