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ABSTRACT

Salt hydrates have demonstrated thermal energy storage capabilities via reversible bonding
of water molecules. Materials exhibit an energy density of 400-870 kWh/m?, operate at low
temperatures (<150°C), are generally low-cost, but are prone to degradation. Previous efforts to
improve stability have primarily focused on impregnating a porous host matrix with salt. However,
salt expansion during hydration leads to degradation of the host matrix and salt leakage. Cellulose
nanocrystals (CNCs) have shown promise in strengthening the structural frameworks of
composites across numerous applications. CNCs have generated significant interest due to their
high mechanical strength, high aspect ratio, high surface area, liquid-crystalline nature, and
hydrophilicity, which support interaction between salt and water. CaClz2, MgSOs4, and SrCl> were
employed in the study, as well as several blends of species (MgSO4:SrClx; SrCl2:CaCly;
MgS04:CaCl2). Salts and CNCs are combined to produce composites with varying mass ratios
(60:40, 80:20, 90:10). Material performance is evaluated using simultaneous thermal analysis.
SrCl2:CNC and SrCl2:CaCl2:CNC (SrClL2:CaCl2-90:10) are the most promising materials that were
developed based on energy density and uniformity. SrCl2-based formulations possess high energy
storage capabilities exceeding 600 J/g and demonstrate unique interactions with CNC through
water molecules. CNCs were produced from waste sugar beet pulp (SBP) to develop a more
sustainable and cost-effective process. SBPCNC-containing formulations exhibit lower energy
density than those using control CNC, attributed to reduced purity, zeta potential magnitude,
crystallinity, and a larger aspect ratio. FTIR results indicate that the salt: CNC chemical interaction
is mediated by electrostatic forces between CNC and the water molecules of the salt hydrate. The
interpretations are supported by Raman spectroscopy, which also indicates unique salt: CNC lattice
vibrations and/or CNC effects on water vibrations—the hydrophilic properties of CNC increase
drying resistance by binding free water and water molecules in salt hydrates. The composite
materials form through mechanical and electrostatic interactions, with strong chemical affinity
between the components, which supports material stability.

Keywords: Salt hydrates; Cellulose nanocrystal; Composite development; Thermal energy
Storage; Thermochemical material



CHAPTER ONE

INTRODUCTION

The need for reliable, long-term energy has been steadily increasing globally, driving
efforts to replace the dwindling fossil fuel resources with sources that may slow the rate of global
carbonization. By doing so, the efficiency of energy use in infrastructure may be enhanced either
by replacement or the construction of a system in which a combination of energies is employed.
Sources such as wind, solar, hydro, and biomass have received significant attention in recent years
as the primary methods for decarbonization [1]. However, concerns such as reliability,
accessibility, and cost have decelerated the development of these technologies since their
emergence [2]. Alternative forms of renewable energy, such as thermochemical systems, have
received recent attention as novel means of harnessing energy that can be stored and subsequently
released through reversible reactions [3]. Supplementing energy systems with sustainable sources
has become a universal effort as the rate of global carbonization increases annually. Numerous
nations have prioritized decarbonization efforts to reduce CO2 emissions.

Thermal energy may be stored via three known pathways: latent, sensible, and
thermochemical [4]. Latent storage occurs when energy is drawn from the surroundings to induce
a phase change in a material [5]. Sensible storage occurs when the temperature of a material
increases due to heat diffusion from its surroundings [6]. These pathways are commonplace but
less efficient than thermochemical pathways, which involve chemical reactions that are usually
reversible [7]. The benefits of thermochemical energy storage (TCES) include, but are not limited
to: greater energy density, long-term storage, and minimal heat loss [7]. Salt hydrates generally
undergo reversible thermochemical reactions with water, involving hydration (discharging) and

dehydration (charging) [8]. The relationship is represented below by the following equation in



which 4/B is the cation/anion pair, x/y are the quantities of atoms that form the neutral salt, and n

is the moles incorporated into the hydrate structure:

Eq.1

AyBy, + nH,0 < AyB,, -nH,0 + heat

Salt hydrates are not only naturally rechargeable but also rarely hazardous and emit no
COz. The hydration process results in the incorporation of water molecules into the salt's crystal
lattice, which ultimately releases heat as a byproduct of bond formation [9]. The dehydration
process requires energy from the surrounding material to break these bonds. The release of heat
associated with hydrate formation may be accomplished by simple immersion and solvation of the
binary salt, which is often highly soluble [10]. However, TES systems involving these
thermochemical materials (TCMs) are more efficiently driven by the adsorption of water vapor
[11]. The reverse reaction is customarily achieved by evaporation or desorption. The storage and
subsequent release of thermal energy by these materials is desirable due to high energy density
(latent heat per unit volume), small volume change between dehydrated and hydrated phases,
relatively high thermal conductivity, and low toxicity [12, 13]. These benefits, along with the mild
operating conditions associated with the use of hygroscopic salts for TES, have encouraged more
research into the numerous candidates known to exist (MgSOa4, CaCl2, StrBr2, etc.) [14]. The
energy density of these materials may be defined as the energy produced by the heat released
during the complete hydration process per unit volume and is often reported as kWh/m? [15].

Factors that are known to affect the energy density of these materials include, but are not limited



to: reaction enthalpy (per mole H20), adsorption rate, adsorption capacity, and thermal
conductivity [16].

The hydration mechanism of hygroscopic salts has been proposed to occur in 2 key stages:
the adsorption of water vapor from the atmosphere onto the material surface, followed by the
inclusion of water molecules from the surface into their final lattice positions [17]. It is the second
step, which may be defined as rate limiting. Salt hydrates often exhibit intermediate or partially
hydrated phases in which a stable lattice forms between the anhydrous and fully hydrated phases
[18]. All phases are accessible via water adsorption, but deliqguescence may occur beyond the fully
hydrated phase [19]. Moreover, the deliquescence point varies among salts, so some salt hydrates
are more appropriate than others for TES applications based on their water-adsorption properties.
The reaction enthalpy, which defines the energy released, is the heat produced by the conversion
of salt TCMs from an anhydrous state to their fully hydrated solid state [20]. This is known as the
hydration enthalpy (AHnyd); initiated by the onset of hydration and terminated by the onset of
solvation [21]. AHnyd is best determined by hydrating the subject material to the maximum water
uptake prior to deliquescence. The hydrated material is then dehydrated by differential scanning
calorimetry (DSC) to calculate the energy required to isolate the adsorbed water [22]. Complete
hydration of these materials is accelerated by reducing particle size, thereby increasing surface
area and creating more adsorption sites [23]. Therefore, it is more beneficial to use salt hydrate
crystals with a lower particle size distribution (i.e., submicron) for TES [24].

The interactions between salt ions and water molecules in the formation of hydrated states
are most similar to the bonding of ligands to a metal center. The water molecules act as ligands
and surround the metal cation of the salt, forming dative bonds, a type of polar covalent bond in

which the same atom donates both electrons. These dative bonds form between the oxygen atoms



of water molecules and the metal cation of salts, with the donating atom being the water oxygen
[25]. Water molecules also interact with salt hydrates through strong ion-dipole interactions and
hydrogen bonding with some anions (e.g., SO4*). However, it is dative bonds that establish water
molecules as integral parts of the crystal structure. There are two varieties of water molecules in
salt hydrates: adsorbed water and crystallized water. Adsorbed water attaches to the surface of salt
hydrates by a physical adsorption event and may be detached via heating, whereas crystallized
water is bound via dative (and hydrogen) bonding. The ion-dipole interactions assist in the initial
coordination of water molecules in salt hydrates, as the partial positive charge of hydrogen in water
molecules is attracted to the salt anion, and the partial negative charge of oxygen is attracted to the
salt cation. These interactions initially form a hydration boundary around individual salt ions,
which eventually become fixed within the solid salt lattice as dative bonds form.

As salt hydrates increase in hydration state, their crystal structures change and are
commonly less dense than in the anhydrous state. The materials generally exhibit a noticeable
volume change during phase change. However, it is usually lower than that of many organic
materials used in thermal energy storage devices (such as paraffin wax or fatty acids) [26]. The
expansion is a direct result of the density difference between the hydrated and anhydrous phases
of the salts, as water molecules occupy space within the newly formed crystal structure. The extent
of the volume change may be approximated from differences in molar mass and density between
the anhydrous and hydrated states, and varies among salts. For example, the volume change in
CaCl: is reported as high as 15% (from anhydrous to hexahydrate) while the volume change of
KF2 s reported as only 0.55% (from anhydrous to tetrahydrate) [27]. Moreover, the expansion of
crystal structure can be an issue in applications such as TES, as repeated stress from these volume

changes can cause salts to break down via swelling, cracking, and, in some cases, pulverization.



These physical changes are known to reduce the TES performance of salt hydrates by creating a
less efficient structure for heat transfer and diffusion, ultimately decreasing energy storage
capacity over long-term cycling [28].

Research has attempted to address these issues by developing composites that better
withstand volumetric changes and resist physical degradation, thereby improving the long-term
stability of salt hydrates in TES. These materials may be confined and stabilized in a host matrix
or composite structure to mitigate these issues, which can be achieved through external or internal
structural support. For example, Zhou et al. reported a composite system comprising
Al2(SO4)3-18H20 and FeSOs4-7H:20, stabilized with carbon nanotubes (CNT). After 100
dehydration cycles, the particles containing CNT did not exhibit any volume expansion or
cracking, whereas the particles without CNT did [29]. The stabilizing effect was attributed to the
formation of a network of CNT throughout the salt blend. These findings emphasize the benefits
of developing salt hydrate composites with an internal stabilizing network rather than an external
one (e.g., encapsulation or a porous host matrix). Ideally, composites should exhibit high heat
storage density, low volume expansion during phase change, chemical stability, and energy
savings. Additionally, materials should be odorless, nontoxic, and nonflammable. The purpose of
composites is to address the shortcomings of salt hydrates alone when it comes to thermal energy
storage, particularly material cycling.

Salt hydrates have demonstrated thermal energy storage (TES) capabilities via reversible
bonding of water molecules. Materials are generally low-cost and exhibit high energy density via
reaction with an abundant resource, but are prone to degradation over use. The development of
composites using various additives has been explored to produce TES materials with greater

stability during hydration-dehydration cycles. The creation of salt TCM composites has developed



as a means to enhance energy output and cycling stability by increasing the surface area of the salt
crystals and offering structural support [30]. Previous efforts to extend the stability of salt hydrates
have primarily focused on impregnating salt into a porous, rigid host matrix (e.g., activated carbon
foam) [31]. However, the expansion of salts during hydration has led to degradation of the host
matrix and salt leakage [32]. It has also become apparent that diffusion of water within these
porous composites is limited by the quantity and size of pores [32]. Although the use of these
frameworks for TES materials has improved characteristics such as adsorption/desorption rates
and stability, the long-term stability desired is still not achieved, and energy density is even
reduced due to lower adsorption enthalpies of the host matrices [33, 34]. Impregnation of CNC
into salt TCMs may fully expose and even enhance the number of adsorption sites by increasing
the material's surface area. Therefore, the addition of CNC is hypothesized to enhance salt
performance while minimizing reductions in energy density.

CNCs are nanoparticles commonly extracted from woody biomass via acid hydrolysis
methods [35]. These nanomaterials have generated significant interest in recent years due to their
high mechanical strength, high aspect ratio, high surface area, and liquid-crystalline nature [36].
CNCs may also undergo chemical surface modification to adjust their properties [37]. For these
reasons, CNC has been selected as a nucleation agent for the formulation of salt:CNC composite
materials for TES. The dimensionality of CNCs makes them suitable for use as nucleation agents,
with an average width of 5-20 nm and a length of 100-600 nm [38]. Its water-stable crystalline
form allows reliable nucleation of salt crystals while providing structural support to prevent
deliquescence [39]. Moreover, CNC provides additional assistance to salt hydrates by enhancing

material hydrophilicity, which may increase adsorption rates and/or induce adsorption at lower RH



[40]. For these reasons, CNC is used to promote nanoscale crystal growth of TCMs and to improve
their stability and water-uptake capacity.

Furthermore, the use of CNC maintains the low toxicity of study materials and provides an
opportunity to produce a high-value product from otherwise waste organic matter [41, 42]. The
addition of CNC further supports sustainability by using renewable materials. Lastly, optimizing
materials for climate regulation has significant potential to conserve energy and reduce costs.
Cellulose nanocrystals (CNCs) have shown promise for strengthening structural frameworks in
composites across a broad range of applications. Additionally, the hydrophilicity of CNCs
enhances salt performance by facilitating interactions with water. It is suggested that TES capacity
and stability of salt hydrates may be improved by CNC impregnation.

The material function of salt:CNC composites is based on the energy storage capacity of
the salt hydrate component, whereas the CNC serves as a structural support to maintain cycling
stability. The hydrophilicity of CNC is also expected to enhance the diffusion of water molecules,
thereby improving the maximum TES capacity of the salt fraction. Lastly, CNC is characterized
by a water-stable crystalline form, so nucleating the salt crystals with CNC provides deliquescence
resistance during water uptake by preventing total loss of crystal structure. Electrostatic
interactions between salt ions and CNC result in the formation of an electrical double layer of salt
ions around CNC particles. Therefore, there is a persistent internal network that aids structural
support and prevents material degradation (i.e., salt deliquescence). These discoveries are
especially evident in salts that are particularly prone to deliquescence, such as CaClz, and extend
the cycling stability of additional salts, such as SrCla. Moreover, material strengths include
eliminating salt leakage concerns by exploiting an internal structural support matrix rather than an

external one (i.e., expanded graphite). Still, these composite materials pose several real-world



challenges that remain to be addressed, such as slow reaction kinetics, low thermal conductivity,
and the identification of an appropriate reactor. The slow reaction kinetics between the salt and
water vapor are primarily due to the formation of a passivating layer of the hydrated phase on the
surface of the concealed anhydrous salt, which creates a barrier that slows further hydration. It
then becomes essential for additional water vapor to diffuse beyond the hydrated surface layer to
reach the unreacted salt beneath, and the kinetics of this diffusion are known to be much slower
than the surface reaction [43]. Therefore, the material system requires more time to store and
release heat and can even lead to an incomplete conversion of salts to their fully hydrated form
(i.e., maximum heat release). There can also be a significant difference in the temperatures and/or
pressures required to hydrate and dehydrate materials, depending on the salt, which can limit
overall TES efficiency. The solid-gas reaction may be hindered by slow diffusion of water
molecules within salt particles and/or poor thermal conductivity. Lastly, many salt hydrates are
known to be corrosive and can damage reactor components, depending on the system [44]. For
these reasons, it is important to identify the ideal materials and reactor to achieve the highest
performance of salt hydrates for TES.

To reemphasize, salt hydrates are attractive materials for TES but have shown rapid loss
of energy density after use (e.g., hand warmers). Therefore, the development and optimization of
salt-based composites are necessary to achieve acceptable efficiency and lifespan for these
rechargeable systems. The combination of salt hydrates and CNCs has not been investigated under
the lens of TES by other research groups before, to our knowledge. The performance of new salt
blends is also investigated during composite development. The primary objective is to extend the
TES lifetime of high-performing salt hydrate by impregnating salt crystals with CNC. The ability

of CNC to optimize energy storage and release of salt hydrates provides additional value to the



study. Simultaneous objectives are to identify and develop promising salt:CNC candidates that
offer stable, long-term energy storage (90% thermal reliability over 5000 cycles), high energy
density (>250 kWh/m?), and increased adsorption rate for climate regulation. In addition, the study
aims to establish a novel application of CNC by harnessing its structural and hydrophilic properties
to enhance energy storage capabilities. Process sustainability and cost reduction are demonstrated
by using sugar beet pulp (SBP) waste as feedstock for CNC production provided by American
Crystal Sugar.

The novelty of the work lies in using cellulose nanocrystals as an internal framework to
stabilize salt hydrates during hydration-dehydration cycles, a strategy that, to our knowledge, has
not been attempted before. It is found that the salt: CNC composites can extend the cycling stability
of salt hydrate TES more than any other composite tested so far. Moreover, salt:CNC composites
are characterized using various analytical techniques to understand component interactions better
and optimize material performance. Although other salt hydrate composites have been developed
to address the previously discussed challenges, there is little research on the interactions among
composite components. The data and interpretations presented in this work provide a more
thorough understanding of how salt hydrates may be stabilized during long-term cycling and
elucidate how CNC contributes to salt hydrate TES performance. The research schematic begins
by identifying promising salt hydrates and salt blends for thermal energy storage. These salts are
then used in composite development with cellulose nanocrystals to form materials to be tested
alongside salt controls. Material testing includes quantifying dehydration enthalpy as a measure of
energy density and cycling materials to determine whether CNC impregnation extends the
performance lifetime. The composites are then characterized using various analytical techniques

to determine how CNC affects the performance of salt hydrates in TES.
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Abstract

As global energy demand increases, there is a concerted effort to replace expensive and
hazardous sources with renewable energy systems. In 2022, the U.S. reported total energy use of
approximately 100.4 quadrillion BTUs, with buildings accounting for a significant share (29%).
In response, the energy sector has faced challenges in reducing costs and extending the lifespans
of sustainable energy storage devices. Salt hydrates have demonstrated thermal energy storage
(TES) capabilities via the thermochemical pathway, through reversible bonding of water
molecules, and the latent pathway, through reversible melting and crystallization. Promising
candidates have demonstrated energy densities ranging from 400 to 870 kWh/m? and low operating
temperatures <150°C, but are prone to degradation with use. The development of composites using
various additives has been explored to produce TES materials with greater performance stability.
The provided review focuses primarily on TES enhancement in salt hydrate-based composites
using additives derived from biological sources (bio-composites). The bio-based additives
discussed include activated carbon, cellulose nanofibrils, cellulose nanotubes, cellulose
nanospheres, and cellulose nanocrystals. The benefits and shortcomings of bio-composites are
investigated and compared to elucidate how salt hydrate TES may be enhanced through an
environmentally friendly approach. The review also highlights novel applications of biomaterials
and their contributions towards a more sustainable future. Various properties related to TES
performance are discussed, such as phase and cycling stability, hydration ability (hydrophilicity),

energy storage capacity, and thermal conductivity.

Keywords: Salt hydrates; Biomaterials; Carbon nano additives; Composite development;
Thermal energy Storage; Thermochemical material
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Abbreviations PS Polystyrene
PW Parrafin wax

AC Activated carbon RH Relative Humidity
ACF Activated carbon foam SAT Sodium acetate trihydrate
ACP Activated carbon particle SES Sensible energy storage

Ceo Carbon 60 SWCNT Single-walled carbon nanotube
CMC Carboxyl methyl cellulose TCES  Thermochemical energy storage
CMF Cellulose microfiber/fibril TCM  Thermochemical material
CNC Cellulose nanocrystal TES Thermal energy storage
CNF Cellulose nanofiber/fibril TGA  Thermogravimetric analysis
CNT Carbon nanotube wt. weight
CNS Carbon nanosphere

CO Coconut oil Symbols
DSC Differential scanning calorimetry Cy Heat capacity

DSP Disodium phosphate AH, IS][;[j:ledard reaction enthalpy per
FTIR Fourier  transform infrared AHL Crystallization enthalpy

spectroscopy
LES Latent energy storage AHp Melting enthalpy
MWCNT  Multi-walled carbon nanotube Do Standard pressure
MCNC Metal-grafted cellulose Peq Equilibrium partial pressure
nanocrystal

MAH Maleic anhydride R Ideal gas constant

NP Nanoparticle AS, Standard reaction entropy per mole
PCF Phase change fiber T Temperature
PCM Phase change material T. Crystallization temperature
PEG Polyethylene glycol T Melting temperature

T Solidification temperature
Introduction

As demand for reliable, long-term energy has increased, efforts are underway to replace
dwindling fossil fuels with resources that may slow the rate of global carbonization. The
development and application of renewable energy have become increasingly necessary to displace
reliance on environmentally hazardous sources (e.g., petroleum) or to minimize use by

supplementation [45]. Sources such as wind, solar, hydro, and biomass have received significant
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attention as primary methods for decarbonization. However, they are met with concerns of
reliability and accessibility in addition to cost and the need for storage [46]. Thermal energy
storage development has primarily focused on phase changing and thermochemical systems [47].
However, thermochemical energy storage systems have received more recent attention as novel
means of harnessing energy by reversible reactions [48]. There is great potential in the energy
density that can be generated per unit volume of material, which eases cost constraints. Still,
materials that can operate under mild conditions are needed to address the remaining concerns.

Salt hydrates have become an attractive material for use in thermochemical systems due to
their ability to store latent energy through a reversible reaction with water [49]. The
thermodynamics of the adsorption and bonding of water to these materials is similar to transitions
such as freezing and melting. However, temperature has an inverse effect: as the material (or its
environment) cools, the condensation or adsorption of atmospheric water vapor onto the material's
surface is encouraged. Adsorption of water may also be driven by the surrounding relative
humidity (RH). The hydration process occurs by incorporating water molecules into the salt crystal
lattice, which ultimately releases heat as a product of bond formation [49]. The dehydration
process requires energy from the surrounding material to break these bonds, which can be provided
by heating. The storage and release of thermal energy by these materials is desirable due to high
energy density (heat per unit volume), small volume change between dehydrated and hydrated
forms, and low toxicity [49]. These benefits and mild operating conditions have encouraged broad
research into the numerous candidates known to exist (MgSOs4; CaClz; SrBr; etc.) [50].

In addition to investigating individual salts, the fabrication of composites has advanced to
enhance energy output and cycling stability, primarily by reducing salt crystal aggregation and

providing structural support [51]. Most TES salt hydrate composite research has employed an inert,
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porous host matrix to provide submicron pockets for crystallization [51]. Although the use of these
frameworks in TES materials has improved characteristics such as water uptake/release rates and
rechargeability, complications in other important properties remain (energy density,
deliquescence, etc.) [52]. Investigations into ideal materials and other methods to improve the use
of salt hydrates in TES systems continue; the current state of the field and knowledge are discussed,

particularly recent technological developments in composites.

TES Pathways

Thermal energy may be stored via three known pathways: latent, sensible, and thermochemical
[46]. Latent energy storage (LES) is expressed when energy is drawn from the surroundings to
induce a phase change in a material. Sensible energy storage (SES) is expressed when the
temperature of a material is raised by the diffusion of heat from its surroundings. These pathways
are common but less promising than thermochemical energy storage (TCES), which involves a
reversible chemical reaction that can produce heat. Among these reactions that offer TCES, there
is a subcategory that may operate via the adsorption of gaseous species, such as water vapor. Salt
hydrates exhibit the process via water adsorption [49]. The benefits of TCES include:

1. Greater energy density

2. Long-term storage

3. Minimal heat loss
Although TCES is the most promising method for TES, the vast majority of modern research has
focused on LES systems, mainly because of their simpler design. An LES system comprises three
primary components: a phase change material (PCM), a container for the PCM, and a heat-

exchange surface between the PCM and the heat source/sink [52]. PCMs are materials that undergo
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a phase transition. However, PCMs of interest are limited to materials that exhibit a solid-liquid
phase transition at moderate operating conditions (< 100°C). The main advantages of PCMs
include:

1. High energy storage density

2. Short temperature operating range — constant temperature during phase transition

3. Vast range of materials to tailor properties to specific applications (i.e., organics,

inorganics, eutectics)

The superior popularity of PCMs is mainly due to the third advantage. The review presented
here discusses research focused on the development of salt hydrate-based PCMs. SES systems are
the simplest but are highly dependent on specific heat and perform poorly during long-term storage
[53]. Salt hydrates also provide considerably greater energy density via TCES and LES pathways.
Therefore, salt hydrate composites operating via the SES pathway are barely discussed.

In TCES, hygroscopic salts undergo reversible thermochemical reactions with water, involving
hydration (discharging) and dehydration (charging). The relationship is represented by the
following equation in which the variables 4 and B are the cation/anion pair, x and y are the
quantities of atoms that form the neutral salt, and #» is the moles incorporated into the hydrate

structure:

Eq.1

AyBy, + nH,0 < A,B,, -nH,0 + heat.

The release of heat associated with hydrate formation may be accomplished by simple

immersion and solvation of the binary salt, which is often highly soluble [54]. However, TES
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systems involving these thermochemical materials (TCMs) are more efficiently facilitated via the
adsorption of water vapor [50]. The reverse reaction is customarily achieved by evaporation or
desorption. TCES is not only the optimal pathway for TES due to the previously stated benefits;
the possibility of storing energy at near-ambient conditions with minimal hazards has enhanced
the value of salt TCMs [55]. However, TCES systems have encountered drawbacks in maintaining
energy storage over long-term use (the repetitive reversible reaction of Eg. 7). Salt hydrate TCMs
are prone to material degradation or deliquescence between hydration cycles, which occur when
the adsorbed moisture is sufficient to transform the solid material into a solvated liquid. It is a
challenge to develop a salt TCM system that addresses concerns about loss of material quality over
extended use.

In LES, hygroscopic salts may be present in either the solid or dissolved state. The process
that defines energy storage in solid form is the melting transition. As salt transitions from solid to
liquid with the introduction of heat, energy is stored through an endothermic process.
Consequently, energy is released during the exothermic transition from liquid to solid, otherwise
known as freezing. The process that defines the energy storage and release for hygroscopic salts
in solution is the crystallization transition. When salt dissolves in water, energy is often released
through the exothermic process of breaking its crystal structure. Therefore, the crystallization of
aqueous salt drives the storage of thermal energy through conservation of energy. Salt PCMs have
received considerable focus in modern research, especially in the composite realm. However, the
materials exhibit the same drawbacks as salt TCMs during long-term use (repetitive phase
transition cycles). Salts hydrates lack the structural integrity to retain the latent energy of the
original crystal structure between phase changes and are therefore not suited for extended use. Salt

PCMS are also known to experience supercooling and sedimentation issues when in solution.
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Supercooling phenomena may occur when a highly soluble salt is dissolved, which discourages
the formation of its crystal structure. The output of heat does not occur at the desired temperature
or is delayed as a result. Sedimentation phenomena may occur when moderately soluble salt is
dissolved at a concentration approaching its maximum solubility. Under these circumstances,
dissolved particles tend to flocculate and sediment, causing phase instability in the salt solution.
The reduction in dissolved particles results in a loss of energy storage during the crystallization

transition.

Adsorption — TCES Pathway

Adsorption in salt TCMs involves the binding or condensation of vapor onto a solid
substrate and is accompanied by the simultaneous release of energy via the formation of chemical
bonds [56]. The energy capacity is defined by the chemical potential associated with bond
formation [57]. The laws of thermodynamics govern the direction of a reaction and are a
combination of enthalpic and entropic effects, with enthalpy correlated to the given chemical
potential [58]. Hygroscopic salts often exist in hydrated form due to atmospheric humidity, in
which the materials in the subclass reach equilibrium with surrounding water vapor. For example,
Sogiitoglii et al. reported in 2019 on the adsorption performance of various salts that exhibit
reversible hydration behavior, such as CuClz, K2CO3, MgClz, and LiCl [59]. The experiment
(performed at a vapor pressure of 10 mbar) provided evidence of earlier hydration in LiCl and
MgClz than in K2CO3 and CuClz when cooled from 65°C to room temperature. These differences
in salt hydrate TCMs, among others (e.g., energy density), require careful investigation of what is
available to determine the materials best suited for TES. Adsorption in salt hydrate TCMs enables

heat release from the induced crystal transformation. Many compounds within the subclass also
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experience intermediary or partially hydrated phases in which there is a stable lattice formed
between the anhydrous and fully hydrated phases. All phases are accessible through adsorption of
water vapor, but risk deliquescence beyond the fully hydrated phase [55]. The deliquescence point,
in terms of relative humidity (RH) and water uptake, has been known to vary between hygroscopic
salts. In 2018, Sato and Hattanji reported on the varying deliquescence (v. RH) of several rock
types containing differing salts: NaCl, Na2SO4, and MgSO4 [60]. The practical deliquescence
relative humidity (DRH) at 20°C was found to be 75.6% for NaCl, 83.3-95.1% for Na2SOa, and
92.7% for MgSOa4. However, the study also reported that NaCl has a greater water-uptake capacity
than both sulfate salts, due to a lower relative viscosity after solvation. The impact of increased
viscosity post-deliquescence slows the rate of hydration results and ultimately leads to less
adsorption over time.

