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DEVELOPMENT AND CHARACTERISATION OF FUNCTIONAL
NANOFIBERS FOR FACE MASK APPLICATIONS

SUMMARY

Nowadays, air pollution is a major problem all around the world and human life is
seriously and negatively affected by air pollution. It causes serious health problems
including cancer. Air pollutants can be classified into three groups as ultra-fine
particulates, toxic gases and biological pollutants involving viruses and bacteria.
Very recent COVID-19 pandemic has clearly showed all humanity how a minute
virus-based air pollution could be a human disaster.

In this study, the filtration application of nanofibrous mats to be functionalized with
MgO or ZnO nanoparticles have been investigated. Firstly, effect of MgO NP
concentration and thickness of nanofiber layer on particulate filtration have been
investigated. 25% MgO/PAN filter produced with 60-min electrospinning time have
showed high filtration efficiency of 97,6% and low pressure drop of 215 Pa, which
meet the face mask standard of EN149+Al. It has been shown that as the
nanoparticle concentration in the polymer solution increases; the surface of the
nanofiber filter becomes rough, the nanofiber diameters increase, and the particle
filtration performance of the filter increases. The increase in filtration efficiency of
the filter is related to the adsorption ability of MgO NPs and the decrease in pressure
drop value is related to the increased pore size among nanofibers.

Secondly, adsorption studies with toluene gas, one of the toxic volatile organic
compounds, have been carried out using MgO/PAN NF with various MgO NP
concentrations, various nanofiber layer thicknesses and two different adsorption
times. Physical adsorption takes places between toluene gase and MgO NP by the
means of hydroxyl and oxide groups on the surface of the nanoparticle. We have
achieved a high amount of toluene adsorption of 53.31%.

Antibacterial efficacy of ZnO/PAN filter have been evaluated by using two types of
bacteria, gram positive S. aureus and gramnegative E. coli. The antibacterial activity
of ZnO NPs was found to be higher against E. coli than S. aureus due to differences
in the cell membrane of two different bacteria type.
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YUZ MASKESI UYGULAMALARI ICIN FONKSIYONEL NANOLIFLERIN
GELISTIRILMESI VE KARAKTERIZASYONU

OZET

Glinlimiizde hava kirliligi diinya ¢apinda biiyiik bir sorundur ve hava kirliliginden
dolayr insan yasami olumsuz etkilenmektedir. Kanser, astim, akciger yetmezligi,
KOAH dahil ciddi saglik sorunlarma neden olmaktadir. Diinya Saglik Orgiitiiniin
2019 yili raporuna gore diinya niifusunun %95’inden fazlasinin kabul edilebilir
limitin altindaki kalitede hava soludugu bildirilmektedir. 2019 yili sonu ve 2020
yilinin ilk alt1 ayinda tiim diinyanin yasadigi COVID-19 pandemisi de kiigiiciik bir
viriisiin nasil bir hava kirliligine yol ac¢tif1 ve tiim insanlik i¢in ne kadar biiyiik bir
felakete neden olabilecegini gostermistir.

Hava kirleticileri genel olarak ultra ince parcaciklar, gaz formunda kirleticiler (NOx,
SOx, CO, ugucu organik bilesikler...) ve virlislerin ve bakterilerin dahil oldugu
biyolojik kirleticiler olarak ii¢ gruba ayrilabilir. Gaz kirleticiler arasinda ozellikle i¢
mekanda siklikla bulunan, oda sicakliginda dahi buharlasabilen, evde kullandigimiz
bir¢cok iiriin vasitasiyla soludugumuz havaya karisan ugucu organik bilesiklere
yogunlagilmistir.

Bu caligma kapsaminda havada bulunan tiim kirleticilere karsi koruyucu o6zellikte
olabilecek bir yiiz maskesi tiretmek hedeflenmistir. MgO veya ZnO nanoparcaciklar
ile fonksiyonellestirilmis PAN nanolifler filtrasyon uygulamalar i¢in aragtirilmistir.
PAN molekiilii polar yapisindan dolay:r kirletici parcaciklari yakalamada diger
polimerlere kiyasla daha etkilidir ve bu sebeple tercih edilmistir. Geleneksel
nanoliflerle partikiil kirleticiler biiylik oranda yakalanabilmesine karsin daha kiigiik
boyutta olan gaz Kkirleticilerin yakalanabilmesi i¢in nanolif ylizeyinin
islevsellestirilmesi gerekmektedir. Metal oksit nanoparc¢ik iceren nanolifler bu
kapsamda son donemde kullanilmaya baslanmistir. MgO nanoparcacik yiizeyindeki
yiiksek reaktiviteye sahip oksit ve hidroksit iyonlar1 nedeniyle havadaki
pargaciklari/gazlar1 gerek kimyasal gerek fiziksel olarak adsorplayabilmektedir. ZnO
nanopargacik ise bakteriler tiizerindeki yiiksek oOldiirme etkisinden de dolay:
calismamizda kullanilmistir. ZnO nanoparcaciklar {i¢ farkli mekanizma ile bakteri
gelismesini engeller ve bakterilerin 6lmesine neden olur. ZnO NPs nanometre
boyutunda olduklarindan direkt olarak bakterinin hiicre duvarindan gegerler ve
buradaki lipitler, proteinler ve DNA gibi biyolojik maddelerle etkileserek bakterinin
olmesine neden olurlar. Ikinci olarak ZnO NPs bakteri hiicresinde asidik ortamda
Zn*? iyonuna déniisiirler. Zn*? iyonlar1 ZnO NPs’a gore daha reaktiftir ve daha hizl
bir sekilde bakteri 6liimiine yol agar. Son olarak ZnO NPs’lar hidrojen peroksit,
stiperoksit gibi reaktif oksijen tiirlerinin olugsmasina yol agarak bakterileri oksidatif
strese sokarlar ve bakteri 6liimiine neden olurlar.

Yapilan ¢alismada ilk olarak, tiretilen MgO/PAN ve ZnO/PAN filtrelerin morfolojik
karakterizasyonu taramal1 elektron mikroskopu (SEM) ile yapilmistir. Enerji dagilim
spektrometresi  (EDX) ile MgO  nanoparcaciklarin  lif  yiizeyindeki
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varligi ispatlanmis ve lif yiizeyindeki homojen dagilimi gosterilmistir. Ardindan
MgO NP konsantrasyonunun ve nanolif tabaka kalinliginin parcgacik filtrasyonu
tizerindeki etkisi arastirllmistir. 60 dakikalik elektrospinning siiresi ile iiretilen 25%
MgO/PAN filtresi, EN149+A1 standardin1 da karsilayan %97,6'lik yiiksek filtreleme
verimliligi ve 215 Pa'lik diisiik basing diisiisii gostermistir. Ayrica nanoliflere
eklenen nanoparcaciklar, nanolifin var olan piiriizsiiz yiizeyinin bozulmasina, girintili
cikintili bir morfoloji elde etmeye, nanolif ¢aplarindaki artisa ve filtrasyon
performansinda iyilesmeye neden olmustur. Elektrospinning siiresinin artirilmasi ile
elde edilen lif morfolojiler genel olarak degismemis, daha fazla nanolifin {stiiste
gelmesinden dolay1 nanolifler arasi por ¢apiin azalmasina neden olmustur. Bu
durum da yiiksek filtrasyon verimliligine karsin ayn1 zamanda yiiksek basing diisiisii
ile sonuglanmistir. Caligmamizda en yiiksek filtrasyon performansina,
elektrospinning ile kaplama siiresi 20 dakika oldugunda ulasilmistir.

MgO NP’larin filtrasyon performansina etkisinin iyi anlasilabilmesi i¢in MgO
NPs’lar lif yiizeyine homojen dagilmali ve nanolif yiizeyinde herhangi bir
topaklanma problemi gozlenmemelidir. Calismamizda 20% ve 25% MgO/PAN
nanoliflerinde istenilen morfolojiye ulasilmistir ve bu 6rnekler filtrenin filtrasyon
performansin iyilestirmislerdir. Filtrasyon performansindaki iyilesme artan nanolif
capina bagli olarak nanolifler arasinda kalan por ¢aplarinin artmas ile iligkilidir. Por
caplart arttig1 i¢in daha diisiik basing diisiisii elde edilmistir. Filtrasyon verimliligi
artan por ¢apina bagh olarak azalmistir ancak MgO NP’larin yiiksek adsorpsiyon
yeteneginden dolay: filtrasyon verimliligi fazla azalmamistir ve yiiksek filtrasyon
performans1 gosteren filtre {retilmesi basarilmistir. 30% ve 35% MgO/PAN
numunelerindeki topaklanma probleminden dolayr iyi bir filtrasyon performansi
gdsterememistir.

