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Abstract

Pyrolysis has emerged as a strategy for processing waste textiles, with the conversion of high-
carbon-content textile waste into carbonaceous materials being beneficial for recovering its
economic value while mitigating the environmental impact of textile waste. Carbon felt is
widely used due to its lightweight nature and internal 3D conductive network. However,
limited research exists on directly using waste textile felts as a precursor to produce carbon
felt. The aim of this thesis is to carbonize acrylic-based waste felts under controlled

conditions to produce carbon felt and enable its multifunctional applications.

To achieve the conversion of acrylic-based felts into flexible carbon felts with excellent
performance, this study aims to investigate the impact of different loading tension methods
and PTFE coatings during the pyrolysis process on the shrinkage rate, mechanical properties,
electrical properties, and thermal properties of the resulting carbon felt. The results indicate
that applying edge load to the samples during the carbonization stage helps to reduce the
shrinkage rate of the final product, allowing the carbon felt to gain flexibility and form a

well-structured conductive network.

To study the impact of PTFE coating on the pyrolysis of acrylic -based felts, acrylic -based
felts were coated with different concentrations of PTFE and subsequently subjected to
pyrolysis. By examining the morphology, mechanical properties, and electrical properties of
PTFE-coated samples, we found that higher coating concentrations had a greater impact on
the performance of the resulting carbon felt. Although high coating concentrations increased
the material's modulus and electrical conductivity, they also led to a loss of flexibility in the

carbon felt, which could severely limit its application scope.

By characterizing the morphology and structure of carbon felts prepared at different
carbonization temperatures under an edge loading mode, it was found that increasing the
carbonization temperature promoted higher crystallinity within the fibers and the formation
of an ordered graphite structure. The formation of a dense, highly conductive network and
high porosity was achieved. EMI shielding results demonstrated that the resulting carbon felt
achieved a high EMI shielding effectiveness of 55 dB and a specific shielding effectiveness



of 2676.9 dBcm?g 1, surpassing many carbon composites. Additionally, the carbon felt
exhibited excellent heating efficiency and high heating rates in resistive heating tests.
Structural stability was investigated through a custom-designed experiment. The results
showed that even under heating conditions, the carbon felt could maintain internal conductive

pathway stability through multiple bending cycles.

This work also investigated the feasibility of converting acrylic -based filter felts into carbon
felts for use in respiratory filtration layers. The excellent electrical conductivity of carbon
felt allows it to be used not only as a respiratory filtration layer but also for high-temperature
electrical disinfection. The design of the mask body and the corresponding electrode
configuration enabled controlled resistive heating performance, ensuring the reliability of
high-temperature disinfection of the carbon felt. Filtration efficiency and antibacterial testing
results showed that the carbon felt achieved over 90% filtration efficiency for inhalable

particles and effectively inhibited microbial growth due to its antibacterial properties.

Flexible carbon felt offers lower manufacturing costs and exhibits good chemical and
structural stability. Functional testing results indicate that it demonstrates significant
potential for applications in wearable heaters, flexible EMI shielding, respiratory filters, and

other related fields.

Keywords: acrylic based waste felts, PTFE coating, special pyrolysis, electrical conductivity,
EMI shielding, ohmic heating, respiratory filters



Abstrakt

Pyrolyza se bézn¢€ pouziva jako strategie pro zpracovani odpadnich textilii, pficemz pfeména
textilniho odpadu s vysokym obsahem uhliku na uhlikaté materialy je potiebna pro piipravu
ekonomicky vyhodnych produktii s vyssi uzitnou hodnotou (,,upcycling®) a zaroven zmirnuje
dopad textilnich odpadil na Zivotni prosttedi. Uhlikové plsti jsou Siroce pouzivana pro svoji
relativné nizkou hmotnost a vysokou elektrickou vodivosti diky vnitini 3 D vodivé siti. Pfimé
pouziti odpadnich textilnich plsti jako prekurzoru k vyrobé uhlikovych plsti je vSak
zkoumano jen omezen¢. Cilem této dizertacni prace je optimalizace karbonizace odpadnich
plsti na bazi acrylic za kontrolovanych podminek pro vyrobu uhlikovych plsti a realizaci
jejich multifunk¢énich aplikaci. Byl zkouman vliv riznych metod zatiZzeni odpadnich plsti na
bazi akrylovych vlaken s PTFE zatérem na proces smr$t'ovani pii pyrolyze. Byly hodnoceny
mechanické vlastnosti, elektrické vlastnosti a tepelné vlastnosti findlni uhlikové plsti.
Vysledky naznacuji, ze aplikace okrajového zatiZzeni na vzorky béhem faze karbonizace
pomaha snizit rychlost smrs§téni konecného produktu, coz umoznuje uhlikové plsti ziskat
pruznost a vytvorit dobfe strukturovanou vodivou sit. Pro studium vlivu zatéru PTFE na
pyrolyzu plsti na bazi akrylovych vlaken byly plsti potaZzeny riznymi koncentracemi PTFE
a nasledné¢ podrobeny pyrolyze. Zkoumanim morfologie, mechanickych vlastnosti a
elektrickych vlastnosti vzorkli potazenych PTFE bylo zjisténo, ze vyssi koncentrace povlaku
mély pozitivni dopad na mechanické a elektrické vlastnosti vysledné uhlikové plsti. Vysoké
koncentrace povlaku vsak vedly také ke ztraté pruznosti uhlikové plsti, coz by mohlo vazné
omezit jejich pouzitelnost. Zkouméanim morfologie a chovani uhlikovych plsti ptipravenych
pii raznych teplotach karbonizace v rezimu zatizeni okraje bylo zjiSténo, ze zvySeni teploty
karbonizace podpofilo rist krystalinity ve vlaknech a tvorbu uspotradané grafitické struktury.
Bylo dosazeno vytvoreni husté, vysoce vodivé sit€¢ s vysokou porozitou. Vysledky stinéni
elektromagnetického zareni (EMI) prokazaly, ze vysledna uhlikova plst’ dosahla vysoké
(i¢innosti stinéni EMI 55 dB a specifické ¢innosti stinéni 2676,9 dBcm?g™!, ¢imz piekonala
mnoho uhlikovych kompozit. Kromé toho uhlikova plst' vykazovala vynikajici u¢innost
ohmického ohfevu a vysoké rychlosti ohfevu. Strukturdlni stabilita byla zkoumana pomoci
specidlné navrzené¢ho experimentu. Vysledky ukazaly, ze si uhlikova plst’ udrzela stabilitu

vnitinich vodivych drah po vice cyklech ohybu. Bylo také zkoumdano vyuziti pfipravenych



uhlikovych plsti pro tvorbu filtraénich vrstev pouzitelnych v respiratorech a filtracnich
maskach (filtrace vzduchu). Vynikajici elektricka vodivost uhlikové plsti umoznila jeji
pouziti nejen jako respiracni filtracni vrstvu, ale také pro vysokoteplotni elektrickou
dezinfekci kontaminanti a mikrobi/vira. Konstrukce masky a vhodna konfigurace elektrod
umoznila fizeny odporovy ohiev, zajistujici spolehlivost vysokoteplotni dezinfekce uhlikoveé
plsti. Uginnost filtrace a vysledky antibakterialnich testii ukazaly, Ze uhlikové plst’ dosahla
vice nez 90 % ucinnosti filtrace pro inhalovatelné ¢astice a ucinn¢ inhibovala vyskyt mikrobt.
Flexibilni uhlikové plsti maji obecné nizsi vyrobni ndklady a vykazuji dobrou chemickou a
strukturalni stabilitu. Vysledky funk¢nich testi ukazaly, Ze pripravené uhlikové plsti maji
vyznamny potencial pro aplikace v odévnich ohfivacich, flexibilnim stinéni EMI,
respiracnich filtrech a dalSich typech funk¢énich materald.

Kli¢ova slova: odpadni plsti na bazi akrylu, zatér PTFE, specidlni pyrolyza, elektricka
vodivost, EMI stinéni, ohmicky ohfev, respiracni filtry.
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Chapter 1 Introduction

The flourishing of smart textile materials has spurred the development of flexible and
lightweight conductive fiber materials. Carbon materials are undoubtedly the preferred
choice for meeting the aforementioned performance requirements. Carbon fibers can be
prepared by carbonizing or graphitizing polymers with high carbon content [1].
Approximately 90% of carbon fiber production comes from acrylic precursors, though
cellulose and pitch are also used as precursors for carbon fiber [2]. This is because acrylic
exhibits high carbonization yield, excellent fiber-forming properties, and unique thermal
chemical characteristics, allowing for the synthesis of large graphite planes during pyrolysis.
acrylic-based carbon fiber production involves thermal oxidation stabilization of the fibers
in air conditions within the temperature range of 200-400 °C, followed by carbonization of

the fibers at high temperatures between 800 °C and 1700 °C [3].

Carbon fibers are primarily used in two forms. One uses bundles of carbon fibrous filaments
to create carbon fabric composites, typically with a resin matrix. In this application, carbon
fibers mainly provide their exceptional mechanical properties to the composite material.
Another form is carbon felt, in which fibers are combined through processes such as
condensing, pressing, and needle punching. In addition to the inherent properties of carbon
fibers, carbon felt also possesses a stable three-dimensional network structure, excellent

flexibility and high porosity, which has led to its widespread application [4][5].

The manufacturing process of carbon felt include the formation of felt via needle punching
and high-temperature carbonization. Most carbon felt manufacturing directly uses pre-
carbonized fibers as raw materials, requiring only the felting process to produce carbon felt
[6][7]. There has also been a study reporting the use of pre-oxidized acrylic fibers to produce
felt, followed by carbonization [8]. acrylic felt is widely used in fiber filtration materials.
Using waste acrylic felt as a precursor for carbon felt not only saves on raw material costs
but also eliminates the need for fiber opening, carding, and felting processes. More
importantly, this strategy transforms waste fibers into high-value materials, effectively

alleviating the environmental impact of solid fiber waste. However, there are relatively few



reports on the preparation of carbon felt through the carbonization of acrylic felt. This is
because fibers tend to shrink during pyrolysis, and using already-formed fiber assemblies as
carbonization raw materials often leads to the production of hard or brittle carbon materials.
Therefore, controlling the pyrolysis of waste acrylic felt through certain measures during
experimental processes to produce flexible and conductive carbon felt holds significant

research value.

As an industrial textile, acrylic felt typically undergoes functional finishing treatments, which
leads to complex material composition. This complexity poses challenges when using it as a
precursor for carbon fiber production, but it also opens up new avenues for exploration. Some
studies have shown that using mixed fibers as precursors for carbon felt optimizes its
mechanical properties[9]. Compared to pure acrylic felt precursors, acrylic felt with polymer
coatings may exhibit different properties after carbonization, yet research in this area is

lacking.

Furthermore, as a fiber material with excellent electrical conductivity, carbon felt possesses
significant advantages in terms of lightweight and flexibility over metals. Its potential
applications in resistive heating, electromagnetic shielding, filtration, and other areas are also

worthy of research consideration.



Chapter 2 Objectives
This work aims to investigate the parameters involved in the preparation process of carbon
felt from acrylic felt and explore the multifunctionality of carbon felt. The specific objectives

of this study are as follows:

2.1 Pyrolysis of acrylic-based felt coated by layer of PTFE

Investigation of different loading modes to acrylic-based felt during the carbonization stage
and their impact on the shrinkage rate, mechanical properties, electrical conductivity, and
thermal conductivity of the resulting samples. Preparation of carbon felt derived from acrylic-
based felt with PTFE coatings and evaluation the impact of the coatings on shrinkage and

mechanical properties.

2.2 Flexible carbon felt characterization and properties
Comprehensive study of the EMI shielding efficiency, mechanical properties and resistive
heating behavior of the resulting carbon felts. Testing of the structural stability of the samples

after multiple bending cycles through a custom-designed experiment.

2.3 Special application of the prepared carbon felt
Design of carbon felt as a filtration layer for respirator filtration system. Examination of the
breathability and vapor permeability of the carbon felt. Disinfection of the carbon felt via

resistive heating after filtration.



