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The Isolation of Cellulose Nanocrystals from Pistachio Shells and Their Use in Water
Actuating Smart Composites

Josh Michael Marett
ABSTRACT

In recent years, there has been a significant amount of research into cellulose
nanocrystals (CNCs). These materials are categorized as being between 5 and 10 nm
wide and being 100-250 nm long. CNCs have several uses, but the most common is the
reinforcement of polymer composites. Here | present 2 papers investigating CNC-based
composites.

By using standard bleaching procedures, pure cellulose was isolated from
pistachio shells. Sulfuric acid was used to isolate cellulose nanocrystals from the purified
cellulose. The obtained crystals were investigated by scanning electron microscopy,
transmission electron microscopy, and X-ray diffraction. The CNCs were also added to
thermoplastic polyurethane (TPU) to observe the reinforcement effects by dynamic
mechanical analysis. Pistachio shells offered a high yield source material for CNCs, with
a high aspect ratio but a low crystallinity. They did offer significant reinforcement of the
TPU, but less than the commercially available wood-based CNCs.

Wood-based CNCs were also mixed with TPU in structured composites to create
a film which actuates when exposed to water. The method of actuation is based on the
different amounts of absorption of water in the composite as opposed to the pure TPU.
The actuation was modeled based on the absorption of water and the modulus of two
components. Mechanical properties of the CNC/TPU composites were evaluated via
dynamic mechanical analysis, and water absorption was measured gravimetricaly. The

tests helped us to evaluate our model which we compared to the composites.
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GENERAL AUDIENCE ABSTRACT

Composites are a category of materials where two or more materials are used
together to enhance each of their strengths. Such materials are often used in airplanes,
spacecraft, sporting equipment, and many high-end products. Cellulose nanocrystals
(CNCs) have been research with the goal of improving the environmental sustainability
and performance of composite materials. This newly utilized material is found in plants
and some animals to provide them with their strength. Researches have already shown
that CNCs can improve the performance of many materials while reducing their lifetime
environmental impact. In order to increase the market for CNCs, we are looking at cost-
reducing methods of producing them as well as finding exciting new uses for them once
they are made.

Right now, most CNCs are isolated from wood or cotton, which already have
existing markets. This thesis presents a method of using pistachio shells, which are a
waste product in many parts of the world including the United States. By finding new
sources of CNCs, we hope to add to the body of knowledge and reduce the price of CNC
production.

This thesis also lays the groundwork for a material that changes shape when
exposed to water. By integrating CNCs into only part of a polymer, when water is added,
the part with the CNCs will increase in size, causing it to push on the polymer. Our hope

is to create a new use for CNC composites to help to increase the market for them. We



discuss potential methods and proofs of concept on how to create a 3D-printed part using

CNCs and polyurethane.
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Chapter 1: Introduction

There are many different factors to consider when designing a material. Often
these include physical properties such as strength, stiffness, or density; thermal properties
such as thermal expansion, thermal conductivity, and thermal degradation; and electrical
properties such as magnetism, resistivity, or charge permeability. Each class of material
tends to have specific properties, such as ceramics having high stiffness or metals
offering high strength.! By combining two types of materials, it has been possible to get
some of the advantages of each type of material; these are called composite materials.*
Composite materials are typically categorized by high stiffness and low density, though
they often are expensive and difficult to manufacture.?

1.1  Composites

Composites are a class of material where two or more materials are put together to
enhance their mechanical properties. Composites have primarily been used in the
aerospace materials field due to their high strength, high fatigue resistance, and low
density.3* There are many different types of matrix-based composites noted by the type
of reinforcement which includes fibers, whiskers, flakes, and particles.? Non-matrix
types of composite are limited to sandwich and laminate composites.? Due to their
complexity, composites have continued to be an area of significant materials research. In
matrix-based composites, a wide variety of materials have been used as both the matrix

and reinforcement material.? °-°



1.1.1 Fiber Reinforced Composites

1.1.1.1 Continuous Fiber Composites

The most well-understood type of composite material is aligned, continuous fiber
reinforced polymer composite.! In this style of composite, the reinforcement material is a
long fiber which increases the stiffness and strength of the material, especially in the
direction of the fiber alignment. These composites are typically modeled by using a
weighted average of the materials known as the rule of mixtures.>? Aligned, continuous
fibers have been researched in depth and have been known about for many years.°
Advancements in this area are mostly in multi-functional composites or novel processing
techniques. Multi-functional composites are discussed in section 1.1.2.

With the advent of additive manufacturing and the significant amount of research
about it in the recent years, one goal has been a method of printing composite materials.”
1113 Printing continuous fibers has led to much faster production times due to the ease of
manufacturing.'>* Some advantages of the additive techniques include helping to align
the fibers, little to no post-processing, and a reduction in wasteful scrap material that
traditional manufacturing creates.'? 141° The goals of continued research in this area are
to further reduce the time to create a part, incorporate new fibers or matrix materials, and

increase the mechanical properties of the final part.1 141
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Figure 1.1. A view of continuous fiber composite (left) and discontinuous fiber
composites (right).

1.1.1.2 Discontinuous Fiber Composites

Discontinuous (also known as short or chopped) fibers are significantly easier to
make, but are more complicated to model than continuous fibers.'® Although they do not
add as much stiffness or strength as the continuous fiber composites, short fibers still
increase resistance to creep, fatigue, and crack propagation.? They are significantly
easier to produce because the fibers are not typically aligned and are much shorter.?
Figure 1.1 above shows a cross-section of both continuous and discontinuous fiber
reinforced matrix composites for comparison. A very common type of short fiber
composite is epoxy matrix composite.* In this application, the toughness of the fiber
drastically increases the fracture toughness of the part while making sure that the final
part has the low density of the epoxy and is easy to produce.®*

There has been a large volume of research in using short fiber composites for bio-
medical applications.'*171® The goal of most bio-medical applications is to reproduce

the numerous discontinuous fiber systems that are present in the human body."*® These



topics range from skin grafts to bone replacements 18, For this application, the main
goal of adding fibers is to allow materials which were selected for their bio-inert
properties, rather than their mechanical properties, to become strong enough to perform
their role in the human body.” By adding the rigid fibers, the composites can be strong
enough to replace bone. Wang et al accomplished a bone replacement by using carbon
nanotubes in hydroxyapatite to create a solid bone implant.’® Adding fibers as
reinforcement in these cases can also increase the lifetime of composites by preventing
crack propagation.’® Another benefit of using composites in biomedical applications is
the ability to carefully and easily control the mechanical properties by selecting the
concentration of fiber in the composite to be able to use the same material system for
bone and tissue implants.*®

Like the longer continuous fibers, there is a significant amount of research
dedicated to researching novel processing techniques for shorter fibers. Advances in
additive manufacturing have led to a revival of interest in short-fiber composites.® 20-2
One major advantage that the 3D-printing technique of polymer extrusion has offered to
discontinuous fiber composites is that it helps to align them, as shown in Figure 1.2 on
the next page, which increases their stiffness and strength, but also creates anisotropy.® ¢
This alignment has caused a surge of research into how to use this property to increase

the mechanical properties of the printed part.?>2®



Figure 1.2: A schematic showing how 3D printing aligns fibers. Reprinted with
permission from Compton et al 2. Copyright 2014 WILEY-VCH Verlag GmbH & Co.