Toksik ugucu organik bilesiklerden biri olan toluen gazi ile adsorpsiyon ¢alismalari,
cesitli MgO NP konsantrasyonlari, ¢esitli nanolif tabaka kalinliklar1 ve iki farkl
adsorpsiyon siiresiyle MgO/PAN NF kullanilarak gergeklestirilmistir. Bu ¢aligmada
%53,31 oraninda yiliksek miktarda toluen adsorpsiyonu elde edilmistir. Nanopargacik
konsantrasyonunun adsorpsiyon lizerindeki biiyiik etkisi gosterilmistir. Nanoparcacik
konsantrasyonu arttik¢a ve nanoparcaciklarin yilizeyindeki reaktif iyon sayist da
artmaktadir ve bu durum toluen adsorpsiyon miktarinin artmasina yol agmistir. 13%
PAN numunesinde de bir miktar toluen adsorpsiyonu gozlenmistir. Bu durum
toluenin nanopargaciklara adsorpsiyonu disinda porlar arasinda da tutuldugunu ve
tiretilen filtrenin molekiiler elek gibi davrandigimi goéstermistir. Filtrasyondan
sorumlu nanolif tabaka kalinliginin artmasi ile toluen adsorpsiyon miktar artmistir.
Boylece toluen gazinin MgO NP yiizeyine adsorpsiyonunun sadece filtre yiizeyinde
degil filtrenin i¢ kisimlarinda da gercgeklestigi bulunmustur. Bunlarin 6tesinde metal
oksit nanopargaciklarin katalitik etkisi yaptigimiz ¢alismada goriilmemistir. Bu
durum kullanilan nanopargaciklarin yliksek reaktivite gosteren atom sayisinin az
olmasindan kaynaklandig1 diisiiniilmektedir. Reaktivitenin pargacik boyutu ile
yakindan iligkili oldugu bilinmektedir. Bu kapsamda daha kiiciik partikiil ¢apina
sahip nanoparcaciklar ile caligmanin daha i1yi sonuglar verecegi ongoriilmektedir.

Son olarak biyolojik kKirleticilerden biri olan ve cesitlerine bagl olarak gerek
insanlara gerek tiim canlilara hastalik getiren bakterilerin  giderilmesine
odaklanilmistir. Bunun i¢in ¢esitli ZnO nanopargacik konsantrasyonlarinda
ZnO/PAN nanolifleri tiretilmistir. ZnO/PAN filtresinin antibakteriyel etkinligi, gram
pozitif S. aureus ve gram negatif E. coli olmak iizere iki tip bakteri kullanilarak
degerlendirilmistir.
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ZnO NP'lerin E. coli'ye kars1 antibakteriyel aktivitesinin S. aureus'tan daha yiiksek
oldugu bulunmustur. Bu durum iki tip bakterinin sahip oldugu farkli hiicre duvari
yapilari ile iligkili oldugu diistiintilmiistiir.

Yaptigimiz ¢alisma ile nanoliflerin nanopargaciklar ile islevsellestirilmesi sonucunda
hem partikiil, hem gaz, hem de bakterilere kars1 koruyucu olacak bir yliz maskesi
aktif tabakasinin tiretilebilecegi gosterilmistir.
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1. INTRODUCTION

1.1 Air Pollution

Air is a natural resource and clean air is required for processes such as breathing,
digestion and photosynthesis, which are vital for living things. In general, depending
on urbanization, rapid population growth and industrialization, the deterioration of
the natural composition of the air and ecological balance, which causes negative

effects on humans and living things, is called air pollution [1].

There are various types of pollutants in the air. These pollutants can be found in the
atmosphere as dust, smoke, gas, odor and impure water vapor. Unfortunately,
industrial applications lead to pollution in the air because the released chemicals are
not adequately filtered. Wars have also been increasing the number of particles and
toxic gases in the air. Wood, coal, fuel oil and natural gas are usually burned for
heating purposes or industrial applications and, as a result, volatile organic
compounds (VOCs) and small particles are inevitably released into the atmosphere.
Many VOCs are harmful air pollutants. Examples of volatile organic compounds are
gasoline, benzene, formaldehyde, and solvents such as toluene and xylene, styrene.
Types of pollutants have been classified in Figure 1.1 [2,3].
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Figure 1.1 : Classification of air pollutants [3].



When the air pollution reaches a certain concentration, it starts to damage human
health. Millions of people have serious health problems such as eye and respiratory
tract irritation, respiratory distress, chest tightness, asthma, and heart disease, which

stem from airborne particle pollution and toxic pollutants in the air.

In addition, prolonged exposure to air pollution can lead to an increased risk of
developing cancer due to the weakening of the immune system and serious damage
to the nervous, reproductive, and respiratory systems. In extreme exposures, this can

even result in death [4].

In our study, we worked on the removal of particulate pollutants, volatile organic
compounds (VOCs) and biological pollutants.

The size of the pollutant is one of the substantial parameters in filtration. The smaller
the pollutant size, the more difficult it is for the filter to hold it. While particulates
larger than 10 micrometers can be captured by conventional filters, more complex
systems are required to capture smaller particles. The sizes of some important

pollutants are shown in Figure 1.2.
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Figure 1.2 : Sizes of pollutants.

1.1.1 Particulate Matter
Particulate matter (PM), defined as solid or liquid aerosols in the air, is released into

the air as a result of many factors such as emissions from the production industry,
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fuel-based vehicles, heating, manufacturing facilities, fires of wild land, dust storms,
volcanic eruptions etc. and unfortunately, it causes about 800,000 premature deaths

each year [5,6].

The particle sizes suspended in the air are different and are roughly classified as
PM2.5 and PM10 (particulates with an aerodynamic diameter of less than 2.5 and 10
micrometers, respectively). In addition, particles smaller than 0.1 um in diameter are
called ultra-fine particles, particles smaller than 1 um are called fine particles and

particles larger than 1 um are called coarse particles [4].

The environmental and health effects of the particles may vary depending on their
concentration, particle size, structure and chemical composition [7]. For example, the
size of the particles effects the deposition area in which the particulates accumulate.
The most dangerous particles are PM2.5. They can even reach the human blood
circulation. They cause serious health problems such as lung cancer, asthma. In order
for humans to live healthy, these materials must be filtered and removed [4,5].

1.1.2 Volatile Organic Compounds (VOCs)

Volatile organic compounds (VOCs) are known as odor molecules and they are
complex molecules, usually compounds of elements such as carbon, oxygen,
hydrogen, nitrogen, and sulfur. They are in the class of gaseous pollutants. They are
one of the main sources of photochemical reactions that cause various environmental
hazards in the atmosphere. Most solvent thinners, degreasers, cleaners, lubricants,
and liquid fuels release VOCs [8].

Although most gaseous pollutants mainly affect the respiratory system, they can
trigger hematological problems and cancer [4]. Even in the residential buildings, the
concentration of VOCs has reached to notable value (Figure 1.3) [9]. For a livable
world, it is necessary to limit and control vapor emissions that cause climate change,

affect the growth and decay of plants, and health of humans and all animals [8].

The particles in the air are easily trapped by the nanofiber filters because they have
small pore sizes, small fiber diameters and high surface area. By functioning the
surface of the nanofiber filter, toxic gases and VOCs in the air can be adsorbed on
the nanofiber surface either physically or chemically. VOCs can harm the human
body when exposed to long-term exposure even at very low concentrations (ppm

levels); For this reason, the usage of effective adsorbents such as activated carbon,



graphite, activated carbon nanofiber, and polymers are an important issue for the
removal of VOCs [10].
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Figure 1.3 : The average concentration of some important VOCs in residential
building/homes in Europe [9].

The maximum capacity for gas adsorption is closely related to the specific surface

area of the material used, the pore size, pore size structure and the chemical affinity

between the adsorbents and the VOC contaminants. Thus, the adsorbent materials

must be chemically and thermally treated to form micro-and-meso sized pores. In

addition, the adsorbate polarity, boiling point, density and molecular structure affect

adsorption capacity (Figure 1.4) [11,12].
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Figure 1.4 : Parameters that affect the adsorption process [12]



1.1.3 Biological Pollutants

Bacteria, viruses, mites, fungi, algae, and pollen are biological pollutants. These
organisms reproduce quickly when basic conditions such as proper humidity,
nutrients and temperature are available. To reduce biological pollutants in an
environment, it is necessary to control the relative humidity level (30-50% is ideal
for home) and temperature. Since many biological contaminants are very small, they
are inhaled, causing serious health problem such as sneezing, watery eyes, coughing,

shortness of breath, dizziness, and lethargy etc [13].

Bacteria are single-celled prokaryotic microorganisms that vary in size ranging from
0.1pum to 10um. Although there are many different classifications, they are generally
classified as gram-positive bacteria and gram-negative bacteria depending on
whether they are stained with gram stain or not. Also, their cell wall composition is
different.

Gram-positive bacteria have a thick layer of peptidoglycan on the cell walls. When
exposed to gram staining procedure, they become purple. On the other hand, on the
cell walls of gram-negative bacteria, there is a thin layer of peptidoglycan and an
outer filter that is composed of lipopolysaccharide (LPS) molecules. When subjected
to gram staining procedure, they become pink. The differences in cell wall

composition of these two classes of bacteria can be seen in Figure 1.5 [14].
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Figure 1.5 : The differences in the cell wall composition between gram-positive
bacteria and gram-negative bacteria [14].

