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Abstract

Abstract

This work is focused on the synthesis of cellulose aerogels from biomass wastes, at laboratory
and technical scales. These aerogels were produced in different shapes (beads, sheets,
monoliths, and fibers), and they were studied as potential thermal insulators. Unretted hemp
and flax bast waste fibers were used as sources of cellulose for the synthesis of the aerogels.
Commercial cellulose was used for the creation of standard aerogel samples. Laboratory scale
recipes were developed to determine the influence on the acrogel’s properties of different
cellulose dissolution and regeneration conditions. For dissolution, the role of time and
temperature were investigated. Additionally, the influence of different acidic regeneration baths
and the addition of salts to the cellulose solutions on the regeneration of cellulose were
evaluated. The best synthesis recipes were chosen for upscaling and were applied using the
technical scale equipment JetCutter® (beads) and the CAProLi (Cellulose Aerogel Production
Line, for sheets). Different routes to coat the cellulose aerogels with lignin were tested to protect
them from moisture and water absorption. The aerogel samples were characterized in their
chemical composition, morphology, structure, and further properties to evaluate the influence
of the synthesis parameters.

Pure cellulose was extracted from bast waste fibers at a laboratory scale. This standard
extraction process was shortened and it was successfully upscaled to a two-liter scale. This
thesis explains how the properties of cellulose aerogels can be modified by selectively changing
their synthesis. It was found that smoother cellulose gelation was achieved when weaker
organic acids were used as regeneration baths. These contributed to the formation of a filigree
porous structure in the aerogels which maximized their specific surface area. The pore size
distribution of the aerogels could be tailored depending on the acid used. Regarding the use of
salts, the addition of sodium chloride (NaCl) and sodium sulfate (Na2SOa) to cellulose solutions
accelerated their gelation but did not significantly modify the internal structure of the aerogel
samples formed. This was due to competition between the induced faster gelation of cellulose,
which produced bigger pores during the formation of the wet gel network, and the scaffold
effect that occurred when the salt was removed during the washing of the wet gel. This latter
trend induced the creation of smaller pores. The addition of three-sodium citrate (NasCit) to the
cellulose solution extended its gelation time due to the organic and weak base character of the
anion citrate. Concerning the dissolution of cellulose, it was achieved at -10°C under continuous
stirring for 30 minutes. This faster process contributes to the scalability of the process and its

industrial application.



Abstract

Cellulose aerogels, from commercial and biomass waste sources, were synthesized in the shape
of beads, sheets, and fibers. These materials presented high porosities (over 80%), high specific
surface areas (over 200 m? g1) and low densities (< 0.21 g cm™®), depending on the source of
cellulose and the recipe followed. The aerogels created from hemp-based cellulose and
commercial cellulose had similar properties for the same synthesis route. It indicated that
biomass wastes were a suitable source of cellulose for the synthesis of aerogels. This was due
to the close degree of polymerization (DP) between the two celluloses, which contributed to the
creation of cellulose solutions of similar viscoelastic properties. The samples obtained from
flax-extracted cellulose had lower specific surface areas and bigger pores due to its higher DP
and therefore used less-concentrated cellulose solutions.

The upscaling of the synthesis of aerogels using the CAProLi and the JetCutter® technologies
was effective with little differences between samples obtained at both scales. These materials
had a thermal conductivity between 37 mW m™* K and 40 mW m™ K, providing space for
further improvement. Lower values of thermal conductivity were obtained when less
concentrated cellulose solutions were used. The use of different acidic coagulation baths or the
addition of salts to the cellulose solutions had a negligible influence on this property. Lastly, it
was found that soda lignin was a promising coating agent for cellulose wet gels. A maximum
of 40 wt.-% reduction in water absorption for the coated aerogels was observed when a weight
ratio of 1:5 lignin:cellulose wet gel (L:C) was applied, while the internal structure of the coated
samples was preserved.

Overall, the protocols developed in this study were integrated into a continuous technical scale
industrial scheme. This approach has environmental and economic advantages compared to
laboratory batch-wise synthetic routes, which can contribute to the development of the

industrial aerogel market and a circular biobased value economy.

Key-words: aerogels; hemp; flax; biobased; cellulose; lignin; JetCutter® ; wet-spinning;

thermal insulation
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Zusammenfassung

Diese Arbeit konzentriert sich auf die Synthese von Cellulose-Aerogele aus Biomasseabfallen
im Labor- und technischen MaRstab. Diese Aerogele wurden in verschiedenen Formen (Perlen,
Platten, Monolithen und Fasern) hergestellt und als potenzielle Warmeddmmestoffe untersucht.
Ungereinigte Hanf- und Flachsbastabféalle wurden als Zellulosequellen fiir die Synthese der
Aerogele verwendet. Fir die Herstellung von Standard-Aerogel-Proben wurde handelstbliche
Zellulose verwendet. Es wurden Rezepte im LabormaRstab entwickelt, um die Auswirkungen
verschiedener Bedingungen flr die Auflésung und Regeneration von Cellulose auf die
Eigenschaften des Aerogels zu bestimmen. Fur die Auflésung wurde die Rolle von Zeit und
Temperatur untersucht. AuRerdem wurde der Einfluss verschiedener saurer Regenerationsbéder
und der Zusatz von Salzen zu den Celluloselésungen auf die Regeneration der Cellulose
bewertet. Die besten Syntheserezepte wurden fiir das Upscaling ausgewéhlt und mit der
technischen Anlage JetCutter® (Perlen) wund der CAProLi (Cellulose-Aerogel-
Produktionsanlage, fur Platten) angewendet. Es wurden verschiedene Verfahren zur
Beschichtung der Cellulose-Aerogele mit Lignin getestet, um sie vor Feuchtigkeit und
Wasseraufnahme zu schitzen. Die Aerogelproben wurden hinsichtlich ihrer chemischen
Zusammensetzung, Morphologie, Struktur und weiterer Eigenschaften charakterisiert, um die
Auswirkungen der Syntheseparameter zu bewerten.

Reine Cellulose wurde im LabormaRstab aus Bastabfallfasern extrahiert. Dieser
Standardextraktionsprozess wurde verkirzt und erfolgreich auf einen Zwei-Liter-Mal3stab
hochskaliert. In dieser Arbeit wird erldutert, wie die Eigenschaften von Cellulose-Aerogelen
durch eine gezielte Anderung ihrer Synthese modifiziert werden kénnen. Es wurde festgestellt,
dass eine sanftere Cellulosegelierung erreicht wurde, wenn schwachere organische Sauren als
Regenerationsbéder verwendet wurden. Diese trugen zur Bildung einer filigranen porésen
Struktur in den Aerogelen bei, die deren spezifische Oberflache maximierte. Die
PorengroRenverteilung der Aerogele konnte in Abhdngigkeit von der verwendeten Sdure
maligeschneidert werden. Was die Verwendung von Salzen betrifft, so beschleunigte die
Zugabe von Natriumchlorid (NaCl) und Natriumsulfat (Na2SO4) zu Zelluloselésungen deren
Gelierung, veranderte aber die innere Struktur der gebildeten Aerogelproben nicht wesentlich.
Dies war auf die Konkurrenz zwischen der induzierten schnelleren Gelierung der Zellulose, die
wéhrend der Bildung des nassen Gel-Netzwerks grofiere Poren erzeugte, und dem Gerusteffekt
zurlickzufuhren, der auftrat, wenn das Salz wahrend des Waschens des nassen Gels entfernt

wurde. Der letztgenannte Trend fiihrte zur Bildung Kkleinerer Poren. Die Zugabe von

Xl
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Dreinatriumcitrat (Na3Cit) zu der Celluloselésung verldngerte die Gelierzeit aufgrund des
organischen und schwach basischen Charakters des Anions Citrat. Die Aufldsung der Cellulose
wurde bei -10°C unter kontinuierlichem Ruhren fir 30 Minuten erreicht. Dieses schnellere
Verfahren tragt zur Skalierbarkeit des Prozesses und seiner industriellen Anwendung bei.
Cellulose-Aerogele aus kommerziellen Quellen und Biomasseabfallen wurden in Form von
Kigelchen, Filmen/Bahnen und Fasern synthetisiert. Diese Materialien wiesen eine hohe
Porositat (Uber 80%), eine hohe spezifische Oberflache (Uber 200 m2 g-1) und eine niedrige
Dichte (< 0,21 g cm-3) auf, abhangig von der Zellulosequelle und dem verwendeten Rezept.
Die aus hanfbasierter Cellulose und kommerzieller Cellulose hergestellten Aerogele wiesen bei
gleichem Syntheseweg &hnliche Eigenschaften auf. Dies deutet darauf hin, dass
Biomasseabfalle eine geeignete Cellulosequelle fir die Synthese von Aerogelen sind. Dies ist
auf den ahnlichen Polymerisationsgrad (DP) der beiden Cellulosen zurlickzufuhren, der zur
Herstellung von Celluloselésungen mit ahnlichen viskoelastischen Eigenschaften beitragt. Die
aus der aus Flachs gewonnenen Cellulose hergestellten Proben hatten aufgrund des hoheren DP
eine geringere spezifische Oberflache und groBere Poren, weshalb weniger konzentrierte
Celluloselésungen verwendet wurden.

Das Upscaling der Synthese von Aerogele mit der CAProLi- und der JetCutter®-Technologie
war effektiv und die Unterschiede zwischen den in beiden Mal3stdben erhaltenen Proben gering.
Diese Materialien hatten eine Wérmeleitfahigkeit zwischen 37 mW m-1 K-1 und 40 mW m-1
K-1, was Raum fir weitere Verbesserungen bietet. Niedrigere Werte der Warmeleitfahigkeit
wurden erzielt, wenn weniger konzentrierte Zelluloselésungen verwendet wurden. Die
Verwendung verschiedener saurer Koagulationsbader oder die Zugabe von Salzen zu den
Zelluloseldsungen hatte einen vernachldssigbaren Einfluss auf diese Eigenschaft. Schliel3lich
wurde festgestellt, dass Lignin aus Soda ein vielversprechendes Beschichtungsmittel fiir
Cellulose-Nassgele ist. Bei einem Gewichtsverhaltnis von 1:5 Lignin:Cellulose-Nassgel (L:C)
wurde eine maximale Verringerung der Wasseraufnahme der beschichteten Aerogele um 40
Gew.-% beobachtet, wéhrend die innere Struktur der beschichteten Proben erhalten blieb.
Insgesamt wurden die in dieser Studie entwickelten Protokolle in ein kontinuierliches
industrielles System im technischen MaRstab integriert. Dieser Ansatz hat ¢kologische und
wirtschaftliche Vorteile im Vergleich zu synthetischen Verfahren im Labormalistab und kann
zur Entwicklung des industriellen Aerogelmarktes und einer zirkuldren biobasierten

Wertschopfung beitragen.

Xl



Abstract

Schlusselworter: Aerogele; Hanf; Flachs; biobasiert; Zellulose; Lignin; JetCutter®;

Nassspinnen; Warmedammung
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Introduction

1. Introduction

The world’s current demographic and carbon emissions trends are driving changes in how
buildings are designed and built. By 2050, the world’s population is expected to increase from
7.7 billion to 9.7 billion. At the same time, it is estimated that over the next decades the
populations in large areas of Europe, Asia, and North America, will shrink and overage.[1]
Most of these new human beings will increasingly live in cities, ascending to 68% of the urban
population in 2050.[2]

As a result, the European Union (EU) is investing in the energetic efficiency and resilience of
its buildings to combat extreme climate phenomena.[3] It is urgent to promote the remodeling
and construction of buildings that use more efficient materials and smart management energy
technologies.[4-8] Better thermal insulation materials are needed to save energy in the
construction, transportation, and space exploration sectors, among others. Traditional materials
comprise inorganic and organic alternatives. Common alternatives include mineral wool
(40mwW m?! Kt to50 mwW m? K1), high porous ceramic foams (50 mW m?* K?! to
70 mW m 1 K1), cellulose (40 mW m™ K to 50 mW m? K1), extruded/expanded polystyrene
(XPS/EPS, 30 mW m*? K to 40 mW m™ K?) and polyurethane (PUR, 20 mW m? K to
30 mW m* K1).[9-11] These last two, plus mineral wool, dominate the European market due
to their low cost and low thermal conductivity. Nonetheless, scientists are researching safer
alternatives with improved thermal and mechanical performance.[12] A new generation of
insulating systems includes vacuum insulation panels (VIPs), gas-filled panels (GFPs), and
nano insulation materials (NIMs), which are known for their extremely low thermal
conductivities (3 mW m?* K1 to 4 mW m* K1). However, VIPs and GFPs can be breached and
NIMs are still in an early stage of development.[10, 12, 13]

A good thermal insulator is a material that minimizes the conduction of heat by having high
thermal resistance (m? K W) and low thermal transmittance (W m K1), If so, it can be applied
in thin layers, saving costs and space. The low density, high specific surface area, and porosity
of aerogels make them suitable candidates for super thermal insulation (< 20 mW m-! K1).[14]
Furthermore, it is essential to produce these materials from sustainable biobased feedstocks,
following the tenets of a circular biobased economy. In a circular economy, materials are used
as long as possible and the products are incorporated at their end of life back into the economic
system. This maximizes their value and minimizes waste production. In a bio-economy, this
system still applies but the resources used are renewable and environmentally friendly
biological feedstocks.[15-17] By following these perspectives, biobased aerogels are

particularly interesting. They share the same properties as their organic or silica counterparts
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(low density, low thermal conductivity, high surface area) while being produced from
sustainable sources such as polysaccharides. These are dissolved and, through the triggering of
their association, a gel is created. After neutralization, occasional solvent exchange, and
supercritical drying, a 3D nanostructured porous aerogel is obtained.[18] Some of the most
frequently used polysaccharides for the synthesis of aerogels are cellulose, alginate,
carrageenan[19-21], chitosan[22], starch, and pectin, among others. These can be combined
with inorganic components to create aerogel hybrids.[18, 23, 24] This work focuses on the
development of cellulose aerogels from agriculture wastes (unretted hemp and flax bast waste
fibers), their characterization in different shapes (beads, sheets, monoliths, fibers), and the
upscaling of their production from laboratory to technical scale. These materials were
investigated as potential sustainable thermal insulators. The cellulose dissolution and
regeneration conditions were investigated to understand their influence on the specific surface
area, porosity, density, pore size distribution, and thermal conductivity of the produced
aerogels. All of them influence their efficiency as thermal insulators. The work had as main
objectives:

e Development of an efficient and scalable method to extract pure cellulose from hemp
and flax bast waste fibers.

e Study of the influence of different cellulose dissolution (temperature and time) and
regeneration conditions (addition of salts to cellulose solutions, use of different acidic
regeneration baths) on the cellulose aerogel properties. Maximization of specific surface
area and minimization of average pore size and thermal conductivity were desired.

e Synthesis of cellulose aerogels from extracted and commercial cellulose at optimized
conditions, in different shapes (beads, sheets, monoliths, and fibers), and their
characterization.

e Upscale of optimized recipes using the JetCutter® (beads) and the CAProLi (sheets)
technology.

e Research of an effective method to coat cellulose aerogels with lignin to protect them
from moisture and water absorption.

e Optimum desirable aerogel properties including thermal conductivity < 30 mW m?* K1,
resistance to moisture, mechanical strength, acoustic insulation, flame retardancy,

antimildew, and antimicrobial activity.



Introduction

The development of recipes at the laboratory scale for the extraction of cellulose from bio-
wastes, synthesis of cellulose aerogel beads, monoliths, and sheets, and the experiments with
the CAProLi technology were performed at the German Aerospace Center (DLR), in Cologne,
Germany. Part of the data used in Chapter 4.3.1 and the data used in Chapter 4.5 was collected
in collaboration with a master student, Bruno Serrador Goncalves.[25] Characterization of all
samples in their composition, structure, and morphology was also performed at DLR. Upscaling
of the extraction of cellulose, production of cellulose aerogel beads using the JetCutter®
technology as well as the study of the coating of cellulose aerogels with lignin were performed
within the industrial partner KEEY Aerogels, Habsheim, France. Thermal conductivity analysis
of the aerogels was also performed at KEEY Aerogels. The work developed on cellulose
aerogel fibers was performed in collaboration with Simon Schick at AMIBM, Maastricht

University, Netherlands, under the European Biobased Value Circle consortium.
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2. State of the Art

2.1 Aerogels

The International Union of Pure and Applied Chemistry (IUPAC) defines an aerogel as a gel
composed of a microporous solid in which the dispersed phase is a gas.[26] However, this
simple definition does not fully capture the wide variety of materials that are considered
aerogels in academic and industrial circles, and there is an ongoing debate regarding a more
comprehensive definition. These materials share a nanostructured solid backbone and open
porous structure, but their properties and structures differ based on the synthesis and raw
materials used. One definition of aerogels focuses on the process of their creation, stating that
these can be defined as solid gels where the liquid media has been replaced by air, with minimal
shrinkage of the solid open porous network.[14, 27] When the gel’s pores are filled with a
liquid, it is called a “wet gel”. If the fluid is water or alcohol, they are called hydrogels and
alcogels respectively. [28-30] Aerogels are primarily mesoporous, with pore dimensions
ranging from 2 nm to 50 nm. However, they may also contain macropores (over 50 nm) and
micropores (below 2 nm), and the pore size distribution in these materials depends heavily on

their synthesis. The physical and chemical properties, as well as the porous structure of
aerogels, are largely defined by their solid backbone. In Figure 1, the classification of aerogels

based on their constituents is observed.
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Figure 1 Classes of aerogels based on the nature of their constituents [18] (CC BY 4.0,
https://creativecommons.org/licences/by/4.0/). All aerogels can be classified either as organic

or inorganic.
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Aerogels can be classified as either inorganic or organic materials based on the origin of their
precursors. Silica aerogels currently dominate the aerogel market[31] while metal-oxide
aerogels based on alumina (Al>Oz3), titania (Ti02), and zirconia (ZrO>) are still in the early stages
of research. Organic aerogels can be created from resorcinol/formaldehyde (RF) and
melamine/formaldehyde (MF) mixtures among others while biopolymers such as
polysaccharides (cellulose, chitosan, alginate, among others) and proteins can be converted into
aerogels. Carbon aerogels can be obtained from the pyrolysis of organic-based aerogels.[32-36]
The synthetic route of each aerogel will influence its chemical and physical properties.
Nonetheless, these have in common a high porosity, high specific surface area, and low
densities, for some cases below the air density of 0.0012 g cm™ under vacuum conditions.[14,
32] They can reach a thermal conductivity as low as 10 mW m* K™1.[14] Their porous structure,
large surface area, thermal stability, and chemical groups prone to functionalization make them
ideal to catalyze various chemical reactions. The possibility to functionalize their surface or
change the fundamental network structure by tuning the synthesis only increases the range of
applications. Other applications include films, gas filters, sensors, carrying structures in the
food and pharmaceutical industry [28, 29, 34, 37], batteries and capacitors, environmental
remediation, and even spacecraft to capture stardust, among many others.[38, 39]

A wide range of organic and inorganic aerogels are synthesized through sol-gel chemistry. For
those materials, their production comprises the synthesis of a precursor gel with desired
properties, solvent exchange of the pore solvent with a target solvent, and drying. Here, the
solvent is replaced by air while minimizing shrinkage.[29] While the creation of the precursor
gel will define the structure of the aerogel-to-be, solvent exchange is required so the gel can be
safely dried without the collapse of its porous structure, depending on the drying technique

chosen.[14] These processes will be further explained in the following chapters.

2.1.1 Classical Sol-Gel Process

A sol, according to IUPAC, is considered a colloidal system of two or more components: a
fluid, and dispersed molecular particles with dimensions close to 1 um. Through a sol-gel
process, a gel network is formed from the solution by a progressive change of the liquid
precursor(s). The gel is characterized by the presence of a continuous macromolecular solid
phase and the residual liquid sol.[26] By removing the latter, a final dried product can be
obtained. During the sol-gel process, the mechanical resistance of the sol system increases as it
transforms into a gel. This increased resistance to shear stress is intrinsically linked to the

gelation process, which can be monitored by rheological methods.[14] For most aerogel classes,
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such as inorganic and synthetic organic aerogels, their network is created by hydrolysis and
condensation reactions between activated chemical precursors. The conditions at which the
gel’s 3D network is formed determine the chemical and physical properties of the dried
aerogel.[30, 40] The exact structure of the final gels can be considered a hybrid between
polymeric and colloidal gels. This means that it can vary from the condensation of large clusters
of colloidal particles to linear/branched polymeric chains formed from the condensation of
small structures.[28] In Figure 2, the sol-gel process is described.

Reactants Solvents
. Colloidal
— COH.O idal — 3-dimensional  —
particle ] rid
Catalyst
>
° ol % e Time
o
[ @ o ®
o © o
° o o ° <t —liquid—>
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e © °
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Colloidal suspension of volume V Wet monolith of volume V
Sol Gel

Figure 2 Classical sol-gel process.[29] Reprinted (adapted) with permission from Pierre, A.C.
and G.M. Pajonk, Chemistry of Aerogels and Their Applications. Chem.Rev, 2002(102): p.
4243-4265. Copyright 2002 American Chemical Society; permission conveyed through

Copyright Clearance Center, Inc.

Some relevant examples of chemical precursors include silicon and transition metal alkoxides
for silica and metal oxide aerogels, resorcinol, isocyanates, and melamine among other organic
molecules for synthetic organic aerogels.[41, 42] Their activation and reaction are highly
dependent on temperature, pH, concentration, and solvent, among other factors, which will

influence the properties of the synthesized aerogels.[43, 44]

2.1.2 Aging, Solvent Exchange and Drying of Wet Gels

After gelation, wet gels are left for aging to strengthen the network. The more time the gels are

left in their mother solutions or other gelation media, the stiffer and stronger become their
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porous networks.[45] After aging, it is important to adapt the gel”s solvent to the selected drying
method to minimize shrinkage and modification of its porous structure. Once the gel is sturdy
enough, it undergoes solvent exchange, where its pore solvent is substituted with another
solvent. This process occurs when the gel is immersed in a bath of the desired solvent, allowing
the solvent within the gel to diffuse and mix with the bath until equilibrium is reached. This is
made possible by the open porous structure of the gel. To minimize shrinkage and retain the
gel’s structure, careful consideration must be given to the selection of the solvent, as well as
the soaking time, number, and volume of baths. The solvent chosen should balance its hydrogen
bond ability and its dielectric constant. Extensive hydrogen bonding between the solvent and
the gel’s polymer chains diminishes their aggregation during solvent exchange and reduces
shrinkage. A lower dielectric constant may indicate a low polarity of the solvent, which
enhances the polymer-polymer interactions in the gel and promotes its shrinkage.[46, 47]
Although a multi-step, gradient solvent exchange can reduce the severity of the concentration
gradient and shrinkage, it requires more time to replace the pore solvent with a liquid suitable
for the chosen drying method.[48]

For all the previous classes of aerogel materials, the drying step is essential in converting gels
into aerogels by replacing the liquid solvent with air with minimal shrinkage. Different
techniques exist to achieve this step, and all of them should consider the same physical laws.
The main factor responsible for gel shrinkage during drying is capillary pressure (Pc), which is
influenced by the surface tension of the pore liquid (y;,), the pore radius (r;,), and the thickness

of the surface adsorbed layer (8). These relations are described by Equation 1.[49, 50]

pe= ' Equation 1
(1 —8)

The radius of the pores can be described by the relation between their pore volume (V,) and

surface area (S,), described in Equation 2.[49]

r. = % Equation 2
LY
p

At room temperature, the tensions between the liquid and vapor phases are inevitable and
depend on factors such as the drying solvent, the drying rate, the permeability, and the pore size
of the wet gel. If the pore is smaller than 200 A, the pressures around the pore liquid are very

high but, at larger dimensions, the cracking and shrinkage in the aerogel are less pronounced.
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Three main types of drying can be applied to minimize shrinkage: supercritical drying (SCD);

ambient pressure drying (APD) and freeze drying (FD), as described in Figure 3.[49, 50]
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Figure 3 Different drying processes of wet gels and resulting structure.[30] Used with
permission of JOHN/WILEY & SONS, INC, from Modern Inorganic Aerogels., Ziegler, C., et
al., 56 / International ed. in English., 2017.; permission conveyed through Copyright Clearance
Center, Inc.

APD is an attractive technique as it uses ambient temperature and pressure however, at these
conditions, the capillary forces are too strong to produce an aerogel without significant
shrinkage due to pore collapsing. This can be minimized with functionalization and network-
strengthening techniques. The product from APD can be called a “xerogel”.[49, 51] In FD (or
lyophilization), the solvent in the gel is replaced by a solvent with a low expansion coefficient
and high sublimation pressure. By freezing the liquid and then sublimating it under a vacuum,
a “cryogel” is obtained. While this technique is widely used, there is a risk of crystallization of
the pore liquid, which can induce cracking in the final material. As a result, the final products
are mainly macroporous (pores up to 1 um) with low surface area and degree of
mesoporosity.[52-55]

Regarding SCD, the low-temperature variant (LTSCD) is the most widely used nowadays as it
is safer and less costly than high-temperature methods. One of the most commonly used
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alternatives is supercritical CO., which can reach a supercritical state at low temperatures (as
low as 40 °C) and moderate pressures (as low as 80 bar), as shown in Figure 4. Supercritical
CO: is directly injected into the autoclave and, after the complete replacement of the pore
solvent by COg, the next steps include depressurization until room pressure and subsequent
temperature decline.[49, 56] Under these conditions, the solvent is replaced by air with

minimized shrinkage of the network, and the wet gel is converted into an aerogel.

Supercritical
state

Supercritical

Pressure

drying

Evaporative drying

Gas

Temperature

Figure 4 Phase diagram for drying methods.[57] Used with permission of JOHN/WILEY &
SONS, INC, from Cellulose Il aerogels: a review., Budtova, T., 26., 2019.; permission

conveyed through Copyright Clearance Center, Inc.

The two main diffusion mechanisms between supercritical CO2 and the pore solvent in the gel
are Knudsen and surface diffusion. As these diffusion coefficients are not easily discernible
(they increase along with temperature), it is difficult to predict how long the drying step should
be to ensure complete solvent replacement. If the drying time is too short, non-transparent areas
can be formed, and cracking can occur for silica aerogels, especially when the network”s bonds
are weak and their clusters can be rearranged.[49, 50] This makes the supercritical drying step
crucial in the synthesis of aerogels at low temperatures. It is important to notice that water and
supercritical CO> are poorly miscible. As many aerogels form in aqueous media, water needs
to be replaced by an organic solvent (ethanol, isopropanol, acetone, among others) so that SCD
with carbon dioxide can be applied, and the drying accomplished. CO»-dried aerogels achieve
a higher microporosity and undergo low or no cracking due to lower stress in the network during
the drying process. Any existing shrinkage is due to the rearrangement of aggregates during
solvent replacement.[49, 58]
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2.2 Cellulose

Cellulose is a biopolymer that has a simple chemical structure and from which aerogels can be
synthesized. However, various types of “celluloses” exist, making it important to understand
its nomenclature. The primary biological function of this biopolymer is structural, due to its
strength and insolubility in water. The structure of its monomer is described in Figure 5.[59,
60]

I nm
e
Cellobiose unit Ny
OH
OH
HO () HO
(0] OH
OH OH
D- glucose 4.2.2 Reducing end
Nonreducing end anhydroglucose 2

unit (AGU)

(Degree of polymerization n = DP)
Figure 5 Cellobiose, composed by 2 units of glucose. Glucose is the monomer of cellulose.[61]
Reprinted from Biotechnology Advances, 35, Coseri, S., Cellulose: To depolymerize... or not
to ?, 255-261, Copyright (2017), with permission from Elsevier; permission conveyed through
Copyright Clearance Center, Inc.

Glucose is the monomeric unit of cellulose and it can be classified into a or  depending on the
position of the OH group in carbon one (Ci), if it is below or above the pyranose ring,
respectively.[62] As shown in Figure 5, the pyranose rings are in a chair conformation and their
OH groups are in the equatorial position. The hydrogens are in the axial position, which makes
the surface of the ring hydrophobic.[59, 63] The combination of those units creates a poly 1—4-
B-D-glucopyranose (CsH110s5)n chain which also can be called a cellulose chain. Two monomer
units together describe cellobiose. Depending on the organization and packing of these cellulose
chains, they can be classified into seven different polymorphs: lg; lg; 11; 1L, Iy, 1V, and 1V,
as shown in Figure 6.[64]
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Figure 6 Interconversion between cellulose polymorphs and hydrogen bonding patterns for
cellulose I and I1.[65] Used with permission of Elsevier Science & Technology Journals, from
11 — Nanocellulose: Preparation methods and applications , in Cellulose-Reinforced Nanofibre
Composites: Production, Properties and Applications., Nasir, M., et al., 2017.; permission

conveyed through Copyright Clearance Center, Inc.

Native cellulose, as directly obtained from biomass, is crystalline and its chains are organized
in parallel. While the cellulose found in algae and bacteria is mainly I,, both I,and g are present

in higher plants. These structures are represented in Figure 7.
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Figure 7 Difference in chain organization between cellulose I, and 13.[66] Used with permission
of John Wiley & Sons - Books, from Cellulose crystallites., Fleming, K., D.G. Gray, and S.

Matthews., 7., 2001.; permission conveyed through Copyright Clearance Center, Inc.
The main difference between these two polymorphs is their hydrogen bond patterns, with I,
having one chain in a triclinic unit cell (a meta-stable phase) and Ig containing two chains in a

monoclinic unit cell. I, can be converted into Ig by annealing at 270 °C and, in plant species
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where both polymorphs co-exist, 1, might be more prone to attack when cellulose is extracted
from biomass through chemical or enzymatic extraction processes.[59, 67]

Cellulose 11 is regenerated cellulose, that can be obtained through the process of mercerization
or, more efficiently, through regeneration of cellulose I in a basic medium. In the first case, the
fibers are swelled in a strong sodium hydroxide medium, and cellulose Il is obtained. In the
second one, the solubilization of native cellulose and its regeneration converts it into cellulose
I1. In cellulose 11, its chains are organized in an antiparallel fashion and the extra hydrogen bond
between chains makes this polymorph more thermodynamically stable and the conversion
reaction irreversible. The chains are said to be parallel when the direction of the 1—4 chain is
the same and antiparallel when these are in opposite directions.[68-70] Cellulose Il can be
obtained from celluloses I and 11 (11, and Iy, respectively) by chemical treatment with
ammonia or other amine compounds. At high temperatures and humidity, this reaction can be
reversible while cellulose IV polymorphs are stable. These are obtained by conversion of
celluloses 111 up to 260 °C in glycerol. While cellulose 1 and IV can be observed in nature, Il
and 11 are purely artificial. While having crystalline domains, cellulose also has amorphous
phases. These contain a lower density of fibers, that are randomly organized. These regions are
more prone to chemical attack and, depending on the conditions, can be degraded leaving only
the crystalline domains.[64, 71] It is important to notice that even those amorphous regions
still have a certain degree of order, so it cannot be considered a completely “amorphous”
phase.[59]

The degree of polymerization (DP) is an important factor in the characterization of cellulose. It
counts the number of anhydroglucose units in the cellulose chains, which range from 100 to
44000 depending on the biomass, extraction process, and treatment. These values are higher for
cellulose I than for 1. The influence of these factors is further observed in the determination of
the index of crystallinity (ICs), which is another important trait of celluloses. The main
techniques used to determine the DP are viscometry, gel permeation chromatography (GPC),
and light scattering techniques but, due to the insolubility of cellulose in most media, specific
preparation of the samples is required.[67, 72, 73] This is due to cellulose’s high molecular
weight, high crystallinity, and strong hydrogen bond network (intra and intermolecular) that
strongly attaches cellulose fibrils. Hydrophobic interactions and van der Walls forces further

play a role in explaining this packing.[64, 74, 75]
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2.2.1 Dissolution of Cellulose

Cellulose is not easily dissolved due to the presence of strong hydrogen bond networks,
hydrophobic interactions between the surface of the glucopyranose rings, and other
intermolecular interactions. Besides, the crystallinity of cellulose and the fact that it can only
turn its 1-4 bond, as shown in Figure 5, limits the degrees of freedom for conformational
changes and hinders the increase in entropy.[76]

The most widely used method of dissolution in the industry has been derivative, the viscose
procedure. Here, cellulose is converted with CS; into the alkali-soluble cellulose xanthogenate
and is regenerated by the addition of an acid solution. Besides the inherent toxicity and
explosive nature of CSy, this process produces high quantities of residues and degrades the
cellulose backbone. For the past decades, non-derivative solvents have been developed that are
capable of dissolving the cellulose without altering its chemical composition.[77, 78] Here, it
is assumed a previous swelling phase, where the solvent molecules penetrate the cellulose
amorphous region network, expand its volume, and facilitate further penetration and dissolution
among the rest of the chain network.[79, 80]

A class of solvents uses non-organic compounds such as metal complex solutions and inorganic
salt hydrate melts. The first type includes well-known complexes such as cuprammonium
hydroxide  (Cuam), cupriethylenediamine  hydroxide  (Cuen), and  Cadoxen:
[Cd(H2N(CH2)2NH3)3] (OH)2, which are widely used for determination of the DP of cellulose
in viscometry.[67, 81] Inorganic salt hydrates melts, such as ZnCl>.3H20, Ca(SCN).3H.0 and
Li salts dissolve similarly.[82-84] Other solvents include LiCI/N,N-dimethylacetamide
(LiCI/DMAC)[85], TBAF-3H20[86], N-methylmorpholine-N-oxide (NMMO)[87, 88], and
ionic liquids such as was 1-allyl-3-methylimidazolium chloride (AMIMCI).[89, 90]

Most of these systems suffer from toxicity, high cost, difficult recycling processes, limited
capacity for dissolution of cellulose according to its concentration or molecular weight,
cellulose side reactions, and cumbersome upscaling.[77]

Another alternative is to use simply a sodium hydroxide aqueous solution, at low temperatures,
to dissolve up to 8 wt.-% cellulose depending on its molecular weight. Common additives, such
as urea and thiourea, can be added to improve dissolution. These turn this method into one of
the cheapest, most accessible, and sustainable.

The method discussed here involves the creation of hydrates by dissolving NaOH in water.
Figure 8 shows the binary phase diagram where multiple stable and metastable hydrates can
be found in the NaOH concentration range of 20 wt.-% to 70 wt.-%. For cellulose dissolution,
the interesting concentration is below 20 wt.- %, where a eutectic mixture is found, (NaOH,
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5H,0; 4H,0). In Figure 9, A binary phase diagram of NaOH:water for that range can be
observed. The hydrate structure and size depend on the NaOH:H.O ratio and solution
temperature.[76]

The ideal concentration range for hydrates with the right hydrodynamic diameter to penetrate
first in the amorphous regions of cellulose and, from then, into more crystalline domains is
between 7 wt.-% to 10 wt.-%. At higher concentrations, the hydrates are too small to effectively
disrupt the hydrogen bonds between cellulose fibers, and, at lower concentrations, they are too
big to penetrate the cellulose chains. Furthermore, it can be argued that a negatively charged
cellulose at high pH is also more easily dissolvable. The maximum cellulose dissolution is
achieved with a ratio of four moles of NaOH to one mole of a hydroglucose unit. This
corresponds to a 7 wt.-% to 8 wt.-% cellulose concentration in a 7 wt.-% to 8 wt.-% NaOH-
water solution, at negative temperatures.[76, 91] A representation of the possible structure of

dissolved cellulose at these conditions is presented in Figure 10.
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Figure 8 Binary phase diagram of NaOH and water. [76] Used with permission of Springer
Nature BV, from Cellulose in NaOH-water based solvents: a review., Budtova, T. and P.

Navard., 23., 2015.; permission conveyed through Copyright Clearance Center, Inc.
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The reason for the better dissolution at low temperatures can be explained by the conditions at
which the NaOH:H>O eutectic mixture can be reached, by the amphiphilic character of
cellulose, and by its DP. At higher temperatures, the relative viscosity of the cellulose solution
decreases due to the decrease of effectiveness of the solvent.[92] The hydrophobic regions of
the cellulose fibers (centered on their pyranose rings) have stronger interactions at higher
temperatures, increasing compaction on existing conglomerates. These forces will create new,
smaller compact conglomerates and so, this viscous liquid transforms into a gel. A phase
separation between a rich and poor fiber phase can be observed when gelation is induced by
temperature as the solution becomes increasingly opaque. A higher DP also means that the
fibers will more easily interact with one another, creating aggregates more difficult to dissolve.
[76, 93, 94]
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Figure 9 Binary phase diagram of NaOH and water for concentrations of NaOH below
30 wt.- %.[76] Used with permission of Springer Nature BV, from Cellulose in NaOH-water
based solvents: a review., Budtova, T. and P. Navard., 23., 2015.; permission conveyed through

Copyright Clearance Center, Inc.
Other authors proposed, alternatively, that gelation was due to the formation of new crystalline

domains with increasing temperatures or due to the adsorption of CO; and the formation of

carbonate bridges between cellulose chains.[95, 96]
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Figure 10 Tentative schematic representation of a structure of the dissolved cellobiose in
NaOH-water solution.[76] Used with permission of Springer Nature BV, from Cellulose in
NaOH-water based solvents: a review., Budtova, T. and P. Navard., 23., 2015.; permission

conveyed through Copyright Clearance Center, Inc.

Another explanation may be related to the conformational changes of cellulose at different
temperatures. At negative temperatures, the more polar configurations would be promoted and
S0, its interaction with the NaOH hydrates.[63] Alternative hypotheses include the exothermic
overall character of the dissolution process (promoted at low temperatures) and the temperature-
dependent nature of the NaOH hydrates, whose hydrogen bonds become weaker at higher
temperatures as their network is gradually destroyed.[79]

Despite the effectiveness of the NaOH system in dissolving cellulose, this system is not stable
and it can only dissolve cellulose fibers with low DP (no more than 300). These make it a very
restrictive technique, not suitable for upscaling. To increase the range of celluloses that can be
dissolved, amphiphilic additives such as urea, thiourea, and polyethyleneglycol (PEG) can be
added while maintaining the same NaOH concentration.[97] Urea is an additive well known for
its availability, non-toxicity, low cost, and abundant literature on its role in the synthesis of
cellulose aerogels. The addition of urea in 12 wt.-% concentration to a 7 wt.-% NaOH aqueous
solution provides a stable and effective dissolution media for cellulose at low temperatures (see
Figure 11).
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Figure 11 Solubility range of cellulose in 7 wt.-% NaOH, 12 wt.-% urea solution in water.[98]

Used with permission of Springer Nature BV, from Effects of temperature and molecular weight

on dissolution of cellulose in NaOH/urea aqueous solution., Qi, H., C. Chang, and L. Zhang.,

15., 2008.; permission conveyed through Copyright Clearance Center, Inc.

However, the exact role of urea in the process is still debatable. Song et al. showed through 13C
CP/MAS solid-state NMR that, at urea concentration over 12 wt.-%, a peak associated with free
urea appears and it is enhanced at higher concentrations. This concentration ensured maximum
interaction between the cellulose-NaOH species and urea.[99]

Cai et al. defended that urea interacts with cellulose mainly through hydrogen bonds while Egal
et al. argued that urea does not have any direct interaction with either NaOH or cellulose.[91,
100] Urea’s role as a disruptor of the hydrogen bonding network among water molecules is also
contentious. Later research suggests that urea stabilizes the hydrophobic regions of cellulose
due to its amphiphilic character. Xiong et al. through **C NMR studies, regarded that there were
no hydrogen bonds between cellulose or NaOH and urea and that the latter acted as a weak
disrupter of the hydrogen bond network between water molecules.[94] Nonetheless, urea is
completely soluble in water and can self-assemble on the hydrophobic regions of cellulose,
which reduces their interaction with the polar solvent. This, plus the hydrogen bonds formed
between water, decreases the aggregation tendency between these regions, ensures a better
dispersion of fibers, and delays gelation. This mechanism is similar to the ones observed for

thiourea or PEG, which makes the cellulose dissolution process an enthalpy-driven exothermic
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process with negative entropy.[63, 79] The negative entropy comes from the described self-
assembly of all these particles. As both hydrophilic and hydrophobic regions of cellulose have
to be stabilized by the solvent molecules, dissolution is favored when their mobility is reduced
and less energy is present in the system. This can explain why dissolution occurs at low
temperatures, as here macromolecules have a lower chance to interact with each other and the
solvent, and additive molecules form large clusters around these fibers that ensure their
dissolution.[94] In Figure 12, a molecular model of the interaction of cellulose with urea when
dissolved can be observed. While difficult to demonstrate this experimentally, simulating
studies based on molecular dynamics,[101-104] and the three-dimensional Reference
Interaction Site Model support the role of urea as a stabilizer of the hydrophobic regions of
cellulose.[105] The mechanisms behind the regeneration of dissolved cellulose and their

influence on the formation of a porous wet gel are discussed in the next chapter.