The research has focused on how to best use the aligned fibers to increase
different types of strength, such as to eliminate the anisotropy of the system while
reducing the maximum strength as little as possible.?? Such designs are often called
meso-scale materials design.?> Meso-scale structures have already led to functionally
gradient materials and new methods of optimizing the material properties.?®
1.1.2 Smart composites

A use of composite materials is stimuli-responsive composites, which are often
referred to as smart materials. These materials have many different properties such as
directional electrical conductivity, gas sensing, in-situ monitoring, and even creating
movement in the part.26-31
1.1.2.1 Self-sensing materials

Smart materials are usually some form of composite where either a sensing
element is added to the matrix material with fibers used to reinforce the part, or the fibers

themselves act as both reinforcement and the sensor.?! One example of the former case
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is using the change in electrical resistance of the matrix material to observe the damage in
the material.?® As the material is damaged or stretched significantly, the electrical
resistance of the matrix phase changes.?® This methodology is the same concept as a
strain gauge used in materials testing, but because there is no external device applied, it
can be continuously monitored in situ.?®

By far, the more common method of smart material is using the reinforcement,
not the matrix, as a sensor. Work done by Celestani et al. using zinc oxide nanowire
coated carbon fiber can detect not only strain in the system, but also gasses such as
ethanol and carbon monoxide.?’ In this research, the oxide changes resistance when the
gasses are present, and the carbon fiber acts as a wire to carry the current to a detector.?’
The same system can also heat itself to high temperatures by manipulating the electrical
voltages on different fibers.?” The benefit of a material like this is that it acts not only as
a sensor for many different types of gas, but it also has all of the other advantages of a
fiber composite such as high stiffness.
1.1.2.2 Actuating Composites

A final type of emerging smart composite that | want to discuss is self-assembling
composites. By using different material’s properties of the different phases, researchers
have found a few methods of creating composite structures that can change shape with
some stimulus, also referred to as shape memory materials.>>3! There are a few methods
of creating shape memory materials, including shape memory alloys and chemically
switchable polymers, but I will be focusing on shape memory composites. These
materials are of interest because a lack of motors allows the parts to move in much

smaller spaces and with more precise control.2>3! In research from both Felton et al. and



Liu at al., heat causes a relaxation in a pre-stretched polymer film which causes the
actuation, but they have found different methods of causing that heat.3%3! Felton et al.
focus on using electrical power and resistors to generate heat in their part, while Liu et al.

use differently colored light to cause heat along certain colored areas of their film.30-3!
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Figure 1.3: Types of smart composites. a) Use of matrix materials as damage sensors.
Reprinted with permission from Swait et al.?® Copyright 2013 Taylor & Francis. b) Zinc
oxide whiskers on a carbon fiber for sensing application. Reprinted with permission from
Calastani et al.2” Copyright 2017 Elsevier. c) Using different colors of ink and light to
create shape memory composites reprinted with permission from Liu et al.3* Copyright
2017 Liu et al.



Other researchers have used differences in swelling behaviors to create the
actuating motion.®?34 These composite structures are made of two different materials
with different swelling behaviors. The material that expands more with water presses
against the material that expands less with water to create a bending action. Films that
use this action range in size from micron scale several millimeters.®34 Depending on the
scale and the materials used, swelling-based smart materials have a variety of functions
from acting as a valve that changes based on different temperatures and liquids®* to smart
windows that automatically close in the rain®.

1.1.3 CNC Composites

One type of reinforcement that has many different applications as a smart material
and discontinuous reinforcement is the use of cellulose nanocrystals (CNCs). The
primary use of CNCs is to reinforce many different polymers.®¢*® As stated above, stiff
and strong discontinuous randomly aligned fibers are used in increase the stiffness,
strength, and fatigue life of the composite.?* The reason that CNCs are being researched
is their high modulus to weight ratio.®”** With a modulus of between 100 and 200 GPa
in the axial direction and a specific gravity of 1.6, CNCs compare with even ceramic
particles such as aluminum oxide, which has a modulus of 380 GPa and a specific gravity
of 4.4 Comparing the two, we see that the specific modulus, the modulus divided by
the specific gravity, for CNCs is between 62.5 and 125 GPa, while alumina has a specific
modulus of 95 GPa.**** CNCs are also a renewable resource that can be isolated from
many plants.3” 414549 Because it can be isolated from many different types of plants, it

can be produced anywhere worldwide.



Cellulose nanocrystals have shown to have allow shape memory properties as
well. Annamalai et al used the fact that CNCs are mechanically switchable to create a
shape memory composite using a styrene-butadiene rubber.3® Similar studies have been
done using thermoplastic polyurethanes as well as other polymers.>® Because of the
hydrogen bonding nature of the crystals, the addition of water reduces the elastic modulus
significantly, depending on the concentration of CNCs, to the point that the composite is
easily manipulated.>® By allowing the water to dry, the hydrogen bonding in the crystals
is restored and the part will retain its new shape until it is re-wetted where it will return to
its original shape as shown in figure 1.4.5° The shape memory effect can be incredibly

useful in many different applications.*
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Figure 1.4: A view of how CNCs can be used to create a shape memory composite.
Reprinted with permission from Mendez et al.>® Copyright 2011 American Chemical
Society.

1.2 Cellulose

Cellulose is the world’s most abundant polymer with an estimated 10° and 10*2
tons produced annually.*2 It is most commonly found in the cell walls of plants,
though cellulose has been found in some bacteria and some animals.3" 43 5355

1.2.1 History



Anselme Payne is credited with discovering cellulose in 1838.5%% Payne was
replicating a similar experiment done four years earlier by Braconnot, another French
chemist, where he used nitric acid to create what we now know as nitrocellulose.>? Payne
found the same fibrous material after exposing many different plants to an acid-ammonia
and then purifying the result with water, alcohol, and ethers.>? Over the next 100 years,
many different theories emerged about the structure of cellulose based on the molecular
weight and as new theories on polymers were developed until finally in 1922 Staudinger
and Fritschi figured out that the structure that we use today.>? >’

1.2.2 Chemistry

The formula of the monomer that makes up cellulose, cellobiose, is C120sH20 in
the structure of two glucose molecules connected by an oxygen through a (1-4) f bond.>?
55 as shown in figure 1.5.® The structure is easily comparable to other biopolymers such
as starch, which differs with the connection of the glucose blocks using both (1-4) o

bonds and (1-6) o bonds.*®

HO\C

Figure 1.5: The chemical structure of cellulose. Reprinted with permission from Moon et
al.** Copyright 2011 Royal Society of Chemistry.

There have been many chemical modifications to cellulose. The primary method

for modification is by manipulating the hydroxyl group attached to carbon 6 via an acid,

10



alcohol, or other reactive group as well as something with which to replace the
hydroxyl.** Such treatments have led to many different types of cellulose modification
including grafting polymers®, altering rheological behavior®, and modifying
dispersibility*.
1.2.3 Structure

Cellulose naturally grows in the cell walls of plants as a fiber in a composite
material known as lignocellulose.*® Lignocellulose has continuous cellulose fibers in a
matrix of lignin with hemicellulose acting to strengthen the bond between the two.*® The
cellulose fibers are further broken down into smaller fibrils, which are only a few
nanometers in diameter and are in turn divided into amorphous and crystalline regions.*?

A schematic of the system is shown in figure 1.6 on the next page.5!

11
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Figure 1.6: A visual description of the structure of cellulose at different scales. Reprinted
with permission from Michael et al.®* Copyright 2011 10P Publishing Ltd.

