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ABSTRACT

Synthesis and Characterization of Novel Sustainable Dual
Crosslinked Sodium Carboxymethyl Cellulose Aerogels

Ozge Payanda Konuk
Doctor of Philosophy in Material Science and Engineering
April 3, 2024

Aerogels are remarkable nanoporous materials with unique properties such as low
density, high porosity, high specific surface area, and interconnected pore networks. In
addition, their ability to be synthesized from various precursors such as inorganics,
organics, or hybrid, and the tunability of their properties make them very attractive for
many applications such as adsorption, thermal insulation, catalysts, tissue engineering,
and drug delivery. The physical and chemical properties and pore structure of aerogels
are crucial in determining their application areas. Moreover, it is possible to tailor the
aerogel properties to meet the specific requirements of each application.

Synthesis of novel carboxymethyl cellulose (CMC) aerogels for thermal insulation
applications is an essential area of research in finding alternative sustainable insulation
materials instead of petroleum-based ones. Previous studies have been mainly focused on
polysaccharide aerogels, especially cellulose aerogels. Although extensive research has
been carried out on cellulose ether hydrogels or films, cellulose ethers and the effects of
their functional groups on gelation mechanism, aerogels’ morphology, and thermal
properties have not been widely investigated. Moreover, when these cellulose ethers are
used to synthesize aerogels, their functional groups can play a crucial role in controlling
the morphology of the resulting aerogel. Modifying the synthesis parameters such as
solvent choice, concentration, pH, and temperature makes it possible to tune the
interactions between cellulose ethers and the solvent, leading to the formation of aerogels
with tailored morphologies. Furthermore, adding crosslinking agents or other additives
can also influence cellulose ether-based aerogels' gelation kinetics and final morphology.
This tunability makes cellulose ether-based aerogels promising materials for various
applications, including insulation, drug delivery, and tissue engineering.

The objective of this study is to synthesize CMC aerogels and also, at the same
time, preserve their 3D porous structure and shape. To obtain CMC hydrogels with a 3D
porous structure, the freeze-thaw induced gelation method was used and effecting factors
were investigated. Since CMC aerogels obtained via supercritical drying have not been
studied extensively in the literature, solvent exchange conditions for CMC hydrogels
were determined. We aimed to elucidate the pore size distribution, specific surface area,
and porosity of these novel materials, thereby paving the way for future exploration of
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their potential applications in diverse fields. Our work expands the available synthesis
methods for CMC aerogels and provides crucial insights into their fundamental pore
characteristics, contributing to the ongoing development of sustainable and
environmentally friendly aerogels.

In this study, sustainable maleic anhydride crosslinked CMC aerogels were
synthesized by freeze-thaw induced gelation method. The effect of precursor
concentration, crosslinker concentration, and gelation parameters on the aerogel
properties, such as density, volumetric shrinkage, surface area, pore diameter, and thermal
properties, were investigated. The prepared aerogels exhibited low density between 0.051
g/cm®and 0.204 g/cm?, high porosity (> 93%), and high specific surface areas up to 214
m?/g. The crosslinking mechanisms in CMC aerogels were examined by Fourier
Transform Infrared Spectroscopy (FTIR) and Nuclear Magnetic Resonance (NMR)
analysis. The lowest thermal conductivity was measured as 0.038 W/mK. A theoretical
equation was also developed to calculate the thermal conductivity of aerogels. The results
indicated that it is possible to tune the aerogel properties by adjusting biopolymer or
crosslinker concentration and changing the freeze-thaw parameters.

PVA was incorporated into CMC aerogels to promote intermolecular crosslinking
and, therefore, reduce the pore diameter. CMC/PVA hybrid aerogels from 4 and 6 wt%
aqueous solutions were prepared, and the porous structures of hybrid aerogels were
investigated. CMC/PVA hybrid aerogels had low bulk density and high porosity (> 95%).
FTIR and NMR analyses were conducted to confirm the esterification reaction. The
thermal conductivity of CMC/PVA hybrid aerogel was measured as 0.055 W/mK.

Finally, sulfuric acid catalyzed aerogels were synthesized, and it was seen that it is
possible to reduce the gelation time with an acid catalyst. The effect of acid concentration
on the aerogel properties, such as density, volumetric shrinkage, surface area, pore
diameter, and thermal properties, was investigated. The crosslinking reaction was
confirmed by FTIR analysis. Contrary to expectations, sulfuric acid catalyzed aerogels
had low porosity, low surface area, and high pore size. However, these results shed light
on the potential to tailor aerogel properties using acid catalysts precisely. These findings
provide valuable insights for optimizing aerogel synthesis tailored to specific
applications.



OZETCE

Yenilikci Siirdiiriilebilir Cift Capraz Bagh Sodyum Karboksimetil
Selliloz Aerojellerin Sentezi ve Karakterizasyonu

Ozge Payanda Konuk
Malzeme Bilimi ve Miihendisligi, Doktora
3 Nisan 2024

Aerojeller, diisiik yogunluk, yiiksek gozeneklilik, yiiksek yiizey alani ve birbirine
bagli ags1 nano boyuttaki gozenek yapilari ile benzersiz dzelliklere sahip malzemelerdir.
Ayrica, inorganic ve organik cesitli Onciillerden sentezlenebilmeleri veya hibrit
yapilabilmeleri, yapisal Ozelliklerinin istenilen uygulamalara gore ayarlanabilirligi,
aerojellerin adsorpsiyon, termal yalitim, katalizor, doku miihendisligi ve ilag tasinimi gibi
birgok uygulamada kullanimin1 saglar. Aerojellerin fiziksel, kimyasal ve yapisal
Ozellikleri, uygulama alanlarinin belirlenmesinde Onemlidir ve aecrojelleri farkli
uygulamalarin isterlerini karsilayacak sekilde gelistirmek mumkanddir.

Is1 yalitimi uygulamalari i¢in yenilikgi karboksimetil seliloz (CMC) aerojellerinin
sentezi, petrol bazli olanlar yerine alternatif siirdiiriilebilir yalittm malzemeleri bulma
konusunda 6nemli bir arastirma alanidir. Literatlrdeki Onceki ¢alismalar esas olarak
polisakkarit aerojellere, ozellikle de seliiloz aerojellere odaklanmistir. Selliloz eter
hidrojelleri veya filmleri lizerinde kapsamli aragtirmalar yapilmasia ragmen, seliiloz
eterler ve fonksiyonel gruplarinin jellesme mekanizmasi, aerojellerin morfolojisi ve
termal 6zellikleri tizerindeki etkileri genis ¢apta aragtirllmamistir. Bu fonksiyonel gruplar
elde edilen aerojellerin morfolojisinin kontrol edilmesinde ¢cok énemli bir rol oynayabilir.
Coziicii se¢imi, konsantrasyon, pH ve sicaklik gibi sentez parametrelerinin degistirilmesi,
seliiloz eterler ile ¢oziicii arasindaki etkilesimlerin ayarlanmasini miimkiin kilarak 6zel
morfolojilere sahip aerojellerin olusumuna yol acabilir. Ayrica ¢apraz baglayici ajanlarin
veya diger katki maddelerinin eklenmesi, seliiloz eter bazli aerojellerin jellesme kinetigini
ve morfolojisini de etkileyebilir. Seliiloz eter aerojellerin 6zelliklerinin bu sekilde
modifiye edilebilir olmasi bu aerojelleri 1s1 yalitimi, ilag¢ taginimi ve doku mithendisligi
gibi ¢esitli uygulamalar i¢in umut verici malzemeler haline getirmektedir.

Bu c¢alismanin amacit 3 boyutlu gozenek yapisina sahip CMC aerojel
sentezlemektir. Bu amagla, donma-¢oziilme ile indiiklenen jellesme yontemi ile CMC
hidrojel elde edilmistir ve bu yontemi etkileyen faktorler arastirilmistir. Siiperkritik
kurutma yoluyla elde edilen CMC aerojeller heniiz literatiirde kapsamli bir sekilde
aragtirllmamistir, bu nedenle CMC hidrojelleri i¢in solvent degisimi kosullari
belirlenmistir. Bu ¢alismadaki amacimiz, CMC aerojellerin gozenek boyutu 6zelliklerini,
spesifik ylizey alanin1 ve gozenekliligini incelemek ve bdylece farkli alanlardaki
potansiyel uygulamalarinin gelecekte arastirilmasinin 6niinii agmaktir. Bu ¢alisma ayni
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zamanda, CMC aerojeller igin yeni bir sentez yontemi sunmaktadir ve CMC aerojellerin
temel gozenek oOzelliklerine iliskin 6nemli bilgiler saglayarak siirdiiriilebilir ve ¢evre
dostu aerojellerin siiregelen gelisimine katkida bulunmaktadir.

Bu ¢alismada, maleik anhidrit ¢apraz bagli CMC aerojeller, donma-¢6zilme ile
indiiklenen jellesme yontemi ile sentezlenmistir. Onciil konsantrasyonu, ¢capraz baglayici
ajan konsantrasyonu ve jellesme parametrelerinin, yogunluk, hacimsel kii¢tilme, ylzey
alani, gozenek capr ve termal Ozellikler gibi aerojel ozelliklerinin zerindeki etkileri
incelenmistir. Sentezlenen aerojellerin 0,051 g/cm? ile 0,204 g/cm® arasinda diisiik
yogunluga, yilksek gozeneklilige (> %93) ve 214 m?/g'a kadar yiiksek spesifik yiizey
alanma sahip oldugu gozlemlenmistir. CMC aerojellerindeki esterlesme reaksiyonu
Fourier Doniistimii Kizilotesi Spektroskopisi (FTIR) ve Niikleer Manyetik Rezonans
(NMR) analizleri ile incelenmistir. En diisiik termal iletkenlik katsayis1 ise 0,038 W/mK
olarak Olculmiistiir. Aerojellerin termal iletkenlik katsayilarini hesaplamak igin teorik bir
denklem gelistirilmistir.  Sonuglar, biyopolimer veya c¢apraz baglayic1 ajan
konsantrasyonunu ayarlayarak ve donma-¢oziilme parametrelerini degistirerek aerojel
ozelliklerini ayarlamanin miimkiin oldugunu gostermistir.

Molekiiller aras1 ¢apraz baglanmayi arttirmak ve dolayisiyla gézenek capini
azaltmak icin CMC aerojellerine PVA eklenmistir. Agirlik¢a %4 ve %6 sulu ¢ozeltilerden
CMC/PVA hibrit aerojeller hazirlanmistir ve hibrit aerojellerin gozenekli yapilar
incelenmistir. CMC/PVA hibrit aerojellerinin diisiik yogunluga ve yiiksek gozeneklilige
(> %95) sahip oldugu gozlemlenmistir. Esterlesme reaksiyonlarini dogrulamak i¢in FTIR
ve NMR analizleri yapilmistir. CMC/PVA hibrit aerojelinin termal iletkenligi ise 0,055
W/mK olarak olgulmiistiir.

Son olarak, CMC aerojeller katalizor olarak sulfurik asit kullanilarak
sentezlenmistir ve boylece jellesme i¢in gereken siirenin azaldigi goriilmiistiir. Sulfiirik
asit konsantrasyonunun yogunluk, hacimsel kligllme, yiizey alani, gozenek ¢ap1 ve termal
Ozellikler gibi aerojel 6zelliklerine etkisi arastirilmistir. Capraz baglanma reaksiyonu
FTIR analizi ile dogrulanmistir. Beklenenin aksine, stlfurik asit eklenen aerojellerin
diisiik gozeneklilige, diisiik ylizey alanina ve yiiksek gozenek boyutuna sahip oldugu
goriilmustir. Ancak bu sonuclar dogrultusunda, asit katalizor kullanarak aerojellerin
jellesme siirelerinin, gozenek ozelliklerinin ve dolayisiyla termal dzelliklerinin optimize
edilebilecegi anlagilmistir.
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CHAPTER 1 INTRODUCTION

Energy production and consumption are increasing around the world. Although
the share of energy from renewable sources has been steadily increasing, 82% of the
world's energy is still produced from coal, oil, and natural gas sources, according to the
Energy Institute's 2022 data [1]. Using fossil fuels leads to the emission of greenhouse
gases, which causes environmental pollution, global warming, and climate change. In

addition, it threatens human health, nature and biodiversity.

Energy saving and sustainability are getting more and more attention to protect
the environment and natural resources. For this purpose, the number of studies on
developing products with low energy consumption is increasing. According to the
International Energy Agency (IEA), residential energy consumption in the world

accounts for 20% of all energy consumption, as shown in Figure 1.1.

* Passenger cars includes cars, sport utility vehicles and personal trucks.
** Other industries includes agriculture, mining and construction.

Figure 1.1. Largest end uses by sector (IEA, 2018) [2]
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Figure 1.2. Shares of residential energy consumption by end use (IEA, 2018) [2]

The breakdown of residential energy consumption is given in Figure 1.2. It
indicates that residential appliances, including refrigerators/freezers, dishwashers, clothes
washers and dryers, televisions, home entertainment devices, computers, other
information technology devices, and other small home appliances account for 19% of

total residential energy consumption [2].

Therefore, energy-saving measures in residential appliances are being enforced
by regulations. European Union (EU) energy labels have been in use since 1994 and are
important guides for consumers when purchasing electrical appliances. The other aim of
EU energy labels is to encourage manufacturers to develop products that consume less
energy. For this purpose, energy levels were created from A to G, with A being the best
category. With improving technology, manufacturers began to develop more energy-
efficient products. As the energy efficiency of the new products exceeded the efficiency
of products with the energy levels A, A +, A ++, and even A +++ were added to the
classification system. In addition, some products with lower categories (E, F, G) have

become less preferred or been removed due to eco-design requirements.

To raise consumer awareness and encourage the industry to develop products that

consume less energy, the European Commission established a simpler scale of EU energy
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labels in which only the letters A to G are used (Regulation (EU) 2017/1369). The new
regulations are also much stricter in terms of energy consumption. For example,
according to the new labeling, a refrigerator with an A +++ label in the old system has a
C label, although it is as energy efficient as before. As another example, an A ++
dishwasher has an E label [3].