The hydration mechanism of hygroscopic salts has been proposed to occur in 2 key stages [61]:

1. Adsorption of water vapor from the atmosphere onto the salt surface

2. Inclusion from the surface to the final lattice position
It is the second step, which may be defined as rate-limiting: the adsorption of water onto MgSO4
and Na2SO4 had slowed significantly following the initial hydrating phase. The equilibrium partial
pressure (peg) defines the threshold concentration of water vapor to initiate adsorption and is
determined by the following equation in which po is standard pressure (Pa), R is the ideal gas
constant (J mol'' K1), T is temperature (K), and AS,/AH, are the standard reaction entropy and

enthalpy per mole of water [62]:

Eq.2

Peq = Do exp(_ASo/R)eXp (AH,/RT)
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Complete hydration of these materials is accelerated by reducing particle size, thereby increasing
surface area and creating more adsorption sites [63]. Therefore, it is beneficial to use salt hydrate

crystals with a low particle size distribution (i.e., submicron) for TES.

Mechanism of Energy Release

The energy density of these materials may be defined as the energy per unit volume
quantified by the heat released during complete hydration or a phase transition, and is often
reported in kWh/m?3. For TCMs, factors known to affect the energy density of materials include,
but are not limited to: reaction enthalpy (per mole H20), adsorption rate, adsorption capacity, and
thermal conductivity [63]. The energy density of various common salt TCMs is shown in Table
2.1. The mechanism of energy release in top-performing salt TCMs begins with exposure to water,
typically via the adsorption of atmospheric vapor. These materials have also been known to
reversibly adsorb other gaseous species, such as CO2 and NH3, but have not shown as much
potential as their relationship with H20 for energy storage [64, 65]. H2O and NH3 are known as
chemical sorbents in relation to salt TCMs and are characterized by large reaction enthalpies [66].
The use of H20O has been more common in salt-based TES systems due to familiarity and
encouraging preliminary results across a wide range of materials. The nonhazardous nature of
water provides even more reasoning to investigate these salt/H20 systems as well.

The reaction enthalpy, which defines the energy released, is the heat produced by the
conversion of salt TCMs from their anhydrous state to their fully hydrated solid state. This is
known as the hydration enthalpy (AHnyd), which spans the onset of hydration (initiation) and the

onset of solvation (termination) [67]. Rammelberg et al. showed the variety in AHnya values
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between CaO, CaClz, and MgCl2:2H20 via dual TGA/DSC analysis [67]. The pre-hydrated
materials were exposed to a constant vapor pressure of 19 hPa and a constant temperature of 30°C,
which allowed the enthalpies of each transition to be measured. Complete hydration was achieved
upon the plateau of mass. The respective AHnyd values were reported as follows: CaO = 1823 J/g;
CaCl2 = 2629 J/g; MgCl2-2H20 = 1551 J/g. Notably, CaCl2 continues to prove its value as a
component of TCMs and will be further discussed.

Table 2.1 Corresponding energy densities of common hydration steps in popular salt hydrates for
TES [19]

Salt Hydrate Hydration Step Energy Density (kWh/m?)
CaCl26H20 CaCl2'H20 + 5H20 — CaClz2:6H20 601
LaCls-7H20 LaCl3-H20 + 6H20 — LaCls-7H20 591
MgClz2-6H20 MgCl2-4H20 + 2H20 — MgCl2-6H20 307
MgSO4-7H20 MgS0O4-H20 + 6H20 — MgSO4-7H20 558
SrBr2-6H20 SrBr2-H20 + 5H20 — SrBr2-6H20 628

For PCMs, factors known to affect the energy density of materials include, but are not
limited to, crystal nucleation rate, crystal growth rate, specific heat, thermal conductivity, and
congruent v. incongruent melting. Congruent melting of hygroscopic salts occurs when the salt is
soluble in its hydrated water at melting. In contrast, incongruent melting occurs when the salt is
not fully soluble in its water of hydration at the melting point. Semi-congruent melting may also
occur, in which the solid and liquid phases during melting have different compositions due to the
transformation of salt hydrates to less-hydrated forms (such as MgClz in Table 2.1). The energy
density of various common salt PCMs is shown in Table 2.2. The mechanism of energy release,
as previously described, is initiated by material cooling. The solid-liquid transition is most popular
because of its minimal volume change between phases and its lower transition temperature than
other phase transitions, such as liquid-vapor or liquid-gas. Solid-solid transitions are common

among salt hydrates but are known to have a lower transition energy than the heat of fusion. The
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enthalpy of fusion, which defines the energy released, equals the heat transferred to the
surroundings as the PCM transitions from liquid to solid. Consequently, thermal energy is stored
when heat is supplied to a PCM, causing it to change state from solid to liquid. The PCMs should
be included in the review, as significant research has been published on the development of PCM
composites using bio-based components, such as cellulose derivatives. However, the primary

focus of the discussion is given to TCMs for the aforementioned advantages.

Table 2.2 Corresponding melting point and enthalpy of common PCMs for TES [68]

Material Melting Point (°C) Melting Enthalpy (kWh/m?)
Water 0 85.1
CaCl2-6H20 30 59.4
NaCH3CO2-3H20 58 106.7
MgCl2-6H20 117 65.4
Na2S04-10H20 32 74.3
Materials

Pure Salts and Salt Blends

The basis for all thermochemical salts that are still common in research today is their
associated energy density and material cost. N’ Tsoukpoe et al. performed an exceptional screening
of popular salt TCMs in 2014, which remain heavily involved in research today [69]. The study
initially evaluated 125 different salt hydrate materials for household/commercial use, including
their safety, toxicity, flammability, and other significant hazards. The primary screening had
reduced the initial list from 125 compounds to 45. The remaining candidates were further evaluated
using basic TGA techniques to verify the reversibility of dehydration. The secondary screening
had further reduced the list of potential candidates from 45 to 17. These 17 promising candidates

among modern salt TCM research include: Alx(SO4)3-18H20; CaBr2:-6H20; CaClx-6H20;
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Ce(S04)2:4H20; K2CO3-1.5H20; KOH-2H20; LaCl3-7H20; La(NO3)3-6H20; LiCI-H20;
LiNO3-3H20; MgBr-6H20; MgCl-6H20; MgSO4-7H20; NaxS203-5H20;  SrBr2-6H:20;
SrCl2-6H20; Zn(NOs3)2-:6H20. These salts exhibit significant reversibility between hydrated and
dehydrated phases at 100°C and therefore meet the necessary criteria for use in TES systems.
Additional salt hydrates may also demonstrate proper behavior for use as TCMs [70]. However,
the aforementioned materials have been most commonly reported in studies and continue to be
investigated individually or in composite systems to optimize their use [71].

Recently, the formation of salt blends from promising TES candidates has enabled the
tailoring of desired material properties, such as thermal stability, deliquescence conditions, and
energy density. Li et al. demonstrated the technique in 2020 by developing a MgS04:SrClz
composite salt for low- to mid-temperature TES [72]. MgSO4 tends to deter water adsorption by
forming a viscous film on the material surface, leading to incomplete hydration and reduced
adsorption capacity. SrCl2 exhibits exceptional properties for TCM applications and operates at
optimal conditions (<100°C), but it is not nearly as cost-effective. The investigation concluded
that the composite salt showed overall improved performance. Compared with the individual salts,
MgS04:SrCl2 (20:80) exhibited higher water uptake, a lower desorption temperature, and a higher
energy density, while reducing material cost. Additionally, the salt blend demonstrated improved
stability between hydrated and dehydrated states, maintaining 75.1% of its original heat storage
capacity after 20 cycles, outcompeting the pure components.

Since their initial realization, many investigations into the performance of salt hydrates as
TES materials have successfully narrowed the options to a few suitable for applications. Although
the energy density among promising candidates is acceptable, as are the operating conditions, the

primary concern that remains is the reduction in energy density between cycles or material
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degradation [73]. A secondary concern is the thermal conductivity of the final product [74]. As
reported by Li et al., the stability of salt TCMs can be extended by forming a composite material
comprising multiple components. The MgSO4:SrCl> composite salt shows promise for material
development among known salt hydrates that may function as TES materials, but still demonstrates
a significant reduction in heat storage capacity over repeated cycling. An array of novel research
since then has delved into the formation of various salt-composite TCMs containing components
that may provide additional structure, such as porous host matrices or nucleation/thickening agents
[75]. The review that follows focuses on studies in which the performance of salt PCMs and TCMs
has been improved by combining them with a component sourced from biological materials
(biocomposite). Attention has been given to bio-composites because of their contributions to

sustainability and hazard prevention, as well as reducing material costs [76].

Bio-based Composites

The development of composite TCMs using hygroscopic salts has opened many new
avenues of research for optimizing material performance. The benefits of these composites may
include, but are not limited to: degradation resistance and reduced phase segregation, enhanced
thermal conductivity, increased specific surface area, prolonged cycling stability, and additional
options for material property tuning [77]. The main disadvantage of composite formation is the
resulting reduction in energy density due to the introduction of a non-salt component. Material
types such as porous host matrices can provide energy by simply adsorbing or condensing water
vapor [78]. However, the primary energy density contribution of the resulting TCM is still limited
by the salt mass percentage in the final composite. The use of porous host matrices to produce salt

composites for TES has introduced additional complications, including reduced water vapor
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adsorption and diffusion kinetics due to elevated viscosity at the material surface; salts may also
cause pore destruction as they expand during hydration [79]. Porous matrices are briefly discussed
due to the popularity of the method for composite formation, but only those that may be sourced
from biological means. The remaining composites reviewed use novel additives and techniques to
enhance the stability of salt TCMs and resist deliquescence or phase separation. The influence of
these methods on other important properties, such as thermal conductivity and adsorption kinetics,

1s also discussed.

Activated Carbon

Research presented by Druske et al. uses two methods of salt impregnation to infuse the
pores of activated carbon foam (ACF) [80]. The subjected salts include CaCl: (anhydrous),
CaCl2-6H20, and KCl, as well as several combinations of CaCl2:KCl in varying mass ratios (2:1;
1:1; 1:2). Salt impregnation was accomplished by 'soaking' of host matrices in molten salts or 'wet
impregnation' via saturation of host matrices by an aqueous salt solution under vacuum. The results
show a direct relationship between impregnation success and the impregnating medium:
immersion of the host matrix in molten salt achieved a higher salt content in the final composite
than immersion in aqueous salt, or 'wet impregnation'. However, ACF could achieve only a
maximum salt content of 63 wt% due to its open-pore structure, which allows salt leakage during
impregnation and drying. The relatively low salt content reduced energy density and hindered
water uptake/release compared with CaCla. Activated carbon may also be used as an internal
component rather than an external one in TCM composites. For example, Yang et al. investigated
the use of activated carbon particles (ACP) as an additive to salt hydrates to enhance the thermal

stability, conductivity, and adsorption capacity of LiOH (monohydrate) [81]. Notably, ACP was
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found to improve water uptake and thereby increase energy storage relative to pure LiOH. The
results and properties of these salt-based composites with activated carbon are compared in Table

2.3.

Thermophysical Properties

Although wet impregnation did not achieve higher salt content in resulting composites, the
matrices submerged in molten salt experienced the least efficient adsorption kinetics. The
phenomenon is best explained by partial pore blocking. The soaking method may allow deeper
penetration of salt, but it can overfill (or, in some cases, seal) the pores of the host matrix, reducing
water vapor diffusivity. The main benefit of ACF is increased heat conduction. The thermal
conductivity of CaCl2/ACF is 1.03 W/m-K, while the value is reported as 0.54 W/m-K for CaClz
and 0.55 W/m-K for ACF. LiOH/ACP is also characterized by increased thermal conductivity, but
it is not as significant as the enhancement in CaCl2/ACF because the conductivity of pure LiOH
was reported as 1.69 W/m-K. However, using ACP offers greater benefit as an additive in salt
TCMs because of its ability to greatly enhance water uptake (and energy storage) while providing
some improvement in thermal conductivity. These findings further support the focus on internal

additives rather than an external matrix (i.e., ACF).

Table 2.3 Comparison between salt-based composites using ACF and ACP additives.

.. Salt Energy v. Pure . Water Reference
Additive  Salt Mass % Storage Salt Conductivity Uptake
ACF CaCl 63% 701 J/g ~68% | 1.03W/m-K  ~61%] Druske
ACP  LiOH  50% 1236J/g  ~87% 1 1.72 Wm'K 6% 1 Yang
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Micro & Nano-Fibrillated Cellulose Composites

Cellulose nanofibrils (CNF) and microfibrils (CMF) can form entangled fiber networks
and gel above their critical concentrations. The introduction of CNF/CMF to salt hydrate slurries
has aided in preventing phase separation in another form of TES via phase change materials
(PCMs) by increasing viscosity and contributing a structural framework [82]. PCMs release and
store energy via LES, which facilitates energy storage through a physical state transition (e.g.,
melting/crystallization). The investigation of particularly CNF in stabilizing salt dispersion by
inducing gelation has been pursued by many researchers in recent years. CMF is not as effective
as CNF at providing phase stability due to fewer fiber entanglements and, consequently, less
sedimentation prevention. For example, Oh et al. in 2020 revealed the ability of CNF and CMF to
provide phase stability in a saturated solution of sodium acetate trihydrate (SAT) at concentrations
upwards of ~0.8 wt% using CMF and ~0.6 wt% using CNF [82]. These limits were determined by
visual observation, in which the thickening effects of CMF and CNF were displayed.

Fibrillated cellulose has been used in similar SAT PCM systems, with additional additives
to enhance heat conduction or nucleation. Shen et al. fabricated a PCM system in which CNF was
added to reduce supercooling and enhance phase stability, silver nanoparticles (AgNPs) were
added to enhance thermal conductivity, and Na:HPO4 (DSP) was added to reduce supercooling
further [83]. It should be noted that composites containing AgNPs were prepared by a combination
of 0.5wt% CNF suspension (100g) and AgNOs3 solution of varying concentration (0.01, 0.02, 0.03
M) to infuse AgNPs and CNF. NaBHs was then added to CNF/AgNO3; mixtures to yield
CNF/AgNPs. Research by Li et al. developed a similar SAT PCM system, adding carboxymethyl

cellulose (CMC) as a thickening agent and Al2O3 nanoparticles as a nucleation and thermal-
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conductivity agent. However, no thermal conductivity measurements were reported, and KCI was
used as a secondary nucleation agent to reduce SAT supercooling [84]. The results of these studies
are compared in Table 2.4.

Table 2.4 Comparison between SAT-based composites using CNF or CMF additives.

Thickening Agent Nucleation Agent Metal NP Supercooling  Reference
0.8% CNF; 0.6% CMF - - 2.9°C Oh et al.
1.0% CNF 2.0% DSP 0.077-0.296% Ag 1.2°C Shen et al.
4.0% CMC 8.0% KCl 1.0% AlO3 0.1°C Liet al.
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Thermophysical Properties

The effects of CNF/CMF alone are revealed by the experiments conducted by Oh et al.,
which report the degree of supercooling. The addition of these fiber entanglements has a negligible
effect on supercooling but significantly extends the heat release period and maintains a stable
temperature for ~40min. In contrast, the PCM without CNF steadily cools after its transition. These
differences indicate that CNF increases the PCM's specific heat and promotes full heat release by
enhancing the dispersion of salt particles. PCMs without CNF addition are more prone to
significant sedimentation, which can conceal anhydrous salt. The distributive effects of the CNF
network can sequentially address these issues and enable fully hydrated SAT in solution.

Shen et al. applied a similar concentration of CNF in saturated SAT and effectively reduced
supercooling by adding DSP [83]. Interestingly, DSC cooling curves reveal that AgNPs produced
from a 0.02 M AgNOs solution exhibit the least supercooling observed in the study (1.2°C) when
the CNF/AgNPs content equals 1.0%. These results suggest that there is a maximum threshold of
AgNP concentration beyond which interparticle interference may occur. These results verified the
use of SAT+2%DSP+1.0%CNF/AgNPo.o2 for the remainder of the experimentation as the most
promising composite.

SAT+2%DSP+1.0%CNF/AgNPo.o2 possesses thermal conductivity of 0.580 W/m-K, while
that of pure SAT is 0.441 W/m-K, indicating a 31.6% increase. The ability of these additives to
affect thermal conductivity at low concentrations is significant for advancing salt hydrate
applications in TES. Moreover, the produced PCM composites show negligible differences in
melting point (57.4°C v. 57.6°C SAT) and phase change enthalpy (269 kJ/kg v. 270 kJ/kg SAT).
These results build upon the research reported by Oh et al. in SAT/CNF PCM systems and provide

evidence of PCM enhancement by CNF for phase stability, by AgNP for thermal conductivity, and
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by DSP for nucleation assistance. The investigation by Li et al. is of similar scientific value but
presents additional additive options for performance enhancement, such as CMC rather than CNF
and KCI/Al2O3 rather than DSP. Although the effects of Al2O3 on thermal conductivity have not
been reported, it is anticipated that the impact is positive. Li et al. also completely resolved the
supercooling issue with a combination of 8% KCI, 4% CMC, and 1% Al20O3 additions.

The effects of CMC or CNF on material cycling stability are particularly significant.
Energy storage stability between operating cycles was evaluated via DSC by comparing the
enthalpy of phase transition between the 1% and 50% (Fig. 2.2) or 1%t and 100" cycles (Fig. 2.1) of
PCMs (Li v. Shen). Data presented by Li et al. verifies phase stability enhancement of SAT by
CMC as only 3.6% loss in evolved latent heat is observed from the initial 241.17 J/g (Fig. 2.2).
However, data by Shen et al. reveals that their SAT PCM system using CNF achieves a greater
magnitude of energy storage and extended stability over 100 cycles as only 2.23% loss is observed
from the initial 269 J/g and no change observed via FTIR (Fig. 2.1). Therefore, it is apparent that

CNF is more effective as an additive for extending PCM cycling stability.

Carbon Nanotube & Carbon Nanosphere Composites

Carbon nanospheres (CNS) and multi-walled carbon nanotubes (MWCNTs) are forms of
carbon that exhibit large surface areas, high thermal conductivity, and chemical stability. These
forms of nanocarbon exhibit excellent hydrophilicity when their surfaces are functionalized with
oxygen-containing groups. For the aforementioned reasons, Yang et al. compared the
performances of the following to properly investigate the effects of CNS and MWCNT on the TES
performance of LiOH monohydrate: LiOH-H20 (control), LiOH-H20/AC (control),

LiOH-H20/CNS, LiOH-H2O0/MWCNT [81]. LiOH-H20/AC was used as a control group, along
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with pure LiOH-H20, to clearly demonstrate the advantages of carbon nanomaterials. MWCNT
and CNS possessed diameters of 100nm and 200nm, respectively. All composites were produced
in a 1:1 mass ratio by aqueous combination at a 1g/mL loading. In another study, Zhou et al.
investigated the use of carbon nanotubes (CNTs) to enhance thermal conductivity in hygroscopic
salts [85]. These subjected salts included Al2(SO4)3-18H20 and FeSOa4:7H20, which were
combined by aqueous dissolution at a 2:1 mass ratio with 1 wt% CMC to support phase stability.
Formulations containing CNT were prepared by an identical procedure, with the addition of 5 wt%
CNT. Composites and controls were dried and powdered for analysis. Additionally, composites of
carbonate salt PCMs were developed by Tao et al. using single- or multi-walled carbon nanotubes
(SWCNTs and MWCNTs) to enhance the specific heat and thermal conductivity [86]. Li2CO3 and
K2COs3 were combined in a 47:53 mass ratio (roughly) to produce the study salt. Sodium dodecyl
sulfate (SDS) was combined with carbon nanomaterials at a 1:1 mass ratio prior to salt introduction

to better disperse nanoparticles. The results of the three studies are displayed and compared in

Table 2.5.

Thermophysical Properties

Results by Tao et al. reveal that 1.5% is the optimal concentration of carbon nanomaterials
in the Li2CO3:K2COs3 system to impact composite TES performance. The melting point and
enthalpy of composite PCMs were determined via DSC to assess the impact on total TES capacity,
which includes both latent and sensible heat storage (Fig. 2.3). Graphene and Ceo were also tested
as thermal enhancers. The specific heat of composites is improved, thereby increasing the sensible
heat storage capacity. However, the salt composition is reduced by the addition of nanomaterials,

which, by default, negatively impacts latent heat storage. Therefore, these carbon nanomaterials
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may enhance material-specific heat capacity and thermal conductivity, except for Ceo, but may
have a negligible, if not negative, impact on TES heat capacity. SWCNT is regarded as the most
optimal additive due to its excellent contribution to thermal properties. Overall, CNTs are proven
to most effectively enhance heat conduction, which is attributed to their column-like structure.
CNT improves the performance stability in the Al2(SO4)3:FeSO4 system over 100 cycles of heating
and cooling (Fig. 2.4). The composite with CNT displays 2 J/g loss (422.4 to 420.4 J/g) in absorbed
heat, while the loss amounts to 10.54 J/g without CNT (416.00 to 405.46 J/g). Therefore, CNTs
have also been shown to improve the stability of salt hydrates across charging cycles.

It should be noted that LiOH systems function as TCMs, whereas Li2CO3:K2CO3 and
Al2(SO4)3:FeSO4 function as PCMs. Since TCMs operate via TCES rather than LES in PCMs, the
energy densities reported by Yang et al. are significantly greater. These numbers are even more
impressive when salt content is factored in. Interestingly, the study by Tao et al. reports a thermal
conductivity enhancement much greater than that reported by Yang et al. when using MWCNT as
an additive. The reasoning here is that the dispersive effects of the SDS additive allow MWCNTs
in the Li2CO3:K2CO3 to be more evenly distributed and better aligned. The alignment of CNTs is
particularly significant to thermal conductivity. The superiority of CNS in improving the
performance quality of LiOH-H20 is clear. MWCNT, however, is encouraged as an additive in

salt PCM or TCM systems, depending on the preparation procedure.

Table 2.5 Comparison between salt-based composites using CNS or CNT additives [81,85, 86].

Additive Salt Additional Additive Energy Density Thermal Conductivity
50% CNS LiOH - 2020 J/g 15.4% 1
5% CNT Al(S04)3:FeSO4 1% CMC 4224 /g 26.2% 1

50% MWCNT LiOH - 1804 J/g 3.5% 1

1.5% MWCNT  Li2CO3:K2CO3  SDS — 50% (w/w) 565 J/g 50% 1

1.5% SWCNT  Li2CO3:K2CO3 SDS — 50% (w/w) 5751/g 57% 1
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Cellulose Nanocrystal Composites

Composite PCM capsules are commonly composed of a subjected PCM coated by a thin
layer of a polymer material. The primary benefit of producing PCMs for TES by encapsulation is

the high surface area, which is most efficiently achieved by emulsifying the PCM, then
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emulsifying and polymerizing the coating material onto its surface. The method ensures a low
capsule diameter (<100um) and prevents PCM leakage through a protective seal. Zhang et al.
investigated the use of CNC as an emulsifier and shell component in the formation of polystyrene
(PS) coated paraffin wax (PW) and coconut oil microcapsules for TES [87]. PS is added to
preheated PW or coconut oil, followed by an aqueous CNC dispersion. The solution is then
emulsified by ultrasonication under nitrogen to prepare PS via emulsion polymerization. The
resulting composite PCM slurry is allowed to cool and dried to obtain PW+PS/CNC or
CO+PS/CNC powder.

Other forms of polymer-based composite PCMs have been developed by exploiting CNC's
shape-stabilization effects. Recent publications have highlighted the ability of CNC to enhance
thermal energy storage behavior of polyethylene glycol (PEG) via molecular grafting [88-90]. The
PEG polymer chains are effectively constrained by the grafted connection to CNC, thereby
preventing material leakage during melting transitions. Fan et al. demonstrated the technique in
2020 by grafting PEG onto the surface of CNC in the presence of a maleic anhydride crosslinker
(MAH) [88]. Several composites were prepared with reaction times ranging from 4 to 16 h at 4-h
intervals. Abdalkarim et al. performed a similar study in 2021, adding metal nanoparticle-grafted
CNC (MCNC) [89]. Phase change fiber (PCF) composites were prepared using mechanical
homogenization with 50% PEG and 50% Poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV)
by weight. PHBV was added as a supporting material in the composite, whereas PEG served as
the energy storage material. PCF composites were also prepared with MCNC addition of 3% and
5% based on the mass of PHBV, which is then homogenized with PEG. Fe3O4 nanoparticles were
grafted onto CNC to produce MCNCs. PCFs containing 3% and 5% MCNC were characterized

and tested alongside the control PCF (PEG/PHBV) and 5% Fe304-PCF. Dardari et al. have also
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demonstrated these concepts by grafting copper NPs (Cu-NPs) onto CNC in PEG-based PCMs
[90]. CNC/Cu-NPs were combined with PEG at a mass ratio of 90:10 (PEG: CNC/Cu-NPs), and
the energy density was evaluated.

Recent research by Gladen and Bajwa investigated the use of CNCs to provide a structural
framework for salt-based TCMs rather than standard porous host matrices [91]. The component
addition primarily addresses issues such as incomplete hydration and reduced energy density
associated with their use. CNCs are known to exhibit significant mechanical properties, including
high tensile strength and modulus, as well as excellent hydrophilicity. These benefits, along with
the high surface area of particles (~500 m?/g), suggest that CNC can effectively enhance the
cycling stability of salt TCMs by providing structural support against deliquescence and nucleation
assistance while promoting energy release (hydration). Various composites of CNC-impregnated
CaCl2 were produced to investigate the impact of CNC on salt hydrate TES cycling stability.
CNC:CaClz formulations were prepared by individually dispersing anhydrous salt and CNC in
aqueous media via mechanical stirring, followed by ultrasonication. Solutions were then combined
by dropwise addition of dispersed CaCl2 to the dispersed CNC solution at the following mass
ratios (CNC:CaClz): 1:1; 1:2; 1:4; 1:10. The combined solutions were dried under ambient
conditions to obtain CNC-impregnated CaCl.. Composite performance was tested under ambient
temperature (~19°C) and two humidity levels (40% and 70% RH) for 20 minutes. The different
humidity levels allow for the hydrophilic effects of CNC to be assessed. Materials were then
dehydrated from ambient temperature to 105°C at 5°C/min using DSC to quantify the energy
stored. TG-DSC data were acquired using STA to relate observed mass changes to thermodynamic

events during dehydration properly.
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A follow-up study by Karna revisited the 1:4 and 1:10 formulations, using an improved
experimental approach [92]. 1:10 CNC:salt was adjusted to 1:9 so that formulations would
represent composites containing 20% and 10% CNC by weight. CNC:salt formulations were
produced by an identical procedure, with the CNC solution added dropwise to the salt solution.
The composite solution was also ultrasonicated to ensure that particles were well mixed and evenly
dispersed before drying into the final material. Additional CNC:salt formulations were introduced
to the study to discover which CNC:salt systems are most promising, such as CNC:CaCl2:MgS04;
CNC:SrCl2:CaClz; CNC:SrCl2:MgSO4; CNC:SrClz2; CNC:MgSOs4, in addition to CNC:CaClo.
During hydration, CNC:salt materials were allowed to reach equilibrium, as indicated by a plateau
in sample mass at 70% RH. It was discovered that the minimum time required for any sample to
reach equilibrium was accomplished by pure CaClz (225min; 3.75h). The finding reveals that the
CaClzand CNC:CaClz samples in the previous study were insufficiently hydrated, as the maximum

hydration time allowed at the time was 45 minutes.

Thermophysical Properties

TES application of the novel PCM capsules was tested by cycling the composite slurries
between water baths of 25°C/85°C for PW+PS/CNC and 0°C/40°C for CO+PS/CNC. Samples
were submerged in each bath for 10 minutes per cycle [87]. PCM properties and TES application
of PW+PS/CNC and CO+PS/CNC were assessed by DSC to qualitatively and quantitatively
analyze the enthalpies of melting and cooling. The stability of the CNC was assessed by comparing
DSC analyses between the initial and 100™ scans. Additionally, several PW/CNC slurries were
tested to investigate the effects of CNC on PW microcapsule stabilization thoroughly. The droplet

size decreases as the CNC concentration used to stabilize the droplets increases from 0.1 to 0.5
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wt%. The DSC scans of the slurries revealed that a CNC dispersion of at least 0.5 wt% is required
to achieve effective stabilization of PW performance in TES. PW+PS/CNC slurry possessed a low
latent heat capacity (Cp) of 31.9 J/g when compared with pure PW (191.8 J/g), but displays 99.4%
stability over 100 scans. PW+PS/CNC powder possessed a latent C, of 160.3 J/g and a high
encapsulation ratio of 83.5%, which indicates the importance of PS in producing stable PW
microcapsules.