The idea of crystalline cellulose is a relatively recent development. Around the
same time that the chemistry and conformation of cellulose were being finalized, studies
were just starting to look at its crystallinity via X-ray experiments.®® There continue to
this day to be advancements in our understanding of the crystalline structure of
cellulose.®? The natural form of cellulose, cellulose 1, has linear fibers that are bound
together via hydrogen bonding.>® Cellulose I is metastable, which is to say that it will not
spontaneously change to another form, but it is not at its lowest energy state.>® Once the
cellulose is dispersed in water or chemically treated, it can irreversibly change into

cellulose 11.%3:% Unlike cellulose I, cellulose 11 has a folded chain stricture that bonds to

12



itself, resulting in a larger crystal.>® Cellulose 111 and 1V are both created by reversible
reactions with cellulose 111 being hexagonal and cellulose 1V being orthogonal.>® Most of
the research is done on either cellulose I or 11 as they are the most common.*® For all
structures, the crystalline domains of cellulose are nano-sized and surrounded by small
amounts of amorphous cellulose.
1.2.4 Nanocellulose
1.2.4.1 History

By using polarized light microscopy, Nageli was the first to determine that
cellulose was partially crystalline in 1858, only 20 years after cellulose was first
discovered.>® %3 It was not until powder x-ray diffraction was used on cellulose in the
1910’s to 1930’s that the crystals were confirmed and characterized.®> % Even the
earliest theories on cellulose microstructure had crystalline and amorphous regions with
the idea of rod-like crystals being connected by un-ordered cellulose appearing in 1914 in
a paper by Nishikawa.%? 54

Work done in the 1940s by Nickerson and Habrle, as well as many others,
developed a method of hydrolyzing cellulose in an acid solution using hydrochloric acid
and ferric chloride, resulting in a short period of rapid hydrolysis which rapidly slows
down.®®%¢ This method is nearly the same process as we use today to create cellulose
nanocrystals (CNCs). Using palladium-shadowing to show higher contrast, Morehead
was the first to image CNCs using an SEM to confirm the theory of rod-like particles.®’
It was not until 1995 that Favier et al used CNCs to reinforce polymers into

composites.®” % In that paper, CNCs from tunicates were used to reinforce latex to

13



increase the storage modulus.®® Since then, CNCs have been used to reinforce several
different polymers including polyethylene, polyurethane, polyester.3%-40:42
1.2.4.2 Structure

It has been observed that using acid will dissolve the amorphous regions of
cellulose, leaving just the highly crystalline whiskers.*>46:48-49.69 \\hile the chemical
structure of CNCs is the same as that bulk cellulose, the mechanical properties are very
different. While still in the lignocellulose structure, CNCs have a rectangular cross
section surrounded by amorphous cellulose.** The CNCs are isolated by use of acid
hydrolysis, which dissolves the crystalline portions slower than the non-crystalline
portions, but it also changed the morphology of the CNC from a rectangle to that of a

cylinder as shown in figure 1.7.%

Figure 1.7: Micrographs of CNCs by SEM (left) and TEM (right)

The unique structure of CNCs offers many benefits. The first is the alignment of
the hydroxyl groups which act as hydrogen bonding sites. This phenomenon allows the
crystals to be suspended in polar solvents which can attach via the hydrogen bonding
sites. It also allows for some solvents, such as water, to be readily pulled into CNC-
based foams and composites.”® Thus, although the bulk of the CNCs do not swell, the

surface of the crystal can still hold a lot of water. Also, because the OH groups are

14



aligned, it is possible to align the crystals through a strong magnet while they are in
suspension.” Aligning the crystals helps to further increase stiffness in one direction and
to create anisotropic swelling properties. Additionally, the high aspect ratio of CNCs is
very useful in making composites. Having a higher aspect ratio, increases the
effectiveness of fiber reinforcements in composites.*!

1.2.4.3 Mechanical Properties

CNCs are effective as a reinforcement agent in composites because they have a
very high modulus themselves, up to around 100-200 GPa.*® The high modulus is
because the alignment of the hydroxyl groups in the crystal creates a lot of hydrogen
bonding sites, which are known to increase stiffness in polymer crystals. These bonds
also allow for the mechanical switching discussed previously, where the cellulose bonds
to water molecules rather than to itself.”

Many of the physical characteristics of CNCs are dependent on the source of the
cellulose.®” The tunicate, a sea invertebrate, is commonly thought to be among the best
sources of CNCs to use in composites, but it can be very costly to harvest due to the
environment in which they grow.3”® The most common sources of cellulose come from
either wood or cotton due to the market abundance of the source material, high
concentration of cellulose in the material, and the high aspect ratio and crystallinity of the
CNCs. There have been other sources investigated including banana pseudostems,*®
pineapple leaf,” rice straw,*® corncob,*! soy hull,®® and menkuang leaves,*’ each with
their own physical properties. New sources are investigated regularly in an attempt to

increase market diversity and lower cost. It is generally believed that high aspect ratio
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and high crystallinity are particularly important in aiding the mechanical properties of
CNC-reinforced composites, with crystallinity being the most important factor.*
1.2.4.4 Uses

Because of the unique structure of CNCs, there are many ways CNCs can be used.
The three primary uses for CNCs are to use them as a reinforcement for polymer matrix
composites, to behave as a rheological modifier, and to stabilize emulsions.*3 %8 7576 The
most common use is using them to increase the Young’s modulus of various
composites.*! 484969 Even at low concentrations of CNCs, the storage modulus can be
increased by an order of magnitude for some polymers.3” A very large number of studies
have been conducted on adding CNCs to a large number of polymers, both thermoplastics
and thermosets for mechanical reinforcement.®” There are many factors for how well
CNC:s affect the mechanical properties of composites including the crystallinity, aspect
ratio, morphology, orientation, processing method, and interactions with the matrix.*’

As mentioned above, there has also been significant research on creating
mechanically switchable “smart” composites. Such films, often inspired by plants and
animals, like the sea cucumber, CNC composites can have high stiffness when dry and
can lower their storage modulus by over a factor of 10 with the addition of water.>® 2 A
critical advantage that CNC composites have with this mechanism of mechanical
switchability is that it is reversible, and once the water is removed, the composite returns
to its original stiffness, even after multiple cycles.%® 72

CNCs have also been used as a rheological modifier to create shear thinning
gels.®” 77 The shear thinning effect is attributed to the alignment of the crystalline

domains with the direction of the flow, as is typical for shear thinning behaviors.3” 77 It
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has been noted that at higher shear rates, a shear thickening effect happens when the
domains begin to break, and individual crystals affect the viscosity.3” At very high shear
rates when the individual crystals can be aligned and it returns to a shear thinning
behavior *'.

A more recent application of CNCs is to use them as a surfactant in emulsions. "%
78 Researches have studied several different Pickering emulsions of oil and water from
natural and synthetic oils. ’® 7882 The aligned hydrogen bonds creates a hydrophilic edge
along the dimensions with hydroxyl groups while the other edges are hydrophobic .
This unique structure allows CNCs to stabilize the oil/water interface with or without
added surfactants for months.’® 7 The added stability that the CNCs offer prevent the oil
droplets from combining despite it being favorable for them to do s0.”® Keeping the oil
drops small is important for many products including pharmaceuticals, cleaning agents
and foods, all of which can be enhanced by the improved suspensions offered by CNCs."®

There are other, less researched uses of CNCs. UPM, a Finnish paper
manufacturer has put forth a patent to use CNCs to increase the strength of its paper
products.®® It plans on using the strength to reduce the required thickness of the paper,
lowering the weight.8 Other researchers have looked at using CNCs in air and water
filters to apparent success.® The size and high aspect ratio of the CNCs create very small
pores which can capture even very small contaminates.®® The optically transparent nature
of CNC films has prompted some companies to look at using CNCs to create transparent
displays.®* Often these applications use CNCs for their environmentally friendly
production method, as they are a plant-based product, in addition to one or more other

properties.
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1.2.4.5 Types of Nanocellulose

There are two major types of nanoscale cellulose, cellulose nanofibrils (CNFs)
and cellulose nanocrystals (CNCs). #3678 Although they are both forms of
nanocellulose, they are quite different. CNFs are physically separated fibrils which
contain both the crystalline and amorphous regions of the cellulose fiber.*># CNCs are
chemically separated through acid hydrolysis and are only the crystal domains of the
cellulose fibers.*># Because of their different structures, there have very different uses.
CNCs have a much higher crystallinity as almost all of the amorphous regions are gone,
which leads to a higher Young’s modulus.2* Conversely, CNCs also have a much lower
aspect ratio of about 8 while CNFs have an aspect ratio closer to 50.%

Their different morphologies offer different advantages when used in composites.
Because of the CNFs high length, the yield strength increases more than CNCs as more
of the fibers can be fully loaded.?* However, at higher concentrations, CNFs entangle in
each other, which can help make up for their low modulus, but can cause them to break
each other 8. As the composite starts to fail, CNFs allow for more fiber bridging, which
can help stop crack propagation.®* Both types of nanocellulose do show some fiber
bridging, work hardening, and fiber pull-out, all of which increase the toughness of the

composite as shown in figure 1.8 on the next pages.®*
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Figure 1.8: The different failure mechanisms of composites with CNCs and CNFs.
Reprinted with permission from Xu et al®. Copyright 2013 American Chemical Society.