Some gram-positive and gram-negative bacteria are shown in Table 1.1 In our
antibacterial studies, Escherichia coli was used as gram-negative bacteria and

Staphylococcus aureus was used as gram-positive bacteria.



Despite the presence in the normal flora of the intestinal tract of human and warm-
blooded animals, E. coli causes diarrheal diseases, especially urinary tract infections,
meningitis, peritonitis, mastitis, septicemia when they infect us. Besides that, S.
aureus is a highly virulent pathogen that causes meningitis, septicemia, pimples,

abscesses, pus collection and significant food poisoning [15,16].

Table 1.1 : Some gram-positive and gram-negative bacteria.

GRAM-POSITIVE GRAM-NEGATIVE
S. aureus Escherichia coli
S. epidermidis Pseudomonas
Bacillus cereus Enterobacteriaceae
Clostridium perfringens Salmonella

Some antibacterial compounds such as hypochlorites, peroxides, phenolic
compounds (triclosan, trichlorophenol), dense alcohols (ethanol), metal oxides, and
metal oxide nanoparticles can be used to be protected from these bacterial infections.
In our study, we have added some metal oxide nanoparticles to the polymer solution

to obtain an antibacterial filter.

This study had started much earlier than COVID-19 Pandemic, but it has reached to
an end during the harsh days of nationwide lockdown and precautions. Facemask is
an essential part of combat against COVID-19. It has been realized that there is a
lack of knowledge about properties, production and use of face masks. Therefore, it
is hoped that this work will add some scientific light onto the production of

nanofiber-based facemasks.

1.2 Personal Protective Equipment Against Air Pollution

Respiratory protectors/face masks are used to protect against airborne pollutants. It is

roughly divided into two group as dust masks and gas masks [17,18].

1.2.1 Dust Masks

Dust masks are the respiratory protecting equipment designed to provide protection
against solid and liquid aerosols/particles consisting mainly of filter material
covering the mouth, nose, and jaw. Face masks must be manufactured in accordance
with the relevant standards (EN 149: 2001 + A1 2009). It was adopted by Turkey and
has been in force (TS EN 149 + Al, July 2010) [17,18]. The face mask to be



produced must comply with the filtration performance criteria determined in the EN
149: 2001 + A1 2009 standard (Table 1.2).

Table 1.2 : Face mask types and the required performance criteria to be in
compliance with EN 149: 2001 + A1 2009 standard.

Flow Rate: 95 I/min
Breathing Resistance

Typeof Face o vion Efficiency

Mask (Inhalation)
FFP1 >80 % 0.21 kPa
FFP2 > 94 % 0.24 kPa
FFP3 >99 % 0.3 kPa

It can be produced, marketed, and used by getting CE certificate after being tested by
the organizations approved and authorized by European Union. Filters produced
according to the standard provide protection in 3 categories. They are FFP1, FFP2
and FFP3 (Figure 1.6) [17,18].

FFP1 Dust Masks: It is used against dust with a MAC (Maximum Allowed
Concentration) value greater than 5 mg/m?®. These dusts are nontoxic dusts generally
produced by mechanical work such as sawing and grinding. Besides, it protects

against solid and liquid aerosols [17,18].

Maximum Allowed Concentration (MAC): It is the maximum concentration of
chemicals that is allowed to be present in a closed workplace for 8 hours per day and
45 hours per week. Lower concentrations than this value does not damage the health
of the employees throughout the day. So, the MAC value indicates the limit that the
chemical agent should never exceed in the environment. The term MAC is generally
used for chemicals that have a toxic effect. [19].

FFP2 Dust Masks: It is used against dust with a MAC value greater than 0.1 mg/m®

and toxic fine dusts, fumes, and fogs of MAC value of between 0.1 mg/m® to 5
mg/m®. Besides, it protects against solid and liquid aerosols. It ensures higher
protection than FFP1 [17,18].

FFP3 Dust Masks: It provides the highest protection when compared to other dust
masks. It provides protection against toxic, radioactive, carcinogenic fine dusts with
a MAC value of less than 0.1 mg/m?®. Besides, it protects against solid and liquid
aerosols [17,18].



Figure 1.6 : FFP1, FFP2 and FFP3 face masks respectively.

1.2.2 Gas masks

In gas masks, contaminated air passes through the gas filter (cartridge) and, thus, the
mask user breathes fresh/clean air. A cartridge filled with sorbent is used to absorb
harmful gases. Once the sorbent has reached saturation, it cannot absorb any more
toxic gas, and the wearer of the mask starts to breathe contaminated air and the mask
loses its protective effect. Therefore, the life of gas masks is limited and the service
life varies depending on concentration of toxic gas, sorbent used, and ambient

conditions such as air flow rate, temperature, humidity [20].



2. NANOFIBERS AND THEIR PRODUCTION METHODS

2.1 Definition of Nanofibers

With the spread of nanoscience and nanotechnology, researchers have been
demonstrating great interest in studying the superior properties of nano-sized
materials, especially nanofibers. Nanofiber is a type of fiber having a diameter
between 1 and 100 nm and high specific surface area that can reach up to 1000 m?/g
[21]. Nanofibers can also be defined as a nano-material having a diameter below
lum (Figure 2.1) [22]. Nanofibers are 1D nanostructured materials whose one
dimension is outside of the nanometric size, which compared to their diameters, their

lengths are extremely long [23,24].
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Figure 2.1 : Diameter and specific properties of nanofibers [25].

It is known that nanofibers were first produced by William Gilbert (1544-1603) who
observed that when water drop on a dry surface was exposed to an electrical charged
amber, it turned into a cone shape which is now called Taylor Cone. After that most
scientists and inventors such as Lord Rayleigh, Charles Vernon Boys, John Francis
and Anton Formhals worked on this subject and became leaders in the progression of
electrospinning nanofibers. Subsequently, Doshi and Reneker made electrospinning
popular in 1995 [26].



Nanofibers are produced from various organic and inorganic polymers such as
polyacrylonitrile, polyamides, polyurethanes, polyimides, polyvinyl alcohol,
polystyrene, pHEMA, chitosan, co-polymers, polymers containing various additives,

silica, nanoparticles and others [27].

As mentioned previously, nanofibers have excellent features and that is why they are
still most popular in many application areas. A huge number of studies about
nanofibers are being published every day and many novel application fields are being

explored.

2.2 Properties of Nanofibers

Nanofibers have some unique properties such as high specific surface area, high
porosity (up to over 80%), low basis weight, small pore size, their ability to be
embedded within other media, and possibility of production in different structures.
Therefore, these fibers are recommended for a wide variety of applications [28] such
as biomedical applications [29-31] (tissue engineering, controlled drug release,
medical prostheses), filtration [32,33], composite [34-36], electrical and optic [37],
[38], protective clothing [39,40], and environmental applications [41-43] (Figure
2.2).

In the Table 2.1 a comparison among conventional fibers, melt blown fibers and

nanofibers is presented [27].

Table 2.1 : Comparison of conventional fibers, melt blown fibers and nanofibers
[27].

Fiber Diameter Linear Density Specific Surface

Fibers (um) (dtex) (ﬁqrz(;g)
Conventional 10-40 1-30 ca. 0.2
Melt-Blown 1-5 ca. 0.01 ca. 2
Nanofibers 0.05-0.5 ca. 0.0001 ca. 20

The excellent specific surface area, together with small fiber diameters, allows the
materials to interact quickly with the surrounding environment. For this reason, they
are used in filters, membranes, wound dressings, chemical and biological protective

clothing, energy storage and sensors [44].

10



Recently, so many new type nanofibers including some supporting materials such as
Au, Ag, TiOy, MgO, MnO; Al,O3, ZnO, and Fe,O3 have been produced to obtain
multifunctional nanofibers. In this way nanofibers are given additional features as
biodegradability, hydrophobicity, photocatalytic and electrical conductivity.
Therefore, they can be used in more specific applications such as biological sensing,

capacitors, gas filtration, photocatalysis and energy generation/storage [37,45].
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. Filtration

Figure 2.2 : Possible structures and application areas of nanofibers [46].

2.3 Production Techniques for Nanofibers

Nanofibers have become a popular research topic in recent years in academia and
industry. According to the ‘Nanofibers Market Size: Share and Trends Analysis
Report” [47], the nanofiber market size is given as USD 477.7 million in 2016 and
this number will increase exponentially depending on the growing industrial
activities. When the fiber diameter is reduced to nanoscale, it has a high specific
surface area and more functionality and excellent mechanical performance. To

fabricate the polymer nanofibers, there are many methods such as drawing, template
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synthesis, phase separation, self-assembly, electrospinning, solution blowing,
centrifugal spinning, etc. Among them electrospinning, solution blowing, and
centrifugal spinning have recently become frequently preferred methods. When
choosing one of these methods; the desired nanofiber alignment, cost, quantity, and
desired morphology of nanofiber materials are factors that need to be considered. For
example, electrospinning or direct coaxial spinning to produce hollow nanofibers, or

phase separation to produce porous nanofibers, should be preferred [48].

