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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.
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ohmic heating, respiratory filters



Anotace

Pyrolyza se bézné¢ pouziva jako strategie pro zpracovani odpadnich textilii, pfi¢emz preména
textilniho odpadu s vysokym obsahem uhliku na uhlikaté materidly je potiebna pro ptipravu
ekonomicky vyhodnych produkt s vyssi uzitnou hodnotou (,,upcycling®) a zarovenl zmiriuje
dopad textilnich odpadt na Zivotni prostfedi. 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 vyrob¢ uhlikovych plsti je vSak zkoumano
jen omezené. Cilem této dizertacni prace je optimalizace karbonizace odpadnich plsti na bazi
acrylic za kontrolovanych podminek pro vyrobu uhlikovych plsti a realizaci jejich
multifunkénich aplikaci. Byl zkouman vliv riznych metod zatizeni odpadnich plsti na bazi
akrylovych vldken s PTFE zatérem na proces smr$tovani pii pyrolyze. Byly hodnoceny
mechanické vlastnosti, elektrické vlastnosti a tepelné vlastnosti findlni uhlikové plsti. Vysledky
naznacuji, Ze aplikace okrajového zatizeni na vzorky béhem féze karbonizace pomahé snizit
rychlost smr$téni koneéného produktu, coz umoznuje uhlikové plsti ziskat pruznost a vytvorit
dobie strukturovanou vodivou sit. Pro studium vlivu zatéru PTFE na pyrolyzu plsti na bazi
akrylovych vldken byly plsti potazeny riznymi koncentracemi PTFE a nasledné podrobeny
pyrolyze. Zkoumanim morfologie, mechanickych vlastnosti a elektrickych vlastnosti vzorki
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.
Zkoumanim morfologie a chovani uhlikovych plsti pfipravenych pfi riznych teplotach
karbonizace v rezimu zatizeni okraje bylo zjisténo, Ze zvySeni teploty karbonizace podpofilo rist
krystalinity ve vldknech a tvorbu uspofadané grafitické struktury. Bylo dosaZzeno vytvofeni
husté, vysoce vodivé sité¢ s vysokou porozitou. Vysledky stinéni elektromagnetického zareni
(EMI) prokézaly, Ze vysledna uhlikova plst’ dosdhla vysoké ucinnosti stinéni EMI 55 dB a
specifické ucinnosti stinéni 2676,9 dBcm?g 1, ¢imz ptfekonala mnoho uhlikovych kompozit.
Krom¢ toho uhlikova plst’ vykazovala vynikajici i¢innost ohmického ohfevu a vysoké rychlosti
ohfevu. Strukturdlni stabilita byla zkoumana pomoci specidlné navrZzené¢ho experimentu.
Vysledky ukézaly, ze si uhlikova plst’ udrzela stabilitu vnitinich vodivych drah po vice cyklech
ohybu. Bylo také zkoumano vyuZiti ptipravenych uhlikovych plsti pro tvorbu filtracnich vrstev
pouzitelnych v respiratorech a filtracnich maskéch (filtrace vzduchu). Vynikajici elektricka
vodivost uhlikové plsti umoznila jeji pouziti nejen jako respiracni filtracni vrstvu, ale také pro
vysokoteplotni elektrickou dezinfekci kontaminanti a mikrobl/viri. Konstrukce masky a
vhodna konfigurace elektrod umoznila fizeny odporovy ohiev, zajiStujici spolehlivost
vysokoteplotni dezinfekce uhlikové plsti. U¢innost filtrace a vysledky antibakterialnich testd

ukézaly, ze uhlikova plst’ doséhla vice nez 90 % ucinnosti filtrace pro inhalovatelné ¢astice a



uc¢inn¢ inhibovala vyskyt mikrobti. Flexibilni uhlikové plsti maji obecné nizsi vyrobni néklady a
vykazuji dobrou chemickou a strukturalni stabilitu. Vysledky funkénich testt ukazaly, ze
ptfipravené uhlikové plsti maji vyznamny potencidl pro aplikace v odévnich ohtivacich,

flexibilnim stinéni EMI, respirac¢nich filtrech a dalSich typech funk¢nich materald.

Klic¢ova slova:
odpadni plsti na bazi akrylu, zatér PTFE, specialni pyrolyza, elektrickd vodivost, EMI stinéni,

ohmicky ohfev, respiracni filtry.
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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
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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.



2 Purpose and the aim of the thesis

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.



3 Overview of the current state of the problem

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 orbitals lead to the rich and varied physical and chemical properties of
carbon materials. This has rendered carbon materials highly versatile for a broad spectrum of
applications and has garnered significant research attention.