For this reason, white good companies have been focused on improving the energy

efficiencies of their products.
1.1 Energy Consumption in White Goods

Thermal insulation materials play a crucial role in white goods. They act as a
barrier, preventing heat transfer between the appliance's internal and external
environment. Thermal insulation materials are used to reduce energy consumption and
improve the food preservation and lifespan of white goods by minimizing temperature
fluctuations. There are several thermal insulation materials, such as polyurethane,
vacuum insulation panels (VIP), expanded polystyrene (EPS), extruded polystyrene
(XPS), glass wool, and rock wool, and the choice of thermal insulation material depends
on the specific appliance, desired performance, and cost. In addition to conventional
insulation materials, aerogels have recently been studied for potential applications in
white goods [4]. Besides their outstanding thermal insulation properties, the fact that they

can be produced from sustainable materials makes aerogels an attractive candidate.

This study introduces a novel approach to synthesizing CMC aerogels, utilizing a
relatively non-toxic crosslinker and supercritical CO2 drying and pioneering investigation
into the thermal conductivity characteristics of CMC aerogels. Initially, we developed
CMC hydrogels with a 3D porous structure using the freeze-thaw-induced gelation
method. The prepared hydrogels were also chemically crosslinked by maleic anhydride
to obtain mechanically strong and chemically stable gels. Stable gel means having a
consistent and enduring structure, resisting deformation or breakdown during the removal
from mold and solvent exchange process. Furthermore, we optimized the solvent
exchange conditions to reduce the loss of the CMC polymer and enhance the strength of
CMC alcogels. Upon supercritical drying, we investigated the pore morphology of CMC
aerogels and evaluated the influence of precursor materials and preparation conditions on
their structural properties. By employing a different gelation technique, we aimed to

elucidate the impact of the gelation method on the resulting aerogel structure and,
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consequently, its thermal behavior. We explored the effect of frozen storage duration on
the gelation of CMC. Furthermore, we examined the impact of the molecular weight of
CMC and the initial solution concentration on gelation, pore properties, and thermal
conductivity. Through this comprehensive examination, we contributed significant
insights into the synthesis and characterization of CMC aerogels for potential applications

in various fields.

The synthesis techniques, classification, and properties of aerogels are given in

Chapter 2. An extensive review of heat transfer mechanisms in aerogels is also presented.

Experimental methods are provided in Chapter 3, including the synthesis of
carboxymethyl cellulose aerogel and the techniques used to characterize aerogels.

Experimental results of this study are presented in Chapter 4. This chapter
includes the physical and thermal properties of CMC aerogels prepared from different
CMC sources and insights into the effect of various synthesis conditions on aerogel
properties. The physical and thermal properties of CMC/PVA hybrid aerogels and

sulfuric acid catalyzed CMC aerogels are also included.

Chapter 5 concludes the study's outcomes and proposes insights for future investigation.
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CHAPTER 2 LITERATURE REVIEW

2.1 Aerogels

Aerogels are solid, open porous networks formed by replacing the liquid phase in
a gel with air. Inorganic and organic aerogels were first synthesized by Samuel Kistler in
1932 [5]. Since then, aerogels from various precursors have been studied. They can be
classified based on their chemical compositions as inorganic (silica, alumina, titania),
organic (resorcinol formaldehyde, cellulose, pectin), carbon (via pyrolysis of organic
aerogels), and hybrid/composite aerogels. Aerogels have low density, high porosity, high
specific surface area, and open porous structure [6,7]. These distinctive properties make
them very attractive for many applications such as thermal insulation [8,9], acoustic
insulation [10], solar systems [11], drug delivery [12][13], tissue engineering [14],
catalysts and supports [15-22], adsorption [23-25], sensors [26], and energy conversion

and storage applications [27,28].

Briefly, to produce an aerogel, first of all, a gel is formed. After that, the gel is
aged and subjected to a series of solvent exchanges with a suitable solvent. Finally, the

obtained wet gel is dried to obtain an aerogel.
2.2 Synthesis of Aerogels

The network structure of the gels, and therefore the properties of the aerogels, are
affected by the properties of precursors and the reaction parameters of the gelation
processes. Gels are prepared by sol-gel processing, and the type of sol-gel processing can
be divided into two main sub-groups. One method is hydrolysis, followed by
polycondensation reactions, which starts with the dissolution of a monomer in a solvent
[29]. All of the inorganic aerogels (such as silica, alumina, and zirconium) and some
organic aerogels, such as resorcinol-formaldehyde (RF) and melamine-formaldehyde

(MF) aerogels, are prepared with this sol-gel processing (Figure 2.1) [30-32].
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Figure 2.1. Hydrolysis and polycondensation sol-gel processing

The other method (Figure 2.2) is first dissolving the polymer in a solution and
then regenerating the polymer network with physical crosslinking (such as temperature
or pH) or chemical crosslinking. This method is generally used for biopolymer aerogels

such as cellulose, alginate, starch, carrageenan, and pectin [13,29,33].

Aging & Supercritical
Polysaccharide Gefation Solvent Exchange CO, Drying
Solution Solvogel Aerogel

Figure 2.2. General synthesis of biopolymer aerogels

2.3 Solvent Exchange

One of the most crucial steps in the synthesis of aerogels is the solvent exchange,
during which the pore liquid is exchanged with a solvent suitable for the subsequent
drying method. During the process, not only is the pore filling liquid replaced, but all
unreacted monomers, oligomers, and the solvent used in the synthesis are removed [34].
The solvent exchange, previously described in Kistler’s initial work in the 1930s, is
necessary to prepare intact, non-fractured aerogels at the end of the drying [5]. Drying the
wet gels without solvent exchange or using non-suitable solvents would result in fractured
and shrunken aerogels due to the creation of high capillary pressures inside the pores [35].
One method to decrease these high capillary pressures is to select a solvent with a lower
interfacial surface tension [36] and replace pore filling liquid with this new solvent,
thereby controlling how much the aerogel would shrink. The cause of this gel shrinkage,
the most problematic part of the aerogel preparation, has also been indicated by Kistler

as the exchange of water to organic solvent and supercritical drying [36].

Wet gels subjected to solvent exchange can either swell or shrink depending on
the selection of different process parameters [37]. It is known that especially organic

aerogels shrink to a greater extent [38] due to the formation of hydrogen bonds between
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the polymer strands, leading to a denser network. A higher density, in turn, would affect
some properties such as pore volume, surface area, thermal conductivity, and many
others. Thus, to obtain better physical properties, it is of utmost importance to understand

shrinkage.

If supercritical drying is used, solvent exchange is especially important for the
gels that are prepared in aqueous solutions or in solvents that are not soluble in scCO;
[39]. Thus, they should be exchanged with more suitable solvents, commonly alcohols or
acetone, with lower critical points and chemical activities to perform supercritical drying
under more convenient and economic conditions [36][40]. Moreover, the selected solvent
should not destroy the structure of the wet gel by dissolving it or by any other means.

Since Kistler’s time, the solvent exchange process has been carried out in the same
manner by placing the synthesized wet gels in an excess new solvent (one step) or by
performing a multistep procedure in which new solvent/water mixtures with increasing
content of the solvent is used [36][41][42]. Although one-step solvent exchange seems to
shorten the lengthy solvent exchange process, it usually causes a more drastic shrinkage
[40][41]. That is why multi-step solvent exchange is commonly performed for various
aerogels [40][41]. Using a mixture of solvents with water rather than the pure solvent
reduces the concentration gradient on the gel, making gels more resistant to shrinkage.
Thus, adding one or more intermediate steps in the solvent exchange with increasing
solvent concentrations would result in lower shrinkage. However, the reduction in
shrinkage will also depend on the solvent concentration and the number of solvent
exchange steps. Even with changing the solvent exchange period from four to six
concentration steps, the volume reduction was reduced by 25-30% [43]. Moreover, using
lower initial concentrations of solvent resulted in reduced shrinkage even if it leads to a
slower process [40]. Based on various factors affecting the solvent exchange,
understanding its kinetics is a challenging task as the duration of the solvent exchange
can vary significantly from hours to several days [34][39].

In conclusion, it is crucial to carefully select the solvent that will be used to wash
the wet gels prior to drying. Another important point would be to know how much solvent
exchange is necessary before drying the wet gels. In other words, it is critical to
investigate the required concentration of the new solvent in the pores, considering both

solvent recycling and final physical properties.
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2.4 Drying Techniques

Drying the wet gels is the final step of aerogel synthesis, which includes replacing
the solvent filling the gel pores with air while the original gel structure is preserved.
Removal of the solvent from the gel pores can be problematic since the capillary stresses
in these pores, originating from the gas-liquid phase boundary, can be significant due to
the nano-sized pores in the gel structure. These capillary stresses can destroy the pores in
terms of pore size and shape, collapse of the pores, and cracks in macroscopic gel
structure [44]. Therefore, drying is a remarkably delicate step, where even slight
variations in process conditions can result in the destruction of pores in the final product.
Three methods can be used for drying the gels: ambient drying, freeze drying, and

supercritical drying [35].
2.4.1 Ambient pressure drying

In ambient pressure drying, the liquid phase in the wet gel evaporates at ambient
pressure and temperatures ranging from room temperature up to 200 °C, which is highly
susceptible to making enormous changes in the gel structure and significant shrinkages
[45]. During the evaporation of the liquid from the pores, a meniscus forms in the vapor-
liquid interface. Due to this capillary pressure, the gel shrinks, forming a denser gel called
xerogel [35]. Some studies for silica aerogels show that it is possible to reduce shrinkage
by the spring-back effect, which is the re-expansion of the gel. The patent for this
technique was issued in 1996. After the solvent exchange step, the hydroxyl groups on
the internal surface of the alcogels were reacted with organic substances of the form
RxMXy where R is usually an organic group such as CHs, CoHs; M is Si or Al, and X is a
halogen which is usually Cl. The replacement of hydrophilic hydroxyl groups with
organic groups resulted in hydrophobic aerogels. This process was performed to modify
the contact angle between the pore liquid and the pore walls during drying to reduce
capillary stresses. During ambient pressure drying, a “spring back” effect was observed
with the re-expansion of the wet gel since neighboring surface silyl groups were
chemically inert and did not interact with each other [13]. In addition, the gel structure
can be strengthened to stand the capillary pressure, or solvents with low surface tension
can be used [46].

2.4.2 Freeze drying

Freeze drying is another method of drying the wet gels, during which the solvent



Chapter 2: Literature Review 6

is extracted from the pores by sublimation. This occurs after freezing the gels below the
solvent's freezing point and then decreasing the pressure below the sublimation pressure.
After the sublimation of the solid in the pores, temperature, and pressure are brought to
ambient conditions. The resulting gels are called cryogels. In this method, the destruction
of the network may occur due to the stresses in the pore being applied during the freezing
of the gels due to the growth of the solvent crystals, especially in the case of water, when
it expands during the freezing. It can be further problematic when a solvent with an

extremely low freezing point, such as ethanol, is used [45].
2.4.3 Supercritical drying

Supercritical drying is an alternative method for drying wet gels, where
supercritical fluids (SCF) are used to extract the solvent from the pores of the gel network
since these fluids do not have any interfaces in supercritical conditions. In this method,
the solvent, usually an alcohol, is first dissolved in the diffused SCF inside the pores,
where a single-phase binary mixture is formed. The continuous flow of fresh SCF drains
the solvent of the pores, leading to a complete exchange of the solvent with SCF inside
the pores. Subsequently, lowering the system pressure at temperatures above the critical
temperature of the fluid leads to the removal of SCF from the pores without the formation
of a phase boundary and huge capillary stresses, where the fluid phase inside the pores
moves directly from supercritical to gas state without leaving any liquid solvent residue
[35][47]. Liquid-like density along with gas-like viscosity of SCFs enable them to be used
as promising solvents in supercritical drying where zero surface tension of SCF and the
absence of a phase boundary during vessel depressurization significantly minimize the
shrinkage and deformation of the gel network. Zero surface tension of SCFs avoids pore
collapse and permits better penetration and wetting of pores than liquid solvents do [48].
Furthermore, enhanced mass transfer characteristics due to higher diffusion coefficients
in SCFs than liquids make supercritical drying an efficient and harmless gel drying
technique, resulting in aerogel products with higher porosity and surface area than those

dried with ambient and freeze-drying methods [49][50].

In general, supercritical CO2 (scCO3) is used as supercritical fluid as CO2 has
easily accessible critical points (critical temperature 31°C and critical pressure 73.8 bar)
[51]. Moreover, CO; is chemically inert, non-toxic, non-flammable, and low-cost.

The gels are first placed inside a high-pressure vessel filled with the parent solvent
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and heated above the critical temperature of the scCO2-solvent mixture. This is followed
by pressurizing the vessel with the corresponding fluid up to the above critical pressure
of the scCO»-solvent mixture. Subsequently, the solvent is extracted from the gel pores,
followed by opening the vessel outlet and continuously charging the fresh fluid. The
mixture of scCOz-solvent is finally flashed into a solvent collecting container at
atmospheric pressure, which leads to the separation of CO> rich gas phase and the solvent-
rich liquid phase from each other. This step is continued until the complete removal of
the solvent from the gel, after which the vessel is discharged by closing the inlet valve
and depressurization, during which the phase of CO: inside the gel pores is changed from
scCOz to gas phase COzq). Finally, dried gels are removed from the vessel, after which

air is gradually exchanged with COx(g) inside the pores [45].
2.5 Classification of Aerogels

Based on their chemical compositions, aerogels can be classified as inorganic,
organic, carbon, and hybrid/composite aerogels.

2.5.1 Inorganic

First inorganic aerogels were synthesized by Kistler through the sol-gel process
and supercritical drying of gels of silica, alumina, tungsten oxide, ferric oxide, stannic
oxide, and nickel tartrate [5]. Since then, various inorganic aerogels have been prepared
[52]. Silica aerogels are the most extensively studied and used aerogels for thermal
insulation due to their very low thermal conductivity. Sol-gel polymerization is the
commonly employed method for preparing inorganic aerogels. Metal alkoxides such as
tetraethylorthosilicate (TEOS) or tetramethylorthosilicate (TMOS) are the generally used
chemical precursors for synthesizing silica aerogels. First, these precursors are
hydrolyzed in a mixture of water and alcohol, where the alkoxide groups of the precursor

are replaced with hydroxyl groups, as shown in Equation 2.1.
Si(OR)4 + 4H20 < Si(OH)s + 4R — OH (2.1)

Adding an acid or a base catalyst can accelerate the kinetics of the hydrolysis
reaction. Subsequently, Si(OH)4 molecules go through water (Equation 2.2) and alcohol
(Equation 2.3) condensation reactions, forming a silica network. This step can be

accelerated by the addition of a base catalyst.

=Si - OH+HO - Si=—=Si-0-Si=+H0 (2.2)
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=Si-OR+HO-Si=—-=Si-0-Si=+R-0OH (2.3)
The mixture finally forms a gel, which is mostly composed of SiOx.