2.3.1 Conventional Methods
2.3.1.1 Template synthesis:

In the template synthesis, a nano-porous membrane is used as a template to get
nanofibers from various materials such as conductive polymers, metals,
semiconductors and carbon [49]. Briefly, the polymer solution passes through the
nanopores in the template under the influence of water pressure and rapidly
solidifies and nanofibers are formed (Figure 2.3) [48].
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Figure 2.3 : lllustration of template synthesis method [48].

Final fiber size is strongly dependent on the pore size in the template used and the
porosity of the obtained nanofibers is low [46].

2.3.1.2 Phase separation:

In the phase separation process, the polymer is dissolved in the proper solvent and
phase separation step is started either thermal way or adding a non-solvent into
prepared solution, to form gel. Under this condition the solution is
thermodynamically unstable, so it can separate into two phases (polymer-rich phase
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and polymer-poor phase). As a non-solvent, generally water is used, and it extracts
the solvent from the gel. By decreasing temperature, polymer-rich phase solidifies
and a porous nanofibers form with dimensions from 50 to 500 nm (Figure 2.4)
[49,50].

This method is simple and requires only basic apparatuses, but it is only suitable for

a few polymers and provides low yields [49,50].
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Figure 2.4 : lllustration of phase separation method [51].

2.3.1.3 Drawing:

There are three main steps in this technique. (1) a drop of polymer solution is
dropped on the substrate material, (2) the micropipette is dipped into polymer
droplet, (3) contact and by moving of micropipette backward, the fiber is drawn from

the polymer drop to a certain rate (~10™* m/s) (Figure 2.5) [48,51].

Milimetric
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Figure 2.5 : Illustration of drawing method [48].

Uniform nanofibers with certain size can be obtained by adjusting the drawing speed
and viscosity of the solution thoroughly. The resulting fiber diameter is in the range
of 2-100 nm to several micrometers; and the length is from 10 mm to several

centimeters [48,51].
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The drawing method does not apply to all polymers (viscoelastic polymers only) and
forms a very long single fiber. Whilst it requires more time, productivity is low. It

enables to lab-scale production [48,51].

2.3.2 Modern methods
2.3.2.1 Electrospinning:

The electrospinning process is the most known and established method to fabricate
nanofibers. In the electrospinning process, nanofiber (NF) is produced from polymer
solutions or polymer melts with the help of electrostatic and coulombic forces. The
main feature that distinguishes this method from others is that the diameters of the
produced fibers can be easily adjusted by changing production parameters. It is easy

to operate and relatively low costs [52].

The electrospinning method is as illustrated in Figure 2.6. It consists mainly of the
feed unit, syringe, drum collector and high voltage power supply.

Ground
Drum
Collector | |

-

- 2 il
- ___— High V;:llll; Collector )
- | PowerSupply | . . ——

Conical __»

Polymeric envelope -
Jet ¢ —

Instabilities ———"%

« Stable jet —
-+

Taylor

+
cm“.k-—-—.—.—-—-—-—. llllllllllllllll *

Needle Taylor cone ™ 4 +

Needle tip +

Figure 2.6 : Illustration of electrospinning set-up.

In this method, the polymer is either melted by heat or dissolved in any suitable
solvent. Then it is pumped to tip of the needle by a suitable syringe pump. When
high-voltage electrostatic forces applied overcome the surface tension of the droplet
on the needle, hemispherical shape of droplet starts to transform, and it takes conic
shaped, called Taylor Cone. In the case of exceeding the critical voltage, firstly
stable straight jet is observed near the tip of the needle. If a polymer solution with a

low viscosity is used, two or more jets occur from droplet due to the longitudinal
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Rayleigh instability caused by surface tension. So, polymer solution with optimum
viscosity must be prepared to get only one jet [53]. This jet is stretching and
whipping under electrostatic forces and solvent used evaporates during the process.
Secondly, depending on the further stretching of jet, it enters an unstable bending
stage and the trajectory of the jet increases until it reaches the collector. Thus, the
size of the fiber becomes tapered as the solvent evaporates and the path of the jet
increases. Finally, solid-fibers are obtained in the size of varying from nanometer to

micrometer on the grounded collector [46].

There are many parameters in the electrospinning which affect the final properties of
nanofibers. All of these can be categorized into 3 main groups such as process
parameters, solution parameters and ambient parameters. Their effects on nanofibers

morphology is shown in Table 2.2.

Table 2.2 : Electrospinning parameters and their effects on the fiber morphology.

PARAMETERS Fiber Morphology

Low: Decrease in fiber diameter,
Bead generation [54]-[56]

Solution Concentration High: Increase in fiber diameter and

& MEPOsity uniform fiber morphology without
. beads [54]-[56]
Solution - :
Parameters _ Low: Bead_geqerathn [57]
High: Decrease in fiber diameter and
Conductivity uniform fiber morphology without
beads [57]
) High: Cause jet instability and
Surface Tension generation of sprayed droplets [58]
. Effect of applied voltage on nanofiber
Applied Voltage diameter is not very clear [59]-[62]
High: Increase in fiber diameter,
Bead generation [65,66]
Flow Rate Low: Decrease in fiber diameter
[65,66]
Process Tip to Collector Distance High: Decrease in fiber diameter [59]
Parameters P -g - . : :
High: Increase in packing density and
Time solidity of fiber and decrease in pore
size among fibers [33,39,67]
Collector Type (Drum, Strongly determine the final
Plate, Cocoon, Disc) morphology of NF [58]
Temperature High: Decrease in fiber diameter [66]
Ambient
Parameters High: Increase in the number,
Humidity diameter, and distribution of the pores

[67]
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With this relatively simple technique, nanofibers of different diameters have been
produced from more than 100 different natural and synthetic organic polymers [25],
[46]. Electrospun nanofibers produced nowadays are based not only on polymers, but
also on ceramics, metals, metal oxides, organic and inorganic composite systems.
These electrospun membranes composed of copolymers, mixtures or organic fillers,
always display improved mechanical behavior, barrier properties and thermal
stability [54,55].

There are various fabrication techniques for producing nanofiber bio-composite
nanofibers through electrospinning (Figure 2.7). In this way, nanofibers with various
morphology can be produced [70].

* Polymer ° Biomolecule

solution solution

|

Physical Adsorption L Blend Electrospinning

% e 2=}
W

= - % ety

Coaxial Electrospinning Covalent immobilization

Figure 2.7 : Fabrication techniques of bio-composite electrospun nanofiber. a)
physical adsorption; b) blend electrospinning; c¢) coaxial
electrospinning; d) covalent immobilization [70].

The fabrication techniques of bio-composite electrospun nanofiber has been briefly

explained as follows.

- Physical adsorption: The nanofibers produced are immersed in an aqueous
phase containing biomolecules, and the charged biomolecules are attached to
the nanofibers by physical adsorption as a result of electrostatic forces [70].

- Blend electrospinning: Biomolecules are added to the polymer solution,
then the obtained solution is used to produce a hybrid structure by
electrospinning [71].

- Coaxial electrospinning: Two different solutions (i.e. polymer solution and

other solution type) are coaxially and simultaneously electrospun through

16



different feed channels in one needle to produce composite nanofibers with
core shell structures [72,73].

- Covalent immobilization: Biomolecules are immobilized onto the fiber
surface via covalent bond, i.e., forming peptide bond through amino groups
[74].

2.3.2.2 Solution blowing:

Solution blowing (SB) is one of the modern nanofiber production processes. In this
process, the polymer solution is prepared and while it is fed through the inner nozzle
at constant rate, gas flow with high velocity is sent simultaneously through the outer
nozzle. Drag forces created at the gas/solution interface cause formation of multiple
jets of polymer solution towards a collector. The jets are then attenuated using high
speed air streams, which lead to a large decline in jet diameters. The carrier solvent
evaporates rapidly. Eventually, randomly oriented fine nanofibers are deposited on
the surface of the collector (Figure 2.8). SB is also about 10 times faster than
traditional electrospinning (10 ml/h/nozzle vs. 1 ml/h/nozzle) [75]. So, it lets the
production of nanofibers for industrial purposes [21,76].

SB does not require electric field and uses a simple apparatus. Therefore, the method

IS inexpensive, portable and easily applicable using hand-held equipment [77].

Fiber

Inner nozzle

Polymer
solution
Outer nozzle Collector

Compressed air

Figure 2.8 : Schematic presentation of solution blowing method [75].

As mentioned above, more than 100 different polymers have been successfully
converted to nanofibers by electrospinning so far. Yet, nanofibers cannot be still
fabricated from many polymer solutions due to the extremely high viscosity. Since
the viscosity generally decreases with increasing temperature, this problem is
overcome by using the SB method with the help of a hot air stream [25]. Moreover,
in the SB method, there is no electrostatic restrictions and solvent limitation due to

the dielectric constant and conductivity, and voltage sensitive polymers can also be
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used [78,79]. Finally, we can say that SB is much safer than electrospinning due to
not being dependent on high electric potential [75]. As one of the disadvantages of
this method, formation of beads can be mentioned.