The production of carbon materials is typically achieved through the high-temperature pyrolysis
of precursors. 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 [10], polyester [11], acrylic [12][13], flax [14], and blended fabrics [15].

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. 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 [16][17][18]. Furthermore, the tensile stress
also alleviates the contraction of the fibers due to high temperatures [19].

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
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resulting carbon web [20]. 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 [21], both-sides hanging [22], borders fixation [23], and
sandwiching between graphite plates [24]. 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 [21]. 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[23].

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. [25]. 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 [26]. 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.

In addition, the aforementioned studies have all utilized electrospun nanofibers as precursors
without taking into consideration the cost-effectiveness of the precursor material in the carbon felt
fabrication process. Choosing discarded textiles as precursors for carbon material not only reduces
manufacturing costs but also contributes to environmental sustainability through textile recycling,

thereby minimizing environmental impacts. Acrylic fiber is not only used in textile for clothing,
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but it can be found in industrial textiles where it is often manufactured into felt for use as filtration
material or dust collectors. Utilizing discarded industrial acrylic felts as precursors for carbon felts
represents a novel approach to achieving their high-value reutilization. As an industrial textile,
acrylic felt typically undergoes functional finishing treatments to enhance mechanical properties
and improve waterproof and oil-resistant effects. This results in a complex composition of the
material. Such a complexity poses challenges when used as a precursor for carbon fiber production
but also opens up new avenues for exploration. A recent study reported that when using blend of
acrylic and Kevlar fibers as the precursor for carbon felt preparation, lower stiffness, shrinkage
and dusting behavior were found on the resulting product[9]. This presents us with an academic
insight: Employing pure acrylic as the precursor material often leads to carbon materials with
inherent stiffness and brittleness. However, through the amalgamation with other high-
performance materials, acrylic serves to ensure an exceptional carbon yield, thereby imparting
electrical conductivity to carbon felts. The application of high-performance finishing agents

subsequently enables the optimization of mechanical properties.



4 Used methods, study material
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 pm. One side
of the felt is coated with polytetrafluoroethylene (PTFE) at a thickness of about 0.1 mm. The
other chemicals used are of reagent grade.

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. 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.
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 669 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.

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-
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

7



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),

My =F, Xk (1)
where Mo [MN cm] is bending moment, Frn (mN] is bending force measured by the instrument.
The constant k for a sample with a width of 2.5 cm is 0.604 cm [27].

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 E [MPa] was as

follows,

0 de )
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 poui 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
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change in water level[28]. 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, 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 Re: [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 Ret can be calculated using Equation (4 )[29]
Pm—Pq
Ree = =55 (4)

where P, is the saturation water vapor pressure [Pa] at ambient temperature, Pa is the water vapor
pressure [Pa] in the room, s is the heat loss [W/m?] of the measurement head with the sample,
and qo is 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~
K11 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 ry [Q2.m] and conductivity y [S/m] were
calculated.
r,=R, E

t (5)

y=— (6)

v

Where t [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 [30].

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 — % (7

where Cgown and Cyp are the particle concentration in the downstream and the upstream,
respectively [31].

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 (SEt) was characterized by the

ratio of transmitted power to incident power and is typically presented as follow.
SEr[dB] = —10log=t = SE, + SEg 8)
I

Where Pt and P, refer to the transmittance power and incident power, respectively. SEa 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 reflection
(R) and transmission (T) components of the incident power, along with the scattering parameters
(S11 and S21), using Equation (9-12) [32][33] [34].

R = |511|2 (9)

T = |521|2 (10)
SEg[dB] = —101log(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
10



investigate whether its structure has been damaged. As shown in Figure 4.1, 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 4.1. 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.
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Figure 4.1 Schematic diagram of the structural stability test.
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 MPlan
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 N> 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.

11



Additionally, bacterial inoculum not mixed with samples was extracted and cultured as a control.
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5 Summary of the results achieved
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.

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.
Furthermore, photographs of the carbon felt obtained under different loading conditions are
presented in the Figure 5.3. 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 5.3 Photographs of the obtained carbon felts under different loading modes.
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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 5.4. 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 [35]. 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 m/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 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 5.4 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 5.5. It is evident that the

unloaded samples subjected to a holding time of 30 min exhibit the highest tensile stress, whereas
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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 fibers [16]. 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 5.5 (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 5.5 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
16



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 5.6 (a), it is observed that among the samples
prepared using three different loading modes, the thermal conductivity is 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 [36]. 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 [37]. 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 5.6 (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 5.6 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 5.7. 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.
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Figure 5.7 Electrical conductivity of the obtained carbon felts under different loading modes
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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 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

Photographs of the samples obtained after carbonization of acrylic-based felt with PTFE coatings
of different concentrations are shown in Figure 5.8(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 5.8(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 shrinkage of the acrylic felt, resulting in a significant difference in the variation of sample

size.
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Figure 5.8 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 5.9. 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. 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 5.9 TGA curves of the acrylic-base felt, PTFE, and PTFE coated felt.
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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 5.10. 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 cross-link rotation during

pyrolysis, resulting in increased stiffness of the obtained carbon felt.
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Figure 5.10 Stiffness of the carbon felts obtained with different concentration PTFE coating.