Chapter 3 State of the art

3.1 Carbon materials

Carbon materials are a class of materials composed of carbon elements that exhibit
exceptional performance due to their unique hybridization orbitals and diverse structures.
Carbon possesses four valence electrons, which can form strong covalent bonds with other
elements through hybridization orbitals. Carbon's hybridization orbitals include sp?, sp?, and
sp hybridization, corresponding to carbon structures such as diamond, graphite, and acetylene,
respectively. The different hybridization states of carbon atoms in carbon allotropes is shown
in Figure 3.1. These different hybridization orbitals lead to the rich and varied physical and

chemical properties of carbon materials.
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Figure 3.1 The hybridization states of carbon atoms in carbon allotropes[10]



The formation of two completely opposite electron density lobes on each atom is a result of
sp hybridization, which leads to the creation of linear atomic chains. Single sp hybridized
linear carbon chains have been recently synthesized and characterized [11]. In sp?
hybridization, each carbon atom combines one 2s orbital and two 2p orbitals to form three
coplanar hybrid orbitals spaced 120 degrees apart. These three hybrid orbitals overlap with
the hybrid orbitals of adjacent carbon atoms, forming a planar hexagonal carbon network.
This planar structure is known as a graphene layer. In graphite, these graphene layers are
stacked together via van der Waals forces to form a multi-layer structure. Each carbon atom
retains one unhybridized 2p orbital, which overlaps with the unhybridized 2p orbitals of
neighboring carbon atoms to form m bonds. These © bonds contribute to graphite's excellent
electrical and thermal conductivity. The sp? hybridized structure of graphite provides it with
several advantageous properties, such as high electrical and thermal conductivity and
mechanical strength. These characteristics enable graphite to be widely used in various
applications, including batteries, electrodes, lubricants, and high-performance materials [12].
The carbon atoms in diamond are sp* hybridized, resulting in each carbon atom being bonded
to four other carbon atoms in a tetrahedral arrangement. This configuration endows diamond
with exceptional hardness and abrasion resistance. Diamond is an electrical insulator due to
the involvement of all valence electrons in covalent bonding, leaving no free electrons.

Diamond finds extensive applications in both industrial and optical domains [13].

Carbon atoms in graphite group carbon materials exhibit sp? hybridization and possess
layered structures, which have drawn significant attention due to their exceptional properties.
In addition to graphite, the graphite group also includes turbostratic carbon, which is a type
of amorphous carbon composed of carbon layers stacked in a manner that is not exactly
parallel [14]. Carbon materials primarily composed of turbostratic carbon include carbon
fiber, carbon nanofiber, and carbon black. Carbon fiber is widely used for lightweight
structures due to its combination of low density, high strength, and high modulus. The
preferential alignment of carbon layers along the fiber axis results in high strength and high
modulus in this direction [15]. Graphene and carbon nanotubes also belong to the graphite

family. Graphene is a single-atom-thick planar graphite structure. As a true two-dimensional



material, it possesses unique structural characteristics, leading to many exceptional properties
such as outstanding electrical, mechanical, and high thermal conductivity. When graphene is
rolled into a tubular form, it can produce carbon nanotubes. This one-dimensional carbon
material can consist of one or more layers of graphene rolled into a seamless cylinder. As a
result, carbon nanotubes can exhibit many excellent properties similar to those of graphene.
Additionally, due to the specificity of one-dimensional structures, such as a large aspect ratio,
the material properties display high anisotropy [16]. The graphite group also includes
activated carbon, a porous carbon formed by subjecting turbostratic carbon to an activation
reaction that consumes part of the carbon. The activation process creates surface pores,
thereby increasing the specific surface area, which enhances the adsorption capacity of

activated carbon [17].

3.2 Carbon materials from textile waste

Human daily life is inseparable from textiles, especially with the evolution of fashion trends
and the pursuit of multifunctional textiles, leading to a significant increase in textile
production [18]. Correspondingly, textile waste is inevitably generated in large quantities. It
has been reported that the textile industry is the second-largest industrial polluter, accounting
for 10% of global carbon emissions [19]. In addition to the chemical-laden wastewater
generated during production processes, the handling of solid fiber waste is also a challenging
issue. Currently, the predominant methods for handling solid fiber waste are landfill disposal
and incineration [20]. According to data from the United States Environmental Protection
Agency in 2018, textile waste accounted for 5.8% of the total municipal solid waste disposed
of in landfills, amounting to approximately 17 million metric tons [21]. The majority of non-
biodegradable fiber waste is ultimately directed to landfill sites, perpetually contaminating
soil and groundwater systems. For instance, discarded polyester fiber products emit
substantial quantities of microplastic fibers into the environment, with approximately 0.5
million metric tons of microplastic fibers flowing into the oceans annually. These detrimental
substances eventually find their way into the human body through bioaccumulation [22].

Another factor contributing to environmental pollution is the presence of dyes retained on



fibers. These dyes contain toxins and carcinogens such as naphthols, azo dyes, nitrites, and

heavy metals [23].

The environmental issues caused by non-biodegradable textile waste are becoming
increasingly severe, prompting the textile industry to adopt and implement environmentally
conscious strategies in the production and disposal processes of textile products. Researchers
are actively seeking novel and sustainable solutions to replace the current landfill disposal
methods. By developing innovative technologies and implementing strategies for recycling,
reusing, and repurposing, the environmental impact of textile waste can be mitigated, while

efforts can be made to restore its economic value [24].

Thanks to the prosperity of the fossil fuel industry, most carbon materials are produced using
fossil-derived precursors under typically harsh synthesis conditions or high energy
requirements, such as arc discharge techniques and chemical vapor deposition [25]. Recently,
there has been an increased focus on developing new pathways for carbon materials that are
more environmentally friendly. Polymer molecules in textile fibers typically contain a high
carbon content, which can yield solid carbon products through pyrolysis under certain
conditions. The strategy of producing carbon materials from textile waste not only reduces
the production cost of carbon materials but also serves as a method of managing textile waste,
thereby contributing to the valorization of textile waste. A considerable amount of research
has been conducted on the preparation of carbon materials using textile waste as a carbon
source, including cotton [26], polyester [27], acrylic [28][29], flax [30], and blended fabrics
[31]. Table 3.1 summarizes the properties and performance of carbon materials obtained from
textile waste as a raw material through different pyrolysis processes, as well as their

applications.

Table 3.1 The properties and applications of carbon materials derived from the pyrolysis of

textile waste

Textile Pyrolysis Activation Properties Application Ref.
waste condition method BET Total
type surface pore
area (m%*/g) volume
(cm*/g)
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Acrylic
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Polyester

Polyester

Cotton

Flax
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Denim
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tile

900 °C;
10 °C min
nitrogen;
75-90 min
700 °C; 5 °C
min
nitrogen;
120 min

700 °G;
10 °C min ';
nitrogen; 90
min

650 °C;
10 °C min;
nitrogen;
1440 min

900 °GC;
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nitrogen; 60
min
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nitrogen; 60
min
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min
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120 min
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min;
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(1:1-5:1)
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120 min
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with  FeCl3

(1:1)
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Mg(Ac)2
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Impregnated
with  FeCl3
(1.62:1)

Impregnated
with ZnClz
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with ZnCl,
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FeCI3

Impregnated
with H3PO4

Ball-milling
of pyrolyzed
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1307-1364

752

1539
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951

837.4

1020

1854.7

1582

2.91-3.56

0.39

1.62

1.45

1.68

0.69

0.96
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adsorbent
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adsorbent
for Cr(VI)
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adsorbent
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and
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capacity for
Cr(VI)
Used as
adsorbent
for Remazol
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Recover
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waste
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[33]
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[38]
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Wool 100 °C; 2 °C Mixed with 152 0.15 Used as [41]
min '; 10 wt% anode  for
argon; 120 conductive sodium-ion
min carbon black battery

(Super  P)
and 10 wt%
polyacrylic
acid

Acrylic 1200 °C; - 280 - Used as [42]
150450 °C adsorbent
h—1; for
charcoal; 0- methylene
60 min blue

Acrylic  800- - 278 - EMI [43]
1200 °C; shielding
300 °C h'l;
charcoal;

Acrylic 1000 °C; - 329 0.13 EMI [9]

and 300  °C/h; shielding

Kevlar charcoal

blended

Kevlar 500 °C; Ball milling - - Conductive  [44]
10 °C min polymer
nitrogen fillers

Kevlar 800- - - - Joule [45]
1100 °C; Heating
300  °C/h;

Charcoal;
Ammonium
bicarbonate;
nitrogen

Most studies have focused on the preparation of activated carbon from textile waste for the
adsorption of water pollutants. The basic strategy for this type of work involves pyrolyzing
a mixture of textile waste feedstock and metal salts, where the cations or anions in the metal
salts act as templates and catalysts during the synthesis process to alter the pore structure, as
shown in Figure 3.2 [34]. Activated carbon derived from textile waste has been found to
exhibit better adsorption performance than activated carbon obtained from the pyrolysis of

other biomasses. For instance, the adsorbent prepared from polyester textile waste by Xu et



al. [34] showed approximately twice the adsorption capacity for chrome black T compared
to activated carbon sourced from rice husks. Mesoporous activated carbon synthesized from
the pyrolysis of mixed magnesium compound-containing waste polyester textiles exhibited

150% higher adsorption of Cr(VI) compared to other biomass-derived adsorbents [35].
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Figure 3.2 Schematic diagram of synthesizing activated carbon materials using polyester
textile waste mixed with metal salts [34]

In addition to serving as a precursor for activated carbon adsorbents, textile waste has also
been used as a source for conductive fiber assemblies. Conductive fiber assemblies have a
wide range of applications, encompassing electronic textiles, sensors, energy storage, heated
textiles, and electromagnetic shielding, among others. For example, Zhu et al. used wool
from old clothes as a low-cost and easily collectible precursor to prepare high-performance
hard carbon for sodium-ion batteries [41]. The satisfactory electrochemical performance and
simple synthesis process demonstrated a promising manufacturing pathway for anode
materials. Baheti’ group team developed a porous conductive activated carbon mesh from
acrylic fiber waste and applied it to electromagnetic interference (EMI) shielding materials.
Benefiting from the amount of nomadic charges in the network, uniform dispersion of
graphite layers, extended free path of electrons, and large surface area, its absorption and
multiple internal reflections of electromagnetic radiation were enhanced. Later, they

developed activated carbon fabric from a mixture of acrylic and aramid fiber waste [9]. They

10



examined the EMI shielding efficiency and thermal performance of the carbonized
nonwoven fabric and analyzed the conductive mechanism of the blended carbon fabric
(Figure 3.3). The EMI shielding efficiency of the carbonized fabric was satisfactory, but its
mechanical performance was less than ideal, primarily exhibiting brittleness and fragility
[46]. The primary challenge in the current application of carbonized fabric derived from
textile waste lies not in its conductivity but in its mechanical performance, making it crucial

to address this issue.
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Figure 3.3 Mechanism of conductive network in carbonized acrylic and Kevlar blended
nonwoven fabrics [9]

3.3 Mechanical properties of carbonized fiber networks

Mechanical performance is a critical factor in determining the practical utility of materials.
The mechanical properties of carbonized fabric can be enhanced through three approaches:
utilizing precursors with superior mechanical attributes, modifying technical parameters in

the fabrication process, and employing a blend of raw materials [47]. For the technical
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pathway of using textile waste as a precursor for preparing carbon fabric, altering the
mechanical properties of the precursor fibers is evidently not feasible. Utilizing mixed fibers
as feedstock necessitates processes such as fiber opening and blending, introducing
additional steps, while the resulting enhancements in mechanical performance are modest [9].
Therefore, adjusting the mechanical performance of the resulting product from the
perspective of technical parameters in the carbon fabric preparation process holds more

promise.

Acrylic (or polyacrylonitrile) precursor is the primary material used in the preparation of
conductive carbonized fiber materials. The production of carbon fibers using acrylic-based
fibers typically involves three processes: stabilization, carbonization, and graphitization. The
stabilization process conducted in the atmosphere can alter the chemical structure of the
fibers, transitioning from a chain structure to a stable ladder polymer, thereby preventing
melting. Typically, during the stabilization process, the ladder polymer forms as the acrylic-
based precursor fibers change color from white to yellow to black. The stabilization process
usually occurs at a heat treatment temperature of 180-300°C, and stabilization temperatures
that are too high or too low can greatly impact the properties of the final carbon fibers. Two
important reactions occur during the stabilization process: dehydrogenation and cyclization,
as shown in Figure 3.4 [48]. These reactions are key to forming the thermally stable ladder

polymer structure.