Nanofiber production in the SB method depends on; the solution variables such as
molecular weight of the polymer, the concentration, surface tension and viscosity of
the polymer solution; the process variables such as gas/air pressure and polymer
solution feed rate and tip-to-collector distance; system variables nozzle diameter and
geometry; and finally, the environmental variables such as ambient temperature,
pressure and humidity. These parameters have a direct effect on the formation of a
fiber-producing polymer jet [76,77].

2.3.2.3 Centrifugal spinning

Centrifugal spinning is also another modern nanofiber fabrication method. It is
known as rotary jet spinning, rotor spinning, and force-spinning in literature [80].

In this method, the polymer solution is placed on a rotating spinning head. When the
rotating speed reaches a critical value, the centrifugal force overcomes the surface
tension of the polymer solution and liquid jets are ejected from the tip of the nozzles.
Especially with effect of centrifugal force and air friction force, polymer jets are
elongated and that leads to nanofiber formation. In addition, other forces such as
rheological force, surface tension and gravity force also contribute to nanofiber
formation. Stretched jets accumulate on the collector surface and form a non-woven
mat from nanofibers (Figure 2.9) [81].

In centrifugal spinning method, high capacity for industrial production can be
obtained with low power consumption.

(@) Solution Feeding

Spinneret >

U
Fiber Q

~ :
(o -
Vacuum

S
Collector

Figure 2.9 : (a) Schematic representation of the centrifugal spinning method and (b)
The NanoCentrino L1.0 setup [82].
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The diameter, porosity and morphology of nanofibers can be controlled by changing
the process parameters such as nozzle geometry, rotation speed, orifice diameters;
environmental parameters such as temperature and humidity; and properties of
polymer solution (viscosity, polymer type and concentration, molecular weight of
polymer, surface tension and evaporation rate of solvent). Highly aligned and defect-
free nanofibers can be fabricated [77,82,83].
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3. NANOFIBERS FOR FACE MASKS

3.1 Properties of Nanofibers Used as Air Filters

One of the promising filter materials is nanofibrous membranes because they have a
high surface area/volume ratio, small fiber diameter and high porosity. By randomly
overlapping the nanofibers, nanoscale pores can be obtained, thus allowing even
micron and nano-aerosol filtration [85]. Furthermore, the nanofibrous filters have
advantages such as low basis weight, thickness of nanofiber layer possible
combinations with active chemical/functionality, and high permeability [86].

In addition, low pressure drop values can be obtained as a result of the air slip effect
in nanofiber filters compared to microfiber filters [32]. In many studies, nanofibers
have been shown to increase the efficiency of conventional materials used for
filtering and separating particulate materials [87]. Gundogdu et al., have proved that

nanofiber air filters show as much filtration efficiency as HEPA filters [88].

High filtration efficiency and low pressure drop are expected from the air filters [89].
Since high filtration efficiency generally causes high pressure drop, benefit-cost
performance of filter is evaluated by quality factor (Q factor) [90,91]. It is well
known for filtration application that as the fiber diameter decreases, filtration

performance is greatly improved [92].

Pore size significantly affects the pressure drop of the filter. With smaller pore size,
high filtration efficiency can be achieved, while air permeability and pressure drop of
the filter are negatively affected. However, less pressure drop can be obtained if high
porosity can be achieved simultaneously. Therefore, high-porous and low pore size
nanofibers with small fiber diameters should be produced [3], and the desired
properties can be obtained by electrospinning method by adjusting the relevant

parameters.

Moreover, toxic gases and VOCs in the air can be adsorbed to the nanofiber surface
by functionalizing the surface of the nanofiber filter. The specific surface area of the

material, pore size distribution, and chemical affinity between adsorbents and VOC
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pollutants are crucial for gas adsorption. Creating micro-meso pores (micropores, <2
nm; mesopores, 2-50 nm) on the nanofiber surface improves adsorption. For this,
chemical and thermal methods can be used (activation and carbonization processes,

addition of functional materials into nanofiber surface etc.) [10].

3.2 Properties of Nanofibers Used as Face Masks

Protective clothing such as face masks must have some characteristic features such
as permeability specifications, resistance to diffusion by specific liquids,
flammability, mechanical endurance, mechanical strength properties and wearer
comfort [86].

There are five basic features that a typical protective medical face masks should

have:

1. Bacterial filtration efficiency

2. Submicron particle filtration

3. Low differential pressure (an indicator of breathing comfort)

4. Liquid penetration resistance (to protect the user from blood contamination)
5. Flammability [86]

In order to provide strength and durability, nanofiber mats should be used in a
layered structure with some support materials such as non-woven substrate.
Therefore, the nanofiber mat should be flexible and provide good adhesion without
delaminating and breaking from the substrate. For example, effective barrier
materials such as protective clothes, face masks and filters against nanoparticulate
aerosols, pesticides or chemical warfare agents are successfully produced by coating

nonwovens with the electrospinning technique [55].

A nanofibrous composite face mask generally consists of an inner layer, one or more
melt blown fiber layers, a porous film layer and an outer layer. Melt blown fiber
layers provide aerosol filtration performance, while the porous film layer provides

fluid resistance.

The remaining layers are used to minimize abrasion and increase the comfort of the
user. Adsorptive materials can be incorporated into face mask to hold the toxic
gases/chemical warfare agents [86].
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While high filtration performance and resistance to liquid penetration are expected
from face masks, they should also have features such as air permeability and water

vapor transmission for the thermal comfort of the user [93].

According to Chinese National Standards, pressure drop in respiratory filters should
be less than 147 Pa and it is very difficult to obtain this pressure drop value with high
filtration efficiency [3]. Beyond that, there is still a need to investigate the durability

and wearing comfort of nanofiber-based protective clothing [57,93].

3.3 Nanofiber Production Parameters and Nanofiber Properties Affecting the
Air Filtration and Face Mask Performance

Main advantages of electrospinning for air-filter production is that the morphology
and diameter of electrospun fibers can be adjusted. The morphology and size of
nanofibers can significantly affect the filtration efficiency of the resulting filter [94].

The nanofiber diameter has a high impact on filtration efficiency. Also, the pressure
drop in the nanofiber filter is lower than the microfiber filter due to its slip effect,
which increases the air permeability of the filter. For this reason, nanofiber filters
have started to be used frequently in filtration application. Smaller fiber diameter in a
filter reduces pore size in the same thickness (Figure 3.1). As the pore size decreases,

filtration efficiency and pressure drop increases [95].
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Figure 3.1 : Effect of fiber diameter on pore size [96].
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As the fiber diameter decreases, particle capture ability increases. Further decrease in
fiber diameter causes high pressure drop [57].

Givehchi et al., [59] have produced different PAN electrospun filters and showed the
effect of fiber diameter on particle filtration. As the fiber diameter decreased, the
increase in filtration efficiency was higher than the increase in pressure drop, so the
quality factor value increased.

3.3.1 Effects of polymer concentration and solution viscosity

Polymer concentration and solution viscosity affect fiber morphology similarly. As
the polymer concentration increases, the solution viscosity increases. According to
that, the bead formation decreases and is not observed after sufficient increase in

viscosity/polymer concentration (Figure 3.2).

If polymer concentration increases, the surface tension of droplet decreases, and the
diameter of formed nanofiber become large. In order to obtain uniform fiber
morphology without beads, the viscosity of solution and polymer concentration
should be adjusted carefully (it must neither be high nor low) [56,57,97].

i

Droplet shape Elongated droplet Stretched droplet Nanofibers

N

rlncreasing viscosity ]/

Figure 3.2 : Effects of increased viscosity on fiber morphology [79].
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Effects of polymer concentration on fiber morphology is shown in Figure 3.3. It is
clearly seen that the beaded fiber structure is obtained at low polymer concentration.
These beads increase the distance between the nanofibers and facilitate the transport

of air molecules.

In addition, meso- and macro-porosities on the bead surface also aid in the
adsorption of airborne particles, enhancing filter performance [56]. As the polymer
concentration increases, this leads to an increase in fiber diameter and disappearing

of bead morphology (Figure 3.3) [21].

Figure 3.3 : SEM images of the PLA nanofiber at various concentrations: (a) 4.5, (¢)
5.5, () 6wt% PLA solutions in DCM/DMAC (10/1, w/w). Highly
magnified images corresponding to the membranes are shown in (b),
(d), and (f), respectively [56].

3.3.2 Effects of ambient conditions (humidity and temperature)

Increased environmental temperature causes thinner nanofiber formation due to rapid

evaporation of the solvent and reduced viscosity of the solution, thereby increasing

filtration efficiency and also increasing pressure drop [66].

Casper et al., [67] have showed the effect of humidity on fiber morphology.
Increased humidity causes an increase in the number, diameter and distribution of
pores (Figure 3.4). It can also affect the evaporation rate of the solvent. If it can be

adjusted to form small pores, filtration performance increases.
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Figure 3.4 : The effect of humidity on morphology and pore size (PS/THF fibers
electrospun under varying humidity: a)<25%, b)31-38%, c)40-45%,
d)50-59%).