Top view Side view

Water b& .
-

Figure 12 Molecular model of urea:cellulose:NaOH water system. As described, urea is present
on the surface of the hydrophobic pyranose rings, while Na* and OH" are at their edges.[105]
Used with permission of Springer Nature BV, from Thermodynamic analysis of cellulose
complex in NaOH-urea solution using reference interaction site model., Huh, E., et al., 27.,

2020.; permission conveyed through Copyright Clearance Center, Inc.
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2.2.2 Regeneration of Cellulose

To create a 3D fibrillar gel network from the dissolved cellulose fibers, they should be
regenerated through contact with a non-solvent. The gel formed can have many different shapes
(beads, monoliths, sheets, fibers, among others) and properties based on the coagulant,
temperature, time, and regeneration pathway. An understanding of the mechanisms of
regeneration is essential to properly tune the morphology and properties of the cellulose
aerogels. Furthermore, through chemical and physical modification, cellulose gels can be
converted into composite and multifunctional materials. [77]

When in contact with a non-solvent, Na*, OH", and urea move out of the cellulose solution
while diffusion of the coagulant occurs in the opposite direction.[106] During gelation, a micro-
phase separation occurs between the cellulose fibrils and the solvent that creates the 3D network
of a wet gel. This phase separation can be observed by the increase of opacity in the gel and
syneresis. The syneresis or shrinkage in the gel is related to the miscibility of cellulose with
the coagulant and it can be analyzed using the Hildebrand (solubility) parameter (8) or the
Hansen parameters. These measure the attractive forces between solvents and respective
solutes. The closer the solubility parameters, the more miscible the polymer and the solvent,
and the lower the shrinkage in the gel. When regeneration occurs in water, the shrinkage is
much lower than in ethanol, as the As water:cellulose is 8.5 while ethanol:cellulose is 13.[106]
This is also why the solvent exchange before drying should be done in multiple steps and an
appropriate solvent should be chosen to minimize shrinkage.[46, 47]

The creation of a heterogeneous medium during gelation, with polymer-rich and polymer-poor
regions, will influence the diffusion rate of the smaller molecules and, as a consequence, the
speed of regeneration. For example, in a gel, the viscosity in its pores is lower than in a non-
gelled cellulose solution, which leads to a higher mobility of Na™ and OH" ions in the former.
At higher DPs and concentrations of cellulose fibers, there is an increased number of contacts
and interactions between them which contributes to an increase in coagulation speed. At higher
temperatures or higher concentrations of coagulants in the case of acids or salt solutions,
diffusion is faster and the pores in the gel are bigger due to the fast precipitation of cellulose
which do not have the time to organize themselves in a filigree porous structure.[76, 106] A
faster diffusion is further related to larger dimensions, as less time is available for the fibers to
reorganize into a more packed, smaller gel body.[107]

Depending on the speed of coagulation, the surface of the aerogel is dense while its interior
presents a heterogeneous porous structure, mainly mesoporous. In the immediate surface of

contact with the coagulant agent, diffusion is very fast. As a consequence, cellulose fibers
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quickly agglomerate in the form of a thin skin of a few hundred nanometers.[106] In the interior,
where coagulation is slower and is mainly controlled by diffusion, the filigree structure obtained
from the reorganization of the cellulose fibers maximizes the surface area and the presence of
smaller mesopores. With the increase of the gelation speed, a more macroporous internal
structure is privileged with thicker fibrils and higher mechanical stability.[107-109]

Besides water, organic solvents can be used (acetone, alcohols, esters, among others), as well
as acids (H2SO04, HCI, CH3COOH, etc) and salt solutions (Na2SOa4, NaCl, etc) as coagulation
baths. It is interesting to notice that the polarity of these solvents will affect the crystallinity of
the coagulated gels. When acids or salt solutions are employed, the cellulose fibers stack by
their hydrophobic pyranose rings while their OH groups are oriented to the exterior. This trend
will promote certain diffraction patterns. More hydrophobic surfaces are created when alcohols
or acetone are used as coagulants.[110, 111] This, in conjugation with the coagulation speed,
will determine the aerogel’s mechanical properties.[69, 112] Adding salts to the cellulose
solution before coagulation also influences aerogel properties. These salts can promote faster
gelation or act as scaffolds for tailoring the porous structure.[113, 114] The higher the
interaction of these ions with water (kosmotropes, in opposition to chaotropes), the higher the
interaction between cellulose fibers. This is due to the decrease of the quality of the solvent

which promotes a higher viscosity of the solution and faster precipitation.[115-117]

2.2.3 Cellulose in Biomass

Cellulose is a natural polysaccharide, that needs to be obtained from natural sources before
handling. Polysaccharides are carbohydrate polymers based on sugars found in plants, animals,
microorganisms, and fungi. They include homo-polysaccharides such as cellulose, starch, and
chitosan,[22, 57] consisting of only one repeating unit, and biopolymers composed of more than
one monomer repeating unit, such as alginate, carrageenans, and pectins, among others.[118-
120] To obtain polysaccharide-based aerogels, polysaccharides are dissolved in a liquid
medium, and a network is formed by their reaggregation when changing the medium conditions
(pH, temperature, ionic force, addition of anti-solvent, and others).[21] Unlike the classic sol-
gel process, there is no polymerization and, for most cases, cross-linking is not required as the
starting solution contains polymeric chains and not a suspension of monomers/precursors. The
regeneration of the biopolymeric chains depends on each polysaccharide but usually involves a

non-solvent-induced phase separation.[14, 24]
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Most of the mentioned polysaccharides are abundant in nature, with some comprising the most
abundant composite on earth: the lignocellulosic polymer. Its general composition can be
observed in Figure 13.
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Figure 13 Lignocellulosic polymer composite and structure of its constituents.[121] Used
(adapted) with permission of Springer Nature BV, from Solar-driven reforming of

lignocellulose to H2 with a CdS/CdOx photocatalyst., Wakerley, D.W., et al., 2., 2017,

permission conveyed through Copyright Clearance Center, Inc.

The lignocellulosic polymeric consists of a combination in varying proportions of cellulose,
lignin, and hemicellulose, and is the main constituent of the plant kingdom. For the production
of aerogels from this composite, two main alternatives exist: the aerogel can be produced
directly from it or from the polysaccharides obtained from the fractioning of the lignocellulosic
polymer. While cellulose aerogels have been under research for decades, lignin and
hemicellulose aerogels have been more intensively studied recently.[19, 64, 122]

Chemical, physical, and biochemical methods can be applied to separate cellulose, lignin, and
hemicellulose from the lignocellulosic polymer. All these polymers are known for their
biodegradability, non-toxicity, renewability, and abundance. Hemicellulose composes
20- 30 wt.-% of lignocellulosic biomass and, as observed for many other biopolymers, its
composition varies widely depending on its source.[64, 123] Due to its low molecular weight
(MW), easily hydrolysable chemical bonds, and chemical variability, hemicellulose has very

low mechanical properties which hinder its conversion into monolithic aerogels.[24, 123, 124]
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Lignin is also an irregular polymer, but its structure is more stable than hemicellulose. It
comprises 20 to 30 wt.-% of woody plants, where it fulfills structural and defense functions due
to its recalcitrant nature. Lignin is a phenolic polymer, composed of p-coumaryl, coniferyl, and
sinapyl alcohols. These differ in the number of methoxy groups and are present in different
proportions depending on the plant species and extraction method. It is one of the most relevant
residues from the paper milling industry but it can also be purposely extracted from biomass
through alkali and sulfite processes, and organosolv techniques, among others. While it is used
as a binder and additive for animal feed and composite industries, it is mainly combusted for
energy production.[24, 125] Recently, research has focused on valorizing this residue into more
high-value products such as fine chemicals, adhesives, and other advanced materials. One of
these is aerogels. Most lignin aerogels are created through crosslinking with formaldehyde and
other components such as tannin, phenol, or resorcinol to create a stable porous network.[18,
126] Many of these aerogels have relatively high thermal conductivities (40- 50 mW m™* K1)
and densities (0.2-0.4 g cm™). Nonetheless, they can be mixed with other biopolymers like
alginate and reach surface areas as high as 550 m? g*. Due to their natural hydrophobic
properties and high carbon content, they might be particularly interesting for thermal insulation
or supercapacitors, but more research is still required.[24, 126]

Despite all these properties, cellulose presents some advantages compared to lignin and
hemicellulose. It is not only the most abundant biopolymer on earth, but its linear and consistent
chemical structure can be accurately characterized and manipulated, something that is still a
challenge for irregular polymers such as hemicellulose and lignin. Additionally, the methods to
extract chemically pure cellulose from biomass are at a higher scientific and technical
development compared to the extraction of other lignocellulosic polymers.

Therefore, based on cellulose properties, its well-tested extraction processes, and extensive

research on cellulose aerogels, cellulose is particularly interesting for the synthesis of aerogels.

2.2.4 Coating of Cellulose

Cellulose, as well as cellulose aerogels, are known for their hydrophilicity and flammability
which hinder their application as thermal insulators. To solve these issues, various strategies
have been developed to improve insulation properties and stabilize the aerogels in the long term
by surface coating. For instance, a protective coating or a filler can be added to the material to
enhance fire resistance. These additives can act by releasing inert products, creating free radical
scavenging compounds to inhibit the combustion reaction, and forming a protective layer,

among others. Common alternatives involve oxidation, adding silane groups (silanization)[127-
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129], carbon chains (esterification, graft polymerization)[130], or phosphorous or boric-based
moieties on the cellulose’s surface are common alternatives.[131] These methods protect the
oxygen groups in cellulose, further improving the material’s resistance to moisture and
combustion.[132, 133]

In recent years, biobased non-toxic alternatives have been under scrutiny, such as tannic, phytic
acids, and isoborbide, among others. One interesting alternative is lignin because, as discussed
in previous chapters, it is highly abundant, and its phenolic structure enables the formation of a
char layer that can protect the more combustible cellulose (up to 41% of char residue after
combustion).[134] Its antioxidative properties also indicate resistance against the radical
reactions of combustion. Modifying lignin with phosphoric-nitrogen or silica groups further
enhances its natural fire and moisture resistance.[135-137]

Lignin could then act as a modification agent of cellulose to improve its resistance against water
and fire. However, the interaction of lignin with cellulose and with modifying agents is hindered
by its complex irregular chemical structure (see Figure 14) which is influenced by multiple
factors, including the source of biomass and its treatment.[138]

||g nin p-Coumaryl alcohol Coniferyl alcohol Sinapyl alcotol
lignin OH OH
~
Repeat units
C CH.
MO o o o
3

lignin Aramatic derivatives
j@ kﬁ )\H h /”\r’l “o-* [ inpotymer
OH

H2CO
p-hydroxyphenyl guaiacyl siringyl

Figure 14 On the left, general structure of lignin.[136] Used with permission from Springer
Nature BV, from Recent Developments in Flame-Retardant Lignin-Based Biocomposite:
Manufacturing, and characterization., Solihat, N.N., et al., 30., 2022. On the right, the structures
of the repeat units of lignin and their derivatives.[126] Used with permission of Elsevier Science
& Technology Journals, from Lignin—phenol-formaldehyde aerogels and cryogels.,
Grishechko, L.1., etal., 168., 2013. Permissions conveyed through Copyright Clearance Center,

Inc.

Lignin extracted using sulfur methods (Kraft and sulfite lignin) contains up to 3 wt.-% and
8 wt.-%, of sulfur content, respectively. These materials are not pure but present higher
molecular weights and OH moieties than lignin produced through sulfur-free processes (soda
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and organosolv lignin). Costes et al. verified that organosolv lignin was less thermally stable
due to the relative content in carboxylic and phenolic groups than Kraft lignin.[137] While
sulfur-containing methods are applied to hard and softwood, sulfur-free processes are used on
agriculture residues. The lignin obtained from the latter processes is more hydrophobic than the
one obtained from the former.[136]

Due to its hydrophobicity, lignin can only be dissolved in organic solvents or basic aqueous
solutions. Depending on its relative chemical compositions, the solubility of lignin ranges
significantly. Fitigau et al. concluded that Kraft lignin had a maximum solubility at an
acetone:water mixture of 50 vol.-% while for soda lignin, it was found at 90 vol.-%.[139] The
dissolution of the widely commercially available Kraft lignin in ethanol:water mixtures, alkali
water, and other solvents has been particularly studied as well as its comparison with other
classes of lignin.[140-142] The conditions for lignin precipitation when in basic media and the
relations between the pKa of its phenolic groups, the pH, temperature, and the ionic force of
the solution are still not well understood. Generally, at higher salt concentrations, the
conversion of lignin into larger particles and conglomerates that precipitate occurs at higher
pHs. This is due to the electrostatic interactions between salt ions and dissociated phenolic and
carboxylic groups of lignin, which promote lignin protonation and consequent
precipitation.[143-145] These mechanisms are essential to quantify how much lignin can be
dissolved in a basic solution and remain dissolved after neutralization.

Furthermore, unmodified lignin agglomerates on the polymer matrix may not interact strongly
enough if this matrix is hydrophilic and no chemical bonding is applied. This poor interfacial
adhesion may lead to leaching and a decrease in the mechanical resistance of the material.[146,
147] On the interaction of lignin with cellulose fibers, it was found that lignin can adsorb on
cellulose (especially in complexation with CaCly) as conglomerates, but most of it leaches after
washing.[148, 149] Computational studies indicate that the adsorbed lignin interacts through
its OH groups with the OH groups of cellulose, by electrostatic dipole-dipole interactions, while
its phenol rings tend to be parallel to the cellulose chains.[150]

In the synthesis of cellulose aerogels, the influence of lignin on the cellulose solution and the
cellulose aerogel body has been studied. Costa et al. found that the dissolution of cellulose in
NaOH media was promoted due to the amphiphilic properties of Kraft lignin, which acted as
urea.[151] On the other hand, Sescousse et al. noticed the opposite trend when organosolv lignin
was used while observing lignin leaching during coagulation (more leaching and higher pores
were observed with decreasing acid concentration in the regeneration bath).[152] Similar

observations were recorded by other researchers when lignin-cellulose composites were

25



2.2 Cellulose

formed, in monolith or bead shape.[153] The aerogels with lignin became more hydrophobic
and presented lower thermal conductivity but its leaching and formation of bigger pores
decreased specific surface area.[24, 154]

In the next chapters, the properties of cellulose aerogels are described.

2.3 Cellulose Aerogels

As was observed, cellulose has a versatile structure that makes it prone to modification
treatments. A wide range of cellulose materials exist, from which cellulose aerogels can be
produced. Due to the inter-changeability of terms to describe similar but different compounds,
these will be described in this chapter. Different cellulose materials can be classified and created
depending on the cellulose extraction process from a cellulosic precursor (such as biomass) and
the cellulose’s DP.[64, 65]

2.3.1 Cellulose I Aerogels

Nanocellulose fibers are extremely small, with dimensions lower than 100 nm. Cellulose
nanofibers (CNFs) and nanocellulose crystals (CNCs) are obtained mainly from plant biomass
while bacterial cellulose (BC) is synthesized by bacteria cultures, as shown in Figure 15.[74,
155-157] CNFs, also known as microfibrillated cellulose (MFC), contain crystalline and
amorphous domains and can have high aspect ratios with a length of up to tens of micrometers
and a width between 10 nm and 100 nm. These high aspect ratios are created using energy-
intensive mechanical equipment on pulp or cellulose residues.[158-160] However, separating
cellulose nanofibers from the tightly packed natural fibrils is energy-intensive and costly.
Chemical treatments such as acid hydrolysis, TEMPO oxidation, and enzymatic action can be

applied to functionalize cellulose’s surface and facilitate the defibrillation process.[75, 160]
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Figure 15 General processes for the production of CNF, CNC, and BC, as well as SEM pictures
of these materials.[157] (CC BY 4.0, https://creativecommons.org/licences/by/4.0/)

In the case where the width of the fibers is also in the nano-scale they are called nanocellulose
crystals. CNCs are obtained from enzymatic or acid hydrolysis (the most common due to higher
yields) of biomass or other cellulose-rich materials. This process removes the amorphous
regions of the cellulose microfibrils and determines the shape and dimension of the resultant
crystalline rod-like product. Besides, strong acids such as sulfuric and phosphoric acids
functionalize the surface of the cellulose nanocrystals, stabilizing them in water
suspensions.[158, 160] CNCs have a width of 3 nm to 50 nm, and a length between 50 nm to
500 nm and are known for their high tensile strength, aspect ratio, and thermal stability.
However, extracting CNCs is inefficient, time-consuming, and costly, resulting in low
production yields. [75, 161]

Despite their high production costs, CNCs and CNFs have numerous applications in various

industries, from the biomedical to the production of sensors, catalysts, and filters, among others.
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Because of their hydrophilic nature, low density, and toughness, they make excellent building
blocks for hydrogels and aerogels. CNCs gel in water at concentrations greater than 10 wt.-%
and its gelation conditions depend on the ionic strength of the water solution and if additives
are added. CNFs, with their longer fibers, create more flexible gels at concentrations between
0.05 wt.-% and 6 wt.-%.[75, 158] The resultant aerogels have porosities over 90% and surface
areas as high as 600 m? g (slightly higher for CNCs than CNFs), resulting from porous fibrillar
networks. Due to their very low density, high porosity, and mesoporous structure, these aerogels
have very low thermal conductivities (=25 mW m™ K1). Further functionalization or composite
creation improves hydrophobicity, mechanical properties, or electrical conductivity.[158]

As discussed above, despite its properties, the production of all classes of nanocellulose is costly
and its upscaling is still not feasible. On the other hand, biobased cellulose Il aerogels, whose
cellulose I precursor can be easily extracted from biomass in the form of pulp or
microcrystalline cellulose (MCC), can be synthesized. These extraction processes are well
developed and commonly used in industry.[64]

As in the case of other biobased aerogels, the synthesis of cellulose Il aerogels involves
dissolution, regeneration, neutralization, and drying with possible solvent exchange depending
on the coagulation system.[21]

The following chapter will focus on the properties of cellulose Il aerogels.

2.3.2 Cellulose Il Aerogels

Besides the already described cellulose | aerogels, cellulose 11 aerogels can be synthesized. As
in the previous chapters, the final properties of cellulose aerogels are heavily influenced by
factors such as DP and concentration of cellulose, solvent, coagulation conditions, solvent
exchange process, and parameters of drying. Nonetheless, after over 20 years of research, some
general properties and trends can be noted. Cellulose aerogels have low densities, up to
0.25 g cm™, which increase proportionally with cellulose’s content in the aerogels. The increase
in cellulose concentration creates a stiffer aerogel structure, with a higher compressive modulus
(from 5.2 kPa to 16.67 MPa), and induces a higher resistance to shrinkage during the wet gel’s
processing and drying.[57, 162, 163] The stress-strain dependence of cellulose aerogels has
three regimes: a linear elastic region from which the Young modulus can be calculated and
where the aerogel can still recover its shape, a stress plateau where plastic yield is reached and
cell walls start collapsing and a densification region where deformation start to compress the

aerogel irreversibly, with consequent destruction of its porous structure.[164, 165]
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Regarding their specific surface areas, they range from 100 m? g* to 500 m? g, with low
influence of the cellulose concentration. Here, coagulation mechanisms, shrinkage, and
dissolution methods play a bigger role.[82, 164-166] Cai et al. studied the influence of the
regeneration (coagulant agent, temperature) and drying conditions on the internal properties of
cellulose aerogels, whose density (from 0.10 g cm™ to 0.58 g cm™) and specific surface area
(from 260 m?g?! to 410 m2gt) ranged widely.[167] Other researchers reached similar
conclusions.[168, 169]

For thermal conductivity, lower values are obtained by reducing the solid backbone of the
aerogel (lower density) or by shifting the pore size to the lower values in the mesoporous region.
Most samples present a thermal conductivity between 25 mW m™* Kt and 45 mw m 1 K 1, and
only cellulose composites with silica were able to create hydrophobic materials whose thermal
conductivity was lower than the 25 mW m™ K of air at STP conditions (18 mW m?* K1). As
a reminder, current alternatives such as mineral wool and glass fiber present thermal
conductivities from 30 mwW m? K? to 50 mw m? K, with polyurethane foams as low as
26 mW m? K1.[162, 166, 170, 171] Cellulose fibers, per se, have a thermal conductivity of
40 mW mt K1, in the same range as some cases where they are dissolved and converted into
aerogels.[11]

Those cellulose-silica composites (where silica fills most of the bigger pores of the cellulose
network) and cellulose aerogels with cross-linking agents achieve a higher fraction of
mesopores, with the consequent increase in the surface area (from 250 m? g* to 750 m? g).
Despite having similar or improved thermal conductivity properties compared to current market
alternatives, cellulose 11 aerogels are still not super-insulators. The presence of too-thick pore
walls or too-large macropores hinders the achievement of superinsulation properties.[57, 163]
If aerogels are produced from non-fully dissolved solutions, composites are created where
cellulose I and 11 co-exist. These materials are characterized by a higher degree of crystallinity,
stiffer structures that provide higher strength[172-174] and similar specific surface areas (140-
340 m? g1) to fully dissolved cellulose solutions.[175]

Besides, moisture increases the thermal conductivity of the aerogels due to water adsorption
and hornification of the porous structure. This leads to the closing of the pores, thicker pore
walls, and consequent higher thermal conductivity. If aerogels can be produced at a mass scale,
their improved performance increases their industrial appeal. In the next chapters, the scaling

of the synthesis of aerogels from laboratory to technical scale is discussed.
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2.4 Upscaling Processes of Cellulose Aerogels

Most of the aerogels discussed earlier were only produced at a laboratory scale. To reduce
production costs and increase their industrial appeal, aerogel synthetic procedures need to be
adapted to a technical scale. Cellulose wet gels are produced in four main shapes: beads, sheets,
monoliths, and fibers, as these are best suited for most applications. However, only commercial
equipment exists for the production of beads and fibers. Up to now the production of a strong
gel body in a monolithic shape is time-consuming. For thin sheets, a prototype apparatus for
the production was designed, the CAProLi (Cellulose Aerogel Production Line) at the German

Aerospace Center, among other works.

2.4.1 Manufacturing of Beads

The upscaling of cellulose gel beads (> 10 um) or particles can be performed using different
technologies, many of which are shown in Figure 16. Each creates particles with different
dimensions, shapes, morphology, and size distribution. The first class of methods forms the
particles by creating an emulsion in a liquid phase that is immiscible with the cellulose
solution[176-178], while the second class of techniques forms cellulose solution droplets in a
gaseous phase and creates particles by their fall into a regeneration bath.[21, 179] The size and
shape of the particles are determined by the viscosity of the solutions, their surface tensions,

the stirring speed of the bath, and the chemical interactions between the two phases.[21, 180]
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Figure 16 On the left, different techniques used for production of cellulose wet gel beads:
dropping method (a), vibrating nozzle (b), electrostatic (c) and mechanical cutting (d). On the
right, a JetCutter® in action.[21] (CC BY 4.0, https://creativecommons.org/licences/by/4.0/)
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If the stirring rate is too high, it can lead to the distortion of the droplet’s spherical shape, and
if it’s too low, non-gelled droplets can coalesce and form aggregates. This trend in stirring is
universal for all upscaling techniques.[176]

On the second class of techniques, the conventional dropping method is the most widely used
at the laboratory scale. Here, droplets are produced at the tips of nozzles connected to solution-
filled containers and continuously fall freely into a regeneration bath. As gravity and the surface
tension of the solution are the only forces applied, these droplets have a size of a few
millimeters, generally bigger than the nozzle diameter.[179] Factors such as the nozzle
diameter, solution viscosity, surface tension, and drop height, among others will influence the
shape and size of the particles. If the stability of the droplets is low, they will flatten when
encountering the regeneration bath. Besides, the droplets need time to turn their typical pear-
like shape when released from the nozzle into a spherical one. The relation between these
factors, namely the importance of the viscosity to the surface tension of the droplet (Ohnesorge
number, Oh), the importance of inertia to the viscosity of a falling droplet (Reynolds number,
Re), and the shape of the beads have been systematically investigated using alginate solutions
as models.[181, 182]

This method has a low production capacity but can be slightly improved by using multiple
nozzles or adding pressure to increase the dropping speed (the added pressure reduces the
particle size).[176] For upscaling the production, a series of techniques were developed where
monodisperse particles can be produced and are classified by how they cut the liquid jet:
vibrating nozzle, electrostatic, spraying/atomization, and mechanical cutting.[21, 179] These
techniques are limited to low-viscosity solutions, are prone to clogging, and produce only small
particle sizes (from 300 um to 1500 um). These limitations hinder their application even when
lab-scale equipment is already commercially available.[21, 176]

The mechanical cutting method is based on the mechanical cutting of the pressurized jet fluid
when extruded through a nozzle. The JetCutter® from geniaLab® is one of the best-known
equipment following this process. Here, a rotating wired disk cuts the jet into equal particles
which develop into spherical droplets while falling into the regeneration bath. By selecting the
nozzle diameter, jet speed, cutting frequency, and disk, among other parameters, spherical
particles from a few hundred micrometers to a few millimeters can be produced in kilo batches
in an economical and fast manner.[179, 180] Besides this high production rate, beads can be
produced from solutions with wide viscosity ranges. The inclination of the nozzle and the
thickness of the cutting wires can minimize cutting losses during the process but spray losses,

which increase with decreasing viscosity of the solutions, cannot be minimized.[21] Schroeter
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et al. used the JetCutter® to create cellulose beads from cellulose dissolved in urea:NaOH:water
solvent. They successfully synthesized cellulose aerogel beads with production rates as high as
4.1 kg hydrogel/h, high sphericity between 0.92-0.96, and specific surface areas around
400 m? g1.[183]

Based on the determination of optimum parameters for cellulose aerogel bead production using
the JetCutter®, this technology can be used to upscale the synthesis of aerogels from both

commercial and biobased sources.

2.4.2 Manufacturing of Fibers

The production of cellulose fibers has been of interest in the industry for many decades due to
their biodegradability, safety, and comfort when compared to traditional synthetic fibers.
Various solvent systems such as the viscose process, ionic liquids, and LiCI/DMAc systems,
among others, are used in this process. In all cases, the wet-spinning method creates these fibers
by purging the cellulose solution through a nozzle in a regeneration bath (directly or in the air).
The regenerated cellulose fiber is then stretched and passes through multiple baths filled with
a coagulant agent or water to neutralize and remove salts or residues. The fiber is then collected
and dried.[184, 185] A scheme of this process can be observed in Figure 17. The viscosity of
the solution, the draw ratio of the spinning, the molecular weight, and the distribution of
cellulose in the solution are essential parameters. A solution should not be so viscous to clog
the nozzle but should have enough cohesive strength between the cellulose molecules to create
a stable fiber that can be stretched. The draw ratio (stretching speed after gel formation over the
initial extrusion speed) is particularly important as it imparts the mechanical properties of the

fibers: a higher ratio leads to a higher orientation of the fibers and increased crystallinity.[186]

Coagulating Washing Oiling Drying
1 1 1 1 1 1
1 1 1 | 1 1
1 1 1 e 1 1 1
1 1 1 & £ 1 1
i L )
< T~ : : : e/ Y )k : : Take-up
Cellulose 1 P = P 1 > | Q b ! 5 ' Page n
Solution 1 & £ P 1 £ 1 1 =
Solutic £ ' £ ( V) ; / @ )
/ : ) N e ~ : : = g
p Fib < y y
L B R iber ¢—_ <’ 9y C\) - > k) A | ,A./[H =)
T @G\ \! Spinnerette 4 p b/ (_)) v - £ i ) :
/ \' 2\ S & ) @) N : ;
T \ __({ C/-) u Q_/)/ @ . ’ u U " o \\? 3
Pump -—4( \ 9 > 4 / eated Rolls b 1S
J / \ b/ Oiling Bath 25 o
Spin/Coagulation Bath Stretching Bath ) Cu({lng 3'
o " / o
1t drawing 2" drawing Wash Tanks 8

Figure 17 Schematic illustration of the production of regenerated cellulose fibers by wet-

spinning.[187] (CC BY 3.0, https://creativecommons.org/licences/by/3.0/)
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For an alkali:urea aqueous system, where the radial regeneration of the fiber from the surface
to the interior is diffused-based, it is important to use a residence time long enough to ensure
complete gelation. A slower regeneration-induced bath is helpful to better align the cellulose
fibers with the stretching direction, improving their mechanical properties.[184, 187] The
lower the DP of cellulose, the easier it dissolves, but it might negatively affect the chain
entanglement and subsequent stretching capacity. If its molecular weight is too high, the
entanglement is so intense that it hampers the fiber’s stretching process with a negative
influence on its mechanical properties. A higher pumping speed facilitates stretching, increases
the fiber’s orientation, and reduces the diameter of the gel fiber.[184, 186, 187]

Cellulose fibers have already been created by dissolving cellulose in Water:NaOH solutions
with additives such as urea and thiourea, and by coagulating them in a strong acidic media.
Those fibers were found to have a homogeneous structure with a slight fibrillary
orientation.[188] Most of these studies concentrated on the mechanical properties of the fibers
and indicated that low jet drawing ratios and higher post-drawing ratios lead to improved tensile
properties. These studies used water baths at different temperatures for washing, but further
batch-wise washing was performed after the fibers were collected.[189, 190]

Some authors focused on developing cellulose aerogel fibers using salt-based dissolution
methods such as Ca(SCN)2-4H.0 and ZnCl., lab-scale wet-spinning apparatus, and coagulation
in organic solvents. The materials obtained were mesoporous and presented a high surface area
(100- 250 m? g*) and low density (below 0.13 g cm).[185, 191-194] Karadagli et al. obtained
strong fibers (up to 6.4 MPa) for over 90% porosity.[191] All these synthetic routes, however,
require high temperatures for coagulation (from 95 °C to 115 °C for calcium thiocyanate and
from 50 °C to 70 °C for zinc chloride). More recently, patents have been focused on the
development of cellulose fibers using the water:NaOH:urea dissolution system. Meifang et al.
developed patents for porous cellulose gel fibers production using conventional wet-spinning
technology in different regeneration baths, cellulose concentrations, and spinning processes.
The fibers produced were highly porous (> 85%) with high specific surface areas (100-
400 m? g1), with higher values when thiourea was added and when coagulation was
smoother.[195, 196]

While lab-scale equipment can have a 100 mL capacity, technical scale production lines exist
with a production capacity of up to 2 L. Based on this background, wet-spinning could be used
to create cellulose fibers from both commercial and biobased sources for aerogel production.
In the next chapter, the reasons behind the choice of hemp and flax as sources of cellulose and

how to extract it are discussed.
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2.5 Cellulose from Biowaste

Biobased wastes should be used as resources for the development of high-value materials such
as aerogels. For the production of cellulose aerogels, it is of great interest to use biowastes with
a high content of cellulose, that are widely available, can be easily processed, are moisture
resistant, and have biological activity.

2.5.1 Hemp and Flax

Crops, such as hemp and flax, shown in Figure 18, are known for their outstanding durability

and strength, benefiting the mechanical properties of their extracted cellulose.[197-199]

Figure 18 On the left, a field of hemp and, on the right, a field of flax.[200, 201] (CC BY-SA

3.0, https://creativecommons.org/licenses/by-sa/3.0/)

Industrial hemp (Cannabis Sativa) has been used for millennia for various purposes, including
fiber and seed production. More recently, it has also been used for its medical compounds such
as terpenes and phenolic molecules. Unlike marijuana, hemp does not contain more than
0.2 wt.-% to 0.3 wt.-% of the intoxicating tetrahydrocannabinol (THC) and is a source of non-
intoxicating cannabidiol (CBD).[202, 203] Hemp seeds are composed of 30 wt.-% protein,
25 wt.- % starch, and 30 wt.-% oil. 90 wt.-% of this oil is composed of unsaturated fatty acids.
These oils are used in energy production, cosmetics, and food industries while the protein-rich
cake can be used as animal feed.[204]

The stalk of the hemp plant can be separated into bast fibers (20 wt.-% to 35 wt.-%) and hurds
(up to 75 wt.-%)[205], as shown in Figure 19. In the phloem, bundles of primary bast fibers
run across the length of the plant, with secondary bast fibers present at the cambium. The xylem
and the pith layers are composed of hurds. Each elementary fiber that comprises the bundles is

multi-layered, with primary and secondary walls (split into three sub-layers). These fibers are
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bounded together by the middle lamella, mainly composed of lignin, while the S2 sub-layer is
the richest in cellulose (each layer has a slightly different chemical composition). The cell wall
layers are composed of nano-sized cellulose chains (microfibrils) which self-organize into
macrofibrils through interaction with hemicellulose and lignin.[197, 206] Bast fibers are mainly
used for textiles, composites, and building applications while hurds are applied as animal
bedding. While the former has a high content of cellulose compared to hemicellulose and lignin
(64 wt.-% to 78 wt.-%; 16 wt.-% to 22 wt.-% and 3 wt.-% to 6 wt.-%, respectively), hurds are
more diverse in their composition (48 wt.-% for cellulose, 21 wt.-% to 25 wt.-% for
hemicellulose, and 17 wt.-% to 19 wt.-% for lignin). A higher cellulose content is related to
higher strength and Young’s modulus, longer cell length, and lower microfibrillar angle (angle
between microfibrils and fiber axis).

Stem Bundle Elementary fiber
Diameter from 0.6 to 4.5 cm [32]. 50 pm. 10 pm [32].
(a) (b) (©)

e &—— Lumen
;4 .\ -
vy, — 52} Secondary

cell wall

@—— Primary cell Wall
®— Middle lamella

Figure 19 Structure of the stem of hemp. The waste bast fibers are obtained from the phloem
of the plant and are organized in a complex multi-layered structure. The secondary wall, namely
the S2 layer, is where most cellulose is found.[197] (CC BY 4.0,

https://creativecommons.org/licences/by/4.0/)

Hemp and flax have some of the highest Young’s modulus and cellulose content among natural
fibers, comparable with glass fibers while having a low density.[197, 199] Hemp bast fibers
were tested as thermal insulators due to their low thermal conductivity of 44 mW m! K-1.[207]
While the hurd has a similar composition compared to other energy crops, the higher cellulose
content in hemp bast fibers makes them more interesting for the production of biofuels like bio-
ethanol, biogas, and building blocks for chemistry. This also makes these fibers a suitable

starting point for cellulose extraction and its conversion into cellulose aerogels.[205, 206]
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To separate the bast fibers from the hurd, retting is applied. This is a process where the plant is
left on the field (dew-retting) or in a water tank (water-retting) after harvesting (at flowering)
to favor the degradation of pectin and other components responsible for the binding of the bast
and hurd components by microbial activity. Environmental conditions, the microbial
population, the retting method, and the crop maturity at harvest will influence the efficacy of
this procedure. However, retting is a time-consuming process (up to three weeks) that
contributes to water pollution and provides fibers of inconsistent quality. After retting,
specialized equipment is used to scutch (break into small pieces the hurds) and decorticate
(separate the hurds from the bast fibers) the hemp fibers.[202, 207, 208]

Flax, Linum usitatissimum L., has been used for thousands of years and different strands were
developed to obtain fibers and linseed oil. This linseed oil mainly comprises linolenic acid
(40wt.-% to 60 wt.-%), which is particularly relevant for food, feed, and technical
industries.[209-211] The internal organization of flax is very similar to the one observed in
Figure 19 for hemp, with the presence of fiber bundles in the phloem of the plant and with each
fiber-containing primary and secondary cell walls.[198, 212, 213] Exceptions are the lack of
secondary bast fibers and the fact that the woody core in flax is named “shive” and not
“hurd”.[214] The orientation of the microfibrils changes depending on the layer and the
development phase of the plant. The bast fibers have a high content of cellulose, 60 wt.-% to
85 wt.-%, compared to hemicellulose, 14 wt.-% to 26 wt.-%, and lignin, 1 wt.-% to 3 wt.-%,
which contributes to a high Young modulus (up to 60 MPa) and tensile strength (up to
1500 MPa). These values are similar to the ones found in hemp bast fibers.[198, 212, 213]
After harvesting, dew or water retting is applied, followed by scutching and decortication. The
long technical fibers (up to 30 cm) can be applied in textiles, composites, and in the building
and manufacturing industries among other applications while the shorter fibers, tow, and other
residues are used for low-value applications or considered as residues.[212, 213] The resistance
of this crop to heavy metals and the minimum input needed to grow it makes flax an interesting
tool for phytoremediation, agro-mining, and other environmental applications.[215]

The integrity of hemp and flax bast fibers is essential for composite and other applications but,
in their mechanical processing, their cell wall structure may be damaged. This decreases the
mechanical strength of the fibers. These fractured fibers, as well as those that are too short
(scutching and hackling tow), are considered wastes or are used in low-value applications such
as animal bedding or heat.[208, 214, 216, 217] The fact that the fiber’s properties are variable
and dependent on all the abiotic factors that affect the plant development (nutrients, water

availability, soil temperature, among others), retting and processing is the major drawback in
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the valorization of these resources. Other disadvantages are their highly anisotropic nature, low
thermal stability, and low mechanical properties compared to synthetic fibers. To increase
production yields for seeds, fibers, and metabolites, genetic and agriculture studies have been
developed. The development of strands that produce larger seeds and have a higher cellulose
content are just some of the desired goals.[203, 218] Besides, chemical and physical treatment
of these fibers may improve their adherence to polymer matrixes in composites among other
modifications depending on the final application.[197, 199, 212]

Considering the production numbers for these crops, the shorter and mechanically damaged
fibers discarded alongside the hemp and flax processing are an important resource that can be
valorized for high-value applications. It is possible to separate the stalk into strands by using
mechanical forces and avoiding retting but a larger amount of mechanically damaged fibers is
produced.[214]

Their high content in crystalline cellulose, low density, abundance, and good mechanical
properties make them promising starting points for developing biobased cellulose aerogels
following a circular biobased economic perspective.

In the next chapter, it will be discussed how cellulose can be obtained from these wastes.

2.5.2 Extraction of Cellulose

Different technigues can be applied to extract cellulose from agricultural residues such as hemp
and flax waste bast fibers. Although retting degrades some of the lignin and hemicellulose in
the waste fibers, this process provides inconsistent results and is time-consuming. Enzymes
such as laccases and lignin peroxidases can be used, but most extraction methods are chemically
based. These involve treating the fibers in acid or alkali media combined with bleaching
reactions using hydrogen peroxide, sodium chlorite, or other reactants.[214]

Kopania et al. studied the effect of different basic and acid methods to extract cellulose from
hemp and flax straw. The fibers were delignified in sodium hydroxide or sodium hydroxide
plus hydrogen peroxide before further delignification using oxygen, sodium chlorite, and acetic
acid. It was found that the combination of NaOH and HO> achieved higher yields of cellulose
extraction (over 70 wt.-%) and lignin removal than if NaOH was used alone. A multi-step
treatment was found more effective in obtaining highly pure non-degraded cellulose.[219]
Sodium hydroxide and hydrogen peroxide were used by other researchers who extracted pure
cellulose, with a lignin content ranging from 2 wt.-% to 10 wt.-%, from both flax and
hemp.[220, 221] The advantages of using sodium hydroxide are its low cost, less corrosiveness
compared to acid alternatives, and its applicability at room pressure, from short periods up to

37



2.5 Cellulose from Biowaste

some hours at mild temperatures (from 25 °C to 150 °C). These methods are particularly
suitable for agricultural residues such as waste fibers.[222, 223] Other alkali salts can be used,
such as potassium and ammonium hydroxides, with CaOH being widely used due to its easy
recovery, low cost, and less corrosiveness. Nonetheless, NaOH is the most efficient in the
extraction of cellulose and it is not as expensive nor requires harsh conditions like ammonium
hydroxides.[223] Sodium hydroxide acts on the chemical link between hemicellulose and
lignin, breaking the ester group between ferulic acid and the carbohydrates. These links can be
observed in Figure 20.[222, 223]
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Figure 20 The phenolic fragment (ferulic acid) is connected with the lignin fragment through
an acid-labile ether bond, and with the carbohydrate hemicellulose (arabinoxylan) fragment.,
through an alkali-labile ester bond.[224] Used with permission of Elsevier Science &
Technology Journals, from Lignin in straw of herbaceous crops., Buranov, A.U., and Mazza,

G., 28., 2008; permission conveyed through Copyright Clearance Center, Inc.