Dehydrogenation forms stable carbon-carbon double bonds, and this reaction involves two
basic steps: oxidation followed by dehydration. The reaction requires oxygen to proceed, so
air is typically used as the gas atmosphere, which is why stabilization needs to occur in air.
Cyclization is the process of forming rings. In this process, the triple bond structure (C=N) in
the nitrile groups of acrylics is converted into a double bond structure(C=N), forming a stable
ladder polymer with adjacent groups. The resulting ring structure is known as a six-
membered pyridine ring[49]. Cyclization is the most important reaction in stabilization
because it changes the molecular structure within the fibers and increases rigidity [50]. There

is no distinct sequence between dehydrogenation and cyclization [51].
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Figure 3.4 Reactions involved in stabilization of acrylic [48]

The carbonization and graphitization processes occur at high temperatures ranging from 800
to 3000 °C, resulting in fibers with carbon content as high as 95% [52]. Carbonization at
lower temperatures produces carbon fibers with high tensile strength and low modulus, while
high-temperature carbonization and graphitization yield high-modulus fibers [53]. The
molecular structural changes during carbonization are illustrated in Figure 3.5. In this process,
the molecular structure transitions from a ladder structure to a hexagonal lattice structure of

carbon atoms, forming a graphite structure.
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Figure 3.5 Changes in molecular structure during the carbonization process [48]
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It is well known that applying appropriate tension to acrylic fibers during the during the
carbon fiber production process facilitates the preferred orientation of the fibers, thereby
enhancing the strength and tensile modulus of the resulting carbon fibers. The influence of
tension, especially during the stabilization process, on carbon fibers has been extensively
studied [54][55][56]. Furthermore, the tensile stress also alleviates the contraction of the

fibers due to high temperatures [48].

In traditional carbon fiber production using acrylic precursor filaments, the application of
tension only requires control of the two ends of the filament during the high-temperature
treatment process. The method of applying tension is not feasible for the already-formed
acrylic precursor felt. This is because the fiber arrangement within the felt is non-directional
and there is significant entanglement between fibers. The thermal degradation process of the
fiber material inevitably leads to shrinkage and even breakage. Therefore, preserving the
fiber morphology of the original felt to some extent during production to ensure the
mechanical properties of the resulting carbon felt is a challenge. In this area, current research
is relatively limited. Baheti et al. found that applying pre-tension on the felt during the
stabilization process mitigates the shrinkage rate of the resulting carbon web [43]. However,
this study did not provide a specific method for applying pre-tension, and the resulting
samples were relatively brittle and fragile. Other studies have also presented various methods
of applying tension to acrylic nanofiber webs during the stabilization process, including
vertical loaded hanging [57], both-sides hanging [58], borders fixation [59], and sandwiching
between graphite plates [60]. Applying vertical tensile force during the stabilization phase
has been found to help control the shrinkage rate of the fibers and aid in the orientation of
macromolecular chains within the fibers, thereby leading to the development of high tensile
modulus fibers. The authors believed that the technique of applying tensile force to
electrospun acrylic fibers during the stabilization process was effective in producing
relatively large-sized stabilized fiber mats compared to other techniques [57]. Ehrmann et al.
studied the impact of edge fixation on samples during the stabilization process. They found
that the change in the area of the fixed samples was smaller as the stabilization temperature

and heating rate increased, as shown in Figure 3.6 [59].
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The use of a metal substrate to provide single-sided or double-sided support during the
stabilization process for electrospun acrylic fiber mats has been proposed by Storck et al.
[61]. The results indicate that stabilization and carbonization within a double-sided metal-
supported sandwich structure preserve the original fiber morphology and even accelerate the
carbonization process. However, the carbonization temperature in this work was only 500 °C,
significantly lower than the typical preparation temperature for carbon felt. The same
research team further increased the carbonization temperature and utilized different metal
and metalloid substrates for the sandwich structure [62]. However, their study was primarily
focused on finding the optimal balance between carbonization, crystallinity, and intact
nanofibers, and did not investigate the mechanical properties such as the flexibility of the
resulting samples. It can be stated that current research primarily focuses on applying tension
during the stabilization process of fiber mats, while there is a lack of reporting on tension
application during the carbonization stage. Furthermore, no studies have been found
regarding the mechanical properties such as tensile strength and flexibility of the carbon felt
or carbon nanofiber network obtained after applying tension. Applying tension to samples
during the carbonization phase has research value as a potential means of enhancing the
mechanical properties of carbon felt. Identifying an appropriate method could enable the
direct preparation of carbon felt from textile waste felt precursors without brittle limitations,

thereby avoiding additional processing steps such as opening and mixing.
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Figure 3.6 The impact of edge fixation on the area of stabilized samples [59]
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3.4 Applications of carbonized fiber networks
Carbonized fiber networks, due to their 3D network structure, high specific surface area,
tunable pore structure, and excellent electrical and thermal conductivity, have a wide range

of applications.

3.4.1 Electromagnetic interference shielding

Various issues arising from EMI have been extensively documented, prompting widespread
interest in the development of EMI shielding materials [63][64][65][66][67]. Given the
diversity of contemporary electronic products and the wide range of usage scenarios,
lightweight and flexible conductive materials are better suited for meeting the practical
application requirements of EMI shielding compared to traditional heavy and rigid metal
plates [68][69]. Therefore, the investigation and development of flexible multifunctional
materials, characterized good EMI shielding capabilities, are warranted due to their
promising potential applications in safeguarding both the human body and electronic

components [70].

EMI shielding is the attenuation of electromagnetic energy caused by reflection at the shield
surface and absorption and multiple reflections within the shield. The shielding of
electromagnetic waves is divided into three components: reflection loss, absorption loss, and
internal multiple reflection loss, as shown in Figure 3.7 [71]. Generally, conductive shielding
materials exhibit predominantly reflection-based shielding effects, such as traditional metals
and graphene [72]. The incident electromagnetic wave causes free electrons or holes in the
conductor to oscillate, generating an induced field on the conductor's surface that forms a
reflected wave [73]. However, the reflected electromagnetic waves may cause secondary
electromagnetic pollution to nearby electronic devices or individuals, which is particularly

concerning. Therefore, recent EMI shielding research primarily focuses on reflection.

The absorption of electromagnetic waves in a material is mainly related to eddy current loss
and dielectric loss. When the electric field of the electromagnetic wave acts on the conductor,
it generates eddy currents within the conductor. Eddy currents are circular motions of electric
currents that, when flowing through resistance, produce heat, thus consuming the energy of

the electromagnetic wave [71]. The electromagnetic wave in the material causes oscillations
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of electric dipoles. These oscillations lead to the conversion of energy within the material
into heat, a process known as dielectric loss [74]. Although this phenomenon is not as
pronounced as eddy current loss in non-magnetic conductors, it is still present at high

frequencies and plays a role in the absorption of electromagnetic wave energy.

Incident

Reflection

Figure 3.7 Schematic illustrations of main EMI shielding mechanisms [71]

Recently, carbon fiber materials have garnered attention for their applications in EMI
shielding. Carbon fibers can form conductive networks that enhance the electrical
conductivity of materials, enabling EMI shielding. Lu et al. used a pre-fabricated film method
and hot-press composite process to prepare carbon fiber felt composites with a sandwich
structure [75]. Carbon fibers formed a highly conductive network during the compounding
process with the substrate. The resulting composites achieved a maximum EMI shielding
effectiveness of 45 dB. The EMI shielding behavior of carbon fiber felt made from three
types of chopped carbon fibers via wet laying was studied [76]. It was found that a higher
fiber packing density can enhance the absorption of electromagnetic waves due to the
formation of a denser conductive network. When electromagnetic waves strike the surface of
the carbon fiber felt, reflection occurs due to impedance mismatch at the interfaces. They
also discovered that fiber felts with a higher magnetic field density have a larger internal

surface area, which facilitates increased polarization loss and ohmic loss. Hu et al. prepared
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carbon fiber felt using waste carbon fibers that were environmentally friendly and decorated
with cationic polyacrylamide [77]. Thanks to the construction of rich effective pathways
within the 3D interconnected network of carbon fibers, its conductivity reached as high as
140.06 S/m, with efficient EMI shielding effectiveness of 66.15 dB. In addition, the carbon

felt also exhibited advantages such as flexibility, light weight, and sustainable reusability.

In recent years, carbon felt materials have become a common candidate for new EMI
shielding materials due to their exceptional 3D conductive network, light weight, and
outstanding chemical stability [70][78][79][80]. Despite extensive research and commercial
availability of carbon felt production, simplifying its preparation process and using
sustainable precursors could lead to more unique and widespread applications in the field of

wearable flexible shielding materials.

3.4.2 Separation and filtration

Air pollution and the prevalence of respiratory diseases have prompted research into
respirator filtration materials. The efficiency of a filter system for a specific aerosol can be
estimated using multiple input parameters, including particle size, flow speed through the
filter, filter thickness, filter surface properties, and fiber diameter. The overall effectiveness
of a filter system results from the interaction of various mechanisms, each of which is more
significant in different size ranges and flow scenarios. Three standard filtration processes are

detailed below [81][82]:

1 Impaction: This filtration mechanism occurs when particles deviate from their original
airflow path due to inertia, causing them to collide with the filter material. The efficiency of

impaction increases with larger particle size, higher density, and faster speed.

2 Interception: Particles following the airflow around the filter structure can be captured
through interception when they pass close enough to the filter fibers. This occurs when the
distance between the particle's center and the fiber surface is within one particle radius.
Unlike impaction, intercepted particles do not deviate from their original flow path. The

likelihood of interception increases with increasing particle size.
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3 Brownian diffusion: For very small particles that are not significantly influenced by inertia
or gravity, filtration is achieved through Brownian diffusion. This mechanism occurs when
random diffusive motion brings particles into contact with the filter, removing them from the
airflow. The rate of diffusive motion increases as particle size decreases and temperature

rises. Low airflow velocity also enhances filtration by diffusion.

Each filtration mechanism operates most effectively within a specific particle size range.

There is also a narrow range of particle sizes where none of the filtration mechanisms are

dominant, as illustrated in Figure 3.8.
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Figure 3.8 Filtration efficiency curves for common filtration mechanisms [81]

Carbonized fiber networks, due to their high porosity, can be used in adsorption and filtration
materials. Lorimier et al. investigated the filtration performance of activated carbon fibers
against alumina particles under different conditions. The initial filtration efficiency of the
activated carbon fiber felt was 74% at a pressure drop below 210 Pa [83]. Hayashi et al.
examined the filtration efficiency of cellulose-derived activated carbon fibers against NaCl
aerosols. The results showed a strong agreement between the experimental measurements
and theoretical predictions for the filter efficiency. They also highlighted the various potential
applications of this filter [84]. Due to the brittleness and short fiber length of activated carbon
fibers, it is challenging to produce nonwoven fabrics through carding and needling processes.

To address this issue, Kim and colleagues used a wet-laid nonwoven process to manufacture
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activated carbon fiber nonwoven fabrics for use as gas filtration layers in masks [85]. They
evaluated the ammonia removal efficiency, mechanical properties, and particulate filtration
performance of the prepared active carbon fiber nonwoven fabric. Another study used multi-
layer commercial super activated carbon fiber fabrics and polypropylene nonwoven fabrics
to produce washable and reusable masks [86]. These masks exhibited good breathability and
water resistance. Xiong and colleagues reported a multifunctional mask made of carbon
fibers and carbon nanofibers, offering excellent comfort and pathogen resistance [87]. The
fluorination treatment of the carbon nanofibers imparted hydrophobicity. The resulting mask
demonstrated better heat dissipation efficiency compared to commercial polypropylene (PP)
nonwoven fabrics. Additionally, they proposed a disinfection method using resistive heating

to kill viruses and bacteria in the mask.