However, some side chains might remain unreacted (Si-OR) or partially reacted
(Si-OH) at the end of the condensation reactions. These Si-OH groups render the aerogel
hydrophilic and make it susceptible to water adsorption, leading to structural collapse. To
improve the mechanical strength of these wet gels and to finish the hydrolysis and
condensation reactions of unreacted precursors in the gels, they are placed in an aging
solution consisting of water and alcohol. This step is necessary to obtain more compact
structures which are more resistant to shrinkage and any damage. Then, the gel is
subjected to a solvent exchange step, during which it is placed in a pure solvent, which is
generally alcohol, to replace water and to remove any impurities remaining in the pores.
The final step is to dry this wet gel, also called alcogel, without damaging its structure
[13].

Other inorganic aerogels, such as titania aerogels, zirconia aerogels, and alumina
aerogels, are prepared using the same sol-gel route but with different precursors. For
instance, titania aerogels can be prepared from tetrabutyl ortho-titanate, titanium n-
butoxide, and titanium tetraisopropoxide [13]. Zirconia aerogels can synthesized from
zirconium n-propoxide and zirconium n-butoxide butanol complex [53]. Alumina
aerogels are typically prepared from aluminum alkoxide precursors, such as aluminum

isopropoxide or aluminum-tri-sec-butoxide [54][55].
2.5.2 Organic

Kistler also synthesized the first organic aerogels from cellulose, nitrocellulose,
gelatin, agar, egg albumin, and rubber in 1932 [5]. In 1989, Pekala synthesized an organic
aerogel by polycondensation of resorcinol-formaldehyde (RF) in an aqueous solution
using NaxCOgz as a catalyst. The gelation mechanism was similar to silica's sol-gel
processing, and he used supercritical CO2 drying to obtain RF aerogel [31]. Since then,
several organic aerogels have been prepared from different organic precursors such as
melamine-formaldehyde,  phenol-furfural, phenol-melamine and polyurethane,
polyimide, poly(vinyl alcohol) and poly(vinyl chloride) [32][56]. The primary step is to
form a hydrogel from an aqueous starting solution triggered by a cross-linking promoter,
which can have either a chemical nature (chemical cross-linker) or a physical nature (pH,

temperature) [41]. The subsequent step, the aging/solvent exchange step, involves
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replacing the water within the porous structure with an appropriate solvent, usually
alcohol. The next and final step is to dry the wet gel supercritically with carbon dioxide
[13].

Furthermore, polysaccharide aerogels have attracted increasing attention in recent
years since they are natural, abundant, renewable, biocompatible, biodegradable, and
low-cost [57]. These polysaccharide aerogels are mostly synthesized from cellulose,
cellulose derivatives, alginate, starch, pectin, chitin, and chitosan. As a result of their
biocompatibility and biodegradability, polysaccharide aerogels are being investigated for
use in tissue engineering, wound care applications, and drug delivery [13][41][58][59].
Among them, cellulose aerogels are also being investigated for thermal insulation
applications [60].

2.5.3 Carbon

Carbon aerogels are prepared by pyrolyzing organic aerogels at elevated
temperatures under an inert atmosphere. The first carbon aerogel was synthesized by
Pekala by pyrolysis of RF aerogel at 1050 °C under an inert atmosphere, and RF is the
most widely studied organic precursor [61]. Carbon aerogels can be fabricated by
pyrolyzing bio-based aerogels [56][62]. In addition, there are also self-assembled carbon
aerogels, which are graphene aerogels and carbon nanotube aerogels [63].

Carbon aerogels have high specific surface area, high porosity, low density, and
significantly high electrical conductivity [56]. The structure of carbon aerogel can be
manipulated by tuning the pyrolysis conditions such as temperature, heating rate,
pressure, and duration [64]. For instance, between 600 °C and 900 °C, the aerogel's
surface area and pore volume reduce as the pyrolysis temperature increases. Moreover,
aerogels pyrolyzed at 1200 °C are much denser than those pyrolyzed at 600 °C. In

addition, high pyrolysis temperature increases electrical conductivity [56][64].

Carbon aerogels are burned in oxidizing atmospheres; therefore, they should be
used in an evacuated system, which also suppresses the gaseous thermal conductivity in
the aerogel. Since carbon aerogels are good IR absorbers, radiative thermal conductivity
is also reduced. Besides, the solid thermal conductivity of carbon aerogels is low due to
high porosity and low density. Thus, the overall thermal conductivity of carbon aerogels
is very low [64][65].
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2.5.4 Hybrid

Hybrid aerogels are attracting increased attention due to their enhanced and multi-
functional properties. These kinds of aerogels can be synthesized by polymerization
during the sol step or after the gelation step. Hybrid aerogels are comprised of inorganic
and organic components, and they are either formed by electrostatic forces, van der Waals
forces, hydrogen bonding, or covalent bonds [66].

Several studies of hybrid aerogels have been conducted, such as
polymethylmethacrylate-silica aerogels, cellulose-silica aerogels, and chitosan-silica
aerogels. According to these studies, it can be deduced that combining inorganic and
organic components improves the aerogel properties such as specific surface area, thermal

conductivity, and Young modulus in comparison to individual aerogels [67][68][69].
2.5.5 Composite

There are also various studies on composite aerogels in which clay, SiO», carbon
nanotube, cellulose nanofibrils, graphene, or graphene oxide are added to strengthen the
structure of aerogels. In addition to better mechanical properties, it is possible to give new
features to aerogels, such as hydrophobicity, lipophilicity, or electrical conductivity [56].
For instance, silica aerogels are rigid and brittle. Also, silica aerogels are transparent and
adsorb moisture, which increases effective thermal conductivity [30]. Some nanoparticles
or fibers, such as SiC and carbon fibers, have been added to overcome these drawbacks

and improve mechanical and thermal properties.

Moreover, adding ZrO; and TiO> as an opacifier increases the thermal resistance
of silica aerogels [70]. Clays in silica aerogel also enhance mechanical properties
[71][72]. As another example, due to the brittleness and frailty of carbon aerogels, they
are reinforced with carbon fibers, graphene, graphene oxide, and carbon nanotubes [64].
Additionally, carbon aerogels are incorporated with metal oxides, metal hydroxides, and

metal sulfides to impart new properties for different applications [56].

In the last decade, metal—organic framework/aerogel composites (MOFACs) were
introduced as a new class of composite aerogels. MOFs also have high surface area, high
pore volume, high porosity, and low density. Therefore, integrating MOFs into aerogels

leads to hierarchically porous materials with superior properties [73].
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2.6 Cellulose and Cellulose Ethers

Among various polysaccharides, cellulose aerogels are the most investigated for
thermal insulation applications [60][74]. Cellulose has a linear polymer chain structure
without branching, linked by B-1,4-glycosidic bonds (Figure 2.3). Each glucose unit is
rotated by 180° around its longitudinal axis, which forms a cellobiose disaccharide
repeating unit. There are intramolecular hydrogen bonds between the Cs hydroxy group
and the adjacent to the ring oxygen, as well as between the C> hydroxy group and the
hydroxymethyl group oxygen at Ce. This arrangement of the molecular chains forms
intermolecular hydrogen bonds between oxygen atoms Os: ... Os and Oz ... O¢ [75]. Due
to the extensive intra- and inter-molecular hydrogen bonding between these chains,
cellulose shows a crystal lattice structure, resulting in insolubility in water and most

organic solvents [76].

Figure 2.3. Chemical structure of cellulose. Adapted from the reference [77].

N-methylmorpholine N-oxide (NMMO) monohydrate, calcium thiocyanate
octahydrate (CTO) [78], 8% NaOH-water solution [59], LiCI/DMAc [79], or ionic
liquids such as 1-ethyl-3-methylimidazolium acetate (EMIMACc) and 1-butyl-3-
methylimidazolium chloride (BMIMCI) are some of the solvents that are used to dissolve
cellulose [80]. Many cellulose solvents pose significant hazards and present challenges
in safe disposal. Additionally, their limited ability to fully dissolve cellulose complicates
the investigation of high molecular weight and cellulose concentrations, thereby
hindering the tailoring of aerogel properties.

To improve cellulose solubility in water, the cellulose chain's regularity and
hydrogen bonding are decreased. For this purpose, cellulose is chemically modified by
etherification or esterification reactions. The production of cellulose ethers involves the
reaction between the hydroxyl groups of cellulose and either alkyl halides or epoxides in

an alkaline environment (Figure 2.4) [81].
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Figure 2.4. Etherification reactions of cellulose. Adapted from the references [82][81].

Cellulose ethers (CEs) are nontoxic, biodegradable, and biocompatible, and they
are commonly used as thickeners, binders, stabilizers, and emulsifiers in various
industries such as food, pharmaceuticals, cosmetics, and construction [82][81]. Different
types of cellulose ethers have different -R groups, such as methylcellulose (MC), ethyl
cellulose (EC), sodium carboxymethyl cellulose (NaCMC), hydroxyethyl cellulose
(HEC), hydroxypropyl cellulose (HPC) and hydroxypropyl methylcellulose (HPMC)
(Figure 2.5, Table 2.1).

Figure 2.5. Chemical structure of cellulose ether. Adapted from the reference [81].

Table 2.1. Alkyl groups of cellulose ethers [82][83].

Cellulose Ether Alkyl Group
Methy! cellulose -H or -CHs
Carboxymethyl cellulose -H or -CH.COOH
Ethyl cellulose -H or -CH2CH3
Hydroxyethyl cellulose -H or -CH,CH0OH
Hydroxypropyl cellulose -H or -CH2CH2CH0H
Hydroxypropyl methylcellulose -H or -CHjs or - CH2CH2CH,OH

Among these cellulose ethers, sodium carboxymethyl cellulose (Figure 2.6) is

studied the most as a precursor material since it is highly soluble in water and forms clear,
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viscous solutions due to its ionic nature. It is also stable in acidic and alkaline
environments [82][81]. The molecular weight, the degree of substitution (DS), and the
distribution of carboxymethyl substituents along the polymer chains impact the properties
of CMC [84].
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Figure 2.6. Chemical structure of sodium carboxymethyl cellulose. Adapted from the
reference [84]

2.7 Crosslinkers and cellulose ether hydrogels

First of all, a gel should be obtained to produce aerogel. Hydrogels are three-
dimensional polymeric networks, and they can be prepared by physical or chemical
gelation methods. Physical gelation is triggered by heating, pH adjusting, or changing the
ionic strength. Physical gels are bonded by non-covalent interactions such as van der
Waals forces, hydrogen bonding, or electrostatic interactions, and they are generally
reversible. On the other hand, chemical gelation is described as the formation of covalent
bonds between polymer chains by cross-linking reactions and is an irreversible process.
The gels produced by chemical gelation generally have high mechanical strength and
stability. Furthermore, chemical gelation enables tuning of the pore properties of
hydrogels, therefore aerogels, by changing the chemical compositions of the reactants and
the reaction conditions. In addition, scaling up a chemical gelation process is easier
[85][86].

Citric acid (CA), a non-toxic weak organic tricarboxylic acid, is an effective
crosslinker in polymer chemistry applications. Citric acid (CeHgO7), abundant in citrus
fruits, is wused in food, pharmaceutical, and chemical applications [87]. Its
biocompatibility makes it suitable for biopolymer formulations such as edible films for
food packaging. As it is shown in Figure 2.7, citric acid has one hydroxyl and three
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carboxyl groups [88]. The carboxyl groups of citric acid react with hydroxyl groups in
polymers to form ester linkages, creating stable three-dimensional networks that enhance

mechanical properties and structural integrity [88].

T
HO OH

OH

Figure 2.7. Chemical structure of citric acid. Adapted from the reference [87]

Oxalic acid (OA) is a non-toxic, weak organic dicarboxylic acid. It naturally
occurs in plants and is commonly used for cleaning applications. The chemical structure
of oxalic acid (C2H204) is given in Figure 2.8. In an aqueous solution, oxalic acid
dissociates in oxalate ions and protons, leading to an increase in polymer dissolution and
ionic crosslinking in hydrogels [89]. Therefore, oxalic acid is used as a physical

crosslinking agent in synthesizing hydrogels and polymer networks [90][91].

0O OH

HO @)

Figure 2.8. Chemical structure of oxalic acid. Adapted from the reference [90]

Maleic anhydride (CsH203) is a cyclic dicarboxylic anhydride (Figure 2.9)
commonly used as a crosslinker in polymer chemistry. When maleic anhydride reacts
with polymers containing functional groups such as hydroxyl or amine, it undergoes a
ring-opening reaction to form covalent bonds, crosslinking between polymer chains [92].
This process enhances the polymer network's mechanical strength, thermal stability, and
chemical resistance. Its versatility, biocompatibility with various polymers, and low

cytotoxicity make it a valuable crosslinking agent in polymer synthesis and material

"~

Figure 2.9. Chemical structure of maleic anhydride. Adapted from the reference [94]

science [93].

Various CMC-based hydrogels/cryogels/aerogels were prepared and investigated

in the literature. The studies either involved mixing CMC with other polymers like HEC
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[95], chitosan [96], starch [88], and PVA [97][98] or employed toxic crosslinkers such as
divinylsulphone [99], glutaraldehyde [88], and epichlorohydrin [100]. Alternatively,
some studies utilized direct freeze-drying methods. Demitri et al. prepared CMC
hydrogels by crosslinking with citric acid. They also added HEC to the precursor solution
to improve intermolecular crosslinking. During the hydrogel synthesis, they dried the
hydrogel at 30°C and then crosslinked it at 80°C, which unfortunately led to the collapse
of the 3D porous structure [101]. Seki et al. also synthesized CMC-HEC-based hydrogels
and investigated fumaric and malic acids as crosslinkers. They prepared CMC-HEC films
by removing the water inside the pores of CMC hydrogels, achieved by drying the gels
at 80°C for 16 hours [102]. Wang et al. fabricated CMC-based magnetic aerogels by using
citric acid as a crosslinker. After preparing the solution, they crosslinked it at 80°C to
form a hydrogel, which was then directly freeze-dried. Prepared aerogels showed high
porosities (>94) [103]. Baldino et al. prepared CMC-HEC-based aerogels using 0.04 M
divinyl sulfone as a crosslinker and potassium hydroxide as a catalyst. However, they did
not investigate the effect of CMC characteristics on aerogel pore properties [99].
Recently, Yu and Budtova prepared CMC aerogels using non-solvent induced phase
separation followed by supercritical drying with CO2, which was the first time in the
literature. They examined the influence of molecular weight, degree of substitution, and
initial concentration of CMC on the properties of the aerogels. They had bulk densities

below 0.25 g/cm? and specific surface areas between 25 and 143 m?/g [104].
2.8 Freeze-Thaw Induced Gelation

Freeze-thaw induced gelation is a physical method (Figure 2.10) utilized in
various fields such as food science, pharmaceuticals, and materials engineering to create
gels with tailored properties. This method involves subjecting a solution to cycles of

freezing and thawing, leading to the formation of a gel network.