By breaking this link, hemicellulose is prone to degradation, and lignin dissolves in the alkali
medium. These biopolymers, dissolved in oligomeric form, can be isolated and further degraded
through chemical or biological methods for sugars, bulk chemicals, and materials production.
From a circular biorefinery perspective, the severity of the alkali treatment can be modulated
to control the degree of degradation of lignin and hemicellulose required for their final
application while extracting pure cellulose. The phenolic monomers and ferulic acid formed

from the hydrolysis of the ester link are also interesting building blocks to be valorized.[223]
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Furthermore, sodium hydroxide swells the lignocellulosic polymer, increasing its contact area
and accessibility within the solution. The crystallinity of cellulose may decrease, as well as its
degree of polymerization, if NaOH concentration is over 4 wt.-% and temperature is over
100 °C. This is due to the promotion of a self-catalyzing “peeling” reaction, where the reducing
ends of cellulose suffer B-alkoxy-carbonyl elimination. The most important parameters to
define in this process are temperature (20 °C to 180 °C), concentration of NaOH (0.5%
to 10% w/v), solid:liquid ratio (10% to 30% w/v), and residence time (0.5 h to 18 h). Under this
range, 50 wt.-% to 80 wt.-% of lignin and hemicellulose are removed from the lignocellulosic
polymer. These parameters can be optimized to maximize yields of cellulose extraction and
minimize the consumption of energy, time, and materials. The smaller the particle size, the
more efficient the process, but it becomes costly to mill biomass below 2 mm.[223]

However, there are some disadvantages to this method, such as the treatment of the process
residues, the recycling of the reactants, and the lack of effectiveness at solid loads higher than
15 wt.-%. Without the addition of an oxidizing agent, the reaction can take days, and the
removal of other biopolymers is not complete.[222] To increase cellulose yields and promote
the further degradation of lignin into high-value phenolic molecules, hydrogen peroxide is
widely used as an additive for the sodium hydroxide treatment. One of these mechanisms are

exemplified in Figure 21.[225]
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Figure 21 Hydrolysis of the a-ether link in lignin at basic conditions after addition of an
oxidative agent.[125] Used with permission of Elsevier Science & Technology Journals, from 2
Extraction and Types of Lignin, in Lignin in Polymer Composites., Chung, H., and Washburn,

N. R., 2016; permission conveyed through Copyright Clearance Center, Inc.

Hydrogen peroxide is environmentally benign, accessible, easy to use, and causes significant

degradation of lignin in both phenolic and non-phenolic structures (oxygen is not capable of
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doing it). The mechanisms for this degradation are complex and highly dependent on the pH,
temperature, and source of the biomass. The optimum pH for this reaction is 11.5, where the
dissociation of H202 into OOH" is maximized. The conjugate base perhydroxyl anion is the
active nucleophile in the oxidation of phenolic and non-phenolic lignin, as well as in the
degradation of the aromatic rings.

Higher temperatures favor the dissociation of hydrogen peroxide and the lignin phenols, which
are responsible for lignin’s degradation. However, if the temperature is too high, it can lead to
the degradation of cellulose, as well as higher energy consumption.[225]

Various researchers have studied the effect of different cellulose extraction methods on the
properties of the corresponding cellulose aerogels. Nguyen et al. conducted experiments to test
alkaline, acid, and acidified glycerol treatment methods on barley straw. From the extracted
cellulose, aerogels were produced as a constant 5 wt.-% cellulose concentration and a
temperature of 100 °C for two hours. The results showed that fibers obtained from the alkali
treatment (2 wt.-% NaOH) had the lowest lignin content compared to other methods (6 wt.-%
vs. 10 wt.-%), but also the lowest cellulose content (71 wt.-% vs. 74 wt.-% for diluted acid and
80 wt.-% for acidified glycerol). A lower quantity of lignin led to aerogels with lower shrinkage
and density, higher porosity, and lower specific surface areas.[226] In another study, Freitas et
al. compared alkali hydroxide, subcritical water extraction, and ultrasound-reflux heating
methods, followed by bleaching, in extracting cellulose from rice straw. The alkali method
(NaOH 4.5 wt.-%, 100 °C, 3 h) followed by bleaching (100 °C, 4 h) was found to be the most
efficient in extracting cellulose (73.4 wt.-%, vs. 62 to 69 wt.- %), while also obtaining the
lowest content in lignin and ashes. The hemicellulose content was still significant (10 wt.-% vs.
4 to 16 wt.-%).[227] Based on these findings, a two-step extraction process with sodium
hydroxide and bleaching at basic conditions could be applied to extract cellulose from hemp
and flax bast waste fibers and produce cellulose aerogels.

After this description of the sources of cellulose, its characteristics and extraction process as
well as the synthesis routes that can be used to convert it into aerogels, the next chapter focuses
on the thermal insulation properties of aerogels and how they can be used as suitable thermal

insulators.
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2.6 Principle of Thermal Insulation

The thermal conductivity of a material determines how well it can insulate against heat. Several
factors influence the overall thermal conductivity (A;,;) as described in Equation 3[10],
namely: thermal conductivity of the solid fraction (As,;;4); thermal conductivity of the gaseous
fraction (A4); radiation thermal conductivity (A,,4); convection thermal conductivity (Azony);
thermal conductivity from the interaction between the previous factors (Acoypiing) and the
leakage thermal conductivity (A;oqx)- AS the A4k IS based on the air and moisture leakage that
occurs when a pressure difference exists and the structure of thermal insulators does not present
the cavities necessary for its occurrence, it can be neglected. The same can be said for Acyypiing

due to its high complexity and difficult determination.[10, 228, 229]

}\tot = Asolid +}\gas + }\rad + }\COTLV + Acoupling + }\leak Equation 3

Only the first two terms are related to conduction phenomena, which means the direct
transference of thermal energy across atomic or molecular collisions (Ag,;;4 iS based on the
atomic vibrations present in the lattice structure while A4, originates from the collision of the

gaseous molecules). The emission of electromagnetic waves in the range of the infrared
contributes to A,,4;. The movement of air or moisture alongside its thermal mass (convention
currents) relates to A.,,,,- The minimization of these parameters is essential to achieve a low
thermal conductivity.[10, 12] Besides this property, thermal insulators should be fire-resistant,
durable enough to resist stresses and their implementation process, and resistant to microbial
activity.[12]

A material is considered a thermal insulator if its thermal conductivity is below 0.1 W m™* K,
with most commercial options falling between 30 mW m™* K and 40 mw m™ K. A super
thermal insulator would reach values lower than the 26 mW m* K of air.[14]

As most aerogel’s pores are below 1 um and the mean free path of air molecules at ambient
pressure is between 64-68 nm[230], heat transfer in the gaseous phase is mostly molecular,
according to the Knudsen effect. This occurs when gas molecules have a higher probability of
shock with the pore wall than with another molecule, minimizing the air thermal conductivity
which becomes proportion to the air pressure. If bigger macropores are present, as occurs often
for polysaccharide-based aerogels, a diffusion heat transfer is observed. Here gas molecules

mostly collide with each other, making A4, the same as in the free gas, independently of the

gas pressure at ambient conditions. A smaller pore size profile is associated with a lower
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thermal conductivity, and, if the pore emissivity and solid-state thermal conductivity remain
low by a higher opacity and lower density, respectively, aerogels can achieve overall values of
thermal conductivity lower than 20 mW m™* K at STP, as observed in some studies.[10, 14,
231]

At the laboratory scale, the methods to measure thermal conductivity are mostly dynamic and
often lack accuracy due to the low quantity of samples that can be analyzed and the complex
working equations involved in thermal conductivity calculation. These include the hot-wire,
hot-strip, and hot-disc methods, among others. These discrepancies can be greatly reduced if
larger quantities, such as the ones produced with the JetCutter®, and stationary methods are
used to determine thermal conductivity. These include, as examples, the guarded-hot-plate and
the heat-flow-meter and are known for their straightforward determination of thermal
conductivity.[231-233]

Regarding biobased aerogels, some polysaccharides can be converted into superinsulator
aerogels. Pectin and alginate aerogels reach thermal conductivities as low as 15 mW m* K
and 18-20 mW m* K1, respectively, as well as nanocellulose aerogels due to their nanoporous
structure, and resultant sharp pore size distribution and low density.

However, cellulose 11 aerogels, unless hydrophobized or in a composite with silica, have
thermal conductivity values never below 25 mW m* K1.[234, 235] Karadagli et al. synthesized
cellulose aerogel monoliths and recorded a linear relation between their thermal conductivity
and cellulose content. Their thermal conductivity ranged from 40 mwW m?t K% to
75 mW m 1 K1 to 1 wt.-% and 7 wt.-% cellulose concentration, respectively.[191] Nguyen et
al. developed a 2 wt.-% cellulose aerogel whose thermal conductivity was 32 mW m™ K and
29mW m?t K1 if coated with methyltrimethoxysilane.[170] Similar values, from
30 mW m t K were recorded by Rudaz in cellulose aerogels synthesized using different
methods and cellulose concentrations.[166] It should be noted that a direct comparison between
these results is not possible due to the use of different equipment, techniques, and synthetic
routes. Even the temperature, atmospheric pressure, and altitude at which the measurement was
performed have an influence.[232, 236]

The reduction of the thermal conductivity (A) of the cellulose aerogels can be achieved through
two routes: through the reduction of the cellulose concentration in the aerogel (decreases the
solid backbone contribution) and through the decrease of the number of macropores over
70 nm, according with the Knudsen effect (decreases the gas conduction contribution).[10, 24,
237] Another important factor, in the case of beads, is their shape. The more homogeneous,

smaller, and spherical the beads, the higher degree of compaction is achieved by reducing the
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free space available and more accurate values can be obtained.[238, 239] Consequently,

optimization of JetCutting parameters is essential.
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3. Experimental Part

3.1 Materials and Characterization Methods
3.1.1 Materials

Sodium hydroxide (NaOH, ACS grade), trisodium citrate (NasCit, anhydrous, EMPROVE®
ESSENTIAL, USP, FCC), and glacial acetic acid (pure) were purchased from VWR. Cellulose
medium fibers (MC, product number: C6288, DP of 153), urea, sodium chloride, and sodium
sulfate were purchased from Sigma-Aldrich. MC was extracted from cotton linters.
Hydrochloric acid (37%) was obtained from Panreac-AppliChem. Anhydrous citric acid, KOH
pellets and H>O> (30 wt.-%) were purchased from Merck-Millipore. Lactic acid (90% in water)
was purchased from Bernd Kraft. Two different lignins were used in these experiments: Indulin
AT lignin (Ind, kraft lignin from pine, from Ingevity) and Protobind™ 1000 lignin (P1, soda
lignin from wheat straw, from PLT Innovations). Deionized water was used for all the
experiments. Ethanol (99%) denatured with 1% methyl ethyl ketone or petroleum ether Th.
Geyer was used for the solvent exchange process. CO> for supercritical drying was supplied by
Air Liquid. All reactants were used without further purification. Flax and hemp crops based on
agriculture bast waste fibers have been provided from Assistant Professor Sepideh Pakpour

(PhD), University of British Columbia, Okanagan Campus, Kelowna, Canada.

3.1.2 Viscometry and Rheometry

Determining the degree of polymerization (DP) of celluloses and measuring the rheological
properties of their solutions is a crucial quality control method. It helps to understand the
concentration of cellulose solution needed for effective manipulation and conversion into
aerogels of the desired shape and properties.

The DP of the celluloses was determined using a viscometer from Sl analytics (50110 I). This
determination was performed by the research group of Prof. Annette Schmidt at the University
of Cologne, Faculty of Mathematics and Natural Sciences, Department of Chemistry, using a
previously developed method[72].

The HaakeTM MarsTM 60 rheometer by Thermo ScientificTM was used to investigate the
viscoelastic properties of cellulose solutions. The dynamic viscosity measurements were
conducted with a plate-plate geometry (titanium) with a diameter of 35 mm and a gap of
0.8 mm. Viscosity analysis was performed with a steady shear rate from 1 to 1000 1 s™*. The

viscosity values at a shear rate of 1000 1 s were used to compare the cellulose solutions. The
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same setup was used for static viscosity tests (1 s sheer rate), temperature dependence tests
(1 s sheer rate, 3 °C mint) and to determine the gel point (oscillating frequency of 1 Hz). The
gel point is the point at which a gel starts to form due to incipient chemical or physical polymer
network formation. The gel point is identified as the point at which the storage modulus (G”,
representing elastic behavior)) becomes greater than the loss modulus (G, representing

viscous behavior).[240]

3.1.3 Optical Microscopy and Shrinkage Behavior

It is important to record the shape and shrinkage of the aerogels during their processing to
determine if they are deformed and to what extent. The homogeneity of their shape is essential
for industrial applications, and their shrinkage causes energy and resource losses. To classify
the efficiency of the dissolution conditions applied, it is necessary to evaluate the dissolution
state of cellulose fibers.

A Zeiss Axiocam 208 color optical microscope was used for the morphological and dimension
analysis of bead (laboratory and technical scale) and fiber samples. Laboratory scale beads were
analyzed across all stages of processing (acidic wet gel, hydrogel, alcogel, and aerogel), while
for technical scale beads and fibers, only aerogel samples were studied. For monoliths, their
dimensions were measured optically with a digital caliper (x 0.1 mm) across all stages of
processing. For fibers, only their aerogels were measured optically with a ruler (£ 0.5 mm).
The total shrinkage of laboratory scale beads (S) was calculated using Equation 4, where D,
and D; represent the average diameter of the regenerated acidic wet gel and the average
diameter of the aerogel after supercritical drying respectively. Each average diameter was
determined by measuring over 25 beads for each sample. For the fiber samples, D, corresponds

to the nozzle diameter used.

S(%) = % % 100 Equation 4
For monolith samples, shrinkage was calculated by replacing D, for the volume of cellulose
solution used for each sample (Vo) and D, for the volume of the dried aerogel obtained (V1) in
Equation 4. To analyze the dissolution state of cellulose, the ZEISS Axioscope 5 microscope
was used. Bright-field (BF) images were taken due to the transparency of the observed cellulose
fibers and the occurring light reflection. The sheets had an irregular shape due to difficulties in

removing them from the CAProLi and in assuring a homogeneous distribution of the cellulose
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solution on the equipment. As a consequence, it was not possible to measure their shrinkage

and dimensions.

3.1.4 Pycnometry and Porosity Determination

The properties of aerogels are influenced by the fraction of solid content and the space available
in their open porous structure. Pycnometry techniques can quantify the solid and free space in
aerogels and their porosity.

The skeleton density (p,) of biomass samples, celluloses, and aerogels was determined using a
helium pycnometer Accupyc Il 1340 from Micromeritics. This method is based on the volume
displaced in a container by adding a known mass of a sample. By measuring the displaced
fraction ten times and knowing the volume of the container (V=1.3273 cmq), an average volume
of the sample and its p; was obtained. The samples were crushed and the crucible filled up to
75% before the measurement.

For the envelope density (p.) of the aerogels, a Geopyc 1360 sand pycnometer from
Micromeritics was used. A pressure of 25 N and 51 N was applied when laboratory scale beads
and monolith fragments were analyzed, respectively. A glass container was first filled up to
50 vol.- % with DryFlo®, a solid displacement medium, and preliminary compaction was
performed to establish a zero-volume baseline. Afterward, the sample was added until filling
up to 25 vol.-% of the displacement medium. The displacement volume of the medium was
measured ten times, and an average envelope density value was obtained.

The sand pycnometer could not be applied to beads produced using the JetCutter® or to fibers
due to their small dimensions. For aerogel fiber samples, the average envelope density was
calculated using the volume and mass measured for multiple fibers. For aerogel beads produced
with the JetCutter®, the target theoretic density (p,) was first calculated by dividing the mass
(m) of each component in cellulose solutions of different concentrations by the volume (V,) of

the dissolution medium (see Equation 5).

_ MyqoH + mUrea+mH20+mCellulose Equation 5
Pt = v
0

The density of the dissolution medium (NaOH:urea aqueous solution) used for all experiments
was 1.11 g cm™. It is assumed that there is no volume change if salts and cellulose are added
to the dissolving medium. The estimated actual envelope density of the aerogels was measured

by dividing p; by the volume shrinkage ratio, VS,., of the beads from acidic wet gel to aerogel,
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as observed in Equation 6.[183] The acidic wet gel dimensions were determined by the
JetCutter®, and the aerogel dimensions were determined according to the method described in
Chapter 3.1.3. From these, the VS, was calculated.[241]

Pt

Equation 6
VS,

Pe =

The porosity (P(%)) of the aerogel samples was calculated by applying their respective

envelope, (p.), and skeleton densities, p,, using Equation 7.

P(%) = (1 - &) x 100 Equation 7

S
The aerogel sheets had an irregular shape due to difficulties in removing them CAProLi and in
assuring a homogeneous distribution of the cellulose solution on the equipment. As a
consequence, it was not possible to measure their envelope density and porosity. As only one
coated monolith as produced was produced for each set of parameters, no variation in dimension

or shrinkage was measured.

3.1.5 Infrared Spectroscopy (FTIR)

Infrared spectroscopy is a useful tool for quality control and evaluating the presence of
impurities in aerogel samples and cellulose extracted from biomass. These impurities can be
originated from the synthesis or extraction processes, respectively. Fourier transform infrared
(FTIR) spectra were recorded in the range of 400 to 4000 cm™ using a Bruker-Tensor 27
instrument with a resolution of 4 cm™. An attenuated total reflectance module was used, and
the spectra were analyzed to identify the chemical functional groups present in biomass

samples, celluloses, and aerogels.

3.1.6 X-ray Diffraction (XRD)

To evaluate the purity of the cellulose extracted from the biomass wastes and the degree of
crystallinity in the aerogel samples, X-ray diffraction is used. XRD measurements were carried
out using a Brucker D8 ADVANCE A25 diffractometer to record the diffraction data from 5°

to 80° 2 0 with a step size of 3° min™t. The measurements were performed with Cu-Ka radiation
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(A = 1.5406 A) at a standard parameter of 35 kV and 30 mA for the signal crystal reflection
mode. The empirical Segal method (see Equation 8) was used to calculate the crystallinity
index (ICs) of cellulose in biomass samples, celluloses, and aerogels. In this method, 1,,, is the
intensity of the amorphous fraction diffraction pattern of the cellulose when 20 is 18° and I,
is the maximum intensity of the peak plane (200).[242-245] For the cellulose aerogels, I,,,, was
obtained when 20 is 16°.[114, 192] The background in the diffractogram was not removed for
this calculation.[246]

IC = M x 100 Equation 8
200

3.1.7 Scanning Electron Microscopy (SEM)

SEM is used to study the microstructure of biomass samples, celluloses, and aerogels. In the
case of aerogels, SEM is used to analyze both the exterior and interior surfaces to gain
knowledge about their porous structure and understand their properties better.

To evaluate the microstructure of the samples, a scanning electron microscope Zeiss-Ultra 55
with a Gemini column operated by 2-6 kV was used. For all aerogel samples and to prevent
deformation of the cellulose filigree structure, small fragments in the millimeter range were cut
under liquid nitrogen. These fragments and other biobased materials were deposited on a carbon
pad, which was attached to the sample holder. To avoid charging the sample surface during
SEM analysis, the samples were coated with platinum, for 90 sec, at 0.04 mbar and 21 mA,
using a BALTEC SCD 500 sputter coater. An aperture diameter of 7.5 um or 10 um, without

using the high current mode, was applied.

3.1.8 Physisorption Measurements

Physisorption technologies can be used to describe the diversity of nanopores present in aerogel
samples and to measure their total volume and surface area. These characteristics are
intrinsically linked with the effectiveness of aerogels as thermal insulators and their use in other
industrial applications.

Nitrogen adsorption-desorption measurements at 77 K were performed with a Micromeritics
Tristar 11 3020 instrument while the data was analyzed using the MicroActive (v5.02) software
from Micromeritics. The Brunauer-Emmett-Teller (BET) model was used to measure the

specific surface area in a partial pressure range between 0.05 and 0.3 (p/p,)- The total pore
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volume was obtained from the N> adsorption isotherms at a partial pressure of 0.98, and the
pore size distribution was calculated using the Barrett-Joyner-Halendar (BJH) model from the
desorption branch of the isotherms. For sample preparation, the aerogels were degassed at
110 °C and 0.00133 kPa for five hours using a Micromeritics Smart VVacPrep Gas Adsorption
Sample Preparation Device. Two measurements were taken for all aerogel samples, while single

measurements were taken for aerogel fiber and coated aerogel bead samples.

3.1.9 Thermogravimetric Analysis

The thermogravimetric profiles obtained from biomass samples, celluloses, and aerogels serve
as a quality control instrument. This technique detects the presence of residual biopolymers in
extracted celluloses and aerogels. The thermogravimetric analyses were conducted using a
NETZSCH STA 449F3 thermal analyzer in an argon atmosphere. The samples were placed in
an open Al>O; crucible and were heated up to 600 °C at a rate of 5 K minute™. For the wet
cellulose aerogel beads coated with lignin, the same conditions were applied, except the

maximum temperature was 250 °C.

3.1.10 Heat Flow Meter (HFM)

The heat flow meter method was used to measure the thermal conductivity of the aerogel beads
produced with JetCutter®. This property is crucial in assessing the performance of materials as
thermal insulators.

The thermal conductivity measurements were performed with an HFM 446 S from NETZSCH
for biomass samples, celluloses, and aerogel beads produced from JetCutter®. The sample was
placed in a mold of size 15x15 and left for 16 h at 50°C to remove any moisture from the
samples. Additional sample was then added to fill any voids in the mold and ensure
homogeneous distribution. The sample was covered with aluminum foil and placed in the HFM.
Measurements were set at 25 °C and 10 °C, with an applied pressure of 2.1 kPa and a heating
rate of 2 K min™. These tests were conducted in Habsheim, France, at an altitude of 245 m, with
the ambient temperature ranging from 18° to 21°C, the air humidity from 41% to 61%, and the
atmospheric pressure from 1006 mbar to 1015 mbar. After the measurement, the sample was
discarded as the compression applied during the measurement could have altered the internal

porous structure of the sample.
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3.1.11 Moisture Absorption, Water Uptake Tests, and Contact Angle
Measurement

These different methods were used to investigate how water affects the properties of aerogels
and if their coating with lignin improves their resistance against it.

The moisture absorption of aerogel beads synthesized from hemp and flax-extracted cellulose,
and commercial cellulose was recorded. In an alternating climate chamber MKF 56 from
BINDER, 0.5 to 1.5 g of sample were exposed to 63% humidity for 24 h. After 24 hours, the
weight, dimensions, and density of the samples were registered. This value of humidity was
chosen because it was above the 60% limit of comfort recommended for buildings and when
microbial growth starts to be strongly promoted.[247-249]Water uptake tests were conducted
on cellulose aerogel beads produced with the JetCutter® with and without being coated with
lignin. In the test, 0.25 g of beads were immersed in a 100 mL water bath, for 24 hours, at 40 °C.
Afterward, the solution was filtrated, the excess of water was removed from the beads and these
were weighted to determine the amount of water absorbed. Water angle contact tests were
performed on lignin-coated aerogel monoliths. In those experiments, one droplet of water was
dropped on the monolith”s surface to record the time required for its absorption and, in the case
of hydrophobicity, measure the water contact angle. The images were recorded with a
TOMLOV DM101 Digital USB Microscope 500X camera.

3.2 Extraction of Cellulose

In this chapter, first, it is described the preparatory processes of the raw materials, biomass
waste fibers, for the extracting of cellulose. Then, the procedure for dissolving cellulose is
described in detail along with the conditions used for synthesizing cellulose aerogel beads,
monoliths, sheets, and fibers. Afterward, the methodologies used at both laboratory and
technical scales for each shape are presented. At last, the laboratory procedures that are used

for lignin coating of cellulose wet gel samples are described.

Laboratory scale

Milling

For preparation, hemp and flax waste fibers (HF and FF, respectively) were cut into small
fragments of 1 to 2 cm and then milled into small particles using an SR200 rotor beater mill by
Retsch® with a 0.2 mm sieve. Liquid nitrogen was added regularly to keep the fibers stiff and

avoid overheating. The received waste fibers had a size of 50 cm.
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Extraction Process | — Alkali Hydrolysis

In a round bottom flax, 50 g of the biomass particles were soaked in 900 g of 8 wt.-% sodium
hydroxide solution and left at room temperature for 16 hours, under stirring. The mixture was
then heated at 60 °C under stirring for three hours and, after cooling to room temperature, it
was neutralized with acetic acid to pH 7. The small particles were collected by filtration and
washed several times with distilled water until the supernatant became colorless. Afterward,
they were washed with ethanol and later rinsed with acetone to remove any remaining organic
residues and water so their drying at 50 °C under vacuum was faster. The quality of the first
extraction process was evaluated by characterizing the alkali-treated hemp and flax

intermediates with FTIR.

Extraction Process Il — Bleaching

The product from the alkali hydrolysis extraction process was placed into a round bottom flask
containing 900 g of 5 wt.-% potassium hydroxide solution. After dispersion, 45 mL of 30 wt.- %
hydrogen peroxide in water was added and the mixture was left at room temperature for 16
hours, under stirring. During this period, the fibers became dull white in color. To complete the
bleaching process, the mixture was heated at 60 °C for three hours under stirring. After cooling

to room temperature, the fibers were neutralized, washed, and dried as in alkali hydrolysis.

The total extraction yield was 72 wt.-% for hemp cellulose (HC) and 63 wt.-% for flax cellulose

(FC), respectively.

Technical Scale

A series of laboratory scale tests were conducted to develop the technical scale extraction
procedure. The tests were performed only on hemp fibers (HF) due to their higher yield of
cellulose extraction. HF were cut into small fragments measuring 1 to 2 cm and milled using a
food chopper C1801 from Nestling® for 20 cycles. This equipment was used to evaluate if
longer fibers could be used for cellulose extraction while saving time and resources in milling
larger quantities of biomass fibers for extraction at technical scale. The resulting milled fibers
were above 1 mm. Each cycle consisted of 30 seconds of milling at speed I1l, followed by two
minutes of rest to avoid overheating. The same proceeding described previously regarding
alkali hydrolysis and bleaching was applied to these milled fibers, except for the following
points: volume of solution (100 mL), stirring speed (no stirring vs. 450 rpm), and residence

time in alkali and/or bleaching medium before heating (16 h; 6 h; 3 h; 1 h).
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At the technical scale, the proportions of reactants in the alkali hydrolysis and bleaching steps
remained unchanged, but an 1800 mL bath was used for 100 g of particles (< 0.2 mm or
> 1 mm). Before heating was applied, the residence time of the fibers was three hours in both
extraction steps. The three-hour heating treatment took place in an autoclave A40, with a
capacity of 2 L, built by the former company for supercritical drying equipment and aerogels
production, Separex, from Nancy, France. In Figure 22 the equipment is shown. It contains a
mechanical stirrer and a thermostat with a limited stirring speed of 450 rpm. To start the process
the suspension was placed in the reactor and, after its closing, the thermostat was activated to
reach 60 °C without exceeding the desired temperature. After three hours at 60 °C, the reactor
was left to cool down. Only afterward, the tap was opened to avoid pressure drops, and the

mixture was removed, neutralized, and washed as previously described.

Figure 22 The A40 autoclave equipment from Separex was used for the heating stages of the
cellulose extraction from hemp bast waste fibers. An 1800 mL bath was used in the 2 L reactor,
where 100 g of milled fiber particles (< 0.2 mm or > 1 mm) were added. The heating phases of

the extraction process (three hours at 60°C) were performed here, under 450 rpm of stirring.

3.3 Dissolution of Cellulose

Seven grams of sodium hydroxide were dissolved in 81 g of distilled water and, when cooled
down to room temperature, cellulose fibers were added with varying concentrations, ranging
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from 2 wt.-% to 7 wt.-%. The suspension was stirred for ten minutes to promote the swelling
of the cellulose. The next step involved cooling the mixture in an ice bath to 0 °C and stirring
it for one hour. Afterward, twelve grams of urea were added to this mixture, and stirring
continued for another hour. The dissolution of urea is an endothermic reaction. The solution
was further stirred at room temperature for ten minutes and it was observed to be opaque. The
solution was then stored at -20 °C for 16 hours, and, after thawing at room temperature, it
became a clear pale-yellow viscous liquid. This batch-wise method to dissolve cellulose was
used for all cellulose aerogel syntheses presented in this work, adapting the quantities of
reactants used for laboratory and technical scales.

To generate a high-quality, fast continuous cellulose dissolution process, a series of experiments
were designed using a 7 wt.-% commercial cellulose solution.

In the first set of trials, the batch-wise process was used, but the storage period at -20 °C was
reduced to 2 h, 1 h, or 30 min. In the second set of trials, a slightly variated process was tested:
In the alkali medium, the cellulose fibers were added at the same time as the urea and mixed
for 30 min over a KP 283 cooling plate from Fryka Kaltetechnik GmbH as shown in Figure 23.
This equipment can decrease the temperature of its plate to temperatures below 0 °C, which

enables the continuous mixing of the solution at those temperatures.

Figure 23 KP 283 cooling plate from Fryka Kéltetechnik GmbH, with a NaCl-saturated water
bath.
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The solution was stirred in a flask (or beaker) placed in a NaCl-saturated water bath to support
the homogeneous temperature conditions in the flask (or beaker). The solution was first stirred
at -12 °C, -10 °C, -7 °C or -5 °C and then further stirred at room temperature for another 10
min to complete dissolution, when it was ready to use. Below -12°C, the freezing point of the

solution was reached, and no stirring was performed.[113]

3.4 Manufacturing of Cellulose Aerogel Monoliths
Laboratory Scale

To produce monoliths, a thawed cellulose solution, from 3 wt.-% to 7 wt.-% concentration was
stirred for ten minutes to homogenize it, after that, it was sonicated for 15 minutes to remove
any bubbles. For some samples, 1 wt.- % or 2 wt.-% of one of the following three different
sodium salts was dissolved in the cellulose solution: sodium chloride (NaCl), sodium sulfate
(Na2S0s), and trisodium citrate (NasCit). Sodium salts were chosen to study the variation of
anions with different charges (from -1 to - 3), both organic and inorganic. Part of this work was
carried out under supervising a master thesis.[262] The solution was transferred to cylindrical
polypropylene containers with a diameter of 31 mm and filled with a height of 20 mm. If any
air bubbles were observed, the solution was centrifuged at 1000 rpm for five minutes to
eliminate them. After that, the solution was kept at 50 °C for 30 minutes to form a weak gel
network. Afterward, it stood at room temperature until it reached a stable non-wobbling
structure. The developed weak wet gels were placed in a gelation bath consisting of 90 vol.-%
ethanol and 10 vol.-% acetic acid or lactic acid and stored for two days until a strong regenerated
wet gel was obtained. The gel bodies were washed five times (1:5 ratio wet-gel to water,
vol.- %) with distilled water for salt removal and neutralization. A five-step solvent exchange
process was applied from water to ethanol (1:2 ratio wet-gel to solvent, vol.- %). Then the
samples were dried in a 60 L autoclave for nine hours under scCOg, at 115 bar between 25 °C

and 60 °C. No technical scale approach was applied.

3.5 Manufacturing of Cellulose Aerogel Beads
3.5.1 Nozzle-Tip Technology

A cellulose solution, from 2 wt.-% to 7 wt.% concentration was used after thawing, stirring,

and sonication. It was transferred to an open polypropylene plastic container, with ten nozzle
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tips (diameter of 1 mm). The solution was dripped through the nozzles into a stirring

regeneration bath composed of a 2 M acid aqueous solution, as seen in Figure 24.

Cellulose
solution

e

0000
000 0n
0000q

OO

Drop height

Regeneration bath
2M of aqueous
acidic solution

Figure 24 On the left, schematic diagram of a conventional multi-nozzle dropping
technique[250] (CC BY-NC 4.0, https://creativecommons.org/licenses/by-nc/4.0/) and, on the

right, the same technique is applied using acetic acid as regeneration bath.

The drop height was 2 cm, and the droplets gelled to white beads. After gelation, the beads were
washed five times with deionized water (1:5 ratio wet-gel to water, vol.- %), with each cycle
composes of stirring for 30 minutes in fresh deionized water to remove the salts and neutralize

the pH. Solvent exchange and drying were followed according to Chapter 3.4

3.5.2 Jet-Cutting Technology

After bringing a cellulose solution to room temperature, it was mixed to promote
homogenization. The cellulose concentrations used ranged from 5 wt.-% to 7 wt.- %. In this
phase, 2 wt.-% of NaCl or sodium citrate was dissolved in 5 wt.-% cellulose solutions.
Sonification was not possible due to the large volumes of solution (up to 3 L) used.

The storage container of the JetCutter® was filled batch-wise with 1 L of solution. The density
and mass flux of the solution at 0.5 bar and 1 bar were measured to select the appropriate
pressure to apply. To produce droplets continuously, a 2 M acid aqueous bath (acetic or lactic
acid) of 10 L was used for the regeneration bath. After every 2 L of solution cut, 250 mL of

acid was added to the regeneration bath to maintain the pH constant and compensate for the
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water input from the newly formed wet gel cellulose beads. The bath was stirred at 50 rpm to
avoid deformation and agglomeration of the beads. Waste solution from the cutting process
collected in the protective disk was re-used. Bead collection and placement in a water bath
occurred every ten minutes.

For these experiments, a nozzle diameter of 500 um, a cutting disk with 24 wires, each with
0.15 mm thickness, an angle between the nozzle and the cutting disk of 10°, and a mass flux
from 0.8 g s to 1.5 g s* were fixed. The drop height of 110 cm was used for 6 wt.-% and
7 wt.- % cellulose concentrated solutions while 60 cm was used when 5 wt.-% cellulose

solutions were cut. The process is shown in Figure 25.

Figure 25 On the left, the JetCutter® in action, and, on the right, a detail of the cutting of a
7 wt.- % cellulose solution.

After the regeneration of the cellulose beads, they were washed in tap water until pH was
neutralized. Subsequently, two washes with distilled water were applied to remove salts
(1:2 ratio beads to water, vol.- %).

Further solvent exchange and drying were followed by the previously described procedures in
Chapter 3.4.
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3.6 Manufacturing of Cellulose Aerogel Sheets

A cellulose solution, from 3 wt.-% to 7 wt.% concentration was used after thawing, stirring,
and sonication. Once the cellulose solution was homogenized, the gel sheets were made directly
with the CAProLi device as shown in Figure 26. The device included a conveyor belt, three
flattening rolls, a mixing unit connected to a slit die, and a cutting wheel. In this work, only the
conveyor belt and the flattening rolls were used to create the aerogel sheets. The time for the
solution to become a stable gel body was 140 seconds at the lowest belt velocity. In the first
step, the gel solution was poured over the belt. For some solutions, 2 wt.-% NaCl was added
and dissolved beforehand. Then, the cellulose solution was evenly distributed with a dough
scraper. The solution was transported to the first flattening roll, which defined the thickness of
the sheet with a gap of 0.3 mm. After the cellulose solution was flattened by the first roll, a
mixture of 80 vol.-% ethanol and 20 vol.-% lactic acid was sprayed continuously over the highly

viscous cellulose solution until the end of the conveyor belt to start gelation.

g
o

Figure 26 Cellulose Aerogel Production Line (CAProLi), the experimental apparatus for the
production of wet gel sheets.

Lactic acid was favored as the evaporation of the acid component has to be reduced to a
minimum. The higher acid concentration of 20 vol.-% accelerated the gelation velocity,
resulting in a stronger gel body at the end of the conveyor belt. The second and third flattening
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rolls were used as wetting rolls to help distribute the gelation agent over the weak gel body. At
the end of the conveyor belt, the gel body in sheet form was cut into several pieces to be
transferred into a water bath for washing and neutralization. Further sample preparation for
supercritical drying with CO. was followed as described in Chapter 3.4. Part of this work was

carried out under supervising a master thesis.[295]

3.7 Manufacturing of Cellulose Aerogel Engineered Fibers

A cellulose solution prepared of 6 wt.-% or 7 wt.-% concentration was poured into a 100 mL

storage container in the wet-spinning machine LabLineCompact as shown in Figure 27.

Figure 27 LabLineCompact, the experimental apparatus for the production of wet gel cellulose

fibers.

The fibers were spun out using metal 23 AWG (American Wire Gauge) dispensing needles with
an inner diameter of 0.33 mm and 0.5 mm. The pump revolutions ranged from 0.45 min to
1.1 mint, while the take-up speed was between 3 m min? to 6 mmin'! to ensure stable
continuous spinning. The fibers were solidified in a 2 M acetic acid coagulation bath of 25 L
volume at various take-up speeds. The fibers were collected into deionized water containers
and underwent neutralization, solvent exchange, and drying, following the procedure described

previously in Chapter 3.4.
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3.8 Lignin Coating of Cellulose Aerogels

The coating aimed to produce hydrophobic cellulose aerogel surfaces. To coat cellulose
aerogels at laboratory scale, lignin was dissolved in an EtOH/H>0 mixture of 80:20 vol.-% or
a basic water solution.

Beads were produced following the procedure described in Chapter 3.5.2 from a 7 wt.-%
cellulose solution, while monoliths were manufactured following the procedure described in
Chapter 3.4, from a 7 wt.-% cellulose solution. In both cases, lactic acid was used in the
coagulation baths.

When coating was carried out by dissolving lignin in ethanol/water solutions (80:20 vol.-%), a
100 mL EtOH/H-0 solution was prepared, and lignin powder (soda or kraft) was added. The
dispersion was left for 24 hours to dissolve completely. After 24 hours, 10 g of cellulose alcogel
beads were added and left for 24 hours to adsorb the lignin on the cellulose body. Depending
on the amount of lignin added, the ratio of lignin to cellulose wet gel beads (wt.-%) was 1:50,
1:20, 1:10, and 1:5. Afterward, the beads were moved to an acetone bath, which was replaced
three times to ensure that no residue of desorbed lignin or other solvents remained. The samples
were dried following the protocol found in Chapter 3.4.

When coating with lignin was carried out by dissolving lignin in a basic water solution, a
0.2 M NaOH solution was prepared, and lignin powder (soda or kraft) was added to reach a
concentration of 2 wt.-%. The solution was left standing for 24 hours to ensure complete
dissolution of lignin. After 24 h, HCL (37 wt.-%) was added to neutralize the solution. Although
a slight color change was noted, from very dark brown to light brown, complete dissolution
remained. From this mother solution, fractions were mixed with deionized water and diluted
until their volume was 100 mL, to which 10 g of alcogel beads were added. The beads stayed
for 24 hours in the lignin bath. Depending on the amount of lignin present in the coating
solution, the ratio of lignin to cellulose wet gel (wt.-%) was 1:50; 1:20; 1:10, and 1:5. When
alcogel monoliths (17 g) were coated, the volume of lignin solution (only soda lignin was
added) was 170 mL. The monoliths stayed four days in those baths, two days with each phase
upside down, to promote adsorption along the gel body. Afterward, the gels were moved to an
acetone bath, where solvent exchange and drying followed the same steps as in coating with
EtOH/H.0 solutions. Due to improved results, only samples coated with the soda lignin P1000

were fully characterized.

60



Experimental Part

3.9 Overview of all Samples

The following tables describe all the samples prepared and their relevant parameters for the
scientific discussion ahead. They are organized in the following themes: Cellulose extraction
(Table 1), cellulose dissolution and solutions (Table 2), cellulose aerogel beads and monoliths
(Table 3), cellulose aerogel fibers (Table 5), and lignin coated aerogels (Table 6).
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Table 1 Samples and respective synthesis parameters for biomasses, extracted celluloses and intermediates.

Residence time Fiber Stirring
Chapter | Sub-Chapter Sample Source of Extraction Process before heating | Dimensions Manufacturing
Cellulose phases Scale
/ hour / mm / 450 rpm
Hemp fibers (HF)
Flax fibers (FF)
Hemp-extracted alkali
treated supernatant Hemp
(HAS)
Alkali treatment
41 411 Flax-extracted alkali

o Laboratory treated supernatant Flax

Extraction
Scale (FAS)
of 16 <0.2 Yes Laboratory
Cellulose
Hemp-extracted cellulose Hem
(HC) P
Alkali treatment
followed by bleaching
Flax-extracted cellulose Flax
(FC)
Commercial cellulose .
Commercial - - - - -

(MC)
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Residence time Fiber Stirring
Chapter | Sub-Chapter Sample Source of Extraction Process before heating | Dimensions Manufacturing
Cellulose phases Scale
/ hour / mm / 450 rpm
Hemp-extracted alkali
treated fibers (HAT)" 16
HAT-16 h
HAT-6 h Alkali treatment 6
HAT-3 h 3
HAT-1h 1 Yes Laboratory
HC-16 h 16 >1
Alkali treatment (3h
41 412 HC-6 h residence time before 6
Extraction | Technical HC-3 h heating phase) 3
of Scale Hemp followed by bleaching
HC-1h 1
Cellulose
HAT-NS No Laboratory
HAT-TS Alkali treatment
Yes Technical
HAT-TS-M 3 <0.2
HC-NS Alkali treatment (3h . No Laboratory
- - >
HC-TS re5|denc_e time before
heating phase) Yes Technical
HC-TS-M followed by bleaching <0.2

*
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Table 2 Samples and respective synthesis parameters for cellulose solutions from different cellulose sources and after addition of salts.