Even though many studies have used carbon fibers or activated carbon fibers as respirator
filter layers, demonstrating excellent performance, two issues still hinder their large-scale
application. The first is that the cost of carbon fiber filter layers is generally higher than that
of ordinary polymer fibers. The second is the complexity of the manufacturing process due
to the brittleness and length of carbon-based fibers. Many industrial filtration nonwoven
materials are made from acrylic (or polyacrylonitrile). If discarded acrylic felt can be used as
a precursor for preparing carbon felt, it would simultaneously address the above two issues.
Additionally, since the precursor was originally intended for filtration, it is believed that the

resulting carbon felt will meet the required filtration performance.
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Chapter 4 Experimental materials and methods

4.1 Materials

The needle-punched acrylic-based dust filter felt used as the precursor in this work was
purchased from Zhejiang Hengze Filter Material Co., Ltd, China. The density of the felt is
500g/m? and the thickness is 2.0- 2.1 mm, where the acrylic-based fibers have a diameter of
12-16 pum. One side of the felt is coated with polytetrafluoroethylene (PTFE) at a thickness
of about 0.1 mm. The Scanning Electron Microscope (SEM) images of the acrylic-based felt
are shown in Figure 4.1. The other chemicals used are of reagent grade and have not been

further purified prior to use.
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Figure 4.1. SEM images of acrylic-based felt material, (a) without PTFE, (b) with PTFE
4.2 Sample preparation
4.2.1 Carbon felt prepared by different loading mode
The precursor material for carbon felt, acrylic-based felt, was washed and cut into squares
pieces before the experiment. First, the acrylic-based felt was stabilized in an air atmosphere
using a muffle furnace at a temperature of 200°C for 2 hours. During the stabilization process,

the sample was placed between two metal plates to maintain its original flat shape.
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Subsequently, the carbonization of the stabilized acrylic-based felts was carried out in a
muffle furnace under nitrogen atmosphere at a temperature of 800-1100 °C for 30-90 min

with a heating rate of 10 °C/min. The samples were labeled as AC_x, where x represented

the carbonization temperature.

It is well known that fibers inevitably shrink during the carbonization process and a
commonly employed solution is to apply appropriate tension to the fibers. Here, during the
carbonization process, two modes were used to apply tension to the fibers in the felt. One is
simply placing cylindrical blocks weighing 66g at each of the four corners of the sample,
termed as the edge loading. Another mode is to use a flat crucible with weight of 540g as a
load to completely cover the sample surface, termed as uniform loading. Samples without
any loading were also prepared as control samples. The diagram of different loading modes

is shown in Figure 4.2 [88].

In the first mode, on the one hand, the loading of the four corners ensures that the sample
remained flat during the carbonization process. On the other hand, the proper weight of the
cylindrical block enables its movement with the shrinkage of the sample, continuously
applying tension to the fibers during the shrinkage of the sample without breaking the sample.
In the second mode, the sample was uniformly loaded and the fibers were subjected to both

horizontal tension and vertical pressure during the shrinkage process.

No loading Edge loading Uniform loading

Figure 4.2 Schematic diagram of different loading modes for the preparation of carbon
felts.

4.2.2 Carbon felt prepared from acrylic-base felt with PTFE coating.
To study the impact of the PTFE coating on carbonization, the acrylic-based felt was first
subjected to a coating process. Dip-pad-dry method was used for the PTFE coating of acrylic-
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base felt. Briefly, a PTFE dispersion of 60wt% was diluted with deionized water to 3wt%,
6wt%, 12wt% and 30wt%, respectively. The felt was then immersed in PTFE dispersions of
different concentrations. After thorough saturation, excess dispersion was removed using

pressure rollers. Finally, the samples were dried and cured in an oven at 120 °C.

The PTFE-coated acrylic felt was carbonized using an edge loading method under the same
experimental conditions as described in the previous section, with a temperature of 800 °C

and a duration of 30 min.

4.3 Characterizations

4.3.1 Morphology

The surface morphology of the carbon felts obtained in this study was examined via scanning
electron microscopy (SEM) using a VEGA3 TESCAN instrument operated at an acceleration
voltage of 10 kV. Prior to testing, the sample surfaces were subjected to a metal sputtering
treatment with a thickness of 10 nm. The surface elements of the resulting carbon felts were

analyzed using an Oxford X-max 20 energy dispersive X-ray spectrometer (EDX).

4.3.2 Mechanical properties
The tensile properties and stiffness of the samples were tested to study the mechanical

properties of the obtained carbon felt.

In order to investigate the flexibility of the carbon felts, the stiffness of the samples was
evaluated by means of a TH-5 instrument (Czech Republic), following the guidelines
outlined in the standard CSN 80 0858. The specimens utilized for the study were rectangular
in shape, with a length and width of 5 and 2.5 cm, respectively. During the testing process,
one end of the specimen was bent to 60°, and the bending force was measured by the

instrument. The bending moment was then computed using Equation (1),

where Mo[mN cm] is bending moment, F,» mN] is bending force measured by the instrument.

The constant & for a sample with a width of 2.5 cm is 0.604 cm [89].
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The tensile properties of the samples were tested using the dynamometer LaborTech 2.050
(LaborTech, Czech Republic) in accordance with the EDANA 20.2-89 standard. Samples
with a width of 1 cm and a clamping length of 5 cm was stretched to fracture, and the tensile
force and elongation were recorded. The tensile stress [MPa] was then calculated as the ratio
of the breaking force to the cross-sectional area of the sample. The calculation of modulus £
[MPa] was as follows,

E=1im%Z )

e-0 dg

where 6 [MPa] is the tensile stress and ¢ is the strain, near origin of the stress-strain curve.
In the above experiment, measurements were realized five times, and the average was taken.

Standard deviation was used as error bars.

4.3.3 Porosity

By measuring the bulk density and fiber density of the carbon felt and utilizing the definition
of porosity, which is the ratio of the pore volume to the total volume, the porosity ¢ [%] of
the carbon felt was calculated using Equation (3),

@ = 1— Pbulk (3)

Pfiber

where puuik is the bulk density[g/cm?] of carbon felt and priver is the density [g/cm?] of fiber,
respectively. The volume of the carbon fiber was determined through the immersion method,
which involves immersing the fibers in water-filled containers and measuring the resulting
change in water level[90]. The thickness of the carbon felt was measured using a thickness
gauge (D-2000-T, SCHMIDT). The testing head size was 20 cm?, and the applied pressure
was 1 kPa. The bulk volume of carbon felt was determined by multiplying the sample area

by the thickness. The mass of the samples was measured using an electronic balance.

4.3.4 Air and water vapor permeability
The air permeability of carbon felts was measured by FX-3300 air permeability tester

(TESTEST AG, Switzerland). The testing was carried out at various pressure differences,
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ranging from 60 to 260 Pa, with increments of 10 Pa. Each pressure condition underwent five

tests, and the average value was calculated.

The evaporation resistance Rer [m?> Pa/W] were determined using the Permetest Instrument
(SENSORA, Czech Republic) according to ISO 11092. A semi-permeable membrane was
placed between the testing head and the sample to preserve the dryness of the sample. The
heat losses were determined by measuring the change in heat flow value before and after the
sample covered the testing head. The water vapor resistance Rer can be calculated using
Equation (4 )[92]

Pm—Pqg

qs~1-qo?!

R = 4)

where P is the saturation water vapor pressure [Pa] at ambient temperature, P. is the water
vapor pressure [Pa] in the room, gs is the heat loss [W/m?] of the measurement head with the

sample, and gois the heat loss [W/m?] of the measurement head without the sample.

4.3.5 Thermal properties

The thermal properties of carbon felts were studied by measuring the thermal conductivity
[Wm'K'] and thermal resistivity [Km?W-!] of the samples using Alambeta Instrument
(SENSORA, Czech Republic) according to Standard EN 31092. For each sample, the

measurement was repeated five times.

4.3.6 Electrical conductivity

The volume electrical resistance Ry [Q2] of the obtained carbon felts was measured in
accordance with the ASTM D257-14 standard, using an Agilent 5313A resistance meter
under conditions of 55% relative humidity and 23 °C temperature. After conducting ten
measurements on each sample using a circular electrode, the volume resistivity v [2.m] and

conductivity y [S/m] were calculated.
n=R— ©)

Y= (6)
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Where ¢ [m] is the material thickness and S [m?] is the surface area of measurement electrodes.

4.3.7 Resistive heating
The electrical heating performance of the carbon felt samples was studied by connecting
samples to a power source and applying varying voltages. An infrared camera (FLIR E6,

USA) was used to record the temperature of the samples, with an emissivity of 0.95 [93].

4.3.8 Filtration efficiency

The gas filtration performance of the sample was evaluated using the MPF 1000 HEPA
(PALAS GmbH, Germany) filtration instrument with Dioctyl sebacate (DEHS aerosols) as
the dust. To investigate the penetration of aerosol particles, a scanning mobility particle sizer

was employed. The filtration efficiency was obtained from Equation (7).

Filtration efficiency = 1 — C‘Zi% (7)

where Cawn and Cyp are the particle concentration in the downstream and the upstream,

respectively [91].

4.3.9 EMI shielding effectiveness

EMI shielding effectiveness testing was conducted in the frequency range of 30 MHz to 3
GHz using the coaxial transmission line method, following ASTM 4935-10, designed for
evaluating flat materials. Experimental apparatus included a coaxial specimen holder (EM-
2107A, Electro-Metrics, Inc.) with input and output signals connected to a vector network
analyzer (Rhode & Schwarz ZNC3). The analyzer was specifically configured for generating
and receiving electromagnetic signals. The total EMI shielding effectiveness (SEr) was
characterized by the ratio of transmitted power to incident power and is typically presented

as follow.
SEr[dB] = —10log=L = SE, + SEg (8)
1

Where Prand Prrefer to the transmittance power and incident power, respectively. SE4 and
SEr are used to describe the shielding effectiveness resulting from absorption and reflection

(including secondary reflections), respectively. They can be calculated from the total
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reflection (R) and transmission (7) components of the incident power, along with the

scattering parameters (S7; and S2:), using Equation (9-12) [78][94] [95].

R = 18;4/? )

T = |Sp? (10)
SEp[dB] = —10log(1 — R) (11)
SE,[dB] = —10log(-=) (12)

4.3.10 Structural stability

To evaluate the structural stability of the carbon felts under different types of deformation, a
custom testing method was developed. In simple terms, when the structure of a conductor
undergoes physical damage, its conductive network can be partially disrupted. Leveraging
this fact, the real-time monitoring of the resistance of a sample in a bent state can be used to
investigate whether its structure has been damaged. As shown in Figure 4.3, one end of the
sample was fixed at point A, while the other end was clamped at point B. During the testing
process, point A remained stationary, while point B rotated the sample in a circular motion.
As the sample end moved from point B to point C, the sample underwent a transition from a
straight state to a bent state, as depicted in Phase I and Phase II in the Figure 4.3. During the
aforementioned motion process, both ends of the sample were consistently connected to an
ohmmeter, and the resistance value of the sample was recorded. In the present work, one end
of the sample was kept in motion at 200 rpm for 20 min. The same stability testing was also

applied to the resistive heating of the carbon felt by replacing the ohmmeter with a power

supply.
/ - . “~ = Phase II
M \\( s 7 7 ~ N > ~
Be & s L A

o / Phase 1
4{ Ohmmeter/Power supply

Figure 4.3 Schematic diagram of the structural stability test
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4.3.11 Raman spectra

Raman spectroscopic analysis was performed utilizing a DXR Raman microscope (Thermo
Scientific, USA) equipped with an excitation laser emitting at a wavelength of 532 nm and
operating at a laser power of 8.0 mW. The specimens were scrutinized under an Olympus
MPIan microscope with a magnification of 50, employing a spectrograph aperture set at 50

um. Spectral data were acquired across the range of 3500-50 cm™ prior to baseline correction.

4.3.12 XRD
The crystal structure of the carbon felt was analyzed using an analytical X'Pert PRO MRD

X-ray diffractometer with a Cu-Kal radiation source.

4.3.13 TGA
The Thermogravimetric analysis (TGA) was conducted up to 800 °C with a heating rate of
10 °C/min in an N2 atmosphere using the TGA/SDTAS851e instrument (Mettler-Toledo).