The tensile strength and modulus of the samples are shown in Figure 5.11. In comparison to
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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 5.11 Tensile properties of the carbon felts obtained with different concentration PTFE
coating.

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.
5.3.1 Morphology and Structure Characterization
The SEM images of the carbon felts obtained are illustrated in Figure 5.12. 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

22



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 5.12. Fiber morphology of the carbon felts. SEM images of precursor acrylic fiber(a),
AC_800(b), and AC_1100(c).
The Raman spectrum of the obtained carbon felt is depicted in Figure 5.13. Typically, the D band
at 1350 cm? is attributed to defects and disordered carbon structure, while the G band at 1580
cm ™t is induced by the sp? hybridization of carbon. The peak intensity ratio of the D band to the
G band (Ip/lg) 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 [38].
After fitting the obtained spectra with a Gaussian function, the Ip/lg 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 [40].
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Figure 5.13 Raman spectrum of the carbon felts.
5.3.2 EMI shielding behavior
Figure 5.14 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 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"[39].
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Figure 5.14 Total EMI shielding effectiveness from 30MHz to 3GHz 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 SEt by the density and
thickness of the material) to compare the shielding performance of materials in a more
comprehensive way [41]. Figure 5.15 compares 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 SEr, 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 [42][43], graphene [44][45][46], carbon black [43], carbon foam [47], carbon
nanofiber mat [32], metal foam [48], and MXene [41].

24



3000 T T
O conNT
* O Graphene
2500 F Carbon black | T
e * Carbon foam
) V CNF mat
NE 2000 ® Metal
CZ o > MXene
= ® * This work
o 1500 F V *
;{_’: A
'5 1000 g
2 o
N b 4
500 F *n o
O L L o L L L
3 2.5 2 1.5 1 0.5 0

Thickness (mm)

Figure 5.15 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 5.16.
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 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 5.16 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
5.17. 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?, respectively. Such high
heating efficiencies have surpassed many others reported using higher cost conductive materials

such as nanosilver [49], carbon nanotubes [50], graphene [51], and MXene [52].
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Figure 5.17 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
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voltage (Figure 5.18). 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 temperature for body temperature
management, and higher temperature for sterilization and anti-icing.
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Figure 5.18 The time-temperature curve under a voltage of 3V and 5V.

5.3.4 Structural 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 5.19 illustrates the variation in sample resistance with bending cycles. The 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 5.19 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 5.20. 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 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 5.20 The variation of heating performance with the number of bending cycles.
5.5 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.
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5.5.1 Air Permeability and Breathability

As a potential respiratory filter material, the permeability and breathability of carbon felt need to
be studied. Figure 5.21 shows the air permeability of the carbon felt at different 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 5.21 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. 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 5.1. 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
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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 5.1 Breathability (Pa) of the carbon felts.

Air volume during various

.2 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 /min 60-81 53-70 50-66 47-62
Accelerated movement 20 — 81-121 20-106 66-99 62-94
30 I/min
Medium work 30 — 40 I/min 112611 106-141 99-133 94-125
Hard work 40 — 50 I/min 12%11 141-176  133-166 125-156
Extreme stress 50 — 120 201- 176-423 166-398 156-375
I/min 483

5.5.2 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 5.22. 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 um. 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 5.22 Filtration efficiency of the carbon felts.

5.5.3 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 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 5.23. From the infrared image, it
can be observed that when the electrodes were connected to the sample in a circumferential (I)
or point (IT) 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.
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Figure 5.23 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 5.24. After applying voltage, the temperature of the
samples rapidly increased and stabilized upon reaching a steady-state 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 [53]. 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 5.24 Time-temperature curve of carbon felts for disinfection.
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 permeability ensure comfort when used as a respirator filter layer. Filtration
efficiency testing results indicate that carbon felt achieves over 90% efficiency in filtering
inhalable particles.
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6 Conclusion

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.

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-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.
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
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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.