Source of Concentration Dissolution Time of Salt added to
Chapter Sub-Chapter Sample Cellulose Temperature Residence | Form of Dissolution .
Cellulose o solution
/ wt.-% /°C / hour
MC7-16 h 16
MC7-1 h 1
-20 Batch-wise
MC7-0.5h 0.5
MC7-0 h Commercial 7 0
MC7 -10°C -10
MC7 _-7°C -7 0.5 Continuous-wise
MC7 -5°C -5
42 i HC3 3 -
Dissolution of HC4 4
Cellulose
HC5 Hemp 5
HC6 6
-20 16 Batch-wise
HC7 7
F2 2
Flax
F2.5 25
F3 Flax 3
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Source of Concentration Dissolution Time of Salt added to
Chapter Sub-Chapter Sample Cellulose Cellulose Temperature Residence | Form of Dissolution solution
/ wt.-% /°C / hour
1 wt.-% of
MC7-1NaCl NaCl
1 wt.-% of
MC7-1Na2S04 Na,SO4
-0
43 |\ sition of salts| MCT-INasCit ot
Regeneration in the Cellulose Commercial 7 -20 16 Batch-wise Wi ?:% of
of Cellulose Solution MC7-2NaCl Nacl
2 wt.-% of
MC7-2Na2S04 Na,SO4
. 2 wt.-% of
MC7-2NasCit NasCit

Table 3 Samples and respective synthesis parameters for cellulose aerogel monoliths and beads, at laboratory and technical scale.

Chapter Sub-Chapter Sample Source of Shape Cog(;?lr;tlgigon Regeneration Medium saltadded | Manufacturing
P P P Cellulose P g to solution Scale
/ wt.-%
MCM7 .
43.1
4.3 Addition of o . ) 0
Regeneration of | Salts in the MCM7-1INaCl |Commercial | Monolith 7 Aigti% Eg.gczgn(;lgo%to?l_l% ) ! ml(ltacﬁ of Laboratory
Cellulose Cellulose (M) ' '
Solution -0
MCM7-1Na2SO0a4 1l\\|NELS/&?f

65




3.9 Overview of all Samples

Concentration

Chapter Sub-Chapter Sample Source of Shape Cellulose Regeneration Medium Salt adc_led Manufacturing
Cellulose /Wt -% to solution Scale
-0
MCM?7-1NasCit 1 wt.-% of
431 NasCit
Addition of | MCM7-2NaCl 2 Wt.-% of
) . . 50°C for 30 min; EtOH: NaCl
Salts in the Commercial | Monolith 7 Acetic Acid (90:10 vol.-%) | 2 wt.-% of Laboratory
Cellulose | MCM7-2NazSO4 (M) : ' Na. sg)
Solution 5 wt2-0/ i)f
4.3 MCM?7-2NasCit Na‘3C‘}t
Regeneration of - -
Cellulose MCB7-HCl 2 M Hydrocloric Acid
4.3.2 aqueous solution
Acidic MCB7-HAc/ 2 M Acetic Acid aqueous
Conditions of MCBT7" : solution Laboratory
the Commercial | Bead (B) ! 2 M Lactic Acid aqueous ) (Nozzle-tip)
. MCB7-HLac -
Regeneration solution
Bath MCB7-HCit 2 M Citric Agld aqueous
solution
FCB2 2
FCB25 Flax 2.5
4.4 44.1 FCB3 3 . .
Manufacturing of | Laboratory Bead (B) 2M Aceglocllﬁicc:(rj] aqueous - (I&afzzrlaetgiry)
Cellulose Aerogel Scale HCB4 4 P
Beads
HCB5 Hemp 5
HCB6 6
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Source of

Concentration

Salt added

Manufacturing

Chapter Sub-Chapter Sample Cellulose Shape Cellulose Regeneration Medium to solution Scale
/ wt.-%
MCB7-JC Commercial 7
HCB6-JC Hemp 2 M Acetic A_C|d agueous
6 solution
MCB6-JC -
MCB6-HLac-JC 2 M Lactic A_C|d agueous
4.4 solution
Manufacturing of Teﬁﬁﬁizcal MCB5-JC Bead (B) Technical
Cellulose Aerogel (JetCutter®)
Beads Scale 1 wt.-% of
MCB5-1NaCl-JC | Commercial NéCI
MCB5-1NasCit- > 2 M Acetic Acid aqueous 1 wt.-% of
JC solution NasCit
2 wt.-% of
MCB5-2NaCl-JC NaCl
MCB5-2NasCit- 2 wt.-% of
JC NasCit
HCEMS Homp | Monolith ; 50°C for 30 min, EtOH: ' Laboratory
45 HCMS3-2NaCl (M) Acetic Acid (90:10 vol.-%)
Manufacturing of -
Cellulose Aerogel . 2 wt.-% of
Sheets MCS7-2NaCl | Commercial Sheet () ! 50°C for 30 min, EtOH: NaCl Technical
. : _ 0 .
HCS3-2NaCl Hemp 3 Lactic Acid (80:20 vol.-%) (CAProLi)

*

Samples MCB7-HAc is known as MCB7 from Chapter 4.4 onwards as 2 M acetic acid bath is used as standard gelation bath.
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Table 4 Samples and respective synthesis parameters for cellulose aerogel fibers.

Chapter Samole Source of Shape Concentration Cellulose | Regeneration |Nozzle Diameter | Pumping Speed | Manufacturing
P P Cellulose P / wt.-% Medium / mm / mL min* Scale
MCF6_0.5 6
0.5
MCF7_0.5 | Commercial
4.6 -
Manufacturing !
of Cellulose MCF7_0.33 . 2 M Acetic Acid 0.33 Laboratory
Fiber (F) ) 0.75 .
Aerogel aqueous solution (LabLineCompact)
i HCF6_0.5 6
Engineered 0.5
Fibers | icF7 033|  Hemp
7
HCF7_0.5 0.33

Table 5 Samples and respective synthesis parameters for lignin-coated cellulose aerogel beads and monoliths, using different coating approaches.”

[ i i Ratio
chapter Sub-Chapter Sample Shape Regene_rauon Lignin Used DISSOI-Utlon Coating Medium | lignin:cellulose
Medium Medium
/ wt.-%

- 4.7.2 Chemical Indulin AT (In) - - . ) ] _
4.7 Lignin )

. Interaction of
Coating of ianin with
Cellulose Lignin with Wet

Cellulose Gel P1000 (P1) - ) i ] _ _

Aerogels
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Experimental Part

. : . Ratio
Chapter Sub-Chapter Sample Shape Regene_ratlon Lignin Used D'SSOI.Utlon Coating Medium | lignin:cellulose
Medium Medium
/ wt.-%
MCB7-JC-NC - - - -
MCB7-JC-P1-80:20- _
1:50 1:50
MCB7-JC-P1-80:20- 120
1:20 Soda Lignin - '
MCB7-JC-P1-80:20- P1000 (P1) _
_ 1:10
1:10
MCB7-JC-P1-80:20-
15 Ethanol:water Ethanol:water 1:5
. - bath, 80:20 bath, 80:20
o _ MCB?-JC.:-In-SO.ZO- (vol.-%) (vol.-%) 1:50
4.7 Lignin | 4.7.2 Chemical 1:50 2 M Lactic
Coating of Interaction of | MCB7-JC-In-80:20- . .. .
Cellulose | Lignin with Wet 1:20 Bead (B) | Acid aqueous | Kraft L_|gn|n i 1:20
solution Indulin AT
Aerogels Cellulose Gel | MCB7-JC-1n-80:20-
: (In) 1:10
1:10
MCB7-JC-In-80:20- _
. 1.5
1:5
MCB7-JC-P1- _
Alkali-1:50 1:50
MCB7-JC-P1- 1:20
Alkali-1:20 Soda Lignin- | 0.2 M NaOH Neutralized water '
MCB7-JC-P1- P1000 (P1) | aqueous solution 110
Alkali-1:10 '
MCB7-JC-P1- 15
Alkali-1:5 '
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. . . Ratio
Chapter Sub-Chapter Sample Shape Re'g\;/(;:ne_ratlon Lignin Used D'SSOI.Utlon Coating Medium | lignin:cellulose
edium Medium
/ wt.-%
MCB7-JC-In- _
Alkali-1:50 1:50
4.7.2 Chemical MCB7-JC-In- . . .
Interaction of Alkali-1:20 2MLactic | KraftLignin -1 5\ NaoH . 1:20
S Bead (B) | Acid aqueous | Indulin AT . Neutralized water
Lignin with Wet MCB7-JC-In- solution (In) aqueous solution 110
Cellulose Gel Alkali-1:10 '
MCB7-JC-In- 15
Alkali-1:5 '
4.7 Lignin MCM7-NC )
Coating of
Cellulose MCM7-P1-Alkali- 1:50
Aerogels 473 Lioni 1:50 50°C for 30 0.2 M NaOH '
coated Ce:ﬁzllgse MCM?7-P1-Alkali- | Monolith) - min, EtOH: | Soda Lignin - | /10 o SL?Iution Neutralized water 1:20
Aerogels 1:20 (M) Lactic Acid | P1000 (P1) | '
MCM7-P1-Alkali- (90:10 vol.-%) .
_ 1:10
1:10
MCM7-P1-Alkali- _
. 1.5
1:5
* While ethanol was used in all previous chapters, the final solvent of the samples of Chapter 4.7 before supercritical drying was
acetone.
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4. Results and Discussion

The results and discussion are divided into five main sections. In the first section, cellulose
extraction from hemp and flax bast waste fibers (see Chapter 4.1) at laboratory and technical
scales is discussed. Secondly, the dissolution of cellulose (see Chapter 4.2) and the influence
of different regeneration conditions on the properties of cellulose aerogels are discussed in
Chapter 4.3. By using the data collected in Chapter 4.3, the third section focuses on the
manufacturing of beads (see Chapter 4.4), sheets (see Chapter 4.5), and fibers (see
Chapter 4.6). The fourth section focuses on the coating of cellulose aerogels with lignin (see
Chapter 4.7) to improve their resistance to moisture. The last section (see Chapter 4.8) deals
with the economic and environmental impacts of the development of a continuous industrial
aerogel production system. The chapters and sub-chapters from each topic can be consulted in
Table 6.
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Table 6 Topics discussed in Chapter 4

Corresponding

4.7.3 Lignin coated Cellulose Aerogels

Chaptersin
Chapter Sub-Chapter Experimental
Part
4.1.1 Laboratory Scale 32"
4.1 Extraction of Cellulose
4.1.2 Technical Scale 3.2
4.2 Dissolution of Cellulose - 3.3™
4.3.1 Addition of Salts in the Cellulose
: 3.4
Solution
4.3 Regeneration of Cellulose
4.3.2 Acidic Conditions of the 351
Regeneration Bath e
4.4.1 Laboratory Scale 3.5.1
4.4 Manufacturing of Cellulose
Aerogel Beads
4.4.2 Technical Scale 35.2
4.5 Manufacturing of Cellulose i 36
Aerogel Sheets '
4.6 Manufacturing of Cellulose i 37
Aerogel Engineered Fibers '
4.7.1 Moisture Influence 35
4.7 Lignin Coating of Cellulose 4.7.2 Chemical Interaction of Lignin
Aerogels with Wet Cellulose Gel
3.8

4.8 Economic and Environmental
Impact

* Applied as well in the synthesis of samples in chapters 4.4, 4.5, and 4.6
according to their manufacturing scale.
** Applied as well in the synthesis of all samples from chapters 4.3 to 4.7.
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4.1 Extraction of Cellulose

In this chapter, the characteristics of the hemp and flax bast waste fibers and their extracted
cellulose at the laboratory scale are described and discussed. The adaptation of the extraction
method to technical scale and its challenges are further discussed.

4.1.1 Laboratory Scale

After alkali treatment and bleaching, 63 wt.-% of the flax fibers and 72 wt.- % of the hemp
fibers remained in the form of white cellulose. Considering that 65 wt.-% to 75 wt.-% of these
waste bast fibers are composed of cellulose [212, 251], these yields confirmed the high
efficiency of this extraction method. The difference in yield between the two fibers could be
related to their different cellulose content, which is highly dependent on each plant and its
development. The skeleton density, the density of the material’s solid backbone without
considering the free space, shall be constant for different celluloses, independently of their
source. Nonetheless, small differences exist as the biomass fibers are not purely composed of
cellulose and different degrees of cellulose crystallinity will influence this value. In general, a
higher crystallinity leads to higher skeleton density due to more packing.[252] Table 7 presents
the skeleton densities and crystallinity indexes of the biomasses used, the extracted celluloses
(HC and FC, from hemp and flax respectively), and commercial cellulose (MC).

Table 7 Skeleton densities and crystallinity indexes of biomass fibers and of celluloses
(extracted and commercial)

) Skeleton Density ICs
Fibers and Celluloses

/gcm | %

HF 1.47 78.26

FF 1.44 80.22

HC 1.50 87.03

FC 1.55 86.19

MC 1.52 87.55

The skeleton density increased slightly during the extraction process from fiber to cellulose
(from 1.47 g cm® to 1.5 g cm™ and from 1.44 g cm™ to 1.55 g cm™, for hemp and flax

respectively) and the celluloses obtained had a skeleton density close to the 1.5 g cm™ of
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4.1 Extraction of Cellulose

standard cellulose density found in literature and measured for MC.[251] As the concentration
of cellulose was already very high in the fibers (from 65 wt.-% to 75 wt.-%, with the content of
hemicellulose from 10 wt.-% to 20 wt.-% and of lignin from 2 wt.-% to 2.5 wt.-%)[212], it was
expected that their density would be close to the standard cellulose and would increase during
the extraction process as hemicellulose and lignin would be removed. The high content of

cellulose in the biomass fibers and the quality of the extraction of cellulose were evaluated by

the FTIR spectra of the samples, in Figure 28.

Transmittance / a.u.

3300 1030

T T T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber / cm™
HF FF HC FC MC

Figure 28 FTIR spectra of biomass fibers (black for HF; red for FF) and of celluloses (blue
for HC; green for FC and purple for MC)

Both in the fibers and in their extracted celluloses spectra, at 3300 cm™ and 2800 cm™, there
were signals corresponding to the O-H and C-H stretching vibrations, respectively, and at
1640 cm™ a small band associated with the presence of water adsorbed on the hydrophilic
surface of cellulose. The bending of the CH and CH groups was recognized at 1430 cm™, at
1030 cm™ the CO stretching, and, at 890 cm™!, the CH deformation.[243, 251] Each one of
these bands was recognizable in the FTIR spectrum of commercial cellulose, which

demonstrated the high content of cellulose in the waste fibers and the purity of the extracted
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cellulose. For the extracted celluloses, no signal was present at 1730 cm™, typical of acetyl
groups of hemicellulose and lignin“s esters, nor at 1533 cm™, from C=C present in lignin’s
aromatic rings[242]. Those peaks had a small presence in the biomass spectra but disappeared
after the extraction process. The broadening of the peak 1640 cm™ for the extracted celluloses
could be due to the presence of residual lignin, which has a signal at 1595 cm™ from C=C
aromatic stretching, or from the presence of water entrapped in the cellulose matrix, with a
signal at 1600 cm™.[253, 254] Despite this, the alkali treatment and further bleaching were
successful in the isolation of cellulose and no major differences were observed between FC,
HC, and MC.

The FTIR spectra of the first supernatant from the alkali treatment of biomasses were measured

to evaluate the efficiency in removing hemicellulose, lignin fragments, and reactants used in

the extraction procedure. These are shown in Figure 29.
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Figure 29 FTIR spectra of the first supernatant from the alkali treatment of hemp (wine red
for HAS) and flax (light purple for FAS) fibers.

The main differences to the previous spectra were the presence of a very low signal at
1018 cm !, of two intense peaks at 1550 cm™ and 1408 cm™!, and the shift of some bands

recognizable in Figure 28 (band at 3400 cm- ! with shoulders at lower values). The presence of
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4.1 Extraction of Cellulose

the residues of the undesirable biopolymers was found in the peaks at 3400 cm™ (alcoholic and
phenolic OH stretching), at 2920 cm™ (C-H stretching from aromatic methoxy groups from
lignin), and at 1630 cm™ (C=0 stretching from o,B-unsaturated aldehydes or ketones or C=C
from alkenes). The carboxyl group from the acetic acid used in the neutralization was detected
at 1700 cm™. The C-C stretching from lignin“s aromatic rings was at the origin of the strong
peak at 1550 cm'l. The peaks in the region between 1385 cm™ and 1250 cm™ were
characteristic of hemicellulose, especially when alkali extracted. C-O stretching from alcohol
or ether groups was visible at 1018 cm™ while, at 799 cm™, the peak corresponded to the
deformation vibrations from C-H groups in the aromatic rings of lignin.[255-257] The first
supernatant already contained most impurities and removed organic molecules for both HF and
FF. After washing, the alkali-treated biomasses were bleached and pure cellulose was obtained.
This trend was further observed from the analysis of the XRD spectra.

As the relative weight of cellulose in the samples increased along the extraction process, it was
expected that the bands associated with cellulose became better defined in the XRD pattern.
Indeed, as shown in Figure 30, for hemp and flax fibers, it was evident that cellulose was
present.

Important diffraction planes associated with cellulose were detected for HF and FF. They
dominated the diffractogram while not being at their highest definition due to the presence of
hemicellulose and lignin. As these last two do not have a crystalline structure, they broadened
the visible signals without originating defined peaks of their own. A peak at 16.5° 26 reflection
with a shoulder to its left was assigned to an agglomeration of the signals from the crystalline
planes (110) (from 14.5° to 15.3°) and (110) (from 15.7° to 16.3°). The signal with the highest
intensity, at 22.7°, was related to the (200) crystallographic plane of cellulose, and the plane
(004) was associated with the signal at 35.1°. These signals are characteristic of cellulose 1[242,
243] The signals at 15.1° and 16.5° were better separated in the flax spectrum but the difference
was small compared to hemp. After the chemical treatment of the biomass fibers, the cellulose
could be extracted in its crystalline form which originated XRD diffractograms with a higher

definition of its peaks.
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Figure 30 XRD diffractograms and respective crystallinity indexes (ICs) of biomass fibers
(black for HF; red for FF) and of celluloses (blue for HC; green for FC and purple for MC).

The peaks around 15° became deconvoluted, appearing at 15.1° and the other at 16.5°,
corresponding to the mentioned (110) and (110) planes. The peak at 22° increased its intensity,
demonstrating that crystalline cellulose was in a state of high purity and that the other
biopolymers were removed. The region at 18 ° also presented a smaller relative intensity,
associated with the amorphous phase of the cellulose I. The crystallinity of the samples was
calculated using Equation 8.

While the fibers had a high level of crystallinity due to their rich composition in cellulose
(78.3% and 80.2% for hemp and flax respectively), the isolation of cellulose without
degradation and the removal of the other biopolymers increased these values to 87.0% and
86.2%, respectively. These were close to the 87.6% obtained from MC. These data suggested
that the structural properties and purity of the extracted celluloses were independent of the
biomass used and were similar to the commercial cellulose used as standard.

In the SEM photographs of Figure 31, the fibers are visibly heterogeneous in nature. They had

different diameters and sizes, ranging hundreds of um. The lignocellulosic polymer was intact,
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4.1 Extraction of Cellulose

and its surface was smoother or rougher depending on the concentration of waxes, pectins, and

other impurities.[258] Flax fibers presented a rougher surface compared with hemp fibers.

, A —
Figure 31 SEM images of hemp (HF) and flax (FF) waste bast fibers, at different
magnifications.

After alkali treatment and bleaching, cellulose remained while other biopolymers, waxes, and
residual organic compounds were removed. In Figure 32, long fibers of crystalline cellulose
are visible. This agreed with the data obtained from other characterization techniques such as
FTIR and XRD, which indicated an overwhelming presence of cellulose, with a high degree of
crystallinity. The cellulose fibrils were so packed due to the attractive interaction between them
that their dimensions could not be measured. Those fibers were composed of crystalline
cellulose I.
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Figure 32 SEM images of hemp (HC) and flax (FC)-extracted cellulose after alkali treatment

and bleaching of biomass fibers, at different magnifications.

In Figure 33, the thermal behavior of the different samples can be observed. The samples
presented three main areas of weight loss. The first, between 40 °C and 100 °C, corresponded
to the evaporation of water, with a weight loss between 1.77% and 4.89%. In the second area,
from 200 °C to 380 °C, a sharp decline in the sample weight was recorded due to the
degradation of cellulose and other remaining biopolymers. A stabilization curve was recorded
from 380 °C to 600 °C, mainly due to the remaining residue carbonization into char.[242]
Except for HC, degradation for all biomass-based samples started at 215 °C and reached 50%
between 310 °C and 350 °C, where a linear region characteristic of cellulose degradation was
found. This latter range encompasses the cleavage of the glucosidic bonds and dehydration
reactions of cellulose’s glucose monomers[242, 259] While hemicellulose and lignin have
decomposition ranges between 180 °C and 350 °C and between 250 °C and 600 °C,
respectively, no significant weight decline outside of the classical cellulose range was observed
in the extracted celluloses. This confirmed the efficiency of the cellulose extraction method and
the thermal stability of the obtained products.[243, 258]
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Figure 33 Thermal gravimetric profile of biomass fibers (black for HF; red for FF) and of
celluloses (blue for HC; green for FC, and purple for MC).

The differences between the profiles of each sample were influenced by the presence or absence
of other biopolymers and the cellulose structure. In the case of flax, its fibers reached 50%
degradation at a lower temperature than its extracted cellulose due to the presence in the first
of easily degradable hemicellulose (322 °C vs. 332 °C, respectively). Furthermore, FF had a
higher amount of char residue than FC due to the presence of highly recalcitrant lignin (24.9%
vs. 22.9%, respectively). MC was the sample whose degradation started later, at 260 °C, and
had one of the lowest amounts of residue (17.3%) due to its purity, high degree of crystallinity,
and homogeneity of its cellulose fibers. HC’s degradation started at 180 °C, reached 50% mass
loss at a lower temperature than HF (310 °C vs. 340 °C, respectively), and produced more char
residue. This trend was the opposite of what was recorded for flax. The size and inhomogeneity
of the cellulose fibers, which could have suffered some degradation, could have contributed to
the lower thermal stability of HC.[222]
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4.1.2 Technical Scale

The extraction of cellulose at laboratory scale from hemp and flax bast waste fibers was
effective but required adaptation to be applied at larger scales.

Figure 34 shows that the infrared spectra of hemp alkali-treated intermediates, according to
residence time before the heating phase, were similar regardless of the residence time.

Transmittance / a.u.
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Figure 34 FTIR spectra of hemp alkali-treated intermediates (HAT), according to residence
time (dark green for 16 h; light green for 6 h; orange for 3 h, and red for 1 h) before the heating
phase. The hemp fibers were milled to > 1 mm before the alkali treatment.

Cellulose-related signals such as the vibrations of the OH, CH, CH>, and other functional groups
from the pyranose ring (identified in the previous section) were visible. Some signals from
remnants of lignin were still present. In all cases, the peak at 1640 cm™, which was related to
water adsorption on the hydrophilic surface of the residue, still had a shoulder between
1500- 1595 cm, due to aromatic ring vibrations from residual lignin.[256] This was least
pronounced for HAT-3 h. Nonetheless, these intermediates were significantly pure as many of

the hemicellulose, waxes, lignin, and pectins of the lignocellulosic polymer were washed out.
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Signals of these removed biopolymers were present in the FTIR spectra of the first supernatants,
in the appendix (see Figure 109).

When the residence time for the alkali treatment was fixed at three hours, due to limited
presence of lignin in HAT-3 h, and the duration of the bleaching step was modified, as observed

in Figure 35, no significant differences were observed in the FTIR spectra of the celluloses.
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Figure 35 FTIR spectra of hemp-extracted cellulose samples (HC), according to bleaching
residence time (dark green for 16 h; light green for 6 h; orange for 3 h, and red for 1 h) before
the heating phase. The hemp fibers were milled to > 1 mm before the alkali treatment, whose

room temperature residence time was three hours.

Compared to their alkali-treated correspondent, the FTIR spectra became sharper and the
cellulose-associated peaks became more pronounced as they became purer. Based on this
chemical analysis, three hours was established as the residence time for both the alkali treatment
and the bleaching steps at room temperature, before the respective heating phases of 3 h, at
60 °C.

In the appendix (see Figure 110), it is shown that the lack of stirring did not affect the quality
of the cellulose obtained. These results were surprising as it was expected that a fast stirring

would promote the dispersion and size reduction of the cut fibers. The more available area
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would enable a more effective interaction between the fibers and the reaction media and the
consequent extraction of undesirable biopolymers and molecules. However, the alkali and
bleached spectra were almost identical, independently of the existence of stirring. Both alkali
residue spectra became sharper after the bleaching step due to the removal of the remaining
lignin and other impurities. It could mean that the fibers had a dimension (> 1 mm) small enough
to be effectively surrounded by the reaction mixture and that the kinetics of the reaction were
not a limiting factor.[223] This would entail that further mixing would not improve the speed
or quality of the extraction process. Nonetheless, the non-stirred cellulose fibers were
significantly bigger than the stirred ones, which hindered their dissolution. Stirring facilitated
the de-fibrillation of the bast fibers, reducing their size and facilitating their dissolution for
aerogel production.[19] It also ensured that the extraction conditions remained constant across
the full height of the reactor, which is particularly important at technical and industrial scales
where bigger volumes are handled. If not, a phase separation could occur between purer and
less pure cellulose fibers and the reproducibility and reliability of the extraction process would
have been put at stake.[21]

The FTIR spectra of the upscaled samples can be observed in the appendix (see Figure 111).
No significant differences were perceived between the alkali-treated residues and the cellulose
samples between the scales. This indicated that the extraction method was successfully upscaled
without compromising the quality of the final cellulose product. The same results were obtained
when finely milled fibers (0.2 mm) were used, as observed in the appendix (see Figure 111).
In Figure 36, the XRD patterns of cellulose samples according to residence time for bleaching
(after three hours of alkali treatment) can be observed. These were very similar among
themselves and were characteristic of cellulose 1. [217, 237, 240]

The ICs of all cellulose samples ranged between 89% to 95% and did not vary significantly
between residence times. These were comparable to the 87.6% obtained from MC. A similar
trend was observed when the XRD patterns were compared between the stirred or non-stirred
process, as in the appendix (see Figure 116). Using three hours as room temperature residence
time for alkali treatment and bleaching, the ICs obtained from laboratory and technical scales
(TS) were the same, and the crystallinity of the alkali-treated residues was also similar, as
shown in the appendix (see Figure 117). The alkali intermediates had a high degree of
crystallinity. The alkali treatment step removed most of the amorphous components of the
lignocellulosic polymer, resulting in a higher increase in the I1Cs of the samples than the
bleaching step. As bleaching mainly removed the remaining lignin, which comprised 3.5% to

5.7% of these fibers, only a slight increase in crystallinity was observed.[197, 205]
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Figure 36 XRD diffractograms and respective crystallinity indexes (ICs) of hemp-extracted
cellulose samples (HC), according to bleaching residence time (dark green for 16 h; light green
for 6 h; orange for 3 h, and red for 1 h) before the heating phase. The hemp fibers were milled

to > 1 mm before the alkali treatment, whose room temperature residence time was three hours.

This series of experiments indicated that a suitable method to extract cellulose from hemp bast
fibers was developed by adapting the standard, laboratory scale methodology. Not only was it
performed in a fraction of the time (three hours for residence time at room temperature instead
of 16 h), with a consequent reduction in costs and labor, but also the cellulose obtained
maintained a similar degree of chemical purity and high crystallinity. The dimensions of the
milled fibers used in these tests (> 1 mm) did not affect the quality of the cellulose obtained but
hindered their dissolution and conversion into aerogel. However, the extraction was successful
as well, at a technical scale, with finely milled (< 0.2 mm) fiber particles and dissolution was

possible.
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4.2 Dissolution of Cellulose

Figure 37 shows microscope pictures of a 7 wt.-% commercial cellulose solution (MC7), after
selected storage periods at -20 °C. After one hour, the contours of the few visible structures
could not be defined at any magnification, which indicated that they were dissolved.[260] These
structures were cellulose fragments with swollen sections and flat rings. When the solution
stayed for half an hour, some of those fragments became clearly defined, with visible longer
and thinner fibers. This indicated a decrease in the quality of dissolution. When the solution

was not stored (0 h), many well-defined undissolved fibers were observed.

/

s

Figure 37 Microscope pictures of 7 wt.-% commercial cellulose solutions (MC7) stored for
different residence times at -20 °C (1 h; 0.5 h, and 0 h).

It is known that during dissolution, the swelling and shearing during the process lead to the
formation of swollen sections, flat rings, and fragments from the cellulose fibers that can remain
undissolved and visible, as shown in Figure 37.[98, 159, 260] These results showed that
successful dissolution was achieved by storing the solution at -20°C for at least one hour. In
Figure 38, pictures of the cellulose solutions continuously stirred and dissolved at different

temperatures show that higher temperatures gave less transparent solutions.
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Figure 38 Microscope pictures of 7 wt.-% commercial cellulose solutions (MC7) continuously
dissolved at different temperatures (-10 °C; -7 °C, and -5 °C).

As shown above, with increasing temperatures, the number of visible structures and their
definition increased. At -10 °C, a good state of dissolution was observed, with bigger particles
that remained undissolved. Other researchers have successfully used this temperature to
dissolve cellulose.[107, 261] At -7 °C, more and better-defined structures were visible while,
at -5 °C, the state of dissolution was very low. This conformed with the conditions at which

efficient dissolution of cellulose in this system was observed in other studies.[76, 79, 98, 261]

In the appendix (see Figure 122), the dynamic viscosity of the tested solutions is shown.
Samples with standard (16 h) and one hour of residence time at -20 °C had a viscosity of
0.29 Pa.s. For different temperatures, their difference in viscosity was low, from 0.24 Pa.s
to 0.26 Pa.s. The solution where cellulose was dissolved at -20 °C for 30 min has a viscosity of
0.19 Pa.s, the value with the highest deviation from the viscosity of the standard solution. The
different viscosity was explained by a lower amount of dissolved material which un-
homogeneously spread in the solution. It indicated that the viscoelastic properties of the
cellulose solutions prepared with different residence times a -20 °C and temperatures were

similar.

The results showed that efficient dissolution of cellulose was achieved at a maximum
temperature of -10 °C, after 30 min of continuous stirring. This reduced the time and energy
required to prepare cellulose solutions, making it more attractive to the industry. However, for
volumes over 1 L, specific equipment needs to be used, and the solution should remain at
- 10 °C for a longer period to ensure complete cellulose dissolution. The acquisition or
development of industrial reactors that can achieve those low temperatures and their integration
in a continuous process for the synthesis of cellulose aerogels is a challenge. As a consequence,

storing solutions at freezing conditions remains the easiest solution for most industries, even
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though it is a batch-wise process. It is essential to ensure complete dissolution of the cellulose
fibers to minimize waste and avoid a higher crystallinity of the synthesized aerogels. A higher
crystallinity induces a higher solid thermal conduction of the aerogels, decreasing their
performance as thermal insulators. This feedback is useful in the upscaling of the production of
cellulose aerogels while enabling the complete dissolution of cellulose at the lowest cost

possible.

Furthermore, the results obtained from the molecular weight of the extracted celluloses and
their influence on the viscosity of the respective cellulose solutions, are discussed. Depending
on the degree of polymerization of the celluloses, their concentration in the solutions for the
production of aerogels needed to be adapted. In Figure 39 the shear viscosity profiles are
shown of hemp-extracted cellulose solutions at different concentrations.
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Figure 39 Dynamic viscosity of a 7 wt.-% commercial cellulose solution (purple for MC7-
16 h) and of hemp-extracted cellulose (HC) solutions at different weight concentrations (short
dotted blue line for 3 wt.-%, HC3; solid blue line for 4 wt.-%, HC4; dashed blue line for 5 wit.-
%, HCS5; dotted blue line for 6 wt.-%, HC6, and dashed-dotted blue line for 7 wt.-%, HC7).

Celluloses were dissolved and the solutions were prepared after storage at -20 °C for 16 hours.
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For all cases, the viscosity had higher values at low shear rates and decreased as the force
applied in the solution was increased. This phenomenon is called shear thinning and, after
400 s™1, it was less pronounced, stabilizing the viscosity. As the forces applied to the solution
increased, the intertwined cellulose fibers were disrupted and disentangled. This decreased their
opposition to the force applied and the viscosity of the solution. For more concentrated
solutions, where fibers were more prone to entanglement, the increase in shear rates induced a
more drastic reduction in their viscosities.[240, 262]

Higher concentrations of HC increased the solution’s viscosity, especially after the critical
overlap concentration (c*). HC3, HC4, HC5, and HC6 solutions were described as diluted
solutions, where cellulose fibers had enough space to avoid interactions and whose viscosity
depended only on the number of coils present. It explained why for those samples the viscosity
remained fairly constant with increasing shear rates. Over c*, whose exact determination was
not performed, the fibers interacted with each other and could not be considered discrete. This
imparted a higher viscosity dependence on the cellulose concentration.[240] This was why the
viscosity difference between HC5, HC6, and HC7 was higher than between HC3 and HC4. The
higher viscosity of HC7 compared to MC7 was in line with the respective obtained values of
DP (341 and 152 respectively). These data showed that hemp cellulose solutions had similar
viscoelastic properties to the ones prepared with MC. For flax-extracted cellulose solutions, as
observed in Figure 40, higher viscosities were obtained. In this case, FC3 presented a viscosity
higher than MC7-16 h, by the higher DP of FC (1328) compared to MC and HC. The high
molecular weight of FC fibers meant that these occupied a higher volume in the solvent and,
therefore, smaller concentrations were required to reach c* and consequent higher viscosities.
It explained the sharp decrease in shear viscosity with increasing shear rates at very low

concentrations.
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Figure 40 Dynamic viscosity of a 7 wt.-% commercial cellulose solution (purple for MC7-
16 h) and of flax-extracted cellulose (FC)solutions at different weight concentrations (solid
green line for 2 wt.-%, FC2; dashed green line for 2.5 wt.-%, FC2.5, and dotted green line for
3 wt.-%, FC3). Celluloses were dissolved and the solutions were prepared after storage at -
20 °C for 16 hours.

4.3 Regeneration of Cellulose

This chapter focuses on how modifying the cellulose regeneration methodologies influences
the properties of the resultant aerogels. The goal of these studies was to optimize the properties
of the cellulose aerogels synthesized, namely by maximizing the active surface area and shifting
the pore size distribution to lower values, and to adapt some of the synthetic procedures for
technical scale. The influence of adding different salts to the cellulose solution (see
Chapter 4.3.1), and using different acids as regenerating baths (see Chapter 4.3.2) are

discussed in this section.
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4.3.1 Addition of Salts in the Cellulose Solution

The addition of salts to cellulose solutions and their influence on the properties of the resultant
aerogels are not fully understood and are a topic of scientific discussion. For scale-up processes,
the viscosity of the cellulose precursor solution and the gelation time are of relevance. It is for
example relevant to prepare fast-gelling solutions used for the CAProLi wet cellulose gel sheet
production.

The influence on the viscosity of a 7 wt.-% commercial cellulose solution, at different salt
concentrations (1 and 2 wt.-%) is shown in Figure 41. The viscosity of the cellulose solution

increased with the amount of added salts, therefore a maximum of 2 wt.-% was suitable.
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Figure 41 The dynamic viscosity of a 7 wt.-% commercial cellulose solution without (black
square for “No Salt™), and after addition of sodium salts at different concentrations (red circle
for NaCl; blue circle for Na2SOa4, and green circle for NazCit). Cellulose was dissolved and the

solutions were prepared after storage at -20 °C for 16 hours.

The dynamic viscosity increased for all salts when 1 wt.-% of salts was added, with only small
variations between 0.36 Pa.s and 0.46 Pa.s. The addition of 2 wt.- % NaCl was more effective

in increasing the viscosity than the addition of 2 wt.- % Na>SOs (0.77 Pa.s to 0.59 Pa.s) while
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the viscosity using 2 wt.- % NazCit was slightly higher than the value of viscosity obtained
from the cellulose solution with no added salt (0.4 Pa.s). For the static viscosity (see Appendix
and Figure 123) the same trend was observed for all salts, especially at 2 wt.-% and for NaCl
and Na2SOa.

At low salt concentrations, the salt added was not enough to compete with cellulose for water,
and so did not significantly affect its state of dissolution. If more salt was added, more ions
would be solvated by water and the association between the cellulose chains would be
promoted, increasing the solution’s viscosity. The differences between the various salts could
be explained by using weight percentages to quantify the addition of salt instead of molar ratios.
For comparison, for the same mass of salt added to the solution, the molar ratio of
Cl :SO4% :Cit> present in the solution was 4.4:1.8:1. Na*, for the same order of anions, had

molar ratios of 4.4:3.7:3. This trend can be observed in Figure 42.
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Figure 42 Molecular ratio of different anions and cations per gram of salt added to a 7 wt.-%
commercial cellulose solution (red triangle for CI-; blue triangle for SO4%; green triangle for
Cit¥, and orange circle for Na*). These values were adjusted for NasCit as standard. Cellulose

was dissolved and the solutions were prepared after storage at -20 °C for 16 hours.
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Thus, for the same mass of salt added, NaCl had a higher molar presence in the solution than
the other salts, which contributed to the capture of more water molecules and led to a bigger
increase in viscosity. However, the difference in a molar ratio between ions was not the only
explanation. In addition, the different charges and structures of the anions and their interaction
with cellulose in basic media played a decisive role.

These anions are known as kosmotropic (promote order) and create strong hydration spheres
due to their high charge. These water molecules are removed from the vicinity of the cellulose
chains, which increase the viscosity of the solution.[263-265] However, if this was the only
factor, citrate, with a -3 charge, would promote the highest increase in viscosity, but that was
not observed. The size of the anion increases from CI" to SO4%, and Cit*, and so does its
polarizability. In the case of citrate, its charge density is symmetrical, which favors a less
orientation-dependent binding. Therefore, in this cellulose dissolution medium, citrate could
interact with urea or the more hydrophobic regions of cellulose, while sulfate and chloride were
excluded from the cellulose interaction zone.[266, 267] Citrate stabilized the
cellulose:NaOH:urea complex while promoting the separation of the cellulose fibers due to its
-3 charge. This could explain why adding a small quantity of sodium citrate had a limited
influence on the viscosity of the solution, due to competition between Cit* and Na* ionic
effects. It would further explain why an inverse Hofmeister series was observed, and why
increasingly smaller ions, with more concentrated charges, had stronger hydration shells.[115,
263] Depending on the charge of their surface and their hydrophilic/hydrophobic character, the
anions could interact differently with different sections of the cellulose chains. Other factors
such as the thermodynamics of the solution, viscosity, mass partition coefficients, and more
should be considered.[268] Following the trend observed for the viscosity, the gel point
changed with the addition of salts as observed in Figure 43. After 1 wt.-% of NaCl and Na;SO4
addition, the gelation decreased from 483 s to 180 s and 307 s, respectively. A further reduction
was observed at 2 wt.-%, to 0 s and 17 s, respectively. This was in line with their strong
interaction with water, which increased the viscosity of the solution and promoted faster
gelation.[114, 269] An opposite trend was observed for citrate, where the gel point increased
from 483 s to 1092 s (1 wt.-%) and 692 s at 2 wt.-%. From 1 wt.-% to 2 wt.-%, the gel point
decreased for all salts, but citrate still promoted a longer gelation time than the sample without
salt. These results supported the role of citrate, a big and polarizable organic anion, as a

stabilizer of the cellulose dissolution complex.
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Figure 43 The gel point of a 7 wt.-% commercial cellulose solution without (black square for
“No Salt”), and after addition of sodium salts at different concentrations (red circle for NaCl;
blue circle for Na2SO4, and green circle for NasCit). Cellulose was dissolved and the solutions

were prepared after storage at -20 °C for 16 hours.

The influence of the temperature on the viscosity of the cellulose solution and how the addition
of salts affected it was also evaluated. If no salt was added, the viscosity remained constant with
increasing temperature and slightly increased during cooling. This did not contribute to the
creation of a stable gel. The addition of salts, as shown in Figure 44, increased significantly
the viscosity of the solution after a heating/cooling cycle. The addition of sodium chloride
increased the viscosity of the cellulose solution, starting at 30 °C, up to 47 Pa.s and stabilizing
it at 32 Pa.s in the cooling phase. The increase at lower temperatures was explained by its higher
molar concentration and stronger association with water compared to the other salts. When
sodium sulfate and sodium citrate were used, the viscosity increased more steadily at 40 °C,
reached 36 Pa.s and 43 Pa.s at 50°C, respectively, and decreased during the cooling phase down
to 25 Pa.s and 35 Pa.s, respectively. In the cooling phase for sodium citrate, the values of
viscosity ranged from 27 Pa.s to 40 Pa.s until stabilizing close to 36 Pa.s, at 30 °C. Due to the

interactions between citrate and cellulose, a smoother cooling gradient might be needed to
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ensure isothermal conditions in the solution. Otherwise, temperature gradients can be present
in the fluid, leading to the variations in the viscosity readings found in Figure 44.[270] For all
salted solutions, higher temperatures, in combination with water-binding ions, deteriorated the
dissolution state of cellulose, increasing the viscosity of the solution and promoting gel
formation. The hystereses observed for all cases was explained by van der Walls forces,
electrostatic interactions as well as hydrogen bonding between cellulose chains. These
stabilized the gel during the cooling step.[261]
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Figure 44 Evolution of 7 wt.-% commercial cellulose solution viscosity without (black circle
for “No Salt”), and after addition of sodium salts at 2 wt.-% salts (red symbols for NaCl; blue
symbols for Na2SOs, and green symbols for NasCit) during a heating (closed symbols) and
cooling cycle (open symbols). Cellulose was dissolved and the solutions were prepared after

storage at -20 °C for 16 hours.