4.3.14 Antibacterial properties

To evaluate the antibacterial properties of the obtained samples, Escherichia coli strain (CCM
7395) and Staphylococcus aureus strain (CCM2446) obtained from Masaryk University in
Brno were utilized. Samples sized 1x2 cm were added to 25 ml of bacterial inoculum and
thoroughly homogenized by agitation. Samples were taken after homogenization at 2, 5, and
24 hours, transferred to petri dishes, and then poured with PCA agar (BioRad). Subsequently,
the samples were cultured at 37°C for 48 hours. Finally, colony-forming units (CFU) were
counted. Additionally, bacterial inoculum not mixed with samples was extracted and cultured

as a control.
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Chapter 5 Results and discussion
5.1 Effect of different load modes during carbonization on the properties of carbon felt

5.1.1 Effect of different load modes on sample shrinkage and morphology.

In the preparation of flexible fibrous materials, the overall morphology of the sample is a
crucial factor that cannot be overlooked. This factor is intricately linked to the structural
stability and reproducibility of the resultant product. Hence, this study initiates with an
examination of the shrinkage behavior of the samples under various loading conditions.
Figure 5.1 and 5.2 illustrate the variations in mass, dimensions and size of the samples
prepared under different loading conditions, respectively. Evidently, samples without loading
exhibit significant alterations in both mass and size after carbonization. In contrast, both
loading modes mitigate the shrinkage of resulting carbon samples, particularly notable at a
temperature of 1000 °C. However, the variation in thickness of the samples follows a distinct

trend compared to the changes in mass and size.
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Figure 5.1 Mass loss of the obtained carbon felts under different loading modes
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Figure 5.2 Size change of the obtained carbon felts under different loading modes
In Figure 5.3, it can be found that samples subjected to no load and edge loading exhibit
similar thickness, whereas the samples under uniform loading show a pronounced reduction
in thickness. This phenomenon can be readily comprehended as a consequence of the
complete cover of the samples throughout the preparation process, leading to their thinning

due to the pressure applied from above

30



AC 800 AC 1000

L] L] [ L] L] L]
5 4 | |HEEENo loading BB Edge loading ] Uniform loading }
22F 1
=
| -
w2
b
= 18F 1
5
.9
g 1.6 - -
14} -
12

30 60 90 30 60 90
Holding time (min)

Figure 5.3 Thickness change of the obtained carbon felts under different loading modes

Furthermore, photographs of the carbon felt obtained under different loading conditions are
presented in the Figure 5.4. It can be observed that the unloaded sample exhibit irregular
deformations after carbonization. This is attributed to the uneven shrinkage of the fibers
under the heated conditions, resulting in unpredictable deformations of the fiber assembly.
Such unpredictability of the visual morphological changes is unacceptable for the preparation
of stable and reproducible specimens. Later, the flexibility of the samples was observed by
placing the handle of a knife onto the inclined specimens. Observably, samples with no load
and edge loading displayed bending when subjected to pressure, showcasing excellent
flexibility, whereas samples under uniform loading appear relatively rigid. In summary,
while samples with no load do exhibit favorable flexibility, they are also accompanied by
shrinkage and uncontrollable product morphology. Both loading modes decelerate the
shrinkage, with the edge loading mode particularly preserving the flexibility of the samples.
Therefore, in terms of the morphological appearance of the obtained samples, the edge

loading mode proves more conducive to achieving the desired sample characteristics.
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Figure 5.4 Photographs of the obtained carbon felts under different loading modes

5.1.2 Effect of different load modes on mechanical properties

The investigation of the mechanical properties of the obtained carbon felt is of paramount
importance due to its highly porous nature. In view of the potential applications of carbon
felt, this study examined the stiffness and tensile properties of the samples. The stiffness of
the prepared samples under different conditions is shown in the Figure 5.5. It can be observed
that across varying carbonized temperatures, the unloaded samples consistently exhibited the
lowest bending moment. Compared to samples under uniform loading, significantly reduced
bending moments were found on the edge loading samples. This phenomenon arises due to
the inevitable occurrence of shrinkage deformation and curling during the heating process of
the fibers. In contrast to samples under edge loading, fibers in uniform loaded carbon felts
experience more external force confinement, thereby restricting fiber shrinkage deformation
and curling. Researchers have established theoretical models to explore the effective stiffness
of nonwoven fibrous webs [96]. The outcomes have revealed that the interplay of fiber
stretching, fiber bending, and crosslink rotation deformation exerts a profound influence on
the overall mechanical behavior of nonwoven fibrous networks. Among these, a significant
reduction in the stiffness of the fibrous network was observed when the fiber curvature
exceeded /3. As a result, this observation provides a plausible explanation for the reduced

stiffness found in edge-loaded samples, as they experience fewer fiber deformations and
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curling phenomena. Furthermore, it can be observed that longer carbonization time and
higher carbonization temperatures lead to further reductions in the stiffness of the resulting
samples. This is also be attributed to the influence of carbonization process parameters on

the shrinkage of the fibers obtained.
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Figure 5.5 Stiffness of the obtained carbon felts under different loading modes at 800°C (a)
and 1000°C (b)

Subsequently, the tensile properties of the samples were studied, and the breaking stress and
breaking elongation of the specimens are displayed in the Figure 5.6. It is evident that the
unloaded samples subjected to a holding time of 30 min exhibit the highest tensile stress,
whereas an increase in the holding time to 90 min results in the lowest tensile stress. For
carbonization temperatures of 800 °C and 1000 °C, the carbonization duration leads to a
significant decrease in tensile stress, ranging from 0.97 MPa to 0.44 MPa and from 0.85 MPa
to 0.17 MPa, respectively. On the other hand, the tensile stress of the other two loaded
samples demonstrates a relatively stable behavior, remaining within the range of 0.6 MPa to
0.9 MPa regardless of the carbonization temperature and duration. In the realm of nonwoven
textiles, the principal mechanism governing tensile fracture primarily involves the fracture
of fibers and inter-fiber slippage. During the process of tensile loading, individual carbon
fibers may undergo fracture due to external stresses, consequently leading to the overall
fracture of the fiber assembly. In the carbonization process, applying tension to the fibers is

widely acknowledged as an effective means of enhancing the tensile performance of carbon
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fibers [54]. In this study, the improved tensile properties observed in the loaded samples may
be attributed to this particular factor, leading to greater stability in their tensile behavior. In
the case of unloaded samples, extended carbonization adversely affects the molecular
alignment within the fibers, resulting to a weakening of the mechanical properties.
Furthermore, the breaking elongation results in Figure 5.6 (b) indicate that sample subjected
to edge loading exhibit superior breaking elongation compared to the uniform loading sample.
This is attributed to the pressure applied by uniform loading during the carbonization process,
which imparts greater brittleness to the fiber assembly. In samples subjected to edge loading,
the majority of fibers remain unexposed to direct compressive forces during the preparation

process, leading to the development of carbon felt with enhanced elasticity and flexibility.
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Figure 5.6 Breaking stress (a) and elongation (b) of the obtained carbon felts under
different loading modes

5.1.3 Effect of different load modes on thermal properties

Understanding the thermal transport performance of carbon felts is crucial for numerous
engineering applications. By modulating thermal conductivity, materials can be designed to
meet specific thermal management requirements in various applications, such as heat
dissipation in electronic devices. Thermal conductivity, measured as the rate at which heat is
transferred through a material per unit area and unit thickness under a specified temperature
gradient, is an intrinsic property of materials. As depicted in Figure 5.7 (a), it is observed that

among the samples prepared using three different loading modes, the thermal conductivity is
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highest for the edge-loaded sample, followed by the uniform loaded sample, with the
unloaded sample having the lowest thermal conductivity. (Major influence has pore size and
their amount) The thermal conduction in carbon fibers primarily occurs through lattice
vibrations. Within the lattice, carbon atoms oscillate around their equilibrium positions,
generating phonons (lattice vibrational quanta). These phonons propagate within the lattice,
carrying thermal energy [97]. It has been found that the thermal conductivity of carbon fibers
gradually increases asymptotically with the enhanced preferential orientation degree of the
crystalline segments within the fibers [98]. During the carbon felt preparation process, edge
loading provides the fibers with the appropriate tension, optimizing the preferred orientation
of the internal crystalline phases within the fibers, thereby enhancing the overall thermal
conductivity of the fiber assembly but porosity effect is more important. With the increase in
carbonization temperature from 800 °C to 1000 °C, there is an observed elevation in the
thermal conductivity of the samples. This phenomenon can be attributed to the enhanced
interatomic bonding among carbon atoms at higher carbonization temperatures, thereby
leading to an improvement in material crystallinity. Greater crystallinity is conventionally
correlated with superior thermal conductivity, as it facilitates more efficient heat transfer
between crystalline regions. Thermal resistance is determined by both the thermal
conductivity and thickness of the material, and it serves as an indicator of the ability to
impede the flow of heat through a unit area of the material. From Figure 5.7 (b), it can be
observed that the thermal resistance of the unloaded sample is almost 40% higher than that
of the loaded samples, while the difference in thermal resistance between the two loaded
samples is not as significant as the difference in thermal conductivity. This is primarily
attributed to the varying thicknesses of the samples under different loading modes, as
demonstrated in the previous section. Generally, the thermal properties of the samples,
reveals that the edge loading mode enhances the thermal conductivity of the samples by

optimizing the orientation of internal crystalline phases within the fibers and changing real

porosity.
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Figure 5.7 Thermal conductivity (a) and resistivity (b) of the obtained carbon felts under
different loading modes

5.1.4 Effect of different load modes on electrical properties

The volume electrical conductivity of carbon felt samples obtained under different loading
conditions in this study is presented in the Figure 5.8. At a carbonization temperature of
800 °C, the samples exhibited relatively lower electrical conductivity, with no significant
differences among different loading modes. As the temperature increased to 1000 °C, it was
observed that the edge-loaded samples exhibited the highest electrical conductivity. As
mentioned earlier, edge loading provides the fibers with the appropriate tension, thereby
ensuring a more homogeneous electrical connection within the fiber assembly. However, it
should be noted that, when the carbonization time was extended to 90 minutes, there was a
sharp decrease in the electrical conductivity of the samples. This could be attributed to the
prolonged carbonization time causing damage to the fibers, consequently disrupting the

internal conductive pathways within the carbon felt and reduction of porosity.

36



AC 1000

AC 800

L] l L]

12 | I No loading [ Edge loading [ Uniform loading |

1 - =
£
208} !
&
506} -
E
S 04F -

=
[\
L]

30 60 90 30 60 90

Holding time (min)

Figure 5.8 Electrical conductivity of the obtained carbon felts under different loading
modes

Thus far, through an examination of the performance of samples obtained under various
loading modes, it has become apparent that the edge loading mode is more conducive to
achieving the desired sample characteristics. Therefore, subsequent sections used the edge-

loading mode to prepare samples and conduct research.

5.2 Effect of PTFE coating on the properties of carbon felt

As an industrial dust filter felt, the surface is typically treated with hydrophobic treatments
to improve applicability. In this thesis, one side of the acrylic-based felt was coated with
PTFE, with a mass content of approximately 0.5% of the total felt weight. One of the
challenges in processing waste textiles is the mixture of various fibers, due to the lack of
efficient methods for separating different fibers. For pyrolyzed fiber waste, such mixed fibers
or fiber coatings may introduce uncertainties in the performance of the resulting carbon
materials. We investigated the effects of a PTFE coating on the properties of acrylic-based

carbon felt. Since the raw material had PTFE coating only on one side and was very thin, its
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impact on acrylic fibers during pyrolysis may have been minimized. Therefore, we coated
the raw material with a PTFE dispersion to form a PTFE layer on the fiber surface, followed
by sequential stabilization and carbonization, to examine its impact on the properties of the

resulting carbon felt.