3.3.3 Effects of tip to collector distance

Givehchi et al., [59] have produced PAN nanofibers under varying tip-to-collector
distances (10, 12.5, and 15 cm) while the voltage and operating time were constant.
The mean fiber diameter decreased with increasing the tip-to-collector distance. The
increase in the distance reduced the electric field intensity and increased the jet flight
time. Longer distance provides more time for the fluid jet to sufficiently stretch and
solvent to evaporate before the fibers deposit on the collector, resulting in finer

nanofiber formation and hence higher filtration efficiency (Figure 3.5) [59].
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Figure 3.5 : Effect of tip-to-collector distance on filtration efficiency and quality
factor [59].
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3.3.4 Effects of solution flow rate

At low feed rates, the solvent will have enough time to evaporate until the fibers are
deposited on the collector, and thinner and smoother fibers can be produced. High
flow rate leads to the formation of beaded fibers caused by insufficient time to
evaporate the solvent before reaching the collector and the nanofiber surface will be
wet due to insufficient evaporation of solvent, which causes formation of ribbon-like
(or flat) fibers [65,79].

Mean fiber diameter (nm)

BH888R3 3

0.2 0.4 06 03 1 12

Flow rate (ml/h)

Figure 3.6 : Effect of flow rate of solution on fiber diameter [98].

As seen in the Figure 3.6, when the feed rate of solution increased, the diameter of
fiber increased. So filtration efficiency of electrospun filter decreased and pressure
drop decreased [66,98].

3.3.5 Effects of applied voltage

Effects of applied voltage on nanofiber diameter are not very clear. Some researchers
say that as the voltage increases, the electrostatic repulsion and evaporation of
solvent increases resulting in finer fibers but bead size also increases [60], while
others state that the increased voltage causes increase the solution volume ejected

from the Taylor cone and thus increase the fiber diameter [63,64].

Effect of applied voltage can be associated with the type of jets formed. During
electrospinning, the stretching force results from charges in the spinning jet in the
electric field and that force contributes to the thinning of the spinning jet. Therefore,
increasing the applied voltage has been shown to reduce the fiber diameter [99].
With higher voltage application, multiple jets form, which result in a smaller fiber
diameter (Figure 3.7) [100]. However, beyond the optimum voltage, fiber diameter

can start to increase due to the reduction in flight time [101].
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Figure 3.7 : Effect of applied voltage on diameter of nanofiber [101].

In the study done by Givehchi et al., [59] applied voltage causes increasing filter’s
solidity and thickness due to this effect both filtration efficiency and pressure drop

across the filter increases (Figure 3.8).
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Figure 3.8 : Effect of applied voltage on a) thickness and solidity of filter, b)
filtration efficiency and quality factor [59].
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3.3.6 Effects of thickness and basis weight of filter

The thickness of the polyetherimide (PEI) electrospun filter (fully analyzed by
measuring the basis weight of the filter) affects the removal efficiency (i.e. filtration
efficiency) and pressure drop. Obviously, higher basis weight resulted in greater
filtration efficiency and pressure drop (Figure 3.9a) [39].
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Figure 3.9 : Effect of basis weight on a) filtration performance [39], b) quality
factor under face velocities of 5 and 10 cm s [65].

In another study, the increased nanofiber basis weight caused higher pressure drop
compared to higher filtration efficiency, it also resulted in a reduction of quality
factor (Figure 3.9b) [65].

In another study to show the effect of electrospinning time on the performance of
nanofibers, the fiber collection time was determined for 30, 60, 120, 180 and 240
minutes after the optimum conditions of electrospinning process were adjusted.
Filtration efficiency and pressure drop increased with increasing operating time and
thus filter thickness. Although the highest filtration efficiency was found to be 96%
for the PA nanofiber filter of 240 minutes of run time (QF: 5.91 1072 Pa™), it
demonstrated lower quality factor than others due to the higher pressure drop. Thus,
PA nanofibers with 30 minutes run time (QF: 7.02 10 Pa), are more suitable for
filtration applications because of demonstrating the highest quality factor [33].

Moreover, as the coating time increased, air permeability decreased [55].

3.4 Effects of Other Filtration Parameters on Particulate Filtration

3.4.1 Effects of face velocity
The face velocity is calculated by dividing the volumetric flow rate through the filter
by the area of nanofiber that is utilized in filtration [102].
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It is obviously seen in Figure 3.10 that as the face velocity increased, the pores are

clogged rapidly and higher pressure drop observed and filtration performance
decreased [58,103].
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Figure 3.10 : Effect of face velocity on pressure drop of filter [103].

As the face velocity increased, filtration efficiency decreased especially as a result of
exposure with particle below 100 nm. Due to the other particles reaching the filter
surface and creating pressure, particles with small diameter are diffused into the
filter, causing the filtration efficiency to decrease [65].

3.4.2 Effects of particle size

Particulate filters hold the particles in the air owing to size, shape, and charge of the
particles, depending on the surface, size, and charge characteristics of the fibrous
filter. Interaction mechanism between particle and fiber is related to particle size.
Brownian diffusion, interception, inertial impaction and gravitational settling are
known as common interaction mechanisms (Figure 3.11).
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Figure 3.11 : Schematic representation of filtration mechanisms in nanofibers [104].
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Particles larger than 10 um are separated from the air stream before reaching the
filter due to gravitational settling and very small particles (such as nanoparticles) can
be easily captured due to Brownian diffusion. Particles ranging from 0.3 um to 10

um can be stopped by interception and inertial impaction (Figure 3.12) [94].
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Figure 3.12 : Various capturing mechanisms related to particle size [94].

Other researchers showed effect of particle diameter and capturing mechanism on
filtration. They used two different electrospun filters, charged and uncharged. In the
case of particle size of between 80-100 nm, penetration of particle is lower in
charged electrospun filter due to electrostatic capturing mechanism compared to
uncharged filter (Figure 3.13) [62].
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Figure 3.13 : Particle penetration of an electrospun filter of filters at face velocity of
0,5 cm/s [62].

As shown in the Figure 3.14, the particle size was larger than the electrospun fiber
diameter, which demonstrates that interception was a predominant collection

mechanism in nanofiber filtration [62].
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Figure 3.14 : SEM image of nanofiber filter after particulate filtration [62].

3.4.3 Effects of morphology

Different morphologies can be obtained by combining the nanofibers with different
nanomaterials. The resulting composite structures not only improve the filtration
performance of the filter, sometimes increase the antibacterial effect, sometimes gain
hydrophobicity. They can also lead to improved mechanical and thermal properties.

Different composite structure and their filtration performances can be seen from

Table 3.1.

Table 3.1 : Characteristic filtration properties of various composite filters.

Composite Filtration  Pressure Pore Ave. Fiber NaCl/KCI Ref
Filters Efficiency Drop Size  Diameter  Size (nm)
PSUITIO; 99.997% 45.3 Pa - 1150 nm 300-500 [90]
PAGIPANIPAG  999998% 1175Pa - 220 300500  [105]
Bilayer PAN 96806 110pa =/ 400200 500500 [106]
NFs pm nm
PAB-nonwowen  gq 33y, i . 66-195nm 15300  [55]
substrate
PVA/PAA/SIO, 0 ) g
/Ag NPs 98.85% 150 Pa 400 nm 300-500  [107]
PVA/PAA/SIO, 75% 50 Pa - 400 nm 300-500  [107]
Bead-on-string 0 i )
PLA 99.997% 165.3 Pa 260 [56]
3.71
PLA-N/PLA-P  99.999% 93.3 Pa um - 260 [92]
PAN/TIO, 89.6 120 Pa fm71 i 260 [91]
PVC/PU 99.5 144 Pa :Lrsnz 960 nm 300-500  [108]
PEO-PAN/PSU  99.992% 95Pa  2um 2172 BE 300-500  [109]
PVDF-Ag- 0 ) 036 1.85+0.19 )
ALO,S 99.17% o m [110]
PVA ITIO, 98% - - - >200 nm  [111]




Single and bilayer structures of PAN nanofibrous filters had compared for air
filtration application. Also, the stacking order of the nanofibers in the two-layer
structure was changed and compared. These changes altered the surface morphology
of the nanofibers by affecting fiber diameter, pore size, and pore size distribution
(Table 3.2) [106].

Table 3.2 : Details of single and bilayer nanofibrous structures [106].

Layers Single Layer  Single Layer Bilayer Bilayer
PAN (f,;)r,‘f,‘fl;‘vfl;a“on 8 10 8 and 10 8 and 10
Diameter of NFs ~200 ~400 ~200ontop =400 on top
200 nm 400 nm
Layering order 200 nm 400 nm 200 nm 200 1M

The lowest pressure drop was observed in the sample stacked with approximately
400 nm fiber-diameter nanofiber layer on top and an average of 200 nm fiber-
diameter nanofiber layer below. For this reason, two-layer structures significantly

increased the quality factor compared to single-layer structures (Figure 3.15) [106].
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Figure 3.15 : Filtration performances of single and bilayer nanofibrous structures
[106].