Based on these results, 7 wt.-% commercial cellulose solutions with or without these salts at
different concentrations were converted into cellulose aerogel monoliths (MCM7). All
monolithic samples were white and cylindrical. In Figure 45, a representative example is
shown. The shape of the monolith was not perfectly cylindrical with different shrinkage

behavior on the top wall and bottom face of the monolith.
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When sodium chloride or sodium sulfate was added, a strong gel body was formed faster and,
although shrinkage still took place, the shape was better preserved. During solvent exchange,
salt crystallites could be present on the surface of the monoliths. This phenomenon was
observed for all salts, with a stronger presence when a higher salt concentration was used. This
happened due to the lower solubilization of salts in ethanol and indicated an inhomogeneous

salt distribution in the samples.

Figure 45 Pictures of a 7 wt.-% commercial cellulose aerogel monolith (MCM7-2NasCit)
upright (left) and up-side down (right).

Despite the apparent differences, the addition of salt had a low influence on the shrinkage in
volume of the monoliths, as shown in Table 8. After 1 wt.- % of NaCl and Na>SO4 addition,
the volume shrinkage increased from 49.40% of the blank sample to 56.81% and 53.66%,
respectively. At 2 wt.-%, these values were 48.82% and 50.86%, respectively. It was assumed
that competition existed between a strong gel body promotion, that preserved the monolith’s
structure and reduced shrinkage, and the creation of pores by the scaffold effect. The addition
of salt captured water and led to the fast association between cellulose fibers, resulting in a
more resistant cellulose network against the osmotic pressure in gelation.[107] However, as the
salts were removed during the neutralization phase, empty spaces were created that were more
prone to induce shrinkage around their cellulose walls. The fast creation of the cellulose
network played a major role when higher concentrations of salt were added, while the scaffold

effect was more relevant at lower salt concentrations.[113, 114]
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Table 8 Properties of 7 wt.-% commercial cellulose aerogel monoliths (MCM?7) synthesized
from solutions without and after addition of salts at different wt.-% concentrations. Information
on the specific surface area and total pore volume of the aerogels is presented later.

Volume Envelope Porosity Average

Samples Shrinkage Density Pore Size
| % /gcm | % / nm
MCM7 49.40+4.10 0.17 88.96 14.67
MCM7-1NaCl 56.81+2.47 0.17 88.97 17.18
MCM7-1Na2S04 53.66+2.71 0.16 89.74 21.29
MCM7-1NasCit 48.62+0.82 0.16 89.68 13.58
MCM7-2NaCl 48.82+0.91 0.16 89.54 17.42
MCM7-2Na2S04 50.86+1.08 0.17 88.68 14.76
MCM7-2NasCit 57.07+£0.82 0.23 84.92 11.88

In the case of NasCit, shrinkage increased with its concentration due to citrate’s bigger
dimensions and because it hindered the creation of a stable gel body as shown in Figure 45.
The pores created around the citrate anion were bigger than CI- and SO4%, which meant that
shrinkage was magnified at higher salt concentrations. The uncertainty in the shrinkage among
different salts could be linked to their inhomogeneous distribution in the gel body.

As shown in Figure 46, the difference in shrinkage between the samples reduced as the gel was
converted into an aerogel. The 2 wt.-% of NaCl and Na>SO4 addition yielded less shrinkage at
the hydrogel, alcogel, and aerogel phases, than 1 wt.-% while the opposite was observed for
NazCit. This was related to the previously discussed trends.

Despite these differences in shrinkage, the envelope density, and porosity remained constant
for most samples, independently of the addition of salts in different concentrations. The density
values ranged from 0.16 g cm™ to 0.17 g cm=, with porosity values between 88.68% and
89.74%. The skeleton density was constant at 1.52 g cm™. These values were within the range
for cellulose aerogel monoliths where salts were added during their synthesis.[113, 114] The
only exception was for 2 wt.-% NasCit, where the density was 0.23 g cm™ and the porosity
84.92%. This was due to the higher shrinkage observed for the sample, which densified its
porous structure. Another cause could have been an inhomogeneous distribution of the salt
across the gel body, which might have a negative influence on the porous structure of the

aerogel.
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Figure 46 Shrinkage of 7 wt.-% commercial cellulose monoliths across different processing
phases. These were synthesized from solutions without (black square for MCM7), and after
addition of sodium salts (red symbols for NaCl; blue symbols for Na,SO4, green symbols for

NasCit) at different concentrations (circle for 1 wt.-%, and triangle for 2 wt.-%).

The addition of different salts at various concentrations did not influence the FTIR spectra of

the synthesized aerogels, but differences were observed when cellulose | (MC) was converted
into cellulose 11 in the aerogels. This is shown in Figure 47. The broad peak at 3300 cm™ from

O-H stretching became broader in the monoliths, with some distinction between different OH
vibrations, due to the reinforcement of intra and inter-molecular hydrogen bonding.[271] For
the bands presented at lower wavelengths, they were classified according to their functional
groups and associated crystalline polymorphism (cellulose I or I1). The peak at 1430 cm™ from
the CH> bending was characteristic of cellulose I and had a lower intensity in the aerogels while
the signal from CH bending at 1370 cm™! had the opposite evolution. The signal at 1160 cm™
(C-O-C asymmetric stretching) had a lower intensity in the aerogels compared with MC. The
signal at 1030 cm™, corresponding to ring asymmetric stretching of C-O, remained constant

across the samples while a slight shift for lower frequencies and higher intensity was recorded
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at 890 cm'! (vibration in the glycosidic links) when cellulose was converted into an
aerogel.[242, 243, 271, 272] The conversion of cellulose I into 11 during regeneration changed
the tridimensional configuration of the cellulose fibers. This led to different hydrogen bond
interactions and consequent vibrational modes between the spectra of MC and the
aerogels.[272, 273] The lack of differences between aerogel samples indicates that the salts

removed during washing and solvent exchange.
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Figure 47 FTIR spectra of 7 wt.-% commercial cellulose aerogel monoliths from solutions
without (black for MCM7), and after addition of sodium salts (red for NaCl; blue for Na>SOa:
and green for NasCit) at different concentrations (solid line for 1 wt.-%, short dashed line for

2 wt.-%). Commercial cellulose (MC) appears in purple.

Crystalline salts in the cellulose solutions could have influenced the crystallinity of the
synthesized cellulose aerogel monoliths. Besides, if not well washed, those residues would be
visible in the XRD diffractograms. However, no significant differences were observed between
the XRD profiles of the monoliths and, in Figure 48, only representative samples formed with
NaCl are shown. The peaks from the aerogel samples were broader and less intense than those
detected for MC, due to the dissolution of the crystalline cellulose which became amorphous.

Some shifts in the peaks 20 were detected in the monolithic samples compared to MC and were
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explained by the conversion of cellulose I into cellulose II. Cellulose 11 planes were identifiable
in the aerogels where the peak corresponding to the plane (110) shifted to 12.3° while the most
intensive peak at 21.8° was related to planes (110) and (020) (20° and 22° respectively). The
signal of the plane (004) shifted to 35.1°. The amorphous cellulose region in the aerogels was
found at 16° and was more preeminent than in MC, at 18°, due to the lower content in crystalline
planes.[256, 283] Equation 8 was applied to study the evolution of the crystallinity during the

creation of the aerogels.
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Figure 48 XRD diffractograms and respective crystallinity indexes (ICs) of 7 wt.-%
commercial cellulose aerogel monoliths from solutions without addition of salt (black for
MCMY7), and after addition of NaCl (red for NaCl) at different concentrations (solid line for
1 wt.-%, short dashed line for 2 wt.-%). Commercial cellulose (MC) appears in purple.

When cellulose was dissolved and converted into an aerogel, a significant decrease in
crystallinity was registered, following the conformation change of the cellulose’s structure from
cellulose I to IlI. This evolution in the XRD patterns was in the same range as in the
literature.[109, 114, 188] It should be noted that Equation 8 slightly overestimates the
crystallinity values for more amorphous samples, which may lead to differences between values

found in other references.[243, 245] Adding salts increased the crystallinity index compared to
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the blank sample (from 68.3% to 74%-75%). The anion species added or the salt concentration
did not influence that increase. Introducing salts led to a higher polarity in the media and favored
the packing of cellulose fibers through hydrogen bonds during regeneration. These packing
patterns followed the planes (110) and (020), which became better defined and contributed to
higher crystallinity.[110, 111] This was observed by Parajuli et al.[113, 114]

The porous structure of these materials was significantly distinct between their surface and
interior body. In Figure 49, the surface of MCM7 and of a representative aerogel monolith
synthesized after the addition of salt (MCM7- 2NaCl) are shown. The exterior surfaces were
compact, with a wide range of pore sizes. The surface of MCM7-2NaCl was more homogeneous
and had smaller pores than MCM7. This trend was observed for all samples where salt was
added, independently of their ions and concentration. The reasons for this difference could be
found in the regeneration kinetics of the cellulose body.[107, 252] Monoliths needed multiple
days to create a stable wet gel body. Under an acidic ethanol solution, the cellulose fibers at the
surface quickly re-organized into a compact dense network of pores, whose densification
continued as the gelation occurred in the interior of the monolith. As the addition of salts
increased the gelation speed, the surface of the affected aerogels suffered more densification
during gelation than the one from the blank aerogel, which needed more time to achieve a stable
structure .[107] As a phase separation was formed between a cellulose-rich and cellulose-poor
solution, the fibers in the interior had more time to reorganize into fibrillar networks with

thinner pore walls, and more dispersed structures.[106]

Figure 49 SEM picture of the exterior surface of 7 wt.-% commercial cellulose aerogel
monoliths from solutions without addition of salt (MCM7), and after addition of 2 wt.-%
sodium chloride (MCM7-2NacCl).
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Indeed, using the samples where NasCit was used as representative examples, the addition of
salts at different concentrations led to changes in the porous structure of the aerogels. This is
shown in Figure 50.

MCM7-1Na,Cit & 0 MCM7-2NagCit

Figure 50 SEM pictures of the interior surface of 7 wt.-% commercial cellulose aerogel
monoliths from solutions without addition of salt (MCM7), and after addition of 1 wt.-% and
2 wt.-% sodium citrate (MCM7-1NasCit and MCM7- 2NasCit, respectively).

In the blank sample, MCM?7, a dense fibrillar network existed with some bigger pores. With
increasing concentrations of NasCit, bigger pores became more preeminent. This was observed
for NaCl and Na,SOs as well. These empty spaces were associated with salt-rich areas, whose
salts were removed during the washing and solvent-exchange steps.[113] These new cavities

increased with the size of the anion, as shown in Figure 51.
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Figure 51 SEM pictures of the interior surface of 7 wt.-% commercial cellulose aerogel
monoliths from solutions after addition of 2 wt.-% sodium chloride (MCM7-2NaCl), sodium
sulfate (MCMT7- 2Na2S0.) and sodium citrate (MCM7- 2NasCit).

While some of the bigger cavities could be from inhomogeneities in the gel body, the porous
structure became looser and less compact as the anion added increased its size: Cit> > SO4*
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>CI". This was related to the influence of these salts on the gelation mechanism and the
formation of the porous network, as observed in Figure 43. Additionally, CI" left smaller pores
in the aerogel’s network when removed than SO4* and Cit*. An increasing gelation speed in
addition to the presence of removable anions, promoted a looser fibrillar structure, with thin
pore walls, in conjugation with bigger cavities as observed in Figure 51. Without these salts,
cellulose structures with denser packing had been observed in previous studies and other
samples examined in this work.[107, 109, 179] For the case of NasCit, the scaffold effect and
the creation of bigger cavities counterbalanced its smoother gelation and densification of the
aerogel structure.

Nonetheless, adding salts did not significantly affect the value of porosity of the aerogels
compared to the blank sample, despite an apparent increase in the presence of larger cavities.
This could indicate that any increase in the number of larger pores was not significant, not
homogeneous, or that its effect was attenuated by the creation of smaller pores when the added
anions were removed. In the case of 2 wt.-% NasCit, the wider presence of these larger cavities
and less compact network could explain a lower mechanical resistance towards shrinkage,
resulting in a reduction in porosity and an increase in density compared to MCM7. The SEM
pictures indicated that the addition of salts influenced the porous structure of the monoliths
depending on their structure and application quantity. Their influence was further analyzed in
the physisorption studies. The adsorption and desorption profile of N2 on the porous structure
of the monoliths are shown in Figure 52. Each sample had different adsorption capacities, but
all could be classified as type IV isotherms, as described by IUPAC.[91] These curves are
characterized by having a saturation plateau at 0.7-1 (P/P°), which is formed due to pore
condensation, and hysteresis. This behavior indicated a mesoporous nature for these aerogels
with a wide range of pore sizes, in line with what was found in other studies.[113, 167]The
existence of hysteresis under these adsorption conditions is related to delayed pore condensation
in mesopores whose size exceeds 4.5 nm. The hysteresis shape provided further information on
the network structure of the aerogels. The desorption behavior of nitrogen was influenced by
the existence of pores whose access to the exterior was only through narrow necks of different
sizes and distributions. The samples MCM7-2NaCl and MCM7-1Na>SO4 presented the highest
adsorption capacities, while the remaining have similar profiles. While the blank sample and
the monoliths associated with NaCl had an H2(b) hysteresis, the other aerogels had intermediate

hysteresis between H1 and H2(b), with a low influence of the salt concentration.[274]
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Figure 52 N adsorption-desorption isotherms of 7 wt.-% commercial cellulose aerogel
monoliths from solutions without (black for MCM7), and after addition of sodium salts (red for
NaCl; blue for Na2SOs, and green for NazCit) at different concentrations (circle for 1 wt.- %;

triangle for 2 wt.-%).

Figure 53 shows that the specific surface area of MCM7 was 259 m? g%, while all the samples
where salt was added ranged from 244 m? g* to 307 m? g-*. Adding sodium chloride led to a
slight increase in the specific surface area, from 259 m? g* to 284 m? g* (1 wt.- % NaCl) and
307 m? gt at 2 wt.-% NaCl. A smoother growing trend was observed for Na2SOa, where the
surface area increased to 271 m? gt and 286 m? g%, at 1 wt.-% and 2 wt.-%, respectively. This
was consistent with work performed by Parajuli et al., where the removal of smaller ions during
the neutralization of the gels created smaller pores and increased the specific surface area and

total pore volume of the aerogels.[114]
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Figure 53 Specific surface area and total pore volume of 7 wt.-% commercial cellulose aerogel
monoliths from solutions without (MCM7), and after addition of sodium salts (NaCl, NazSOa,

and NasCit) at different concentrations (1 wt.-% and 2 wt.-%).

For NasCit, the surface area remained constant at 261 m? g at 1 wt.-% and decreased to
244 m? g at 2 wt.-% due to its higher density and presence of small cavities, which decreased
the number of pores available and consequent surface area. The total pore volume followed
similar behaviors but within a smaller range of values (from 0.91 cm® g to 1.38 cm® g!) and
with higher uncertainty. This was in line with what had been observed in the previous pages
and the literature.[113, 114, 165, 166]

Figure 54 shows the pore size distribution of the samples. Most of the pores detected were
mesopores (from 2 nm to 50 nm) with some presence of macropores. The profiles were similar
among the aerogels, but some important differences were observed. When 1 wt.-% Na>SO4 or
2 wt.-% NaCl was added, a plateau was reached at the top of their distribution curves instead
of a sharp point. Those samples had a higher proportion of larger mesopores and a broader
distribution, which led to the higher adsorption registered in their isotherms. MCM7-2NaCl had
the highest specific surface area, which could explain the higher concentration of pores. For
MCM7-2NazS0s, the pore size distribution is similar to that of MCM7. Minor changes in the
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concentration of these salts in the cellulose solution have a relevant influence on the pore size
distribution of their resultant aerogels, but a clear understanding of their mechanisms is still
lacking in the literature.[113, 114] Regarding the NasCit samples, their profiles were the

sharpest ones with no relevance to the concentration added.
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Figure 54 Pore size distribution of 7 wt.-% commercial cellulose aerogel monoliths from
solutions without (black for MCM7), and after addition of sodium salts (red for NaCl; blue for
Na2SO4, and green for NasCit) at different concentrations (circle for 1 wt.- %; triangle for
2 Wt.- %).

The pore size distribution affected the average pore size of the samples, as shown in Table 8.
In MCM?7, the average pore size was 14.67 nm and increased to 17 nm when NaCl was added,
with no influence from the salt concentration. It indicated that the creation of a plateau at its
pore size distribution at 2 wt.-% NaCl was compensated by the creation of smaller pores when
NaCl was removed during the processing of the gels. For MCM7-1Na>SOs, the pore size
increased to 21.29 nm and decreased for MCM7-2Na>SO4 to 14.76 nm. For NasCit, the average
pore size consistently decreased to 13.58 nm and 11.88 nm, from 1 wt.-% to 2 wt.-%. Most of
this reduction was caused by a decrease in the presence of macropores, as shown in Figure 54.

It could be that the bigger mesopores were absorbed by bigger cavities not detected by the
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physisorption technique (limited to 100 nm).[175, 275, 276] It would mean that, in conjugation
with the creation of pores from the removal of the citrate anion, the relative weight of smaller
pores would increase, leading to a smaller average pore size. Overall, sodium chloride and
sulfate addition to the cellulose solution increased the specific surface area of the monoliths.
The trisodium citrate addition resulted in a sharper pore size distribution and a smaller average
pore size.

In Figure 55, the thermogravimetric profile of MCM7 and the monoliths produced from
cellulose solutions with salts can be found. As MC was composed of highly crystalline
cellulose I, while the aerogel monoliths contained more amorphous cellulose 11, it was expected

that degradation would occur earlier for the latter.
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Figure 55 Thermal gravimetric profiles of 7 wt.-% cellulose aerogel monoliths from solutions
without (black for MCM7) and with addition of salts (red for NaCl, blue for Na,SQO4, and green
for NasCit) at different concentrations (solid line for 1 wt.-%, short dashed line for 2 wt.-%).

Commercial cellulose (MC) appears in purple.

A higher content of the crystalline phase is associated with a higher degree of hydrogen bonds
between cellulose chains. Therefore, more packed structures need more energy to be
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degraded.[251, 277] The profiles were very similar, with no significant influence from the
addition of salts, and contained the characteristic profile of cellulose samples.[242, 251] All
samples reached 50% degradation between 300°C and 340 °C, with some differences between
the salts added depending on their influence on the porous structures of the aerogels. For all
samples, except for MCM7-1Na,SOg, significant mass loss starts at 250 °C, typical for cellulose
I1. The mass decline observed from 205°C to 250 °C for MCM7-1Na,SO4 could correspond to
the crystal-phase transition from T-Na>SOs to y- Na:SOs, indicating an inhomogeneous
distribution of the salt and its residual presence in the sample.[278]. Parajuli et al. verified a
slight increase in the thermal stability of the samples when chloride-based salts with different
cations were added (Na*, K*, Ca?*, Mg?*, Li*). This indicated that the cations and anions interact
differently with the cellulose fibers[114-116].

This study on the influence of adding sodium salts on cellulose solutions and their aerogels
indicated that those anions influence the gelation speed of a cellulose solution while slightly
improving the aerogel’s properties. NaCl and Na2SO,4 addition up to 2 wt.-% led to an increase
in the gelation speed (down to 0 s) while preserving the density and increasing the specific
surface area up to 300 m? g. On the opposite side, trisodium citrate slowed the solution
gelation, and reduced the surface area of the resultant cellulose aerogels while sharpening their
pore size distribution and reducing the relevance of macropores. The reasons behind these
trends lay in how the anions, with different charges and dimensions, competed with cellulose
for the water in the dissolution media. CI- and SO+, with stronger hydration shells, more easily
decreased the quality of the dissolution media and promoted the regeneration of cellulose than
citrate whose organic character made it more prone to interact with cellulose.[263, 264, 268]
The removal of the anions during the washing of the monoliths created new pores whose sizes
were proportional to the dimensions of the anions. The salts had limited influence on the
chemical composition, crystallinity, and thermal behavior of the cellulose aerogel monoliths.
While the fundamental mechanisms of the interaction of these salts with cellulose and with the
water:urea:NaOH components of the dissolution medium still have to be further studied, this
work provides recipes to quickly increase the gelation speed of solutions while preserving or
even improving the properties of the resultant aerogels. This is a powerful tool for upscaling in

industrial environments and modulating the internal structure of the aerogels.
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4.3.2 Acidic Conditions of the Regeneration Bath
In Table 9, it is shown some of the most important properties in 2 M aqueous solutions of the

different acids tested.

Table 9 Structure and general properties of 2 M acidic aqueous solutions.[250] (CC BY-NC
4.0, https://creativecommons.org/licenses/by-nc/4.0/)

Name of Acids Density
(abbreviation) Structure pKar279] pH /g cm?

Hydrochloric acid (HCI) H-CI -7 -0.3 1.03

- - O
Acetic acid (HAC) Hsc—/<OH 476 2.23 1.01
e}
L(+)-Lactic acid (HLac) Hiow Ay 3.86 1.78 1.04
OH
Citric acid (HCit) NS 3.09;4.75;6.41  1.39 1.15

OH

The values for the density and pH were similar across the different bathes. The pH of the organic
acids was higher than that of HCI due to their lower dissociation rates. The densities were close
to 1 g cm3, with citric acid being the densest (1.15 g cm™). The chemical structure of the
molecules ranged from simple H-CI bonds to organic structures with numerous functional
groups such as OH and COOH. These factors influenced the final structure of the aerogel beads.
The aerogel beads, shown in Figure 56, were all white and spherical, with a slight oval
deformation in the HCit samples. Due to the slow speed of gelation observed in HCit baths, the

soft-gelled beads deformed when they collided with each other during regeneration.
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MCB7-HCI MCB7-HAc

MCB7-HLac MCB7-HCit

Figure 56 Optical microscope pictures of 7 wt.-% commercial cellulose aerogel beads (MCB7)
gelled in different regeneration bathes (HCIl, HAc, HLac, and HCit).[250] (CC BY-NC,

https://creativecommons.org/licenses/by-nc/4.0/)

In Table 10, it is visible that the aerogel beads had diameters close to 3 mm (from 2.86 mm in
MCB7-HCit to 3.28 mm in MCB7-HACc), with the size difference depending on the acid bath
used. The differences observed could be explained by each acid’s different diffusion rates and
functional groups. During the regeneration of cellulose beads, a two-phase separation occurred
between a rich-cellulose phase formed from the precipitation and association of cellulose fibers
through hydrogen bonds (the gel) and a poor-cellulose phase, where fibers were still in solution.
The cellulose chains assembled differently depending on the diffusion mechanisms between the
acidic molecules in the gelation bath, which penetrated the bead, and cellulose’s solvent
components, which diffused into the bath. A higher rate of diffusion led to faster cellulose
precipitation. A slower diffusion rate proportionated more time for the gelation of the droplets
and the reorganization of the cellulose chains into smaller beads, with a stiffer structure. The
coagulation speed was influenced by differences in pH and viscosity between the solutions and
the miscibility of the cellulose with the regeneration bath.[46] Besides, the organic acids here
discussed present carboxylic and OH functional groups, that are known for their high hydrogen-
bond donor-acceptor properties. These can easily interact with the OH groups in cellulose,

affecting its regeneration.[250]
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Table 10 Properties of 7 wt.-% commercial cellulose aerogel beads (MCB?7) gelled in different
regeneration bathes (HCI, HAc, HLac, and HCit). Information on the specific surface area and
total pore volume of the aerogels is presented later.[250] (CC BY-NC,

https://creativecommons.org/licenses/by-nc/4.0/)

Average Bead Diameter Envelope Average Pore

Sample Diameter Shrinkage  Density Porosity Size

/ mm | % /gcm3 /% / nm

MCB7-HCI 3.250.07 15.05+£1.94 0.18 88.19 23.46
MCB7-HAc 3.28+0.10 12.77+2.70 0.21 85.94 25.16
MCB7-HLac 3.15+0.07 13.65+2.01 0.21 86.24 24.89
MCB7-HCit 2.86+0.11 13.86+3.44 0.23 85.15 21.88

The beads produced immediately after gelation in HCI had the largest diameter due to their fast
coagulation. The HCI bath presented the lowest pH, and the lowest density, and the small
dimensions of the CI" anion enabled it to promote a fast gelation. Other acids produced smaller
beads, with citric acid inducing the lowest diameter. Its pH was similar to the ones observed for
acetic or lactic acid but its higher viscosity and density hindered the diffusion of the citrate
anions through the bead. Indeed, during the production of beads in the citric acid bath, it was
noticed that the cellulose droplets remained for a few minutes on the surface of the bath and a
visible polymer-phase separation was formed (see Figure 57).

Besides, the different acidity constants created citrate anions that were not fully dissociated.
These bigger, organic conjugated bases could interact with the OH groups in the cellulose
chains and between themselves through hydrogen bonds and other weak forces such as
electrostatic and van der Walls. These further contribute to create smaller beads. The influence
of the hydrogen-bond donor-acceptor groups in the other organic acids was not as pronounced
as in HCit.[280-282]

The bead’s size decreased due to shrinkage across the other processing steps. All beads shrank,
having a total shrinkage from 12.77% for MCB7-HAc to 15.05% for MCB7-HCI. At these
small dimensions, the concentration gradient between the bead’s core and its surface was
limited. This reduced the stress caused by molecular diffusion and induced a similar shrinkage
across all samples.[47, 107, 109] However, shrinkage was directly proportional to the strength

of the acid, assuming monovalent ion formation. HCI, with the lowest pKa and faster gelation,
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created a porous structure more prone to shrinkage while the acetic acid-induced network was

more stable and resistant.[250]

Figure 57 On the left, is a detail of the gelation of cellulose beads in a citric acid bath
(MCB7- HCit). It is visible an outer shell of a cellulose-rich phase (transparent) and a poor-
cellulose phase in the bead’s core (whitish). On the right, the same beads after 30 minutes in

the acid bath to ensure complete gelation. The beads were white and opaque.

Regarding the skeleton density, as no difference was recorded between samples, a value of
1.523 g cm was used for calculating porosity. This value was close to the one obtained from
MC, of 1.524 g cm™®, and found in the literature.[251, 283] The commercial cellulose was
composed of cellulose I and, when dissolved, changed to the more stable cellulose Il structure.
This more amorphous, less packed cellulose polymorph composed a significant fraction of the
aerogels, contributing to their lower skeleton density.[252, 284]

In comparison, the envelope density for these samples was much lower, from 0.18 g cm? in
MCB7-HCI to 0.23 g cm™ in MCB7-HCit. This indicated that the density of the aerogels was
influenced by their high porosity, as more space was occupied by open-air than by the solid
fraction of the network. The smaller the bead, the higher its envelope density due to a larger
compaction of its cellulose fibers and the lower its porosity. The values of porosity for the
samples, which ranged from 85.15% in MCB7- HCit to 88.19% in MCB7-HCI. Their difference
was small, presenting porosities typical for cellulose aerogel produced from similar synthetic
routes.[57, 162, 167] The fast counter-diffusion gelation rate in HCI provided the highest
porosity. A faster cross-linking between cellulose chains decreased their agglomeration time,
originating thinner cellulose walls, larger cavities, and higher porosity.[107, 109]

The FTIR spectra for all the cellulose aerogel beads were similar (see appendix in Figure 112),

showing only signals from cellulose 1l as described in the previous chapters. This indicates that
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impurities were removed during the washing steps. The diffractograms of MC and from a
representative acid (MCB7-HAC), as the use of different acids did not affect the crystallinity of
the beads, are shown in the appendix (see Figure 118). Some shifts in the peaks 20 were
detected in MCB7-HAc compared to MC and were explained by the conversion of cellulose |
into cellulose 11. When that cellulose was dissolved and converted into an aerogel, it registered
a significant decrease in crystallinity (from 87.55% to 68.33%), which followed the
conformation change of the cellulose’s structure from cellulose | to 1. This evolution in the
XRD patterns was in the same range as in the literature.[109, 114, 188]

In Figure 58, the exterior surface of the aerogel beads gelled in different acidic media can be
observed in SEM pictures. The surface presented densely packed cellulose fibers, with bigger
pores in MCB7-HCI compared with the beads from other bathes. In the latter, the microfibrils
had coagulated into dense regions where most pores were below the macroporosity range. As
previously discussed, this was related to different coagulation speeds. The surfaces were
homogeneous with some regions with small fibers conglomerates or small cavities due to
inhomogeneities in the cellulose distribution in the falling solution droplets. As there existed
polymer-rich and polymer-poor regions in the droplet, different diffusion rates were present in

the beads which could explain slightly different packaging on their surface.[107]

MCB7-HCI : MCB7-HAc

Figure 58 SEM images of the exterior surface of 7 wt.-% commercial cellulose aerogel beads
(MCBY7) gelled in different regeneration bathes (HCI, HAc, HLac, and HCit).
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The same trends were identified in the interior of the beads. In Figure 59, the highly porous
microfibrillar networks were found across all cellulose aerogel samples.[88, 285] The structures
were less compacted, with pores and cavities from the macroscale to the nanoscale, while the
random fibrillar network was more dispersed with thinner walls. For all aerogels, the structures
in the interior of the bead were less dense than on its surface, but they were more compact in
the samples formed in organic acids than in MCB7- HCI. This phenomenon occurred due to the
faster gelation of the fibers on the surface of the bead. As the gelation of the bead’s core was
slower, cellulose fibrils had more time to agglomerate and create fibrillar networks with smaller
pores. In the case of organic acids, these interior structures achieved a higher degree of
compaction and detailed porous network due to their lower gelation speed and higher
interaction with the cellulose fibrils compared with HCI. Besides, the densification of the

surface of the gels continued as gelation proceeded in the interior of the beads. [89]

Figure 59 SEM images of the interior surface of 7wt.-% commercial cellulose aerogel beads
(MCB?7) gelled in different regeneration bathes (HCI, HAc, HLac, and HCit).

For the microstructural analyses, it has to be considered that the cellulose aerogels are soft and

ductile materials. Therefore, the artifacts should also be carefully taken care of.[82] Thanks to

developed expertise, the porous structure of the aerogels was preserved for study.
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In the appendix (see Figure 124), the N2 adsorption capacities of the aerogels can be observed.
Each sample had different adsorption capacities but were all classified as type IVVa isotherms,
as described by IUPAC.[276] The observed hystereses in Figure 124 were classified as H2(b),
associated with pore-blocking for a wide distribution of pore neck widths.[275, 276] If the
aerogels have a more uniform range of mesopores and a steeper, narrower, desorption, their
isotherms might be closer to the H1 shape, as in MCB7-HCit, or a combination between that
category and H2(b) hysteresis, as for the remaining samples produced in organic acids.[274,
286, 287] Aerogels produced in organic acids had a significantly higher adsorption capacity
compared to those produced in HCI, and this was related to the porous matrix formed in each
case. Figure 60 shows the influence of these differences on the total pore volume and surface

area of the samples.
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Figure 60 Specific surface area and total pore volume of 7 wt.-% commercial cellulose aerogel
beads (MCB7) gelled in different regeneration bathes (HCI, HAc, HLac, and HCit).

While the beads formed in hydrochloric acid presented a BET of 371 m? g, those values
increased to 419 m? g%, 409 m? g, and 392 m? g in HAc, HLac, and HCit respectively.
Similarly, the total pore volume increased from 2.44 cm3 gt in HCI t0 3.08 cm® g%, 3.23m* g ¢,

and 2.86 cm® g* for beads synthesized in HAc, HLac, and HCit, respectively. These surface
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area values were in the range of the ones found for other cellulose aerogel beads and films in
similar studies.[107, 110, 167] These numbers agreed with what was observed in the SEM
pictures. Specific surface areas were higher than the ones observed in the previous chapter for
the monoliths but a direct comparison was not possible. As it was used a different coagulation
system (acetic acid ethanol bath after heating) for monoliths and the samples have different
surface area/volume ratios, these originated different regeneration kinetics during gelation and
properties among the synthesized cellulose aerogels.[126] Beads formed in HCI presented
bigger pores in their interior, creating a smaller surface area and concomitant total pore volume.
On the other hand, the filigree structure observed in the beads formed in the organic acid
solutions contained smaller pores, which increased their available surface area and the total
volume of the porous fraction. The more hydrogen-bond donor-acceptor groups in the organic
acid, the higher the degree of nano-fibril densification. This could eliminate small pores and
close the entrances of other pores. This led to smaller decreases in specific surface area and
total pore volume for citric and lactic acid compared to HAc. These trends influenced the pore
size distribution of the aerogels and their average pore size. The first parameter is expressed in
Figure 61.

The vast majority of the pores were in the mesoporous regions (2 nm to 50 nm) for all samples,
with a smaller fraction in the macroporous region (over 50 nm) and a low contribution from the
microporous region (less than 2 nm). This expressed the mesoporous character of cellulose
aerogels.[162, 191, 288] As the aerogels formed in organic acids had a higher total pore volume
than MCB7-HCI, they had a more intense dV/dlog(W) pore volume across different pore sizes.
The pore size distribution for all samples was centered between 20 nm and 40 nm, but
depending on the acid used, this profile shifted for higher or lower values. From MCB7- HCI
to the samples produced in other acids, the profiles sharpened in the mesoporous area and a
constant decrease in the proportion of volume occupied by macropores occurred. MCB7-HCit
presented the sharpest profile, with a shift for smaller pores and the lowest presence of
macropores. This is in line with the steeper desorption observed in the isotherms of the aerogels
synthesized in organic media, in Figure 124. These different profiles slightly influenced the
average pore size. Gelled aerogels in HCI had an average pore size of 23.46 nm, while in HAc
and HLac they had average pore sizes of 25.16 nm and 24.89 nm, respectively. The decrease in
the number of macropores in MCB7-HAc and MCB7-HLac was not enough to compensate for
the shift of the peak of the curves to bigger pores. HCit induced the lowest pore size, at
21.88 nm.
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Figure 61 Pore size distribution of 7 wt.-% commercial cellulose aerogel beads (MCB7) gelled
in different regeneration bathes (dark green for HCI; light green for HAc; golden for HLac, and
orange for HCit).[250] (CC BY-NC, https://creativecommons.org/licenses/by-nc/4.0/)

These results indicated that the porous network and morphology of the aerogels can be tailored
depending on the acid type in the regeneration bath and its diffusion speed into the cellulose
solution. If the final product should have a higher content of macropores for the desirable
application, it is more appropriate to use a strong acid such as HCI or H.SO4 which promotes a
fast gelation and the creation of a less dense porous structure with bigger pores. The choice of
an organic acid leads to a longer time for the regeneration of the cellulose fibrils, giving them
time to aggregate and create a denser structure, with a higher content on meso and micropores.
The thermal profile of the samples is shown in the appendix (see Figure 120).

All the samples presented the three main areas of weight loss associated with cellulose, as
previously described. A first, between 40 °C and 100 °C, was recorded due to evaporation of
water. Afterward, the profiles remained stable until reaching 240 °C for the cellulose beads and
250 °C for MC. There started a very pronounced mass reduction from 55.60% to 69.74%, where
thermal degradation of the cellulose fibers occurred.[242, 251, 289] At this point, the higher
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Cls of MC enabled it to have a higher thermal stability. The aerogel samples achieved 50%
weight loss at 325 °C while MC reached at 335 °C.

After those points, the degradation rate was reduced, with the creation of char and the release
of H20, CO, and CO2.[277] MC presented the smallest amount of residue (17.44%) while
aerogel’s residue ranged from 21.02% when regenerated in HCI to 26.55% in HCit. This was
explained by the different envelope densities between samples. The more compact the sample,
the stronger the interactions between the cellulose fibrils and correspondent higher content in
biochar and smaller in volatiles. MC had a higher ICs but its non-gel structure could have
influenced the low final residue content. The choice of a different organic acid as a regeneration
bath did not significantly influence the thermal profile of the aerogels.

In summary, different organic acid solutions were prepared as regeneration bathes for aerogel
bead synthesis. The size of the organic conjugate base and their functional groups influenced
the diffusion rate between the dissolution and coagulation systems. Weaker acids with bigger
organic conjugated bases imposed a higher density on their solutions, interacted more with the
cellulose fibers through hydrogen bonds and electrostatic interaction, and decreased their rate
of diffusion into the interior of the bead. Organic acids produced denser, less porous aerogel
beads but with a network containing smaller pores than HCI. This led to higher specific surface
area and total pore volume in the former. Among the organic acids, HCit promoted the sharpest
profile of pore distribution with smaller mesoporous in comparison with the other organic
alternatives. However, its higher density lead to the deformation of the shape of the beads,
which hinders its use at a technical scale. As a consequence, acetic and lactic acid were chosen
as regeneration baths in the synthesis of aerogels. No significant influences were recorded
regarding thermal stability, chemical composition, and crystalline structure among the studied
samples. It was concluded that, depending on the final application of the aerogels and the
desired range of pore sizes, different acids can be used to tailor the aerogel’s structural and
morphological properties. This new tailoring tool diversifies the industrial applications of these
materials while providing a safer and more environmentally friendly alternative to the more

hazardous inorganic acid alternatives.

4.4 Manufacturing of Cellulose Aerogel Beads

In this chapter, it is discussed the synthesis of cellulose aerogel beads at laboratory and technical
scales. In Chapter 4.4.1, aerogel beads were synthesized using extracted cellulose from hemp
and flax bast waste fibers. Their properties were studied and compared to the properties of
commercial cellulose-based aerogels. In Chapter 4.4.2, selected recipes for the synthesis of
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commercial and hemp-extracted cellulose aerogels were scaled up using the JetCutter®. Their
properties were compared to their lab-scale batches. Besides, it was studied how the influence
of the cellulose concentration, the coagulation bath, and the addition of salts to cellulose
solutions infuenced the thermal conductivity of the synthesized aerogels. These experiments

were performed at a technical scale, using the JetCutter®.

4.4.1 Laboratory Scale

Depending on the DP of each cellulose source, different cellulose concentrations were used for
the preparation of cellulose solutions and the synthesis of aerogels. Figure 62 shows the aerogel

beads, which were white and spherical while differing in size and surface shape.

Figure 62 Optical microscope pictures of cellulose aerogel beads produced from flax-
extracted (FCB), hemp-extracted (HCB), and commercial cellulose (MCB) at different

cellulose concentrations (from 2 wt.-% to 7 wt.-%).

For the FCB samples, increasing the cellulose concentration resulted in more spherical beads
and smoother surfaces. The diameter of the beads remained constant between 2.2 mm and
2.27 mm. The same trend was observed for the hemp samples but there was a steadier increase
in the average diameter (from 1.80 mm to 3.08 mm). HCB6 had a similar shape and size
compared to MCB7. These differences between HCB and FCB samples were due to the
different DP of their celluloses and how it influenced the droplet stability. When the cellulose
concentration was not high enough, the falling droplet did not sustain a spherical shape against
the surface tension of the gelation bath and created a deformed gel.[181, 182]
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Increasing the cellulose concentration helped the droplets sustain the shock when entering the
regeneration bath, promoting faster gelation of the bead and preserving its sphericity.[176, 183]
Higher cellulose concentrations also led to less shrinkage in the neutralization, solvent
exchange, and drying of the gels, which explained the increasing sizes of the hemp beads with
increasing concentrations. For the synthesis of cellulose solutions with similar viscoelastic
properties, a lower concentration of FC was used, as it had a higher DP than HC. This turned
the beads produced from FC more prone to shrinkage, with smaller dimensions and more
homogeneous diameters across different concentrations compared to hemp samples.[88]

The skeleton density of the aerogel beads had minor differences between different celluloses,
being constant across all the concentrations. FCB samples had a skeleton density of 1.51 g cm™3
while HCB and MCB samples had 1.52 g cm™. Any increase in the amorphous fraction of
cellulose in the aerogels due to cellulose regeneration led to slight modifications of the skeleton
density in compared with the pre-dissolved cellulose.[284] In Table 11, the properties of the
aerogel synthesized from different cellulose sources are shown.

Table 11 The properties of cellulose aerogel beads produced flax-extracted (FCB), hemp-
extracted (HCB), and commercial cellulose (MCB) at different cellulose concentrations from 2
to 7 wt.-%). Information on the specific surface area and total pore volume of the aerogels is
presented later.