Like CNCs, CNFs have been used as a rheology modifier.88¢ CNFs can increase
the viscosity of water by several orders of magnitude to create stable gels with less than 1
wt% added.®® Like CNCs, the gels created by CNFs are shear thinning, but because they
lack the liquid crystal property of the CNCs, there is no shear thickening region but the
increase in viscosity is not as high.%> CNFs have also been looked into to stabilize
emulsions.’® 8" Because of the large size of the fibers, the droplet size in the emulsion is
also much larger than when they are stabilized using CNCs."®
1.2.5.6 Nanocellulose Market

There is an emerging market for nanocellulose materials, but most of it is still far
from mass manufacturing.®® There are still a few problems with using CNCs and CNFs
in commercial products, including developing more products which use the unique
properties of nanocellulose and finding ways to use the fibers to their fullest effect. This
can include more research into properly using the chemistry of cellulose.®® Despite these

hurdles, the biggest obstacle to large-scale production of cellulose nanomaterials is their
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cost of production.® %0 At the present, there are only a few refineries that make
nanocellulose, and only the largest one is able to produce ton per day capacity.® The
scarcity of CNCs on the market has raised the price to around $1000/kg. The speed of
commercialization will increase as the price falls. Experts report a goal of between $4
and $11 per kg before full market penetration occurs.®® To this end, some researchers
have been determining an alternate feedstock material for the bio-refineries to use.*!: 44
69.74 The hope is to find sources of CNCs that are currently a waste product so that the
refineries do not have to buy the costlier wood and cotton that they currently use.
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Chapter 2: Problem Statement and Objective

The goal of this thesis is to develop an alternate feedstock for cellulose
nanocrystals (CNCs) and to investigate their use in a water-actuating smart composite.
The bulk of the thesis focused on the use of CNCs as a reinforcement agent for
thermoplastic polyurethane (TPU). CNCs were chosen due to their unique combination
of mechanical properties and environmentally friendly production when compared to
many other materials. There is a growing field of research in finding uses for CNCs that
has been very fruitful. TPU was chosen because of its mechanical properties, ease of
working with, ease of procuring, and a high level of working knowledge by the authors.
TPU is also a very common polymer that is used in many environments.

The goal of isolating CNCs from pistachio shells is to find an upscaling use for
what is currently a waste product. This would allow farmers to add value to their
operations as well as provide bio-refineries another feedstock for CNC production.
Pistachio shells were chosen for this because they are a waste product and because of
their light weight, high strength, and high stiffness, which are all indicative of CNCs.
Our hope is that introducing more agricultural waste into the supply chain of CNCs will
help to drive the cost of production down so that more applications for CNCs will
become economically feasible. Despite the large volume of literature on alternate
feedstocks, there has not, to my knowledge, been any research investigating the use of
pistachio shells. Chapter 3 outlines research on this isolation and includes a procedure
for purifying the cellulose, isolating the CNCs, and using them in TPU matrix composites

to show an increase in stiffness. We found that our method of isolation of CNCs from



pistachio shell had a relatively high yield compared to other agro wastes, and the isolated
CNCs had high aspect ratios, relatively low crystallinity, and low charge ratios.

Chapter 4 discusses work done to create water-actuating films based on CNC-
based composites. The chosen matrix polymer was TPU because it has a low glass
transition temperature, low Young’s modulus, and very low adsorption of water. CNCs
were chosen as the additive because of their rapid uptake of water and environmental
sustainability. Characterization was done to determine the degree of swelling and
Young’s modulus of the CNC/TPU composites at several different concentrations so that
the system could be accurately modeled. Several methods of potentially producing such

films were also explored.
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Chapter 3: The Isolation of Cellulose Nanocrystals from Pistachio Shells Via Acid
Hydrolysis.
3.1  Abstract

The pistachio nut (Pistacia vera) is a common food source. The shell of the nut
has few known applications and is considered a waste product of the agriculture industry
(agro waste). In this paper, we show a method for isolating cellulose nanocrystals
(CNCs) from the pistachio shell. CNCs are well known for having very good mechanical
properties which have shown themselves to be effective in many different polymer based
nanocomposites. We show that common methods of purifying and hydrolyzing cellulose
will result in useable CNCs. We found a yield of 1514 wt %, which is higher than other
agro waste products. We found an aspect ratio of 17£3, a crystallinity of 66%, and a
surface charge density of 90£12 mmol/kg. These numbers compare well with other
common commercial sources of CNCs.
3.2 Introduction

Cellulose is the most abundant bio-polymer in the world with an estimated 10%° to
10'2 tons produced annually.! The structure of cellulose is a chain of pyranose rings
connected through 1-4  bonds.? The cellulose molecule has two strong hydrogen
bonding sites off of the two hydroxyl groups which allow for it to achieve crystal
structures.? There are four crystal structures for cellulose, but cellulose 1 and cellulose I
are the most common with cellulose 111 and IV being less stable derivatives of | and I1.2
Cellulose is a primary constituent of lignocellulose which includes cellulose, lignin and

hemicellulose.>* Lignocellulose is found in the cell walls of plants and provides the



physical strength of the plant.2* The structure of lignocellulose has roughly square
cellulose fibrils connected to lignin fibers by hemicellulose.?*

First identified in the 1950s, cellulose nanocrystals (CNCs) are a crystalline form
of cellulose which exist in plant matter surrounded by amorphous cellulose.*®> CNCs
have been under increased investigation due to their sustainability and mechanical
properties.®>*® It has been noted that, despite all being of the same chemistry, the
physical dimensions of the CNCs and some mechanical properties can change drastically
based on the source of the cellulose.® These properties are also dependent on the process
used to isolate them from the bulk cellulose.®

To remove the CNCs from the cellulose, a variety of acids have been employed
with the main ones being sulfuric acid, hydrochloric acid, and phosphoric acid.* %7 Other
acids have also been proven to be effective in different yield amounts and different
surface charges, small molecules which attach to the surface.®® The resulting crystals are
rod-like in shape, they are between 100 nm and 1000 nm long, and they have an aspect
ratio of between 10 and 67.3 The crystals are of interest primarily for their physical and
mechanical properties, including high stiffness, strength, and aspect ratio.®® These
properties make CNCs an excellent option for use as reinforcement in various polymer
nanocomposites including polyethylene, polyester, and polyurethane.®* °1! Also, the
surface of CNCs can be easily modified®® for use in stimuli responsive materials 214,
electronic materials 1°, and optical materials®®.

The usefulness of cellulose nanocrystals has already created a small market.!’
This market is expected to increase in size from 120 metric tons in 2013 to 770 metric

tons per year in 2017 by increasing the number industries which use CNCs in high-end

29



products.t 718 Eventually, CNCs will hopefully be included in large-scale
manufacturing of nanocomposites for more moderately priced goods like concrete and
paper products.’