(a) Initial system (b) Frozen system (c) Thawed cryogel

_ N _
1—p¥ _ ® - —
o 0® Freezing %e Thawing — —©
% - _ _— 7
33—
. — 4 — — %

5

Figure 2.10. 1, macromolecules in a solution; 2, solvent; 3, low-molecular solutes; 4,
polycrystals of frozen solvent; 5, unfrozen liquid microphase; 6, polymeric framework

of a cryogel; 7, macropores; 8, solvent [105].
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During the freezing and frozen storage stages, the solvent is crystallized, resulting
in a reduction in the space between polymer chains; therefore, the polymer gets
concentrated, and chains interact with each other. After thawing, junction zones of the
three-dimensional network are formed due to these chain interactions. Then, freeze-thaw

cycles are repeated to obtain a more stable hydrogel [106][107][108]

Several parameters can affect the freeze-thaw induced gelation. One significant
parameter is the freezing rate, which influences the size and distribution of ice crystals
formed during the process. A faster freezing rate leads to smaller pore sizes. On the other
hand, a slower freezing rate typically leads to larger ice crystals and a more concentrated
liquid phase, potentially resulting in a denser gel network upon thawing. As the porous
structure is more ordered, hydrogels have better physical properties [109]. The number
of freeze-thaw cycles and the duration of each cycle also affect gel properties, with
multiple cycles typically resulting in denser gels due to repeated concentration and
aggregation [91][110]. Additionally, the composition and concentration of polymer in the
initial solution or dispersion significantly impact gelation behavior, with higher
concentrations often promoting more robust gel networks [110]. Therefore, tuning the
pore structure by adjusting the gelation conditions, such as frozen storage time and the
number of freeze-thaw cycles, is possible [111]. Additionally, freeze-thaw-induced
gelation is relatively simple and may be economical since high temperatures and toxic

chemicals are not required.
2.9 Heat Transfer Mechanisms in Aerogels

Heat transfer in a porous media is classified into three mechanisms: conduction,
convection, and radiation. Figure 2.11 shows a schematic representation of the heat

transfer mechanisms in a porous media.
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Heat flow

Porous material
structure

s Electronic and phonon conduction
Knudsen conduction
Gas phase conduction

e Radiation scattering at interfaces and grain boundaries
Recirculatory and gas flow convection

Figure 2.11. Heat transfer mechanisms in a porous media [112].

Conduction heat transfer can occur through the solid and the gas due to the
motions and collisions of phonons and gas molecules, respectively. The gas convection
in aerogels is negligible since the mean aerogel pore diameters are nanoscale. Radiative

heat transfer is affected by photon scattering.

According to the three heat transfer modes in aerogel, there are three thermal
conductivity types: solid, gaseous, and radiative thermal conductivity. The overall
thermal conductivity is called effective thermal conductivity [70].

2.10 Solid Thermal Conductivity

Solid thermal conductivity depends on the phonon transport. Phonons are
quantized lattice vibrations that are the source of many physical properties of the crystals,
such as heat transfer and heat capacity [113]. Although aerogels are usually amorphous

materials, localized vibrations are used to determine the solid thermal conductivity [70].

The general equation of solid thermal conductivity based on the kinetic theory is

given in Equation 2.4:

1

As = §Cvpvph/1ph (2.4)

where c, is specific heat at constant volume, p is the density of the solid backbone, v,
is the phonon velocity and A, is the mean free path of a phonon between two consecutive

collisions [114] [113]. The specific heat is a function of temperature, and it is calculated

by Debye theory (Equation 2.5):
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T\3 (*» x%*eX
) dx (2.5)
0

¢,(T) = 9Nkg <9_D m

where N is the number of atoms, kj is the Stefan— Boltzmann constant, x, = @, /T and
O, is the Debye temperature. The specific heat is almost constant at temperatures that are

close to the Debye temperature or higher than the Debye temperature [115].

The mean free path of phonons is the product of phonon velocity v,,, and average
relaxation time 7,, [70]. The mean free path of phonons depends on scattering
mechanisms: Umklapp phonon-phonon scattering, phonon-defect scattering, phonon-
electron scattering, and phonon-boundary scattering [115]. The average relaxation time

of phonons can be calculated by Matthiessen’s rule, which is given in Equation 2.6 [70]:

1 1 1 1
— =t —t— (2.6)
Tph Ty Ty Ts

Thus, the mean free path of phonons can be calculated by Equation 2.7 [70]:

1_1+1+1-|- (2.7)
An By " A |

The scattering mechanisms are categorized into three groups: volumetric
scattering A, (scattering due to the phonons, defects, impurities, and grain boundaries),
boundary scattering A and interfacial scattering A, which can be expressed by Equation
2.8 [70].

=—t—+— (2.8)

Ay is calculated as (Equation 2.9),

3Abulk

CvPVph

Ay = Apyix = (2-9)

where A,k 1S the thermal conductivity of the bulk material and A, is the mean free
path of the bulk material. Also, vy, is the mean sound velocity of the solid backbone [70].
Ar is calculated as (Equation 2.10),

where T}, is the energy transmissivity from one particle to another. If the particles are the

same material, the T, will be 0.5. In addition, L is the segment length of the solid phase
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and calculated by Equation 2.11:
L= |d,*—a? (2.11)

where d,, is the particle diameter and a is the contact diameter of the two adjacent

particles [70].

Liu classified the heat flux into two types, which are longitudinal (perpendicular)

heat flux and transverse (parallel) heat flux (Figure 2.12).

D/n

Longitudinal A
heat flux _ia
Rs+Ry f Transverse
heat flux
Rr

Figure 2.12. Solid unit structure model of silica aerogel [70].

According to that, A is calculated as (Equation 2.12 & 2.13),

1+
=P, (2.12)
1-p
1+p
AS = Edp (213)

where p is the boundary specularity. If it is assumed that the boundary is completely

diffused, p will be equal to zero [70].

Consequently, the longitudinal A ¢ ¢, and transverse A, ¢ r solid thermal conductivity can

be calculated by Equation 2.14 & 2.15 [70]:

Ap
A = 2.14
Sk 1+/1bulk+/1bulk ( )
a 3LTy,
and
A
Reprr =—F— (2.15)
1+ Zuzk
P

Bi et al. declared that the above model is not convenient for aerogels since aerogel
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backbones have interconnected structures and particle sizes are larger than contact
diameters, resulting in interfacial resistance as heat is transferred through the
interconnected particles. They also stated that A depends on both the contact diameter
and particle diameters. Therefore, Bi et al. developed a new model for A including the
size effect and the interfacial resistance of the interconnected particles, which is shown
in Equation 2.16 [116]:

_ lZAinter _I_iAsphere
Coa Ay dy Aeyy

(2.16)

where Ajnier and Agppere are the areas of the interface and spherical cap, respectively.

A5y is the effective atomic scattering area of a single particle (Equation 2.17):
Aeff = 2Ainter + Asphere (2.17)

Based on the cylindrical superlattice nanowire models derived by Dames et al. (Equation
2.18) [117]

Ap = 3LTp/2 (2.18)
and Chen et al. (Equation 2.19) [118]

Cv Vg

TD ==
Cv Vg + CyaVy

(2.19)

(where A and B indicates the two adjacent segments of the superlattice nanowire) Bi et
al. developed a new model for interfacial scattering A;. They declared that the contact
diameter of the interconnected particles a is always smaller than the particle diameter d,,
and the energy transmission area is wa® /4 instead of 7d; /4. Therefore, Equation 2.19 is
modified as Equation 2.20 [116],

Cy gVp a’
T, = : — 2.20
b CV,BUB + CV,AvA dzz) ( )

where A and B indicates the two adjacent particles of aerogel backbone.

Several factors affect the solid thermal conductivity of aerogels. Heat conduction
paths in aerogels are longer than those of bulk materials due to their complex nano-porous
structures. Besides, the characteristic lengths of aerogels are equal to or less than the
phonon mean free path. Therefore, these size effects suppress the solid thermal
conductivity in aerogels [71] [70].
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Density also has a significant effect on solid thermal conductivity. As the density
increases, solid thermal conductivity increases. However, density affects all three types
of thermal conductivity; therefore, to obtain the lowest thermal conductivity, an optimum
density should be found [119].

Increasing porosity is also another important method to suppress solid
conductivity. Since it decreases the density and restricts the motions of phonons in the
solid structure [60].

2.11 Gaseous Thermal Conductivity

Gaseous heat transfer in porous materials is reduced compared to heat transfer in
free gas due to the restricted collisions of the gas molecules in the porous structure [120].

The first gaseous thermal conductivity model was based on the kinetic theory, and
it was developed by Kistler in 1935 (Equation 2.21) [121]:

Ag = BCy gnyg (2.21)
where B is a constant, Cy , is the specific heat at constant volume, and 7, is the viscosity
which can be calculated by Equation 2.22 [121]:

ng = 0.35p,u4l, (2.22)

where p,, is the density, v, is the arithmetical average velocity of the molecules, and [ is

the mean free path of the gas molecules. From the above equations, the gaseous thermal
conductivity was finally derived as Equation 2.23[121]:

A =0.058 /mgc l b? 2.23
g — Y- a T VJgOZLlO(l_a)_i_aL(L_i_l_o) ( )
p p

where m, is the molecular weight, T is the temperature, p is the pressure, D is the average
pore diameter, L mean free path of a highly attenuated gas within the aerogel and [, is the
normal mean free path of the gas molecules. In this equation, « is the accommodation
coefficient which is the fraction of the gas molecules comes to thermal equilibrium when

they collide to the surface, accordingly, 1- a is specularly reflected fraction [121].

In 1969, Kaganer derived Knudsen formula (Equation 2.24) which describes the

gaseous thermal conductivity of free gas between two parallel plates [70]:
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Ag

A =——9
971+ 2pK,

(2.24)

where A¢° is the thermal conductivity of the gas in free space. f5 is a coefficient that is

calculated as in Equation 2.25 [70]:

2y 2—-al
ﬁ_y+1 a P

(2.25)

where a is the accommodation coefficient, y is the adiabatic coefficient of the gas and B.
is the Prandtl number. g is 1.4, 1.8, 1.6, 10.2 and almost 2 for CO2, Ar, N2, He and air,
respectively [122][123].

In Equation 2.24, K,, is the Knudsen number, which is the ratio of the mean free

path of the gas molecules [, and the mean pore diameter D as given in Equation 2.26
[124]:
K, =1,/D (2.26)
The mean free path of the gas molecules can be calculated from Equation 2.27
[124]:

kT
g \/Endgp

(2.27)

where kg is the Boltzmann’s constant, T is gas temperature, d, is the diameter of a gas

molecule and p is the gas pressure inside porous material [124].

If the mean pore diameter is smaller than the mean free path of the gas molecules,
K, will be greater than 1, which means there is molecular heat transfer. In this case, gas
molecules mostly collide with the solid backbone; therefore, the contribution of the
thermal conductivity is proportional to the number of gas molecules. On the contrary, if
the mean pore diameter is greater than the mean free path of the gas molecules, K,, will
be less than 1, which means there is diffusive heat transfer. In this case, gas molecules
mostly collide with each other, and the gaseous thermal conductivity is equal to the
thermal conductivity of free gas, which does not depend on gas pressure at ambient and

moderate pressures.

After Kaganer’s formula, several models are proposed to obtain thermal
conductivity more accurately. Kaganer used the mean free path of the free space instead

of the mean free path of the gas in a porous material, leading to large computational
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deviations. Consequently, in 1995, Zeng et al. derived the mean free path of gas molecules
in silica aerogel and proposed a new analytical model based on gas kinetics (Equation
2.28) [120] [125]:

_ ) (Bl
(2.25y — 1.25)0.461 (kBT)(mgﬂ c,
A —_—

9= 0.255p p 2 N,
73 ++2 (kB_T) Tl'dg

where y is the adiabatic coefficient of the gas, m, is the molecular weight, N, is Avogadro

(2.28)

constant, C,, is the specific heat at constant volume, p is the density of aerogel, ¢ is the

aerogel porosity, and S is the specific surface area of aerogel.

There were still some significant errors due to aerogels' non-uniform pore size
distribution. Thus, Reichenauer et al. proposed a new model (Equation 2.29) assuming
that there are two different mean pore diameters (D, and D,) and two different
corresponding porosity (¢;and ¢,) and the sum of porosities is unity [71]:
'y | A9

2B4,
Dy D,

Ag =

(2.29)

After that, Reichenauer et al. modified the model by assuming that there is a
Gaussian distribution function for the pore size distribution, and it is shown in Equation
2.30:

0 1_p)?
O R e‘Lzog) dD’" (D' >0) (2.30)
9°N 2BA '
1+

where D is the mean pore size, D' is the convolution variable, o is the standard deviation
of the Gauss distribution function (the distribution width of the pore size), and N is a
factor that normalizes the integration to provide the correct total porosity. Although
Equation 2.30 is easy to apply, it is not convenient since N must be calculated separately
after the integration [124].

In order to make an easier and more convenient computation, Bi et al. developed

an approximate equation in which all the pores act as parallel paths (Equation 2.31) [124]:

Y= kD) (231)
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where n is the number of pores, i is the pore index, ¢; is the contribution to the total
porosity and K(D;) is a simplified form of Equation 2.24 ¢; was calculated as as in
Equation 2.32:

pi+4p 1 (p'-D)* AD _(Di-D)?
= e 202 dD' ~——e 202 (D; > 0) 2.32
2 .fDi 2o V2no l ( )

Thus, if n is large enough, the total gaseous thermal conductivity can be written

as in Equation 2.33:

n

AD  _(Di=D)?