Future work

e Using molten salt-assisted carbonization method to increase the porosity and specific
surface area of the resulting carbon felt.

e A ramping heating strategy may be employed during the carbonization stage to further
improve the mechanical properties of the carbon felt.

e Refining the load during the carbonization process to apply tension as uniformly as
possible across the fibers.
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Profile

As a Ph.D. candidate specializing in Textile Engineering, my research focuses on development
of flexible carbon structures from textile materials. My research experience has equipped me with
advanced expertise in materials preparation with a focus on precise parameter control. | have also
gained significant experience in the characterization of fiber materials and innovative methods
for fiber material modification to enhance multifunctionality. | am committed to applying this

knowledge to further advancements in the development of flexible carbon materials.

Research Experience
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Advanced surface modifications of carbon fibers (SGS-2020-6040).

Doped carbon structures with enhanced surface area and joule heating (SGS-2021-6008).

Participated as group member in Student Grant Competition (SGS) project.
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Jun. 2021- Aug. 2021: Vecernik s.r.o.
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SDE State Doctoral Exam completed on 05.12.2023
with the overall result passed.
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Master students

Research projects

Functionalized carbon structures for textile

applications(SGS-2019-6057), project leader, 2019.
Advanced surface modifications of carbon fibers
(SGS-2020-6040), project leader, 2020.
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Reccomedation of the supervisor

Recommendation of the supervisor

Thesis title: Multifunctional carbon based felt
Author: Yuanfeng Wang, M.Eng.

The PhD thesis of Yuanfeng Wang is concerned with the utilization of pyrolysis under special
conditions for transformation of waste acrylic felt coated from one side by PTFE into carbon felt
with enhanced multifunctional properties.

The impact of different loading tension methods and PTFE coatings during the pyrolysis process on
the shrinkage, mechanical properties, electrical properties, and thermal properties of the resulting
carbon felt was comprehensively investigated. The influence of PTFE concentration on the
morphology, mechanical properties, and electrical properties of PTFE-coated acrylic felts pyrolysis
results was evaluated. The excellent properties of prepared carbon felt were base for construction of
filtration layer of a respiratory filters enabling sufficient filtration efficiency and high-temperature
electrical disinfection. The design of the mask body and the corresponding electrode configuration
were created.

The thesis follows required format and author was successfully realized all of its proposed
objectives. The candidate demonstrated a high level of quality of his research and achieved original
results during the preparation and characterization of flexible carbon felts. He employed advanced
comprehensive scientific methods to measure of felts properties, evaluate of results and examine of
data. The discussions of results are deep, complex and include comparisons of the attained results
with those of other published works. The language proficiency exhibited in the thesis satisfies the
standards expected at the doctoral level. Main parts of his findings exhibit novelty and were
published by him in high-impacted academic journals. His exceptional abilities are evident from his
publication record in journals with high-impact factors.

Throughout his PhD study at TUL, he has promoted his findings through the publication of 18
papers in journals with impact factors ad 6 articles in conference proceedings. Throughout his
academic pursuits, he demonstrated a high level of diligence and competency. The findings of the
dissertation are valuable, innovative, and readily applicable in practice. Thus, it is highly
recommended that the thesis will be accepted for the final doctoral defense.

Prof. Eng. Jiti Militky CSc, EURING, FEA 22/05/2004
Supervisor
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Rewievs of the opponents

OPPONENT'S REVIEW OF THE DISSERTATION

Topic of dissertation thesis:
MULTIFUNCTIONAL CARBON BASED FELT

Thesis author: Yuanfeng Wang, M.Eng, Faculty of Textile Engineering, Department of material
engineering, Technical University of Liberec

Opponent: doc. RNDr. Jifi Vaniéek, CSc., Previously University of Economics, Faculty of International
Relations, Prague

The aim of this thesis is to carbonize acrylic-based waste felts under controlled conditions to
produce carbon felt and enable its multifunctional applications. 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. 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 fibres and the formation of an ordered
graphite structure. The formation of a dense, highly conductive network and high porosity was
achieved. Additionally, the carbon felt exhibited excellent heating efficiency and high heating rates
in resistive heating tests. 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. 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.
The scope of the work is 89 pages. The dissertation is divided into six chapters: Introduction.
Objectives. State of the art. Experimental materials and methods. Results and discussion.
Conclusion. In the chapter "State of the art" the state of knowledge of the studied issue is analysed
in detail. But even in the discussion, the achieved results are always confronted with findings from
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the literature. In the chapter "Experimental materials and methods" the used materials and sample
preparation and all used methods of evaluation of samples obtained by pyrolysis of felt samples
are described. Unbelievable 14 assessment methods were used, requiring a large amount of
experimental work. | consider the experimental part of the thesis to be the best part of the whole
dissertation. The number of research outputs is respectable. It presents 18 journal papers, 3 book
chapters and 6 conference papers. The only thing | would criticize the work for is a small effort to
generalize the achieved results.