In order to increase the marketability of CNCs, this report looks at the use of an
agricultural waste product, the shell of Pistacia vera (pistachio shells), as a feedstock for
their extraction. To the best of our knowledge, pistachio shells have not been
investigated as a source for CNC isolation. We chose this material due to its seemingly
high rigidity and high strength and because it is an agricultural waste product. The
reason that we were specifically looking at a waste product is because there is already
significant infrastructure in place for the growth and removal of the product with nearly 1
million tons of pistachios produced annually for consumption of the nut. {Sorrenti, 2016
#131}. The shells make up between 40 and 50 percent of the nut, so it is estimated that
between 400,00 and 500,000 tons of pistachio shells are produced globally every year.
{Acikalin, 2012 #161} There is little other use for pistachio shells that we would be
competing with, meaning that the pistachio shells would be a low cost feedstock with
minimal startup cost.>%° It is the hope of the authors that adding pistachio shells as a
low-cost source of CNCs will lead to an increase in cellulose nanocrystal production as
well as a reduction in production cost. With this goal in mind, we give a protocol for
using sulfuric acid-based hydrolysis was used to isolate the nanocrystals. The procedure
is based on Muller et al’s procedure for isolating CNCs from the pseudostems of banana
plants.®
3.3. Procedure and Materials

3.3.1 Materials
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Sodium hydroxide pellets were purchased from Sigma Aldrich. Glacial acetic
acid and ACS reagent grade sulfuric acid were purchased from Spectrum Chemical. Raw
pistachios were purchased form CVS Pharmacy and the shells were removed for use.
McKesson brand topical hydrogen peroxide solution was purchased via Amazon. GE
Whatman filter paper was used in the filtration. All water was filtered in the lab before
use. Fisherbrand cellulose extraction thimbles were purchased from Fischer Scientific.
Nanovan, a suspension of vanadium particles in water, was purchased from Nanoprobes.
Bovine serum albumin (BSA), dichloromethane (DCM), and dimethyl sulfoxide (DMSO)
was purchased from Sigma Aldrich. Texin RxT70A thermoplastic polyurethane (referred
to as TPU) was received from Covestro. Commercially available wood based CNCs
were purchased from the University of Maine Nanocellulose Facility. Ethanol and
toluene were purchased from the Department of Chemistry at Virginia Tech.

3.3.2 Collecting and milling the shells

The pistachio shells were washed, dried, and milled using a Spex 8000 mixer mill
using stainless steel balls and a charge ratio, the ratio of the mass of milling media to the
mass of shells, of 8 for 30 minutes. The result was a fine powder that was characterized
by XRD and then used in the next steps.

3.3.3 Purification and bleaching of cellulose

The extraction and bleaching procedure was adapted from Mueller et al. and is
similar to other bleaching procedures.{Mueller, 2014 #12}{Santos, 2013 #42}{Silvério,
2013 #71} Approximately 10 grams of pistachio shell powder was measured out and

purified in a soxhlet extractor using 1000 ml of 1/3 ethanol and 2/3 toluene by volume to
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remove monomers such as sugars. After 24 hours, the thimble was removed and left to
dry overnight.

The hemicellulose was removed via repeated base washes. For each wash,a 1 M
sodium hydroxide solution was created by mixing 40 g of sodium hydroxide pellets with
1000 mL of water and heated to 70 °C while stirring constantly for 30 minutes. The
extracted cellulose was added to the solution for 2 hours before it was separated via
vacuum filtration. The cellulose was then washed with another 1000 mL of fresh water.
This process was repeated until the water was clear, about 6 times.

The lignin was removed via repeated hydrogen peroxide solution washes. A
hydrogen peroxide and acetic acid solution was created by mixing approximately 440 mL
of 3% hydrogen peroxide and 1 mL of acetic acid to 560 mL of water (1.3 v/v hydrogen
peroxide and 0.1 v/v acetic acid). This mixture was heated to 60 °C and stirred constantly
for 30 minutes before the cellulose was added. The cellulose was filtered out of that bath
after 2 hours and was washed with another 1000 mL of water. This process was repeated
until the cellulose became an off-white mass and did not change colors, about 6 times.

Once these baths were done, a final soxhlet extraction, with the same parameters
as above, was used to remove any excess chemicals or particles. The cellulose was then
pure and was used without any characterization.

3.3.4 Hydrolysis of cellulose

Three grams of the purified cellulose was placed in 250 mL of water and cooled
in a refrigerator set to 5°C overnight. The following day, it was put into an ice bath as
150 mL of sulfuric acid was added dropwise, keeping the temperature below 20 °C. Once

all of the acid had been added, the temperature was increased to 50 °C for 90 minutes.
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After that, the acid was removed by centrifuging at 10000 rpm and decanting the
supernatant until the pH was neutral (around 4 times). Following that, the cellulose was
dialyzed against water for 3 days, replacing the water daily. The cellulose mass was then
sonicated for 30 minutes and lyophilized. The resulting powder was then weighed to
determine yield by comparing to the weight of the purified cellulose.
3.3.5 Microscopy
3.3.5.1 Scanning Electron Microscopy

Samples were dispersed in water with 1 mg being dispersed in 10 mL of water
and 42.1 mg of BSA and sonicated for 10 hours, adding ice to the bath regularly to
control the temperature. After sonication, a drop of the mixture was placed on an
aluminum stand and left to dry overnight. The next day, a drop of NanoVan ® was
added onto the sample and left for 30 seconds before being wicked away. The stands
were sputter coated with 4 nm of iridium to prevent charging and imaged in LEO 1550
field-emission SEM (FE-SEM) using 5 kV.
3.3.5.2 Transmission Electron Microscopy

Like SEM, TEM samples were made by dispersing 1 mg of CNCs in 10 ml of
water. 42.1 mg of BSA were added to the solution, followed by 10 hours of sonication in
a bath sonicator, again using ice to control the temperature. A drop of the liquid was
placed on a TEM grid and left to dry. After one minute, a drop of NanoVan ® was added
to the CNC mixture on the TEM grid for 30 seconds. Excess solution was washed away
by placing the grid in water for a very short period of time. Imaging was done on a JEOL

2100 TEM.
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3.3.6 X-Ray Diffraction

X-ray diffraction was performed using a Panalytical X Pert powder x-ray
diffraction system using a CuKa radiation source, a tension of 45 kV and a current of 30
mA. Measurements were taken from 0 to 50 degrees. The peak height ratio method of

determining the percent crystallinity was used utilizing equation.1%:

Ir00 =1
%crystalinity = (200 = Lam)
I200
Equation 3.1: Finding the percent crystallinity of a polymer from XRD.

I500: 200 peak intensity found at 22 degrees, I,,,:amorphous intensity found at 18 degrees

3.3.7 Charge Density

The charge density was found through charge titration using a previously proven
method.” 50 mg of CNCs were added to 200 mL of water. 20 mL of 0.01 M HCl was
added to the water. The pH and conductivity of the solution were both measured
incrementally as 0.01 M NaOH was added. The concentration was calculated using
equation 3.2 below. The volume used in the equation is the volume where the solution is
actively buffering. Measurements were done on a Thermo Scientific Orion Star A215
pH/Conductivity meter.

(CnaoH * VNaon) £ 106 = mmol SO,
Wenes kg cellulose

Equation 3.2: Calculates charge density of CNCs
Crnaon:molarity of NaOH solution, Vy,on: volume of NaOH buf fered, Wiycs:mass of CNCs

3.3.8 Dispersibility
We tested to see how well the synthesized CNCs were dispersed in a series of

solvents, including water, dimethylformamide (DMF), dichloromethane (DCM),
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dimethyl sulfoxide (DMSO), ethanol, and toluene. 0.04 g of CNCs were added to 20 mL
of each solvent in a vial, and the solutions were sonicated in a bath sonicator for 8 hours.
Once they were dispersed, they were set aside and had pictures taken of them at 0, 12,
and 24 hours. After ten days, TEM samples were created using the method discussed in
2.5.2.

3.3.9 Mechanical Reinforcement

CNC composites were made by solvent casting different samples: TPU reinforced
with pistachio-based CNCs, commercially available CNCs derived from wood, and
unmodified polyurethane. To make these, the TPU was dissolved in DMF in a ratio of 50
mg/ml. Likewise, CNCs were dispersed in DMF using a ratio of 0.04 g in 20 mL and
sonicated for 8 hours in a bath sonicator. The polyurethane was reinforced with 5 wt%
CNCs, using 14.4 mL of the TPU solution and all of the CNC dispersion. The mixtures
were cast in Teflon dishes at 80 °C overnight.