AgzZl T lK(Di) (D; > 0) (2.33)
2mo

Bi et al. also derived the total proportion of the pore size distribution when it is in the

confidence interval [D — 30, D + 30] as in Equation 2.34:

e D+30 1 (D’—D)Z
lim ¢; = e 202 dD'~0.9974 (D —30>0) (2.34)
n—-oo P L D—30 1/27-"-0-

However, the pore size distributions in aerogels are generally non-uniform. In
addition, the contributions of the large pores to the gaseous thermal conductivity are
greater than those of the small pores. Based on these considerations, Bi et al. developed
an improved model using a double times probability of [D + ¢, D + 3¢] and the random

and non-uniform pore size distribution function which is given in Equation 2.35 [124]:

AD  _(Di=D)?
> e 20% D;e[D—-o0,D+0]D;—0c>0
_ o
0= 24p NCIE D+ 0.0+ 30] (2.35)
e 20% S +o0,D+ 30
V2o '

There are various methods to suppress gaseous heat transfer. Small pore diameters
increase the Knudsen effect, and therefore, the gaseous thermal conductivity decreases.
Preparing an aerogel with a more uniform pore size distribution can decrease the gaseous
thermal conductivity [71]. Decreasing porosity reduces the gaseous thermal conductivity
and increases the solid-gas coupling effect [112][126]. Therefore, optimum density and
porosity should be found. In addition, a vacuum can be applied to aerogels to reduce

gaseous thermal conductivity. For this purpose, evacuation to 10 mbar is sufficient [119].
2.12 Radiative Thermal Conductivity

The radiative heat transfer occurs from electromagnetic radiation emissions from
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a material surface. Aerogels are participating materials, which means that aerogels
absorb, emit, and scatter electromagnetic radiation. In participating materials, radiation
exchange occurs between the volume and surface elements and between the surface
elements [127].

Radiative transfer equation (RTE) for aerogels is derived as in Equation 2.36:

dl (s, s) Osa
g - —(0g2 + 052) 11 (S, 8) + 0a21p2(S) + é (s, s)Pa(sy,5)dN0; (2.36)
41

where I, (s, s) is the spectral radiation intensity, s is the spatial location, s is the direction
radiation intensity and A is the wavelength. g,; and o, indicate the spectral absorption
and scattering coefficient, respectively and the summation of o, and g, is the spectral

extinction coefficient o, ;. Moreover, ¢, (s;, s) is the phase function [127].

RTE is an integro-diffential and nonlinear equation. In order to solve RTE, some
approximations should be applied. These approximations are categorized into two groups:
neglecting physical processes owing to the intrinsic characteristics of the material and
making mathematical approximations [70]. Most of the organic aerogels and carbon

aerogels are optically thick materials.
2.12.1 Optically thick approximation

In optically thick mediums, photons can travel a short distance before they are
absorbed or scattered. Radiative heat transfer is diffusive in optically thick aerogels, and
radiative thermal conductivity can be derived from the Stefan-Boltzmann equation for
photons as given in Equation 2.37 [71]:

_ 16 n’kg
" 3 pEy(T)

T3 (2.37)

where n is the refractive index, kg is the Stefan-Boltzmann constant, T is the temperature,
p is the density, and Es is the temperature dependent Rosseland mean extinction
coefficient, which is calculated from the Equation 2.38 [71]:

1 (* 1 a0
ES(T)_fO Es() a1, « &30
with
oL 15 exp(1/2) (2.39)

ol, — 4m*z° [exp (1/z) — 1]
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and

—kBTl 2.40
Z_hc (2.40)

where Es(l) is the spectral extinction coefficient, | is the radiation wavelength of photons,
In(1) is the spectral blackbody flux, Iy is the black-body flux, ks is the Boltzmann constant,
h is the Planck’s constant, and c is the speed of light [71].

Two assumptions are made to calculate Rosseland mean extinction coefficient.
One of the assumptions is that the radiative heat transfer is far enough from the
boundaries, and the other is that the temperature change with respect to the optical
thickness is small [114].

The spectral extinction coefficient describes the attenuation of electromagnetic
waves by absorption or scattering processes, and it depends on the chemical composition
and structure of the materials. Tang et al. stated that the spectral extinction coefficient
cannot be obtained directly; however, it can be obtained by experimental measurements

or numerical simulations [71][128].

At high temperatures, the radiative thermal conductivity increases and becomes
dominant. This increase is greater in transparent and translucent aerogels. In order to
suppress the radiative heat transfer, some opacifiers such as SiC, carbon black, carbon
fibers, TiO2, and ZrO2 can be added to aerogels. Due to their highly porous structure,
aerogels are usually fragile. Therefore, opacifiers, which are added to reduce radiative
thermal conductivity, will also improve the mechanical properties of aerogels. However,
these doping materials can also increase the solid thermal conductivity of aerogel
[70][71][114].
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CHAPTER 3 EXPERIMENTAL METHODS AND
CHARACTERIZATION TECHNIQUES

3.1 Materials

Benecel™ HPMC K100 LV PH PRM (164,000 Da), Benecel™ MC A15 LV PH
PRM (~15,000 Da), Aqualon™ EC N22 Pharm (140,000 Da), Natrosol™ 250 HEC L
Pharm (90,000 Da), and four types of CMCs with a trade name of Aqualon™ were kindly
provided by Ashland Specialty Ingredients: 7LP PH (90,500 Da and DS 0.7), 7MF PH
(250,000 Da and DS 0.7), 7 M31F PH (395,000 Da and DS 0.7) and 7HF PH (725,000
Da and DS 0.7). Polyvinyl alcohol (PVA) was also kindly provided by Ashland Specialty
Ingredients. Citric acid monohydrate (purity 99.0%) and oxalic acid dihydrate (purity
99.0%) were purchased from Sigma Aldrich. Maleic anhydride (purity 99.0%) was
purchased from Fluka. Ethanol with 99.9% purity and sulfuric acid were purchased from
Isolab. Carbon dioxide (purity 99.9%) and nitrogen (purity 99.9%) were purchased from

Air Liquide. All materials were used without further purification.
3.2 Thermogelation of cellulose ethers

The schematic illustration of the experimental procedure used to determine the
gelation temperatures of cellulose ethers is given in Figure 3.1. Initially, an aqueous
solution of 6 wt% cellulose ether (MC, HPMC, CMC) was prepared. The solution was
put in a closed test tube, placed in a water bath, and then heated gradually on a hot plate
while continuously stirring to ensure uniform heating. The temperature was monitored
using a thermometer, and changes in gel formation were observed. The temperature at
which gel formation began was noted as the thermogelation temperature of cellulose
ethers. The experiment also included observing if the gel reverted to a solution state upon

cooling, confirming the reversible nature of gelation.
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Figure 3.1. The schematic illustration of the experimental procedure used to determine
the gelation temperatures of cellulose ethers.

3.3 Freeze-thaw induced gelation of cellulose ethers

An aqueous solution of CE was prepared by adding X g of CE to (90-X) g water,
where X was 4, 6, and 8 g. The prepared solution was mixed with a stirring rate of 600
rpm at room temperature until a clear solution was obtained (Figure 3.2). At the same
time, different amounts of crosslinker were dissolved in 10 g water. Then, the crosslinker
solution was added to the CE solution. Solutions without crosslinkers were also prepared
to see the effect of crosslinker, where X g of CE to (100-X) g water, X was varied as 4,
6, and 8 g. Freeze-thaw induced gelation was conducted by subjecting the cellulose ether

solution to freezing at -19°C, frozen storage for 24 hours, and thawing at RT cycles.

N
uL“cJ)awL%a —'HH“H

CE dissolution Crosslinker Mixing the Pouring into Freeze-Thaw-Induced
in water dissolution in water solutions a mold Gelation

Figure 3.2. Schematic illustration of the CE hydrogel synthesis.

3.4 Synthesis of sodium carboxymethyl cellulose hydrogels

An aqueous solution of CMC was prepared by adding X g of CMC to (90-X) g
water, where X was 4 and 6 g. The prepared solution was mixed with a stirring rate of
600 rpm at room temperature until a clear solution was obtained (Figure 3.3). At the same
time, different amounts of crosslinker maleic anhydride were dissolved in 10 g water, as
given in Table 3.1. Then, the maleic acid solution was added to the CMC solution. To see

the effect of crosslinker, solutions without MA were also prepared, where X g of CMC
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to (100-X) g water, X was varied as 4 and 6 g.

CMC gels and aerogels are named “CMC nameX MAY Nh,” where X is the
CMC concentration in the solution, Y is the MA concentration in the solution, and N is

the frozen storage time (h).
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in water dissolution in water solutions amold Gelation with ethanol Drying

Figure 3.3. Schematic illustration of the CMC aerogel synthesis

Table 3.1. Formulations of prepared CMC aerogels.

cMC MA DIW Frozen
cMcC Code
Amount (g) Amount (g) Amount (g) Storage (h)
7LF PH L6_MA1.2_8h 6 1.2 94 8
7LF PH L6_MA1.8_8h 6 1.8 94 8
7LF PH L6_MA2.4_8h 6 2.4 94 8
7LF PH L6_MA1.2_24h 6 1.2 94 24
7LF PH L6_MA1.8 24h 6 1.8 94 24
7LF PH L6_MA2.4 24h 6 2.4 94 24
7 MF PH M6_MA1.8_8h 6 1.8 94 8
7 M 31F PH M31F6_MA1.8_8h 6 1.8 94 8
7 HF PH H6_MA1.8_8h 6 1.8 94 8
7LF PH L4 _MA1.2_8h 4 1.2 96 8
7 MF PH M4_MA1.2_8h 4 1.2 96 8
7 M 31F PH M31F4_MA1.2_8h 4 1.2 96 8
7 HF PH H4_MA1.2_8h 4 1.2 96 8

To see the effect of crosslinker, solutions without MA were prepared, with 6 g of
CMC and 94 g of water.

The mixture was stirred overnight at RT. After that, 3 ml of the mixture was
poured into 5 ml syringes used as cylindrical molds. For gelation, molds were placed in
afreezer at-19°C. To investigate the effect of frozen storage time on gelation, molds were
kept in the freezer for 8 and 24 hours (Table 3.1). The thawing of the frozen solutions

was conducted at RT for 1 h. After several freeze-thaw cycles, CMC hydrogels were
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obtained.
3.5 Optimization of solvent exchange conditions and supercritical drying of alcogels

Carboxymethyl cellulose exhibits polar characteristics [129]. This similarity in
polarity between ethanol and CMC facilitates better solubility compared to acetone,
which is less polar. Consequently, ethanol was selected for the solvent exchange.
Preliminary tests showed that CMC hydrogels can swell and lose the polymer during the
solvent exchange. Therefore, the solvent exchange procedure was determined to

minimize the polymer loss. Three solvent exchange procedures were examined:

e Starting from 10% ethanol by volume, increasing by 10% EtOH every 2 hours
e Starting from 10% ethanol by volume, increasing by 10% EtOH every 24 hours
e Starting from 50% ethanol by volume, increasing by 10% EtOH every 12 hours

Since CMC is soluble in water/ethanol solutions, starting solvent exchange from
lower concentrations of ethanol results in swelling; the initial concentration of solvent
exchange was determined as 50% ethanol for further gels. The prepared hydrogels were
subjected to a series of solvent exchange steps using solutions with increasing ethanol
concentrations (50%, 60 %, 70%, 80%, 90%, and %2100 ethanol by volume) every 12 h.
CMC alcogels were dried by supercritical CO2 in an Applied Separations Speed SFE unit
at 50°C and 85 bars. To ensure the reproducibility of the findings, the experiments were

conducted a minimum of three times at identical conditions.
3.6 CMC/PVA hybrid aerogels

In order to increase intermolecular crosslinking in CMC aerogels, CMC/PVA
hybrid aerogels were fabricated. An aqueous solution of polymer (CMC and PVA with a
weight ratio of 3/1) was prepared by adding X g of polymer to (90-X) g water, where X
was 4 and 6 g. The prepared solution was mixed with a stirring rate of 600 rpm at room
temperature until a clear solution was obtained. At the same time, maleic anhydride (40%
w/w of polymer) was dissolved in 10 g water. The mixture was stirred overnight at RT.
After that, 3 ml of the mixture was poured into 5 ml syringes used as cylindrical molds.
For gelation, molds were placed in a freezer at -19°C for 24 hours. The prepared hydrogels
were subjected to a series of solvent exchange steps using solutions with increasing
ethanol concentrations (50%, 60 %, 70%, 80%, 90%, and %100 ethanol by volume) every
12 h. CMC alcogels were dried by supercritical CO2 in an Applied Separations Speed
SFE unit at 50°C and 85 bars. CMC/PVA gels and aerogels are named “CMC/PVAX”
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where X is the total polymer concentration in the solution.
3.7 Sulfuric acid catalyzed CMC aerogels

Sulfuric acid (H2S0a4) was used to increase the esterification reaction rate, improve
the yield, and reduce the gelation time. An agqueous solution of 6 wt% CMC was prepared
by adding 6 g of CMC to 84 g of water. The prepared solution was mixed with a stirring
rate of 600 rpm at room temperature until a clear solution was obtained. At the same time,
2.4 g maleic anhydride was dissolved in 10 g water. While stirring these two mixtures,
0.175 M or 0.35 M sulfuric acid was added dropwise. The mixture was stirred overnight
at RT. After that, 3 ml of the mixture was poured into 5 ml syringes used as cylindrical
molds. For gelation, molds were placed in a freezer at -19°C for 24 hours. The prepared
hydrogels were subjected to a series of solvent exchange steps using solutions with
increasing ethanol concentrations (50%, 60 %, 70%, 80%, 90%, and %100 ethanol by
volume) every 12 h. CMC alcogels were dried by supercritical CO. in an Applied
Separations Speed SFE unit at 50°C and 85 bars. Sulfuric acid catalyzed CMC gels, and

aerogels are named “CMC_XM” where X is the concentration of the sulfuric acid.

3.8 Characterization of Aerogels

Skeletal and bulk density, porosity, and pore volume and volume shrinkage
Skeletal density (pg ) of prepared aerogel was measured with helium pycnometer,

Micromeritics AccuPyc Il 1340.

Bulk density (ppuix) Was calculated by the ratio of aerogel mass to volume.
Aerogel mass was measured with digital analytical balance with a precision of 0.1 mg
and the volume of aerogels was measured with the volume displacement of silica beads.

Porosity and total pore volume (1},) were calculated by following equations:

Porosity (%) = (1 — pbulk) X 100%
Psk
Vy(em?/g) = —— ——
cm = -—
P g Pbuik  Psk

The volumetric shrinkage of the gels was determined as follows:

X 100%

Vi— Vs
Volume shrinkage (%) = 7

l



Chapter 3: Experimental Methods and Characterization Techniques 32

where V; is the gel volume before solvent exchange and Vy is the aerogel volume.