CO+PS/CNC slurry was investigated, particularly for use in ambient thermal regulation,
given its low-temperature phase transitions. The melting and solidification temperatures of
CO+PS/CNC were reported as 23.4°C (I) and 7.7°C (T5), whereas PW+PS/CNC undergoes this
transition at higher temperatures: 59.7°C (I) and 55.7°C (7s). The measured C, of CO+PS/CNC by
DSC indicates an extremely low latent heat capacity for coconut oil compared to PW. However,
CO+PS/CNC formulations exhibited superior thermal regulation compared to pure water. Both
materials are proven to enhance thermal regulation. PW-+PS/CNC is recommended for use in the
mid-temperature range, while CO+PS/CNC is recommended for use in the low-temperature range

or at ambient temperature. These methods have yet to be applied in research with salt hydrates.

Table 2.6 Summary of energy storage and crystallinity (%) data of PEG and CNC grafted PEG
by Fan et al [88].

PCM T (°C) AH» (J/g) T. (°C) AH.(J/g)  Crystallinity (%)
PEG 53.1 150.2 332 146.5 83.2
PCM-4h 413 23.0 42 213 21.2
PCM-8h 42.9 30.4 6.5 25.0 29.4
PCM-12h 47.1 82.3 9.8 78.5 61.1
PCM-16h 45.7 50.7 6.0 43.8 55.7

Thermal data for PEG-based PCMs are shown in Table 2.6, along with percent

crystallinity. 7m and AHm are the melting temperature and enthalpy; 7c and AH. are the
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crystallization temperature and enthalpy. The primary benefit of grafting CNC is demonstrated by
the thermal reliability testing of PCM-12h, which shows no loss in AH» and a slight increase in
AH. over 120 cycles. Thermal conductivity also slightly improves in PCM-12h relative to PEG.
Upon heating in an oven set to 50°C from ambient temperature (25.2°C), PCM-12h attained a
temperature of 34.3°C, whereas PEG was 33.1°C [88].

Similar trends were observed in PEG:CNC/Cu-NP composites, which reported a phase
transition energy of ~100 J/g, whereas pure PEG is reported as ~147 J/g [90]. These findings reveal
an energy density loss of greater than 10% when PEG is substituted by 10% mass CNC or
CNC/Cu-NPs, indicating that CNC addition may disrupt the crystallization of PEG chains.
However, thermal reliability tests of study materials revealed that PEG experiences an energy
density loss of 37.2% over 60 cycles, whereas the PEG:CNC/Cu-NPs maintains a stable response
with only 1.1% AHmn loss. Other significant improvement in PCMs containing grafted metal NPs
is seen during thermal conductivity tests.

Table 2.7 Summary of energy storage data for PEG and PCF composites by Abdalkarim et al.
[89].

Material Tn(CC) AHw(J/g) Tc(°C) AH:(J/g) AHw(J/g):25 cycles AH:(J/g):25 cycles

PEG 65.6 180.5 48.5 168.4 179.5 166.5
PCF 62.9 74.8 48.3 77.5 71.5 73.9
PCF/MCNC3% 624 69.2 48.3 66.1 68.6 65.3
PCF/MCNC5%  62.5 81.3 47.3 77.6 80.4 75.5
PCF/Fe304-5%  61.5 83.1 46.4 79.5 81.6 76.9

The results about energy storage performance of PEG PCM composites developed by
Abdalkarim et al. are summarized in Table 2.7 [89]. It is apparent that the presence of 50% PHBV
reduces the overall phase transition energy by more than 50%. Therefore, the presence of PHBV

alone disturbs the crystallization of PEG. The grafting of PEG to MCNCs is also observed to
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disturb PEG crystallization by restricting polymer chain mobility and further reducing the phase
transition energy. However, the addition of 5% MCNC causes Hn to rise above and AH.to meet
what is measured by the pure PCF. Interestingly, the addition of 5% Fe304 NPs to the PCF results
in greater energy storage than the addition of 5% MCNCs. The contribution of Fe3O4 is attributed
to the formation of micro-phase separation between PEG and PHBV caused by the presence of the
metal NPs. Energy storage performance was then tested over 25 cycles to assess thermal reliability.
The cycling performance of PCFs containing 3% MCNC:s is nearly equivalent to PEG, whereas
other composites experience a greater loss in transition energy.

Although the discussed PCM composites are not appealing energy storage materials
relative to pure PEG, their real appeal lies in alternative charging methods, such as magnetic or
solar heating [89]. Pure PEG and composite PCFs were exposed to an alternating magnetic field
for 10 minutes (2.5 W; 710 A/m), and the resulting material temperature was measured. Thermal
conductivity was not directly measured in PCFs fabricated by Abdalkarim et al., but the PCFs'
temperatures increased more rapidly with increasing Fe3Os4 NP content when exposed to solar
radiation. The thermal conductivity of CNC/Cu-NP composites fabricated by Dardari et al. was
measured and exhibited a 253% increase with 7% (wt.) addition of Cu-NPs to PEG/CNC [90]. The
measurements are summarized in Table 2.8.

Table 2.8 Summary of thermal conductivity date for PEG, CNC, and PEG-based composites by
Dardari et al. [90].

Material PEG CNC PEG/CNC PEG:CNC/Cu-NPs
o (W/m'K) 0.245 0.421 0.329 0.835

Magnetic energy storage efficiency was determined based on the energy stored relative to

the energy used to generate the alternating magnetic field [91]. Composite PCFs containing 3%
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and 5% MCNCs attained an energy storage efficiency of 31.1% and 32.4%, respectively, and
PCF/Fe304-5% attained an energy storage efficiency of 35.7% whereas the magnetic heating
efficiency of pure PEG is 0%. For solar heating, pure PEG and composite PCFs were exposed to
solar radiation (100 mW/cm?) via a xenon arc lamp for several minutes until the material
temperature began to plateau. Solar energy storage efficiency was calculated as magnetic energy
storage efficiency. Composite PCFs containing 3% and 5% MCNCs attained an energy storage
efficiency of 48.7% and 58.5%, respectively, and PCF/Fe304-5% attained an energy storage
efficiency of 66.8% whereas pure PEG is unresponsive to solar heating. It is found that as the
Fe304 NP content increases, the efficiency of both magnetic and solar heating improves, driven by
magnetic interactions and the material's dark color.

As for TCMs with CNC, initial results reported by Gladen and Bajwa indicate greater water
uptake in all developed composites (except 1:10) at 70% RH. 1:2 possesses the greatest enthalpy
(118 J/g) when hydrated under 70% RH, but is lowest under 40% (37 J/g) [92]. Additionally, 1:10
outperforms pure CaClz (44 J/g v. 39 J/g) and exhibits the second-highest enthalpy, behind 1:1 (46
J/g), when hydrated at 40% RH. Although the reported energy output is low relative to other
material systems reviewed, later investigation reveals that CNC:salt materials require an extended
hydration time of at least five hours for water uptake to reach equilibrium [93].

Using the improved experimental approach reported by Karna, it is apparent that samples
require 5-8h of hydration to reach water-uptake equilibrium at 70% RH, except for pure CaCl.. A
summary of experimental data is provided in Table 2.9. The reported energy densities are
significantly higher due to sufficient hydration. The most promising formulations contain SrCl.
The energy density of pure SrClz is also the highest among the salt controls tested in the study.

These findings suggest that CNC:salt materials for TCES should be developed using SrCl2 as a
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primary salt constituent. The 10:90 variety of CNC:SrCl2 has the highest energy density under
experimental conditions, followed by CNC:SrCl2:CaClz 10:90 and then 20:80. It should be noted
that all samples reached equilibrium, except for SrCl2:CaClz and CaClz-based formulations, which
deliquesced.

CNC:SrClz and CNC:MgSO4:SrClx formulations were selected for cycling, whereas
CNC:SrCl2:CaCl2 was omitted because of deliquescence observations during material screening.
80:20 composites were selected because the study's hypothesis posits that the structural integrity
provided by CNC improves stability between hydration cycles. 20:80 (CNC:salt) CNC:SrCl2 and
CNC:MgSO04:SrCl2 composites were subjected to hydration using experimental conditions of 70%
RH for 180 minutes. Materials were dehydrated by DSC using a heating rate of 2°C/min from
ambient temperature to 110°C. The hydration-dehydration steps were repeated for 10 cycles.
CNC:SrCl2 maintained a desorption enthalpy of 600-700 J/g and exhibited a positive energy
density trend as water uptake levels increased during cycling. The CNC:MgSO4:SrCl2 maintained
an enthalpy of 450-500 J/g and also experienced a positive energy density trend as water uptake
increased. It should be noted that the enthalpy values reported here are lower than those reported
in Table 2.9 due to the reduced hydration time of 180 min. (3h). The positive water uptake trend
is attributed to the development of diffusion pathways in the composite, which encourage greater
conversion of salt to its hydrated form (Eq. 7).

In general, adding CNC to polymer-based PCMs or salt-based TCMs has been proven to
enhance cycling stability. For the energy output of PCMs, PW+PS/CNC is stable over 100 cycles;
PEG grafted CNC (PCM-12h) is stable over 120 cycles; PCF/MCNC3% is stable over 25 cycles;
PEG:CNC/Cu-NPs is stable over 60 cycles [88-90]. For TCMs, CNC:salt composites are stable

over 10 cycles [92-93] and may demonstrate improved performance as cycling progresses and
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diffusion pathways for water are formed. Although the cycling stability of CNC:salt materials has
not yet been proven reliable for as many TES cycles as the discussed PCMs, these investigations
are underway and have shown promising preliminary results [94]. Current research by Gladen and
Turnaoglu has initiated an extended cycling experiment to demonstrate thermal reliability over

5000 cycles.

Table 2.9 Summary of hydration data reported by Karna via improved experimental approach
[93].

Formulation CNC:salt or salt:salt  Energy Density (J/g)

CaClz - 313
CNC:CaClz 10:90 752
CNC:CaClz 20:80 365

MgSO4 - 584
CNC:MgSO4 10:90 786
CNC:MgSO4 20:80 543

SrClz - 718
CNC:SrCl2 10:90 935
CNC:SrCl2 20:80 763
SrClz2:CaClz 50:50 333

CNC:SrCl2:CaClz 10:90 895
CNC:SrClz:CaCl2 20:80 823
SrCl2:MgSO4 80:20 425
CNC:SrCl2:MgSO4 10:90 761
CNC:SrCl2:MgS0O4 20:80 712
MgS04:CaCl2 47:53 316
CNC:MgSO04:CaClz 10:90 576
CNC:MgS04:CaClz 20:80 704

Additionally, the energy density of TCM composites using CNC is proven to be enhanced and
significantly greater than PCM composites using CNC, with a relatively high energy density
(CNC:SrCl2 10:90 — 935 J/g v. PW+PS/CNC — 160.3 J/g). The addition of CNC to the reviewed
PCM composites is shown to affect energy density negatively. However, the most significant

enhancement to thermal conductivity is achieved by PCM composites engaging CNC/Cu-NPs.



43

Furthermore, the reviewed PCM composites containing metal nanoparticles can be charged via
magnetic and/or solar heating, a distinct advantage. In general, the composite development of
CNC-impregnated salt TCMs is promising, as CNC can positively impact material energy density

and cycling stability.

Composite Component Interactions

As is conveyed by the reviewed research, the primary benefits of engaging nanocellulose and
other bio-based supports in the development of PCM and TCM composites include, but are not
limited to: degradation resistance, reduced phase segregation, enhanced thermal conductivity,
increased specific surface area, prolonged cycling stability, and additional options for material
property tuning [78]. Material types such as porous host matrices can provide energy by simply
adsorbing or condensing water vapor [79]. For example, de Gennaro et al. reported research in
2022 on the use of zeolites in the capture and storage of thermal energy via water adsorption.
However, the zeolite requires much higher temperatures to achieve dehydration (~300°C) and has
an even lower thermal conductivity than most salt hydrates (>0.2 W/m-K) [95]. The low energy
storage capacity and high cost relative to salt hydrates have also diminished the appeal of these
materials for thermal energy storage, although their water uptake per gram is impressive [96].
However, the primary factor of concern for materials in TES is energy density.

There is little interaction between TCM salts and any porous host matrices tested in research.
As shown by Druske et al., salt impregnation within the pores of ACF achieved only 63 wt% salt
content due to salt leakage during soaking and subsequent drying, resulting in the final product.
The open-pore structure of these components, along with the lack of salt-binding, indicates the

ineptitude of ACF and other porous matrices in forming PCMs and TCMs for TES, particularly
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PCMs, due to salt leakage. Additionally, salt hydrates have been shown to degrade porous host
matrices, such as ACF, due to the volume changes they induce, even though these are minimal
[97]. Using host matrices to produce salt composites for TES has also presented other
complications, such as reduced adsorption and water vapor diffusion kinetics due to elevated
viscosity at the material surface [98]. Therefore, the composite-component interactions between
the salt hydrate and the porous host matrix may be more negative than positive in terms of material
stability and performance. To resolve these issues, it may be worthwhile to investigate porous host
matrices that are chemically modified to provide potential binding interactions with salt hydrates,
as well as matrices that accommodate salt volume expansion to prevent degradation. The other
bio-based supports reviewed have shown positive interactions with salt TCMs and PCMs. These
materials are further discussed in terms of two main aspects: phase stability (PCMs) and resistance

to deliquescence (TCMs).

Phase Stability

The stability of the material phase is most relevant to PCM performance, as a phase change
drives the energy storage mechanism. Therefore, the phase must remain stable by preventing
separation in salt PCMs (i.e., sedimentation) and preventing disruptions in crystallinity in polymer
PCMs. CNF and CMF are predominantly effective at preventing separation in salt PCMs,
particularly CNF. CMF is not as effective as CNF in providing phase stability because of lower
fiber entanglements and, consequently, less sedimentation prevention. The ability of these fibers
to form an entangled network of structural support has been shown to maintain the suspension of
concentrated salt solutions at concentrations below 1% by weight [82-84]. It has been observed

and is intuitive that any reduction in the PCM composition (%) results in a loss of energy density;
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it is important to use additives that are effective at low concentrations, such as CNF. Cellulose
nanofibrils (CNF) and microfibrils (CMF) can form entangled fiber networks and gel above their
critical concentrations. The introduction of CNF/CMF to salt hydrate slurries has aided in
preventing phase separation in phase change materials (PCMs) in other ways, too, such as
increasing viscosity and contributing a structural framework [82-84]. Salt PCMs without CNF tend
to experience significant sedimentation, potentially concealing anhydrous salt. The distributive
effects of the CNF network can sequentially combat sedimentation, thereby allowing fully
hydrated SAT to remain in solution. These findings indicate that interactions between CNF and
salt PCMs are most supportive of phase stability, providing structural support while aiding material
energy storage and release.

For polymer-based PCMs, the ideology is similar. However, CNF would not be as effective
in these materials. In these PCMs, it has been proven that crystallinity percentage is the primary
factor in thermal energy storage. The reviewed research indicates that the transition energy of
polymer PCMs is correlated with overall material crystallinity. The phase transition enthalpy (AH)
decreases drastically upon addition of CNC when ungrafted, but increases as PEG is crosslinked
to CNC [88]. However, it appears there is a maximum threshold of crystallinity when CNC is
grafted to PEG, approximately 25% lower than that of pure PEG. The values follow the same trend
as the changes in transition enthalpy (7able 2.7), which indicates the importance of maintaining
high crystallinity in polymer PCMs. As previously discussed, the loss in transition energy is
attributed to excessive crosslinking between CNC and PEG, which imposes greater restriction on
the movement of PEG side chains. These restrictions then counteract melting during heating and
crystallization during cooling. The crystallization of PEG is disrupted by both non-grafted and

grafted CNC particles, as the maximum % crystallinity achieved with CNC is 61.1% [88]. The



46

disruption is further evident by the subsequent drop in crystallization temperature upon the
addition of CNC. Although it has been proven that CNC is not an ideal additive in polymer PCMs
due to its impact on energy density, it is worthwhile to investigate further other additives, such as
CNTs, that have been reviewed. The dimensionality of CNT is better suited to applications in
polymer PCM composites because it is, on average, smaller than CNC in both length and width
[99]. There is also research reporting that CNTs not only increase thermal conductivity in a paraffin
wax-based PCM but also increase transition energy [100]. There is little research on the use of
CNS in such materials, but it is anticipated that the spherical shape would be more disruptive to
polymer crystallinity than the rod-like forms of CNT and CNC. Moreover, CNS has a larger
dimensionality than CNT on average, so CNT is most suitable as an additive in polymer PCMs
because disruption of the polymer matrix is minimal compared to other reviewed additives. The
interactions between CNT and a polymer matrix are most supportive of phase stability while

providing structural support and maintaining or benefiting energy density.

Deliquescence Resistance

Deliquescence resistance may be interpreted as phase stability, but is discussed separately
as the interactions between components in PCMs and TCMs differ. In salt TCMs, component
interactions are intended to facilitate the diffusion of water throughout the matrix, preventing the
complete solvation and dissolution of superficial salt via adsorbed vapor, also known as
deliquescence. This phenomenon forms a liquid barrier on the surface of salt TCMs and ultimately
prevents complete and uniform transition to the hydrated phase [101]. In salt PCMs, the role of
bio-based supports has been to prevent sedimentation rather than deliquescence. The interactions

these material qualities share are the provision of structural support to the salt or polymer matrix.
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Bajwa and Gladen have shown that CNC can confer deliquescence resistance in salt TCMs by
maintaining a solid phase and distributing water uptake through CNC's structural and hydrophilic
contributions. In the preliminary study presented by Gladen and Bajwa, the hydrophilicity of CNC
is proven to enhance adsorption kinetics in 1:1 and 1:2 CNC:CaCl2 composites by the increased
specific enthalpy of desorption relative to pure CaClz [92]. Therefore, CNC impregnation is
supported in providing positive physical and chemical interactions that help salt TCMs resist
deliquescence.

Formulations containing CaCl, are more prone to deliquescence under high RH. The
success of salt impregnation by CNC in promising 20:80 (CNC:salt) varieties using the improved
procedure by Karna was investigated using transmission electron microscopy. The captured
images verify nucleation of CNC within the salt body among all observed samples (i.e.,
CNC:SrCl:CaClz; CNC:SrCl2:MgS0O4; CNC:SrClz; CNC:CaClz) [102]. These findings provide
further evidence that CNC impregnation in salt hydrates provides structural support and enhances
water diffusion, ultimately allowing greater conversion of salt to the hydrated form via Eq. / while
resisting deliquescence. High-performing 20:80 composites were also subjected to a cycling
experiment to investigate the effect of CNC on material stability during extended use, focusing on
energy storage and deliquescence. CNC:SrCl2 and CNC:MgSOa4:SrCl2 both showed a positive
water-uptake trend as cycling progressed, resulting in greater energy storage and release. The
structural support provided by CNC has facilitated the development of these water-uptake and
diffusion pathways. Previous research has shown that salt hydrates lacking structural support tend
to conceal anhydrous or partially converted salt via deliquescence events, hindering water uptake
beyond the surface [103]. Diffusion pathways are supported by the structural support provided

and, in turn, encourage greater conversion of salt to its hydrated form (£q. 7). These interpretations
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are supported by research reported by Anjum et al., which investigated the impact of performance
cycling on the structure of CNC:salt composites [104].

Forming diffusion pathways while maintaining structural integrity has proven essential to
maintaining material performance stability. As water is allowed to transport throughout the
material, moisture buildup on the material surface is reduced by RH and salt, preventing
deliquescence events. Additionally, ACP was found to have a similar impact in the LiOH system
developed by Yang et al., as both water uptake and energy release were improved relative to pure
LiOH [81]. Although the effects of CNSs and CNTs on the cycling stability of LiOH were not
investigated, improved hydration kinetics of LiOH in composites reported by Yang support the
interpretation that the development of a diffusion pathway is assisted by structural support.
Furthermore, the hydrophilic functionality of CNT and CNS provides additional assistance for
water diffusion within and away from the material surface. These observations of other internal
additives suggest that the interaction related to deliquescence resistance is comparable to that of
CNC in salt TCMs, primarily because CNT, CNS, and CNC are all known to be hydrophilic unless
chemically modified. ACP is hydrophobic, but Yang et al. modified it with surface oxygen groups
to render it hydrophilic for TES of LiOH [81].

These similarities among carbon-based additives indicate that salt TCM composite
components undergo a consistent chemical interaction that depends on the magnitude and sign of
the additive's surface charge. Any differences in performance depend primarily on differences in
dimensionality, rather than surface chemistry. Dissolved salt can also form an electrical double
layer around CNC and other particles due to their surface charge. These findings are evident in
zeta potential measurements, which convey the reduction or 'shielding' in surface charge of CNCs

when salt concentration is increased [105]. Salt crystals are then nucleated by the charged additive,
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which provides a uniform distribution of structurally enhanced composite material. As seen with
salt TCMs using CNC, the uniform distribution of carbon-based supports is essential when forming
diffusion pathways and resisting deliquescence. ACP, CNT, and CNS are anticipated to provide a
similar support role to salt TCMs, but require further analysis of their cycling behavior to
determine the extent of this support. CNF and CMF have not been discussed in relation to
deliquescence because the concern applies only to TES, which operates via the adsorption of water
vapor. The larger dimensions of CNF and CMF indicate a higher surface area, which is known to
reduce adsorption rates and is therefore not beneficial for the performance of salt TCMs [106].

A larger surface area is associated with a higher surface energy, which is known to favor
particle interactions. These interactions increase with increasing nanoparticle content and may
induce additive aggregation as concentration increases [107]. LiOH-H20/CNS and
LiOH-H2O0/MWCNT possess significantly larger surface areas in comparison to LIOH-H20 (276
m?/g and 140 m?/g v. 15 m?/g) [81]. These values correspond with the order of increasing surface
area in carbon nanoadditives: CNS — 381 m?/g; MWCNT — 343 m?/g. Heat storage performance
tests revealed a lower water-uptake capacity of pure LIOH-H20 compared to the composites, as
LiOH (anhydrous) achieved only 42% conversion to LiOH-H20 after one hour of hydration. The
heat storage density of LiOH-H20 only reached 661 kJ/kg of the theoretical 1440 kJ/kg as a
consequence of incomplete conversion to the hydrated state (RH not reported). Meanwhile, all
composites achieved full hydration within one hour [81]. Therefore, it is apparent that additives
that increase surface area promote greater hydration and energy density.

CNC supports the same concept: salt data reported by Karna et al. indicated that the greatest
measured energy density is achieved by 10:90 composite varieties across all CNC:salt

formulations except CNC:MgSO4:CaClz [93]. The higher performance of 10:90 formulations is
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attributed to the combined effects of increased salt content (v. 20:80 varieties) and the presence of
high-surface-area CNCs, which nucleate salt crystals and facilitate the diffusion of water
throughout the material (v. salt control). Moreover, the 20:80 varieties also outperform the salt

control throughout all sample sets except CNC:MgSOa4 [93].

Interpretations and Recommendations

Table 2.10 Rankings of carbon nanoadditives among relevant properties to optimal TCM or
PCM performanc

Rank Performance Stability Hydrophilicity Energy Storage  Thermal Conductivity

1 CNC CNC CNS CNS
2 CNT CNT CNT CNT
3 CNF CNS CNC ACP
4 CNS ACP ACP CNC
5 ACP CNF CNF CNF

Much research has been reported since the initial realization of salt hydrate TCMs and
PCMs, but investigations continue to optimize material performance. The reviewed experiments
have provided valuable insight into the performance of available materials, allowing the
identification of promising candidates such as MgSQOs4, SrC12, SAT, LiOH, Al2(SO4)3, FeSO4, and
CaClz. However, the most valuable information has been provided by methods that enhanced the
TES-relevant properties shown in Table 2.10; often accomplished through composite
formulations. Forms of nanocellulose have proven highly useful in improving stability (CNC;
CNT; CNF) and even thermal conductivity (CNT; CNS). A ranking of the reviewed nanocellulose
additives studied in the development of composite TCMs and PCMs is presented in Table 2.10,
based on various relevant properties related to TES performance. It is determined that CNT, CNS,
and CNC are the most promising nanocellulose additives among recently developed salt hydrate

TES composites, depending on the material system. Other nanoadditives, such as metal or
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graphene NPs, also demonstrated successful enhancement of thermal properties, with potential
impacts on nucleation and alternative charging pathways (i.e., magnetic/solar). Remarkably, the
introduction of these other nanoadditives exhibited optimal performance at concentrations as low
as 1%.

It has been found that the nanocellulose surface area and energy storage are directly related in
salt TCM composites. Nanoadditives rarely increase material energy density and often reduce it
due to the lower composition of the TCM or PCM component. However, nanocellulose may
positively impact the TES of salt TCMs by facilitating crystal nucleation and/or enhancing
hydrophilicity. Salt TCMs without nucleation agents tend to have lower energy density due to
larger crystallite sizes, which slows the diffusion of water molecules beyond the material surface.
The slowed kinetics may even cause surface deliquescence before complete hydration is achieved.
Therefore, high-surface-area nanocellulose composites promote greater and more reliable energy
release in TCMs by providing abundant nucleation sites. Energy storage of PCM composites is
directly related to the PCM content, specific heat, and thermal conductivity. Forms of
nanocellulose that make significant contributions to specific heat and thermal conductivity, and
that prevent phase separation at minimal mass fractions (5% or less), are more advantageous for
PCM composite development (CNT; CNS). PCM content is then optimized to maximize energy
density. Introduction of additives at higher mass fractions may also disrupt crystallinity within the
given PCM, ultimately reducing the transition energy. Nanoadditives that increase the material-
specific heat capacity of composites enhance the composites' SES and, therefore, may increase
overall energy storage. Nanoadditive contributions to thermal conductivity improve TES
composite performance by accelerating heat transfer, enabling shorter phase transition time (PCM)

or drying time (TCM). As noted, nanoadditive assistance to phase or cycling stability depends on



52

the material system, but is recommended as follows: CNF in salt PCMs; CNT or CNC in salt
TCMs. CNS is not recommended to enhance cycling stability in salt TCMs, as no cycling

experiments were performed.

Future Directions

Various biomaterials have been shown to enhance the TES performance of salt TCMs/PCMs.
Porous host matrices have proven useful but are best suited for applications that require a persistent
solid form. Carbon nanomaterials, in particular, are promising components for further composite
development. In the works presented here, CNF is most effective in PCMs due to its phase-
stabilizing network. TCMs, however, are most compatible with other carbon nanoadditives (CNC,
CNT, CNS) due to their contributions to salt crystal nucleation and thermal properties. CNT/CNS
can effectively enhance thermal conductivity at low concentrations (~1%) and support hydration
performance at higher concentrations (~50%). CNC similarly promotes adsorption in salt TCMs
and has been shown to extend cycling stability in both salt TCMs and polymer PCMs, but does
not contribute to heat transfer. However, CNC may be grafted with metal nanoparticles to enhance
thermal conductivity. These results call for further research on the effects of CNT, CNS, and CNC
on the cycling stability of salt TCMs (CNS and CNC in particular). These studies are valuable and
should be conducted using additional biomaterials to determine which produces the most effective
and sustainable composite with salt hydrates. Lastly, there is limited research available on the RH
requirements for complete hydration of salt TCMs per candidate, as well as the time requirements
per RH to reach equilibrium. Further study of these parameters is needed to define the material's

operating conditions properly. In doing so, salt-based composites may provide an effective and
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reliable source of sustainable energy via TES in low- to mid-temperature systems as TCMs or

PCMs.
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Abstract

Cellulose nanocrystals (CNCs) have emerged as promising materials for composite
development in recent years due to their valuable properties, including high tensile strength and
stiffness, biocompatibility, and renewability. Given its outstanding qualities, CNC has potential
applications across many fields. As each application requires different storage and/or operating
conditions for temperature and humidity, it is essential to understand the stability limits and the
degradation pathways via thermal, physical, and biological means. In this study, CNCs were
investigated under extreme humidity — 97-100% relative humidity (RH) — and temperature
conditions 0of 40°C or 60°C for 2 weeks. The samples were characterized using optical and electron
microscopy to analyze morphological features and confirm microbial growth and degradation in
treated samples. CNCs were also analyzed using differential scanning calorimetry, x-ray
diffraction, and zeta potential analysis. Results were interpreted to determine how the properties
of CNCs may be affected by warm, humid storage conditions, including thermal stability,
crystallinity, morphology, and surface charge, before and after exposure to extreme conditions. It
was found that humid isotherm treatments caused a slight, but insignificant, decrease in thermal
stability and a reduction in thermal decomposition energy as the isotherm treatment intensified.
Isotherm-treated CNCs were also characterized by reduced dry mass and percent crystallinity, as
well as increased agglomeration tendency. The morphology of isotherm-treated CNCs changed
with respect to crystal clusters, introducing cracking and smoothing surface features, but showed

no change in individual crystals.