The composites were cut using a dog bone die on a manual press. The gauge
length was 7 mm, and the width was 3 mm. A TA Q800 dynamic mechanical analyzer
(DMA) was used under controlled force using a film tension camp. The force was
ramped at a rate of 0.5 N/min to find the modulus of elasticity and yield stress.

3.4  Results and Discussion
3.4.1 Purification of Cellulose

The material used for this procedure was the hard outer shell of the shell of the

pistacia vera. Following the steps reported for extracting and bleaching cellulose for

banana pseudostems® yielded an off-white solid mass that resembled paper. These
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procedures removed the lignin, hemicellulose, and extractives, leaving cellulose as the

product.

3.4.2 Hydrolysis

After hydrolysis and lyophilization, the hydrolyzed pulp existed as a tan powder.
The average yield of the hydrolyzed cellulose was 50 + 15 percent of the cleaned
cellulose. For other agro-waste products, yields have been shown between 5 percent for
rice straw and 77 percent for pineapple leaf, with most sources appearing to be between
20 and 30 percent.® 2225 The high yield is important in creating an industrially viable

source of nanocrystals. Figure 3.1 on the next page shows pictures of the shells at

various stages of the process.

Figure 3.1a: Pistachio in the shell. b: Milled shell. c: Post extraction cellulose. d: Dried
CNCs.
3.4.3 Microscopy

FE-SEM and TEM were both used to observe the morphology.
3.4.3.1 Scanning Electron Microscopy

The FE-SEM images (figure 3.2) show the CNCs to be cylindrical, as was
expected. There were a few small unknown particles still present after the cleaning and

hydrolysis procedures which we believe to be dust or other contaminants.
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Figure 3.2: SEM image of isolated CNCs
3.4.3.2 Transmission Electron Microscopy

Transmission electron microscopy was also used to observe morphology and
aspect ratio (figure 3.3). The morphology appeared to be cylindrical as expected and
observed by SEM. Using Klonk Image Measurement software, the CNCs were measured
to be 187nm + 42 nm long and 12nm + 1 nm wide with a high aspect ratio, 16 + 3.
These numbers compare well with other sources which have aspect ratios from 4 to 13.%
22 The higher aspect ratio is very helpful in creating a strong composite material as it

increases the interface area, allowing more load to be transferred to the fiber.

Figure 3.3: TEM of isolated CNCs
3.4.4 X-Ray Diffraction

Small angle x-ray diffraction showed a removal of most of the amorphous
material (figure 3.4). The peaks appeared to be at a 26 of 14.5°, 16.6°, 22.5°, and 34.4°

which line up with the 1 10,110, 200, and 004 planes respectively.?t 23 These spectra
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indicated that the cellulose is in the form of cellulose 1.2* The calculated percent
crystallinity is 67% using the peak height method discussed in section 3.3.6. The total
crystallinity is within the expected range for CNCs, though it is on the lower end of the
spectrum. The range of crystallinities in literature ranges from 64 percent to 91 percent
in the literature with many reporting a cluster in the mid to upper 70s.% 2% High
crystallinity is one of the primary factors in reinforcement of polymer nanocomposites as

the crystallinity is responsible for much of the high stiffness.

XRD
I.‘|
: \
' \
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" ! \
'
/ \
’ : = = = Wood
- , . N CNCs
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CNCs
............. Raw shells
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Angle (20)

Figure 3.4: XRD spectra comparing crystallinity of pistachio shells, CNCs isolated from
the pistachio shells, as well as commercially available CNCs for comparison.

3.4.5 Surface Titration

CNCs produced via acid hydrolysis often have sulfate groups attached to them.
By doing the surface titration, we can see how many hydroxyl groups became sulfate half
esters. The amount of sulfate groups was found using the procedure in 3.3.7 By plotting

the conductivity against volume of base, there is an obvious buffered region. By
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observing the length of the buffered region, the number of moles of sulfate groups can be
found using the equation from section 3.3.7, it was determined that the concentration is
90 + 12 mmol/kg. The charges help the cellulose to be easily dispersed in polar
solvents, such as water, but also lower the onset of thermal degradation.®” This
compares favorably with other sources which cluster slightly above 100 mmol/kg.® %
3.4.6 Dispersibility

Figure 3.5 below shows the pictures of the different solvents over the course of
several days. There was not noticeable change after one day. The results were confirmed
through observing the density of CNC aggregates. Through this, we confirmed that DMF
was held the CNCs in suspension for the longest, with water and DMSO being a good
alternative for short periods of time. DCM, ethanol, and toluene were all poor choices for
dispersing. This result was expected and seen across many CNCs.® The reason for the
quick precipitation of CNCs is because they have been dried and re-dispersed which has
been shown to reduce the time in dispersion without the addition of sodium. {Beck, 2012

#163}

Figure 3.5: Dispersibility of CNCs after a) 0 hos, b) 0.5 hours, c) 12 hours, an d) 24 hours
in water, DMF, DMSO, DCM, ethanol, and toluene.

3.4.7 Mechanical Testing
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We saw a significant increase in the modulus of elasticity in the CNC-TPU
composite samples and yield stress. The modulus of elasticity went up from 2.32 + 0.53
to 4.58 + 0.97 MPa with the addition of 5 wt% CNCs isolated from pistachio shells. The
yield stress was found to have increased from 0.80 + 0.29 to 1.50 + 0.34 MPa. We
have been able to show how the addition of CNCs from pistachio shell can reinforce, but
the effect is lesser than that of the composites made with commercially available CNCs,
which had a modulus of elasticity of 16.28 + 8.2 MPa and a yield stress of 2.2 + 0.6
MPa. We believe that the low crystallinity index of the isolated nanocrystals is the
primary reason that the reinforcement fell short of the commercial CNCs.?® Figure 3.6 on
the next page shows a plot of the stress versus strain of the pure TPU, as well as TPU

reinforced with 5wt% of pistachio shells and TPU reinforced with 5wt% commercial

CNCs.
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Figure 3.6: Stress-strain plots showing pure TPU, TPU reinforced with either CNCs

isolated form pistachio shells or commercially available CNCs isolated from wood.
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3.5.  Conclusion

We have proven that pistachio shells offer a high-yield feedstock material for the
isolation of cellulose nanocrystals. We were able to use common methods to purify the
cellulose from the shell and sulfuric acid hydrolysis to isolate the CNCs from the
amorphous cellulose. The yield of CNCs was 50 + 14 percent of the pure cellulose with
an aspect ratio of 12 + 7. An apparent crystallinity of 66 percent was observed as well as
a charge density of 102 + 10 mmol/kg. We also observed the dispersibility of CNCs in
several solvents. Finally, we compared the mechanical behaviors of composites made
with pistachio shell-based CNCs with composites made with commercially available
wood-based CNCs. The produced nanocrystals compared well with other nanocrystals,
showing that pistachio shells are viable as an alternate feedstock, which is especially
important as they are a large waste product which is grown and discarded all over the
world.1%%
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Chapter 4: Creating a Water Activated, Self-folding Film from Cellulose
Nanocrystals and Polyurethane.
41  Abstract

Self-folding materials are under increased investigation due to their ability to
create precise motion without the need of large external motors. We report a potential
method of using a functionally-graded composite material using thermoplastic
polyurethane (TPU) reinforced with cellulose nanocrystals (CNCs) to create a film that
can reversibly actuate when exposed to water. This material utilizes the different
swelling behaviors of CNC-rich TPU and pure TPU. The created films are predicted to
be able to bend up to 0.35 times the length of the actuating area, depending on the
concentration of CNCs and thickness of the film.
4.2 Introduction

Recently, there has been a lot of interesting research done in self-folding
materials. Using 3D printing techniques on self-folding materials to create parts that later
shape into a final part is often called 4D printing. Heat!, light?3, electrical current?, and
swelling behaviors ° have already been shown to create movement in 4D printing. These
unique self-moving materials enable new functionality for existing applications including
creating self-folding furniture,® pump-less plumbing systems,” smart valves,® packing
systems,® and even robots™?.