5.2.1 Effect of PTFE coating on sample shrinkage and morphology

The morphology of the PTFE coating on the acrylic-base felt was first observed, and SEM
images are shown in Figure 5.9. The surface of the original acrylic-based felt fibers was
smooth, with large gaps between the fibers. After coating with a 60% concentration PTFE
dispersion, the fiber surfaces were observed to be evenly covered. Due to the high viscosity
resulting from the high concentration of the dispersion, the gaps between the fibers were

filled with a significant amount of PTFE chunks formed as a result of cracking upon drying.
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Figure 5.9 The morphology of the acrylic-base felt without PTFE coating (a) and with
PTFE coating

After coating the acrylic-based felt, EDX testing was conducted on the surface, and the result
is shown in Figure 5.10. The EDX spectrum obtained after the 60% PTFE dispersion coating
revealed the presence of 10.4% fluorine on the fiber surface, confirming the existence of the

PTFE coating.
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Figure 5.10 The EDX spectrum of the acrylic-base felt with PTFE coating

Figure 5.11 shows the morphology of carbon felt fibers prepared from uncoated and coated
acrylic felt. The surface of carbon felt fibers made from uncoated acrylic felt was clean, with
some wrinkles distributed along the fiber axis. Similar wrinkles were also found in the coated
samples. However, the surface of carbon felt fibers from coated acrylic felt exhibited the
presence of small particles. These may be minor residues from the decomposition of PTFE
or small bubbles formed at the acrylic-PTFE interface during pyrolysis due to incomplete gas

release.
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Figure 5.11 The morphology of the obtained carbon felts from precursor without PTFE
coating (a) and with PTFE coating

Photographs of the samples obtained after carbonization of acrylic-based felt with PTFE
coatings of different concentrations are shown in Figure 5.12 (a). It can be clearly observed
that the size of the samples increases with the concentration of the PTFE coating. Notably,
when the PTFE concentration reaches 30% and 60%, the change in sample size becomes
more pronounced. The quantified results of the changes in sample mass and size are shown
in Figure 5.12(b). The loss in sample mass did not change significantly in the range of low
concentration PTFE coatings (0%—12%). When PTFE reached 30%, a notable decrease in
mass loss was observed, which further decreased as the concentration increased to 60%. This
indicated that mass loss in the carbon felt was only reduced when the PTFE coating fully
enveloped the fibers. In contrast, the changes in sample size followed the variations in PTFE
concentration, decreasing accordingly. Notably, when PTFE concentrations were increased
to 30% and 60%, the decrease in sample size changes became more pronounced. As PTFE
concentration increased, the change in sample size exhibited a different trend compared to
mass loss. This may be due to the initially high porosity of the felt, where higher PTFE
concentrations not only enveloped the fiber surfaces but also filled the gaps between the

fibers. The filling of the original gaps between fibers with PTFE inhibited the heat-induced
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shrinkage of the acrylic felt, resulting in a significant difference in the variation of sample

size.
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Figure 5.12 Shrinkage of the carbon felts obtained with different concentration PTFE
coating. (a) Photographs of the samples. (b) Mass loss and size change

To further investigate the effect of PTFE on acrylic-based felt during pyrolysis, we conducted
TGA on the samples, and the results are shown in Figure 5.13. The thermal decomposition
of exposed acrylic fibers mainly occurred between 300°C and 500°C. However, the
decomposition of pure PTFE occurred around 600°C. Therefore, within the range of 300°C
to 500°C, the surface of the fibers remained enveloped by an undecomposed PTFE layer,
hindering the release of gaseous products produced during the pyrolysis of acrylic. This could

be the reason for the reduction in mass loss in samples with high PTFE coating concentrations.
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Additionally, during the acrylic decomposition stage, the undecomposed PTFE between the
fibers acted as a support structure, maintaining the original structure of the felt and slowing

down changes in sample size.
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Figure 5.13 TGA curves of the acrylic-base felt, PTFE, and PTFE coated felt

5.2.2 Effect of PTFE coating on sample mechanical properties

The stiffness of the samples prepared under different PTFE concentration conditions is
shown in Figure 5.14. It can be observed that within the low concentration range of 0%—12%,
the samples exhibited similarly low bending forces with almost no differences. When PTFE
concentrations were increased to 30% and 60%, the bending forces of samples significantly
increased and correlated positively with concentration. This phenomenon is due to the fibers'
inability to deform during pyrolysis, because of the adhesive effects of PTFE between the
fibers. As mentioned above, the overall mechanical behavior of the nonwoven fiber network
is influenced by the interplay of fiber stretching, fiber bending, and cross-link rotation
deformations. Evidently, the solid PTFE filling between the fibers hindered fiber curling and
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cross-link rotation during pyrolysis, resulting in increased stiffness of the obtained carbon

felt.
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Figure 5.14 Stiffness of the carbon felts obtained with different concentration PTFE coating

The tensile strength and modulus of the samples are shown in Figure 5.15. In comparison to
uncoated samples, low PTFE concentrations of 3%—12% resulted in lower tensile strength.
When concentrations increased to 30% and 60%, the tensile strength was slightly higher than
that of the uncoated samples. The enhancement of the samples' modulus due to the coating
was more pronounced. Low PTFE concentrations modestly increased the modulus by about
10 MPa, whereas high concentrations significantly increased the modulus, from 15 MPa to
76.4 MPa. Such a marked increase in modulus can be attributed to the control exerted by
PTFE on fiber deformation during pyrolysis, as discussed in the previous section, which led
to increased stiffness in the carbon felt samples. However, since PTFE was mostly converted
into gaseous products after carbonization, it did not significantly improve the tensile strength

of the samples.
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Figure 5.15 Tensile properties of the carbon felts obtained with different concentration
PTFE coating

5.2.3 Effect of PTFE coating on sample electrical conductivity

The coating and filling of PTFE may have altered the distribution of the fibers within the
carbon felt, which can change the conductive network formed by the carbon fibers. Therefore,
we studied the impact of the PTFE coating on the conductivity of samples. The changes in
conductivity with PTFE concentration are shown in Figure 5.16. It was found that
conductivity slightly increased with increasing PTFE concentration. At the same time,
samples with the coating exhibited greater variation in results. This may be due to the
inability of the fibers to naturally contract and curl during pyrolysis, which led to significant

differences between each sampling point.
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Figure 5.16 Electrical conductivity of the carbon felts obtained with different concentration
PTFE coating

In summary, through the study of the morphology, mechanical properties, and electrical
properties of PTFE-coated samples, we found that low-concentration coatings had a minimal
impact on the performance of the resulting carbon felt. High-concentration coatings, while
increasing the material's modulus and conductivity, led to a loss of flexibility in the carbon
felt, potentially significantly limiting its range of applications. Therefore, in subsequent work
of this dissertation, to prepare flexible carbon felt, we used precursors without additional
PTFE coatings, as the thin PTFE layer on one side of the raw material is believed to have a

negligible impact on the performance of carbon felt.

5.3 Flexible carbon felt characterization and properties.

After exploring the process during carbonization, we established the optimal process for
preparing flexible conductive carbon felt. In this section, the carbon felt prepared using the
edge-loading mode was characterized, and its EMI shielding and resistive heating properties

were studied.
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5.3.1 Morphology and structure characterization

The SEM images of the carbon felts obtained are illustrated in Figure 5.17. The carbon fibers
obtained from the acrylic-based precursors underwent a change in their fineness, exhibiting
a finer structure with increasing carbonization temperature. This transformation can be
attributed to the depletion of hydrogen and nitrogen in acrylic as the degree of carbonization
escalated, resulting in fiber shrinkage. Moreover, when carbonized at 1100°C, the carbon
fibers displayed prominent wrinkles on their surface. Wrinkles on the surface of fibers can
serve several advantageous purposes in material science. Firstly, they contribute to an
increase in the overall surface area of the fiber, which in turn enhances processes such as
adsorption, absorption, and exchange. Secondly, these wrinkles also bolster the strength and
rigidity of the fibrous material, rendering it better suited to withstand external forces and
pressures. Furthermore, the presence of microscale indentations and protrusions on the fiber

surface aids in improving adhesion.
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Figure 5.17. Fiber morphology of the carbon felts. SEM images of precursor acrylic
fiber(a), AC_800(b), and AC 1100(c)

The distribution of carbon fiber diameters was analyzed using Image] software applied to
SEM images. Figure 5.18 shows that as the carbonization temperature increased from 800°C
to 1100°C, the average fiber diameter decreased from 12.74 pm to 9.2 pm. With the
temperature elevation, the fiber diameter distribution tended to follow a normal distribution
pattern, indicating that higher carbonization temperatures were conducive to optimizing the

fiber fineness distribution. The fineness of the fibers directly impacts the physical and
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mechanical properties of the carbon felt, while also influencing its porosity and specific
surface area. A higher porosity is considered advantageous for the reflection of

electromagnetic waves within the carbon felt, thereby enhancing shielding effectiveness[99].
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Figure 5.18 Fiber diameter distribution of the carbon felts

In addition to fiber morphology, the porosity of carbon felts also plays a significant role in
influencing their properties, including filtration and separation capabilities. The porosity and
associated parameters of samples prepared at different temperatures are listed in Table 5.1.
As the carbonization temperature increased from 800 to 1100°C, it was found that the
porosity increased from 83.39% to 93.91%. Simultaneously, the fiber density increased from
1.24 to 1.69 g/cm?. The increase in porosity may be attributed to two mechanisms. One can
be explained by the aforementioned changes in fiber morphology and fiber fineness. With
the increase in carbonization temperature, the fibers gradually contract and became finer,
naturally increasing the proportion of internal voids within the carbon felt. The other

mechanism is that during high-temperature carbonization, the polymer undergoes
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decomposition, releasing gases and volatile substances, resulting in the formation of pores.
The relationship between porosity and temperature was modeled using a straight line as linear
regression model (Figure 5.19), resulting in an R? value of 0.86. This R? value indicates that
the straight line model has a certain degree of explanatory power for the relationship between
porosity and temperature, but it is not perfect. The relatively low R? value obtained may be
attributed to several factors. It is important to acknowledge that temperature may not be the
sole determinant of pore volume. Other unconsidered factors or variables might also play

significant roles in influencing the porosity.

Table 5.1 Porosity of the carbon felts

Sample AC 800 AC 900  AC 1000 AC 1100
Porosity (%) 83.39 90.52 92.5 93.91
Fiber density (g/cm?) 1.24 1.37 1.56 1.69
Thickness (mm) 2.11 2.11 2 1.89
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Figure 5.19 Porosity of carbon felts
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The Raman spectrum of the obtained carbon felt is depicted in Figure 5.20. Typically, the D
band at 1350 cm™! is attributed to defects and disordered carbon structure, while the G band
at 1580 cm ™! is induced by the sp? hybridization of carbon. The peak intensity ratio of the D
band to the G band (/p/Ic) is considered to be linearly correlated with the inverse of the in-
plane crystal size. Thus, this indicator can be utilized to quantify the amount of ordered
graphite structure [100]. After fitting the obtained spectra with a Gaussian function, the /p/lc
ratio of the resulting samples decreased from 1.45 to 1.05 as the carbonization temperature
increased from 800 °C to 1000 °C. This indicates that due to the removal of non-carbon
elements such as oxygen and a reduction in the number of defects, the carbon structure within
the fibers is transitioning from a mixed-bonded amorphous carbon to a predominantly sp*-

bonded carbon [101].
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Figure 5.20 Raman spectrum of the carbon felts

To investigate the crystalline structure of the obtained carbon felts, XRD analysis was

conducted. As shown in the Figure 5.21, both carbonized samples exhibited distinct peaks at
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approximately 25.5° and 43.4°. The strongest diffraction peak was observed at 25.5°,
corresponding to the (002) graphite basal plane reflection, indicating the presence of a
hexagonal graphite structure.[43]. The diffraction peaks observed at 43.4° were attributed to
the (100) diffraction of the graphite structure [102]. Furthermore, the peak at 43.4° became
sharper with increasing carbonization temperature, indicating a more ordered arrangement of
carbon atoms along the (100) plane. In summary, we found that increasing the carbonization
temperature facilitated the attainment of higher crystallinity or structural order within the
fibers, which would be advantageous for enhancing the electrical and thermal properties of

the samples.
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Figure 5.21 XRD spectra of carbon felts

5.3.2 EMI shielding behavior
Figure 5.22 illustrates the EMI shielding effectiveness (SE) of a single-layer carbon felt in
the frequency range from 30 MHz to 3 GHz. It is clear that the total SE increases with the

rise in carbonization temperature. As the carbonization temperature increases from 800 to
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1100 °C, the EMI SE significantly rose from 17-20 dB to 42-57 dB. In accordance with the
general requirements for EMI SE in textile materials, all samples in this study, with the
exception of AC 800, demonstrated an "excellent" rating. AC 800 was characterized as

"very good"[103].
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Figure 5.22 Total EMI shielding effectiveness from 30MHz to 3GHz of the carbon felts