The volumetric shrinkage and the density of the rest of the aerogels were
determined by the average of a minimum of 5 samples.

Specific Surface Area BET & Pore size distribution

Specific surface area, micro and meso pore size, and pore volume of CMC
aerogels were measured by nitrogen adsorption/desorption on Micromeritics ASAP 2020.
Adsorption/desorption isotherms were obtained with a relative pressure (P/Po) ranging
from 1077 to 0.995. Before the analysis, the samples were primarily degassed at 60°C
under a vacuum for 30 h. Since the BJH approach is not applicable to biopolymer aerogels
(due to the highly macroporous structure), the average pore size (D) is calculated with
the following equation:

D =
_4)< !
SBEI

where V;, is the total pore volume and Sggr is the BET surface area [130].

Morphology by SEM

Morphology analyses of CMC aerogels were performed by ZEISS Ultra Plus
scanning electron microscopy (SEM). Before SEM imaging, aerogels were sputtered with
a 25 nm gold layer, and during SEM imaging, a charge compensator was used to avoid
charging.

FTIR

FTIR (Thermo Scientific iS10 FT-IR, single reflection diamond ATR) was used
to characterize the molecular structure of the precursors, hydrogels, and aerogels to
validate the crosslinking reaction between them. FTIR spectra were obtained in the
wavenumber range from 4000 to 650 cm™. A total of 64 transients were collected for each

spectrum with a resolution of 4 cm™. The measurements were taken at room temperature.
Solid State NMR

Solid state 13C cross-polarization-magic angle spinning (13C CP-MAS) NMR
spectra of CMC aerogel were recorded using Bruker 500 MHz Ascend NEO NMR
Spectrometer equipped with Broad band solid state probe, with a spinning speed of 15
KHz. The number of scans, relaxation delay, and sweep width were fixed at 128 scans,
10 s, and 37 kHz, respectively.



Chapter 3: Experimental Methods and Characterization Techniques 33

Thermal conductivity measurement

Thermal conductivities of the prepared aerogels were measured with a TPS 1500
Hot Disk Thermal Constant Analyzer. Samples 13 mm in diameter and 5 mm in thickness

were used for measurements.
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CHAPTER 4 RESULTS AND DISCUSSION

4.1 Determination of gelation temperature of cellulose ethers

Among the five cellulose ethers, MC, CMC, and HPMC were studied since EC
cannot be gelled with water [131] and HEC cannot form gels [132]. In the experiment
conducted, gelation temperatures for MC, CMC, and HPMC were determined as 60, 65,
and 72°C, respectively. The thermogelation of HPMC is given in Figure 4.1. However, it
was observed that the gelation was reversible; after the HPMC gel was cooled down to
RT, it returned to the solution form. The same thermogelation behavior was also obtained
for MC and CMC. This behavior of cellulose ethers is attributed to their distinct molecular
structure and their interactions with solvent molecules. In solution, cellulose ethers
become fully hydrated, with minimal polymer-polymer interactions. At higher
temperatures, polymer-polymer interactions are favored over polymer-solvent
interactions, resulting in gel formation. Upon cooling, these interactions weaken, causing
the gel to revert to the sol state [133][134].

Consequently, it was not possible to produce cellulose ether hydrogels with
thermogelation. In addition, since preserving the 3D porous structure of the hydrogels is

crucial, the freeze-thaw induced gelation method was used for further studies.
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Figure 4.1. a) 6 wt% HPMC solution b) Heating HPMC solution ¢) Gelation of HPMC
solution at 72 °C d) HPMC gel
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4.2 Freeze-thaw induced gelation of cellulose ethers and effect of crosslinkers

Initially, cellulose ether solutions were prepared without crosslinker addition and
then subjected to freezing and thawing cycles. However, CE hydrogels with 3D structures
could not be obtained. Therefore, due to their eco-friendly properties, citric acid and
oxalic acid were employed as crosslinkers. The prepared cellulose ether solutions, the
crosslinker concentrations, and the formation of gels are given in Table 4.1. In the
literature, the esterification of cellulose ethers with carboxylic acids is typically achieved
by first evaporating the water and then crosslinking the hydroxyl groups of cellulose
ethers at high temperatures [95]. The absence of gel formation may be because the
carboxyl groups of citric acid and oxalic acid cannot attack the hydroxyl groups, which

may be attributed to the water in the system and gelation at low temperatures.

Table 4.1. Summary of the prepared cellulose ether solutions with citric acid and oxalic
acid and their gel formation.

. Crosslinker Type -
CE CE Aqueous _Solutlon Concentration (% w/w of Gel Formation
Concentration (%)
polymer)
CA-10 No
CA-20 No
MC 4
0A-10 No
0A-20 No
CA-10 No
CA-20 No
MC 6
0OA-10 No
0OA-20 No
CA-10 No
CA-20 No
MC 8
0OA-10 No
0A-20 No
CA-10 No
CA-20 No
HPMC 4
0A-10 No
0A-20 No
CA-10 No
CA-20 No
HPMC 6
OA-10 No
OA-20 No
CA-10 No
CA-20 No
HPMC 8
OA-10 No
0A-20 No
CMC 4 CA-10 No
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CA-20 No
OA-10 No
OA-20 No
CA-10 No
CA-20 No
cMC 6
OA-10 No
OA-20 No
CA-10 No
CA-20 No
cMC 8
OA-10 No
OA-20 No
CA-10 No
CA-20 No
CMC/HEC 4
OA-10 No
OA-20 No
CA-10 No
CA-20 No
CMC/PVA 4
OA-10 No
OA-20 No
CA-10 No
CA-20 No
CMC/PVA 6
OA-10 No
OA-20 No

Since maleic anhydride is a highly reactive compond [135], it was used as a
crosslinker for cellulose ethers. The prepared formulations and formation of gels are
given in Table 4.2; among those formulations, only CMC and CMC/PVA hybrid
hydrogels are obtained (Figure 4.2).

Table 4.2. Summary of the prepared cellulose ether solutions with citric acid and oxalic
acid and their gel formation.

. Crosslinker Type -
CE CE Aqueous §o|ut|on Concentration (‘VZF\)N/W of Gel Formation
Concentration (%)
polymer)
MA-10 No
MC 6 MA-20 No
MA-30 No
MA-10 No
HPMC 6 MA-20 No
MA-30 No
MA-10 No
CMC 6 MA-20 Yes
MA-30 Yes
MA-10 No
CMC/HEC 6 MA-20 No
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MA-30 No
MA-10 No
CMC/PVA 6 MA-20 Yes
MA-30 Yes

Figure 4.2. Prepared hydrogels a) CMC and b) CMC/PVA hybrid

4.3 Determination of freeze-thaw induced gelation conditions for CMC

Understanding the relationship between frozen storage time and the number of
freeze-thaw cycles required to obtain a gel in prepared hydrogels is essential for
optimizing their stability and properties. This relationship was investigated by subjecting
6 wt % CMC aqueous solutions with a crosslinker concentration equal to 30% of the
weight of CMC to various storage times in the freezer.

As depicted in Figure 4.3, the results revealed a significant difference in the
number of freeze-thaw cycles needed for different frozen storage times. For instance,
there was a substantial reduction in the number of cycles required between 2, 4, and 6
hours of frozen storage. Interestingly, 6 and 8 hours of frozen storage exhibited similar
trends. In contrast, a frozen storage time of 24 hours significantly decreased the number
of freeze-thaw cycles needed. It is conceivable that prolonged freezing alters the physical
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and chemical properties of the hydrogel matrix, thereby reducing the energy required for
gel formation upon thawing.
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Figure 4.3. Effect of frozen storage time on the number of FT cycles

The effect of thawing temperature on gelation was also investigated. 6 wt % CMC
aqueous solutions with a crosslinker concentration equal to 30% of the weight of CMC
were prepared and subjected to different thawing temperatures, which are 4 °C, 50 °C,

and RT. However, no significant effect was observed.
4.4 Effect of solvent exchange conditions

The effect of the solvent exchange conditions on aerogels was determined by the
calculation of the mass loss of aerogels (Appendix A.1l). This relationship was
investigated by subjecting 6 wt % CMC aqueous solutions with a crosslinker

concentration equal to 30% of the weight of CMC to various solvent exchange conditions.

According to the results (Figure 4.4), minimum mass loss was seen when the
solvent exchange started from 50% EtOH and changed every 12 hours. The mass loss of
the aerogel subjected to 24 hours of solvent exchange starting from 10% EtOH with a
10% increment is not given in Figure 4.4 since, during the solvent exchange, hydrogel

dissolved in the solution.
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Figure 4.4. The change in the mass loss of CMC aerogels with the solvent exchange

process.

4.5 Freeze-Thaw induced gelation of CMC solutions

CMC aerogels were prepared in 3 main steps: first, CMC hydrogels were formed,

then solvent exchange with ethanol took place, and finally, alcogels were supercritically

dried with COa.

4.5.1 Effect of frozen storage time and crosslinker concentration on gelation

Various gels have been prepared to investigate the effects of frozen storage time

and crosslinker concentration on gelation. Frozen storage times of 8 hours and 24 hours

were chosen. The concentration of the crosslinker was 20%, 30%, and 40% of the weight

of carboxymethyl cellulose, respectively. The prepared aerogels using the formulations

given in Table 3.1 are shown in Figure 4.5.
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L6 MAL.2 8h L6 MAL.2 24h

L6 MALS 8h L6_MAL8 24h

L6_MA2.4_8h L6_MA2.4_24h

Figure 4.5. Photos of CMC aerogels from 6 wt % CMC solutions.

25
8h
24 h
21
20 -
B 17
o 16
>
315 1
n
- 12 12
o
2104
£
>
z 6
5 -
0
1,2 1,8 2.4

MA Concentration (%)

Figure 4.6. Effect of crosslinker concentration and frozen storage time on the number
of FT cycles.

Figure 4.6. demonstrates the effect of crosslinker concentration and frozen storage
time on gelation. The results showed that increasing crosslinker concentration decreased
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the number of freeze-thaw cycles necessary to prepare a hydrogel. The reason is that
during the frozen storage step, an esterification reaction occurs between CMC and the
crosslinker, and increasing crosslinker concentration results in a more interconnected and
stable network. In addition, as expected, increasing frozen storage time decreased the
number of freeze-thaw cycles since gelation is a time-dependent process, and extending
this duration allowed the biopolymer and the crosslinker to interact and form

intermolecular bonds more, leading to a more robust hydrogel structure.
4.5.2 Effect of CMC molecular weight and concentration on gelation

To elucidate the impact of both the molecular weight and concentration of
carboxymethyl cellulose on gelation, solutions were prepared with a crosslinker
concentration equal to 30% of the weight of carboxymethyl cellulose, and the frozen
storage time for gelation was determined to be 8 hours. The prepared aerogels using the

formulations given in Table 3.1 are shown in Figure 4.7.

M6_MAL.8_8h M31F6_MAL.8 8h H6_MAL.8_Sh

Figure 4.7. Photos of CMC aerogels from different CMC types and concentrations.
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Figure 4.8. Effect CMC molecular weight and CMC concentration on the number of FT
cycles.

Figure 4.8 shows the effect of CMC molecular weight and CMC concentration on
the number of FT cycles to obtain a gel. An increase in both the molecular weight and
concentration of CMC reduced the number of freeze-thaw cycles required to obtain a gel
and led to a stronger gel. The impact of concentration may be attributed to the availability
of more molecules that can participate in the esterification reaction. In addition, since
CMC chains with a higher molecular weight have more entanglement points, the impact

of high molecular weight can be explained by increased cellulose chain interactions.
4.6 Morphology of CMC aerogels

The network structure of the gels, and therefore the properties of the aerogels, are
affected by the properties of precursors and the reaction parameters of the gelation

processes.
4.6.1 Effect of frozen storage time and crosslinker concentration on morphology

CMC hydrogels with 1.2 wt% (w/w polymer) MA had weak networks, and due to
the dissolution of the non-crosslinked polymer during the solvent exchange, hydrogels
could not preserve their shape. Therefore, these aerogels' volumetric shrinkage and

density could not be measured.
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Figure 4.9. Volumetric Shrinkage of CMC aerogels.
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Figure 4.10. Densities of CMC aerogels.

As shown in Figures 4.9 and 4.10, aerogels with 1.8 wt% crosslinkers showed
lower volumetric shrinkage, which is caused by the swelling during the initial solvent
exchange steps. The swelling can be ascribed to a weaker structure due to the lower
crosslinker concentration [40]. In addition, lower volumetric shrinkage of these aerogels

led to lower densities.

The skeletal density of the prepared CMC aerogels was measured as 1.65 g/cm?.

The pore properties and the specific surface area (Sger) of CMC aerogels were determined
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by N2 physisorption and are listed in Table 4.3.

Table 4.3. Properties of CMC aerogels.

Single Average

. Total Average
Bulk_ Skelgtal Porosity  Seer point Pore Macropore P_ore Pore Size -
Sample Density  Density > pore Volume Size -
3 3 (%) (m?/g) Volume 3 Macropore
(g/cm’)  (g/em®) Volume (cm*lg) (cm/g) BJH (nm)
(cm®/g) g (nm)
L6 _MAL1.2_8h - 1.65 - 122 1.52 - - 49.7 -
L6 MAL1.2 24h - 1.65 - 166 1.84 - - 44.3 -
L6 MAL1.8 8h 0.051 1.65 96.91 214 1.82 19.00 17.18 34.0 355
L6_MAL1.8 24h 0.056 1.65 96.61 208 1.82 17.25 15.43 35.0 332
L6 MA2.4 8h 0.115 1.65 93.03 176 0.92 8.09 7,17 20.9 184
L6 MA2.4 24h  0.090 1.65 94.55 180 0.99 10.51 9.52 21.8 233

Adsorption-desorption isotherms (Figure 4.11) showed that all CMC aerogels had

isotherms of Type IV, indicating the presence of mesopores [136]. Additionally, the

difference between the BJH pore volume and the total pore volume indicated the existence

of macropores (Table 4.3).
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Figure 4.11. BET Isotherms of CMC aerogels a) 8h frozen storage b) 24h frozen
storage.

Figure 4.12 presents the mesoporous pore size distributions of CMC aerogels,

which were differential pore volumes plotted against the pore width. The results indicated

that increasing crosslinker concentration decreased pore diameter, pore volume, and
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porosity. The observed decrease might be explained by a higher degree of crosslinking
between the gel network strands, resulting in shrinkage of the gel structure, a reduction

in overall pore volume, and a smaller average pore size.
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Figure 4.12. Mesoporous pore size distributions of CMC aerogels a) 8h frozen storage
b) 24h frozen storage.
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Figure 4.13. Sget as a function of the crosslinker concentration.