Keywords: Cellulose nanocrystal, degradation, high humidity, isotherm, material characterization
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Introduction

Cellulose nanocrystals (CNCs) are a prominent material that has attracted significant
attention in composite research in recent years. CNC is a valuable product commonly derived from
biomass; therefore, it is renewable and biodegradable [108]. CNCs have numerous desirable
properties, such as high tensile strength and rigidity, a water-stable crystalline form, water
solubility, and the ability to be hydrophilic or hydrophobic depending on their functionalization
[109]. Additionally, CNCs are submicron in size (often 10-20nm in width and 100-500nm in
length); thus, their small particle size offers a nanoscale impact as additives in composite material
development [110]. CNCs may be dispersed with materials such as polymers, glass, etc. in a
uniform manner, which allows for the properties of CNC to be shared with other composite
component(s) such as: surface-grafting CNC on an ethylene based co-polymer to increase tensile
modulus [111], or inserting an interphase layer of CNC in glass fiber and polymer composites to
enhance mechanical performance [112]. The crystalline portions of CNC exhibit a higher density
of hydrogen bonding, which enhances the material's durability and resistance to physical
degradation [113]. Furthermore, CNC addition has demonstrated an immense potential to improve
overall sustainability in composite development [114].

CNC is commonly produced via acid hydrolysis methodology of some pretreated biomass,
in which amorphous cellulose and other lignocelluloses are dissolved to obtain the crystalline
cellulose [115]. The properties and characteristics of CNC depend heavily on both the biomass
source and the purification and extraction methods used to obtain crystalline cellulose [116]. For
example, woody biomass, such as white pine, is known to have higher cellulose content and a

higher degree of crystallinity than herbaceous biomass, such as wheat grass [117]. Woody biomass
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is often preferred for CNC production due to its higher theoretical yield of crystalline cellulose.
The production of CNC was optimized in 2004 by Bondeson et al. using reaction conditions of
64% (w/w) aqueous sulfuric acid for 45 minutes to one hour, depending on the biomass and
pretreatment [118]. The hydrolyzed nanocellulose product is then washed thoroughly with
deionized water to remove residual acid. Despite washing, CNC might remain slightly acidic due
to functional groups, such as carboxylates, sulfates, and hydroxyls, incorporated onto crystalline
cellulose chains during hydrolysis. These functional groups are also instrumental for CNC to
exhibit hydrophilic behavior. However, alternative reaction pathways can be used to obtain CNCs
with other functional groups, such as hydrophobic groups [119]. This study focuses on traditional
CNC, produced via sulfuric acid hydrolysis of cellulose fibers derived from pine wood pulp and
cotton fiber [120].

Due to its desirable properties, CNC has been utilized in various composites throughout
the years for various applications. Using CNC as an additive to enhance material properties has
exhibited much potential to improve sustainability in composite development while also enhancing
material performance [121]. CNC has already been used in various thermal energy composite
materials developed over the years. Recent publications have highlighted CNC's ability to enhance
the thermal energy storage (TES) behavior of polyethylene glycol (PEG) via molecular grafting of
CNC onto polymer chains. These composites are known as phase change materials (PCMs)
because a liquid-solid phase transition of PEG allows thermal energy storage. In 2020, Fan et al.
demonstrated that grafted CNC can enhance performance and stability by restricting the mobility
of PEG chains and hindering PCM leakage [122]. In 2021, Abdalkarim et al. performed a similar
study using metal nanoparticle-grafted CNC, which was then grafted to PEG [123]. In both studies,

CNC grafting is proven to support consistency in the quantity of thermal energy storage and energy
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release. Additionally, CNC has been used to create a more stable structural framework for salt-
hydrate-based thermochemical materials (TCMs) [124]. For some salts, the transition between
hydration levels of the crystal structure is known to release heat via reversible chemical phenomena

[125].

Eq.1

AxBy, + nH,0 & A.B,, -nH,0 + heat

Despite the distinct advantages of hygroscopic salts in TCM applications, several issues
hinder their effectiveness, including particle agglomeration, phase instability, and deliquescence,
which adversely affect cyclic stability and thermal performance [126]. As such, CNC has been
tested as a component in the development of salt hydrate composites to provide additional
structural stability to salts during hydration and to assist water adsorption and diffusion through
its hydrophilic properties. In these TCM composites, salt hydrate crystals are nucleated by CNCs
to provide a more structurally sound framework. The result demonstrated that the addition of CNCs
enhanced cycling performance and stability. In an associated study, the salt:CNC formulations
were exposed to a high relative humidity (RH) atmosphere to induce the conversion of anhydrous
or partially hydrated salts to their fully hydrated states, without triggering deliquescence [127].
Beyond thermal energy storage materials, there are applications of CNC where a high-humidity
environment may be encountered. For example, enhanced humidity sensors include CNC-based
composite films, CNC/plant-based epoxy polymer composites with humidity-sensitive properties,

and humidity-responsive photonic films using CNC, glycerol, and PEG [128-130].
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Cellulosic materials—both natural and anthropogenic—are recognized as a carbon
substrate for both consumption (electron transport) and habitation (solid growth media). Cellulose
nanocrystals enhance the biodegradation of biopolymer composites, suggesting they have the
potential to biodegrade in their pure form [131]. Many bacteria and fungi have enzymes capable
of hydrolyzing cellulose and liberating oligomeric and monomeric sugars under both aerobic (in
air) and anaerobic (in the absence of oxygen) conditions, across a range of temperatures from 10°C
to 45°C [135]. Cellulolytic enzyme activities have optimal temperature and pH ranges from 50°C
to 75°C and pH 5.0-5.5, respectively, but vary by specific organism and enzyme system [132, 133].
These enzyme systems may be more effective against either crystalline or amorphous cellulose or
exhibit activity against both [134]. Hydration of salt: CNC composites is expected to occur in the
range of 20°C to 50°C in humid air. The salt:CNC composites' most significant susceptibility to
biodegradation occurs under aerobic conditions, at high humidity (>90% RH) and around 45°C,
within the optimal range for microbial and fungal cellulolytic enzyme activity. Idaho National Lab
(INL) used these conditions — 45°C, in air, and at (RH=100%) and just under (at RH=96%)
saturation conditions—to evaluate the biodegradation potential of these CNC samples. At this
time, we have used only the "native" microflora present in these samples; no attempt has been
made to synthesize, handle, or analyze these CNC materials under sterile conditions.

Although the efficacy of CNC has been demonstrated many times, the stability and/or
degradation pathways, particularly in high relative humidity environments, have not yet been
investigated to the best of the authors' knowledge. Conditions with high RH and above-ambient
temperatures are more favorable for microbiological growth and consequent biodegradation. Thus,
it is necessary to determine whether CNC is susceptible to microorganisms to develop high-quality

composites that employ CNC, especially under warm, humid atmospheric conditions. As such, in
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this study, the stability of CNC is studied at elevated temperatures of 30°C, 45°C, 60°C, and high

humidity of 96-100% RH to investigate the possible biological growth and degradation in two

separate experiments:

1. Water adsorption (physical degradation) — 30°C and 60°C treated from 0-100% RH (i.e., 0-1
water activity)

2. Microbial growth detection (biodegradation) — 45°C treated at 96-100% RH for 2 weeks

The research presented here is reported to aid the development and understanding of salt:CNC
composites for use in mid- to low-grade TES and climate control in small buildings and homes.
However, the provided study is likely to assist in both understanding and the development of future
composites that incorporate CNC, particularly those that may be exposed to a high RH atmosphere.
It is hypothesized that CNC displays minimal biological growth and degradation after two weeks
due to its acidic nature. Since CNC is primarily produced via acid hydrolysis, the material often
retains an acidic quality from the treatment, due to functional group alteration and potential binding
of residual acid and/or hydrogen transfer to these groups. Therefore, biological growth and
degradation are inhibited by the unfavorable environment. CNC may exhibit physical degradation
due to water adsorption and the hydrostatic pressure applied during water diffusion throughout

CNC particles [135].

Materials and Methods

The CNCs in this experiment were received from the USDA Forest Products Laboratory
(Madison, WI) and used as received for the control sample. CNCs were stored in a sealed chamber

at 45°C for two weeks in a high-moisture environment to test the shelf life and storage stability of
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the material. CNCs were also tested at 30°C and 60°C using an isotherm generator to examine
moisture content as a function of water activity. These test parameters were selected based on
worst-case conditions for TES applications in buildings and are also likely to promote biological
growth [136]. The sample chambers containing the CNC samples were heated to 105°C overnight
(16 hours) before the storage experiment was conducted. Dried CNCs were size-reduced in a ball
mill (Retsch, PM100) at 300 RPM for 3 minutes using a 500 mL cup with 16 zirconium 2 cm
diameter balls. CNCs were tested and analyzed for their water activity and biological stability.
These samples are referred to as freated CNCs for the remainder of the article. During biological
sample preparation, sterile conditions were maintained to determine whether CNC material
contains spores of bacteria and/or fungi originating in the material or introduced during preparation
and/or transportation. During the two-week storage experiment, samples of CNC were incubated
at temperatures and water activities relevant to the conditions in which the material would be
applied in building heating applications. No attempt was made to perform the incubations under
sterile conditions, as sterile conditions cannot be maintained in the intended application of these
CNC materials. Storage tests were designed to evaluate CNC for physical and chemical

degradation as well as potential biodegradation during the adsorption phase.

Adsorption Tests

The adsorption isotherms of pure CNC were measured at 30 and 60°C. The as-received
CNC, with no adsorption exposure, was designated as the control sample for these tests.
Adsorption isotherms of CNCs were analyzed using an isotherm generator (AquaSorp, Decagon
Devices) (Pullman, WA) to understand the relationship between moisture content and water

activity at different temperatures of 30°C and 60°C. The isotherm generator utilizes the Dynamic
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Dewpoint Isotherm (DDI) method to generate complete isotherms. The DDI method directly
measures gravimetric water activity independent of the water activity equilibrium measurement.
In this method, adsorption is measured by passing saturated wet air over the sample, and desorption
is measured by passing desiccated dry air over the sample. Two isotherm models and associated
parameters were obtained from the isotherm generator: Brunauer—Emmett-Teller (BET) and
Guggenheim-Anderson-de Boer (GAB). Results from the BET model are reported here but are
only applicable to water activity up to 0.5. GAB is a multi-parameter model that estimates moisture
content (m) as g/100g solids. Where mo is the monolayer water content, k£ and ¢ (or c;) are constant
parameters. The constant & accounts for the properties of the water molecules in subsequent
layers, bridging the gap between the monolayer and liquid water. The symbol ¢ refers to the BET
constant, which is a dimensionless parameter related to the heat of adsorption and condensation
of the vapor or gas; c: refers to the Guggenheim constant, which is related to the heat of sorption

of the monolayer [137].

Additionally, the BET method provides an estimate of the change in surface interaction
energy (Qs). The results of the isotherm models are summarized in 7Table 3.1, and the resulting
isotherms are graphically shown in Figures 3.1 and 3.2. Moisture content is provided through the

following equations, in which Eq. I corresponds to BET and Egq. 2 corresponds to GAB:

Eq. 1
. (emoa)
(1-ay,)1 - In(1-a,)°)
Eq. 2
(cihmoay,)
m

~ (A—-ka,)(1—ka, + cka,)
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Mass Loss and Microbiological Growth Detection

Size-reduced CNCs were dried at 45°C in a desiccator chamber for 72 hrs. Three chambers
were prepared for the tests under different relative humidity conditions: a) control at dry conditions
(~0% RH); b) saturated conditions (100% RH); and ¢) Sub-saturation (96% RH). Approximately
200 mL of distilled water was added to the bottom of the desiccator, and a ceramic platform was
placed on top before sealing the chamber for the saturated conditions. Control dry conditions were
prepared by placing desiccant at the bottom of the desiccator chamber, beneath the ceramic
platform. The sub-saturated condition was obtained by using a slurry of K2SOs at the bottom of
the desiccator chamber instead of water or desiccant; the sealed chambers were placed in an oven
at 45°C. The CNC material was placed in the desiccant chamber on pre-weighed aluminum foil
pans (n=5) in replicates. The CNC was stored for 14 days. The samples were reweighed after

storage, and a portion was dried at 105°C.

Differential Scanning Calorimetry

The thermal stability of CNCs was tested via DSC (Waters, Multi-Sample X3 DSC) (New
Castle, DE) using a heating and cooling ramp rate of 5°C per minute from 30°C to 350°C and vice

versa.

X-ray Diffraction Analysis

CNC crystallinity was measured via powder XRD analysis (Bruker, D8 Advance Powder
XRD) (Billerica, MA) using the Segal method to estimate the amorphous fraction of cellulose Ip.
The estimation is then used in Eq. 3, where CI is the crystallinity index, /200 is the intensity of the

200 plane of crystalline cellulose, and /u» is the maximum intensity of the ‘amorphous halo’
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occurring between crystalline peaks at approximately 18° 20 [138]. The calculation yields a
percentage and represents the portion of CNC that is indeed crystalline.

Eq. 3

Loo — I
cl =299 + 100
1200

Zeta Potential Measurement

CNC surface charge and flocculation tendency were determined via zeta potential
measurements (Zeta-Meter, System 4.0) (Harrisonburg, VA) by calculating the average of 50
individual particle charge readings. Samples were prepared following the traditional CNC
methodology by dispersing CNCs in 50 mmol NaCl (aqueous) at 0.25 wt%. The solution is then

loaded into the Zeta-Meter cell for zeta potential measurement.

Scanning Flectron Microscopy

CNC morphology of clusters was depicted via SEM (Zeiss, SUPRA 55VP; Oberkochen,
Germany) at a working distance of 3.5mm and electron beam voltage of 1kV to reveal potential
damage or effect on crystal clusters. Samples were used as-received with no additional preparation

prior to imaging.

Transmission Electron Microscopy

CNC morphology of individual crystals was depicted via TEM (Zeiss, LEO 906;
Oberkochen, Germany) using an electron beam voltage of 100kV and 3% uranyl acetate stain to

assist contrast during imaging. The samples were prepared in deionized water using a
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concentration of 0.25 wt%. TEM imaging also supports conclusions drawn from zeta potential

experiments by allowing visualization of flocculation tendency in an aqueous environment.

Results

Adsorption Tests

The moisture content of CNC at 30°C for an awo0f 0.6 ranged from 11.56% to 13.87% based
on the dry CNC weight, as shown in Figure 3.1. The moisture content of CNC at 60°C for an aw of
0.6 ranged from 11.91% to 14.17% based on the dry CNC weight, as shown in Figure 3.2. Since
aw < 0.6 is preferred for food or similar materials which may spoil in a warm and humid
environment, it is suggested that the material should be operated at a moisture content less than
11.6% or relative humidity less than 60% at room temperature (i.e. 25°C) to moderate temperature
of 60°C when the addition of preservatives or creating sterile conditions is not feasible [139]. The
BET isotherms are shown up to aw = 0.5 because the data become less reliable at aw > 0.5.

The surface interaction energy is higher at 60°C than at 30°C for both adsorption and
desorption (BET method). The monolayer moisture content (m0) ranges from 6.25% to 9.22%
across all methods, as shown in Table 3.1. The GAB method reports a lower moon average than
BET, but BET reports a greater prediction error for mo. The symbol R? indicates the correlation of
the adsorption data with the models, and the symbol E denotes the prediction error, which is a
statistic that defines the residual error of the predicted moisture content relative to the actual
moisture content for these tests. The GAB method yields the highest and most consistent R’ values
and lower E values on average, indicating that it is best suited to model the water adsorption of
CNC. The BET method is valuable because GAB does not account for surface interaction energy,

which is significant for interpreting observations, as will be discussed later.
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Table 3.1 Equation 1 and 2 parameters relating to GAB and BET adsorption isotherms in Fig. 3.1

8066 J/mol-K

8004 J/mol-K

6000 J/mol-K

60°C Adsorption 60°C Desorption 30°C Adsorption  30°C Desorption
41.449 29.252 22.972 22.653
0.794 0.727 0.794 0.748
6.250% 8.440% 6.410% 7.990%
0.995 0.999 0.983 0.998
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Figure 3.1 GAB and BET moisture content % vs. water activity for 30°C treated CNC
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Figure 3.2 GAB and BET moisture content % vs. water activity for 60°C treated CNC

Differential Scanning Calorimetry

Thermal stability testing of CNC samples by DSC reveals that some degradation in
material properties has occurred. As shown in Figure 3.3a, the thermal decomposition of control
CNC occurs at ~272°C. However, the thermal decomposition of treated samples occurs at ~253°C
in 60°C isotherm-treated CNC (Figure 3.3b) and at ~252°C in 30°C isotherm-treated CNC (Figure
3.3c). These results indicate that the thermal decomposition of CNC occurs at a lower temperature
after the treatments. The exceptionally sharp, narrow peak observed before thermal decomposition
in all thermograms corresponds to the dehydration of adsorbed moisture within the samples, which
may occur at temperatures between 100°C and the thermal decomposition temperature, depending
on the amount of water and the CNC binding energy [140]. It is also apparent that the energy
required to degrade CNC thermally decreases from control CNC in 30°C isotherm-treated (230.32

to 129.85 J/g) and even further in 60°C isotherm-treated samples (84.91 J/g).
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using ramp rate of 10°C/min.
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X-ray Diffraction Analysis

In addition to thermal stability, the crystallinity of CNCs before and after
experimental treatments was investigated (Fig. 3.4). The crystalline fraction of CNCs was
measured via an XRD scan from 5° to 70° 20 to capture all relevant crystalline peaks. It should be
noted that the curved baseline shown beneath each XRD pattern is representative of the estimated
amorphous fraction by the XRD software (Bruker, DIFFRAC.SUITE). The crystalline peaks of
CNC across all samples appear at identical 26 values, as shown in Figure 3.4, indicating that the
lattice parameters and, therefore, the crystal structure of CNC were not altered by the treatments.
XRD spectra of treated CNCs samples also contain additional ‘stray’ peaks appearing most
prominently at ~20° and ~27°, and less prominently at ~50° and 60° 26. Moreover, analysis using
XRD software (JADE) revealed that the treated CNC samples contain quartz contamination. While
the crystal structure is unaffected by the treatments, the crystalline fraction of treated CNC is
reduced relative to the control, as determined by the Segal method (Eq. 3). The CNC control
crystallinity is approximately 79.1%.

In contrast, the 30°C-treated CNC is 66.2%, and the 60°C-treated CNC is 66.7%.
It should be noted that all crystallinity values are reported to £6.5 % in the original published
method [141]. It should also be noted that there is no concern that quartz contamination could skew
the baseline of the amorphous 'halo' in Segal method calculations, as quartz contributes a negligible
amorphous fraction [142]. A significant response in XRD was observed because of quartz's high

crystalline order relative to CNC [143].
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Figure 3.4 Stacked XRD patterns from 5° to 70° 28 of control CNC (red); 30°C treated
CNC (black); 60°C treated CNC (blue)

Scanning Electron Microscopy

SEM imaging reveals some change in the topographical texture of CNC clusters
compared to control crystals (Fig. 3.5). As shown in Figure 3.5a, the individual CNC crystals in
the control sample are more distinct, and CNC particles appear incredibly defined, with a higher
visible surface area and rougher surface features. Conversely, the individual CNC crystals in
treated samples are not visible, and surface features appear smoother with less visible surface area,
as shown in Figure 3.5b and Figure 3.5¢c. These findings suggest that reorganization of individual
crystals occurred within CNC clusters during treatments and is attributed to water adsorption.
Other morphological differences observed between the control and study samples include the
introduction of 'cracking' in CNC clusters, which may also be attributed to hydrostatic forces

during water adsorption [144].
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Figure 3.5 SEM images of CNC samples acquired at 56170x magnification: (a) control; (b) 30°C treated; (c)
60°C treated

Zeta Potential

Table 3.2 presents zeta potential measurements for the study and control CNCs,
showing a significant trend in the average zeta potential of the colloids. It is reported that isotherm-
treated CNCs exhibit lower zeta potential magnitudes and greater flocculation tendency than
control CNCs [145]. The zeta potential magnitude decreases further as the isotherm treatment
temperature increases from 30°C to 60°C. Therefore, it can be assumed that the degradation
process due to exposure to a warm, humid atmosphere may be heightened or accelerated as

temperature increases, with respect to particle stability.

Table 3.2 Zeta potential data for control CNC and treated CNCs.

Sample Avg. Zeta Pot.  Std. Deviation Counts
Control CNC -64.63 mV +9.52 50
30°C CNC -48.92 mV +5.95 50
60°C CNC -36.17 mV +3.62 50

Transmission Electron Microscopy

TEM imaging reveals an identical morphology of individual CNCs when dispersed

in an aqueous solution of low concentration (i.e., 0.25 wt%). Images in Figure 3.6 show CNCs
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approximately 100-200 nm in length and 10-20 nm in width, indicating that there is no significant
impact on crystal size during the experimental degradation process after 2 weeks. However, the
TEM images provide further evidence of an increased tendency toward aggregation in 30°C-
treated CNCs and even more so in 60°C-treated CNCs relative to the control. It is clearly apparent
that some attractive intermolecular interactions of CNCs are hindering the dispersibility in its
preferred media for dissolution. Therefore, CNC functionality may have been affected during the

high RH treatments, ultimately leading to a loss of surface charge [146].

Figure 3.6 TEM images of CNC samples acquired at 15000x magnification: (a) control; (b) 30°C treated;
(c) 60°C treated

Mass Loss and Microbiological Growth

The mass loss measurements after exposure to the 45°C treatment are 1.7% +0.3%
for the control CNC sample. The mass loss for the sample stored under saturated conditions (RH
100%) was 2.7% £1.4%. The mass loss for the CNC sample stored at a humid sub-saturated (RH
97%) condition was 4.02% + 2.46%. Mass losses were determined using five replicate
measurements, which provide a residual error estimate for these values. The increasing error trend
as mass loss increases indicates that there is no significant difference in mass loss between the

varying-humidity treatments for 45°C/2-week treated CNC. The direct source of the mass loss
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cannot be identified without further analysis [147]. Likely, mass loss is primarily due to the
hydrolysis of cellulose induced by water molecules at high humidity [148]. The microbiological

growth detection of 45°C/2-week humidity-treated CNC was inconclusive.

Discussion

Thermophysical Degradation

DSC analyses have revealed a lower thermal degradation temperature in adsorption-tested
CNC samples, along with a decreasing trend in thermal decomposition enthalpy. The loss in
crystallinity was verified and quantified by XRD, which showed no significant difference between
the temperature treatments (30°C — 66.2%; 60°C — 66.7%). However, the decreasing trend in the
thermal decomposition enthalpy with increasing treatment temperature indicates a reduction in the
energy required to break down CNC. The reduction in crystallinity did not significantly affect the
decomposition temperature, as the treated samples decomposed at a similar temperature of 252-
253°C. These findings suggest that the rate of degradation is not significantly affected by elevated
isotherm temperatures from 30°C to 60°C during short-term storage. The reduction in crystallinity
observed during isotherm treatments is most significant because it negatively affects CNC thermal
stability and is expected to compromise the material's mechanical properties by weakening its
structural integrity [149]. Crystalline regions were likely degraded via an alternative pathway, as
the reduction in crystallinity was observed in samples subjected to water adsorption modeling
rather than microbiological growth testing. The reduction in crystallinity observed in adsorption-
modeled samples is attributed to physical and potentially chemical disruptions caused by
interactions with water molecules [150]. As water is adsorbed and becomes bound within CNC

clusters, hydrolysis reactions between water molecules and the crystalline regions of cellulose
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become more likely [151]. The water uptake and retention of CNC are primarily driven by
amorphous regions that remain intact and can then diffuse into crystalline regions, allowing
hydrolysis to occur. If crystalline portions of CNC were favored during the (bio)degradation
process, then the humidity-isotherm treated CNC would require less energy to achieve thermal
decomposition, which is what was observed in adsorption tested CNC samples. These observations
were not recorded for the CNC treated at 45°C. However, the anticipated reduction in crystallinity
is expected to have occurred under the treatment as well, since the atmospheric exposure is similar

in both experimental setups.

Morphological Degradation

The morphological changes in CNC during 30°C and 60°C humidity treatments are
primarily observed by SEM. As shown above, the surface topography of control CNC clusters
appears to display superior single-crystal definition, whereas that of treated CNC clusters appears
smooth, with minor to no single-crystal definition. Moreover, the smoothness of CNC clusters
appears to be more pronounced as the temperature increases from 30°C to 60°C, suggesting a
decrease in surface area [152]. These findings indicate that water uptake by CNC clusters triggers
reorganization of individual crystals, resulting in reduced roughness and reduced cluster definition.
The smoother surface features of 60°C-treated CNC are also significant for varying temperature
treatments, as diffusion kinetics increase at elevated temperatures and may further affect the
topography of crystal clusters [153]. SEM observations also reveal hydrostatic cracking in the
treated CNCs, which is attributed to swelling and subsequent physical degradation due to water
uptake [154]. CNC cluster cracking appears larger by visual observation in 30°C-treated CNC

compared to 60°C, providing further evidence for the attribution [155]. Atmospheric water activity
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generally increases with temperature, so the 30°C-treated CNC is anticipated to exhibit greater
water adsorption than the 60°C-treated CNC [156]. This phenomenon is observed in the study data
(Fig. 3.1 and Fig. 3.2). However, CNC treated at 30°C is likely to exhibit greater water uptake and
swelling, as lower temperatures favor the deposition of water vapor [157]. This occurrence may
then lead to greater drying stress in the 30°C-treated sample [159]. These outcomes provide
evidence supporting temperature as a relevant variable in the degradation rate of CNC.

TEM observed no significant change in morphology, but the zeta potential findings are
supported by the higher aggregation tendency observed in the humidity-isotherm-treated samples.
Single crystals appear identical in dimensionality and shape across the TEM images shown above;
the only visible differences between CNCs are more populated, generally larger clusters in the
treated CNC, and larger clusters as the temperature is increased during treatments. These findings,
in addition to the decreasing trend in surface charge shown in Table 3.2, suggest a greater tendency
for CNC to agglomerate when partially degraded by exposure to a humid, warm atmosphere [158].
The consequential loss of surface charge reduces the deterrence to CNC aggregation by reducing
electrostatic repulsion within individual crystals [159]. The greater loss in surface charge observed
for 60°C-treated CNC relative to 30°C-treated CNC is attributed to the higher surface interaction
energy measured during 60°C treatment. The greater surface interaction energy can cause more
sulfate groups that provide surface charge to CNC to be hydrolyzed and thus removed from the

surface [160].

Mass Degradation and Microbiological Growth

In particular, the loss in surface charge suggests that the mass loss observed in the study

samples may have followed an outside-in pathway, since the surface charge of CNC is primarily
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provided by sulfate groups introduced during acid hydrolysis [161]. The loss of mass via functional
groups could have occurred through hydrolysis reactions induced by water adsorption or through
biodegradation driven by microbial growth. A minority fraction of the dry matter losses in these
samples may be attributed to a potential biological degradation event, since water activities (aw) at
or above 0.8 support growth and activity of osmophilic yeasts and xerophilic fungi; water activities
above aw 0.9 support growth of many cellulose-degrading bacteria and most fungi [162].
Furthermore, the control CNC stored under dry conditions is reported to exhibit a measurable mass
loss of 1.7% +0.3%, attributed to structural transformations induced by drying stress and
dehydration reactions [163]. At higher temperatures (e.g., 105°C), CNC drying stress may induce
dehydration reactions within the biomaterial, leading to mass loss via hydroxyl groups [164].
Therefore, some of the mass loss (1.7% +0.3%) may not be attributed to biodegradation or to
hydrolysis via CNC-water interactions. The majority of mass loss in the study samples is attributed
to hydrolysis reactions via water adsorption and thermal stress during drying.

Additionally, because the majority of CNC is crystalline, microbes and fungi that prefer
crystalline portions of CNC as a feedstock are more likely to dominate the biodegradation process
[165]. Crystalline portions of CNC would then be favored to biodegrade over any remaining
amorphous portions, consequently, via enzymatic hydrolysis of microbiological species which
naturally occurred within CNC samples at the start of experimental treatment [166]. However, it
is recommended to more closely investigate the biological growth and biodegradation of CNC to
support these claims. Future studies should conduct a longer-term storage experiment to determine
whether the degradation rate remains constant, accelerates, or decelerates over time under warm,
humid conditions. The mass losses should also be further evaluated to determine the dominant

pathways among hydrolysis, dehydration, and potential biodegradation. Moreover, identification
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of the species involved in potential microbiological feeding and/or growth would provide valuable

insight into the definition of the biodegradation mechanism.