In Figure 5.23, the reflection SE (SEr), absorption SE (SEa) and total SE (SEr) of at the
frequency of 1.5 GHz of the carbon felts is displayed. The SEa and SEr of each sample were
found increased with the increase in carbonization temperature. The SEr, however, remained
at about 10 dB after the temperature reached 900 °C. Therefore, it can be said that the samples
carbonized at temperatures above 900°C showed an increase in SEr with increasing
temperature, primarily due to the growth in SEa. A high SEa can often mislead the
assessment of shielding mechanisms, creating the false impression that absorption is the

dominant mechanism [104].
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Figure 5.23 SER, SEA, and SET at 1.5 GHz of the carbon felts

To further investigate the role of EM wave reflection and absorption, the power coefficients
were calculated and shown in Figure 5.24 [104]. The coefficients R of the samples increased
with temperature while the coefficients A decreased. R was observed to be much larger than
A, proving that reflection dominated the attenuation of the incident EM waves. An increase
in carbonization temperature is typically accompanied by improved electrical conductivity.
Therefore, carbon felt with the highest conductivity was most effective at reflecting EM
waves. The surface electrical conductivity of material plays a pivotal role in determining the
reflection of EM waves. This phenomenon arises from the direct interaction between the
mobile charge carriers on the surface of conductive materials and incident EM waves,
resulting in the reflection of EM waves due to impedance mismatch at the interface [105].
Literature suggested that when the EMI shielding SE exceeds 50 dB, the reflectivity (R value)
of EMI shielding materials often exceeds 0.9, indicating a reflection rate exceeding 90%

[106].
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Figure 5.24 Power coefficients at 1.5 GHz of the carbon felts

When designing EMI shielding materials, light weight and thickness should also be
considered. Therefore, we adopted the concept of a specific SE value (divide the SEr by the
density and thickness of the material) to compare the shielding performance of materials in
a more comprehensive way [107]. Figure 5.25compares the specific SE values of this work
with those reported in other literatures. Due to the low density of the carbon fibers, the high
porosity of the carbon felts and the remarkable SErt, the specific SE values of the carbon felts
sample AC 1000 and AC 1100 in this work outstandingly outperform the other reported
materials, including carbon nanotube [108][109], graphene [110][111][112], carbon black
[109], carbon foam [113], carbon nanofiber mat [78], metal foam [114], and MXene [107].
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Figure 5.25 Comparison of the specific SE as a function of the thickness

In summary, the prepared carbon felt exhibits excellent EMI shielding performance and, due

to its flexibility and lightweight nature, has great potential for a wide range of applications.

5.3.3 Electrical resistive heating performance

The varying response of different samples to different applied voltages is shown in Figure
5.26. The temperature rose as the voltage increased, in accordance with Joule's Law. Among
them, the sample AC 1100 reached a high temperature of nearly 200 °C ata 3 V and 0.9 A,
indicating that this sample exhibited a responsive and broad range of temperatures for heating
under voltage. Under the same applied voltage, the heat generation temperature increased
with the elevation of carbonization temperature. This phenomenon can be attributed to the
higher electrical conductivity of the sample, as previously described. The graphite layers
inside the carbon felt had an irregular arrangement, and the higher graphitization promoted
the formation of a dense conductive network in the structure. When a voltage was applied,
the graphite layer heated up due to Joule heating. At this point, the graphite layer acquired

vibrational energy and diffused the thermal energy in a common vibrational mode throughout
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the system, raising the temperature of the sample [9]. The heat was then transferred to the

surroundings by conduction or radiation, resulting in an increase in the surrounding

temperature.
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Figure 5.26 Changes of heating temperature of carbon felts as functions of the applied

voltage

Additionally, the relationship between power and temperature was analyzed, as shown in
Figure 5.27. From the power-temperature curves of different samples, it can be observed that
as the carbonization temperature increased, the slope became steeper. In other words, at the
same power level, samples with higher carbonization temperatures can achieve higher
resistive heating temperatures. This suggests that the electrical energy efficiency of the
samples can be adjusted through parameters in the preparation process. Heating efficiency is
a key parameter for evaluating the performance of electric heaters and is defined as the ratio
of temperature rise per unit area to input power. The heating efficiencies of samples AC_900,

AC 1000, AC 1100 in this work were calculated to be 204.4, 195.2, and 448.6 °C W' cm?,
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respectively. Such high heating efficiencies have surpassed many others reported using
higher cost conductive materials such as nanosilver [115], carbon nanotubes [116], graphene

[117], and MXene [118].
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Figure 5.27 Changes of heating temperature of carbon felts as functions of electric power

Later, the heating and cooling behavior of the samples was investigated by applying a
constant voltage (Figure 5.28). Considering that voltages in the range of 3-5V are more
readily available in everyday life (from batteries, USB chargers, etc.), this study conducted
heating experiments on the samples using 3V and 5V voltages. Under these voltage
conditions, the AC_800 sample exhibited suboptimal heating performance, with a maximum
temperature of only 35 °C reached. In contrast, the other two samples showed a significant
increase in heating rate and reached much higher maximum temperatures. However, due to
the thickness of the samples, it takes a considerable amount of time for the temperature to
return to the initial temperature after the power was disconnected. These properties make the

samples suitable for applications with different temperature requirements, such as lower
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temperature for body temperature management, and higher temperature for sterilization and

anti-icing.
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Figure 5.28 The time-temperature curve under a voltage of 3V and 5V

In practical use, the repeatability of heating performance is an important indicator, the cyclic
heating performance is shown in Figure 5.29. The temperature-time curves of the sample
varied slightly over the ten heating cycles, indicating a good repeatability of the heating
performance. Furthermore, we studied the heating behavior of samples in different
deformation states. As shown in the Figure 5.30, the samples exhibit stable heating
performance in flat, bent, twisted, and even knotted states. This further demonstrated the

excellent flexibility of the carbon felt samples, enabling them to meet various deformation

requirements.
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Figure 5.30 Heating performance of the carbon felt in flat, bent, twisted, and knotted states

In summary, the carbon felt studied in this work exhibits excellent electrical heating
performance and can be customized to serve as a flexible heater material to meet various

requirements by adjusting the preparation parameters.

5.3.4 Structural and chemical stability
We examined the change in resistance and resistive heating performance of the samples
throughout in-situ testing during dynamic bending processes to assess their structural

stability. Figure 5.31 illustrates the variation in sample resistance with bending cycles. The
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resistances of AC_900, 1000, and 1100 samples remained stable within 4000 bending cycles,
showing minimal decline. This demonstrated their remarkable structural stability under
repeated bending. This can be attributed to the reduced brittleness of the internal fibers and
the overall good flexibility of the carbon felt, where the bending deformation applied was not
sufficient to cause fiber breakage. However, the AC_800 sample exhibited an initial increase
in resistance during the first few bending cycles, followed by stabilization. This is consistent
with the lower carbonization temperature leading to higher stiffness mentioned in the

mechanical properties section above.
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Figure 5.31 The variation of sample resistance with the number of bending cycles

Using the same equipment, resistive heating behaviors of the carbon felt during the bending
cycle was also recorded and shown in Figure 5.32. The two selected samples both exhibited
stable temperatures within 1000 bending cycles at different applied voltages. This

demonstrates that even under heating conditions, the sample maintained the same stability of
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its conductive network as at room temperature. This examination provides support for the

potential application of carbon felts to deformable heaters in motion.
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Figure 5.32 The variation of heating performance with the number of bending cycles

Then, the chemical stability of the carbon felts was evaluated by the change in electrical
conductivity after immersion in acid and alkaline solutions. As can be seen from Figure 5.33,
the conductivity of the carbon felts remained almost invariable after immersion for up to 30
h in solutions with pH values of 2 and 12, respectively. The lack of susceptibility to chemical
degradation in carbon fiber materials is due to the presence of strong and stable carbon-

carbon bonds and the ordered arrangement of fibrous carbon crystals.
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Figure 5.33 Changes in electrical conductivity after acid and alkali treatment

The above results demonstrate that the flexible carbon felt possesses good chemical and
structural stability, maintaining the stability of its internal conductive pathways even under
heating conditions and through multiple bending cycles. It has promising applications in

fields such as wearable heaters and flexible EMI shielding materials.

5.4 Special application of the prepared carbon felt

As a flexible 3D conductive network, the manufactured carbon felt can be utilized not only
for traditional conductor applications such as EMI shielding and electric heating but also as
a respirator filter layer, taking advantage of the filtration properties of its raw materials. This
part will explore the performance of carbon felt in this context, focusing on its suitability for

use as a respirator filter layer.

5.4.1 Air permeability and breathability
As a potential respiratory filter material, the permeability and breathability of carbon felt
need to be studied. Figure 5.34 shows the air permeability of the carbon felt at different
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pressures. It is clear that the permeability correlated positively with pressure and
carbonization temperature. The previous results of fiber fineness distribution can well explain
the phenomenon that the permeability increased with the carbonization temperature. The
decrease in fiber fineness has created more space within the fiber assembly, which facilitated
the air flow and thereby improved air permeability. Additionally, linear regression was
performed on permeability and pressure data. The results indicate that for all samples, the R?
values of the linear regression fits were greater than 0.99. The R? value of 0.99 in our linear
regression analysis signifies a strong linear correlation between permeability and pressure
across all samples. Furthermore, the elevated R? value underscores the predictive capacity of

the model, indicating its effectiveness in forecasting future data points.
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Figure 5.34 Air permeability of the carbon felts

Based on the good linear correlation between permeability and pressure, breathability was
calculated through the permeability and precise respiratory filter area. The area of respiratory
filter in this work is 35cm?. First, with the determination of the filter area, the volume of air

per minute that can pass through the filter media at different pressures can be obtained.

62



Subsequently, a linear relationship between air permeability and pressure can be established.
By using this linear relationship, we can assume the pressure required to achieve different air
flows. The resulting breathability properties are listed in Table 5.2. Here, we assume that 100
Pa is critical value for breathing, which means that it can breathe smoothly when the value is
below 100 Pa. From the data in the table, it can be noted that the samples AC_800 and 900
can satisfy the peace and walk human activity. While samples AC_1000 and 1100 can further
ensure unhindered breathing during accelerated movement. In settings such as hospitals and
virus laboratories, where respiratory filters are worn, the primary physiological activities of
the wearer involve sitting and walking. Hence, the carbon felts prepared in this study can all

ensure respiratory performance that accommodates essential human activities.

Table 5.2 Breathability (Pa) of the carbon felts

Air volume during various

. o AC 800 AC 900 AC 1000 AC 1100
human activities - — — —

Peace 8 — 10 I/min 32-40 28-35 27-33 25-31

Walk 15 — 20 I/min 60-81 53-70 50-66 47-62

Accelerated rlr/lgl\;flment 20-30 R1-121 70-106 66-99 62-94
Medium work 30 — 40 I/min 121-161 106-141 99-133 94-125
Hard work 40 — 50 I/min 161-201 141-176 133-166 125-156

Extreme stress 50 — 120 I/min 201-483 176-423 166-398 156-375

5.4.2 Water vapor permeability

For respiratory filtration materials, it is imperative that they possess air permeability and
undergo meticulous examination of their water vapor permeability performance to ensure
prevention of water vapor condensation on a singular side of the material. Figure 5.35
illustrates the water vapor resistance (Ret) of samples prepared at various temperatures. As
mentioned in the materials section, the precursor felt used in this study is coated with a layer
of PTFE membrane on one side. Herein, the term "A side" denotes the side without the PTFE
membrane, while "B side" signifies the side with the PTFE membrane. Evidently, the Ret
values on A side decreased with the increasement of the carbonization temperature,
attributable to the attainment of finer fibers and an augmented porosity. Interestingly, the

carbonization temperature did not exert a notable impact on the water vapor resistance of the
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B side. Research has indicated that during the carbonization of precursor mixtures containing
PTFE and other polymers, PTFE evaporates at its decomposition temperature, thereby giving
rise to the formation of microporous or mesoporous structures [119]. In this study, the
carbonization temperatures employed for different samples were all above the decomposition
temperature of PTFE. This can account for the lack of significant influence of carbonization
temperature on the Ret of the side with the PTFE membrane. Furthermore, the introduction
of PTFE resulted in a refinement of pore structures and optimization of the pathways for
water vapor transmission through the fabric. As a result, the vapor resistances on the "B side"
of the samples were significantly lower compared to the "A side". The Ret values of all
samples on "B side" were consistently below 6, indicating a very good water vapor
permeability (Ret range 0-6: very good or extremely breathable, 6—-13: good or very
breathable, 13—20: satisfactory or breathable, 20—30 unsatisfactory or slightly breathable,
30 + unsatisfactory or not breathable) [120][121]. The Ret values on the "A side" of the
samples, all falling within the range of 6 to 13, signified good water vapor permeability and
breathability. Therefore, in terms of the breathable and water vapor permeability, the

obtained samples meet the requisites for utilization in respiratory filtration systems.
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Figure 5.35 Water vapor resistance of the carbon felts