Av;_rage Fead E[;] veI(_)tpe Porosity  Average Pore Size

samples lameter ensity

3 1 % / nm
/ mm /gcm

FCB2 2.35+0.11 0.12 92.05 16.83
FCB2.5 2.23+0.14 0.15 90.08 17.00
FCB3 2.37+0.08 0.20 86.86 16.75
HCB4 1.80+0.20 0.15 90.19 24.20
HCB5 2.86+0.16 0.21 86.19 24.78
HCB6 3.08+0.23 0.18 87.87 24.22
MCB7 3.28+0.10 0.21 85.94 25.16

FCB samples had an envelope density in the range of 0.12 g cm™ to 0.20 g cm™, with a

significant increase in density from 2 wt.-% to 3 wt.-%. As the fibers presented a higher DP,
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smaller increases in cellulose concentration influenced the envelope density of the samples.
HCB samples registered a short variation between different concentrations, from 0.15 g cm=to
0.21 g cm™®, reaching HCB5 with the same density as MCB7. The higher density of HCB5
compared to HCBG6 could be related to a higher shrinkage and densification of HCB5 beads.
The flax cellulose-based samples had a higher porosity (from 86.86% to 92.05%) than the HCB
and MCB samples due to the lower concentration of cellulose used. Nonetheless, HCB samples
had high porosities between 86.19% and 90.19%. The higher the cellulose concentration, the
lower the porosity as more space was occupied by the increase of the cellulose solid backbone
in the aerogel. These values were comparable with the 85.94% from MCB7 and with results
obtained in the literature.[165, 167]

The FTIR spectra profiles of HCB and FCB were the same as MCB?7, indicating that the
aerogels only contained cellulose with a high degree of purity. As the spectra were the same for
samples from the same source, only representative spectra from HCB and FCB aerogels are
shown in the appendix (see Figure 113). The spectra showed that only cellulose was present in
the beads and no signs of hemicellulose or lignin. Some differences were noted between the
celluloses and respective aerogels, as described in previous chapters.[271] The signal at
1600 cm™ from hemp cellulose, which corresponds to the presence of water in the cellulose,
was shifted to 1640 cm™ in the beads as the former corresponded to the presence of water
entrapped in the cellulose matrix while the latter was due to its adsorption on the cellulose
chains.[253]

The changes in the crystalline structure of the cellulose when converted into an aerogel are
shown in the appendix (see Figure 119). As previously observed, all aerogel signals had a lower
intensity than the original celluloses and corresponded to cellulose 11.[258, 289] When cellulose
was converted into an aerogel, it resulted in a decrease in crystallinity by 15% (from 85% to
70%) across all samples.

Figure 63 shows the exterior (E) and interior (I) surfaces of HCB samples and MCB7. HCB4- E
had well-visible pores, and thin pore walls, and HCB5-E and HCBG6-E had smaller pores and
thicker cellulose fibrils due to an increased cellulose concentration. HCB5-E had a more
compact surface than HCBG6-E, despite its lower content in HC. This might have occurred due
to differences in the diffusivity of the regeneration bath between the two samples. The range of
DP of the hemp cellulose might be broad enough to induce slightly different gelation behaviors
depending on the concentration of cellulose used.[89] The packing was still inferior to

MCBY7- E, which used a higher cellulose concentration.
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For the interior of the beads, an increase in the concentration of HC led to fewer cavities, smaller
pores, and a denser 3D network of fibers. The porous structure observed in HB6-1 was similar
to the one found in MCB7-1. The fibers were so packed due to the attractive interaction between

the cellulose fibers that it was not possible to directly measure their dimensions.

Figure 63 SEM images of the exterior (E) and interior (I) surfaces of hemp-extracted cellulose
aerogel beads (HCB) at different cellulose concentrations (from 4 wt.-% to 6 wt.-%) and of

commercial cellulose aerogel at 7 wt.-% (MCB?7).

A similar tendency was observed for the FCB aerogels but with some differences due to the
different molecular weights of their cellulose, as shown in Figure 64. The fibers present in the
network were longer and more intertwined than in the HCB samples. An increase in the
cellulose concentration led to a higher uniformity of the surface of the beads, with a reduction
of visible pores and cavities. This behavior has already been observed by other researchers.[285,
290] Despite its low concentration, the cellulose network in the interior of the beads was denser,
with big macropores and thick walls comprised of long fibers. The interior structure of FCB3- |
was similar to the one obtained in MCB7-1, which was due to the higher DP of flax cellulose
than the one of MC.
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Figure 64 SEM images of the exterior (E) and interior (1) surfaces of flax-extracted cellulose
aerogel beads (FCB) at different cellulose concentrations (from 2 wt.-% to 3 wt.-%) and of
commercial cellulose aerogel at 7 wt.-% (MCB?7).

The difference between the fiber organization on the surface and the interior of the beads was
related to the cellulose coagulation mechanism. The fast coagulation of cellulose at the surface
of the solution droplet when entering the acidic bath gave little time for the fibers to assemble.
Depending on the cellulose concentration, it gave origin to different structures. For beads with
low cellulose concentration, larger pores and thinner pore walls were created while, for higher
concentrations, the surfaces were more homogeneous, compacted, and with smaller pores. The
diffusion rate of the coagulation bath to the interior of the bead enabled a slow gelation, which
provided time for the reorganization of the cellulose fibers. In all sample’s interiors, this led to
dispersed cellulose networks with smaller and more numerous pores. The higher the cellulose
concentration, the denser the porous network.[89, 107]

Each sample had different adsorption capacities. Their isotherms were classified as type IV
with hystereses with shapes between H1 and H2(b), as described by IUPAC, and with a
mesoporous structure.[276] The isotherms are shown in the appendix (see Figure 125). The
results indicated that the adsorption behavior of the samples was independent of the cellulose
concentration. FCB samples presented a saturation point close to 1000 cm® g* while HCB and
MCB?Y aerogels had similar values from 1750 cm® g* to 2000 cm? g *. This confirmed that the
aerogel samples from hemp-extracted and commercial celluloses had similar properties.
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Stepper desorption was observed for HCB and MCB7 samples, which indicated a sharper, more
homogeneous pore distribution compared to FCB aerogels, as observed in the SEM pictures.
Figure 65 presents the active specific surface area and the total pore volume of the synthesized

aerogels.

410 424 414 419 4.5
[@)) L i\
NE 400 —3.5 m@
= N
8 - 3.0 B
<
8 % % 312 L 25 E
8 263 283 265 S
1.52 e
9 1.43 1.47 S
= u . = - 1.5 E
9 3004 } - g
= 10 °
[ ] L
297
282 296 ~ 0.5
T IQ) T Ib‘ Ic) T I/\ OO
4% > ©
<> 9 > > <> o) <>
QO ((O@ QQ Q\O \2\0 \?\O @O

Figure 65 Specific surface area and total pore volume of cellulose aerogel beads produced
from flax-extracted (FCB), hemp-extracted (HCB), and commercial cellulose (MCB) at

different cellulose concentration (from 2 wt.-% to 7 wt.-%).

FCB samples had, across different concentrations, constant values for specific surface area
(from 282 m? gt to 297 m? g1) and total pore volume (from 1.43 cm® g to 1.52 cm?® g1). These
were considerably lower than the values obtained for MCB7 and HCBs. For these, the specific
surface area ranged from 410 m? g* to 424 m? g1, with a higher variation in total pore volume,
from 2.63 cm® g~ and 2.88 cm® g for HCB samples and 3.12 cm® g for MCB?7. These values
were in the same range, from 300 m? g to 400 m? g%, found in the literature for cellulose
aerogels obtained using a similar synthetic route.[106, 107, 167] Other works reported the
stability of the specific surface areas for cellulose aerogels synthesized from the same cellulose

source, but with different cellulose concentrations.[290]
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The similarity between the HCB samples and MCB7 was related to the DP of their cellulose
fibers. As the cellulose fibers extracted from hemp presented similar dimensions as MC, the
cellulose solutions produced from each source of cellulose, at the same concentration, had the
same viscoelastic properties. As a consequence, the aerogels synthesized from those solutions
had similar properties. As FC had a higher DP, less cellulose concentration was used to obtain
a solution as viscous as the ones created from HC and MC. Longer cellulose fibers and lower
cellulose concentrations produced beads with smaller dimensions and bigger pores, with
subsequent lower specific surface area and total pore volume.

Regarding the pore width range, the aerogel beads had a large concentration of mesopores and

a significant amount of macropores. These distributions can be observed in Figure 66.
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Figure 66 Pore size distribution of cellulose aerogel beads produced from flax-extracted (green
for FCB), hemp-extracted (blue for HCB), and commercial cellulose (purple for MCB) at
different cellulose concentration (empty circle for 2 wt.%; filled circle for 2.5 wt.-%; semi-filled
circle for 3 wt.-%; empty square for 4 wt.-%; filled square for 5 wt.-%, semi-filled square for
6 wt.-%, and filled triangle for 7 wt.-%).
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FC beads had an average pore size of 17 nm and a smooth pore size distribution. They presented
a slow decline in adsorbed volume with increasing pore widths and, just as observed in the SEM
pictures, they had a high proportion of bigger mesopores due to their cellulose higher DP and
lower cellulose concentration used. HCBs had a steeper distribution curve and a lower
proportion of macropores in comparison with FCBs, while still significant.

Few differences existed between HCB samples, having an average pore size of 24.5 nm. MCB7
had an average pore size of 25 nm and the highest proportion of mesopores than all other
samples. Its steeper profile contained a higher proportion of smaller mesopores and a lower
proportion of macropores, which explained its higher adsorption capacity. The difference
between MCB7 and HCBs was related to the higher heterogeneity of HC fibers compared with
MC. Small differences in size and distribution of those fibers in solution promoted a less
homogeneous 3D cellulose network and a broader pore size distribution profile. Nonetheless,
their properties were still similar.

In the appendix (see Figure 121), the thermogravimetric profiles of the tested celluloses are
compared to representative profiles of the correspondent aerogels, as these latter profiles were
independent of cellulose concentration. It was noticed that degradation started sooner for MCB7
than for MC (250 °C vs. 300 °C, respectively). The same was observed for FCB2 and FC. This
was because cellulose aerogels consist of cellulose 11, which has a significantly lower
crystallization degree. This higher proportion of amorphous cellulose had a smaller degree of
aggregation and was more prone to thermal degradation.[291] FCB2 presented a lower amount
of char at 600 °C than HCB6 and MCB7 due to the lower amount of cellulose used and
consequent lower density. Regarding the hemp beads, these reached 50% degradation at the
same temperature as MCB?7 and both contained similar values of char residue. This agreed with
the previous data that indicated that these two sets of samples had very similar properties. The
start of a significant mass loss in MCB?7 occurred later in comparison with HC (240 °C vs. 200
°C, respectively), due to the removal of hemicellulose residues in the latter that could induce a
sooner thermal decomposition or due to restructuration of the crystalline and fiber structure
during the regeneration and coagulation phases of the cellulose gel formation.[106] Overall, the
thermogravimetric profiles between samples synthesized from different celluloses and cellulose
concentrations were not significantly different.

The synthesized aerogels had a high porosity (over 85%) and specific surface area
(over 280 m? g). Hemp-extracted cellulose aerogels and commercial cellulose-based aerogels
had similar properties, such as a surface area of 400 m? g%, due to similar DP of the cellulose

sources. It indicated that biowastes could be used as a source of cellulose for the synthesis of
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aerogels with slight or no structural differences compared to the aerogels produced from
commercially sourced cellulose. Lower cellulose concentrations were used for the flax-based
cellulose solution preparation due to the higher DP of FC. These solutions produced lighter
beads, with bigger pores and lower surface areas. These data reinforced the importance of the
molecular weight of cellulose on the viscoelastic properties of the respective solutions and the
final characteristics of the synthesized aerogels. It should be noted that these values might
change slightly depending on the batch of waste fibers used and the cellulose extraction due to

natural variations in the biomass composition.

4.4.2 Technical Scale

Based on the data discussed in Chapter 4.1.2, HB6, and MCB7 samples were synthesized at
technical scale, using the JetCutter®,

The MCB7-JC beads had various shapes, ranging from spherical to oval, as in Figure 67. Due
to the large volume of solution used, the distribution of cellulose was not uniform. The less
viscous droplets were more likely to deform when entering the regeneration bath, resulting in
the observed deformed shapes. For hemp-extracted cellulose, the 6 wt.-% concentration used
resulted in fragments of varying sizes and shapes alongside spheroid beads, as observed in

Figure 67.

MCB7-JC

Figure 67 Optical microscope pictures of cellulose aerogel beads synthesized from a 6 wt.-%
hemp-extracted cellulose solution (HCB6-JC) and from a 7 wt.-% commercial cellulose
solution (MCB7- JC) at technical scale using the JetCutter® (JC).

This indicated that the viscosity of the cellulose solution droplet was not high enough to
maintain a spherical shape when entering the coagulation bath. To optimize the shape of the
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beads, the cellulose concentration in the solution could be increased to induce a higher viscosity
or the kinetic energy of the droplet could be reduced while falling into the coagulation bath by
decreasing the drop height or the flux speed.[181, 182] The average diameter of the MCB7-JC
sample was 0.85 mm, and the envelope density was 0.15 g cm™, with a porosity of 90.33%. The
porosity was higher than the 87.87% (with a density of 0.18 g cm®) observed for the laboratory

scale correspondent. These values are shown in Table 12.

Table 12 Properties of cellulose aerogel beads synthesized from 7 wt.-% commercial cellulose
solution (MCB?7) and a 6 wt.-% hemp-extracted cellulose solution (HCB6) at laboratory and
technical scale, using the JetCutter® (JC). Information on the specific surface area and total pore
volume of the aerogels is presented later.

Average Bead Envelope . i

Samples Diameter Density Po/rg/slty Average Pore Size

3 () / nm
/ mm /gcm

MCB7 3.28+0.10 0.21 85.94 25.16
HCB6 3.08+0.23 0.18 87.87 24.22
MCB7-JC 0.85+0.09 0.15 90.33 25.60
HCB6-JC 0.76£0.13 0.07 95.34 25.70

The difference could be explained by the different influences of shrinkage on the samples. For
smaller droplets (< 1 mm), the diffusion force between the core and the surface of the beads
was more limited than at the laboratory scale beads (3 mm). This reduced the shrinkage and
better preserved the porous structure of the wet gel across the neutralization and solvent
exchange steps.[47] For HCB6-JC, the average diameter of the spheroid beads was 0.76 mm,
while there were fragments with a wide variety of sizes. Its envelope density was lower than
the one of MCB7-JC (0.07 g cm™ vs. 0.15 g cm’3, respectively) due to the lower concentration
of cellulose used, which also explained its higher porosity compared to MCB7- JC, 95.3 % vs.
90.3% respectively. No change was recorded for the skeleton density (1.52 g cm?®). As for
MCB7-JC, a reduction in density and an increase in porosity occurred when the synthesis of
hemp-extracted cellulose aerogel beads was performed at a larger scale. This was due to the
minimization of shrinkage as explained above.

In the SEM pictures of MCB aerogels, shown in Figure 68, the exterior and internal porous

structure of the sample changed when the synthesis was upscaled.
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MCB7-JC-1
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Figure 68 SEM pictures of the exterior (E) and interior (1) surfaces of cellulose aerogel beads
synthesized from a 7 wt.-% commercial cellulose solution at laboratory scale (MCB7) and
technical scale (MCB7-JC), using the JetCutter® (JC).

On the exterior, the surface became more porous than at laboratory scale. In the interior, the
pores were smaller, with the existence of globular structures, in comparison with the dense
fibrillated structures observed in MCB7. Due to the micrometer dimensions of the sample, an
accurate cut of the bead was difficult. This could explain some of the higher compaction
observed in the interior of MCB7-JC. Besides, the fast gelation of the droplets and the
densification of the resultant gels as they remained in the regeneration bath could have created
the compact fibrillar structures observed in their interior. On the exterior surface, as the
cellulose concentration was lower than in the interior due to the cohesive forces applied in the
droplet, the “freezing” of the cellulose fibers created a packed network with bigger pores than
the ones observed for larger beads. For the latter, the regeneration speed was not so high, and
the cellulose distribution in the droplet’s interior was more homogeneous.[107, 292] For the
case of the hemp cellulose-based beads, as observed in Figure 69, some different trends were
evident when upscaling was applied.
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Figure 69 SEM pictures of the exterior (E) and interior (1) surfaces of cellulose aerogel beads
synthesized from a 6 wt.-% hemp-extracted cellulose solution at laboratory scale (HCB6) and
technical scale (HCB6-JC), using the JetCutter® (JC).

The exterior surface of both samples, HCB6 and HCB6-JC, had a similar porous structure, with
slighter smaller pores and cavities for HCB6-JC. Here, the densification of the surface due to
the extended presence of the beads in the regeneration bath might have been more relevant than
for MCB7- JC. The samples synthesized with JetCutter® had a similar surface, after suffering a
fast gelation that did not reorganize the cellulose fibers into more compact structures as in
MCB?7. From the laboratory to the technical scale, most of the internal structure of the aerogel
remained composed of mesopores and thin pore walls. The presence of bigger cavities in
HCB6- JC compared to HCB6 could be the product of the presence of air bubbles that could
not be removed through sonification due to the volume of solution used or from deformation of
the get structure during regeneration, as observed in Figure 67. These would have influenced
the data collected through physisorption as well.

Few changes were observed in the data collected from physisorption for MCB samples, as
visible in Figure 70.
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Figure 70 Specific surface area and total pore volume of cellulose aerogel beads synthesized
from a 7 wt.-% commercial cellulose solution (MCB7) and a 6 wt.-% hemp-extracted

cellulose solution (HCB®6) at laboratory and technical scale, using the JetCutter® (JC).

By having a higher resistance to shrinkage and higher porosity, MCB7-JC achieved a higher
specific surface area (439 m? g* vs. 419 m?g') and total pore volume (3.61 cm® g vs.
3.12 cm® g) compared to MCB7. However, the opposite trend was observed for HC samples,
which showed a slight decrease in total pore volume (from 2.65 cm® g* to 2.32 cm® g1) while
a more significant decrease in surface area was registered, from 415 m? g to 300 m? g*. These
trends corresponded with the pore size distribution of the samples, as expressed in Figure 71.
The mesoporous character of the aerogel beads was preserved in the upscaling as observed in
their type 1V (a) isotherms, in the appendix (see Figure 126). JC samples have a shorter plateau
than their laboratory counterparts, showing a small deviation from the H2(b) hysteresis shape.
This could be caused by changes in the dynamics of cellulose regeneration between the two
synthesis scales. In the average pore size distribution, shown in Figure 71, few differences exist
between MCB7 and MCB7-JC. For MCB7-JC, the profile was sharper, with a higher fraction
of pores in the 30 nm to 40 nm range than MCB7. This was caused by the less pronounced

shrinkage in the MCB7-JC which better preserved the porous structure and bigger mesopores.
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Due to this, bigger pores survived the synthesis which led to a slightly higher average pore size
than at the laboratory scale (25.60 nm vs. 25.16 nm). The upscaling of the process preserved
the mesoporous character of the cellulose aerogels produced from commercial cellulose while

decreasing the density and increasing the specific surface area.
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Figure 71 Pore size distribution of cellulose aerogel beads synthesized from a 7 wt.-%
commercial cellulose solution (green for MCB7) and a 6 wt.-% hemp-extracted cellulose
solution (blue for HCB®6), at different scales (solid line for laboratory scale and dash line for

technical scale, using the JetCutter®, JC).

For the HC beads, the profile suffered a significant decrease in the proportion of mesopores
when the beads were produced with the JetCutter®. Besides, a plateau was observed in the range
of 30 nm to 40 nm for HCB6-JC. These changes were related to the cutting parameters used.
The shape of the HCB6-JC was not homogeneously spherical, and cellulose residues were
present due to the squashing of cellulose solution droplets when entering the coagulation bath.
This created random cellulose fibril aggregates alongside wet gels with distorted shapes and
networks, with bigger cavities and pores. These aggregates were mixed with the aerogels and
further artificially decreased the values of specific surface area and pore volume measured.

Optimization of the cutting parameters, such as reducing the jet speed and increasing the
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cellulose concentration in the solution, would preserve a spherical shape of the droplets and the
gel structure of the beads, and decrease the cellulose waste mixed with the aerogels.

For both MCB7-JC and HCB6-JC, the thermal conductivity was 42.7 mW m™ K, which was
in line with what has been recorded by other researchers for similar materials.[171, 191, 288]
Nonetheless, Nguyen et al. and Rudaz. were able to create cellulose aerogels, using similar
synthetic processes, with values as low as 30 mW m? K™.[166, 170] The origin of these
discrepancies was found in the myriad of factors that influence the thermal conductivity of an
aerogel. Different dissolution and regeneration conditions, source and DP of cellulose, drying
conditions, and even the method used to determine thermal conductivity influence this
property.[166, 191, 232] The thermal conductivity of the synthesized aerogels was lower than
that of MC, whose thermal conductivity was 92.5 mW m™ K1, thanks to the creation of a porous
structure and the reduction of the crystallinity of cellulose during the conversion of cellulose |
into cellulose I1.[63] These decreased the contribution of the solid backbone and the gas
conductivity factors for the thermal conductivity of the aerogels. Despite these, the thermal
conductivity recorded for the aerogels was comparable to mineral wool and cellulose fibers
used for insulation.[11, 288] For the case of HCB6-JC, its thermal conductivity was higher than
the 38.7 mW m™* K™ recorded for the non-milled hemp bast fibers. This was caused by cellulose
waste mixed with the aerogel beads which increased thermal conductivity. At the same time,
hemp bast waste fibers have an inherent porous structure which makes them suitable bio-
insulants.[207, 293]

It was concluded that the upscaling of the selected recipes from laboratory to technical scale
preserved and even improved the aerogel cellulose bead properties when synthesized from MC.
However, the same cannot be said for HC, as the lack of optimized synthesis parameters for the
JetCutter® produces aerogels with worse properties than HCB6. More experiments would be
required to improve the shape and properties of HCB6-JC. This work highlights the importance
of the cutting parameters in minimizing waste, maximizing the production of homogeneous
spherical beads, and consequent preservation of the properties of the aerogels. The thermal
conductivity values recorded for the aerogels were in the same range as current market
alternatives, which hinders the competitiveness of this new product. The presence of bigger
macropores and cavities, not detected by the physisorption measurements, in both samples,
counterbalanced any difference in the detected pore size distribution. While MCB7- JC had a
higher surface area and sharper pore size distribution than HCB6-JC, they had the same thermal
conductivity. Using different regeneration baths, lowering cellulose concentrations, and adding

salts could further reduce the thermal conductivity of the synthesized aerogels.
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The results of applying those perspectives on alternative recipes are here reported and
discussed. In the upscaling of the synthesis of cellulose aerogels, the consumption of solvents
such as water and ethanol became more significant. Figure 72 shows the total and discriminated
consumption of water and ethanol for the neutralization and solvent exchange of aerogel beads

per liter of cellulose solution.

40
A
35 A
1 30
A
- A A A
?
25
e =
= A
|
g 20_' - A
@) [ [ n
)
o 151
> n ° °
[@) |
O 104 e ° ° Y °
°
5_.
T ¢t ¢ T I T 3
& & F  F & & & &
N s & ~ > S > @
R & & & &V
N * & W &
K\ K\

‘ m Water ® Ethanol A Total SolventConsumpion\

Figure 72 Individual consumption of solvents (black square for water, and red circle for
ethanol) and their total consumption (blue triangle) for the neutralization and solvent
exchange of cellulose aerogel beads produced at technical scale, using the JetCutter® (JC), per

liter of cellulose solution.

There was a higher water consumption than ethanol because the former was used for the
neutralization and solvent exchange while ethanol was used only in the latter step. While the
average consumption of ethanol was 10 L, with little variation between samples, the water
consumption was not constant. The addition of higher quantities of salt to 5 wt.-% cellulose
solutions led to higher water consumption to neutralize their cellulose aerogel beads. For
2 wt.- % salt concentration, higher water consumption was required for NazCit than NaCl due
to the buffer effect caused by the citrate anion that delayed the neutralization of the cellulose
wet gels. More water was consumed for MCB6-JC and MCB6- HLac-JC (18 L) than for
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MCB7-JC (13 L) and MCB5-JC (12 L). These differences might have originated from different
rates of solution loss during the cutting. While most of the cellulose solutions were converted
into droplets that fell into the acid bath, some of them were lost in the form of aerosol or droplets
that fell outside of the bath due to occasional abrupt changes in the viscoelastic properties of
the solutions. As time progressed, the solutions became less homogeneous due to decreasing
cellulose dissolution quality. This caused momentary losses during their cutting as it was
difficult to continuously correct the pressure applied promptly. As these losses were not
quantified and the values presented in Figure 72 are normalized per liter of solution cut, some
deviations between samples might be found. Regarding MCB5-JC, a higher ratio of cellulose
waste and shape deformation of its beads could have increased the diffusion rates during
neutralization, requiring less water to reach a neutral pH. An average total consumption of
28.5L £ 5.7 L of solvents per L of cellulose solution was found for these samples, with
significant variation when salts were added. The sustainability and production cost would have
been improved by the recycling of the solvents. The mixture of ethanol and water during solvent
exchange could be separated by distillation while the acidic salty water obtained from
neutralization could be purified with electrochemical methods such as electrodialysis to remove
salts and electrochemical oxidation to degrade urea.[294, 295]

The viscoelastic properties of the cellulose solutions affected the shape of the produced beads.
As shown in Figure 73, the shape of the beads was influenced by their cellulose concentration.

MCB5-JC ¢ L McB7-IC

Figure 73 Optical microscope pictures of commercial cellulose aerogel beads (MCB) at
different cellulose concentrations (from 5 wt.-% to 7 wt.-%) at technical scale, using the
JetCutter® (JC).

As the concentration of cellulose increased, the shape of the aerogel beads evolved from
deformed spheroids, with the presence of fragments, to more spherical beads. The deformation
observed for MCB5-JC and MCB6-JC was due to the low viscosity of their solutions which
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could not sustain the impact when entering the coagulation bath. Modification of the cutting
parameters was not enough to improve the shape of MCB5-JC and MCB6-JC beads as the
reduction of the dropping height was not effective and the use of a lower jet flux while
producing more spherical beads, increased the production of waste and the clogging of the
nozzle. Baldur et al. achieved better-shaped beads using the same procedure for cellulose
dissolution, cutting parameters, and cellulose concentrations.[183]

In his work, a 30 wt.-% aqueous H2SO4 solution was used as a coagulation bath. This promoted
a fast gelation of the droplet and the creation of an outer shell that preserved the spherical shape
of the wet gel bead. In this work, it was used a 2M acetic acid aqueous bath, which promoted a
smoother regeneration and, as a consequence, did not inhibit shape deformation of the non-fully
coagulated beads during cutting. No difference in shape was observed between MCB6-JC and
MCB6-HLac-JC, which indicated that both lactic and acetic acid at 2M concentration in water
were not effective in preserving the shape of the wet gel beads. The addition of salts to the

5 wt.-% cellulose solution improved the shape of the beads, as observed in Figure 74.

MCB5-2NaCl-JC MCB5-2Na,Cit-JC

Figure 74 Optical microscope pictures of 5 wt.-% commercial cellulose aerogel beads (MCB5)
produced at technical scale, using the JetCutter® (JC). Prior to gelation, 2 wt.-% NaCl (MCB5-
2NaCl-JC) or NasCit (MCB5- 2NasCit-JC) were added to the cellulose solutions.

For both MCB5-2NaCl-JC and MCB5-2NasCit-JC, the fraction of fragments was reduced while
better sphericity was obtained. These salts increased the viscosity of the solution (especially
NaCl), as discussed in Chapter 4.3.1, but also increased its surface tension.[296] Therefore, the
droplets resisted the impact entering the coagulation bath and better preserved a spherical shape
while a lower cellulose concentration was used. A lower cellulose concentration led to a

decrease in the average diameter of the beads. This was due to the cutting process, as a less
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viscous solution was more easily cut into smaller droplets in the JetCutter®. There was no direct
influence of cellulose concentration on the envelope density of the samples, as observed in
Table 13.

Table 13 Properties of commercial cellulose aerogel beads (MCB) produced at technical scale,
using the JetCutter® (JC), at different cellulose concentrations (from 5 to 7 wt.-%). For selected
samples, NaCl or NasCit were added to their cellulose solutions before gelation, at 1 or
2 wt.- %. For MCB6- HLac-JC, a 2 M aqueous lactic acid solution was used as regeneration
bath, while a2 M acetic acid solution was used for all other samples. Information on the specific

surface area and total pore volume of the aerogels is presented later.

Average Bead Envelope _ Average Pore

) ) Porosity )

Samples Diameter Density Size
1 %

/ mm /gcm3 / nm
MCB7-JC 0.85+0.09 0.15 90.33 25.60
MCB6-JC 0.64+0.11 0.22 85.79 25.94
MCB6-HLac-JC 0.60+0.03 0.30 80.43 25 75
MCB5-JC 0.66+0.08 0.23 85.08 27.36
MCB5-1NaCl-JC 0.59+0.06 0.37 75.90 27.06
MCB5-1NasCit-JC 0.62+0.07 0.24 83.98 25.30
MCB5-2NaCl-JC 0.62+0.08 0.26 83.05 28.27
MCB5-2NasCit-JC 0.62+0.08 0.37 75.61 33.68

The envelope density ranged from 0.15 g cm™ to 0.37 g cm3, with little influence from the
addition of salts, different cellulose concentrations, or the use of lactic acid in the coagulation
bath. This corresponded to values in porosity that ranged from 76% to 90%. These differences
were related to the method used for envelope density determination. The loss of material during
cutting created smaller droplets than theoretically expected, leading to the overestimation of the
values of envelope density and consequent underestimation of the values of porosity for the
aerogels. These inconsistent cutting losses were particularly high when less viscous solutions
were used, and when salts were added (due to the faster gelation). This explained why
MCB5- JC samples presented higher values of envelope density than aerogels with higher

content in cellulose (6 wt.-% and 7 wt.-% cellulose concentrations). Envelope density could
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have been determined through the packing density but this value was of difficult calculation
and its use would have been an approximation without an experimental basis.[239, 297] For
MCB?7-JC, less production of wastes and cutting losses resulted in a lower density (0.15 g cm™3)
and bigger beads (0.85 mm) compared to the other samples. In Figure 75, the exterior and
interior surfaces of aerogel cellulose beads with different cellulose concentrations can be

observed.

MCB6-JC-E MCB7-JC-E a7

D X 2N

MCBS5-JC-E

MCB5-JC-I MCB6-JC-I

Figure 75 SEM pictures of the exterior (E) and interior (I) surfaces of commercial cellulose
aerogel beads (MCB) at different cellulose concentrations (from 5 wt.-% to 7 wt.- %) produced

at technical scale, using the JetCutter® (JC).

The exterior surface of the aerogels was compact and porous, and with decreasing cellulose
concentration, the pores increased in size, cavities appeared, and the cellulose network became
thinner. This was in line with what was observed in the previous chapters and the literature.[107,
114, 253] The surface became more irregular at lower cellulose concentrations due to the lower
viscosity of the droplets during cutting. As they could not resist so effectively their entrance
into the regeneration bath, their shape suffered deformation.[181, 182] In the interior of the
beads, a similar behavior was observed. While at MCB7-JC-I, an intricated and compact
structure was observed, this became increasingly populated by bigger pores, cavities, and a less
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homogeneous fibrillar network in MCB6-JC and MCB5-JC. No significant differences between
MCB6-JC and MCB6-HLac-JC were registered in their morphology. In Figure 76, it is visible

the influence of the addition of salt to 5 wt.-% cellulose solutions on their resultant aerogels.

MCB5-JC-E ' MCB5-2NaCl-JC-E MCB5-2Na;Cit-JC-E

MCB5-JC-| MCB5-2NaCl-JC-I £ MCB5-2NasCit-JC-I

»

Figure 76 SEM pictures of the exterior (E) and interior (I) surfaces of 5 wt.-% commercial
cellulose aerogel beads (MCBS5) produced at technical scale, using the JetCutter® (JC). Prior
to gelation, 2 wt.-% NaCl (MCB5-2NaCl-JC) or NazCit (MCB5- 2NasCit-JC) were added to

the cellulose solutions.

Adding 2 wt.- % NaCl or NasCi resulted in more compact and homogeneous external surfaces.
However, cavities were visible in the interior. While the addition of salts influenced the gelation
speed and, through its scaffold effect, more pores and cavities were created, the stable gel body
formation was faster for these small beads than for a monolith. In this case, the droplet gelled
and its cellulose fibers continued agglomerating in the acid bath before the beginning of the
neutralization.[107] That is why there were not so many cavities in the aerogel where salt was
added compared to what was observed in Chapter 4.3.1. The more homogenous surface was
due to the increase of surface tension of the cellulose solution droplets after salts addition, which
helped them sustain the entrance in the regeneration bath and inhibited shape deformation. The
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inhomogeneous distribution of ions in small droplets played a role in the gel structures
formation.[292]

The differences in the internal and external porous structure of the aerogels affected the specific
surface area and pore size distribution of these materials. They were considered mesoporous
materials, as shown by the isotherms IV (a) in the appendix (see Figure 127). Most isotherms
have very short plateaus compared to the samples synthesized in the laboratory for this work.
Their hystereses had a shape intermediate between H2(b) and H3, being the latter characteristic
of materials with macropores that are not filled during the adsorption phase.[276] Only MCB7-
JC and MCB6- HLac-JC have a longer plateau and a steeper desorption line, indicating a
narrower pore size distribution. This was in line with what was observed in SEM pictures. The
specific surface area and total pore volume of the aerogels are shown in Figure 77.
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Figure 77 Specific surface area and total pore volume of commercial cellulose aerogel beads
produced at technical scale, using the JetCutter® (JC), from cellulose solutions of different
concentrations without the addition of salt (from 5 wt.-%, to 7 wt.-%). For selected samples,
NaCl or NasCit were added to their cellulose solutions before gelation, at 1 or 2 wt.-%. For
MCB6- HLac-JC, a 2 M aqueous lactic acid solution was used as regeneration bath, whilea2 M

acetic acid solution was used for all other samples.

139



4.4 Manufacturing of Cellulose Aerogel Beads

Most samples, except MCB5-2NaCl-JC, MCB5-2NasCit-JC, and MCB7-JC, had a specific
surface area close to 410 m? g 1. These values were independent of cellulose concentration, the
acid used in the regeneration bath, or 1 wt.-% salt addition. These were in line with what has
been observed in this work (see Chapters 4.3.1 and 4.3.2) and the literature.[57, 107, 166, 298]
The total pore volume ranged from 2.92 cm?® g to 3.61 cm?® g for all samples. When the salt
concentration was increased from 1 wt.-% to 2 wt.-%, it was observed a decrease in specific
surface area (375 m? gt and 382 m? g* for NaCl and NasCit, respectively) and a slight increase
in the total pore volume. The lower cellulose concentration plus the creation of bigger pores
and cavities, led to an overall reduction of the available surface area and an increase of the total
pore volume. MCB7-JC had a higher value of 439 m? g%, which could be related to its lower
density and higher porosity. These, in conjugation with higher cellulose concentrations,
contributed to a porous structure with more, smaller pores which maximized its specific surface
area. This data can be complemented with Figure 78, where the pore size distribution is shown.
The pore size distribution profile of MCB7-JC was sharp and composed mostly of mesopores
in the range of 20 nm to 40 nm, while the majority of other sample profiles were broader and
shifted to bigger pore dimensions. The relation between the profiles of MCB6-HLac-JC and
MCB6-JC was similar but more pronounced to what was observed in Chapter 4.3.2,
demonstrating that some of the trends observed at the laboratory scale remained during
upscaling. Samples with a 5 wt.-% cellulose concentration had a significant fraction of pores
over 70 nm, especially after adding salts. The average pore size was constant for most samples
(from 25.30 nm to 27.36 nm), but it was higher for MCB5-2NaCl-JC and MCB5- 2NazCit-JC
(28.27 nm and 33.68 nm, respectively).
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Figure 78 Pore size distribution of commercial cellulose aerogel beads produced at technical
scale, using the JetCutter® (JC), from cellulose solutions of different concentrations without
the addition of salt (black for 7 wt.-%; blue for 6 wt.-%, and orange for 5 wt.-%) and
coagulated in different acids (square for acetic acid and circle for lactic acid). Some samples
were synthesized from 5 wt.-% cellulose solutions to which salts were added (red for NaCl,
and green for NasCit) in different concentrations (triangle for 1 wt.-%, and rhombus for
2 wt.- %) before gelation.

The bigger presence of macropores for these two samples, which were linked to a lower
cellulose content and the creation of bigger pores and cavities due to the scaffold effect of salts,
was responsible for their higher average pore sizes. This agreed with their isotherms, as
observed in the appendix (see Figure 127). As observed in Figure 79, the pore size distribution
of the samples was not the main factor behind the different thermal conductivities observed.

The samples with a cellulose concentration above or of 6 wt.-%, had thermal conductivities
between 42.6 mW m* K and 45.7 mW m* K1. MCB5-JC presented a thermal conductivity
of 38.3 mW m? K and this value slightly decreased when increasing concentrations of salt
were added to the cellulose solution before gelation (a minimum of 37 mwW m K was reached
for MCB5-NasCit-JC). The main factor behind this reduction in thermal conductivity was the
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reduction of the solid conduction contribution due to the decrease of the cellulose content in the
aerogels with lower cellulose concentration.[14] Adding salts promoted the creation of more
pores and reduced the gas conduction factor of thermal conductivity. It meant that, while slight
reductions in thermal conductivity were achieved, the presence of macropores over 70 nm in
all samples hindered further reduction. Most of these macropores and cavities were non-
detectable in the physisorption experiments but visible in SEM.[275, 276] The values presented
here were slightly higher than others obtained in the literature for the same synthetic method,
in the range of 30 mW m™* K to 32 mW m* K.[57, 166, 170]
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Figure 79 Thermal conductivity of commercial cellulose aerogel beads produced at technical
scales, using the JetCutter® (JC), from cellulose solutions of different concentrations without
the addition of salt (from 5 wt.-%, to 7 wt.-%) and coagulated in different acids (acetic acid
and lactic acid). Some samples were synthesized from 5 wt.-% cellulose solutions to which
salts were added (NaCl and NasCit) in different concentrations (1 wt.-% and 2 wt.-%) before

gelation.

Nonetheless, the conditions of the analysis influenced these results, such as the temperature,
atmospheric pressure, altitude at which the measurement was performed, and moisture of the

samples.[232] Besides, the different measurement methodologies used in multiple publications
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hindered an accurate comparison between results, especially when some methods provide less
accurate results, such as the use of Hot-Disk.[231, 233] Recently, Malfait et al. reinforced the
need to analyze critically the thermal conductivity results presented in the literature. Regarding
biobased aerogels, the authors affirmed that values obtained between 27 mW m™* K to
32 mW m* K were unlikely considering that no commercial alternative was available with a
thermal conductivity below 36 mW m* K1.[236]

Multiple recipes were conducted at technical scale, and the properties of the aerogels
synthesized were similar. The thermal conductivity of the standard recipe (MCB7-JC,
42 mW m* K1) could be reduced to 37 mwW m* K through the reduction of the concentration
of cellulose alongside the addition of salt to the cellulose solution before gelation. The addition
of salt increased the surface tension of the droplets and preserved their spheroid shape when
they entered into the coagulation bath. The induced changes in the pore size distribution of the
aerogels were not enough to reduce the presence of macropores and further improve the thermal

conductivity of the samples.

4.5 Manufacturing of Cellulose Aerogel Sheets

The 7 wt.-% MC solution had the appropriate viscosity for the upscaling in the CAProLi
(0.30 Pa.s) as it was viscous enough to maintain its shape after the first flattening roll, but was
not so viscous that it would stick to it. The viscosity was reduced with an increasing shear rate,
especially at a higher cellulose concentration. The hemp-extracted cellulose used in this chapter
has a higher DP compared with previous experiments. As the 3 wt.-% HC solution had a
viscosity closer to the 7 wt.-% MC solution, was selected to be used in the CAProLi. Table 14

shows the viscoelastic properties of the solutions chosen for upscaling.

Table 14 Viscoelastic properties of the cellulose solutions, from commercial (MC) and hemp-

extracted celluloses (HC), selected for upscaling in the CAProLi.