The specific surface area of biopolymer aerogels can vary according to the
chemical structure of the biopolymer used and the synthesis conditions. Generally, the
specific surface areas of biopolymer aerogels are between 100 to 600 m#/g, and cellulose
aerogels have been reported to have surface areas ranging from 150 to 485 m?/g [136].
Our results showed that the specific surface areas of low molecular weight CMC aerogels
with 6 wt% CMC concentration were between 122 m#/g and 214 m#/g. Interestingly, the
specific surface area of CMC aerogels first increased and then decreased with the
increasing crosslinker concentration (Table 4.3 & Figure 4.13). The increase in the
specific surface area can be explained by the more interconnected network with smaller
particles and the narrowing of the pore size distribution (Figure 4.12), which stems from
higher crosslinker concentration. Moreover, increased crosslinker concentration may
strengthen and stabilize the porous structure of the gel, preventing pore collapse during
supercritical drying and contributing to a larger total surface area. However, further
increasing the crosslinker concentration decreased the specific surface area, which may
be attributed to the higher volumetric shrinkage. Additionally, excessive crosslinking may
lead to the formation of larger pores and block smaller pores, further decreasing the
surface area. Additionally, frozen storage time did not significantly influence the specific

surface area of aerogels.

SEM analysis indicated that the pore volume of CMC aerogels is primarily
macroporous, and there is little mesoporosity consistent with nitrogen physisorption

results (Figure 4.14). SEM images showed that CMC aerogels had a fibrous structure and
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interconnected network with mesopores and macropores. SEM analysis also showed that
L6_MA2.4 aerogels had a more uniformly distributed pore structure, which can be
attributed to the higher crosslinker concentration. Results showed that frozen storage time

influenced overall gelation time; however, it had no significant impact on aerogel pore

morphology.

Figure 4.14. SEM images of CMC aerogels. a) L6_MAL1.2_8h b) L6_MA1.2_24h c)
L6_MA1.8_8hd) L6_MA1.8_24he) L6_MA2.4 8hf) L6_MA2.4_24h, 10KX
magnification.

4.6.2 Effect of molecular weight and concentration on morphology

Figure 4.15 shows the effect of molecular weight and concentration on aerogel
density. As expected, increasing CMC concentration increased the aerogel density due to
the higher solid content. Additionally, a slight increase in aerogel density was observed
with the increase in molecular weight. It was assumed that high molecular weight
promoted tighter packing of the network strands, leading to denser structures.
Interestingly, low molecular CMC aerogel (7LF PH) with 4 wt% CMC concentration
showed slightly higher density than medium molecular weight aerogel; this can be

attributed to the higher volumetric shrinkage observed.
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Figure 4.15. Densities of CMC aerogels from different CMC sources and aqueous
concentrations.

The pore properties and the specific surface area (Sget) of CMC aerogels from
different CMC sources and aqueous concentrations were determined by N2 physisorption
and are listed in Table 4.4. According to the results, the porosity of CMC aerogels
decreased with increasing CMC concentration in solution. Additionally, as the
concentration increased, the specific pore volume decreased except for the low molecular
weight CMC source. Moreover, with the increasing molecular weight, average pore size
and total pore volume decreased except for the M6_MA1.8_8h, which may be attributed
to the higher macropore volume content of M6_MAL1.8_8h.

Table 4.4. Properties of CMC aerogels from different CMC sources and aqueous
concentrations.

BET Single Total Average Average
. - Macropore Pore -
Porosity  Surface  point pore Pore . Pore Size -
Sample Volume Size -
(%) Area Volume Volume 3 Macropore
2 3 3 (cm3/g) BJH
(m</g) (cm*/g) (cm*/g) (nm)
(nm)
L6 _MA1.8_8h 96.91 214 1.82 19.00 17.18 33.96 355
M6_MA1.8_8h 89.07 50 0.28 4.94 4.66 225 399
M31F6_MA1.8 8h 87.68 101 0.71 431 3.60 28.31 171
H6_MAL.8_8h 87.62 92 0.48 4.29 3.81 20.81 186
L4_MA1.2_8h 94.73 113 0.67 10.89 10.22 23.60 384
M4_MA1.2_8h 95.17 96 0.66 11.94 11.27 28.13 497
M31F4_MA1.2_8h 94.60 118 0.65 10.62 9.97 22.09 361

H4_MAL.2_8h 93.80 127 0.82 9.17 8.35 25.61 288
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Figure 4.16. BET Isotherms of CMC aerogels from a) 6 wt% CMC aqueous solution b)

4 wt% CMC aqueous solution.

Nitrogen adsorption-desorption isotherms revealed that all CMC aerogels

exhibited Type IV isotherm, characteristic of mesoporous materials (Figure 4.16). Further

analysis using the BJH method and total pore volume calculations suggested the presence

of additional macropores (Table 4.4).
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Figure 4.17. Mesoporous pore size distributions of CMC aerogels from a) 6 wt% CMC
aqueous solution b) 4 wt% CMC aqueous solution.

The mesoporous pore size distributions of CMC aerogels from different CMC
sources and aqueous concentrations are shown in Figure 4.17. A broad pore size
distribution was observed for aerogels prepared from higher molecular weight CMC
sources. As BJH pore volume approximation is valid only for mesopores (2-50 nm), the
data showed major pore size distribution peaks beyond 50 nm and a peak in the range of
10-30 nm, which is in good agreement with the results of SEM (Figure 4.18 and Figure
4.19).
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Figure 4.18. SEM images of CMC aerogels a) L6_MA1.8 8h b) M6_MA1.8 8hc)
M31F6_MA1.8 8h d) H6_MAL.8 8h, 20KX magnification.

Figure 4.19. SEM images of CMC aerogels a) L4_MA1.2_8h b) M4_MA1.2_8h c)
M31F4_MA1.2_8hd) H4_MA1.2_8h, 10KX magnification.
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Investigating the specific surface area (Sger) trends of CMC aerogels revealed
intriguing dependencies on both CMC concentration and molecular weight (Figure 4.20).
When aerogels from 4 different CMC sources were fabricated from a 6 wt% CMC
solution, it was found that increasing molecular weight initially led to a significant
decrease in specific surface area, followed by a subsequent increase of approximately 50
m?2/g before declining by about 10 m?/g. Conversely, aerogels prepared from a 4 wt%
CMC solution exhibited higher specific surface areas than aerogels from a 6 wt%
solution, except for the lowest molecular weight. This suggests that while higher
molecular weight initially led to decreased surface area, at lower CMC concentrations,

the impact of molecular weight on surface area was less pronounced.

220 —=— 4 wt% CMC
—8— 6 wt% CMC

200

180

T T T T
7LF PH 7MF PH 7M31 PH 7THF PH
CMC Source

Figure 4.20. Sget as a function of the CMC sources and aqueous concentrations.

4.7 Crosslinking of CMC aerogels

The proposed crosslinking mechanism between CMC-CMC-MA is given in
Figure 4.21. FTIR and NMR analyses were conducted to determine the crosslinking

mechanism of CMC aerogels.

FTIR spectra of NaCMC and MA are presented in Figure 4.22. The FTIR
spectrum of NaCMC showed characteristic absorption peaks at 3255 cm™ (O-H
stretching), 2900 cm™ (C-H stretching), 1587 cm™ (C=0 asymmetric carboxylate
stretching), 1412 cm™ (C-H symmetric carboxylate stretching), 1324 cm? (C-H
symmetric carboxylate stretching) and 1018 cm™ (C-O stretching) [103][98]. Maleic
anhydride had a weak symmetric carbonyl (C=0) stretching peak at 1854 cm™ and a
strong asymmetric carbonyl (C=0) stretching peak at 1773 cm™ [137].
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Figure 4.21. The proposed crosslinking mechanism between CMC-CMC-MA.
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Figure 4.22. FTIR spectra of CMC and MA.
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Figure 4.23. FTIR spectra of MA crosslinked CMC aerogels.

The FTIR spectra of all CMC aerogels (Figure 4.23) showed that new peaks arose
at 1732-1730 cm™ (C=0), 1228 cm™ (C-0), and 1058 cm™ (C-0), which indicated the
formation of ester bonds between the hydroxyl groups of CMC and carboxyl groups of
MA [103]. Additionally, no peaks at 1854 cm™ and 1773 cm™ confirmed the absence of
non-reacted maleic anhydride [138]. With the increasing crosslinker concentration, a
slight shift to higher wavenumbers was observed. This can be related to the crosslinking
between the OH groups [95]. Aerogels with 20 % w/w polymer crosslinker showed peaks
at 1589 cm, which can be attributed to insufficient ester linkage and cross-linking.

The chemical structure and symbolic representation of carbon atoms of NaCMC
and the solid state 13C-NMR spectrum of CMC aerogel are given in Figure 4.24. The
carbon atom signals of NaCMC which are between 98-109 ppm (C1), 68-80 ppm
(C2,3,5,7), 81-89 ppm (C4), 56-6 ppm (C6), and 175-183 ppm (COO-) were obtained
from elsewhere [98]. The carbon atom signals of MA were obtained from elsewhere
[135]. MA shows a sharp signal at 136 ppm (=C-H) and a carbonyl signal at 165 ppm
(O-C=0) [135]. The broad peak of CMC aerogel at 172.43 ppm indicated the ester

formation.
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Figure 4.24. a) The chemical structure of NaCMC b) The solid-state 13C-NMR
spectrum of CMC aerogel.

FTIR analyses of the CMC aerogels from different CMC sources and aqueous
concentrations were also conducted (Figure 4.25 and Figure 4.26). It was noted that ester
bonds were formed in all CMC aerogels; however, no significant difference in the

intensity of peaks was observed depending on the molecular weight or concentration of

the solution.
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Figure 4.25. FTIR spectra of CMC aerogels from 6 wt% aqueous CMC concentration.
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Figure 4.26. FTIR spectra of CMC aerogels from 4 wt% aqueous CMC concentration.

4.8 Thermal properties of CMC aerogels

The thermal conductivity values of prepared aerogels are given in Figure 4.27.
Since the reliability of hot-disk measurement is poor, the results were used as a relative
indicator [139]. Additionally, the thermal conductivity values of the samples were
measured without dehumidification. Cellulose-based aerogels are typically hydrophilic,
and humidity can significantly impact their thermal conductivity. As humidity increases,
water molecules can adsorb onto the surface of the aerogel, potentially filling some of the
pore space. This can further increase thermal conductivity as water is a better conductor

of heat than air.

The lowest thermal conductivity was measured as 0.038 W/mK, which may be
ascribed to the low density of L6_MAL.8 even though it had larger pore sizes than
L6_MAZ2.4. In this case, the gas contribution to the thermal conductivity increases, and
the solid backbone contribution decreases. According to Figure 4.27b, the thermal
conductivity of aerogels prepared from 6 wi% CMC solution was higher than those
prepared from 4 wt% CMC solution. Since density significantly affects solid thermal
conductivity, this may be attributed to the higher density of aerogels prepared from 6 wt%
CMC solution [140]. In addition, the results indicated that the molecular weight of CMC
did not significantly impact the thermal conductivity of aerogels. When comparing
aerogels prepared from a 6 wt% CMC solution, it was observed that the L6 _MA1.8 8h
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exhibited the lowest thermal conductivity. This phenomenon could be attributed to its

higher porosity, as an increase in porosity not only reduces the density but also restricts

the motions of phonons in the solid structure [60].
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have been calculated (Figure 4.28, Appendix A.2) and compared with experimental
values obtained through the hot-disk method. According to the results, the theoretically
calculated values were lower than the experimental values measured using the hot-disk

method.
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Figure 4.28. Theoretical thermal conductivity values of CMC aerogels.

4.9 Effect of intermolecular crosslinking on CMC aerogels

To promote intermolecular cross-linking in CMC aerogels, PVA was added to the
CMC aqueous solution at a rate of one-third the weight of CMC. CMC/PVA hybrid
aerogels were prepared in 3 main steps: first, CMC/PVA hybrid hydrogels were formed,
then solvent exchange with ethanol took place, and finally, alcogels were supercritically
dried with CO>. A photo of CMC/PVA hybrid aerogel is given in Figure 4.29.



Chapter 4: Results and Discussion 60

Figure 4.29. A photo of CMC/PVA hybrid aerogel.
4.9.1 Morphology of CMC/PVA hybrid aerogels

The volumetric shrinkages of CMC/PVA aerogels are illustrated and compared
with those of CMC aerogels in Figure 4.30. The findings indicated that CMC/PVA hybrid
aerogels exhibited slightly lower volumetric shrinkages than CMC aerogels. This
difference may be attributed to the enhanced network strength resulting from

intermolecular crosslinking.
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Figure 4.30. Volumetric Shrinkage of CMC and CMC/PVA hybrid aerogels.
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Figure 4.31. Densities of CMC and CMC/PVA hybrid aerogels.

Intriguing results were obtained after comparing the densities of CMC and

CMC/PVA hybrid aerogels fabricated from various concentrations of aqueous solutions
(Figure 4.31). Notably, aerogels produced from 4 wt% CMC and CMC/PVA aqueous

solutions exhibited comparable densities. However, a significant density difference was

observed in aerogels prepared from 6 wt% CMC and CMC/PVA aqueous solutions,

which may be ascribed to the higher porosity and larger total pore volume of the

CMC/PVAG aerogels.

The skeletal density of the prepared CMC aerogels was measured as 1.69 g/cm?.

The pore properties and the specific surface area (Sget) of CMC aerogels were determined

by N2 physisorption and are listed in Table 4.5.

Table 4.5. Properties of CMC and CMC/PVA hybrid aerogels.

Single

Average

. Total Average
Skele_tal Porosity  Seer point Pore Macropore  Pore Pore Size -
Sample Density 2 pore Volume Size -
3 (%) (m?/g) Volume 3 Macropore
(g/cm3) Volume (cm¥g) (cm3/g) BJH (nm)
(cm*/g) d (nm)
CMC4 1.65 95.38 23 0.13 12.55 12.42 22.64 2192
CMC/PVA4  1.69 95.33 184 0.65 12.07 11.41 12.14 262
CMC6 1.65 94.55 180 0.99 10.51 9.52 21.8 233
CMC/PVA6  1.69 96.75 144 0.61 17.59 16.97 16.57 488

Adsorption-desorption isotherms (Figure 4.32) showed that CMC/PVA hybrid

aerogels had isotherms of Type IV, indicating the presence of mesopores [136].