Conclusion

CNC degradation pathways via warm, humid atmospheric exposure include: reduced
dispersion stability, loss of dry matter and crystallinity, reduced thermal decomposition energy,
and reduced thermal stability. The reduction in crystallinity observed during adsorption tests is
particularly significant because it negatively affects CNC thermal stability and is expected to
compromise the mechanical properties of the material by compromising structural integrity.
Physical degradation occurs via cracking in CNC clusters due to swelling during water uptake and
drying stress, as well as mass loss from the hydrolysis of adsorbed water. There was no significant
difference in mass loss between humidity treatments during 2-week storage tests at 45°C (i.e., 0%
v. 96% v. 100% RH). Additionally, the detection of microbiological growth during the storage test
was inconclusive. The hydrolysis mechanism of water adsorption is identified as the primary
pathway for the reduction in crystallinity of CNC caused by exposure to various humidity isotherm
treatments. Other physical changes observed in adsorption tests included increased surface
smoothness in high-temperature-treated CNC (60°C), due to the reorganization of individual
crystals during water diffusion. Lastly, surface charge degradation from adsorption treatments
made CNC more susceptible to agglomeration due to reduced colloidal stability. TEM
observations support these interpretations of zeta potential data. It is recommended to perform a
longer-term storage experiment to determine whether the degradation rate remains constant,
accelerates, or decelerates over time under warm, humid conditions. The mass losses should also

be further evaluated to determine the dominant pathways among hydrolysis, dehydration, and
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potential biodegradation. Moreover, identification of the species involved in potential
microbiological feeding and/or growth would provide valuable insight into the definition of the

biodegradation mechanism.



80

CHAPTER FOUR

PRODUCTION AND CHARACTERIZATION OF SUGAR BEET BASED CELLULOSE
NANOCRYSTALS

Contribution of Authors and Co-Authors

Manuscript in Chapter 4

Author: Daniel Blake

Contributions: Investigation, Analysis, Writing — Original draft, Visualization
Co-Author: Adam Gladen

Contributions: Supervision, Writing — Review, Editing

Co-Author: Navid Anjum

Contributions: Analysis

Co-Author: Dilpreet Bajwa

Contributions: Supervision, Writing — Review, Editing



81

Manuscript Information

Daniel Blake, Adam Gladen, and Dilpreet Bajwa

Reviews on Advanced Materials Science

Status of Manuscript:

X Prepared for submission to a peer-reviewed journal
Officially submitted to a peer-reviewed journal
Accepted by a peer-reviewed journal
Published in a peer-reviewed journal



82

Abstract

Cellulose nanocrystals (CNCs) are nanoparticles commonly extracted from woody biomass
such as white pine via sulfuric acid hydrolysis methodology. CNCs have generated significant
interest in recent years due to its notable properties: high mechanical strength, high aspect ratio,
high surface area, and a liquid crystalline nature. CNCs may also undergo chemical modification
easily to adjust material properties such as thermal stability, hydrophilicity/hydrophobicity, and
surface charge. In this study, several CNC types were produced using phosphoric acid (P-CNC),
phosphoric/sulfuric acid blend (PS-CNC), nitric acid (N-CNC), nitric/sulfuric acid blend (NS-
CNC), and sulfuric acid control (S-CNC) to investigate the impact of acid choice and/or changes
in functionalization (i.e. sulfate, phosphate, nitrate) on CNC composition and properties. CNCs
were produced from sugar beet pulp (SBP) and characterized to report mass yield, zeta-potential,
degree of functionalization, crystallinity, and cellulose content. The CNCs made from SBP were
characterized and compared alongside a commercial product (i.e. control CNC) made from white
pine through the standard sulfuric acid hydrolysis. It is revealed that CNCs produced from SBP
(SBPCNC:s) possess lower cellulose content, zeta-potential, crystallinity, and a larger aspect ratio
than the commercial CNC. The CNCs made using phosphoric acid (P-CNC and PS-CNC) exhibit
potential for use in material development because of minor crystallinity and cellulose content
reduction and increased reaction mass yield relative to the CNCs made from SBP using sulfuric
acid (S-CNC). Phosphoric acid also diminishes the harshness of the hydrolysis as it is less caustic
than sulfuric or nitric acid. The elemental composition of SBPCNCs was measured using energy
dispersive spectroscopy, which reveals successful functionalization of CNC by phosphoric and/or
sulfuric acid whereas nitric acid is ineffective. The degree of functionalization in S-CNC is greatest

followed by PS-CNC and then P-CNC. Water uptake experiments were performed on SBPCNCs
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and commercial CNC and reveal that P-CNC experiences the most water uptake at 40% and 70%
RH followed by PS-CNC. The greater water uptake of P-CNC and PS-CNC is attributed to their
increased amorphous fraction versus S-CNC and commercial CNC rather than functionalization.

Keyword: Cellulose nanocrystal, Phosphoric acid, Nitric acid, Sulfuric acid, Acid blend,
Characterization

Introduction

Cellulose nanocrystal (CNC) is a popular material in various realms of research because of
its desirable properties and sustainability [167]. CNC is often produced via sulfuric acid hydrolysis
from biomass sources for commercial production, in which the chemical treatment dissolves the
amorphous components [168]. These biomass sources are either woody or non-woody [169].
White pine is the standard (woody) biomass in commercial production of CNC because of the high
theoretical yield given the high cellulose content and crystallinity, relatively. However, there are
other biomass’ that may be used for CNC production to supply the need for this material in research
and development projects. Producing CNCs is often costly but may be accomplished from waste
materials such as pressed sugar beet pulp (SBP) to improve economics [170] The waste material
retains lignocellulosic components which may be used to yield CNC. It is preferable to find some
use for these waste biomass by-products for high value applications [171]. Still, there is unmet
potential for waste biomass in supplying the production of more valuable products such as CNC.

Sugar beets are used as a primary crop for sugar production, yet there is a sizable amount
of biomass that remains after the desired sugars have been extracted. In other research, SBP has
been proven as a valuable material in animal feeds for cattle, pigs, and horses because of the

beneficial impacts to gut health [172]. Although these applications have been found to be suitable,
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there has been increased demand for CNC in material development; composites in particular. SBP
is known to contain ~23% cellulose content post-extraction of sugars, which is significant enough
for cellulose nanocrystal production of this otherwise waste by-product. CNC production is often
costly but may be accomplished from waste materials such as pressed SBP to improve economics
[173]. The process is often achieved by means of acid hydrolysis in which non-crystalline
components are dissolved such as hemicellulose and amorphous cellulose. The waste material
retains lignocellulosic components which may be used to yield CNC. Although cellulose
represents 20-25% of mass abundance in SBP, only crystalline cellulose may be used to produce
CNC. Crystalline cellulose is known to represent near 50% of cellulose mass in herbaceous
biomass and near 70% in woody biomass [174]. SBP is more herbaceous than woody so the
maximum CNC mass yield is predicted to be ~10% from untreated starting material. The potential
yield further validates the research performed on optimizing pretreatments. It is essential to define
reaction parameters of the highest efficiency so that the process may remain economically viable.

SBP is often received frozen; then stored at -20°C to prevent material decomposition. The
pulp is oven-dried at 70°C before use. Dried SBP is manually ground and sieved to a maximum
particle size of 250um before treatment. Pressed SBP is reported to have a cellulose content of
~23%, which has been confirmed by HPLC analysis. Cellulose is composed of glucan whereas the
hemicellulose of SBP is composed of primarily arabinan and xylan [175]. Lignin content is defined
by ‘Klason lignin’ which is acid insoluble. The main drawback of CNC production methods is
caused by the presence of lignin [176]. The majority of lignin that is present in biomass is
commonly klason lignin, which contaminates CNC if not initially removed [177]. Lignin content
is seen to increase from 2% to 13% between raw SBP and the hydrolyzed product. It is apparent

that acid hydrolysis of untreated SBP causes the concentration of lignin to increase in remaining
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solids by reducing the dissolving of acid-soluble constituents (i.e. hemicellulose and amorphous
cellulose). The persisting presence of klason lignin also seems to prevent the complete removal of
hemicellulose, in addition to contaminating CNC, by binding to cellulosic components. Therefore,
it is necessary to remove klason lignin before beginning acid hydrolysis by various pretreatments.

In this study, SBP is used to produce CNC with various mineral acids. The methodology
of CNC production had been optimized in 2006 by Bonderson et al. in which purified cellulose
was hydrolyzed using sulfuric acid [177]. The reaction conditions for sulfuric acid hydrolysis in
this experiment were adopted from the procedure outlined by the optimized reaction. These
conditions include a sulfuric acid concentration of 64% (w/w) and a reaction temperature of 45°C
for 45 minutes of treatment with stirring. Sulfuric acid hydrolysis of cellulose is known to result
in the insertion of sulfate groups onto the CNC surface during hydrolysis, which contribute to
material hydrophilicity because of its oxygen density. However, the sulfate groups are also known
to initiate thermal decomposition. In this study, SBP is pretreated using traditional pretreatment
methodology with varying acid hydrolyses. The goal of the experiment is to investigate the impact
of varying functionalization of CNCs on material properties. Since sulfate groups are inserted onto
CNC during sulfuric acid hydrolysis, it can be assumed that phosphate groups would be inserted
during phosphoric acid hydrolysis and nitrate groups during nitric acid hydrolysis. Given the
impact of material composition on material properties, it is worthwhile to investigate how the
properties of CNC may change as functionalization is altered.

CNC produced via sulfuric acid hydrolysis methodology is known to contain numerous
sulfate half-ester groups throughout resulting crystals as depicted in Figure 4.1 [178]. Although
CNC is known to be hydrophilic because of the abundance of hydroxyl groups on its surface,

sulfate groups are more hydrophilic than hydroxyl groups by possessing a higher oxygen count
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and density in addition to a more negative charge. Therefore, CNC possessing a higher degree of
sulfonation is anticipated to exhibit higher hydrophilicity. Modification of CNC functional groups
has been proven to effect material thermal stability as well [179]. Vanderfleet et al. exemplified
the technique by investigating the thermal degradation of CNCs prepared using sulfuric and
phosphoric acids [180]. The results proved that CNCs produced using phosphoric acid are more
thermally stable than CNCs produced using sulfuric acid. However, phosphate effects on CNC
hydrophilicity are yet to be determined. Phosphate groups are similar to sulfate groups in that both
possess high oxygen count and negative charge, which is indicative of hydrophilicity [181].
Additionally, the presence of sulfate groups has been proven to encourage greater dispersion of
CNCs by means of electrostatic forces [182]. Therefore, it is practical to observe changes in
material properties of CNC by maintaining some degree of sulfonation while introducing some

additional functional group.
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Figure 4.1 Functionalization of CNC by sulfuric acid hydrolysis.

It is known that hydrogen bonding occurs between hydrogen and oxygen, nitrogen, or
fluorine [183]. Therefore, the presence of nitrate and/or phosphate groups may enhance the
hydrophilicity of CNC via hydrogen bonding of water molecules. Although sulfate groups are
oxygen dense, the presence of oxygen and either nitrogen or electron-dense phosphates may
further encourage the hydrogen bonding which is heavily associated with CNC hydrophilicity

[184]. It is hypothesized that nitric and phosphoric acid hydrolyses may result in more hydrophilic
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CNC due to the positive effect that nitrate and phosphate groups may have on hydrogen bonding
[185]. Furthermore, it is reported that nitric acid hydrolyses may result in CNCs with a higher
thermal stability limit based on previous published research [186]. Given the nature of SBP, it is
also necessary to purify the cellulose of the biomass before acid hydrolysis. The purification of
cellulose from various biomass is most commonly conducted via alkali treatment with NaOH
followed by bleaching treatment with NaClO2 and acetic acid (CH3COOH) [187]. The primary
purpose of NaOH treatment is to weaken hemicellulose linkages so that the component may be
isolated more easily during acid hydrolysis [188]. These effects also benefit the removal of lignin
which is often accomplished by bleaching via NaClO2 [189].

The strength of the pretreatment depends on the cellulose content of the biomass, or in
other words, the amount of material which must be removed/dissolved to yield a pure cellulose
product. Although CNC is a renewable and sustainable material sourced from a variety of biomass,
the chemical procedures that are used to purify and hydrolyze cellulose require the handling and
disposal of hazardous waste. It is acknowledged that nitric acid hydrolysis is not an improvement
from the standard sulfuric acid hydrolysis in terms of environmental benefit. However, it is
worthwhile to investigate the properties of CNCs produced with nitric acid in the interest of
scientific research. Phosphoric acid is a weaker acid with a pKas of 2.15 (H3PO4/H2POx), a pKa2
of 7.20 (H2PO4/ HPO4%), and a pKas of 12.38 (HPO4*/PO4>") whereas the pKus and pKa2 of sulfuric
acid is -3.0 and 1.92, respectively, and the pKa of nitric acid is -1.30 [190]. Therefore, phosphoric
acid does not fully dissociate as the nitric and sulfuric acid do and is less effective as a hydrolysis
reagent. The reaction conditions of alternative acid hydrolyses are more intense than the standard
sulfuric acid hydrolysis. However, the properties which functionalized CNCs exhibit may validate

using these more intense processes. It is proposed that the chemical modification of CNC using
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phosphoric acid during acid hydrolysis may result in CNCs demonstrating improved thermal

stability and water adsorption abilities.

Materials and Methods

Pressed SBP biomass was obtained from American Crystal Sugar (ACS) located in Fargo,
ND as the cellulose source for CNC production. Sodium hydroxide (=97%) and acetic acid (99.7%
w/w) was purchased from Fisher Chemical (Pittsburgh, PA). Sodium chlorite (80 wt%; analytical
grade) was purchased from Acros Organics (Antwerp, Belgium). Conc. H2SO4 (95-98%) was
purchased from Fisher Chemical (Pittsburgh, PA) Phosphoric acid (85+% w/w; extra pure) was
purchased from Thermo Scientific (Waltham, MA). Nitric acid (~70% w/w; technical grade) was
purchased from Fisher Chemical (Pittsburgh, PA). Dialysis tubing (12-14k Dalton pore limit) was
purchased from Sigma-Aldrich (Burlington, MA). Sodium chloride (99%) was purchased from

Sigma-Aldrich (Burlington, MA).

SBP Pretreatment

Pretreatments conditions have been adapted based on research by Li et al. in which
cellulose nanofibers (CNF) were prepared from de-pectinated sugar beet pulp [191]. Pretreatment
conditions have been altered based on research presented by Hietala et al. in which CNF is also
prepared from sugar beet residue [192]. SBP was oven-dried at 70°C for 48 hours; then ground
and sieved to particle size < 250 micron before treatment. The SBP granules were first subjected
to alkali treatment using 2% (w/V) NaOH at 80°C for 2 hours to weaken hemicellulose linkages
and dissolve water solubles. The alkali-treated material is then vacuum filtered and washed with
deionized water to remove residual NaOH before bleaching treatment. Alkali-treated pulp is then

subjected to bleaching using 2% (w/V) NaClO2 with 10% (V/V) acetic acid addition to the reaction
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mixture to oxidize and dissolve remaining cellulose impurities. The bleached material is vacuum
filtered and washed with deionized water to remove residual NaClO2 and acetic acid before acid
hydrolysis. Acid blends of phosphoric/sulfuric and nitric/sulfuric were mixed using an 8:1 molar
ratio based on conditions used in previous published research [193]. Since sulfuric acid is the
strongest among the 3 mineral acids in terms of acidity, the minority fraction of sulfuric acid in
these blends functions as a catalyst during the hydrolysis of cellulose and may then allow for a

more effective hydrolysis via nitric or phosphoric acid.

Acid Hydrolysis Process and CNC Extraction

The various acid hydrolysis reactions are all quenched using 10x volume of deionized
water and cooled at 4°C to allow for sedimentation of the hydrolyzed material. The liquid is poured
off and CNCs are washed heavily with deionized water to remove residual acid and other soluble
impurities to yield a suspension. CNCs are then washed excessively with deionized water via
centrifugation at 9000RPM for 10 minute cycles until pH ~5.0. These washed and concentrated
CNC suspensions are isolated and mechanically homogenized (IKA, T25DS1; Staufen im Beisgau,
Germany) at 1000RPM for 1 minute to break aggregates before dispersing via ultrasonication
(Hielscher, UIP1000hd) at 60% amplitude power for 5 minutes. These dispersed suspensions are
washed even further via dialysis in which concentrated CNC solutions are loaded and sealed in
dialysis tubing. Dialysis of CNC suspensions is performed using 10x volume of deionized water,
which is replaced daily over the course of 5 days. After dialysis, the CNC suspensions were
subjected to 5 minutes of mechanical homogenization followed by ultrasonication at 60% for 5
minutes to disperse CNC suspensions before obtaining the final product via lyophilization (SP
Scientific, Advantage Pro; Warminster, PA). CNCs were air-dried to a gel to reduce moisture

content and freeze-dried for 48 hours to yield the study samples: sulfuric CNC (S-CNC; control),
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phosphoric CNC (P-CNC), phosphoric/sulfuric CNC (PS-CNC), nitric CNC (N-CNC), and
nitric/sulfuric CNC (NS-CNC). The mineral acids which were used to produce the CNC samples
are incorporated into the CNC acronym as a means to efficiently communicate information and

will be referred to as such for the remainder of the article.

Phosphoric Acid Hydrolysis

Phosphoric acid hydrolysis was performed using a reaction temperature of 100°C and
reaction time of 2 hours with 10.56M acid concentration. Equivalent reaction conditions were

selected for 8:1 the phosphoric and sulfuric blend hydrolysis.

Nitric Acid Hydrolysis

Nitric acid hydrolysis was performed using a reaction temperature of 80°C and reaction
time of 45 minutes with 15.44M acid concentration. Equivalent reaction conditions were selected

for the nitric and sulfuric blend hydrolysis.

Sulfuric Acid Hydrolysis

The control acid hydrolysis was performed using a reaction temperature of 45°C and a

reaction temperature of 45 minutes with 64wt% sulfuric acid (~10.05M).

Mass Yield Measurement

CNC mass yield was measured using Eg. /. SBP was dried in an oven at 70°C for 48hours
and ground to a particle size of <250 pum. The mass of the dried and ground SBP was then recorded
prior to pretreatment (SBP Mass). SBP was subjected to alkali and bleaching treatments followed

by acid hydrolysis, as outlined above. The CNCs produced by the various acid hydrolyses are
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washed and concentrated before isolating the final product via lyophilization. The CNC
concentrates, or gels, are freeze-dried for 48 hours and the final mass is recorded (CNC Mass).
Eq. 1

CNC Mass

Mass Yield (%) = SBP Mass X 100

X-ray Diffraction Analysis

CNC crystallinity was measured via powder XRD analysis (Bruker, D8 Advance Powder
XRD; Billerica, MA) using the Segal method to estimate the amorphous fraction of cellulose Ip.
The estimation is then used in Eg. 2 where CI is crystallinity index, /200 1s the intensity of the 200
plane of crystalline cellulose, and Zux is the maximum intensity of the ‘amorphous halo’ occurring
between crystalline peaks at approximately 18° 26 [194]. The calculation yields a percentage and
represents the portion of CNC which is indeed crystalline. XRD spectrums were acquired from 5-
60 20 to capture all of the relevant peaks.

Eq. 2

— 1200 - Ia

CI ™ % 100

1200

Zeta-Potential Measurement

CNC surface charge and flocculation tendency were determined via zeta potential
measurements (Zeta-Meter, System 4.0; Staunton, VA) by calculating the average of 50 individual
particle charge readings. Samples were prepared following traditional methodology for CNC by
dispersing CNCs in 50 mmol NaCl (aqueous) at 0.25 wt% concentration. The solution is then

loaded into the Zeta-Meter cell for zeta potential measurement.
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Scanning Electron Microscopy & Energy Dispersive Spectroscopy

The dry morphology of CNC was depicted via SEM (Zeiss, SUPRA 55VP; Oberkochen,
Germany) at a working distance of 10 mm and an electron beam voltage of 20kV. These conditions
are intense compared to usual SEM imaging settings, but these conditions are required to conduct
EDS [195]. Elements detected via EDS were identified by the K-series x-ray emitted from the
atom excited by the electron beam. The x-ray intensities are then measured by the instrument and
given a value, which is multiplied by the element’s k-ratio to yield the wt% value. The instrument
is calibrated using a factory standard for each element: SiO2 for oxygen and silicon, FeS: for sulfur,

GaP for phosphorous, BN for nitrogen, and NaCl for chlorine.

High Pressure Liquid Chromatography

HPLC data was acquired using a BioRad Aminex HPX-87H column (Hercules, CA) and
Agilent 1260 Infinity ii system (Santa Clara, CA). Sample preparation for the compositional
analysis of CNCs via HPLC was adopted from the national renewable energy laboratory (NREL)
established procedure (NREL/TP-510-42618) [196]. 100mg of each CNC sample was weighed
using a microbalance and transferred to an autoclave tube. ImL of 72% (w/w) sulfuric acid is
added to the autoclave tube and is incubated at 30°C for 1 hour with stirring every 5-10 minutes to
dissolve the acid soluble biomass. 27mL of deionized water is then added to the mixture and the
tube is sealed to be autoclaved for a 60-minute acid digestion at 121°C/15psi. ImL of the
autoclaved solution is filtered before injection into the HPLC column; the remainder of the solution

is filtered through an ashless filter paper to measure the Klason lignin content.
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Fourier-Transform Infrared Spectroscopy

Fourier-Transform Infrared Spectroscopy (FTIR) spectra of powder samples were acquired
using a Thermo Scientific model Nicolet iS5 system with iD7 attenuated total resonance (ATR)
detection (Madison, WI). The experiment was setup using OMNIC software in which data was
acquired using 64 background scans and 64 sample scans in order to produce an average from a

larger sample set for data of higher quality [197].

Water Uptake Experiment

The water uptake experiment was initiated by first drying CNCs under dry nitrogen and
ramping temperature from 20°C to 110°C at a rate of 7.5°C/minute; then maintaining 110°C for
20 minutes to remove any preliminary moisture. The samples were subjected to water uptake by
exposure to 40% and 70% RH in a hydration chamber (ESPEC) at room temperature (~22°C) until
the plateau of mass. Data points were collected every 10 minutes for the first 30 minutes, and then
every 20 minutes to learn information relating to rate of water uptake as well as maximum quantity
(gwater/gene). Temperature and RH inside the hydration chamber were monitored by a temperature

and humidity sensor (Sensirion, SHT-35; Stafa, Switzerland).

Thermogravimetric Analysis

Thermogravimetric analysis was conducted from 30°C to 600°C at a rate of 10°C/minute in
a non-inert atmosphere (i.e. air) using a Discovery 5500 Thermogravimetric Analyzer (TA
Instruments; New Castle, DE). Samples were held at 30°C for 5 minutes before ramping to 110°C
and holding for 10 minutes to evaporate any moisture. Temperature was then ramped to 600°C

and held for 10 minutes to cause thermal decomposition.
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Results

It is found that the phosphoric acid hydrolysis of pretreated sugar beet pulp achieves the
highest mass yield of 22.48% followed by the phosphoric/sulfuric acid blend. The mass yield of
the reactions decreases as the strength of the acid or acid blend increases. Although the mass yield
of S-CNC is the lowest among all reactions, it possesses the highest cellulose content. These
findings indicate that sulfuric acid is the most selective in purifying and hydrolyzing cellulose. All
CNCs received an identical pretreatment before acid hydrolysis. The mass yield of alkali treatment
averages 63.34% whereas the mass yield of bleaching treatment averages 93.45%. S-CNC also
possesses the highest crystallinity which further verifies that sulfuric acid is selective and efficient
in producing CNCs, given that the reaction has the lowest temperature and shortest reaction time.
These results also display a trend of increasing zeta potential magnitude as acid strength is
increased. CNCs produced using phosphoric acid have the lowest zeta potential magnitude but the
colloids are still considered stable. The standard deviations of zeta potentials were deduced from
raw data points whereas the standard deviation of cellulose content was deduced using data points
from the HPLC calibration curve. The error for crystallinity values was adapted from the original
published method in which the standard error was reported to be 6.5% [198]

Table 4.1 Zeta-potential, crystallinity, cellulose content and mass yield data of CNC produced

with: sulfuric acid (S-CNC), nitric/sulfuric acid blend (NS-CNC), nitric acid (N-CNC),
phosphoric/sulfuric acid blend (PS-CNC), and phosphoric acid (P-CNC).

CNC Zeta Potential (mV) Crystallinity Cellulose Content ~ Mass Yield
S-CNC -48.15 £ 6.45 59.10% + 6.5% 50.2% + 0.47% 11.5%
NS-CNC -45.55+8.02 48.39% + 6.5% 39.3% + 0.47% 13.2%
N-CNC -42.05 £7.35 51.28% + 6.5% 33.3% + 0.47% 17.0%
PS-CNC -38.63 £5.27 57.89% + 6.5% 41.4% + 0.47% 20.6%

P-CNC -35.09 £ 6.53 54.35% £ 6.5% 40.1% £ 0.47% 22.5%
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Fourier-Transform Infrared Spectroscopy

FTIR spectra of all CNC samples contains a strong hydroxyl peak occurring at ~3350 cm-
!, This is expected for CNC as the chemical structure natural contains hydroxyl groups (Fig. 4.1).
The strongest peak among all spectra, which occurs at ~1020 ¢cm™! is attributed to C-O stretching
within the pyranose ring of the CNC backbone. The peak at ~1020 cm™! may also be attributed to
sulfate presence [199]. The FTIR overlaid spectra displays 3 main differences between CNC
samples. The disparity appearing at 1638 cm’! is attributed to carbonyl (C=0) stretching of a
ketone or amide while the disparity appearing at 1280 cm™! is attributed to C-O stretching of an
ester. The more intense response in the fingerprint region of N-CNC and NS-CNC is attributed to

the higher degree of oxidation which occurs as a result of using nitric acid.
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Figure 4.2 FTIR overlay of CNC produced with: sulfuric acid (S-CNC; purple), nitric/sulfuric
acid blend (NS-CNC; black), nitric acid (N-CNC; red), phosphoric/sulfuric acid blend (PS-CNC;
blue), and phosphoric acid (P-CNC; green).
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High Pressure Liquid Chromatography

HPLC compositional analysis revealed a low cellulose content of CNCs as well as
hemicellulose and lignin remaining. The persistence of hemicellulose and lignin along with low
cellulose content indicate an incomplete hydrolysis and the need for more intense pretreatment to
increase the purity of cellulose before hydrolysis. S-CNC has the highest cellulose content of
50.2%, PS-CNC is 41.4%, P-CNC is 40.1%, NS-CNC is 39.3%, and N-CNC is 33.3. S-CNC also
has the highest lignin fraction of 4.0%, which is due to the greater dissolution of other impurities
during sulfuric acid hydrolysis. Therefore, the insoluble lignin increases in mass % as its mass
remains the same but other biomass such as hemicellulose and uronic acids is dissolved. N-CNC
and NS-CNC possess the lowest mass fraction of hemicellulose, which is attributed to the

oxidizing abilities of nitric acid in addition to its acidity.
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Figure 4.3 HPLC mass abundance of lignocelluloses in CNC produced with: sulfuric acid (S-CNC),
nitric/sulfuric acid blend (NS-CNC), nitric acid (N-CNC), phosphoric/sulfuric acid blend (PS-CNC),
and phosphoric acid (P-CNC).
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X-ray Diffraction Analysis

The crystallinity of CNCs was investigated via XRD scan from 5° to 60° 26 to capture all
relevant peaks. It should be noted that the curved baseline beneath each XRD pattern is
representative of the estimated amorphous fraction pattern by the XRD software (Bruker,
DIFFRAC.SUITE). The crystalline peaks of CNC among all samples appear at an identical 26 as
shown in Figure 4.4 with the exception of nitric acid CNCs which appear to be shifted slightly
left. This indicates that the lattice parameters, and therefore the crystal structure, of CNC was not
altered by the phosphoric and control acid hydrolyses, but appears to be altered by nitric acid
hydrolyses. After calculation via the Segal method (Egq. 2), it is revealed that the crystalline fraction
of alternative acid CNCs are reduced relative to control (i.e. S-CNC). S-CNC’s crystalline fraction
1S 59.10% whereas PS-CNC’s 1s 57.89%, P-CNC’s is 54.35%, NS-CNC’s is 48.39%, and N-CNC
1s 51.28%. XRD spectra of S-CNC, NS-CNC, N-CNC, and P-CNC contain additional ‘stray’ peaks
appearing most prominently at ~27° and ~40° in S-CNC. Analysis using XRD software (JADE)
revealed that these CNCs contain quartz contamination in samples. It should be noted that there is
no concern of quartz contamination skewing the baseline of the amorphous ‘halo’ in Segal method

calculations because quartz contributes an amorphous fraction which is negligible [200].
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Figure 4.4 XRD stacked spectra of CNC produced with: sulfuric acid (S-CNC),
nitric/sulfuric acid blend (NS-CNC), nitric acid (N-CNC), phosphoric/sulfuric acid
blend (PS-CNC), and phosphoric acid (P-CNC) from 5° to 60° 20

Energy Dispersive Spectroscopy

EDS results confirm the presence of phosphorous in P-CNC, phosphorous and sulfur in
PS-CNC, and sulfur in S-CNC and NS-CNC. However, there is no nitrogen detected in NS-CNC
nor N-CNC due to lack of functionalization. Carbon has been omitted from the element detection
so that only wt% of elements which occur in functional groups is measured. The oxygen content
is dominant because of its existence in the makeup of cellulose repeating units and branching
hydroxyls. Still, the oxygen content of P-CNC and PS-CNC is higher than that of S-CNC
(Control), which is encourages hydrophilicity [184]. N-CNC also contains a high oxygen content,
but is attributed to the oxidation caused by nitric acid during hydrolysis. The Si which is detected
is attributed to the silicon sheet that samples were affixed to for analysis rather than some carbon
tape. Silicon was chosen so that carbon tape would not interfere with elemental analysis. Impurities

such as Al and Cl most likely have been inserted to the molecular build of CNCs during the
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bleaching treatment using NaClO2. Given that NaClOz is the least pure reagent used in the study
(~80%), it is probable that impurities such as Al were introduced during the bleaching treatment.
S1 refers to site 1 of the EDS analysis, and BSI stands for back scatter image, which is used to

conduct SEM-EDS analysis.