Storage modulus
(140 s) after
addition of 2 wt.-%

Gel point after
Concentration Viscosity Gel point  addition of

Celluloses 2 wt.-% NaCl
/ wt.-% / Pa-s /s NaCl
I's / Pa
MC 7 0.30 483.3 0 47.2
HC 3 0.63 8.1 0 56.6
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The MC solution reached the gel point after 483.3 s, which was too late for the solution to be
used in the CAProL.i. The time limit for the stable gel body creation was 140 s, as the conveyor
belt could not run at a lower velocity. The hemp cellulose solution achieved the gel point after
8.1 s, a value within the 140 seconds range, but faster gelation was advisable. The addition of
sodium salts was tested in Chapter 4.3.1 and it was found that adding 2 wt.- % NaCl to an MC
solution achieved an almost immediate gel point (0 s), faster than if other tested salts were
added. These latter gel points were recorded after the cellulose solutions application in the
rheometer/CAProLi. The liquid solutions could still be manipulated just after the dissolution of
salts. As shown in Table 14, when 2 wt.-% NaCl was added to both solutions, and the gel point
was reached before measurement. Therefore, after adding salt, all cellulose solutions showed
suitable properties for upscaling. By comparing the storage modulus (G”) of the different gels
after 140 s, both had a similar gel strength. A higher G” resulted in a stronger gel body.[299]
Monoliths were prepared from these solutions, and their shrinkage increased along the

processing steps, especially during neutralization and drying, as shown in Figure 80.
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Figure 80 Shrinkage of cellulose aerogels monoliths synthesized from a 7 wt.-% commercial
cellulose solution (square for MCM7) and a 3 wt.-% hemp-extracted cellulose solution (circle
for HCM3), without and after addition of 2 wt.-% NaCl (black for solutions without salt and

red for solutions with salt).
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The final shrinkage was 49% for MCM7 samples and 57% for HCM3 samples, with no
influence from the salt’s addition, as observed in previous chapters. The higher shrinkage for
HCM3 samples was due to their lower cellulose concentration. The fibrillar network was less
compacted, making it more prone to osmotic pressure during neutralization, solvent exchange,
and drying.

The skeletal density of the aerogels remained stable at 1.52 g cm™, which was within the range
of values found in the literature [68, 69]. Table 15 shows the envelope densities of the different
monolithic cellulose aerogels. HC samples had the lowest envelope density (0.11 g cm™)
compared to the 0.16 g cm=t0 0.17 g cm™ found for the MC monoliths, with the addition of the
salts playing no role in that property. This lower density was due to their lower cellulose
concentration. The same trend had been observed for cellulose aerogels in other studies[298,
300]. The porosity range of the monolithic samples was between 88.96% and 93.79%,

corresponding to the values found in the literature. [162].

Table 15 Properties of cellulose aerogel monoliths synthesized from a 7 wt.-% commercial
cellulose solution (MCM7) and a 3 wt.-% hemp-extracted cellulose solution (HCM3), without
and after addition of NaCl, at laboratory scale. The properties of the respective sheets (S)
produced at technical scale, using the CAProLi are also found. Information on the specific
surface area and total pore volume of the aerogels is presented later.

samples SXEI#I?; Ze Envelope Density  Porosity F’,A; \;ngigzee
1% /gcm | % /nm
MCM7 49.40+£4.10 0.17 88.96 14.67
MCM?7-2NaCl 48.82 £0.91 0.16 89.54 17.42
HCM3 57.20 £ 2.03 0.11 92.79 15.65
HCM3-2NaCl 56.74 £ 1.58 0.11 92.68 14.76
MCS7-2NaCl - - - 21.51
HCS3-2NaCl - - - 14.66

The samples synthesized with the CAProLi were investigated with SEM as their monolithic
correspondents. Figure 81 shows the MC and HC samples. All showed the typical randomly
arranged 3D fibrillar network for cellulose aerogels.[35, 76] The MC monolithic sample

presented bigger pores and cavities than its sheet correspondent. The hemp samples showed
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fibrillar structures but with considerably longer fibrils compared to the MC sample’s fibers.
This indicated a higher DP for HC. The differences between the sheet and monolith samples
obtained from the same cellulose solution were due to the geometry of the gel body. A thinner
sheet had a faster gelation in comparison with the monolith and, consequently, the cellulose
fibers had different rates of reorganization as a fibrillar network. For hemp samples, as the
cellulose concentration was low, the structures were similar, having large cavities and thin pore

walls.

HCM3-2NaCl

F AT SRS g

Figure 81 SEM pictures of the interior surface of cellulose aerogels produced from 7 wt.-%
commercial cellulose solution (MCM7) and a 3 wt.-% hemp-extracted cellulose solution
(HCM3) in the form of monoliths at laboratory scale and sheets (MCS7 and HCS3,
respectively), produced at technical scale using the CAProLi. Before gelation, 2 wt.-% NaCl
was added to their cellulose solutions.

The isotherms for these polysaccharide aerogels corresponded to a type 1V shape, typical of
mesoporous materials.[237] Regarding the specific surface area, present in Figure 82, MCM7
had 259 m? g* while HCM3 had a specific surface area of 204 m? g*. Looking at the influence
of the 2 wt.-% NaCl, its addition increased the surface area of the MCM?7 to 308 m? g. The
same effect was observed for the HCM3-2NaCl sample, whose specific surface area increased
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to 216 m? g. This had been observed previously in this work and the literature.[114] The
comparison of the monolithic samples with the sheet samples shows a decrease in specific
surface area from MCM7-2NaCl to MCS7-2NaCl while the opposite occurred for the hemp
samples. Changes in the specific surface area between the monolith and sheet samples were
explained by different geometry and gelation kinetics. In the CAProL.i, a stronger acid was used
to induce gelation, at a higher concentration (20 vol.-%). Combining these two factors, a faster
gelation occurred which resulted in the formation of a different morphology. Additionally,
inhomogeneities in the distribution of cellulose and salts contributed to the different results

found between the sheet and monolith shapes for the same recipe.
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Figure 82 Specific surface area and total pore volume of cellulose aerogels synthesized from
commercial (MC) and hemp-extracted cellulose (HC) solutions, without and after addition of
2 wt.-% NaCl, at different scales (monoliths synthesized in laboratory, M, and sheets

synthesized at technical scale with the CAProLi, S).

In Figure 83, the pore size distribution of these samples is represented. Most pores were

mesopores between 10 and 50 nm and macropores (especially for MCM7-2NaCl).
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dV/dlog(w) Pore Volume / cm® g*
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Figure 83 Pore size distribution of cellulose aerogels produced from different cellulose
solutions (red for 7 wt.-% commercial cellulose, MC, solution, and violet for 3 wt.-% hemp-
extracted cellulose, HC, solution), without (solid line) and after addition of 2 wt.-% NacCl, at
different scales (dashed line for monoliths synthesized in laboratory, M, and dotted line for
sheets synthesized at technical scale with the CAProLi, S).

The influence of the addition of 2 wt.-% NaCl to MCM7 had been discussed previously.
Compared to the MCM7-2NaCl, MCS7-2NaCl showed a higher, sharper pore size distribution
peak between 30 nm and 40 nm. This indicated an increase in the proportion of mesopores with
medium size and a decrease in the presence of macropores. The pore size distribution of
HCM3- 2NaCl and HCS3-2NaCl was similar, with a slight increase in pore volume for the latter
at around 25 nm. The HCM3 sample had a smaller quantity of mesopores compared to
HCM3- 2NaCl and HCS3-2NaCl. The addition of salt increased the proportion of mesopores
in the aerogel. The upscaling of the HC recipe did not affect the pore size distribution of the
synthesized aerogels while, for the MC recipe, the proportion of macropores was reduced. For
the monolithic samples, the average pore width ranged from 14.67 nm to 17.42 nm, meaning
there was no significant change when NaCl was added. For the sheets, the average pore width
was higher for MCS7-2NaCl than for HCS3-2NaCl (21.51 nm vs. 14.66 nm, respectively), due
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to higher shrinkage in the case of the hemp samples which had a lower cellulose content.
Differences between sheet and monolith shapes were attributed to different gelation kinetics
and inhomogeneities in cellulose and salt distribution.

Aerogel sheets of hemp cellulose were successfully produced using the CAProLi device.
Despite being possible to continuously produce cellulose gel sheets, these had a thickness of
< 0.3 mm, and therefore the recipes have to be optimized to achieve a faster gelation of the gel
body with a higher thickness. Additionally, this would improve the strength of the gel,
considering that the gel bodies obtained in this work presented some frailty. It was shown that
the hemp cellulose had the highest porosity (93%). The specific surface area of the hemp
cellulose aerogel sheets showed values comparable to the sheets obtained using MC. Total
shrinkage for all cellulose aerogels was over 50%, which has to be considered in future
dimension planning of the hemp cellulose sheets. Adding salt reduced the gelation time and
increased the specific surface area. The gelation time reduction made it possible to use a lower
cellulose concentration in the MC and the hemp cellulose, achieving stronger gel bodies in a
shorter period. Coagulation kinetics were different depending on the geometry of the wet gels,
causing differences in their aerogel structures. To improve the recipe for the usage in the
CAProLi, a higher amount of hemp cellulose should be tried in combination with 2 wt.- % of
NaCl. For operating with thicker solutions, it is recommended to use pressure and a slit die
nozzle to pour the cellulose solution on the conveyor belt of the CAProLi. This work was a
promising starting point for the technical continuous production of cellulose aerogel sheets and
the introduction of the aerogel technology to a wider range of industry players. Additionally,
the aerogels made of extracted hemp cellulose showed comparable properties to the aerogels
made of commercial cellulose, indicating that agricultural wastes have the potential to be used

as appropriate resources for aerogel production.

4.6 Manufacturing of Cellulose Aerogel Engineered Fibers

The cellulose aerogel fibers synthesized were white as shown in the representative Figure 84.
The diameters of the fibers were not constant across their length due to the stick-slip effect
inside the nozzle. Occasionally, while the fibers were drawn continuously, the fibers became
thinner or thicker due to small mass fluctuations of cellulose in the solution. This variation in
their diameter induced uncertainty in determining the average diameter and consequent density
and porosity. For the porosity calculations, a value of 1.5228 g cm™ was used as skeleton

density.
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MCF7_0.5

Figure 84 Optical microscope picture of a fragment of a 7 wt.-% commercial cellulose aerogel
fiber (MCF7) synthesized using a 0.5 mm nozzle.

The envelope density ranged from 0.22 g cm™ to 0.39 g cm3, as shown in Table 16. The values
of porosity ranged from 74.10% to 85.40% and were slightly lower than the values found for
other cellulose aerogels in the literature.[27, 36] An increase in cellulose concentration
increased the fiber density for MCF samples, while the nozzle diameter was not a relevant

factor. The increase in density led to a decrease in porosity.

Table 16 Properties of cellulose aerogel fibers synthesized from commercial (MCF) and hemp-
extracted cellulose (HCF) at different cellulose concentrations (6 wt.-% to 7 wt.-%) and nozzle
diameters (0.5 mm and 0.33 mm). Information on the specific surface area and total pore

volume of the aerogels is presented later.

Fiber Diameter Envelope Porosit Average
Sample Diameter  Shrinkage Density /0 y Pore Size
3 Y0

/ mm | % /gcm / nm
MCF6_0.5 0.32+0.02 36.36 0.22 85.40 17.64
MCF7_0.5 0.40+0.01 19.57 0.39 74.10 19.09
MCF7_0.33 0.34+0.01 -3.59 0.35 77.04 17.38
HCF6_0.5 0.32+0.01 36.37 0.39 74.69 16.48
HCF7_0.5 0.34+0.01 32.36 0.31 79.36 16.67
HCF7_0.33  0.29+0.01 13.42 0.30 80.28 13.24
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While the nozzle did not influence the porosity and density of the HCF7 samples, the increase
in cellulose concentration decreased density. The reason for this discrepancy lies in the different
molecular weights of the celluloses.

When the cellulose solution was introduced as a filament into the acidic bath, it coagulated into
a stable gel. The speed of coagulation, the concentration and molecular weight of cellulose, as
well as the dissolution media, determined the internal properties of the gel. During this process,
shrinkage was observed, due to the osmose forces applied from the reactants outside and inside
the filament. When the concentration of HC increased, these fibers interacted more with
themselves and a network was more easily created than with MC’s smaller fibers. Due to the
speed of coagulation, a stable less-organized structure with bigger pores was created, inducing
a lower density and higher porosity. For MCF samples, the increase in cellulose concentration
created a denser structure. These discrepancies originated from the measurement of the
dimensions as well. As shown in Figure 84, the diameter of the fiber was not constant across
its length. Drying separate straight segments of the fibers, and not of the entire coiled fiber
sample, could provide more accurate results. For both celluloses, shrinkage was reduced when
the nozzle’s diameter was lower as less osmose pressure was applied to the filament. Due to the
small diameters of the nozzles, the reduction of shrinkage only slightly influenced the density
and porosity of the cellulose aerogel fibers. A negative shrinkage was observed for MCF7_0.33,
indicating swelling of the fiber. The organization of the pores in the aerogel fibers was studied
using SEM and some representative pictures can be observed in Figure 85. The surface
presented densely packed cellulose fibers, especially at a lower nozzle diameter. While at
0.5 mm, bigger macropores were observed in a reticulated surface, at 0.33 mm, the fibers were
more packed on a smoother, more homogeneous surface with visible bigger pores. No
significant influence was observed from the source of cellulose and cellulose concentration. As
there existed polymer-rich and polymer-poor regions in the filament, different diffusion rates
were present in the fiber gelation which explained different packaging on their surface.[43]
When the fibers were thinner, coagulation was faster, a stable gel was more easily obtained and
their surface densified while the fibers remained in the coagulation bath. For the same pumping
speed, a thicker fiber would need more time to achieve a similar level of coagulation and
sturdiness. The application of the same pumping speed to fibers whose diameters were not the

same influenced their surface.
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Figure 85 SEM pictures of the exterior surface of cellulose aerogel fibers synthesized from
7 wt.- % commercial (MCF7) and hemp-extracted cellulose (HCF7) solutions using different
nozzle diameters (0.5 mm and 0.33 mm).

The structures in the interior, however, were less compact. It was visible a large variety of pores
and cavities from the macroscale to the nanoscale, while the random fibrillar network was more
dispersed into thinner walls. These can be observed in Figure 86. These differences between
the surface and interior of the fibers were related to the coagulation speed. On the surface, the
fast coagulation of cellulose fibers created a network whose fibrils continued to merge and
aggregate after the first contact with acid. This aggregation into a mesh-like structure with fewer
macropores was more notorious when the 0.33 mm nozzle was used.[107]A slower regeneration
inside the fibers enabled a higher organization of the microfibrils into a dense 3D porous
network, with smaller and more numerous pores. The cavities in the samples originated from
the presence of bubbles in the cellulose solution and the stick-slip effect.[82] Another reason
could be the very fast regeneration of cellulose fibers. As discussed in Chapter 4.3.2, bigger
pores were observed for beads coagulated in HCI acid than in organic acid baths due to faster
gelation. As the diameter of the aerogel fibers was lower than that of the beads (0.33 mm to
0.5 mm vs. 3 mm), the former had a faster gelation. Under these conditions, there was not

enough time to achieve a higher compaction of cellulose and to create a porous network with
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smaller, more numerous pores.[107]

MCF6_0.5

HCF7_0.33 &

Figure 86 SEM pictures of the interior surface of cellulose aerogel fibers synthesized from
commercial (MCF) and hemp-extracted cellulose (HCF) solutions of different cellulose

concentrations (6 wt.- % and 7 wt.-%) using different nozzle diameters (0.5 mmand 0.33 mm).

This influenced the specific surface area and pore size distribution of the aerogel fibers. Each
sample had different adsorption capacities but all were classified as type IV isotherms, as
described by IUPAC (see in the appendix Figure 128).[44] The adsorption capacity of all
samples was similar, except MCF7_0.5, whose capacity was higher. All hystereses could be
considered H2(b) while some samples had sharp peaks before their desorption plateau. These
could be related to the presence of non-filled macropores that were produced during spinning
due to the presence of bubbles in the cellulose solution. Figure 87 shows their influence on the
specific surface area and total pore volume of the samples.
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Figure 87 Specific surface area and total pore volume of cellulose aerogel fibers synthesized
from commercial (MCF) and hemp-extracted cellulose (HCF) solutions of different
concentrations (6 wt.- % and 7 wt.-%) using different nozzle diameters (0.5 mm and
0.33 mm).

There were no significant differences in the specific surface area and total pore volume between
most aerogel fibers, independently of the cellulose used or other parameters. The surface areas
ranged from 180 m? g to 290 m? g* (slightly higher than the values recorded for cellulose
aerogel fibers in literature)[191-193] while the total pore volumes were found between
1.00 cm® gt and 1.90 cm?® gL, For both cellulose sources, a lower diameter led to decreases in
specific surface area and total pore volume due to the promotion of faster coagulation.[107]
When cellulose extracted from hemp was used, the increase in concentration did not affect the
specific surface area. This was observed in previous studies on cellulose aerogels.[47]
However, this was not the case for MCF6_0.5 and MCF7_0.5. MCF7_0.5 had a higher specific
surface area and total pore volume than MCF6_0.5 due to its lower porosity. MCF6_0.5 had a
higher porosity and lower density due to existing bigger pores. By increasing the cellulose
content, MCF7_0.5 achieved a more packed, denser structure with smaller and more numerous
pores, resulting in a higher specific surface area and pore volume. The low thickness of the gel
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fiber could have led to a too-fast regeneration and the formation of a structure whose specific
surface area was not maximized. This was observed when the HCI acid bath was used as a
coagulation bath for bead production compared to when organic acids were used, in
Chapter 4.3.2. Using smoother coagulation baths such as mixtures of ethanol, isopropanol, or
acetone with water could create coagulants with Hansen parameters closer to the one from the
cellulose solution and improve the fiber’s properties.[106, 195] These promote a slower
regeneration but attention should be taken so it is fast enough to create a stable-shaped fiber
prone to spinning. To better understand these trends, the pore size distribution of the samples
is shown in Figure 88.

For all the samples, most pores were in the mesoporous region with a smaller fraction in the
macroporous region. This agreed with the mesoporous character of cellulose aerogels found in
other studies.[162, 191, 288] An increase in cellulose concentration, for both MC and HC, led
to a sharpening of the pore size distribution curve due to creating a more intertwined cellulose
network and increasing the proportion of smaller pores. A similar trend occurred when the
diameter of the fiber was reduced from 0.5 mm to 0.33 mm. While a shoulder at 30 nm was
visible for MCF7_0.33 and HCF7_0.33, the fraction of macropores was smaller which induced
a smaller average pore size (from 19.09 nm to 17.38 nm for MCF7 and from 16.67 nm to
13.24 nm or HCF7). Depending on the processing parameters, it was possible to tune the pore
size distribution of the samples. Besides, the hemp samples presented sharper distributions,
with smaller pores, than their MC counterparts possibly due to the effect of different molecular

weights and cellulose solution viscosities.
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Figure 88 Pore size distribution of cellulose aerogel fibers produced from commercial (black
for 6 wt.-%, MCF®6, and red or 7 wt.-%, MCF7, cellulose concentration) and hemp-extracted
cellulose (green for 6 wt.-%, HCF6, and blue for 7 wt.-%, HCF7, cellulose concentration) with

different nozzle diameters (square for 0.5 mm and triangle for 0.33 mm).

Aerogel cellulose fibers were successfully synthesized and the same parameters could be
applied to both HC and MC cellulose solutions. The produced fibers were highly porous and
had low densities, with specific surface areas ranging from 180 m? g* to 290 m? g* and small
average pore sizes (from 13 nm to 19 nm). Parameters such as pumping speed and fiber diameter
did not affect the crystallinity or thermal profile of the aerogels while a higher cellulose
concentration and smaller fiber diameter led to sharper pore size distributions, with higher
content of smaller mesopores. Coagulation mechanisms and rates were essential in determining
the aerogel’s final properties. No significant differences were detected between the aerogel
fibers produced from MC or HC, which indicated the suitability of using waste agriculture
residues as a source of cellulose to produce aerogels. This further contributed to the promotion

of a biobased circular economy and the industrial application of this technology.
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4.7 Lignin Coating of Cellulose Aerogels

In the previous chapters, the aerogels synthesized, regardless of their shape, were highly porous
and had high specific surface areas. However, cellulose aerogels are sensitive to moisture,
which can destroy their porous structure due to hornification and negatively affect their thermal
insulation properties in the long term.[23, 301] As discussed, lignin has been used as a

hydrophobic additive.

4.7.1 Moisture Influence

Table 17 shows the changes in diameter and bulk density that occurred to a set of cellulose
aerogel samples before (a) and after humidity exposure for 24 h, under an atmosphere with high
humidity of 63% (b). These included 2 wt.-% flax-extracted cellulose beads (FCB2), 6 wt.-%
hemp-extracted cellulose beads (HCB6) and 7 wt.-% commercial cellulose beads synthesized

at laboratory and technical scale, using the JetCutter® (MCB7 and MCB7-JC respectively).

Table 17 Influence of moisture on the bulk density and diameter of representative cellulose
aerogel beads before (a) and after exposure in a climate chamber (63% humidity, 24 h) on the

bulk density and diameter of representative cellulose aerogel beads (b).

Bulk Density? Diameter? Bulk Density® Diameter®
Samples
/gcm / mm /gcm3 / mm
FCB2 0.06 2.35+£0.10 0.08 2.11 £0.10
HCB6 0.12 3.08 £0.20 0.18 2.33+£0.40
MCB7 0.15 3.28+0.10 0.22 2.52 £0.07
MCB7-JC 0.13 0.85+0.09 0.23 0.69 £ 0.06

Under the tested conditions, water adsorbs on the exterior and interior surfaces of the beads
primarily through surface diffusion.[302-304] Water molecules form hydrogen bonds with the
OH functional groups available in the amorphous regions of the cellulose fibers, creating a
monolayer after saturation of the interaction sites (non-freezing bound water).[305] Water can
still be absorbed and create clusters in microvoids, that are trapped (freezing-bound water)
inside the aerogel’s porous structure.[303, 306] Free water, under heating, is the first set of
water molecules to evaporate, followed by freezing and non-freezing water (according to

increasing enthalpies).[303, 307] Initially, water interacts with the cellulose network by
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breaking the hydrogen bonds between cellulose fibers and swelling the beads. When water is
removed by heating, these newly formed hydrogen bonds are broken, leading to an increase in
the interaction between the cellulose fibers and a relaxation of the porous structure. This causes
the densification of the pore walls, the shrinkage of the aerogel, and the consequent decrease of
its share of mesopores and its specific surface area.[301, 308]

Densification and shrinkage were observed for the tested samples, especially those synthesized
from hemp-extracted and commercial celluloses. This was due to their lower molecular weight
compared with flax-extracted cellulose. Shorter fibers have fewer points of contact between
them and resist worse against shrinkage, even at a higher concentration, compared to longer
fibers.[240] Besides, flax beads could have absorbed less water due to their lower content in
cellulose and lower number of OH groups available to interact with water molecules. The
production scale did not influence these properties.

It was concluded that cellulose aerogels were prone to shrinkage under a humid atmosphere and
coating was required to induce anti-moisture properties. Lignin was tested as a coating agent.
Manich et al. noted that not only did the presence of lignin in hemp fibers reduce water primary
absorption, but water adsorbed to lignin was also more easily removed than water bonded to
cellulose.[309]

4.7.2 Chemical Interaction of Lignin with Wet Cellulose Gel

To effectively coat cellulose wet gel beads with lignin, it was essential to understand the
chemistry behind the interaction between these two biopolymers. Two types of lignin were
studied for this effect: Kraft lignin (Indulin AT, In) and soda lignin (P1000, P1), whose main

properties are described in Table 18.
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Table 18 Main chemical properties of Indulin AT (Ind) and P1000 (P1). Values with no
references were obtained from the technical sheets of the products.

Class Particle Size
Lionin of Density Mw Distribution OHpn OHa OHac
g Lianin /gem2 /gmolt  /median, /mmolg ! /mmolg?! /mmolg?
g um
Indulin 3500-
AT kraft 04  gogue goen  ZLAI 07w 0 4ea
(| nd) 142, 310]
P1000 soda 0.3 i%%%_ 65 2.7-3.1 18-2.1 0-1.2
(P1)

The process used to obtain soda lignin was similar to the one used in this work for cellulose
isolation from hemp and flax bast waste fibers, so it would be possible to extract soda lignin
from those fibers. Kraft lignin is the most commonly available lignin in the market.[125, 141]

Figure 89 shows the amorphous structure of both Indulin AT and P1000 at the microscale.

Indulin-AT
L S

Figure 89 SEM pictures of Indulin AT and P1000 lignin at different magnifications.

Indulin-AT was composed of spheroid particles and fragments with smooth surfaces. At a
higher magnification, the surface was a smooth mesh of lignin particles that were too small to

be discerned. P1000 was composed of spheroid particles but with irregular surfaces. At 1 um
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scale, lignin globular aggregates were visible and created a rough and irregular surface. The
chemical composition of each lignin influenced their aggregation behavior and subsequent
morphology.

As shown in Table 18, the densities and particle size distribution of the used lignin were similar,
but they presented more significant differences in their molecular weight and chemical
composition. The Mw of Indulin AT was broader and higher than the one of P1000. While the
concentration of OHpn was higher than OHa and OHgc for both lignins, Indulin AT had a broader
distribution of OHpn and a higher concentration of OHph and OHa than P1000. Only for OHgc,
P1000 had a higher variation in concentration and reached higher values than Indulin AT. These
chemical differences were due to the different biomass sources and respective different
chemical extraction processes required to obtain each class of lignin. These chemical
compositions influenced how each lignin was dissolved in different media and interacted with
the cellulose wet gels.

For the successful lignin adsorption on the cellulose wet gels, lignin should be well dissolved
and interact more strongly with cellulose than with the solution media. Otherwise, it would be
removed from the wet gel during the solvent-exchange steps. In the first set of experiments,
lignin dissolution and adsorption were tested in ethanol:water mixtures. Other solvents could
have been used[142] but most of them were not suitable for supercritical CO2 drying. Goldmann
et al. described excellent dissolution capacities of Indulin AT in ethanol:water mixtures, up to
80 wt.- %, (ratio 80:20 EtOH:H20, wt.- %).[140]

Important conclusions were drawn from the first set of experiments. When ethanol was selected
as the final bath for drying and solvent exchange was performed, much of the lignin attached
to the wet gel was leached to the bath. Visually, the beads that had become brownish due to
contact with lignin returned to their white color after solvent exchange. It indicated that lignin’s
adsorption was not strong enough to counterbalance its association with ethanol. Acetone was
used as the final solvent for drying, as leaching was reduced due to the lower solubility of these
lignins in acetone compared to the ethanol:water mixture[139, 140, 143]. When P1000 lignin
was used, its dissolution in EtOH:H20 at the tested ratios lignin:cellulose wet gel (L:C, wt.-%)
was never complete and a suspension with small particles was observed. Increasing lignin
concentration led to more concentrated suspensions and brownish aerogel beads, as shown in

Figure 90. This showed increasing amounts of lignin adsorbed on the gel’s surface.
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KRN

Figure 90 Picture of lignin coated 7 wt.-% commercial cellulose aerogel beads (MCB7),
produced at technical scale using the JetCutter® (JC) and in a 2M lactic acid solution. Coating
was performed with P1000 lignin (P1) after its dissolution in EtOH:H.O (80:20, vol.-%) bath,
at different lignin:cellulose wet gel (L:C, wt.-%) ratios (1:50 for MCB7-JC-P1-80:20-1:50 and

1:5 for MCB7-JC-P1-80:20-1:5).

For Indulin AT, an effective dissolution was observed, as reported by Goldmann et al.[140]
When higher concentrations of Indulin AT were added to the EtOH:H2O solution (L:C rate of
1:5), suspensions were formed and a layer of un-dissolved lignin stayed at the bottom of the
baths, with a thickness proportional to the quantity of lignin added in excess.

After brushing the dried coated samples, no powder nor dust was released. This meant that the
association by hydrogen bonds between cellulose and lignin, independently of its type, was
strong enough to retain the lignin on the aerogel after mechanical stress. When the samples
were put in a water bath, they quickly sank to the bottom, indicating that they were not
hydrophobic regardless of the lignin used or the conditions applied.

In the second set of experiments, an alkali dissolution method was used. For both types of
lignin, dissolution was complete and no particulates were found. For the same lignin
concentration, increases in solution volume did not affect lignin adsorption on the wet gels.
Some non-attached lignin fragments precipitated when the coated wet gel beads were
introduced in acetone but could be removed from the bath.

The water absorption capacity was measured for all dried coated samples to understand the
effectiveness of the coating method and the influence of the choice of lignin. The data is
displayed in Figure 91. L:C ratios could not exceed 1:5, for the same bath volume, when lignin
was dissolved in a basic medium. In the NaOH solution, lignin was dissolvable but its
neutralization was required to interact and adsorb on the neutral cellulose wet gels. As lignin
precipitation depends on the pH and salt concentration of the dissolution medium, an
equilibrium was found between NaOH concentration and lignin concentration in the solution.
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At higher NaOH concentrations, more lignin could be dissolved but its precipitation occurred
at higher pH, far from neutrality.[141, 144, 145]
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Figure 91 Water uptake of 7 wt.-% commercial cellulose aerogel beads (MCB?7), produced
at technical scale using the JetCutter® (JC) and in a 2M lactic acid solution, non-coated (black
triangle for standard sample, MCB7-JC-NL), and coated with lignin (red for Indulin AT, In,
and blue for P1000, P1) dissolved in different baths (circle for ethanol:water bath, 80:20, and

square for NaOH bath, Alkali) at different lignin:cellulose wet gel ratios ( from 1:50 to 1:5,
L:C, wt.- %).

All samples absorbed significant quantities of water (from two to four times their original
weight) indicating that some coating recipes promoted resistance to water absorption while not
turning the aerogels hydrophobic.

For most series of tests, a minimum water uptake was reached at a certain lignin concentration
and it increased for higher L:C ratios. For the 80:20 EtOH:H0O dissolution system, different
lignins yielded different water uptake trends. When Indulin AT was used, a minimum of 352%
water uptake was reached (lower than the standard 360%) at 1:20, but it increased up to 388%

at 1:5. For P1000, a lower water absorption minimum was reached at a higher L:C (286%, 1:10)
and later increased to 316%.
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This difference was related to the chemical structure of these two lignins and their interaction
with the dissolution media. Indulin AT had higher molecular weight, higher OH content in
phenolic and aliphatic groups, and a better dissolution than P1000 in EtOH:H20 media. It was
deduced that, as their dissolution mechanics were unequal, the fractions dissolved did not have
the same molecular weight or chemical composition. Only the lighter fractions of P1000 were
dissolved which, in conjugation with its lower molecular weight, coated more effectively the
aerogel’s surface. For Indulin AT, a more uniform dissolution led to an accumulation of bigger
particles on the surface of the wet gel without covering it effectively. These agglomerated
particles, with more free OH moieties that did not interact with cellulose, easily adsorbed water
and contributed to a higher water uptake with increasing lignin concentrations.[309]

Better results were obtained when dissolution occurred in basic media, for both lignins. While
for Indulin AT water absorption stabilized after 1:20 and reached the minimum at 1:10 (293%),
for P1000, the decrease was proportional to increasing concentrations of lignin. At 1.5, a
minimum of 186% water uptake was obtained. Under these conditions, the dissolution was
equally efficient for both lignins, so their chemical structure was the relevant factor. The sodium
hydroxide water solution completely dissolved the lignin particles due to their charged nature,
which remained dissolved after neutralization.[145] This disintegration of lignin
microstructures enabled better adsorption on the cellulose wet gel bead surface. For Indulin AT,
due to its higher molecular weight, there was a tendency to create agglomerates not
homogeneously distributed on the surface of the aerogel. After reaching a minimum water
uptake, more lignin and free OH groups adsorbed more water. Furthermore, highly cross-linked
condensed units might have ionization resistance due to steric hindrance, as the OHpn from
uncondensed (terminal) units would be more easily accessible[312]. It should also be noted that
while P1000 has no sulfur, Indulin AT had a 1.4% content in S moieties.[313] This could further
hinder its ability to form hydrogen bonds with cellulose and its dissolution efficiency. In the
case of P1000, a minimum water uptake was not reached meaning that increasing the lignin
content in the bath without precipitation could have achieved better results.

4.7.3 Lignin coated Cellulose Aerogels

Due to achieving the lowest water uptake, only samples coated with the soda lignin P1000 were
fully characterized. The aerogel beads became more brownish as more lignin was dissolved
during the adsorption phase. For both dissolution approaches and regardless of the lignin
content in the adsorption bath, the dimensions of the coated aerogels stayed stable from 700 um
to 800 um. Representative coated samples are shown in Figure 92.
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For the same L:C ratios, the beads coated in EtOH:H>O were more brownish than when coating
occurred in a neutralized lignin water solution. As only the lighter fractions of lignin were
dissolved in EtOH:H-0, its adsorption and morphological appearance on the coated aerogel

beads differed from when lignin of all molecular weights was available for coating.

MCB7-JC-P1-80:20-1:50 MCB7-JC-P1-80:20-1:10

&

Figure 92 Pictures of lignin coated 7 wt.-% commercial cellulose aerogel beads (MCB?7),
produced at technical scale using the JetCutter® (JC) and in a 2M lactic acid solution. Coating
was performed with P1000 lignin (P1) after its dissolution in EtOH:H.0 (80:20, vol.- %) bath,
at different lignin:cellulose wet gel (L:C, wt.-%) ratios (from 1:50 to 1:5).

In the past chapters, the FTIR spectra of the cellulose aerogels have been consistent in

presenting only the chemical signals of cellulose. Figure 93 shows how their spectra changed
after being coated with increasingly concentrated lignin solutions.
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Figure 93 FTIR spectra of 7 wt.-% commercial cellulose aerogel beads (MCB7), produced at
technical scale using the JetCutter® (JC) and in a 2M lactic acid solution, non-coated (black for
standard sample, MCB7-JC-NC), and coated with P1000 lignin (P1) in EtOH:H20 (80:20) bath
at different lignin:cellulose wet gel ratios (red for 1:50; blue for 1:20; green for 1:10, and purple
for 1:5). The spectrum of P1000 lignin is presented in light blue.

The peaks at 3300 cm™ and 2900 cm?, corresponding to the O-H and C-H stretching vibrations
of cellulose, became less intensive at higher L:C ratios. As more lignin covered the surface of
the beads, the signals of the cellulose underneath were less pronounced in the FTIR spectra. At
2900 cm'%, the peak became broader due to the signal at 2920 cm™ and 2850 cm™ from CH and
CHy stretching from lignin.[254, 314] In Figure 94, the signals between 500 cm ! and
1800 cm™ ! are shown in detail.
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Figure 94 Detail of the FTIR spectra of 7 wt.-% commercial cellulose aerogel beads (MCB?7),
produced at technical scale using the JetCutter® (JC) and in a 2M lactic acid solution, non-
coated (black for standard sample, MCB7-JC-NC), and coated with P1000 lignin (P1) in
EtOH:H20 (80:20) bath at different lignin:cellulose wet gel ratios (red for 1:50; blue for 1:20;
green for 1:10, and purple for 1:5). The spectrum of P1000 lignin is presented in light blue.

The intensity of the peak associated with water adsorption on the surface of cellulose at
1650 cm™ decreased and vanished over a 1:10 ratio. Peaks at 1595 cm™ and 1510 cm™,
associated with the C=C stretching vibrations from the aromatic rings of lignin, started
appearing at 1:20.[254, 256, 314] The peaks at 1430 cm™* and 1370 cm™ were from cellulose’s
CH: and CH bending. The latter became broader at higher L:C due to a signal of C-O stretching
in lignin at 1360 cm™. The region between 1000 cm™ and 1200 cm®, where the vibrations were
related to the C-O-C and C-O stretching of cellulose, lost intensity and suffered shifts in its
peaks due to signals originating from lignin. At 1120 cm™! and 1030 cm™, deformation
vibrations from C-H bonds in syringyl rings and from in-plane aromatic rings respectively from
lignin contributed to the spectra of the aerogels.[256]

These spectra indicated that lignin was attached to the surface of the cellulose aerogel beads

during the adsorption process. Lignin’s presence increased when higher quantities of lignin
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were present in the coating solution. Nonetheless, the quantity of lignin attached to the aerogels
did not significantly change the cellulose profile in their spectra.

In the appendix (see Figure 114 and Figure 115), the FTIR spectra for the cellulose beads
coated with increasing quantities of lignin dissolved in the basic medium are shown. The signals
and trends found in the spectra were the same for the coated monoliths and similar but not so
pronounced as what is shown in Figure 93. The signals of OH and CH stretching vibrations
from cellulose were reduced for higher L:C ratios as other cellulose’s characteristic signs in the
region between 500 cm™ and 1800 cm™. The signals of the C=C vibration from lignin
(1595 cm™ ! and 1510 cm™ ) were not as pronounced in Figure 114 as in Figure 93 due to the
different lignin solubilities in both solvents. Smaller fragments of lignin, with lower
condensation rates and fewer aromatic rings, were better dissolved in alkali media and were
more accessible to adsorb onto the surface of the cellulose wet gels.[141] Heavier lignin
particles were dissolved but could have been organized in bigger colloidal structures and
remained in the bath after the coating period.[145] When in the presence of EtOH:H20 (80:20),
a smaller but more homogeneous fraction of lignin was available for coating which could have
contributed to higher adsorption of bigger lignin agglomerates on the wet gel and a higher signal
of C=C in FTIR of the coated aerogels.[140]

Through SEM, the attachment of lignin on the surface of the cellulose aerogel beads was
visualized. In Figure 95, the lignin distribution on the aerogels after its dissolution in the
EtOH:H20 bath and adsorption is shown.
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Figure 95 SEM pictures of the interior (I) and exterior (E) of lignin coated 7 wt.-%
commercial cellulose aerogel beads (MCB7), produced at technical scale using the
JetCutter® (JC) and in a 2M lactic acid solution. Coating was performed with P1000 lignin
(P1) after its dissolution in EtOH:H.O (80:20, vol.- %) bath, at different lignin:cellulose wet
gel (L:C, wt.- %) ratios (from 1:50 to 1:5).

On the exterior surface of these samples, white spherical granules were visible, corresponding
to lignin conglomerates. Those had a similar shape but smaller dimensions compared to what
was observed in other studies focused on the influence of higher temperatures and pressure on
lignin when integrating biomass.[315-317] While lignin was visible here, it was not when
cellulose-lignin aerogel composites were created from a cellulose-lignin solution.[153, 154,
318] This could indicate that different dissolution, coating, and CO2 supercritical drying
conditions affected the agglomeration of lignin molecules and their corresponding shape and
size. However, it could also mean that the coating protocol for preparing lignin-coated aerogels
for SEM should be modified (using gold or iridium as coating agents) to improve
resolution.[315, 316] These lignin agglomerates were unevenly distributed across the surface
and were more numerous when a higher L:C ratio was applied. Despite this, the coated aerogels
presented a porous structure similar to other samples discussed in this work. In the interior, a
highly porous cellulose network was observed with no presence of lignin agglomerates except
for L.C 1:5. This indicated that coating occurred only at the surface of the samples, in an
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inhomogeneous way, and did not reach the interior of most samples. This agreed with the
limited variation in water uptake observed for these samples independently of the L:C applied.
In Figure 96, cellulose aerogel beads coated with neutralized dissolved lignin in water can be

observed.
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Figure 96 SEM pictures of the interior (1) and exterior (E) of lignin coated 7 wt.-% commercial
cellulose aerogel beads (MCB7), produced at technical scale using the JetCutter® (JC) and in
a 2M lactic acid solution. Coating was performed with P1000 lignin (P1), at different
lignin:cellulose wet gel (L:C, wt.- %) ratios (from 1:50 to 1:5). This lignin was dissolved in

alkali water solution and neutralized before coating.

Differences were noted between different ratios of L:C and lignin dissolution methods. Lignin
was present as amorphous, non-porous, patches that increasingly covered the surface of the
cellulose aerogel when increasing L:C ratios were used. Smaller aggregates as in Figure 95
were still observed but at a lower number. NaCl crystals were detected, residues from the
lignin“s neutralization that couldn’t be removed after coating due to lignin leaching in the
presence of washing water. The surface coating was more homogeneous than when lignin was
dissolved in EtOH:H20. In the interior porous network closer to the surface, small coated areas
were observed as thicker cellulose fibrils united by lignin. Nonetheless, those structures were
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unevenly distributed and were not observed in the core of the beads, whose structure was
preserved. There, as in Figure 95, no lignin was observed.

Based on these results, it was found that when lignin was dissolved in an alkali medium and
neutralized, it was more likely to interact with cellulose and each other, creating thin coating
patches along the surface of the aerogel beads. This reduced the access of water to the interior
of the beads and their water uptake.