Porous bead-on string polylactic acid (PLA) nanofiber filters are produced by

electrospinning. PLA fiber morphology, including fiber diameter, bead size, number

of beads and surface structure of the beads can be closely controlled by adjusting the

solvent compositions and concentrations of PLA solutions. Moderate bead size

contributes to the low pressure drop, and the small fiber diameters and nanopores in
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the beads help to increase the efficiency of filtration. In addition, nanofibrous filter
from a 5wt% solution and a solvent mixture containing DCM/DMAC in a weight
ratio of 10/1, exhibited excellent filtration efficiency (99.997%) and a low pressure
drop [56].

Sandwich structured PA6/PAN/PA6 composite filter was formed for effective air
filtration by sequential electrospinning (Figure 3.16). PAN bead-on-string fibers and
2D PA-6 nanonets were used. The resulting PA6/PAN/PA6 composite filters exhibit
robust mechanical properties (tensile strength of 7,28 MPa, toughness of 1.77
MJ/m®), high filtration efficiency of 99,9998%, low pressure drop of 117,5 Pa
against 300-500 nm airborne particles. PA6 filter had been showed high filtration
efficiency but pressure drop was so high, by adding the bead-on-string PAN

nanofiber, cavity structure was formed and pressure drop reduced [105].

-

i

Figure 3.16 : Sandwich structure of PA6/PAN/PA6 composite filter [105].

A hierarchical structured PLA-N/PLA-P composite filters was produced via
electrospinning by changing the relative humidity, and the nanopores on fiber surface
played a key role in improving the specific surface area and filtration performance of
the filters. The PLA-N/PLA-P double layer structured filter exhibited a relatively low
pressure drop with 1/5 mass ratio and excellent air filtration efficiency, when face
velocity was 5,3 cm/s [92].
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4. NANOFIBER FUNCTIONALISATION FOR FACE MASKS

4.1 Definition of Nanoparticles and Their Basic Properties

Nanoparticles are broad class of materials involving particulate matters generally
defined as particles of at least one dimension less than 100 nm. As the size of the
material changes, its physicochemical properties such as optical and electrical
properties are affected. Any nanoparticle has an extremely high surface area/volume
ratio; this is one of the reasons for some unusual features. However, this high surface
area also means that the surface of the nanoparticle is a crucial component of the
material [112,113].

In recent years, the use of nanoparticles in the textile field has been increasing
rapidly. Thus, many functions such as fire resistance, stain resistance, antibacterial,
UV resistance, water repellent, and mechanical resistance can be imparted to textile
products (Table 4.1) [114].

It is difficult to keep the nanoparticles on the protective clothing such as face mask.
Aggregation may be observed. Many nanoparticles lose their superb properties once
they have aggregated. For this reason, they are added to the polymer solution and
made composite by using device which produces nanofibers such as electrospinning.
However, in this method, the nanoparticle surfaces are coated by the polymer and
therefore the effectiveness in applications greatly reduced due to the insufficient
amount of nanoparticles on the surface. So nanofiber production by electrospinning
and the addition of nanoparticles by electrospraying to the surface of the fiber

should realize simultaneously to improve effectiveness in applications [115].

Silver nanoparticles (NPs) are most often used to give antibacterial properties to any
filter material. But Zinc Oxide (ZnO) NPs, Copper Oxide (CuO) NPs, Aluminum
Oxide (Al 03) and Magnesium Oxide (MgO) NPs can also be used. When ZnO NPs
are impregnated to the filter material, it shows an excellent antibacterial activity
against both gram-negative and gram-positive bacteria. ZnO NPs are more effective
than Ag NPs in terms of cost, whiteness and UV blocking [116].
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Table 4.1 : Nanomaterials, their applications and their properties that provide to

textile products [117].

Properties

Nanoparticle

Specific Application

Antibacterial

Silver
Zinc oxide
Copper oxide
Magnesium oxide
Aluminum oxide
Silicon dioxide

Sportswear
Medical textiles
Filter materials

Fire resistance

Silicon dioxide
Montmorillonite

Protective clothing
Military clothing

UV protection

Zinc Oxide
Titanium dioxide
Magnesium oxide
Aluminum oxide
Clay nanoparticles

Summer clothing
Sportswear

Heat conducting or
insulating properties

Vanadium dioxide

Sportswear

Shielding
electromagnetic radiation

Indium tin oxide

Protective clothing
Military clothing

Self-cleaning-
dirt repellent
Hydrophobicity

Zinc Oxide
Titanium dioxide

Home textile products

Technical textiles

Oil repellent feature

Technical textiles
Protective clothing
Military clothing

Silicon dioxide

Increased durability Nanoclay

Zinc oxide NPs firstly break down the cell membrane and then can penetrate the cell
membrane because of their size smaller than the bacterial cells and they inhibit the
growth of microorganisms. They accumulate in the cytoplasm where they interact
with biomolecules that cause cell death.

Moreover, ZnO NPs cause ROS (Reactive Oxygen Species) production, thus putting
cells under oxidative stress, which damages cellular components, namely lipids,
proteins and DNA. ZnO NPs rapidly dissolve in the lysosome under acidic
conditions (pH 4.5) and form Zn*? ions, which are responsible for growth inhibition
and finally the death of microbes. It is also known that the size of ZnO nanoparticles

ranging from 50 to 500 nm has the same effect on bacterial growth inhibitihon [118].

The particle size of ZnO NPs has a significant effect on their antibacterial
performance. It is known that antibacterial performance of ZnO increases as particle

size of ZnO decreases. This is strongly related to the higher surface-to-volume ratio.
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For this reason, small particles will interact more with the bacterial cell and show
higher toxicity [119].

And shape of ZnO NPs effects their antibacterial performance as well.
Papavlassopoulos et al., [120] demonstrated that ZnO tetrapods structure showed

lower toxicity against mammalian fibroblast cells when compared to spherical ZnO.

MgO nanoparticles (NPs) are widely used in nanofibers as disruptive adsorbent
through their high specific surface area, the high surface concentration of reactive
sites [121].

Many functional groups such as acids, aldehydes, ketones, carboxylic groups and
heteroatoms (S, N and P) containing chemicals are adsorbed exothermically on MgO
metal oxide surfaces. The chemical reaction between MgO NPs and toxic substance
is realized on the surface of the NPs and, then the substance may turn into a non-
toxic form or a less toxic form than its original form. Disruptive adsorption ensures
the irreversible degradation of toxics whereas physical adsorption ensure only
reversible attachment of toxics. Desorption is mostly seen in the case of physical
adsorption [115].

4.2 Effect of Nanoparticles on the Air Filtration Properties

Nanofiber/Nanoparticle composites are widely used for air filtration applications.
The surface of the nanofibers can be functionalized by nanoparticles and they gain

many excellent features.

Yusof et al., [122] also produced activated carbon nanofibers (ACNFs) embedded
with MgO NPs. Addition of MgO onto ACNFs (198.80 m?/g) brings about the higher
specific surface area (SSA) than pure ACNFs (15.43 m?/g). The obtained surface
morphology is rough due to the distribution of MgO NPs onto the surface of the
ACNFs. Furthermore, in the production of ACNFs, heat treatment is applied and
during the heat treatment, CO and CO, gases form and these gases move away from
the nanofiber structure because of the catalytic behavior of MgO NPs. Thus, it
creates more micro- and meso-pores increasing the total SSA and adsorption
performance on the surface of ACNFs. In that study, they found that Cd (II)
adsorption on the MgO-ACNFs is higher than pure ACNFs and granular activated
carbon (GAC).
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Dadvar et al., [123] produced the ACNFs embedded with MgO NPs and investigated
the effect over the adsorption of 2-chloroethyl ethyl sulfide (2-CEES) onto MgO NPs
embedded into the ACNFs. As the amount and specific surface area of MgO NPs
onto ACNFs increase, the 2-CEES adsorption rate of composite material increased.
Compared to pure ACNFs, the adsorption rate of MgO embedded ACNFs is 2-4
times higher, depending on the specific surface area of MgO used. MgO NPs
decontaminate of toxic chemicals such as 2-CEES from the environment due to their

catalytic behavior.

In another work, composite filters of PSU/TiO, NPs were obtained in different TiO,
content and the nanofiber morphology changed significantly and the roughness of the
fiber surface increased. With the addition of TiO, nanoparticles, the pore size and
fiber diameter between the fibers decreased, thereby increasing the filtration
performance of the filter. However, a further increase in TiO, content causes the
agglomeration of TiO, and the filtration performance and pressure drop decreased
Composite filter exhibited improved filtration efficiency (99.997%) and pressure
drop (45.3 Pa) in 5% TiO, NP content (Figure 4.1) [90].
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Figure 4.1 : a) SEM images of PSU/TiO, composite filters under increasing TiO;
content (a to d), b) filtration performance of PSU/TiO, composite filters
increasing TiO, content [90].

Ag NPs are generally used in nanofiber filter to give antibacterial properties to the
filter. Kang et al., [124] showed that Ag NPs have strong effect on bacteria and
damage the membrane of bacteria and interact with bacterial DNA, which leads to
lose its replication ability. Ag/PA6 and Ag/PA6 tree-like nanofiber filters showed
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superior antibacterial properties against both E. coli and S. aureus compared with
common pure PA6 nanofiber filters.