Table 4.2 EDS quantified wt% for elements of significance in functional group analysis of CNCs

Element Control Wt% N-CNC Wt% NS-CNC Wt% P-CNC Wt% PS-CNC Wt%

0] 96.51 97.73 95.60 97.51 97.91
Si 0.56 1.21 2.30 0.66 0.82
S 1.16 - 0.50 - 0.11
N - 0.00 0.00 - -

P - - 0.12 0.15
Al - 0.05 0.11 0.11 0.24
Cl 1.08 0.09 0.08 0.10 0.76

Water Uptake Measurement and Kinetic Study

Data from the water uptake experiments on CNCs is presented in Figure 4.5 and Figure
4.6. 1t is apparent that P-CNC attains the highest amount of water uptake at both RH levels,
followed by PS-CNC. Although the rate of water uptake appears to be similar, the control CNC
(i.e. commercial CNC) displays a higher adsorption rate at 40% RH, relatively. The adsorption
rate appears to remain the same at 70% RH for the control CNC, but increases for SBPCNC:s (i.e.
S-CNC, P-CNC, PS-CNC). The control CNC does attain a higher amount of water uptake at 70%
v. 40% RH, but does not display as much of an increase in the plateaued mass as SBPCNCs. The
higher water uptake mass of the SBPCNC:s is attributed to the presence of amorphous cellulose
and other amorphous components that may still be present. It is revealed by HPLC that the
composition of SBPCNCs is not as pure and SBPCNCs have a lower crystallinity than control.

The remaining amorphous parts of SBPCNCs have a significant impact on interactions with water,
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and cause for a higher affinity for water adsorption (i.e. hydrophilicity) [200]. At a low RH, the
trend among CNCs is not as apparent. However, at 70% RH, it is clear that the water uptake
increases in terms of rate and plateaued mass in the following order of: control CNC (i.e.

commercial CNC), S-CNC, PS-CNC, P-CNC.
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Figure 4.5 40% RH water uptake data of: control CNC (black), P-CNC (green),
PS-CNC (blue), and S-CNC (red)
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Figure 4.6 70% RH water uptake data of: control CNC (black), P-CNC (green),
PS-CNC (blue), and S-CNC (red)

Thermogravimetric Analysis

TGA data for CNC samples of interest (P-CNC, PS-CNC, S-CNC, and control) is shown
in Figure 4.7. As before, N-CNC and NS-CNC were excluded due to greater losses in crystallinity
and purity relative to other CNCs. It is apparent that control CNC is characterized by the greatest
thermal stability followed SBPCNCs (i.e. P-CNC, PS-CNC, and S-CNC). There is no significant
difference in thermal stability between SBPCNCs. From these findings, it is likely that crystallinity
is the primary factor affecting thermal stability of CNC since control CNC possesses the highest
crystallinity (~79%). SBPCNC:s all possess a similar crystallinity of 55-60%, so there is not much
difference in thermal decomposition onset. However, the SBPCNCs retain mass after the control
CNC has fully decomposed (i.e. combusted). The extended decomposition of SBPCNCs is likely
due to a combination of factors including the greater presence of impurities and the larger aspect

ratio.
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Figure 4.7 TGA data of: control CNC (black), P-CNC (green), PS-CNC
(blue), and S-CNC (red) from 30°C to 600°C at 10°C/minute

Discussion

Effects of Acid Types on Compositional Analysis

CNC is produced with alternative mineral acids to potentially benefit the sustainability of
CNC production in addition to valuable properties and metrics such as mass yield, crystallinity,
and hydrophilicity. It is found that the mass yield of CNC production is increased as acid strength
is decreased, as expected. S-CNC remains the preferred acid hydrolysis method because it has the
highest crystalline fraction, surface charge magnitude, and cellulose content in addition to milder
reaction conditions. However, P-CNC and PS-CNC have comparable crystallinity with a higher
mass yield. The crystalline mass % in CNCs for each reaction pathway may be calculated using

the following equation:
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Eq. 3

) ) Cellulose Content  Crystallinity
Crystalline Mass % = CNC Mass Yield X X

100 100

Cellulose content and crystallinity are divided by 100 so that their quantity may be expressed as a
decimal between 0 and 1 rather than a percent. In multiplying the CNC mass yield by these
variables, the crystalline mass percentage may be determined. These values for S-CNC, NS-CNC,
N-CNC, PS-CNC, and P-CNC are: 3.41%, 2.51%, 2.90%, 4.94%, 4.90%, respectively. Therefore,
PS-CNC and P-CNC reaction pathways are actually most effective in extracting CNC given the
pretreatment conditions. These findings provide further evidence for the PS-CNC and P-CNC
hydrolysis pathways to be used as viable options in CNC production.

It should be noted that the Segal method that is used to calculate the crystallinity percentage
is an estimation of CNC crystallinity rather than an exact value. Although the method is considered
to be accurate and is widely adopted throughout research, there is an associated amount of error to
be accounted for in each result (i.e. 6.5%). The primary comparison between the Segal method and
other crystallinity index (CI) measurements is that the Segal method is faster, but has been known
to overestimate the CI value relative to more complex methods [201]. For example, a study by
Nam et al. on the development of cotton fibers from 20 to 60 days post-anthesis (DPA) revealed
that the Segal method indicated a rapid CI increase while there was a gradual increase when using
other methods (i.e. FTIR) [202]. However, the method offers an accurate enough calculation for
CI values to be compared if sample preparation and the XRD experiment itself remain consistent.
Therefore, it has been deemed appropriate for what was needed in the study provided here. It
should also be noted that the Segal method indicated a negligible influence of crystallite size on

the measurement in the study by Nam et al. [202].
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Functional Group Effects

These results also display a trend of increasing zeta potential magnitude as acid strength is
increased. CNCs produced using phosphoric acid have the lowest zeta potential magnitude but the
colloids are still considered stable. It should be noted that NaCl concentration is an extremely
significant factor in zeta potential readings. As more salt is added to the CNC suspension, there is
more surface charge shielding that occurs [203]. The primary function of NaCl in zeta-potential
measurement is to envelope individual particles so that there are numerous colloids to choose from
during data acquisition. Therefore, it is essential to maintain the same NaCl concentration across
samples so that the surface charges may be properly compared. The greater zeta-potential
magnitude of S-CNC is attributed to the more efficient hydrolysis which occurs. Since the mass
yield of sulfuric acid hydrolysis is the lowest at 11.5%, it is apparent that there is greater hydrolysis
of biomass resulting in more charged moieties on the cellulose surface [204]. The specific
functional groups seem to have an insignificant impact on the surface charge of CNCs compared
to the degree of hydrolysis.

There is no nitrogen detected in NS-CNC and N-CNC, but the standard deviation of the
measured wt% is 1.40% for NS-CNC and 1.97% for N-CNC. The nitrogen content is most likely
to low to be measured via EDS. Phosphorous is detected in P-CNC and PS-CNC, and sulfur is
detected in S-CNC, PS-CNC, and NS-CNC. These findings indicate that phosphoric acid and
sulfuric acid hydrolyses do result in the insertion of phosphate and sulfate groups onto CNC
particles given the reaction mechanism. Elemental analysis reveals that sulfate groups are more
efficiently inserted onto CNC particles than phosphates because of the high relative wt% of sulfur
in S-CNC compared to phosphorous in P-CNC. Interestingly, a higher amount of phosphorous is

detected in PS-CNC than in P-CNC, which is in alignment with previous research [205]. These



105

findings verify that sulfuric acid may be used as a catalyst in acid hydrolysis using alternative
acids.

The hydrophilicity of CNCs does appear to be affected by alternative acid production. The
figures shown for the water uptake experiment (£ig.4.5 and 4.6) reveal greater water uptake events
in P-CNC and PS-CNC at 40% and 70% RH. The significance of the differences in water uptake
is a result of the difference in composition of CNCs, as amorphous materials normally exhibit
greater water uptake [206]. However, the difference may also be attributed to changes in
functionality, which are directly involved in the mechanism of water adsorption [207]. The trend
in water uptake among CNCs is more apparent at 70% RH (Fig. 4.6) than at 40% RH (Fig. 4.5)
because of stronger treatment. Since the water activity is higher at 70% RH, the differences in
water uptake between samples are more dramatized [208]. Interestingly, control CNC is
characterized by the lowest and slowest water uptake whereas P-CNC is characterized by the
greatest and fastest water uptake (at 70% RH). Hydrophilicity is expected to correlate positively
with zeta potential magnitude, depending on the functional group, because of water’s polar nature
[209]. However, water uptake increases as surface charge is reduced in CNCs, and the zeta
potential data of these CNCs has contradicted what was expected. Therefore, the trend in water
uptake may either be attributed to the amorphous components of SBPCNC:s, or the differences in
functionality between samples.

It is likely that the higher water uptake of SBPCNC:s is a direct result of higher amorphous
composition relative to control CNC. Materials comprised of amorphous components rather than
crystalline are known to experience greater water adsorption/absorbance and swelling because of
their less ordered nature [210]. HPLC results (Fig. 4.3) reveal decreased purity in the following

order: control CNC, S-CNC, PS-CNC, P-CNC. The only crystalline contribution of SBP is from
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cellulose, so as the purity of CNCs decreases there is an increased amorphous fraction [211]. The
difference in purity is not much between PS-CNC and P-CNC, but there is improved hydrophilicity
exhibited by P-CNC. The difference in water uptake performance between P-CNC and PS-CNC
is attributed to a greater amorphous fraction of P-CNC. Although the P-CNC hydrolysis pathway
is proven to be more efficient in extracting CNC because of the overall crystalline mass yield from
raw SBP, there is a lower crystallinity of P-CNC relative to PS-CNC (54.35% v. 57.89%). The
amorphous fraction of P-CNC is only greater by ~3% but, apparently, provides an impact to its
water uptake performance at high RH (70%). There do appear to be differences in functionality
between P-CNC and PS-CNC via EDS data because of greater P and S content in PS-CNC (Table
4.3). However, it is insignificant in terms of hydrophilic enhancement. The greatest variation to
hydrophilicity of CNCs is a result of the remaining amorphous fractions. The functionality
provided by alternative acid hydrolyses does not seem to impact water uptake performance, or is

not functionalized enough to directly affect interactions with water [212].

CNC Production Improvements

HPLC analysis of all sugar beet CNCs reveals a lower cellulose content compared with the
commercial CNCs that can be purchased [213]. It is likely that the low cellulose content is caused
by incomplete pretreatment and purification of cellulose before acid hydrolysis. There is high mass
removal of near 40% during alkali treatment, which indicates an effective treatment of the biomass.
However, only 3-4% of biomass is removed during bleaching treatments. Given that SBP consists
of ~23% cellulose, and is most likely ~50% crystalline of the cellulose fraction, approximately
~85% mass removal is required by pretreatment to produce 100% pure CNC. A more chemically
intense pretreatment is required to properly purify CNC before acid hydrolysis. Bleaching is often

accomplished at particularly low reagent concentrations of near 1% (w/w) but has normally
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required a repetition of the treatment to effectively remove lignin and purify cellulose [214]. The
treatment effects of 2% NaClOz have been evaluated in an attempt to reduce manufacturing labor
and cost by using more efficient treatment conditions with zero repetition. However, it has been
revealed that repetition of the bleaching treatment is necessary to properly purify the cellulose of
SBP, and a stronger alkali treatment. Acid hydrolysis conditions were defined but time constraints
may be altered depending on CNC yield and aspect ratio. The reaction time may be lengthened or
shortened depending on initial molecular size of cellulose components [215]. The traditional
sulfuric acid hydrolysis is still the preferred method by attaining the highest crystallinity and
cellulose content of all experimental reactions as well as the highest zeta potential magnitude,
which is indicative of a lower flocculation tendency.

Severity factors for the pretreatment conditions that were applied have been calculated
using Eq. 4. The severity factor is a dimensionless number that is used to measure the combined
effects of chemical reactions such as temperature and time, and is particularly used in biomass
pretreatment processes. The severity factor provides a method to compare the intensity of
pretreatment reaction conditions. In Eq. 4, T represents temperature (in°C) and 7 represents time
(in minutes) while CSF stands for combined severity factor.

Eq. 4
T-100

CSF =log (t X e 1475 ) —pH

The CSF values for alkali and bleaching treatments are approximately -12.2 and -2.8, respectively.
The pH of the alkali treatment was calculated to be 13.7 whereas the pH of the bleaching treatment
was approximated to be 4.0 based on the acetic acid and sodium chlorite concentrations [216]. In
the pretreatment of biomass, a negative CSF tends to correspond to milder conditions, while a

positive CSF indicates more severe conditions that can solubilize more hemicellulose and lignin,
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but may also degrade cellulose [217]. This information has been provided to assist in establishing

suitable pretreatment conditions for the production of CNC using SBP in future endeavors.

Conclusions

Sugar beet pulp based CNC is produced with alternative mineral acids to potentially benefit
sustainability of CNC production in addition to valuable properties and metrics such as mass yield,
crystallinity, and hydrophilicity. It is found that the phosphoric acid hydrolysis of pretreated sugar
beet pulp achieves the highest mass yield of 22.48%. S-CNC remains the preferred acid hydrolysis
method because it has the highest crystalline fraction, surface charge magnitude, and cellulose
content in addition to milder reaction conditions. However, PS-CNC and P-CNC reaction
pathways are actually most effective in extracting CNC given the pretreatment conditions. P-CNC
and PS-CNC are also of interest because of the minor reduction to crystallinity and cellulose
content while increasing the mass yield of CNC. Nitric acid hydrolyzed CNCs are not
recommended for common preparation and use due to the more caustic of nitric acid in comparison
to phosphoric or sulfuric acid, and the reduced quality of CNC properties such as crystallinity,
cellulose content (purity), and zeta potential. Nitrogen is also not detected by EDS, which is
indicates the content is too low for the detectable limits of the technique. It is recommended that
elemental analysis be conducted using inductive coupled plasma optical emission spectroscopy
(ICPOES) to properly measure the functional group substitution with appropriate detectable limits.
It is recommended that more intense pretreatment conditions be adopted to further purify cellulose
before acid hydrolysis. Pretreatment conditions are intentionally assigned to be less intense for the
purposes of maintaining a low environmental impact of the life cycle assessment (LCA) for CNC

production from SBP. The greatest variation to hydrophilicity of CNCs is a result of the remaining
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amorphous fractions. The functionality provided by alternative acid hydrolyses does not seem to
impact water uptake performance, or is not functionalized enough to directly affect interactions

with water.

Future Work

CNCs exhibiting enhanced hydrophilicity and thermal stability relative to purely
sulfonated CNCs are used to form promising salt:CNC formulations selected from previous
screenings. It should be noted that CNCs exhibiting enhanced properties may not be used if
crystallinity is significantly less than the control CNC (>10%). Currently, SrCl2:CNC and
SrCl2:CaCl2:CNC composites are favored candidates based on preliminary data. 80:20 and 90:10
composition varieties are produced and subjected to performance testing. Water uptake and
dehydration enthalpy values are compared to performance data of the composites containing
purely sulfonated CNC. CNCs characterized by higher hydrophilicity are anticipated to promote
hydration of salt:CNC materials; encouraging rapid and possibly greater energy release. Any
reduction of CNC crystallinity is anticipated to impact material cycling stability because less
crystallinity contributes less structural framework to salts. However, an increase in crystallinity
may be observed by acid substitution experiments which is supportive of consistent and extended
cycling performance. Lastly, the thermal stability of salt:CNC materials containing functionalized
CNCs is measured to verify if the enhancement remains in composites. Increasing hydrophilicity
of CNC is of primary importance to the study alongside maintaining or increasing crystallinity.
Increasing thermal stability is desired but is of secondary importance. Therefore, acid substitution

methods may be adopted if some functionalized CNC provides further enhancement to composites
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under the following conditions or any combination of conditions presented in the table below.

Increase is indicated by + sign; no change is indicated by 0; slight decrease is indicated by — sign.

Table 4.3 Viable conditions for acid substitution in CNC extraction

Condition Hydrophilicity Crystallinity Thermal Stability
1 + 0/- 0
2 0 + 0

3 + 0/- +
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Abstract

Salt hydrates have demonstrated thermal energy storage capabilities via reversible bonding
of water molecules. Materials have exhibited energy densities of 400-870 kWh/m? at low operating
temperatures (<150°C) and are generally low-cost but prone to degradation with use. Previous
efforts to improve stability have primarily focused on impregnating a porous host matrix with salt.
However, the expansion of salts during hydration has led to degradation of the host matrix and salt
leakage. Cellulose nanocrystals (CNCs) have shown great potential for strengthening the structural
framework of composites across numerous applications. CNCs have generated significant interest
due to their high mechanical strength, high aspect ratio, high surface area, liquid-crystalline nature,
and hydrophilicity, which support interaction between salt and water. CaCl2, MgSOs, and SrClz
have been selected for the study, along with several blends (MgSO4:SrCl2, SrCl2:CaCly,
MgS04:CaCl2). The goal of research is to develop and optimize promising salt:CNC composite
materials for effective heat output and potential dehumidification over extended cycling periods
while maintaining thermal reliability. Salts and CNCs are combined to produce composites of
varying mass ratios (60:40; 80:20; 90:10). Salt:CNC systems are evaluated using transmission
electron microscopy to confirm successful nucleation. Material performance is evaluated using
simultaneous thermal analysis. CNC addition is found to enhance material performance in
SrCl2:CNC and SrCl:CaCl2:CNC significantly. SrCla-containing formulations are found to
possess high energy storage capabilities exceeding 600 J/g and demonstrate unique interactions
with water molecules with the addition of CNC. CNC was also produced from sugar beet pulp
(SBPCNC) to demonstrate a more cost-effective process to produce salt:CNC composites.
Salt:SBPCNC composites were made using SrClz. Salt:SBPCNC composites exhibit lower energy

storage in comparison to salt:CNC composites with control (i.e., commercial) CNC. Under study
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conditions, SrCl2:SBPCNC (90:10) achieves an energy storage of ~450-500 J/g, whereas
SrCl2:CNC (90:10; control CNC) achieves an energy storage of ~900 J/g. The discrepancies in
composite performance due to CNC selection are attributed to the lower purity, crystallinity, and
zeta potential magnitude of SBPCNC compared with the commercial CNC. Salt and CNC
interactions are investigated using spectroscopic techniques. It is revealed that electrostatic
interactions occur between CNC and the water molecules of salt hydrates, as well as unique
vibrations of the composite lattice. These findings are confirmed by the detection of higher
hydrated phases in composites versus pure salt hydrate (post-processing) via X-ray diffraction.
CNC has also been shown to enhance material uniformity by providing a structural network for
salt nucleation, as confirmed by scanning electron microscopy.

Keywords: Salt hydrates, Thermal energy storage, Thermochemical energy, Cellulose nanocrystal,
Composite

Introduction

As global energy demand increases, there is a concerted effort to replace expensive and
hazardous sources with sustainable energy systems. In response, the energy sector has faced
particular challenges in reducing costs and extending the lifetimes of sustainable energy storage
devices. The need for reliable, long-term energy has been steadily increasing globally, prompting
efforts to replace the dwindling fossil fuel resources with sources that may reduce the rate of global
carbonization [218]. By doing so, the efficiency of energy use in infrastructure may be enhanced
either through replacement or by constructing a system that combines energy sources. Sources
such as wind, solar, hydro, and biomass have received significant attention in recent years as the

primary methods for decarbonization [219]. However, concerns such as reliability, accessibility,
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and cost have decelerated the development of these technologies since their emergence [220].
Alternative forms of sustainable energy, such as thermochemical systems, have received recent
attention as novel means of harnessing energy that can be stored and subsequently released through
reversible reactions [221]. Thermal energy may be stored via three known pathways: latent,
sensible, and thermochemical [222]. Latent storage occurs when energy is drawn from the
surroundings to induce a phase change in a material [223]. Sensible storage occurs when the
temperature of a material increases due to heat diffusion from its surroundings [224]. These
pathways are commonplace but less efficient than thermochemical pathways, which involve
chemical reactions that are usually reversible [225].

The benefits of thermochemical energy storage (TCES) include, but are not limited to: greater
energy density, long-term storage, and minimal heat loss [226]. Hygroscopic salts generally
undergo reversible thermochemical reactions with water, involving hydration (discharging) and
dehydration (charging) [227]. The relationship is represented below by the following equation in
which A/B is the cation/anion pair, x/y are the quantities of atoms that form the neutral salt, and n

is the moles incorporated into the hydrate structure:

AxBy, + nH,0 & A.B,, -nH,0 + heat

Table 5.1 Common hydration reaction and associated energy for popular salt hydrates in TES

Salt Hydrate Hydration Step Theoretical Energy Density
CaCl2:2H20 CaClz + 2H20 — CaCl2-:2H20 400 kWh/m?
MgSO4-7H20 MgSOs + 7TH20 — MgSO4-7H20 777 kWh/m?

SrCl2-6H20 SrClx + 6H20 — SrCl2-6H20 560 kWh/m?
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The hydration process results in the incorporation of water molecules into the salt's crystal
lattice, which ultimately releases heat as a byproduct of bond formation [228]. The dehydration
process requires energy from the surrounding material to break these bonds. The release of heat
associated with hydrate formation may be accomplished by simple immersion and solvation of the
binary salt (ie., heat of solution) [229]. However, TES systems involving these thermochemical
materials (TCMs) are more efficiently driven by the adsorption of water vapor (ie., heat of
adsorption) [230]. The reverse reaction is customarily achieved by evaporation or desorption. The
storage and subsequent release of thermal energy by these materials is desirable due to high energy
density (latent heat per unit volume), small volume change between dehydrated and hydrated
phases, relatively high thermal conductivity, and low toxicity [231]. These benefits, along with the
mild operating conditions associated with the use of hygroscopic salts for TES, have encouraged
more research into the numerous candidates known to exist (MgSO4, CaCl2, SrBr2, etc.) [232].
The energy density of these materials may be defined as the energy produced by the heat released
during the complete hydration process per unit volume and is often reported as kWh/m? [233].
Factors that are known to affect the energy density of these materials include, but are not limited
to: reaction enthalpy (per mole H20), adsorption rate, adsorption capacity, and thermal
conductivity [234]. The energy density of various common salt TCMs is shown in Table 5.1. The
hydration mechanism of hygroscopic salts has been proposed to occur in 2 key stages: the
adsorption of water vapor from the atmosphere onto the material surface, followed by the inclusion
of water molecules from the surface into their final lattice positions [235]. It is the second step,
which may be defined as rate limiting. Salt hydrates often exhibit intermediate or partially hydrated
phases in which a stable lattice forms between the anhydrous and fully hydrated phases [236]. All

phases are accessible via water adsorption, but deliquescence may occur beyond the fully hydrated
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phase [237]. Deliquescence events in salts increase the relative viscosity on the material surface
and disassemble the crystal structure [238]. The increased viscosity slows adsorption kinetics and
reduces water adsorption over time.

The creation of salt TCM composites has developed as a means to enhance energy output
and cycling stability by increasing the surface area of the salt crystals and offering structural
support [239]. Salt TCM composite research has commonly employed an inert, porous host matrix
to provide submicron pockets for crystallization [240]. Although the use of these frameworks for
TES materials has improved characteristics such as adsorption/desorption rates and stability, the
long-term stability desired is still not achieved, and energy density is even reduced due to lower
adsorption enthalpies in the host matrices [241]. Impregnation of CNC into salt TCMs may fully
expose and even enhance the number of adsorption sites by increasing the material's surface area.
Therefore, the addition of CNC is hypothesized to enhance salt performance while minimizing
reductions in energy density. The nano-dimensional nature of CNCs makes them suitable as
nucleation agents, with an average width of 5-20 nm and a length of 100-600 nm [242]. Its water-
stable crystalline form allows reliable nucleation of salt crystals while providing structural support
to prevent deliquescence [243]. Moreover, CNC provides additional assistance to salt hydrates by
enhancing material hydrophilicity, which may increase adsorption rates and/or induce adsorption
at lower RH [244]. For these reasons, CNC is used to promote nanoscale crystal growth of TCMs
and to improve their stability and water-uptake capacity. Furthermore, the use of CNC maintains
the low toxicity of study materials and provides an opportunity to produce a high-value product
from otherwise waste organic matter.

The proposed system for employing these composites in day-to-day use is illustrated in

Figure 5.1, in which hydration is achieved by humidifying the salt:CNC tank, and dehydration is
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achieved by solar or grid heating. The combination of salt hydrates and CNCs has not been
investigated under the lens of TES by other research groups before, to our knowledge. The
performance of new salt blends is also investigated during composite development. The primary
goal is to extend the TES lifetime of high-performing salt hydrate by impregnating salt crystals
with CNC. The ability of CNC to optimize energy storage and release of salt hydrates provides
additional value to the study. Supplementing energy systems with sustainable sources has become
auniversal challenge as global carbon emissions continue to increase annually [245]. Salt hydrates
are naturally rechargeable, rarely hazardous, and release no carbonized emissions. The addition of
CNC further supports sustainability by using renewable materials. Lastly, optimizing materials for
climate regulation has significant potential to conserve energy and reduce costs. Salt:CNC varieties
are studied relative to their respective pure salts and salt-blend controls, as well as the CNC control.
Composites were produced using both commercial CNC derived from pine wood (i.e. control
CNC) and an in-house extracted CNC from sugar beet pulp (SBP). Characterization results of
composites varying in CNC type (i.e. pine v. SBP) were compared to gauge material differences

at nanoscale levels, which may occur as a result of CNC substitution.
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Materials and Methods

Materials

Pressed SBP biomass was obtained from American Crystal Sugar (ACS) located in Fargo,
ND, as the cellulose source for CNC production. Control CNC was obtained from the US Forest
Service Labs (Madison, WI), sourced from white pine. Sodium hydroxide (>97%) and acetic acid
(99.7% w/w) were purchased from Fisher Chemical (Pittsburgh, PA). Sodium chlorite (80 wt%;
analytical grade) was purchased from Acros Organics (Antwerp, Belgium). Conc. H2SO4(95-98%)
was purchased from Fisher Chemical (Pittsburgh, PA). Phosphoric acid (85+% w/w; extra pure)
was purchased from Thermo Scientific (Waltham, MA). Dialysis tubing (12-14k Dalton pore limit)
was purchased from Sigma-Aldrich (Burlington, MA). Sodium chloride (99%) was purchased
from Sigma-Aldrich (Burlington, MA). Strontium chloride hexahydrate (99%) was purchased
from Sigma-Aldrich (Burlington, MA). Calcium chloride dihydrate (99%) was purchased from
Fisher Chemical (Pittsburgh, PA). Magnesium sulfate heptahydrate (>99%) was purchased from

Sigma-Aldrich (Burlington, MA).