Additionally, the difference between the BJH pore volume and the total pore volume

indicated the existence of macropores (Table 4.5).
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Figure 4.32. BET Isotherms of CMC/PVA hybrid aerogels from a) 4 wt% aqueous
solution b) 6 wt% aqueous solution.

When comparing the aerogels from 6 wt% aqueous solutions, surprisingly, the
Seet of the CMC/PVA hybrid aerogel was smaller than the Sger of the CMC aerogel.
This phenomenon could be attributed to the presence of higher macropore volume and

larger macropore sizes within the CMC/PVA aerogel matrix.
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Figure 4.33 presents the mesoporous pore size distributions of CMC/PVA hybrid
aerogels, which were differential pore volumes plotted against the pore width. The results
displayed that adding PVA decreased the BJH average pore size but increased the average
pore size and total pore volume owing to the formation of additional pores with small
diameters. Interestingly, a comparison between CMC/PVA4 and CMC/PVAG revealed
that increasing polymer concentration increased the total pore volume, especially

macropore volume and pore sizes.
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Figure 4.33. Mesoporous pore size distributions of CMC/PVA hybrid aerogels.

The presence of macroporous structures within the CMC/PVA hybrid aerogels
was further supported by SEM analysis (Figure 4.34). The SEM images revealed fibrous
structures characterized by interconnected networks featuring a combination of

mesopores and macropores.

UYTAM

MC/PVA hybrid aerogels a) from 4 wt% aqueous
concentration b) from 6 wt% aqueous concentration, 10KX magnification.
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Figure 4.34. SEM images of C
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4.9.2 Crosslinking of CMC/PVA hybrid aerogels

The proposed crosslinking mechanism between CMC-PVA-MA is given in Figure

4.35. FTIR and NMR analyses were conducted to determine the crosslinking mechanism

of CMC/PVA hybrid aerogels.
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Figure 4.35. The proposed crosslinking mechanism between CMC-PVA-MA.

FTIR spectra of NaCMC, PVA and MA are presented in Figure 4.36.
Characteristic absorption peaks of PVA are symmetric stretching 1418 cm™ (C-H), and

1323 cm™ (C-H), and C-O stretching at 1018 cm™ [98].
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Figure 4.36. FTIR spectra of CMC, PVA and MA.
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Figure 4.37. FTIR spectra of MA crosslinked CMC/PVA hybrid aerogels.

The FTIR spectra of CMC/PVA hybrid aerogels (Figure 4.37) showed that new
peaks arose at 1732 cm™ (C=0), 1227 cm™ (C-O), and 1058 cm™* (C-O), which indicated
the formation of ester bonds between the hydroxyl groups of CMC and PVA and carboxyl
groups of MA [98]. Additionally, no peaks at 1854 cm™ and 1773 cm™ confirmed the

absence of non-reacted maleic anhydride [138].

The chemical structure and symbolic representation of carbon atoms of PVA and
the solid state 13C-NMR spectrum of CMC/PVA hybrid aerogel are given in Figure 4.38.
The carbon atom signals of PVA, which are between 60-80 ppm (Ca) and 46.16 ppm
(Cb), were obtained from elsewhere [98]. The broad peak of CMC/PVA hybrid aerogel
at 174.23 ppm indicated the ester formation.
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Figure 4.38. a) The chemical structure of PVA b) The solid-state 13C-NMR spectrum
of CMC/PVA hybrid aerogel.

4.9.3 Thermal properties of CMC/PVA hybrid aerogels

The thermal conductivity of CMC/PVAG aerogel was measured as 0.055 W/mK,
which was slightly higher than CMC aerogel, which may be attributed to the higher

macropore volume and larger average pore diameter of CMC/PVAG aerogel.
4.10 Effect of acid catalyst on CMC aerogels

Sulfuric acid serves as a catalyst in esterification reactions by protonating the
carboxyl group of the carboxylic acid, making it more electrophilic and thus more reactive
towards nucleophilic attack. Additionally, sulfuric acid can also act as a dehydrating
agent, helping to drive off water formed in the reaction, which can further push the
equilibrium towards ester formation, thereby enhancing the efficiency of the esterification

process.

Hydrogel, alcogel, and aerogel images obtained using sulfuric acid as a catalyst
are given in Figure 4.39. Unlike CMC aerogels, no voids were observed on the outer
surfaces of the aerogels obtained by acid catalysis. In addition, it was observed that

sulfuric acid reduced gelation time to 3 FT cycles.
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Figure 4.39. The sulfuric acid catalyzed a) hydrogel b) alcogel c) aerogel.

4.10.1 Morphology of sulfuric acid catalyzed CMC aerogels

The volumetric shrinkages and densities of sulfuric acid catalyzed CMC aerogels are
illustrated in Figure 4.40. Contrary to expectations, it was observed that the volumetric
shrinkage of aerogels with sulfuric acid was close to that of aerogels without sulfuric acid
addition. Additionally, as the sulfuric acid concentration increased, the volumetric

shrinkage decreased. The increase in the sulfuric acid concentration also increased the

bulk density.
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Figure 4.40. Volumetric shrinkages and densities of sulfuric acid catalyzed CMC
aerogels.

The pore properties and the specific surface area (Sget) of CMC aerogels were
determined by N2 physisorption and are listed in Table 4.6. Incorporating sulfuric acid as
a catalyst resulted in notable alterations to the structural properties of the aerogels.
Specifically, it was observed that sulfuric acid reduced porosity, specific surface area, and
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total pore volume within the aerogel matrix. After the addition of sulfuric acid, the
exchange of Na* and H* generated more carboxylic acid groups, which led to enhanced
hydrogen bonding between the closely arranged polymers. This phenomenon suggested
a significant formation of dense, non-porous polymer regions. Additionally, the average

pore sizes of the aerogels were increased.

Table 4.6. Properties of sulfuric acid catalyzed CMC aerogels.

Single Total Average Average
Skeletal . point Macropore Pore g
A Porosity  Seer Pore . Pore Size -
Sample Density 2 pore Volume Size -
3 (%) (m?/g) Volume 3 Macropore
(9/cmd) Volume 3 (cm3/g) BJH
G om ™
CMC_0.175M 1.65 91.5 14 0.09 6.54 6.45 25.67 1909
CMC_0.35M  1.65 90.3 14 0.10 5.64 5.5 28.09 1613

The adsorption-desorption isotherms (illustrated in Figure 4.41) revealed that
CMC aerogels catalyzed by sulfuric acid exhibited Type IV isotherms, suggesting the
presence of mesopores. Furthermore, the difference between the BJH pore volume and

the total pore volume (Table 4.6) suggested the presence of macropores.
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Figure 4.41. BET Isotherms of sulfuric acid catalyzed CMC aerogels.
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Figure 4.42 presents the mesoporous pore size distributions of sulfuric acid
catalyzed CMC aerogels, which were differential pore volumes plotted against the pore
width. The pore size distribution, valid only for mesopores, showed a broad range with a

peak around 30 nm.
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Figure 4.42. Mesoporous pore size distributions of sulfuric acid catalyzed CMC
aerogels.

The presence of macroporous structures within the sulfuric acid catalyzed CMC
aerogels was further supported by SEM analysis (Figure 4.43). The SEM images revealed
fibrous structures characterized by interconnected networks featuring a combination of

mesopores and macropores.
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Figure 4.43. SEM images of sulfuric acid catalyzed CMC aerogels (a,c) 0.175M and
(b,d) 0.35M.

4.10.2 Crosslinking of acid catalyzed CMC aerogels
The FTIR spectra of sulfuric acid catalyzed CMC aerogels (as illustrated in Figure
4.44) revealed the emergence of additional peaks at 1729 cm™ (C=0), 1228 cm™ (C-0),

and 1054 cm™ (C-0). These findings confirmed the formation of ester bonds between the

hydroxyl groups of CMC and carboxyl groups of MA [98]
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Figure 4.44. FTIR spectra of sulfuric acid catalyzed CMC aerogels.

4.10.3 Thermal properties of sulfuric acid catalyzed CMC aerogels

The thermal conductivities of sulfuric acid catalyzed CMC aerogels are presented
in Table 4.7. Although the 0.35M acid catalyzed aerogel exhibited high density and low
porosity, its thermal conductivity was lower than that of the 0.175M acid catalyzed
aerogel. This can be ascribed to its higher ratio of mesopore volume to macropore volume.
Furthermore, smaller average pore sizes likely contributed to its reduced thermal

conductivity.

Table 4.7. The thermal conductivities of sulfuric acid catalyzed CMC aerogels

Thermal Conductivity
(W/mK)

CMC_0.175M 0.066
CMC_0.35M 0.057

Sample
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CHAPTER 5 CONCLUSION

In this study, low density, open porous carboxymethyl cellulose aerogels were
successfully fabricated by the freeze-thaw induced gelation method followed by
supercritical CO> drying. Maleic anhydride was used as a crosslinker to obtain covalently
bonded gels, and the influence of the crosslinker concentration on CMC gelation and
aerogel properties was examined. The impact of frozen storage time on the gelation of
CMC was thoroughly explored in this study. Furthermore, our investigation delved into
the effect of the molecular weight of CMC and the initial concentration of the solution,
shedding light on gelation and pore properties. Additionally, the impacts of

intermolecular crosslinking and acid catalysts were studied.

Our findings indicated that higher crosslinker concentrations reduced the number
of freeze-thaw cycles required for hydrogel preparation. Moreover, prolonged frozen
storage times diminished the requisite freeze-thaw cycles. Furthermore, higher molecular
weight and CMC concentration resulted in a reduced number of freeze-thaw cycles

needed for gel formation while concurrently enhancing the strength of the gel produced.

The bulk densities of CMC aerogels were measured between 0.051 and 0.204
g/cm®, with high porosities (>93). The results showed that increasing crosslinker
concentration increased the gel stability and decreased the swelling during solvent
exchange, which caused a decrease in the pore diameter. Prepared aerogels showed
specific surface areas in the range of 49.5 m?/g and 214 m?/g, which are also close to the
other polysaccharide aerogels. SEM analysis showed that the porous network
morphology of CMC aerogels depended on crosslinker concentration. Therefore,
changing the crosslinker concentration may provide tuning of the aerogel pore properties.
Furthermore, the study revealed a clear inverse relationship between solid content and
porosity in CMC aerogels. Additionally, the increase in solid content and molecular
weight generally led to reductions in specific pore volume. FTIR and NMR analysis also

supported the proposed crosslinking reaction between CMC and MA; moreover, it proved
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ester linkages between the hydroxyl groups of CMC and carboxyl groups of MA. The
thermal conductivity values, which were used as a relative indicator, were measured
between 0.038 and 0.051 W/mK.

CMC/PVA hybrid aerogels were prepared from 4 and 6 wt% aqueous solutions,
and the bulk densities of these aerogels were 0.079 and 0.054 g/cm?, respectively. The
specific surface areas were measured as 184 and 144 m?/g. The results showed that
incorporating PVA increased the macropore volume and average pore size. FTIR and
NMR analysis confirmed the proposed esterification reaction between CMC, PVA and
MA. The thermal conductivity of CMC/PVA hybrid aerogel was measured as 0.055
W/mK.

Sulfuric acid was used as a catalyst to increase the esterification reaction rate and
improve the crosslinking. Two distinct concentrations of sulfuric acid, 0.175 M and 0.35
M, were evaluated. The introduction of sulfuric acid as a catalyst led to a notable
reduction in gelation time, achieving a cycle time of 3 FT. Remarkably, the surfaces of
the prepared hydrogels, alcogels, and aerogels exhibited a uniform structure without any
voids. The bulk densities measured were 0.14 g/cm?3 and 0.16 g/cm3, while porosities
surpassed 90%. Surprisingly, despite these favorable characteristics, the specific surface
area and pore volume significantly decreased with the addition of sulfuric acid.

In light of these studies, the thermal conductivity of aerogels can be reduced by
decreasing the macropore volume and increasing the mesopore volume. Aerogels with
better thermal insulation properties can be obtained by preparing low-concentration
solutions with high molecular weight carboxymethyl celluloses. Additionally, the
influence of the degree of substitutions on gelation and aerogel properties should be
investigated. Exploring the impact of lower concentrations of acid catalysts, as well as
different acid types, would provide valuable insights. Further understanding and
improvement of the crosslinking mechanism are still necessary. Moreover, it is essential
to evaluate the thermal conductivity of CMC aerogels using a heat flow meter, a method

known for its higher accuracy.
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APPENDIX
Al. Mass Loss Calculation
The mass loss values of CMC aerogels were calculated by using Equation A.1 as:

(Mmcmc,gettMpma,gel) ~"McMC aerogel
)_ g .9 ) g x 100 (A])
CMC,gel MA,gel

Mypss (%

where mepyc,get, Mma,ger ANd Mepc geroger are the mass of the CMC, MA, and aerogel,

respectively and can be calculated from following equations:

mcMmc,sol
McyMce gel = - Xm 1 (A2)
tMc.ge mcmMc,soltMMA,solTMDIW,sol ge
MMA,sol
m = . Xm A.3
Ma,gel mcemc,soltMMmA,soltMpIW,sol gel ( )
_ MpIW ,sol
mDIW,gel - X mgel (A4)

mcmc,soltMMA,solTMDIW 501

where meycsor, Mumasor: @Nd Mpy 5o are the mass of the CMC, MA, and DIW in
solution, respectively, mp;y g¢; is the mass of the DIW in gel, and myg,,; is the mass of

the gel.
A2. Theoretical Thermal Conductivity Calculation

The gas convection was neglected because the pore diameters of CMC aerogels were
below 1 mm. The theoretical thermal conductivity values were calculated from Equation
A5 as:

)\aerogel = (Aeme X cmc(%)) + (Aqir X macropore(%)) (A.5)

Where Agerogets Aeme, @aNd A, are the thermal conductivities of aerogel, CMC and air,

respectively. A.nc, and A,;,- were 100 W/mK and 26 W/mK, respectively [141][142].

cme(%) = —eme (A.6)
Vtotal
macropore(%) = M (A7)
total

where Vome, Vinacropore: @Nd Vioeqr are the volume of CMC, macropores, and total in
cm?®/g, respectively. Vy,q and V., Were calculated from the equations below:

1

(A.8)

Viotar =
Paerogel

chc = Vtotal - (Vmacropore + Vmesopore) (A.9)
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where Viacropore aNd Vipesopore Were obtained from N2 physisorption.