As part of the dissertation defense, | ask the author to comment on the above comments and take

a position on the following questions:

v' Why did you pay so much attention to investigate the impact of different loading tension
methods and PTFE coatings during the pyrolysis process, when evaluated practical
applications do not use PTFE coatings?

v Are there any known practical applications of using carbon flats? For example, for applications
in wearable heaters, flexible EMI shielding, respiratory filters, and other related fields.

v In chapter 6.4. "Future work" you propose using molten salt-assisted carbonization method to
increase the porosity and specific surface area of the resulting carbon felt. What do you
expect from this work and what knowledge is it based on?

Overall evaluation of the work:

The dissertation deals with a very current topic, it brings new knowledge in the part of the overview

of the current situation and sources that address this topic, in the formulation of theoretical

starting points for managing the knowledge sharing process, and in the empirical part, which
contains a number of outputs.

Conclusion:

The submitted dissertation entitled "MULTIFUNCTIONAL CARBON BASED FELT" fulfils the

conditions of a creative scientific work for the award of the Ph.D., and therefore, | recommend the

submitted dissertation for defense.

In Tabor on June 30, 2024

Doc. RNDr. Jifi Vanicek, CSc.
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Review to dissertation titled **Multifunctional Carbon Based Felt"
This thesis is aimed to convert wasted textiles into valuable product, i.e., recycling of acrylic-based
felts for multi-functional flexible carbon felts, which is significant for environmental protection and

sustainable development.

Generally, carbon felts have less flexibility, which limits its performance and applications. This
thesis work proposed a novel method to improve the flexibility carbon felts by coating
polytetrafluoroethylene (PTFE) on it, and this novel method works. Besides, in this thesis work, the
functionality of carbon felts in filtration, electrical disinfection, EMI shielding, and electrical heating
was achieved. Therefore, this thesis work has its original novelty, as well as a relatively
comprehensive investigation on its developed product.

In the introduction section, the literature review covers carbon materials, carbon materials from
textile waste, the mechanical properties and applications of carbonized fiber networks at the current
state, including the achievements and challenges, which provide a relatively clear picture of relevant

research area, and also provide a solid theoretical foundation for the thesis work.

In the experimental section, needle-punched acrylic-based dust filter felt was used as precursor
material, and then the precursor material was coated by PTFE, specifically, the precursor material
was immersed in PTFE dispersions of different concentrations; subsequently, the PTFE coated
precursor materials went through carbonization under specific conditions to be carbon felts. The
evaluation of carbon felts in morphology, mechanical properties, porosity, air and water vapor
permeability, thermal properties, electrical conductivity, resistive heating, filtration efficiency, EMI
shielding effectiveness, structural stability, antibacterial properties were carried out. The
methodology was appropriate, the experiments were well-designed, and the description of

experimental process and conditions was clear.

In the results and discussion section, the results are presented clearly and the correlations between
independent and dependent variables were discussed, for instance, different load modes vs.
shrinkage and morphology & mechanical properties & thermal properties & electrical properties,
PTFE coating vs. shrinkage and morphology & mechanical properties & electrical conductivity. The

results support the conclusions.

Generally speaking, this thesis is written concisely, systematically, logically and well-structured,
and provides its novelty and contribution to carbon based felts for multi-purpose application. During
the Ph.D. study, the candidate has published 18 papers in journals (5 of them are listed as first author),
3 book chapters, 6 conference papers, which indicates that the candidate has contributed a good
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research on his thesis area and got the recognition by peer review. Therefore, | recommend the Ph.D.

thesis for defence.

Apart from the above comments, there are some small questions,

1. Except from the PTFE concentration, the mass ratio of PTFE to acrylic-based felt could
also be helpful for understanding how the PTFE influence the property of carbon felt. It
could also be another correlation between the mass increase of acrylic-based felt and the
concentration of dispersion.

2. Insection 4.2.2, It mentions that “after thorough saturation, excess dispersion was removed
using pressure rollers”, the word “saturation” cannot express precise information, the
pressure and the gap between rollers are not clear.

3. The candidate mentioned that the carbon felt is flexible. However, it did not give
information about how to define the flexibility.

4. Can the candidate explain the curve AC_800 in Figure 5.36.

5. In Figure 5.39, there is no information for disinfection. Therefore, it could be better to
mention that the disinfection could be potential property or application.

Reviewer:
Prof. Lin Liu

School of Materials Science and Engineering

Zhejiang Sci-Tech University
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