Self-folding materials can be used to create compact structures by using
techniques derived from the art of origami.* They have also used specific folding
techniques to create movement using very little space.'% 12 Uses for these machines

include surgical tools,*® solar panel arrays,® release mechanisms,'* and robot



construction®®. The benefits of these devices are their ability to move between a flat
geometry (deployed) and a complicated 3D structure (folded) while keeping the part as
simple and as small as possible.® 11 13-14

The most common self-folding structures are composite materials bound by a
single joint where each material has a different coefficient of thermal expansion.® A
structure’s degree of actuation is determined by the difference in elongation, causing
internal stresses which bend the film. These cantilever systems are commonly used in
small electronic devices as a method of monitoring temperature®2® or to manipulate
objects'®*°. This type of self-folding material is easily modeled by equation 1 below
where k is the curvature, E is the elastic modulus, h and H are the heights of the
deposited material and substrate, and Ae is the change in strain.?’ This equation is
general enough to be used for any bilayer bending film.2°

~ 6 E; E; (h+ H) h H Ae
T E2R*+4E,E, h*H + 6 E, E, h?H? + 4 B, E, h H® + E2 H*

Equation 4.1: finding the curvature of a bi-metallic strip.?

Other common mechanisms for self-folding include the use of two materials with
different swelling behaviors.> 8 2122 This mechanism is similar to the thermally activated
structures; however, the stress is produced by a difference in swelling in water or other
liquid. There are numerous applications for such a film, including self-assembling as
discussed above,?! shape memory,? smart valves,® and detection of different solvents®.
Another possible model for actuation of swelling-based materials is given as equation 2.2

This equation was created using poly(ethylene glycol methacralate) blended with
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poly(ethylene glycol dimethacrylate) as the swelling layer and chitosan as the non-

swelling layer.?

1
3 ta? tyv
3 _ a“a bYp __ 2
3 (vb 1) T +ta F L 1](ta+tb)

ymax -

E.t?  Ep tb]
Epts  Eqtg

(vb—l)tg*[4+6*§—z+4*%+

Equation 4.2: finding the maximum bending of swelling based composites.?? t is

the thickness of each layer, v is the volume swelling ratio, and E is the elastic modulus.

Cellulose nanocrystals (CNCs) have several unique properties, such as their
swelling mechanics, which have recently been of particular interest.>* CNCs have two
very useful properties for creating a self-folding material. They increase the Young’s
modulus when dry and reduce it when wet, and they have aligned hydrogen bond sites,
which allow for higher levels of swelling.?* 2526 \We report what | believe could be a
method to create a bilayer film which bends due to a difference in swelling behaviors
created by a functional gradient of concentration of CNCs in thermoplastic polyurethane.
4.3  Materials

N-N Dimethylformamide (DMF) and phosphoric acid were purchased from
Sigma Aldrich. Elastollan Soft 35 thermoplastic polyurethane was obtained from BASF.
Texin RXT70A thermoplastic polyurethane was obtained from Covestro. DI water was
filtered in the lab. Commercially available wood-based cellulose nanocrystals (CNCs)
were purchased from the University of Maine Nanocellulose Facility. Whatman filter
paper was purchased from Fisher Scientific.
4.4.1 Preparing pressed films

First, films of CNCs in Texin were created by solution casting. The Texin was

dissolved in DMF at a concentration of 50 mg/mL. CNCs were dispersed in DMF at
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various concentrations and sonicated for 2 hours to remove aggregates. Films were then
cast by combining the CNC dispersion with the Texin mixture at a concentration of 10,
20, 30, 60, 90 wt% CNC. The films were cast in a vacuum oven at 80 °C overnight.
Similarly, films were cast out of pure Texin TPU. The pure polyurethane films were
clear and flexible, while the films that included CNCs were cloudy and were notably
stiffer, as expected.

Once the films were dried, each composite film was pressed against a pure
polymer film using a uniaxial press using 2 tons of force at 80 °C in a stainless steel
mold. The resulting bilayer films showed good adhesion to one another.

4.4.2 Testing pressed films

The 60 wt% CNC film showed a good degree of actuation in a short time (as
shown in figure 4.1); however, the actuation was only semi-reversible and did not
reactuate. None of the other films showed as drastic of a result, though almost all films
did have some actuation. | believe that the high level of CNCs increased the amount of
water that could be held in the composite. As the amount of water that the composite
held increased, so did the actuation. The 90 wt% film did not have enough polymer to
hold the CNCs in and | noticed loose CNCs in the water. Once dried, the CNCs did start

to move back to their original shape, but stayed partially bent.

Figure 4.1: 60 wt % CNC film before water was added (left), 15 minutes after water was
added (center), and one hour after water was added.
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The first problem was that the film did not bend back all the way, especially at
high concentrations of CNCs. | believe that the composites started to bend back as the
water left, but the composite became more stiff as the water left and the stiffness
increased again. Unfortunately, the film becomes too stiff to totally return to its original
shape. | determined that | need to make films with less than 20 wt% CNCs because films
with more than that did not fully reverse actuation. In order to increase the amount of
movement with lower water intake, more interface area could be used to increase the
bending angle.

45 3D printing
4.5.1 Preparing printing films

Several designs were considered to create a structure with a larger interface
between the pure Texin TPU and the CNC composite. Eventually, a structure where a
block of composite surrounded on three sides by pure TPU was decided upon. This
design was chosen for its relative ease of manufacturing combined with its high interface

area. A model of the design is shown below in figure 4.2.

Figure 4.2: A computer model showing the structure of the bi-layer film. The green area
represents the CNC composite while the blue area shows pure polyurethane.

In order to make the relatively more complex design, | determined that extrusion-

based additive manufacturing would be the best method. | chose this method because it
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is relatively easy to make many different sample geometries, Convestro recommends
extrusion to process Texin, and Dr. Bortner’s research group has done research with
CNC/Texin composites using such printers. | used the same method as discussed in
section 4.4.1 to make a larger batch of 20 wt% CNC composite. The resulting film was
chopped into pellets and extruded at 190 °C to make a filament for printing. A creator
pro flash forge dual extrusion 3D printer was used to print the structure. The goal was to
print several thicknesses of the composite part to determine the effect that layer thickness
had on degree of actuation. Because the part was 10 layers thick, | was going to have 11
samples from O to all 10 layers as composite. The samples were printed at a temperature
of 230 °C for the best result.
4.5.2 Testing printed films

The films were obviously degraded but were tested for actuation despite the

appearance. Figure 4.3 shows the degree of actuation after several days in DI water.

b |
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Figure 4.3: Composite filament before and after printing (left), and printed around TPU
in a bi-layer film in its actuating state (right).