SBP Pretreatment

Pretreatment conditions have been adapted based on the research by Li et al., in which
cellulose nanofibers (CNF) were prepared from de-pectinated sugar beet pulp [246]. Pretreatment
conditions have been altered based on research by Hietala et al., who also prepared CNF from
sugar beet residue [247]. SBP was oven-dried at 70°C for 48 hours, then ground and sieved to a
particle size < 250 microns before treatment. The SBP granules were first treated with 2% (w/V)
NaOH at 80°C for 2 hours to weaken hemicellulose linkages and dissolve water-soluble

components. The alkali-treated material is then vacuum-filtered and washed with deionized water
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to remove residual NaOH before the bleaching treatment. Alkali-treated pulp is then subjected to
bleaching using 2% (w/V) NaClO2 with 10% (V/V) acetic acid addition to the reaction mixture to
oxidize and dissolve remaining cellulose impurities. The bleached material 1s vacuum filtered and

washed with deionized water to remove residual NaClO: and acetic acid before acid hydrolysis.

Acid Hydrolysis Process and CNC Extraction

Acid hydrolysis was performed at 45°C for 45 minutes using 64 wt% sulfuric acid (~10.05
M). The reaction mixture is quenched with 10x volume of deionized water and cooled to 4°C to
allow sedimentation of the hydrolyzed material. The liquid is poured off, and the CNCs are washed
thoroughly with deionized water to remove residual acid and other soluble impurities, yielding a
suspension. CNCs are then washed excessively with deionized water via centrifugation at 9000
RPM for 10-minute cycles until the pH is ~5.0. These washed and concentrated CNC suspensions
are isolated and mechanically homogenized (Make, Model) at 1000 RPM for 1 minute to break
aggregates, then dispersed via ultrasonication (Hielscher, UIP1000hd) at 60% amplitude for 5
minutes. These dispersed suspensions are further washed via dialysis, in which concentrated CNC
solutions are loaded into dialysis tubing and sealed. Dialysis of CNC suspensions is performed
using 10x the volume of deionized water, which is replaced daily for 5 days. After dialysis, the
CNC suspensions were subjected to 5 minutes of mechanical homogenization followed by
ultrasonication at 60% for 5 minutes to disperse the CNC suspensions before obtaining the final
product via lyophilization (Make, Model). CNCs were air-dried to a gel to reduce moisture content
and freeze-dried for 48 hours to yield SBPCNC. The phosphoric acid:sulfuric acid blend was
mixed at an 8:1 molar ratio, as reported in previous publications [248]. Since sulfuric acid is

stronger in terms of acidity, the minority fraction of sulfuric acid in the blend may function as a
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catalyst during the hydrolysis of cellulose to allow for a more effective hydrolysis via phosphoric

acid [249].

Salt:CNC Composite Formulation

The quantity of SBP used to produce CNC is scaled to yield enough material for the
synthesis of salt:CNC pairs using CNC derived from SBP. It is anticipated that at least 100 grams
of SBP will be needed to produce 10 grams of CNC, based on the glucan composition in previous
compositional analyses. The process is scaled to 100g of SBP starting material to meet the required
specifications. Previously used CNC (sourced from white pine) is substituted by CNC produced
from SBP in the salt:CNC formulation procedure. Current promising candidates include
SrCl2:CaCl2:CNC (80:20 and 90:10 — salt:salt) and SrCl2:CNC. CNCs obtained from SBP are
dissolved in aqueous solution at a concentration of 2.5% w/V. The solution is mechanically
homogenized at 1000 RPM for 1 min and ultrasonicated at 60% output for 5 min before dropwise
addition to 10% w/V previously ultrasonicated salt solution at 100% output for 5 minutes. The
composite solution is then ultrasonicated at 60% output for 5 min, before drying. Materials are
initially air-dried under ambient ventilation and then oven-dried at 70°C to complete dryness.
Dried salts and composites are manually ground and sieved through a 60-mesh screen to obtain
final products for analysis. CNC was prepared from beet pulp using phosphoric acid (P-CNC) and

used to produce salt:CNC formulations. (SrCl2).

Thermal Energy Storage Measurement

Composites and salt controls were first dried at 110°C in a high-temperature tube furnace

under a dry nitrogen flow. Then the samples were hydrated at ambient temperature (~21°C) and
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70% RH using an environmental chamber (ESPEC, EPL-2H; Hudsonville, MI) until water uptake
equilibrium was reached. Temperature and RH monitored by a temperature and humidity sensor
(Sensirion, SHT-35; Stafa, Switzerland). The dehydration enthalpy was measured using a
Simultaneous Thermal Analyzer (STA) (Perkin Elmer, 8000). For enthalpy measurement, the

sample was heated from 30°C to 100°C at 2°C/min in a flow of dry nitrogen.

Transmission Electron Microscopy

CNC morphology of individual crystals was depicted via TEM (Zeiss, LEO 906;
Oberkochen, Germany) using an electron beam voltage of 100kV and 3% uranyl acetate stain to
assist contrast during imaging. The samples were prepared in aqueous media at a concentration of
0.25 wt%. During composite preparation, distinct samples are collected for TEM from the
composite and from individual salt solutions of 5-10mL. Samples are ultrasonicated immediately
before analysis. Salt solutions are ultrasonicated at 100% output for 5 min, and composite solutions
are ultrasonicated at 60% for 5 min during material preparation. TEM then observes dispersed
solutions to distinguish the morphology and dispersity of CNCs in composite solutions, as well as

the dispersity of salts provided by CNCs.

Scanning Flectron Microscopy

The salt:CNC composites were depicted via SEM (Zeiss, SUPRA 55VP; Oberkochen,
Germany) at a working distance of 3.5 mm and an electron beam voltage of 1kV. The morphology
of solid materials is analyzed using SEM. The differences in the physical form of composites v.

control salts and composites of opposing CNC type are identified.
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Porosity Measurement

The porosity of salt:CNC composites was measured using ImagelJ (1.53t) analysis of SEM
micrographs. First, the background was removed from the particles in SEM images, and the scale
was set to the image width (i.e., 100 microns). Next, the threshold was adjusted to highlight the
pores of the samples and applied to the image. Lastly, the 'analyze particles' function was used to
calculate the porosity percentage based on the area of pores divided by the area of the particles.
The Brunauer-Emmett-Teller (BET) method was not used for these measurements because it is
limited to pores of a specific size deemed suitable. Additionally, the BET method would have
required a significant amount of sample, which is beyond the current production abilities based on

the estimated material surface area.

X-ray Diffraction Analysis

The crystallinity of salt:CNC was analyzed by powder XRD (Bruker D8, Advance;
Billerica, MA). The XRD spectra were acquired from 5-100 26 to capture all of the relevant peaks.
Rietveld refinement was also performed on XRD scans of salt:CNC materials using the JADE
processing software. The completed XRD scans were uploaded to the software to provide
quantification of anhydrous and hydrated salt phases. XRD scans of the individual phases were
provided in the software database. Once all individual phases were selected, the software uses the
database scans to calculate the weight percentage of each phase within the study sample (i.e.,

salt:CNC composite or control).
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High-Pressure Liquid Chromatography

HPLC data were acquired using a BioRad Aminex HPX-87H column (Hercules, CA) and
an Agilent 1260 Infinity II system (Santa Clara, CA). Sample preparation for the compositional
analysis of CNCs via HPLC was adopted from the National Renewable Energy Laboratory
(NREL) published procedure [250]. 100mg of each CNC sample was weighed using a
microbalance and transferred to an autoclave tube. 1 mL of 72% (w/w) sulfuric acid is added to
the autoclave tube, and the mixture is incubated at 30°C for 1 hour, with stirring every 5-10 minutes
to dissolve the acid-soluble biomass. 27 mL of deionized water is then added to the mixture, and
the tube is sealed for autoclaving at 121°C/15 psi for 60 minutes for acid digestion. 1 mL of the
autoclaved solution is filtered before injection into the HPLC column; the remainder is filtered

through ashless filter paper to measure the Klason lignin content.

Fourier-Transform Infrared Spectroscopy

Fourier-transform infrared (FTIR) spectra of powder samples were acquired using a
Thermo Scientific Nicolet iS5 system with a diamond iD7 attenuated total reflectance (ATR)
detector (Madison, WI). The experiment was set up using OMNIC software, in which data were
acquired using 64 background and 64 sample scans to produce an average from a larger sample

set for higher-quality data [251].

Raman Spectroscopy

The Raman spectra of powder samples were recorded on glass slides using a Horiba Scientific
LabRAM Evolution Confocal Raman microscope system (Kyoto, Japan), equipped with high-

powered 532 nm and 785 nm lasers and 300, 600, and 1800 gr/mm grating. The spectrometer was



125

operated with the 300 gr/mm grating. The computer workstation was equipped with the LabSpec6
software. Samples were excited with 532 and 785 nm radiation from an Ar ion laser and analyzed
with an acquisition time of 45 seconds and three accumulations for 532. Sample data was recorded

over two ranges of wavenumbers (cm™): 50-1500 and 2500-3700 [252].

Thermogravimetric Analysis

Thermogravimetric analysis was conducted from 30°C to 1000°C at a rate of 10°C/minute
under non-inert atmosphere (i.e., air) using a Discovery 5500 Thermogravimetric Analyzer (TA
Instruments; New Castle, DE). Samples were held at 30°C for 5 minutes, then ramped to 110°C
and held for 10 minutes to evaporate any moisture. The temperature was then ramped to 1000°C

and held for 10 minutes to cause thermal decomposition.

Results

Thermophysical Properties

Dehydration enthalpy and water uptake values can be seen in Figure 5.2, in which orange
bars denote pure salt enthalpy, blue bars denote 90:10 (salt:CNC) enthalpy, and green bars denote
80:20 (using control CNC). Additionally, the 4b and 6b characters in the sample titles represent
the batch numbers for material production, where 4b = 4" batch and 6b = 6™ batch. The quantity
of stored energy in 90:10 formulations is customarily greater than that of 80:20 formulations, as
expected due to a greater salt mass fraction. Pure salts customarily have lower dehydration
enthalpies than salt:CNC materials, but in some cases, they are higher than those of the 80:20
variety (e.g., SrCl2). MgSO4 shows unique results: both composites exhibit dehydration enthalpies

significantly lower than those of the individual salts, due to lower water uptake and reduced salt
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composition. The introduction of CNC at a minority mass fraction (i.e., 10 or 20%) into these salt
hydrates improves their energy storage capabilities, except for MgSOa.

All promising candidates have dehydration enthalpies within acceptable criteria, except for
CaClz pure and 90:10 (i.e., >300 J/g). High water uptake and low enthalpy suggest a deliquescence
event of the salt occurring during hydration [253]. The trend is also observed in SrCl2:CaCl2:CNC
samples, albeit to a lesser extent, indicating that CaCl> is most susceptible to deliquescence among
the studied salts and therefore poses the most significant concern for stability. Notably, pure
SrCl2:CaClz possesses a relatively low dehydration enthalpy while SrCl2:CaCl2 composites possess
relatively higher values (279 v. 608 J/g). These findings validate the role of CNC in providing
structure to salts and encouraging material homogeneity, thereby enhancing performance by

resisting deliquescence. As in previous screenings, choice candidates continue to contain SrClz

[254].
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Figure 5.2 Water uptake and dehydration enthalpy values of 80:20 (green) and 90:10 (blue)
composites using control CNC and salt controls (orange)

Additional formulations containing SrClz-based salt blends have been developed using a
different salt combination ratio: SrCl2:CaClz — 90:10. The adjustment in SrCl2 content provides
another analytical perspective for generating the ideal composite for TES. Dehydration enthalpy
and water uptake data for SrCl2:CaClz (90:10) samples and the control salt are presented in Table
5.2. As in SrCl2:CaCl2 (80:20) formulations, there is greater water uptake caused by the presence
of CaCl.. However, water uptake decreases significantly as CNC is added, thereby lowering the
dehydration enthalpy because fewer reactants (i.e., water and salt) are present. Although the
dehydration enthalpy is lower than that of the control salt, the energy storage is greater than that

of any formulation in Figure 5.2. The presence of CaCl: also lowers overall material cost since
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SrCl2 is a more expensive salt hydrate. For these reasons, SrCl2:CaClz (90:10) formulations are

pursued as final composites for upscale material development.

Table 5.2 Water uptake and dehydration enthalpy data of SrCI2:CaCl2 (90:10) formulations:
salt:CNC —90:10 (S9C19C1) and salt:CNC — 80:20 (S9C18C2)

Sample Water Uptake  Dehydration Enthalpy (J/g)

S9C19C1 0.62 808
S9C18C2 0.59 748
Control Salt 0.78 849

Composites that possess increased energy storage relative to their respective salt control
are of particular interest. However, composites that demonstrate high energy storage capabilities
in general (i.e.,>600 J/g) are of primary importance to the study. The cost and abundance of CaClz
There are contributing factors as well in the continued consideration of using salt in the final
product [255]. Although 60:40 (salt:CNC) formulations are not represented, it is anticipated that
energy storage will be increasingly compromised as salt content is reduced [256]. Additionally, a
CNC mass fraction of 40% contributes significantly to the cost of material manufacturing [257].
For these reasons, it is beneficial to place focus on 80:20 and 90:10 composite varieties. The
dehydration enthalpy and water uptake values for the composites of most interest are emphasized
in Table 5.3, along with their sample ID codes: SrCl:CNC (90:10) — S9C1; SrCl2:CaCl2:CNC

(salt:salt — 80:20; salt:CNC — 90:10) — S8C29Cl.

Table 5.3 Water uptake and dehydration enthalpy data of most promising salt:CNC formulations
Sample ID Water Uptake (gw/gc)  Pure Salt (gw/ge)  Dehyd. Enthalpy (J/g)  Pure Salt (J/g)

S9Cl1 0.35 0.32 781 679
S8C29C1 0.57 0.61 608 297
S9C19C1 0.62 0.78 808 849
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Thermogravimetric Analysis

TGA data for SrCl2:CNC composites and controls were collected to provide a graphical
representation of the mass steps associated with the SrClz phase transition. The experiment was

conducted from 30°C to ~925°C to also allow for an assessment of material thermal degradation
under extreme conditions. The samples were held at 30°C for 10 minutes, then again at 110°C,

before increasing the temperature further to remove all moisture prior to initiating thermal
decomposition. Although the TGA data of the control salt (i.e., SrCl2) (Fig. 5.3) is similar to that
of the 90:10 (salt:CNC) (Fig. 5.4) composite, there is a much more noticeable difference in the
80:20 data (Fig. 5.5). It is apparent that the 80:20 composite exhibits an additional hydrate
transition not observed in the 90:10 and control data. It is known that SrCl: can exist in several
hydrated phases: monohydrate, dihydrate, and hexahydrate. However, another hydrated phase of
the salt has been recorded between the anhydrous and monohydrate phases: SrCl2-0.5H20, or
hemihydrate. The hemihydrate is less common because its phase is less thermodynamically stable
than those of the other hydrated phases [258]. However, the hydrophilicity of CNC enables SrClz
to transition from the monohydrate to the hemihydrate before reaching the anhydrous state. The
main difference in dehydration behavior between the control salt and the 90:10 data is that the
control salt experiences a smoother transition between phases. In contrast, the composite shows
slightly more resistance to dehydration. This is evident by the more vertical slope in Fig. 5.3 in
comparison to Fig. 5.4. Additionally, there is greater mass loss in 90:10 data for the transition of
hexahydrate to dihydrate than what is seen in control salt data. These findings also indicate that
CNC addition provides hydrophilicity, thereby positively impacting hydration, and confers drying

resistance. It should be noted that the mass loss from hexahydrate to dihydrate does not represent
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the total sample mass during the transition, but represents a fraction of the sample that was in
hexahydrate form.

The thermal decomposition of the control salt does not initiate until ~700°C, whereas the
decomposition of the composites initiates at ~200°C. The lower temperature decomposition in
composites is attributed to the pyrolysis of the CNC component. The greater mass loss during the
decomposition event in 80:20 v. 90:10 composites provides further evidence for these claims, as
there is 20 wt% CNC v. 10 wt% CNC. The mass loss observed in the control salt data at high
temperature (i.e., ~700°C) is attributed to the release of chlorine gas from SrCl> as the salt
approaches its melting point. As the salt melts, the strontium and chloride ions are allowed to move
freely, which likely leads to the formation of chloride ions [259]. The phenomenon is expected to
have occurred in the composite as well, but is overshadowed by the thermal decomposition and
mass loss of CNC. The composites exhibit a significantly narrower thermal stability range than

the control salt due to the CNC component.
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Figure 5.5 Thermogravimetric data for SrCl2:CNC — 80:20 composite from
30°C to 1000°C

Salt:CNC Composites with SBPCNC

Table 5.4 shows the properties of CNC derived from pine and SBP that are relevant in
salt:CNC formulation and performance: zeta-potential, crystallinity (%), cellulose content (i.e.,
purity), and crystal dimensions. These values define significant factors in CNC's ability to
effectively nucleate salt crystals and provide a stable structural framework [260]. The commercial
(i.e., control) CNC possesses improved zeta potential, crystallinity, and cellulose content, as well
as a lower aspect ratio (L/W). These characteristics indicate that the commercial CNC is more
suitable for assisting the performance of salt hydrate in TES. SBPCNC has a suitable zeta potential
(>£30 mV) and a suitable aspect ratio, but has significantly lower % crystallinity and cellulose
content. The shortcomings of SBPCNC relative to the control CNC are attributed to incomplete
cellulose purification prior to acid hydrolysis. The reaction conditions of the pretreatment were

accepted as a means to maintain the low environmental impact of the composite material life cycle
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assessment (LCA) [261]. It should be noted that the reported cellulose content in the commercial
CNC is lower than anticipated, as it should be >90% [262]. Therefore, the measured cellulose
contents of SBPCNC and control CNC are likely higher than those reported here due to

inefficiencies in the NREL-established method or the HPLC column.

Table 5.4 Significant properties affecting salt:CNC performance of control CNC v. SBPCNC

CNC Zeta Potential Crystallinity Cellulose Content  Crystal Length and Width

Control -64.63 mV 78.9% + 6.5% 82.9% 242.13; 12.53 nm
SBPCNC -48.15 mV 59.1% + 6.5% 50.2% 314.67;9.73 nm

Table 5.5 describes TES performance results of materials fabricated with commercial CNC
v. those fabricated with SBPCNC. There is a significant decrease in the dehydration enthalpy when
the commercial CNC is replaced with SBPCNC. These findings are attributed to the lower
crystallinity and cellulose content of SBPCNC, as shown in Table 5.4, relative to those of the

control CNC.

Table 5.5 Dehydration enthalpy and water uptake of SrCl2 composites with SBPCNC realtive to
composites with control CNC

Sample Water Uptake (g/g)  Dehydration Enthalpy (J/g) SrCL2:CNC Control
SrC12:SBPCNC 90:10 0.53 505.42 935.16
SrC12:SBPCNC 80:20 0.52 472.86 763.16
SrC12:SBPCNC 60:40 0.44 447.91 693.00

The SrCl2 composites composed with phosphoric acid produced CNCs (P-CNC) were also
tested, and their dehydration enthalpy at equilibrium conditions was measured (Fig. 5.6). All the

SrCl2 samples with SBPCNC have significantly lower desorption enthalpies than those without
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SBPCNC. However, the desorption enthalpy values for P-CNC samples are comparable to those
for SrCl2:SBPCNC samples, which are produced with CNCs made via sulfuric acid hydrolysis of
SBP rather than phosphoric acid. At equilibrium, all samples showed similar water uptake,
whereas SrCL:SBPCNC samples absorbed more water, likely due to residual amorphous cellulose
[263]. The primary difference between the samples is that the commercially obtained CNC results
from a more refined, optimized process and has a higher degree of crystallinity and purity than
CNC from SBP. However, the slight increase in dehydration enthalpy with lower water uptake
exhibited by P-CNC samples v. SBPCNC samples indicates that different acid hydrolysis
conditions can be used to tune the composite's material properties, and phosphoric acid-

functionalized CNCs may be more suitable for TES applications in salt:CNC composites.
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Figure 5.6 Equilibrium dehydration enthalpy and water uptake comparison between
SrC12: CNC, SrCI2: SBPCNC and SrCI2: P-CNC samples at 90:10 and 80:20 ratio

Composite Molecular Interactions
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Raman Spectroscopy

Salt-CNC interactions were assessed using a variety of techniques, including Raman
spectroscopy, FTIR spectroscopy, and XRD. Raman peak data have been compiled in a table
(Table 5.6) for readability; the raw Raman data are provided in Appendix B. SrCl2:CNC samples
using commercial CNC were assessed relative to salt and CNC controls. Sample IDs are denoted
based on sample code (S8C2 — SrCl2:CNC, 80:20) and Raman excitation wavelength (532 versus
785 nm). The most notable peak locations have been emboldened to indicate peak responses that
were recorded only in composite spectra. These peaks are highly significant because they suggest
a unique interaction between salt and CNC [264]. The S9C1 peaks are slightly shifted to the left
relative to the S8C2 peaks, suggesting weaker chemical bonds in the 90:10 composite [265]. The
785 nm excitation wavelength apparently failed to elicit a response in the SrCl. and CNC control
samples in the higher-wavenumber spectrum. However, the SrCl2:CNC samples did respond under
these instrument conditions. Interestingly, composites display a similar strong peak response near
~3400 cm’!, as seen in the SrCl2 control, but a new peak arises near ~3350 cm™!. This peak is
present in the CNC control spectrum; however, the peak appears stronger and narrower in
SrCl2:CNC spectra. Although CNC displays a strong peak near ~2900 cm™! with 532 nm excitation,
no such peak is observed when scanning SrCl2:CNC samples at the same wavelength. Only at 785
nm does a similar peak response occur in composite samples. Interestingly, the 785 nm wavelength
does not provoke a detectable response from pure CNC in the 2500-3700 wavenumber range.

Raman findings reveal a unique lattice vibration in both SrCl2:CNC composites and higher
hydrated states of SrClz. The peaks at ~550 are characteristic peaks of librational modes involving
the restricted motion of water molecules in the salt crystal lattice [266]. The ~3250 peaks in

particular are attributed to symmetric O-H stretching vibrations of salt hydrate water molecules
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[267]. Therefore, these peaks are observed in composite spectra due to CNC hydrophilicity and its
impact on drying resistance. Moreover, the slight leftward shift of this peak in S9CI1 indicates
weaker hydrogen bonding within the composite network [265]. The peaks appearing at ~170 cm™!
are attributed to unique lattice vibrations of salt: CNC materials since 10-200 cm™! is known as the
Raman lattice mode region [268]. The modes represent vibrations of an entire crystal lattice rather
than individual molecules. The peaks at ~700 cm! are attributed to the formation of SrCO3 within

the composite, which is produced from hydrated SrO via an oxidation reaction with air [269].

Table 5.6 Raman peak location data of SrCI2:CNC and control samples

Sample ID Notable Peak Locations (cm™!)

SrCl2 532 65 - 140 - 265 - 471 - - - - - 3442 3520
CNC 532 - 88 - - - 380 436 - - 1096 2900 - 3347

SrCl2 785 64 - 148 - - 392 - - - - - - -

CNC 785 - 89 - - - 377 434 - - 1094 - - -

S8C2 532 - 99 - 177 276 - 478 557 705 @ - - 3252 3430

S8C2 785 62 93 147 168 271 379 477 - - 1094 2900 - 3345

S9C1 532 - 87 147 173 272 - 468 554 708 - - 3249 3427

S9C1 785 - 93 - 178 - 377 475 559 - 1094 2901 - 3442

FTIR Spectroscopy

FTIR spectroscopy scans were performed using the same samples that were subjected to
Raman spectroscopy to fully assess the excitation spectrum that induces a measurable vibrational
response. It is known that FTIR results may complement Raman, as modes that are Raman-inactive
are often FTIR-active [270]. An overlay of the FTIR spectra is shown in Figure 5.7. The prominent
peaks appearing in the FTIR spectra include O-H stretching, which is seen between 3200-3600
cm!, and C-O stretching, which is seen between 1000-1100 cm™! [271]. All samples are responsive
to O-H stretching due to the hydroxyl groups of CNC and the water molecules that are within SrClz

hydrate(s). Other prominent peaks include a strong, sharp response near 1600 cm!, observed only
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in samples containing SrCl2. Moreover, the response decreases in intensity when CNC is
introduced to SrClz, indicating that this peak is specifically due to the presence of SrClz, perhaps
through unique FTIR interactions such as Sr-O or Sr-Cl bonding vibrations [272]. A similar
waning response of composites is observed at 1050 cm™!, relative to the CNC rather than the SrClz
control. The 1050 peak response decreases in composite samples and is absent in the SrClz control
spectra, indicating that the peak is due to CNC alone rather than to an interaction between a
composite component and CNC. These peaks are attributed to the C-O stretching of CNC.
Interestingly, SrClo:CNC composites display a unique peak at ~3000 cm™' because of some
specialized interaction, which is attributed to the O-H stretching of water molecules within the salt
hydrate [273]. The combination of SrCl2 and CNC in composites is also seen to cause a shift in the
O-H peak of CNC, which is attributed to hydrogen bonding interactions between the water
molecules of the salt hydrate and CNC. The O-H stretching of CNC control occurs at ~3350 cm’!,
whereas the O-H stretching of SrCl2:CNC composites occurs at ~3200. These findings provide
additional evidence supporting the assumption that there is a chemical, as well as a physical,
interaction between salt hydrates and CNC. FTIR results indicate that salt-CNC chemical
interactions are based on hydrogen bonding and other electrostatic forces between CNC and salt
hydrate water molecules.

It has been proven that an increase in hydrogen bonding strength causes a shift in the O-H
peak response from higher to lower wavenumber [274]. The peaks appearing at ~3200 and ~3350
cm! are attributed to the O-H stretching of hydroxyl groups in CNC, so the shift from ~3350 to
~3200 is likely caused by an increase in hydrogen bonding strength from water molecules within
the salt hydrate lattice. However, the unique composite peak appearing at ~3000 cm’! is attributed

to a different interaction. The pattern of this peak is slightly visible in the control salt spectrum,
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suggesting that it originates from bonding within the salt hydrate rather than CNC. It is known that
alternative forms of water molecules have unique FTIR responses, such as adsorbed water
molecules that form a hydration layer and water molecules that are directly part of a material lattice
[275]. Since salt hydrates incorporate water molecules directly into their material structure, the
peaks that appear at ~3000 cm™! are attributed to the O-H vibrations of water molecules in the salt
lattice. Moreover, CNC is proven to promote adsorption of water for salt hydrates (as evident by
TGA data), so a greater O-H response of salt-bound water molecules is expected, given that there

is more water in higher hydrated states (i.e., hexahydrate) in composites.
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Figure 5.7 FTIR spectra overlay of: CNC (blue), SrCl2 (red), SrCl2:CNC —
90:10 (black), and SrCl2:CNC — 80:20 (green) from 400 to 4000 cm™!