The distribution of lignin on the surface of the aerogels affected the number of open pores and
their adsorption capacity. The N2 adsorbed by the samples varied with the lignin concentration
on them, as shown in the appendix (see Figure 129). It shows type IV isotherms, with
hystereses intermediates between H1 and H2(b), as described by IUPAC which are
characteristic of mesoporous materials.[44] When the beads were coated with lignin dissolved
in the ethanol:water bath, at a L:C 1:50 ratio, their adsorption capacity increased significantly
from 1470 cm?® g to 2000 cm?® g*. After reaching a maximum at 1:50, the adsorption capacity
decreased at higher L:C ratios. However, there was no direct relation between the L:C ratio and
the adsorption capacity of the coated samples. It was hypothesized that the increased adsorption
of gas was due to the added contribution of lignin whose functional groups interacted with No.
Nonetheless, as lignin was not homogeneously distributed, its contribution was not systematic.
For the beads whose coating was performed in water, with neutralized lignin, the adsorption
capacity decreased with higher L:C ratios, as shown in the appendix (see Figure 130). From
the maximum adsorption at 1470 cm® g for the blank sample, this value decreased
proportionally as more lignin was present during coating, down to 748 cm?® g at 1:5. The
classification of the isotherms is the same for the aerogel coated samples independently of the
coating method. At low concentrations of lignin, the coating of the bead was neither
homogeneous nor thick. As the content in lignin increased, lignin covered more of the surface
area of the aerogel and created a more homogeneous, thicker film. In Figure 95 this is observed.
Besides, more salt residues from lignin“s neutralization were left on the surface of the beads
when higher L:C ratios were used. This led to an increase of the sample’s mass that further
decreased the values of adsorption obtained. The lack of efficient coating when it occurred in
ethanol:water mixtures was supported by the values of specific surface area and total pore
volume found for these samples, shown in Figure 97. Regarding the first property, it followed
the same trend observed for the water uptake experiments. MCB7-JC-NC had 280 m? g%, while,
in the coated samples, it ranged from 284 m? g* to 316 m? g%, with a minimum of 199 m? g*
reached at 1:10. This indicated that the internal cellulose network remained mostly intact and

accessible while lignin concentrated on the surface in a dispersed way.
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Figure 97 Specific surface area and total pore volume of 7 wt.-% commercial cellulose aerogel
beads (MCB7), produced at technical scale using the JetCutter® (JC) and in a 2M lactic acid
solution, non-coated (triangle for the standard sample, MCB7-JC-NL), and coated with P1000
lignin (P1) dissolved in different baths (circle for ethanol:water bath, 80:20, and square for
NaOH bath, Alkali) at different lignin:cellulose wet gel ratios (from 1:50 to 1:5, L:C, wt.- %).

A more efficient surface covering could have occurred at 1:10, and, at 1:5, the extra lignin could
have conglomerated but this was difficult to confirm based on the SEM pictures. The total pore
volume increased, from 2.27 cm® g? for the blank sample to between 2.66 cm®g ! and
3.10 cm?® g* for the coated samples (exception at 1:10, with 1.65 cm?® g). This could be related
to the inhomogeneous distribution of lignin conglomerates on the surface which created new
empty micrometer-size spaces, influencing the total pore volume. When lignin dissolution
occurred in the basic medium, a proportional reduction in both specific surface area and total
pore volume was observed for increased concentrations of lignin during coating. From
280 m? gt found in the blank sample, the specific surface area steadily decreased to 154 m? g ¢,
at a 1:5 L:C ratio. The same occurred to its total pore volume, which decreased from
227cmig ! to 1.16 cm® g! when the presence of lignin was at its maximum. This was

explained by the deposition of lignin on the exterior surface of the aerogels, which covered
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patches of the surface pores, and the increasing presence of NaCl salt residues for higher LCs,
which increased the sample’s mass. The pore size distribution of the samples coated in
ethanol:water, shown in Figure 98, presented a mainly mesoporous porous structure, with a

significant presence of macropores.
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Figure 98 Pore size distribution of 7 wt.-% commercial cellulose aerogel beads (MCB?7),
produced at technical scale using the JetCutter® (JC) and in a 2M lactic acid solution, non-
coated (black for standard sample, MCB7-JC-NC), and coated with P1000 lignin (P1) in
EtOH:H.0 (80:20) bath at different lignin:cellulose wet gel ratios (red for 1:50; blue for 1:20;
green for 1:10, and purple for 1:5).

The profiles of the aerogels became broader and shifted for bigger pore widths, especially
bigger mesopores (the top of the distribution curves shifted from 30 nm to 40 nm) and
macropores when coated. However, no significant differences existed between L.C ratios. This
agrees with the inefficient and inhomogeneous coating observed in the SEM pictures. At 1:10,
the fraction of mesopores < 30 nm compared to the macropores was the lowest of the samples.
This explained the increase in average pore size from 25.3 nm of the standard to 29 nm for all
coated samples.
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When the samples were coated with lignin dissolved in a basic medium, as in Figure 99, there
was a decrease in the pore volume for pores of all dimensions, particularly in the mesoporous
range, with increasing lignin concentrations. At higher ratios (1:10 and 1:5), the profiles
broadened further, with a lower proportion of mesopores below 30 nm and between 30 and
50 nm. The average pore size remained stable independently of the lignin:cellulose rate
(25.3 nm for the blank sample and from 24.6 nm to 25.9 nm for the coated aerogel beads),
indicating the homogeneity of the process.
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Figure 99 Pore size distribution of 7 wt.-% commercial cellulose aerogel beads (MCB7),
produced at technical scale using the JetCutter® (JC) and in a 2M lactic acid solution, non-
coated (black for standard sample, MCB7-JC-NC), and coated with P1000 lignin (P1) at
different lignin:cellulose wet gel ratios (red for 1:50; blue for 1:20; green for 1:10, and purple

for 1:5). This lignin was dissolved in alkali water solution and neutralized before coating.

The deposition of the lignin on the surface of the beads plus the presence of NaCl salt residues,
reduced homogeneously the proportion of pores detected in the mesoporous and macroporous
range. As fewer pores were available, water interacted less with these samples.

The thermogravimetric profile of cellulose aerogels showed a reduction in mass due to the
evaporation of water at 100 °C. The mass loss at this temperature for cellulose aerogel beads in
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the wet state, coated at a 1:5 L:C ratio with P1000 lignin dissolved in different media is shown
in Figure 100. For the non-coated sample, MCB7-JC-NC, water composed up to 73% of the
mass of the sample, and a plateau was reached at 165 °C, before the degradation of cellulose.
When lignin was dissolved in an ethanol:water bath, MCB7-JC-P1-80:20-1:5, the water content
was reduced to 50% and the stabilization occurred earlier, at 137 °C. Absorption was still
significant due to the deficient coating of the beads” surface. For the same LC ratio and when
P1000 was dissolved in an alkali water solution, MCB7-JC-P1-Alkali-1:5, the water content

was just 20% of the sample’s mass which started stabilization at 104 °C.
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Figure 100 Thermal gravimetric profiles of 7 wt.-% commercial cellulose aerogel beads
(MCB?7), produced at technical scale using the JetCutter® (JC) and in a 2M lactic acid solution,
non-coated (black for standard sample, MCB7-JC-NC), and coated at a 1:5 lignin:cellulose
wet gel ratio with P1000 lignin (P1) dissolved in different media (red for ethanol:water bath,
MCB7-JC-P1-80:20-1:5, and blue for NaOH bath, MCB7-JC-P1-Alkali-1:5).

In the DSC profiles, shown in Figure 101, a decrease in the energy consumption was observed
when the beads absorbed less water. The decrease in the temperature at which the peaks were
observed was related to the position of the water molecules in the porous structure of the

aerogels.[307] When coating was less efficient, water adsorbed strongly on the surface and
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interior of the beads, which required more energy to be evaporated. The addition of hydrophobic
lignin to the cellulose surface and the decrease of the available pores induced a weaker, more
superficial adsorption of water which required less energy to be removed.[309] This data
indicated that the method developed with alkali dissolution of lignin, while not turning the
cellulose aerogel hydrophobic, induced in the cellulose aerogel beads a great resistance to water

absorption.

180

160 i
140 i
120
100 ]

80

DCS/ mW

60 -
40

20 +

0 T T T T T T T T

50 100 150 200 250
Temperature / °C

'—— MCB7-JC-NC —— MCB7-JC-P1-80:20-1:5 —— MCB7-JC-P1-Alkali-1:5|

Figure 101 DSC profiles of 7 wt.-% commercial cellulose aerogel beads (MCB7), produced
at technical scale using the JetCutter® (JC) and in a 2M lactic acid solution, non-coated (black
for standard sample, MCB7-JC-NC), and coated at a 1:5 lignin:cellulose wet gel ratio with
P1000 lignin (P1) dissolved in different media (red for ethanol:water bath, MCB7-JC-P1-
80:20-1:5, and blue for NaOH bath, MCB7-JC-P1-Alkali-1:5).

In Figure 102, the thermogravimetric profile of the cellulose aerogel beads coated with lignin
dissolved in alkali media can be observed. The fundamental behavior of these samples followed
the typical profile of cellulose aerogels, as shown in previous chapters. The presence of a higher
concentration of lignin in the coating bath led to its higher adsorption on the cellulose wet gels
and consequent higher influence on the thermal behavior of the samples. Compared to the blank

sample, the coated samples started their degradation at a lower temperature, achieved latter 50%
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mass loss (from 321 °C to 310 °C), and, for higher L:C, had a higher residue content at 600 °C
(12% to 21%). This was due to the larger temperature range at which lignin released volatiles
(235 °C to 655 °C) compared to cellulose (250°C to 350 °C) and to the higher temperature at
which lignin was mainly degraded (380°C to 500 °C), compared to 312°C to 350 °C of
cellulose. As shown in the figure, the char residue of lignin was 41%. [228, 229, 242, 243]
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Figure 102 Thermal gravimetric profiles of 7 wt.-% commercial cellulose aerogel beads
(MCB?7), produced at technical scale using the JetCutter® (JC) and in a 2M lactic acid solution,
non-coated (black for standard sample, MCB7-JC-NC), and coated with P1000 lignin (P1) at
different lignin:cellulose wet gel ratios (red for 1:50; blue for 1:20; green for 1:10, and purple
for 1:5). The profile of P1000 lignin is presented in light blue. This lignin was dissolved in
alkali water solution and neutralized before coating.

The high molecular weight of lignin and the presence of branched crosslinked aromatic moieties
contributed to a higher production of char compared to the release of volatiles.[319] The same
trends were observed when lignin-cellulose aerogels were synthesized in literature and the
monolith samples.[320] The differences between the profiles for each L:C ratio were small and
no systematic trend was defined among themselves. This was due to the actual low

concentration of lignin in the cellulose aerogels that was not enough to originate more striking
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differences between L:C ratios. This low lignin concentration in the aerogel explained why the
residue obtained for 1:50 and 1:20 was lower than for the standard monolith. At those low rates,
where the coating was not concentrated enough, the lighter fractions of lignin adsorbed could
more easily interact with cellulose through radical reactions than among themselves. This
promoted the release of gases during pyrolysis and decreased the mass of residue compared
with what was found for the non-coated sample. For higher L:C ratios, where more lignin
interacted with himself and with heavier fractions, lignin carbonized and created non-volatile

residues that remained as residue.

Due to the success of coating cellulose aerogel beads with P1000 lignin that had been dissolved
in alkali medium, the same recipes were applied to 7 wt.-% commercial cellulose aerogel
monoliths. The darker and clearer areas observed in each monolith in Figure 103 indicated that

their coating was not homogeneous.

MCM7-P1-Alkali-1:10-E MCM7-P1-Alkali-1:10-1

MCM7-NC

Figure 103 On top, pictures of the exterior (E) and interior (I) of a 7 wt.-% commercial
cellulose aerogel monolith (MCM?7) coated with P1000 lignin (P1) at a lignin:cellulose wet
gel ratio of 1:5 (MCM7-P1-Alkali-1:5). At the bottom, the evolution of the surface color of
the monoliths coated with P1000 lignin at different lignin:cellulose wet gel (L:C, wt.-%) ratios
(from 1:50 to 1:5), starting with a non-coated sample (MCM7-NC). This lignin was dissolved

in alkali water solution and neutralized before coating.
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As the monoliths were turned upside down during coating to ensure that all surfaces were in
contact with the bath, these color differences could indicate different rates of adsorption for
lignin. Depending on the molecular weight and ratio of different OH moieties of the lignin
dissolved particles, optimum conditions for coating and its Kkinetics differed. Due to the
heterogeneous character of lignin molecules, the coating conditions still needed to be optimized
to ensure a more uniform distribution of lignin on bigger cellulose wet gel bodies.

The envelope density of the coated monoliths can be observed in Table 19.

Table 19 Properties of 7 wt.-% commercial cellulose aerogel monoliths non coated (MCM?7-
NC), and coated with P1000 lignin (P1) at different lignin:cellulose wet gel ratios (L:C, wt.- %).
This lignin was dissolved in alkali water solution and neutralized before coating. Information

on the specific surface area and total pore volume of the aerogels is presented later.

Volume . ) .
Samples Shrinkage Envelope D_gnsny Porosity  Average Pore Size
/gcm | % / nm
/%

MCM7-NC 34.10 0.19 87.55 20.60
MCM7i?516A'ka"' 34.00 0.19 87.69 9.76
MCWﬁZl(;A'ka“' 37.76 0.20 87.12 11.68
MCMqTéA'ka“' 39.57 0.22 85.71 8.77
MCW'lFf é‘A'ka"' 33.01 0.19 87.93 11.02

These samples presented low densities (from 0.19 g cm™ to 0.22 g cm®), independently of the
L:C ratio used. It showed that only a fraction of lignin remained on the aerogels compared to
what was left in the dissolution bath. If all lignin dissolved in the bath was adsorbed on the gel,
density would increase proportionally with higher L:C ratios. This was supported by the data
obtained from the skeleton density of these samples and of pure cellulose and lignin. Cellulose
had a skeleton density of 1.52 g cm™ while P1000 lignin had a skeleton density of 1.38 g cm.
The skeleton density of the coated monoliths suffered little variation independently of the L:C
ratio applied during coating (ranging from 1.54 g cm™ to 1.58 g cm™). If a significant fraction
of the solid backbone of the cellulose network was covered in lignin, it would have been
expected a decrease in the skeleton density of the monoliths proportional to their content in
lignin. The porosity of these aerogels remained constant, between 86% and 88%. The total

volume shrinkage of the aerogels was not affected by the coating conditions, remaining stable
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between 33% and 40%. The values of shrinkage observed were lower than the ones presented
for other monoliths in previous chapters (40% to 55%). These values were not comparable
because a different coagulation system (lactic acid ethanol bath) and drying solvent (acetone)
were used for this study with lignin. These originated different regeneration kinetics during
gelation and CO> supercritical drying, influencing differently the shrinkage of the synthesized

cellulose aerogel monoliths.

Figure 104 shows the cellulose aerogel monoliths coated following the same procedure.

MCM7-P1-1:5-

] . Lo

Figure 104 SEM pictures of the interior (I) and exterior (E) 7 wt.-% commercial cellulose
aerogel monoliths coated with P1000 lignin (P1) at different lignin:cellulose wet gel ratios

(L:C, wt.- %). This lignin was dissolved in alkali water solution and neutralized before coating.

The interior of the porous network of the aerogels was preserved while lignin was visible only
on the surface of the monoliths. The coating was less homogeneous and instead of clear lignin
-covered areas, as observed in Figure 96, the fibers were impregnated by lignin in some surface
regions. The lower ratio of surface area to volume of the monoliths could have required more
time or more volume of lignin solution during the coating phase to achieve a similar coating
efficiency to the beads.

The isotherms for these polysaccharide-based aerogels corresponded to a type IV shape, typical
of mesoporous materials.[237] When monoliths were coated with lignin dissolved in sodium
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hydroxide solution, the specific surface area and the total pore volume decreased for higher
ratios of L:C. These values can be studied in Figure 105. For the specific surface area, the non-
coated monolith had 257 m? g while this value was reduced to 151 m? g, for 1:5. A smaller
reduction rate was observed than in the correspondent beads. A significant reduction in the
average pore size was found, ranging from 8.77 nm to 11.68 nm while for the non-coated
monolith, this value was 20.60 nm. This data indicated that the coating of the cellulose body
was not as efficient as for the correspondent beads due to the larger dimensions and lower
area/volume ratio of the monoliths. Nonetheless, the coated area contributed to the blockage of

the exterior pores.
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Figure 105 Specific surface area and total pore volume of 7 wt.-% commercial cellulose
aerogel monoliths non-coated (triangle for the standard sample, MCM7-NC), and coated with
P1000 lignin (P1) at different lignin:cellulose wet gel ratios (from 1:50 to 1:5, L:C, wt.- %).

This lignin was dissolved in alkali water solution and neutralized before coating.

This data was compared to the pore size distribution of the monoliths, shown in Figure 106.
The profiles presented lower adsorption of gas and a higher fraction of macropores compared
to the ones in Figure 99. While some bigger mesopores and macropores were detected after
coating, the creation of a lignin layer in some regions of the surface of the monoliths filled most
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of the macropores, sharpening the pore size distribution and reducing the average pore size. As

the coating was not homogeneous, the profile of the coated samples did not change

significantly.
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Figure 106 Pore size distribution of 7 wt.-% commercial cellulose aerogel monoliths non-
coated (black for the standard sample, MCM7-NC), and coated with P1000 lignin (P1) at
different lignin:cellulose wet gel ratios (red for 1:50; blue for 1:20; green for 1:10, and purple

for 1:5). This lignin was dissolved in alkali water solution and neutralized before coating.

Based on the previous data, the water contact angle was tested on the surface of coated
monoliths. In Figure 107, pictures of the monoliths after dropping water can be observed. After
just three seconds, the water droplets were completely absorbed by the monolith which
indicated that these were not hydrophobic and any improvement in their water resistance was
feeble. This occurred for the standard sample and the coated samples up to 1:10. At 1:5, the
droplet remained on the surface for up to one minute, which indicated an effective coating of
the aerogel and a significant improvement in its resistance to water. This was in line with the

data provided by other characterization techniques.
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MCM7-P1-1:50 MCM7-P1-1:20 MCM7-P1-1:5

Figure 107 Surface of 7 wt.% commercial cellulose aerogel monoliths coated with P1000

lignin at different lignin:cellulose wet gel (L:C, wt.-%) ratios, three seconds after adding one
water droplet on their surface. This lignin was dissolved in alkali water solution and neutralized

before coating.

Different methods were developed to coat cellulose wet gels with lignin. This procedure had as
its main goal, if not the hydrophobization of the aerogels, at least inducing in them moisture
resistance. It was found that after dissolving soda lignin (P1000) in a NaOH water solution,
neutralizing it, and using that bath as a coating agent, the wet gels were mostly covered by
lignin. The dried aerogels maintained the lignin on their surface and had improved resistance
against water absorption, while their internal structure was preserved. The coating was more
effective for small beads than for monoliths. Chemical differences between the tested lignin
and their mechanisms of dissolution and adsorption in different media proved to be
determinants in the development of water-resistant materials. This study contributed to a better
understanding of the interaction between cellulose and lignin and formulated a biobased

alternative to protect aerogels from moisture.

4.8 Economic and Environmental Impact

As part of this work, important steps were taken to create a continuous production line for
cellulose aerogels. This was made possible by close cooperation with KEEY Aerogels, the
hosting industrial partner. Promising results were achieved by developing an optimized — faster
and more efficient - continuous dissolution method of cellulose (see Chapter 4.2) and a
cellulose extraction process from hemp and flax waste bast fibers which was proofed at pilot
scale (see Chapter 4.1). Results of multiple recipes for the regeneration of cellulose in different
shapes, such as beads, sheets, and fibers were developed and applied at a 2 L production scale,

as described and discussed in Chapters 4.4, 4.5, and 4.6. Fast neutralization and solvent
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exchange would be possible to perform continuously by passing through the wet gels a high
flux of water and ethanol, respectively. The ethanol recovery unit would have a 98% recovery
yield, while water could be purified from acids and salts. CO> could be recycled from the drying
step and applied continuously to the wet gels, converting them into aerogels. One proposed
primary process for industrial scale production involved dissolving cellulose, regenerating it
into a wet gel, and continuously processing it through neutralization, solvent exchange, and
CO2 supercritical drying. A secondary process would entail recycling the synthesis and drying

solvents, as shown in Figure 108.
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Figure 108 Process diagram of the continuous industrial synthesis of cellulose aerogels from
dissolution and regeneration of cellulose to the formation of wet gels, their processing, and
supercritical drying (primary process). The secondary process comprises the recycling of

solvents.

Life cycle assessment (LCA) is a powerful tool for improving product synthesis and comparing
parameters. However, the time, costs, and extensive database requirements often hinder its
application for new processes and laboratory-to-technical scale comparisons.[321-325]
Nonetheless, upscaling the process would bring environmental and economic advantages that
would facilitate the industrial application of these materials. When analyzing the efficiency of
the upscaling of the synthesis, the total mass used in the process, its robustness and
controllability, and the rate of product synthesis (cycle time) should be considered. Besides,
quality should be described based on whether the product satisfies the client's needs, as further
purity or yield may lead to extra costs without adding value.[321]

Previous works have focused on the sustainability and costs of synthesizing aerogels,
comparing silica with biobased alternatives at laboratory and technical scales.[326, 327] For all
classes of aerogels, and even with a recycling rate of 95%, ethanol remains the biggest
contributor to the global warming potential (GWP) of their synthesis (50%). It is the main driver

for abiotic depletion (fossil), photochemical oxidation, and release of respiratory organic
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compounds.[328] This is because ethanol is produced from the hydration of ethylene, which is
an energy-intensive process, and whose ethylene is mostly obtained from fossil sources.[329]
To mitigate these influences, shorter solvent-exchange cycles with lower volumes are
recommended, as well as recycling and using ethanol produced from fermentation of biobased
wastes.[323] Marco et al. when considering the recycling of 33% or 66% in ethanol, noted a
significant reduction in emissions, especially in photochemical oxidation and volatile organic
compounds.[328] The use of supercritical CO; in the drying process, even with 95% recycling
rates, comprises 28% of the GWP for all classes of aerogels. Furthermore, it has a high
carcinogenic influence.[326, 330] The water use has a significant influence, as distilled water
should be used for the solvent exchange, and needs to be purified from solvents and reactants.
This consumes more energy and waste disposal-associated costs.[321]

Regarding differences between silica and biobased aerogels, no consistent data has been
collected. While Wang et al. concluded that biobased aerogels had from 75% to 92% lower
GWP, energy consumption, and soil acidification potentials than silica-based aerogels, Antypa
et al. found no difference between the silica and cellulose aerogels.[326, 327] However, it
should be noticed that the thermal performance of silica aerogels is higher than that of cellulose
aerogels, which plays an important role in the energy consumption of buildings or other
facilities where they are applied. Disposal emissions can be ignored for biobased aerogels as
they are degradable.[327]A further influence is reduced if the aerogels are produced from
agricultural wastes that would be disposed of otherwise, as in the case of the aerogels
synthesized in this work from hemp and flax waste bast fibers.[331, 332] Concerning the
upscaling of the aerogel synthesis and processing, there was a substantial improvement in the
environmental influence of the process.[333] The transition from laboratory to pilot scale
resulted in an overall reduction of 40% in LCA influence, namely a reduction of 70% for human
health, consumption of resources, and GWP. Influence reductions achieved 90% when the scale
passed to the industrial scale. [325, 330, 334]This was due to the heat and solvent recovery that
occurs at an industrial scale and to the lower waste production per kg of product. Besides, at an
industrial scale, the reactors have better insulation and a lower surface-to-volume ratio,
resulting in minimal heat loss compared to laboratory scale.[323] The infrastructure is not
relevant as it comprises 1% of the influence, as well as transportation.[323, 335]

Based on this data, it can be assumed that upscaling the synthesis of cellulose aerogels to the
industrial scale, especially those produced from renewable biobased wastes, would bring
economic and environmental advantages compared to the current laboratory and technical scale

developed methods. The higher efficiency of the synthetic process, associated with the
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reduction of costs and larger production, would decrease the price of the aerogels and facilitate
their large-scale introduction into the market. The upscaling of the synthesis of aerogels, in
multiple shapes, studied in this work eases the development of a continuous industrial process

for these materials” synthesis.
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5. Summary and Conclusions

In this work, various experiments and studies were performed. The first topic focused on the
extraction and characterization of cellulose from hemp and flax waste bast fibers. The extraction
process was performed at laboratory scale and then scaled up for technical use, producing
chemically pure cellulose without compromising the efficiency of the process. Before
converting the extracted cellulose to aerogels, systematic studies were carried out on the
dissolution and regeneration conditions of cellulose, followed by analysis of the synthesized
samples.

Cellulose dissolution was achieved at -10°C in 30 minutes for 100 mL solution when a cooling
plate was used, which allowed for faster dissolution compared to the standard method used in
this work.

For regeneration, a general trend was observed. For salts, adding NaCl and Na>SO4 favored
faster cellulose gelation due to their affinity to water. Besides, it increased the specific surface
area of the cellulose aerogels due to the pores created when these salts were removed during
the neutralization and solvent exchange phases. The addition of trisodium citrate increased the
gelation point of the cellulose solution and sharpened the pore size distribution of the aerogels.
However, it did not increase their specific surface area as the other salts because of the bigger
dimensions of the citrate anion and its organic character. The complex interaction between
charged anions and cations with organic polymers in agueous solutions still needs further
understanding.

In the case of acids, the use of organic acids such as acetic, lactic, and citric acid as coagulants
resulted in aerogels with higher specific surface areas and shifted their pore size distribution to
smaller pores than the aerogels produced in HCI aqueous baths due to a promotion of slower
gelation. The slower the regeneration of cellulose, the more time was available to create a
filigree 3D cellulose network where the formation of smaller mesopores was maximized to the
detriment of macropores. Both experiments provided tools to tailor the aerogels™ properties
depending on the desired final application.

From these recipes, the synthesis of aerogels was tested from extracted cellulose in different
shapes and scales. The synthesized cellulose aerogel beads, sheets, and fibers from extracted
cellulose, especially hemp-extracted cellulose, had comparable properties to aerogels produced
from commercial cellulose with the same recipes. The upscaling of their production using
different equipment such as the JetCutter® and the CAProLi was successful while preserving
their properties. These materials had high surface areas and low densities but were not

considered superinsulators due to their high thermal conductivity (37 mW m? K?! to

187



Summary and Conclusions

42 mW m ! K1), Other applications where they could be used include filters and biomedical
applications due to their high surface area and biocompatibility. The lignin coating of the
aerogels induced resistance to water absorption but not hydrophobicity.

This work contributes to a better understanding of the relationship between the synthetic
conditions of cellulose aerogels and their properties. Based on this knowledge, developing
recipes for upscaling devices provides new opportunities for the industrial application and
production of cellulose aerogels. Creating cellulose aerogels from agricultural wastes with
comparable properties to current alternatives promotes the valorization of biomass waste
resources and the development of a circular biobased economy, with economic, environmental,

and social benefits for Humanity.
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6. Outlook

This work covers a variety of topics, but some of them could not be investigated as thoroughly
as desirable. This thesis has led to the formulation of new research questions. One of the main
challenges with using biobased resources is the lack of uniformity in their properties, which are
highly dependent on various factors, such as biomass species, plant growth conditions, and pre-
treatment, among others. It would have been helpful to use different parts of hemp and flax,
such as shives, but also hemp and flax waste bast fibers from other geographies and with
different processing conditions to verify the reliability of the developed recipes and upscaling
techniques. Regarding the systematic studies on cellulose regeneration and dissolution
conditions, it would have been interesting to perform kinetic studies on stable gel body
formation when different acids were used as coagulation baths. It would have been possible to
quantify the coagulation speed associated with each acid and its influence on the aerogel’s
properties. Using acidic solutions in organic media would also be a relevant field of study.
Simulation work on the interaction of the different charged anions in the water:urea:NaOH
system in the presence of cellulose would be useful to understand the physics and molecular
interactions between these components in this heavily charged environment.

It would be worth studying the influence of cellulose dissolution conditions on aerogels by
creating composites with cellulose I and Il. Other studies have created those materials by adding
fibers over the dissolution limit[172-175]. However, as done in this work, these composites can
be synthesized by increasing the temperature at which dissolution occurs. The characterization
of those composites and comparison of their properties with computer simulations would enrich
the current knowledge on the mechanical and thermal conductivity properties of cellulose
aerogel composites.

Cellulose aerogels were produced at technical scale in different shapes, but the optimization of
their production conditions is still lacking. Conjugating that equipment with continuous systems
for neutralization, solvent exchange, and CO- supercritical drying would be essential to improve
the industrial production of cellulose aerogels and introduce them to the market.[23]
Regarding using lignin as a hydrophobic coating agent, it would be useful to analyze their
particle size distribution in different dissolution media to better understand the adsorption
behavior of these particles. With this information, it would be possible to, in combination with
the pore size distribution of an aerogel, optimize the adsorption procedure and choose the most
appropriate lignin and dissolution medium. The quantification of the lignin present in the coated
material and further studies on the functionalization of the adsorbed lignin with phosphor to

induce fire and additional moisture resistance would be helpful. These studies would increase
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the industrial interest in biobased aerogels and contribute to the elucidation of the fundamental

chemical behavior of cellulose in coagulating agents and interaction with other biopolymers.
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8. Appendix

8.1 FTIR
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Figure 109 FTIR spectra of the first supernatant of the alkali treatment of hemp (HAS),
according to residence time (dark green for 16 h, light green for 6 h, orange for 3 h and red
for 1 h) before the heating phase. The hemp fibers were milled to > 1 mm before the alkali

treatment.
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Figure 110 FTIR spectra of hemp alkali-treated intermediates (HAT) and hemp-extracted
cellulose samples (HC) obtained with and without stirring (NS) (blue for HAT-3 h, red for
HAT- NS, orange for HC-3 h, and purple for HC-NS). The hemp fibers were milled to > 1 mm
before the alkali treatment. The room temperature residence time used for the alkali treatment

and bleaching was three hours.
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Transmittance / a.u.

Figure 111 FTIR spectra of hemp alkali-treated intermediates (HAT) and hemp-extracted
cellulose samples (HC) obtained at technical scale (TS) from milled and finely milled (M) hemp
bast fibers (blue for HAT-TS, red for HAT-TS-M, orange for HC-TS, and purple for
HC- TS- M). The hemp fibers were milled to > 1 mm or < 0.2 mm (finely milled, M) before the
alkali treatment. The room temperature residence time used for the alkali treatment and

bleaching was three hours.
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Figure 112 FTIR spectra of 7 wt.-% commercial cellulose aerogel beads (MCB7) gelled in
different regeneration bathes (dark green for HCI; light green for HAc; golden for HLac, and
orange for HCit). Commercial cellulose (MC) appears in purple.[250] (CC BY-NC,

https://creativecommons.org/licenses/by-nc/4.0/)
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Figure 113 FTIR spectra of used celluloses (blue for HC, green for FC, and purple for MC) and
respective representative aerogel beads (blue short dashed line for HB6, green short dashed line
for FB3, and purple short dashed line for MCB?7).
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Figure 114 FTIR spectra of 7 wt.-% commercial cellulose aerogel beads (MCB7), produced at
technical scale using the JetCutter® (JC) and in a 2M lactic acid solution, non-coated (black for
standard sample, MCB7-JC-NC), and coated with P1000 lignin (P1) at different lignin:cellulose
wet gel ratios (red for 1:50; blue for 1:20; green for 1:10, and purple for 1:5). The spectrum of
P1000 lignin is presented in light blue. This lignin was dissolved in alkali water solution and
neutralized before coating.
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Figure 115 Detail of the FTIR spectra of 7 wt.-% commercial cellulose aerogel beads (MCB?7),
produced at technical scale using the JetCutter® (JC) and in a 2M lactic acid solution, non-coated
(black for standard sample, MCB7-JC-NC), and coated with P1000 lignin (P1) in basic medium
at different lignin:cellulose wet gel ratios (red for 1:50; blue for 1:20; green for 1:10, and purple
for 1:5). The spectrum of P1000 lignin is presented in light blue. This lignin was dissolved in

alkali water solution and neutralized before coating.
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8.2 XRD Reference Reflection Positions and Spectra

Table 20 Native cellulose | reflections positions, d-spacing and Miller indices (hkl), PDF
number 00-003-0289, CuKa = 1,54060 A, from the International Center for Diffraction Data.

d
20/° | spacing | Intensity h Kk I
/A

14.0908 6.28 20 1 0 1
14.9018 5.94 80
16.4941 5.37 70 -1 1 1
17.3396 511 20 1 0 1
20.6387 4.3 60 0 2 1
22.8419 3.89 100 0 0 2
28.2171 3.16 40 1 3 0
29.0622 3.07 40 -1 2 2
30.3775 2.94 40
31.2486 2.86 40 1 3 1
34.0612 2.63 60 3 1 0
34.6037 2.59 40 -2 3 1
34.8816 2.57 80 0 4 0
38.6095 2.33 40 -2 3 2
41.5829 2.17 60 2 4 0
42.6109 212 20 1 2 3
44.3687 2.04 20 3 0 2
46.5339 1.95 40 -4 1 2
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Table 21 Cellulose 1l reflections positions, d-spacing and Miller indices (hkl), PDF number 00-
056-1717, CuKo = 1,54060 A, from the International Center for Diffraction Data.

20/° d spacing Intensity | h k I
/A

10.9973 | 8.03862 13 0 1 0
12.1866 || 7.25669 280 -1 1 0
12.2646 || 7.21072 16 1 0 0
14,9485 || 5.92155 18m -1 1 1
14,9485 || 5.92155 m 1 0 1
17.1871 5.155 20 0 0 2
19.7754 || 4.48573 5 -1 2 0
19.9214 || 4.4532 999 1 1 0
20.4494 || 4.33939 17 0 1 2
21.1316 | 4.20081 31lm -1 1 2
21.1316 || 4.20081 m 1 0 2
21.5867 | 4.11327 18 -1 2 1
21.7209 | 4.08815 20 1 1 1
22.0976 | 4.01931 82 0 2 0
23.5824 | 3.76949 17 -2 1 1
23.7402 | 3.7448 25 0 2 1
24.6725| 3.60536 17 2 0 0
26.0125| 3.42259 10 -2 2 1
26.1628 | 3.40327 11 2 0 1
26.3149 | 3.38394 83 -1 2 2
27.9944 || 3.18463 17 -2 1 2
28.2171 3.16 12 0 1 3
28.7475 | 3.10289 58m -1 1 3
28.7475 | 3.10289 m 1 0 3

29.955 2.9805 5 1 2 0
30.0937 | 2.96708 42 -2 2 2
31.0525 | 2.87762 10 -1 3 1
31.2123 | 2.86325 14 1 2 1
32.6611 | 2.73947 12 2 1 1
32.8928 | 2.7207 11 1 1 3
33.4128 | 2.67954 14 0 3 0
33.6759 | 2.6592 7 -3 1 0
34.1903 || 2.62036 34 -2 1 3
34.3027 | 2.61203 7 0 2 3
34.5932 || 2.59076 8 -1 3 2
34.7852 | 2.5769 89 -3 1 1
35.9995 || 2.49271 41m -2 2 3
35.9995 | 2.49271 m 2 1 2
36.5809 | 2.45442 41 0 1 4
37.9641 | 2.36811 9 -3 2 2
38.1845 | 2.35495 58 -3 3 1
38.4241 | 2.34081 5 3 0 1
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Figure 116 XRD diffractograms and respective crystallinity indexes (I1Cs) of hemp alkali-treated
intermediates (HAT) and hemp-extracted cellulose samples (HC) obtained with and without
stirring (NS) (blue for HAT-3 h, red for HAT-NS, orange for HC-3 h, and purple for HC-NS).
The hemp fibers were milled to > 1 mm before the alkali treatment. The room temperature

residence time used for the alkali treatment and bleaching was three hours.
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Figure 117 XRD diffractograms and respective crystallinity indexes (I1Cs) of hemp alkali-treated

intermediates (HAT) and hemp-extracted cellulose samples (HC) obtained at laboratory and
technical scale (TS) (blue for HAT-3 h, red for HAT- TS, orange for HC-3 h, and purple for

HC-TS). The hemp fibers were milled to > 1 mm before the alkali treatment. The room

temperature residence time used for the alkali treatment and bleaching was three hours.
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Figure 118 XRD diffractograms and respective crystallinity indexes (ICs) of 7 wt.-%
commercial cellulose aerogel beads (MCB7) regenerated in an acetic acid aqueous bath (light
green for MCB7-HAc) and commercial cellulose (purple for MC).[250] (CC BY-NC,
https://creativecommons.org/licenses/by-nc/4.0/)
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Figure 119 XRD diffractograms and respective crystallinity indexes (ICs) of used celluloses
(blue for HC, green for FC, and purple for MC) and respective representative aerogel samples
(blue short dashed line for HCB6, green short dashed line for FCB3, and purple short dashed
line for MCBY7).
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Figure 120 Thermal gravimetric profile of 7 wt.-% commercial cellulose aerogel beads (MCB7)
gelled in different regeneration bathes (dark green for HCI, light green for HAc, golden for HLac
and orange for HCit) and commercial cellulose (purple for MC).

XXX



8.3 TGA

a1
N

100 H
B
%50 —————————————— —
80 £
=
S R
~ 300 320 340
% 60 Temperature / °C
o
-
k=)
D 40 -
=
20 - )
0 I T 1 T T T T T
100 200 300 400 500 600
Temperature / °C
HC FC MC- - - - HCB6- - - - FCB2- - - - MCB7

Figure 121 Thermal gravimetric profiles of used celluloses (blue for HC, green for FC, and
purple for MC) and respective representative aerogel samples (blue short dashed line for HCBS,
green short dashed line for FCB2, and purple short dashed line for MCB7).
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8.4 Rheology
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Figure 122 Dynamic viscosity of a 7 wt.-% commercial cellulose solution (MC7) after different
residence times at -20 °C (black for sixteen hours, blue for one hour, and green for 30 minutes),
and when dissolution occurred continuously at different temperatures (purple for - 10°C, gold for
-7 °C and cyan for — 5 °C).
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Figure 123 Static viscosity of 7 wt.-% commercial cellulose solution without (black for “No
Salt”), and after addition of sodium salts at different concentrations (red circle for NaCl; blue
circle for Na2SO4, and green circle for NasCit). Cellulose was dissolved and the solutions were

prepared after storage at -20 °C for 16 hours.
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8.5 Physisorption Isotherm Curves
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Figure 124 N> adsorption-desorption isotherms of commercial cellulose aerogel beads (MCB7)

gelled in different regeneration bathes (dark green for HCI, light green for HAc, golden for HLac
and orange for HCit).
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Figure 125 N2 adsorption-desorption isotherms of aerogel samples produced from flax-
extracted (green for FCB), hemp-extracted (blue for HCB), and commercial cellulose (purple
for MCB) at different cellulose concentration (green solid line for 2 wt.%, green dashed line for
2.5 wt.- %, green dotted line for 3 wt.-%, blue solid line for 4 wt.-%, blue dashed line for
5 wt.- %, blue dotted line for 6 wt.-%, and purple solid line for 7 wt.-%).
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Figure 126 N, adsorption-desorption isotherms of cellulose aerogel beads synthesized from a
7 wt.-% commercial cellulose solution (green for MCB7) and a 6 wt.-% hemp-extracted
cellulose solution (blue for HCB®6), at different scales (solid line for laboratory scale and dash

line for technical scale, using the JetCutter®, JC).
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Figure 127 N2 adsorption-desorption isotherms of commercial cellulose aerogel beads produced
at technical scale, using the JetCutter®, from cellulose solutions of different concentrations
without the addition of salt (black for 7 wt.-%, blue for 6 wt.-% and orange for 5 wt.-%) and
coagulated in different acids (square for acetic acid and circle for lactic acid). Some samples
were synthesized from 5 wt.-% cellulose solutions to which salts were added (red for NaCl and
green for NasCit) in different concentrations (triangle for 1 wt.-% and rhombus for 2 wt.-%)

before gelation.
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Figure 128 N adsorption-desorption isotherms of cellulose aerogel fibers produced from
commercial (black for 6 wt.-%, MCF6, and red for 7 wt.-%, MCF7, cellulose concentration) and
hemp-extracted cellulose (green for 6 wt.-%, HCF6, and blue for 7 wt.-%, HCF7, cellulose

concentration) with different nozzle diameters (square for 0.5 mm and triangle for 0.33 mm).
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Figure 129 N adsorption-desorption isotherms of 7 wt.-% commercial cellulose aerogel beads
(MCB?7), produced at technical scale using the JetCutter® (JC) and in a 2M lactic acid solution,
non-coated (black for standard sample, MCB7-JC-NC), and coated with P1000 lignin (P1) in
EtOH:H,0 (80:20) bath at different lignin:cellulose wet gel ratios (red for 1:50; blue for 1:20;
green for 1:10, and purple for 1:5).
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Figure 130 N adsorption-desorption isotherms of 7 wt.-% commercial cellulose aerogel beads
(MCB?7), produced at technical scale using the JetCutter® (JC) and in a 2M lactic acid solution,
non-coated (black for standard sample, MCB7-JC-NC), and coated with P1000 lignin (P1) at
different lignin:cellulose wet gel ratios (red for 1:50; blue for 1:20; green for 1:10, and purple

for 1:5). This lignin was dissolved in alkali water solution and neutralized before coating.
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