The films actuated to about 8 degrees using 7 layers of composite and 3 layers of
pure TPU. The Texin printed well with few problems. The high temperatures degraded
the CNCs significantly leading to the black color. Lower printing temperatures were
tried but the composite became too viscous to print. Printing was done in different
atmospheres, including nitrogen and argon environments, to prevent some degradation,

but neither atmosphere prevented the print from turning black.
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The obvious problem with this was the fact that the cellulose degraded
significantly. Despite attempts to use different environments, the films could not be
printed without degrading the cellulose. The films did not bend very much due to the
lack of hydrogen bonds. We determined that using a TPU with a lower processing
temperature as well as making phosphate CNCs (p-CNCs), which have a higher
degradation temperature, would allow us to print
4.5.3 Changing the materials

p-CNCs were isolated based on the procedure outlined by Sandra et al.?’
Whatman filter paper was blended in a kitchen blender with 50 mL of water per gram of
paper. While in an ice bath, phosphoric acid was added dropwise to the cellulose pulp
until the concentration reached 10.7 M. Once the acid had been added, the mixture was
heated to 100 °C for 90 minutes. The isolated p-CNCs were removed by centrifuging and
decanting the mixture 3 times and the remaining acid was removed by dialysis for a week
exchanging the water daily. The isolated p-CNCs were a tan color and dispersed well in
water. The CNCs were characterized by thermogravimetric analysis as shown in figure
4.4. There was a single degradation curve with an onset of thermal degradation at 258
°C, which corresponds well with other p-CNC data, indicating that the p-CNCs were

successfully isolated.?’
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Figure 4.4: TGA of isolated CNCs

Capillary rheometry was done to determine if the Elastollan Soft 35 can indeed be
processed at a lower temperature than the Texin. Figure 4.5 shows that at the same

temperatures and shear rates, the Soft 35 has significantly lower viscosity than the Texin.
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Figure 4.5: Capillary rheometry of Texin and Soft 35 at various temperatures.
Composites were made out of the isolated CNCs and Elastollan Soft 35. This
polyurethane was chosen because of its lower processing temperature. The CNCs were

transferred to water by first centrifuging and decanting most of the water, replacing it
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with DMF. The remainder of the water was removed by boiling the mixture at 110 °C for
an hour. Composites were made as described in section 4.4.1 and extruded into filament
as discussed in section 4.5.1. The filament was 10 wt% CNC. The Soft 35 films were
printed under the same conditions as the Texin films.

Due to the low modulus of the Soft 35, it bent before it could be successfully
extruded, so no films were printed. In order to continue working with the new TPU, |
decided to use a stainless steel mold, uniaxially hot-press the films as two separate parts
and, use DMF to adhere the two parts together.

4.6  Compression molding
4.6.1 Preparing molded samples

In order to pursue this process, | again solution cast films of Soft 35 using the
commercially available CNCs. Using the same procedure from section 4.4.1, a film was
cast with 10 wt% CNCs. Compression molds were created by the chemical engineering

machine shop and are shown in figure 4.6. The two components were pressed at 9 tons

and 80 °C.
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Figure 4.6: Custom steel compression mold.
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The resulting films showed significant darkening from thermal degradation. To
combat this, DMF was added to the composites as a plasticizer. This allowed the Soft 35
to flow at lower temperatures so the CNCs were not degraded.

4.6.2 Testing compression molded films

The parts appeared properly shaped, so they were tested in water. Although there
was some actuation, due to the low CNC content of the composite necessary to process
them, the actuation was nearly unmeasurably small at around 1 degree of bending.

Because the polymer has to flow freely in the mold, the processing temperature
was too high for the CNCs despite the added plasticizer. There was not enough time to
do studies to see how much additive would be needed to increase the volume of CNCs
and get a better response. It is also unclear at this point if the plasticizer would have any
effect on the swelling behavior.

4.7  Modeling

Using the equations above, | decided to see how much actuation we should expect
from CNC/TPU composites. Swelling tests were done using films cast from Soft 35 and
0, 5, 10, and 15 wt% of the commercially available CNCs. The films were cast as
described in section 4.4.1. In order to use equation 4.2, which models swelling-based
composites, the degree of swelling and the Young’s modulus need to be found for various
concentration of CNCs.

Swelling behaviors varied by CNC concentration and time. Samples were dried
for 1 hour in a vacuum oven at 80 °C and 20 in Hg. After that, they were weighed and
placed into water. Every 6 minutes for half an hour, the samples were removed from the

water, dried on paper towels, and weighed. The Young’s modulus was found through
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dynamic mechanical analysis (DMA) in tension. Dog bone shapes were cut from the
films via a manual press and tested on a TA Q800 by increasing the force by 0.5 N/min.

As expected, the weight gain from water and stiffness increased as the volume of
CNCs increased. There was a significant difference between the 0, 5, and 10 wt% CNC
samples, but not a significant increase in the 15 wt% CNC sample. | believe that this is
because the CNCs have already created a network by the 10 wt% mark, so water can
more easily reach most of the cellulose without having to pass though the TPU. I still
believe that increasing the amount of cellulose will continue to increase the weight gain
from water. Figure 4.7 shows the percent weight gain over time, as well as the
mechanical testing discussed previously.

With all of the properties of the films characterized, equation 4.2 was used to
create a series of predictions of the maximum height that a 1 cm long film would reach if
exposed to water for 30 minutes. This is also shown in figure 4.7 on the next page.
Based on these models, the 10% CNC films actually should have the highest actuation at
most thicknesses. | believe this is due to the swelling data being comparable for the 10
and 15 wt%, with much higher stiffness for the 15%. | believe that if more composites
were tested, composites with more CNCs would actuate more than the 10%, based on my

tests done earlier with 60 wt %.
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Figure 4.7: a) Percent mass gained after various times in water, b) Mechanical testing of
different wt% CNC composites, ¢) Maximum actuation of different thicknesses of
different concentrations of CNC composites.

4.8  Future recommendations

| still believe that it is possible to make a water-actuating film based on the
swelling behaviors of CNCs in TPU. 1 believe that using additives will help to lower the
printing temperature of higher percent CNC composites that will be able to show good
actuation. There are several good plasticizers to choose from for TPUs. | used DMF

because it was readily available to me in a short amount of time, and it works well, but
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because at higher temperatures it can evaporate and cause health problems, I do not
recommend using it in this project without good ventilation.?® A much better option
appears to be Benzoflex, a benzoate ester that is commonly recommended and lacks
many of the same health hazards as DMF. There has been research into even less
dangerous additives for polyurethanes, such as diurethanes, that can reduce the
processing temperature and can provide other improvements such as increased strength.®
| believe that after studying the effects of such plasticizers, it could lower the melt
viscosity of the CNC/TPU composites enough that even higher weight percents can be
printed without thermal degradation.

By reducing the printing temperature, higher wt% CNC composites can also be
printed without degrading. | would not recommend going all the way up to 60% CNC
due to the lack of reversibility. The first goal should be to use plasticizers to print a 20%
CNC composite. Once that is accomplished, then studies can be done to determine the
effects of layer thickness and amount of cellulose on bending action. Other studies could
be done to determine if the plasticizer changes the stiffness or swelling behaviors of the
polyurethanes.

When films finally do get made, | expect to see higher wt % CNC composites flex
more, especially at higher thicknesses, but be less reverseable. Being able to change the
deflection by both concentration and thickness will help to optimize the material for
potential stiffness and actuation requirements.
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Chapter 5: Conclusions
5.3 Conclusions

This thesis has found a number of conclusions. The first is that cellulose nanocrystals
(CNCs) can be isolated from pistachio shells. We have further determined that the CNCs thusly
isolated had a high aspect ratio, low crystallinity, and low surface charge density. We reported a
procedure for high-yield isolation of the CNCs from pistachio shells utilizing sulfuric acid
hydrolysis. We further discovered that such CNCs can be used to reinforce composites.

We have also concluded that CNC composites can, if structured properly, be used to create a
smart composite. Such a material will bend when water is added due to the swelling behaviors
of the different components of the system. Although there is more work to be done to find the
correct method for processing the composite using plasticizers, | believe that it should be very
possible.

5.2  Outlook

Despite not having finalized the method of creating an actuating film, this thesis was
successful in both of its goals. | did manage to find a new source material for CNCs, and we did
determine a novel use for CNCs in creating a water-actuating hinge. | hope that this work will
improve the market for CNCs by providing pistachio shells as a new viable, high yield feedstock
material. | also hope that creating new and exciting uses for CNC-based composites will help
grow the demand for CNCs. More work in both of these categories will further help to grow the

market for CNCs and help their commercialization.
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