X-ray Diffraction Analysis

SrClz2 is known to form 4 different crystal structures: one in anhydrous form and three
others in hydrated form: monohydrate, dihydrate, and hexahydrate. Therefore, four different

crystal structures may be observed in a single XRD spectrum of SrClz or SrCl2:CNC. The crystal
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structure of CNC is not visible due to the dominance of the salt crystal structure in the XRD
response. In Figure 5.8, it is apparent that there are prominent peaks of SrClz (control), which
appear in SrCl2:CNC composites using SBPCNC only. In contrast, there are other prominent peaks
of the SrCl2:CNC composites that do not appear in the control spectrum. The peaks that do not
appear in the control spectrum, in particular, are indicative of a greater variety of SrClz-hydrated
phases in the composite but not in the control salt. These peaks are more dominant in composites
processed with control CNC than with SBPCNC because control CNC provides greater uniformity.
Therefore, the current crystalline phase of the salt may be less variable. The peaks in the control
salt appear only in composites using SBPCNC and are significant because they are absent in the
spectra of composites using control CNC. These discrepancies are attributed to a greater drying
resistance of composites comprised with control CNC v. SBPCNC (at 70°C). The presence of these
additional peaks in composites using SBPCNC v. control CNC provides further evidence of poorer
salt nucleation and dispersion, which results in a lack of uniformity. SBPCNC appears to cause
the formation of 'pockets' of various crystalline phases throughout the material, more so than
control CNC. These interpretations are supported by reduced purity, lower zeta potential
magnitude, and lower crystallinity of SBPCNC relative to control CNC, as well as a larger aspect

ratio.
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Figure 5.8 XRD scans of 80:20 (red) and 90:10 (yellow) composites using control CNC (red;
yellow) and SBPCNC (blue; green) with salt controls (black) for SrCl2 and from 5° to 100° 26

XRD scans of SrCl2 composite and control samples were subjected to Rietveld refinement
analysis as a means to quantify the hydrated (and anhydrous) phases. The results are presented in
Tables 5.7 and 5.8, and the spectra-fitting (via JADE) used in the Rietveld refinement process is
presented in Appendix B. The dried samples were dehydrated at 110°C for 1 hour to accurately
represent the dehydration step that occurs during energy density measurements and material
cycling. The hydrated samples were prepared by enclosing the materials in a desiccation chamber
containing a saturated NaCl solution; an image of the setup is provided in Appendix B for
visualization. A humidity sensor was also placed inside the chamber alongside the samples to

ensure the interior atmosphere was suitable for the hydration event (Extech, 445703). The humidity
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inside the chamber was recorded at 60% RH, and the samples were hydrated for 24 hours prior to

Rietveld refinement analysis.

Table 5.7 Rietveld refinement phase quantification for dehydrated SrCl> composites and control

Sample | Salt:CNC | Anhydrous (%) | Monohydrate (%) | Dihydrate (%) | Hexahydrate (%)
SrClz - 0.0+0.0 98.3+0.8 1.1+04 0.6+0.1
S9C1 90:10 87+0.2 89.7+0.9 1.6+0.5 0.0+0.0
S8C2 80:20 04+0.1 98.8+0.8 0.0+0.0 0.8+0.2

Table 5.8 Rietveld refinement phase quantification for hydrated SrCl. composites and control

Sample | Salt:CNC | Anhydrous (%) | Monohydrate (%) | Dihydrate (%) | Hexahydrate (%)
SrCla - 0.0+0.0 03+0.8 0.6+0.7 99.2 + 8.8
S9C1 90:10 0.0+0.0 0.0+0.0 0.0+0.0 100 £3.6
S8C2 80:20 04+0.2 0.3+0.6 0.1+0.0 99.3 +4.3

The 90:10 composite achieves the highest efficiency in converting the salt (SrCl2) between
the hydrated and dehydrated phases. The 90:10 composite achieves an anhydrous composition of
8.7% whereas the control salt and 80:20 composite are nearly 100% monohydrate. The control salt
and the 80:20 composite also retain some of the hexahydrate phase after the dehydration event,
indicating resistance to material charging. Furthermore, the hydration event results in complete
conversion of SrClz to its maximum hydrated phase in the 90:10 composite (100 £ 3.6%), whereas
the control salt and the 80:20 composite show slightly incomplete conversion (i.e., <100%
hexahydrate). These findings provide additional evidence of the superior performance of 90:10

composites in TES.
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Composite Morphology

Scanning Flectron Microscopy

Figures 5.9a-b display incredibly geometric crystals of a composite material (containing
control CNC), whereas Figures 5.9c-d display larger masses of a less-organized crystal structure.
Figure 5.9e shows the control salt (SrCl2), which is more similar in morphology to composites
with control CNC than composites with SBPCNC, based on initial observations. These findings
help justify the significant loss in dehydration enthalpy exhibited by composites with SBPCNC.
The less-ordered crystal structure of SBPCNC composites indicates that less energy can be gained
from the change in material entropy during water uptake [276]. Furthermore, it is apparent through
Figure 5.9 that SrCl2:CNC composites produced using control CNC are more porous and uniform
than composites produced using SBPCNC. These observations support XRD interpretations. The
differences in morphology are attributed to the higher purity and dimensional consistency of the
control CNC relative to the SBPCNC. The SrClz control appears to be more porous and less
agglomerated, as observed by SEM, which helps explain the significant decrease in TES
performance between SBPCNC composites and other samples with SrCl2. Although water uptake
is similar, lower porosity would result in less water diffusion into the materials. Therefore, there
is less conversion of salt to its fully hydrated form, and the material's energy storage performance
suffers. Additionally, the larger agglomerations of SBPCNC-containing composites indicate a
smaller particle surface area, meaning a greater mass of composite material is unexposed to

humidity and relies on water diffusion to convert to the hydrated form.
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Figure 5.9 SEM images acquired at 2160x magnifcation of: (a) SrCI2:CNC —90:10; (b)
80:20; (c) 90:10-SBP; (d) 80:20-SBP; (e) SrClz
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Porosity Measurement

The above SEM micrographs were analyzed for porosity using Imagel to determine the
percent area of material topography corresponding to pores. These measurements were made to
support morphology interpretations based on the SEM micrographs of the composite and control
samples. The results are summarized in Table 5.9. It is apparent that control CNC increases
porosity in SrCl2:CNC composites, whereas SBPCNC decreases porosity relative to the control
salt (SrClz). These differences are attributed to the increased aspect ratio and higher amorphous

content in SBPCNC relative to control CNC.

Table 5.9 Porosity measurements of SrCl2:CNC composites and control (acquired via Imagel)

Sample SrCI:SBPCNC | SrCL2:SBPCNC | SrCL:CNC | SrCL:CNC SrCl2
Salt:CNC 90:10 80:20 90:10 80:20 -
Porosity (%) 10.889 11.815 13.317 24.852 12.537

Transmission Electron Microscopy

TEM images of salt:CNC composites (80:20) are displayed in Figure 5.10a-c, in which SrCla,
CaClz, and SrCL:CaCl2 (80:20) are represented. Evidence of CNC nucleation of salt is apparent
among all samples. The shading of images depends on electron density: lighter regions have lower
electron density, which lessens the repulsion of the microscope beam. As such, the black and
darker grey shading is characteristic of salt, while the lighter grey shading is characteristic of CNC,
and is apparent by its needle-like particle shape. Lighter grey shading may also be characteristic
of marginal sample coverage and is apparent by the voided space in the imaged medium. There
are several salt body centers depicted by the black shading in the images, but CNC appears well

dispersed throughout and seems to inhibit salt aggregation in some regions.
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Additionally, salt body centers have submicron diameters, which are beneficial for material
performance [277]. The observations of CaCl2:CNC and SrCl2:CNC are similar in that both
possess a greater number of salt body centers than SrCl2:CaCl2:CNC, but no significant salt
aggregation. SrCL:CNC differs by possessing larger salt body centers, which suggests that the
material is more prone to salt aggregation. CaClo:CNC differs by possessing seemingly more salt
body centers but of lesser size, and a slight grouping of CNC particles. These observations suggest
CaCl2:CNC is less prone to salt aggregation, which is in alignment with the solubility of salts.
However, CaCl2:CNC appears to be more prone to CNC aggregation. These single-salt composites
exhibit flocculation tendencies for either salt or CNC, but the complications diminish when used
as a salt blend in SrCl2:CaCl2:CNC. SrClz and CaClz aid each other in blending properly with CNC
to produce a more homogeneous composite. However, it is apparent that CNC successfully
disperses the solvated salt, as evidenced by the slightly darker shading near the center of each CNC
body. From these results, it is supported that SrCl2:CaCL:CNC is most supportive of material
stability by exhibiting the most uniformity of salt:CNC mixing. SrCl2:CNC and CaCl:CNC
possess a high uniformity as well. However, there are some agglomerations in salt-dense regions
of SrCL:CNC and CNC-dense regions of CaCl2:CNC, which may cause complications in long-

term material cycling stability (i.e. 500+ cycles).

SrClz, (b) CaClz, and (¢) SrCl2:CaCl2 — 80:20
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Discussion

Salt:CNC TES Performance

The addition of CNC to most salt hydrates has been shown to enhance TES while aiding
hydration (i.e., energy release) in SrClz, CaCl2, SrCl2:CaCl2, MgSO4:SrClz, and MgSO4:CaCl..
MgSOs4 is unique in that the energy density decreases significantly as CNC is added, attributed to
an over-hydration event leading to deliquescence issues or other forms of structural disassembly
[278]. In other salt varieties, CNC impregnation enhances the TES abilities of 90:10 formulations
but not of 80:20 formulations, except for MgSO4:SrClz and SrClo. However, these exclusions are
mainly due to the high energy density of the control salts. It should be noted that ion swapping
occurs in salt blends, which can result in the formation of poorly soluble, or in some cases,
insoluble salts. The phenomenon was observed during the development of MgSO4:SrClz
composites, which form a nearly insoluble salt, SrSOa4, as sulfate and chloride ions are exchanged
between the metal ions. The phenomenon was also observed in the development of MgSO4:CaCl2
composites, although CaSOs is slightly more soluble than SrSO4. Overall, the formation of these
insoluble chemical species reduces TES capacity by trapping and isolating valuable, energy-dense
salts in a different form. Therefore, it is learned that the combination of chloride salts with sulfate
(or hydroxide) salts should be avoided to prevent any loss in the theoretical TES capacity.

The benefits to the TES performance of salt hydrates in composites are a result of the
assistance that CNC provides in the conversion of salts to their hydrated forms. SEM images reveal
improved uniformity in morphology, as evidenced by salt: CNC materials using control CNC, as
well as a more porous structure. These observations were confirmed by the measurements of
material porosity presented in 7able 5.9. The composites developed using control CNC are

significantly more porous than the salt control (i.e., SrClz). These findings validate the enhanced
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TES abilities of salt:CNC composites, as their morphological features aid water adsorption and
diffusion [279]. The greater porosity, in particular, would allow for adsorbed water to diffuse
throughout the material with less resistance so that non-hydrated (or sub-hydrated) salts may be
reached [280]. The theoretical energy density of salts has not been achieved in these studies, which
may be due to deficient hydration conditions and salt concealment [281]. However, it is important
to avoid salt deliquescence, so achieving complete hydration of the materials may be precarious,
as water must continue to be adsorbed from the surface for the concealed salt to be hydrated [282].
The lack of porosity observed in the SEM images of SBPCNC composites further demonstrates
how these morphological features affect TES performance. Formulations containing SBPCNC
achieved dehydration enthalpies nearly half those of formulations with control CNC (Table 5.5),
which could be a direct consequence of salt concealment. Since there were similar water-uptake
values between SBPCNC and control CNC composites (Fig. 5.6), SBPCNC composites are likely
more prone to deliquescence due to poorer water diffusion [283]. However, the composites need
to be cycled alongside control CNC composites (with SrCl2) before reaching such conclusions.
Since the 90:10 formulations were shown to enhance TES performance there has been less
focus on 60:40 formulations due to their lower energy density and higher material cost [284]. The
same can be said for 80:20 formulations. However, these composites may be helpful if 90:10
formulations exhibit a loss in energy storage capacity that is insufficiently significant relative to
research goals (ie., 5000 cycles). In terms of observable changes in morphology during cycling,
the control salt starts as a smooth, lightly packed powder bed from cycles 1-15. However, by 30—
40 cycles, the repetitive swelling of each hydration step causes the material surface to rupture and
bulge into a loose, fibrous crust [285]. As cycling continues, these agglomerates grow and become

more fragile, gradually consolidating into larger, irregular chunks. These observations of a
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progression from an expanded, highly ordered state to a lumpy, unorganized state suggest that
there is a cycle-induced mechanism for structural breakdown and reformation [286]. SrCl:CNC
formulations exhibit a slightly smoother topography and a greater surface area, owing to a higher
volume of small surface features across the composite [287]. In 80:20 SrCl2:CNC, the surface area
of crystals appears to be increased further by the nucleation assistance of CNC. Small clumps of
material form composites, which then transition to more jagged surface features and later to a more
ordered structure. The hydration events may facilitate salt migration and reordering, enabling the
consolidation of smaller, jagged salt crystal growth [288]. Needle-shaped crystal growth is also
observed across large crystal surfaces, a characteristic of SrCl2 when crystallized slowly [289].
The dispersion of CNC in composite solutions as a function of the source material is
dependent on the CNC crystallinity and surface charge [290]. Having a higher surface charge
reduces particle agglomeration by increasing repulsive forces, while higher crystallinity reduces
agglomeration by preventing entanglements caused by residual amorphous components. HPLC
data reveal that the control CNC has a much higher cellulose content than SBPCNC and therefore
has higher purity. The lack of purity and crystallinity in SBPCNC is another factor contributing to
the poor performance. However, SBPCNC still provides a structural framework and may allow
extended cycling of salts if deliquescence does not occur due to poor water diffusion. The
framework of both SBPCNC and control CNC composites is observed firsthand through increased
grinding resistance relative to pure salts. All formulations, including controls, were processed
identically, so the difference in physical force required to powder the materials via mortar and
pestle was noticed and is significant. The observation was particularly pronounced in SBPCNC
composites, most likely due to the amorphous components exerting a binding effect within the

material through entanglements or other intermolecular interactions [291].
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Salt:CNC Composite Interactions

Chemical interactions in the composites were determined using Raman and FTIR
spectroscopy. The techniques are known to detect various material bonding and can therefore
detect potential electrostatic interactions in composites [292]. Raman spectroscopy reveals unique
bonding and/or lattice vibrations arising from the salt:CNC combination (7able 5.6). Since CNCs
are proven to nucleate salt crystals via TEM imaging (Fig. 5.10), CNCs may likely cause new
lattice vibrations to arise in composites, either from the defects at component interfaces or the
presence of hydrated crystal structure(s) that are not present in the salt control (i.e., SrCl2). As
mentioned above, SrCI2 exhibits four distinct crystal structures between the anhydrous and
hydrated forms, and additional crystalline peaks appear in the XRD data (Fig. 5.8) due to other
hydrated phases of the salt that are absent in the control spectrum. Therefore, the additional
composite peaks observed in the Raman data (7able 5.6) may result from lattice vibrations of these
hydrated forms [293]. It is further supported that these additional peaks are a result of extra
hydrated states by the peak appearing in S8C2 and S9C1 (532) samples' spectra at ~3250 c¢cm!
because the O-H vibrations of water are typically observed from 3250-3410 cm™ [294]. Since the
~3250 Raman response is unique to composite samples and materials are shown by XRD to exhibit
greater water retention (Fig. 5.9), other peaks unique to composites are also likely a result of
greater water retention. However, the position of the water peak may shift from that of the
composites if the control salt is hydrated to the same extent as the composites [295]. The O-H
stretching of CNC was found to be shifted in composites due to hydrogen bonding interactions
with salt hydrate water molecules via FTIR tests (Fig. 5.7), so these shifts can occur in Raman data

as well [296].
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The broad peaks shown in FTIR data between 3200 and 3600 cm! were assigned as the O-
H stretching of CNC. There is a significant range for these peaks due to their broad nature and
electrostatic interactions with other polarizing groups, which can shift the peak [297]. The
phenomenon is apparent in Fig. 5.7, as shown by the comparison between the composites and the
controls (SrClz and CNC). Salt:CNC materials display a shift in the O-H stretching of CNC
because of hydrogen bonding interactions between salt hydrate water molecules and CNC
hydroxyl groups (~3350 v. ~3200 cm’!, respectively). Additionally, the composites display a
unique peak at ~3000 cm! due to the O-H vibrations of water molecules in the salt hydrate [298].
The peak is most likely a direct result of the greater abundance of higher-hydrated states in the
composite relative to the control salt, especially given that the peak is faintly visible in the control
salt spectrum [299]. Since CNC naturally possesses a surface charge and a hydrophilic nature from
acid hydrolysis procedures, salt hydrates are attracted to the CNC surface, and CNC assists in salt
hydrate water adsorption/retention [300].

Zeta potential experiments validate these interpretations. Materials characterized by a zeta
potential of greater magnitude exhibit less agglomeration and improved dispersion via electrostatic
repulsion [301]. However, surface charge may be shielded by the addition of an aqueous salt,
which forms an electrical double layer around charged particles [302]. The double layer is
comprised of one layer of the cation and one layer of the anion that make up the salt. NaCl is used
at very low concentration (i.e. 5-50 mmol) in zeta potential experiments to form the electrical
double-layer so that particles may be enveloped by salt and better separated for measurement
[303]. However, a higher salt concentration will shield the surface charge, thereby counteracting
the purpose of salt in zeta potential samples [304]. These interactions are also highly relevant to

salt:CNC composites, since the materials are formed from aqueous mixtures of CNC and salt.
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Therefore, additional salt-CNC electrostatic interactions include the formation of an electrical
double layer that encloses CNC particles. These interactions are strongly favorable for
impregnating CNC to nucleate salt crystals, thereby forming the composite structural framework
(Fig. 5.10). Although CNC has been added at a specific mass fraction, it has been shown to
nucleate salt crystal growth, suggesting that CNC density decreases toward the composite surface
[305]. The density gradient is significant because it indicates that salt density increases toward the
composite surface, which is favorable for the material's response to humidity. Therefore,
individual composite components are highly compatible and have significant potential to develop

a reliable product for low- to mid-temperature TES.

SBPCNC v. Control CNC

The primary concern of CNC substitution between control CNC and SBPCNC is the
adverse effects on dehydration enthalpy and material cycling stability. SBPCNC has a larger aspect
ratio than the control CNC, thereby reducing its nucleation and dispersant abilities, as observed
with salts [306]. SBPCNC also possesses a lower crystallinity than control CNC, so there is less
resistance to degradation and an increased susceptibility to form imperfections by entanglement of
remaining amorphous components [307]. These entanglements of CNC may then provoke salt
aggregation and deliquescence events by providing a weaker structural framework and fewer
dispersive effects. Additionally, the poorly ordered state of SBPCNC composites in SEM images
indicates that less energy can be gained from the change in entropy of the material (salt) upon
hydration [308]. Therefore, the CNC substitution from the control to SBPCNC lowers material
performance prospects. These findings are also apparent in XRD peaks composites using SBPCNC

that are absent in spectra of composites using control CNC (Fig. 5.8). The presence of these
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additional peaks in composites using SBPCNC v. control CNC provides further evidence of poorer
salt nucleation and dispersion, which results in a lack of uniformity. SBPCNC causes 'pockets' of
various crystalline phases to form throughout the material, more so than control CNC. The reduced
purity, zeta potential magnitude, and crystallinity of SBPCNC relative to control CNC are primary
factors, along with the larger aspect ratio.

If CNC is to be used from SBP, it is recommended that stronger pretreatment conditions be
used to generate CNC from SBP. The primary reason for SBPCNC's inferior performance
compared to the control CNC is its lower crystallinity and purity (i.e., cellulose content). If stronger
pretreatment conditions are used, the cellulose fraction of SBP may be purified enough to produce
a CNC product comparable to that obtained via standardized sulfuric acid hydrolysis [309]. The
pretreatment conditions for SBPCNC in this study were selected based on the LCA of the final
product. Since CNC is the most expensive component of the composite (per unit mass),
maintaining pretreatment conditions of minimal economic impact (i.e., less intense conditions)
was desirable [310]. However, it may be worthwhile to develop an improved procedure for
producing SBPCNC, as it is a waste material with significant potential for reuse [311]. Based on
current insights, the quality of SBPCNC may be improved by increasing the chemical
concentration during pretreatment, in addition to repeating the bleaching treatments (e.g., 3x)
[312]. It is the bleaching treatments that must be repeated to purify the cellulose in biomass that
require an alternative chemical means other than hydrolysis (i.e., oxidation) [313]. If SBP is
purified to the extent that the white pine wood pulp is before hydrolysis to produce control CNC,
then it is likely that SBPCNC may be produced of a more competitive quality. These findings also
strongly suggest that CNF may not be appropriate for thermochemical TES applications involving

salt hydrates [314].
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Conclusion

SrCL2:CNC and SrCl2:CaCl2:CNC (SrCl2:CaClz — 90:10) are proven to be the most promising
of the TES materials that were developed based on energy density and uniformity. In particular,
the 90:10 — salt:CNC varieties. The interpretations here suggest that SrCl2:CNC is an excellent
candidate for demonstrating cycling stability of 500 cycles. The combination of a lack of porosity
and larger particle agglomerations is attributed as the primary cause of poorer SBPCNC composite
performance. FTIR results indicate that salt:CNC interaction, in a chemical sense, is based on the
hydrogen bonding between CNC and water molecules of the salt hydrate. The interpretations are
supported by Raman data, which indicates unique salt:CNC lattice vibrations and/or salt hydrate
effects on CNC vibrations as in FTIR. The discrepancies in the XRD pattern observed for CNC
are directly responsible for greater water retention in the composites. The hydrophilicity of CNC
increases drying resistance by binding to free water and the water molecules in salt hydrates. The
composite materials form due to mechanical and electrostatic interactions, with strong chemical
affinity between them, as observed by TEM. SrCl2:CNC composites produced using control CNC
are more porous and uniform than composites produced using SBPCNC. SEM observations are in
support of XRD interpretations. Additionally, SBPCNC-containing composites form larger
agglomerations, indicating that the materials rely on water diffusion for concealed salt to be
converted to the hydrated form. The poor performance of SBPCNC composites is due to reduced
purity, zeta potential magnitude, and crystallinity relative to the control CNC, as well as a larger
aspect ratio. SBPCNC composites may be competitive if the chemical treatments used to produce

SBPCNC are intensified to yield a more comparable product.
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Figure B1. Raman spectrum of CNC control from 50 to 1500 cmr! using 785nm
excitation wavelength
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Figure B2. Raman spectrum of CNC control from 2500 to 3700 cm! using 785nm
excitation wavelength
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Figure B3. Raman spectrum of SrCl2 control from 2500 to 3700 cm! using 785nm
excitation wavelength
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Figure B5. Raman spectrum of SrCl2:CNC — 90:10 composite from 50 to 1500 cm™ using
785nm excitation wavelength
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Figure B6. Raman spectrum of SrCl2:CNC — 90:10 composite from 2500 to 3700 cm™!
using 785nm excitation wavelength
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Figure B7. Raman spectrum of SrCl2:CNC — 80:20 composite from 50 to 1500 cm’!
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Figure B8. Raman spectrum of SrCl2:CNC — 80:20 composite from 2500 to 3700 cm™!
using 785nm excitation wavelength
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Figure B9. Raman spectrum of CNC control from 50 to 1500 cm™! using 532nm
excitation wavelength
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Figure B10. Raman spectrum of CNC control from 2500 to 3700 cm™! using
532nm excitation wavelength
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Figure B11. Raman spectrum of SrClz control from 50 to 1500 cm! using 532nm
excitation wavelength
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Figure B12. Raman spectrum of SrCl control from 2500 to 3700 cm! using
532nm excitation wavelength
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Figure B13. Raman spectrum of SrCl2:CNC — 90:10 composite from 50 to 1500
cm! using 532nm excitation wavelength
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Figure B14. Raman spectrum of SrCl2:CNC — 90:10 composite from 2500 to
3700 cm! using 532nm excitation wavelength
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Figure B15. Raman spectrum of SrCl2:CNC — 80:20 composite from 50 to 1500 cm!
using 532nm excitation wavelength
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Figure B16. Raman spectrum of SrCl2:CNC — 80:20 composite from 2500 to 3700
cm! using 532nm excitation wavelength
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Figure B19. Rietveld refinement whole pattern fitting of hydrated SrCl2:CNC — 90:10 composite
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Figure B21. Rietveld refinement whole pattern fitting of hydrated SrCl2:CNC — 80:20 composite

60(1:54A)  T0(1344)  80(1.24)



195

Figure B24. Experimental setup for hydration of
samples for Rietveld refinement



	DEVELOPMENT AND CHARACTERIZATION OF SALT HYDRATE AND NANOCELLULOSE COMPOSITES FOR THERMAL ENERGY STORAGE
	©COPYRIGHT
	ACKNOWLEDGEMENTS
	LIST OF FIGURES
	LIST OF FIGURES CONTINUED
	LIST OF FIGURES CONTINUED
	LIST OF FIGURES CONTINUED
	INTRODUCTION
	SALT HYDRATE BIO-COMPOSITES FOR THERMAL ENERGY STORAGE: A CONCISE REVIEW
	Introduction
	TES Pathways


	Eq.1
	Adsorption – TCES Pathway

	Eq.2
	Mechanism of Energy Release
	Materials
	Pure Salts and Salt Blends
	Bio-based Composites
	Activated Carbon
	Thermophysical Properties
	Micro & Nano-Fibrillated Cellulose Composites
	Thermophysical Properties
	Carbon Nanotube & Carbon Nanosphere Composites
	Thermophysical Properties
	Cellulose Nanocrystal Composites
	Thermophysical Properties

	Composite Component Interactions
	Phase Stability
	Deliquescence Resistance

	Interpretations and Recommendations
	Future Directions

	CELLULOSE NANOCRYSTAL STRUCTURAL STABILITY UNDRE CONTROLLED RELATIVE HUMIDTY AND TEMPERATURE
	Introduction

	Eq.1
	Materials and Methods
	Adsorption Tests
	Mass Loss and Microbiological Growth Detection
	Differential Scanning Calorimetry
	X-ray Diffraction Analysis
	Zeta Potential Measurement
	Scanning Electron Microscopy
	Transmission Electron Microscopy

	Results
	Adsorption Tests
	Differential Scanning Calorimetry
	X-ray Diffraction Analysis
	Scanning Electron Microscopy
	Zeta Potential
	Transmission Electron Microscopy
	Mass Loss and Microbiological Growth

	Discussion
	Thermophysical Degradation
	Morphological Degradation
	Mass Degradation and Microbiological Growth

	Conclusion

	PRODUCTION AND CHARACTERIZATION OF SUGAR BEET BASED CELLULOSE NANOCRYSTALS
	Introduction
	Materials and Methods
	SBP Pretreatment
	Acid Hydrolysis Process and CNC Extraction
	Phosphoric Acid Hydrolysis
	Nitric Acid Hydrolysis
	Sulfuric Acid Hydrolysis
	Mass Yield Measurement
	X-ray Diffraction Analysis
	Zeta-Potential Measurement
	Scanning Electron Microscopy & Energy Dispersive Spectroscopy
	High Pressure Liquid Chromatography
	Fourier-Transform Infrared Spectroscopy
	Water Uptake Experiment
	Thermogravimetric Analysis

	Results
	Fourier-Transform Infrared Spectroscopy
	High Pressure Liquid Chromatography
	X-ray Diffraction Analysis
	Energy Dispersive Spectroscopy
	Water Uptake Measurement and Kinetic Study
	Thermogravimetric Analysis

	Discussion
	Effects of Acid Types on Compositional Analysis
	Functional Group Effects
	CNC Production Improvements

	Conclusions
	Future Work

	SALT:CNC COMPOSITE DEVELOPMENT – THERMAL ENERGY STORAGE PERFORMANCE AND FUNDAMENTAL MATERIAL CHARACTERIZATION
	Introduction
	Materials and Methods
	Materials
	SBP Pretreatment
	Acid Hydrolysis Process and CNC Extraction
	Salt:CNC Composite Formulation
	Thermal Energy Storage Measurement
	Transmission Electron Microscopy
	Scanning Electron Microscopy
	X-ray Diffraction Analysis
	High-Pressure Liquid Chromatography
	Fourier-Transform Infrared Spectroscopy
	Raman Spectroscopy

	Results
	Thermophysical Properties


	All promising candidates have dehydration enthalpies within acceptable criteria, except for CaCl2 pure and 90:10 (i.e., >300 J/g). High water uptake and low enthalpy suggest a deliquescence event of the salt occurring during hydration [253]. The trend...
	Additional formulations containing SrCl2-based salt blends have been developed using a different salt combination ratio: SrCl2:CaCl2 – 90:10. The adjustment in SrCl2 content provides another analytical perspective for generating the ideal composite fo...
	Salt:CNC Composites with SBPCNC
	Composite Molecular Interactions
	Raman Spectroscopy
	FTIR Spectroscopy
	X-ray Diffraction Analysis

	Composite Morphology
	Scanning Electron Microscopy

	Discussion
	Salt:CNC TES Performance
	Salt:CNC Composite Interactions
	SBPCNC v. Control CNC

	Conclusion

	REFERENCES CITED
	[120] Missale E, Maniglio D, Speranza G, Frasconi M, Pantano MF (2024) Cellulose Nanocrystal Composites with Enhanced Mechanical Properties for Robust Transparent Thin Films. ACS App Nano Mat 7:18167-18176

	APPENDICES
	CHAPTER TWO

	APPENDIX B
	CHAPTER FIVE