5.4.3 Filtration efficiency

After studying the permeability, the gas filtration performance was examined to assess their
potential suitability for respiratory filter applications. The filtration efficiency of carbon felt
samples for particles of different sizes is shown in Figure 5.36. It can be observed that for
particles with a diameter less than 1 um, the filtration efficiency of all samples was relatively
low, below 50%. With the increase in particle size, there was a noticeable improvement in
the filtration efficiency of all the samples. At the same time, the filtration efficiency was
found to be positively influenced by the carbonization temperature. The AC 1100 sample,
in particular, achieves a filtration efficiency of 93.8% for particles with a size of 1.8 pm. This
is because the increase in carbonization temperature led to a reduction in fiber diameter and
the formation of wrinkles on the fiber surface. These two factors synergistically increased

the fiber surface area and the porosity of the carbon felt.
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Figure 5.36 Filtration efficiency of the carbon felts

The primary filtration mechanisms of fibrous materials for particles include Brownian
diffusion, interception, and inertial impaction[122]. The diffusion mechanism refers to the
irregular motion of particles due to Brownian forces when the particle size is small (<0.1
um), ultimately leading to particle collection on the surface of fibers. The interception
mechanism is characterized by the trajectory of particles closely aligning with the fluid
streamlines. Once the gap between the particle center and the fiber surface is smaller than the
particle radius, the particle is captured by the fiber. Inertial impaction occurs when large-
sized particles (>1 pm) cannot follow the original fluid streamlines due to inertia and directly
collide with the fiber surface [123]. The primary filtration target of this respiratory filter is
viral particles. While the size of individual viruses is extremely small (size around hundred
nm), the actual transmission of infection often occurs through the emission of virus-
containing aerosols during activities such as speaking, coughing, and sneezing. For example,
SARS-CoV-2 virus RNA was primarily detected in aerosols within the >1 pm diameter range,

with the majority of virus RNA detected in aerosols >4 um in hospitals experiencing large-
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scale COVID-19 outbreaks[124]. Therefore, here, inertial impaction is the predominant
filtration mechanism. In this work, the increase in fiber surface roughness and specific
surface area due to carbonization provided more sites for particle capture, thereby enhancing
particle collection efficiency[125], as illustrated in the Figure 4.37. In summary, the filtration
carbon felt prepared in this study can be tailored to meet the filtration requirements for

particles of different sizes by adjusting the preparation parameters.

Interception '

Brownian diffusion

Inertial impaction

Figure 5.37 Filtration mechanisms of the carbon felt

5.4.4 Resistive heating for disinfection

After filtration, viruses may remain viable within the filter layer for a period of time. If left
unaddressed during this period, they continue to pose a potential health hazard to the users
of respiratory filters. Hence, it is imperative to promptly disinfect the respiratory filter layer.
Among the disinfection methods, high-temperature treatment stands out as an effective and
reliable approach. Here, carbon felt not only serves as a filtration layer but also functions as
an electric heater due to its excellent electrical conductivity. In prior section the resistance
heating performance of carbon felts have been studied. When the carbon felt serves as a
filtration layer, it needs to be integrated into respirators. Therefore, this study first

investigated the influence of different electrode configurations on the thermal distribution of
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carbon felts embedded within respirator. Upon determining the optimal electrode

configuration, the heating behavior under electrical current was further examined.

Typically, during resistive heating processes, electrodes are positioned in parallel on either
side of the sample to achieve uniform heat distribution. However, in this study, the respirator
design was circular. Therefore, we experimented with various electrode configurations to
ensure both feasibility within the respirator and uniform heat distribution across the sample.
The three different electrode connection methods are illustrated in Figure 5.38. From the
infrared image, it can be observed that when the electrodes were connected to the sample in
a circumferential (I) or point (II) manner, significant localized heating occurred in the vicinity
of the electrodes. When the electrodes were connected in an arc shape (III), the heat
distribution in the carbon felt was relatively uniform. Therefore, symmetrically arc-shaped
electrodes were designed and positioned within the respirator, and subsequent experiments

were conducted using this configuration.

Figure 5.38 Different electrode configurations with carbon felt and their corresponding

electrical heating distribution

The heating and cooling performance of the carbon felt under constant voltage was studied
to ascertain its potential for achieving disinfection purposes in practical applications. Based
on safety and practical feasibility considerations, a voltage of 3V was selected for testing.
The time-temperature curve is depicted in Figure 5.39. After applying voltage, the

temperature of the samples rapidly increased and stabilized upon reaching a steady-state
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temperature. The steady-state temperatures of the four samples were approximately 45°C,
80°C, 105°C, and 188°C, respectively. Subsequently, the power supply was disconnected,
and the temperature of the samples decreased. However, samples with higher steady-state
temperatures did not reach room temperature within 120 seconds, as the thickness of the
samples and being placed inside the respirator hindered heat dissipation. Some studies have
provided recommendations for thermal inactivation of coronaviruses. Taking the example of
the COVID-19, they suggested that virus inactivation can be achieved at temperatures of
above 75 °C for 3 minutes, above 65 °C for 5 minutes, or above 60 °C for 20 minutes [126].
Hence, it can be stated that samples with carbonization temperatures exceeding 900°C in this

study exhibited resistive heating characteristics capable of virus inactivation under low

voltage of 3 V.
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Figure 5.39 Time-temperature curve of carbon felts for disinfection

Lastly, the heating durability of the samples was assessed through heating cycle tests on
sample AC 1000. During the heating and cooling cycles, both the heating equilibrium

temperatures and the cooling temperatures of the sample exhibited minimal differences
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(Figure 5.40). This observation underscored the robust repeatability and durability of the
heating performance of carbon felt, rendering it suitable for repeated utilization as both a

filtration layer and a high-temperature disinfection apparatus.
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Figure 5.40 Heating and cooling cycles under a voltage of 3V

5.4.5 Antibacterial properties

In addition to its filtration and disinfection functionalities, as an integral component of a
respirator, its antibacterial properties warrant scrutiny. Quantitative assessment of the
bactericidal activity of the carbon felt was conducted, targeting Staphylococcus aureus and
Escherichia coli. The results depicted in Figure 5.41 demonstrated that the duration of sample
mixing significantly reduced the colony counts of both bacterial strains. The carbon felt
exhibited higher bactericidal activity against Escherichia coli compared to Staphylococcus
aureus (Figure 5.42). After 24 hours of treatment, Escherichia coli was completely eradicated,

while the reduction rate in colony count for Staphylococcus aureus was 69%. For carbon
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fiber filtration layers, researchers generally believe that the antibacterial activity of carbon
fibers is limited, and become breeding grounds for pathogenic microorganisms after filtering
air [127]. The retention of pathogens on the fiber surface may lead to secondary air pollution.
Therefore, a large body of literature reported various methods for antimicrobial finishing of
fiber surfaces [127][128][129][130]. However, the carbon fibers in this study exhibited
antimicrobial activity even without antimicrobial treatment, which could be attributed to: 1)
the morphology of the fibers, 2) the bacterial repulsion induced by their electrostatic charge,
and 3) their surface chemical properties [131]. In fact, previous literature has also reported
antimicrobial activity in carbon fiber samples, however, it may not have been significant
enough to draw attention [132][133]. Despite this, further exploration is needed to elucidate

the precise antimicrobial mechanisms of the carbon felt in this study.

E. coli

S. aureus

Figure 5.41 Digital images of bacterial strains grown on agar media.

71



600 i

—©—E. coli
500 F S. aureus| .

400 f -

CFU/ml
o
S
S

200 f '

100 f '

O 'l 'l 'l
0 2 5 24

Mixing time (h)
Figure 5.42 CFU changes with mixing time
In summary, the exceptional electrical conductivity of carbon felt enables its use not only as
a respirator filter layer but also for high-temperature electric heating and sterilization. Its
breathability and water vapor permeability ensure comfort when used as a respirator filter
layer. Filtration efficiency and antibacterial testing results indicate that carbon felt achieves
over 90% efficiency in filtering inhalable particles, while its antibacterial properties
effectively inhibit microbial growth. The designed respirator filter shows great potential for

application in various environments.
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Chapter 6 Conclusion
The conclusion of this dissertation can be approached from the following perspectives.

6.1 Controlled pyrolysis of PTFE-coated acrylic-based felt

In this work, carbon felt was first prepared using waste acrylic-based felt as a precursor
through controlled pyrolysis. The effects of different loading conditions on raw materials
during the pyrolysis process on the shrinkage rate, mechanical properties, and electrical
properties of the resulting carbon felt were studied. The results showed that applying edge
load to the sample during the carbonization stage helps reduce the shrinkage rate of the final
product, thereby allowing the carbon felt to gain flexibility and form a well-constructed
conductive network. To investigate the impact of PTFE coating on the pyrolysis of acrylic-
based felt, acrylic-based felt was coated with different concentrations of PTFE and
subsequently subjected to pyrolysis. By examining the morphology, mechanical properties,
and electrical properties of the PTFE-coated samples, we found that higher coating
concentrations had a greater impact on the performance of the resulting carbon felt. Although
high coating concentrations increased the modulus and electrical conductivity of the material,
they also led to a loss of flexibility in the carbon felt, potentially severely limiting its
application scope. Thus, it can be considered that a thin PTFE layer on one side of the raw
material has a negligible impact on the shrinkage and mechanical properties of the carbon

felt.

6.2 Flexible carbon felt characterization and properties

By characterizing the morphology and structure of carbon felts prepared at different
carbonization temperatures under the edge load mode, it was found that as the carbonization
temperature increased, the fibers became finer and wrinkled, and the porosity of the carbon
felt increased. Additionally, high temperatures facilitated higher crystallinity within the
fibers and the formation of an ordered graphite structure. The resulting carbon felt achieved
a high EMI shielding effectiveness of 55 dB and a specific shielding effectiveness value of
2676.9 dBcm?g! due to the formation of a dense, highly conductive network and high
porosity. Additionally, the carbon felt demonstrated excellent heating efficiency and high

heating rates in resistive heating tests. Finally, structural stability was studied through a self-
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designed experiment. The results indicated that the carbon felt could maintain internal
conductive pathway stability through multiple bending cycles even under heating conditions.
The flexible carbon felt, with its lower manufacturing cost, good chemical and structural
stability, and breathability, shows potential for a wide range of applications in wearable

heaters, flexible EMI shielding, and other related fields.

6.3 Special application of the prepared carbon felt

This work also investigated the feasibility of converting acrylic-based filter felts into carbon
felts for use in respiratory filtration layers. The excellent electrical conductivity of carbon
felt allows it to be used not only as a respiratory filtration layer but also for high-temperature
electrical disinfection. The design of the mask body and corresponding electrode
configuration enabled controlled resistive heating performance, ensuring the reliability of
high-temperature disinfection of the carbon felt. The comfort of the carbon felt as a
respiratory filtration layer was determined through breathability and water vapor
permeability tests. Filtration efficiency and antibacterial testing results indicated that the
carbon felt achieved over 90% filtration efficiency for inhalable particles and effectively
inhibited microbial growth due to its antibacterial properties. This method of reusing waste
textiles maintains consistency in the use of textiles before and after reuse, simplifying the
recycling process of waste acrylic fibers while reducing the manufacturing cost of respiratory
filters. The designed respiratory filter has immense potential for applications in various

environments, including hospitals and virology research institutes.

6.4 Future work
Using molten salt-assisted carbonization method to increase the porosity and specific
surface area of the resulting carbon felt.
A ramping heating strategy may be employed during the carbonization stage to
further improve the mechanical properties of the carbon felt.
Refining the load during the carbonization process to apply tension as uniformly as

possible across the fibers.
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