Lubasova and Barbora [125] used different nanoparticles with PVA nanofiber filter.
They prepared TiO/PVA, ZnO/PVA, ZrO,/PVA and SnO,/PVA nanoparticle-
nanofiber composite filters. They investigated bactericidal effect of these
nanoparticles. At the end of the study, they found that SnO, and nanofiber filters
showed antimicrobial properties only against S. aureus, and ZnO or ZrO, nanofiber

filters exhibited antimicrobial properties against both bacteria (E. coli and S. aureus).

ZnO/PA6 nanofibers composite structure showed excellent antibacterial activity
against both gram-negative E. coli and gram-positive Bacillus cereus (99.99%). It

damaged the membrane of the bacteria and caused them to die [126].

4.3 Effects of Nanoparticles on Adsorption and Catalytic Behaviour

The pollution in the world is one of the serious problems for humanity. Many
pollutants contaminate water, soil, and air and cause human health problems.
Especially in wars, a myriad of toxic chemicals and biological warfare agents are
released into the air. In that context, to be protected from them, protective clothes are
preferable. If we look at the studies done before, we can see that metal ions or metal
oxides such as MgO are commonly used in protective clothing as a catalyst in order
to degrade hazardous substances. Metal oxide nanoparticles show higher catalytic
behaviour owing to higher surface area, high amount of reactive edge and corner
atom number, defects caused by anion and cation vacancies and more porosity than
bulk metal oxides. Besides, surfaces properties such as morphology, particles size,

size distribution, and aggregation tendency of NPs also have great significance.

The specific surface area (SSA) of MgO to be used here is critical. As the specific
surface area of MgO increases, its chemical reactivity also increases and thus surface
reactive oxide groups of the MgO NPs becomes more accessible [123]. In order to
increase the catalytic efficiency, MgO is used with TiO, showing photocatalytic
activity under UV light [115].

Al,O3 NPs are widely used metal oxide nanoparticles. Vanangamudi et al., [110]
obtained PVDF-Ag-Al,03; nanofibrous filters and they used Al,O3 nanoparticles to

remove paraoxon which is a nerve agent simulant. As the concentration of Al,O3
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increases, paraoxon detoxification increases. Besides, addition of the Al,O; NPs
cause that the average pore size of the filter reduced, and the thickness of the filter

mat increased. Therefore, they contributed to increase the filtration performance.

ZnO/PA6 nanofibers composite structure exhibited a good detoxification activity
(95%) against paraoxon, a highly toxic chemical. The amount of detoxified paraoxon
increased as the content of ZnO in the nanofibrous filter increased. So, it is suitable

for use as air filters [126].

In another study, Su et al., [91] used TiO, NPs and they obtained TiO/PAN
composite filters. They used the photocatalytic effect of TiO, and, hence they
improve the filter efficiency. TiO, was irradiated by xenon lamp. And they showed
that conversion of toluene into CO, and water increased, with the increasing content
of TiO, due to photocatalytic effect. So, one of the volatile organic compound

toluene was detoxified (Figure 4.2).
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Figure 4.2 : a) Changes in the concentration of toluene throughout the test b) toluene
conversion efficiency for the composite membranes with different
TiO,/PAN mass ratios [91].

In another study, PVA/TIO, composite filter was irradiated by UV and the effects of
exposure time (retention time) with UV and wavelength of UV were investigated for
degradation of acetone. The results showed that the degradation efficiency increased

with decreasing wavelength of UV and increasing retention time [111].
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5. EXPERIMENTAL STUDIES

5.1 Materials

The chemicals used throughout this study are listed in the Table 5.1. All chemicals

except ZnO nanoparticle in water medium were used without any extra purification.

DMF was added into mixing of ZnO/water and water was evaporated by Heidolph

rotary evaporator until all water has been evaporated, thus obtaining ZnO/DMF

mixture.

Table 5.1 : The used chemicals/products during experimental study and their

suppliers.
Chemicals/Products Supplier
Polyacrylonitrile (PAN) powder AKKIM
N, N-dimethylformamide (DMF) AKSA Chemical
MgO NPs (nanopowder, <50 nm particle size . .
& ( (BEEI'), 98% purity) P Sigma Aldrich
ZnO NPs (<100 nm particle size (TEM),
<40 nm ave. part. size (APS), 20 wt. % in Sigma Aldrich
H,0)
Toluene Merck
Methanol Merck
Ethanol Merck
Escherichia coli ATCC 8739 Giil Biyoloji Lab. San. ve Tic. Ltd
Staphy'ococﬂsc%egg;g“p- aureus Giil Biyoloji Lab. San. ve Tic. Ltd
Bacteriological Pepton Giil Biyoloji Lab. San. ve Tic. Ltd
Beef Extract (Meat Extract) Giil Biyoloji Lab. San. ve Tic. Ltd
Bacteriological Agar (Agar agar) Giil Biyoloji Lab. San. ve Tic. Ltd

5.2 Solution Preparation and Production of Nanofibers

5.2.1 MgO/PAN nanofibers production: First, the MgO NPs in the various
contents (7wt%, 12wt%, 17wt%, 22wt%) was added into DMF, then the solution is

stirred for 1 hour with the ultrasonic stirrer. Then, 13% wt of PAN powder (it kept

constant for all solutions) was dissolved in the mixture solution of the DMF-MgO

NPs by using magnetic stirrer for 6 hours.
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5.2.2 ZnO/PAN nanofibers production: Firstly, 10 grams ZnO/water solution (2 at
grams of ZnO in water) were taken and 15 grams DMF was added, then evaporated.
70°C and 200 mbar in the rotary evaporator until total weight of the mixture
decreased down to 15 grams. Then again 10 grams DMF was added to mixture and
evaporated at 70°C and 100 mbar in the rotary evaporator until total weight of the
mixture decreased down to 10 grams. Finally, ZnO/DMF solution (20% (w/w) ZnO
in DMF) was obtained (Figure 5.1).

Figure 5.1 : Rotary Evaporator (Heidolph).

The ZnO/DMF solution was diluted or concentrated with DMF such that the total
ZnO NP concentration in the solution was 7%, 12%, 17%, 22%, and 27%
respectively. Then, the solution is stirred for 1 hour with the ultrasonic stirrer. Then,
13wt% of PAN powder (it kept constant for all solutions) was dissolved in the
mixture solution of the DMF-ZnO NPs by using magnetic stirrer for 6 hours.

Figure 5.2 : NE300 model electrospinning device of Inovenso Technology Ltd.
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The MgO/PAN and ZnO/PAN filters were fabricated onto a PP nonwoven substrate
(25 gsm) by electrospinning device (The NE300 model, Inovenso Technology Ltd.)
with 2 needles (Figure 5.2). The distance from the needle tip to the collector, the

voltage, flow rate, homogeneity movement and drum speed were set at 23 cm, 26

kV, 2.2 ml/h, 20 mm/s-90 mm, and 200 rpm respectively.

Table 5.2 : The contents and preferred abbreviation of samples.

Sample

Content*

20% MgO/PAN
25% MgO/PAN
30% MgO/PAN
35% MgO/PAN
20% ZnO/PAN
25% ZnO/PAN
30% ZnO/PAN
35% ZnO/PAN
40% ZnO/PAN

7% MgO NP
12% MgO NP
17% MgO NP
22% MgO NP
7% ZnO NP
12% ZnO NP
17% ZnO NP
22% ZnO NP
27% ZnO NP

13% PAN powder
13% PAN powder
13% PAN powder
13% PAN powder
13% PAN powder
13% PAN powder
13% PAN powder
13% PAN powder
13% PAN powder

80% DMF solvent
75% DMF solvent
70% DMF solvent
65% DMF solvent
80% DMF solvent
75% DMF solvent
70% DMF solvent
65% DMF solvent
60% DMF solvent

*Weight percentage is used for all samples.

5.3 Morphological Analysis

The fiber diameter, its distribution, surface roughness and surface morphology were
investigated using Scanning Electron Microscope (SEM) (Tescan VEGA3), and
quantitative chemical characterization of produced filters were made by Energy
Dispersive X-ray Spectroscopy (EDX) (Figure 5.3). Before the SEM analysis of the
produced filter, the samples were coated with gold/palladium.

Figure 5.3 : Tescan VEGA3 SEM device with EDX equipment.
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EDX is a technique in which characteristic X-rays produced from electron beam-
sample interaction are analyzed to provide the elemental composition of the sample
in the form of spectra. Each peak in the EDX spectrum correspond to the
characteristic X-ray lines belonging the specific element. Thus, spectra provide

quantitative chemical characterization of samples.

5.4 Particulate Filtration Test

An automated filter tester (TSI Model 8130A) (Figure 5.4) was used to evaluate the
filtration performance of the MgO/PAN samples according to European EN 149
standard. Charge-neutralized monodisperse solid sodium chloride (NaCl) aerosol
particles with diameter of 400 nm was used as an ultra-fine particle agent (Figure
5.4). The test parameters were adjusted so that the flow rate was 95 I/min, the
analyzed area was 100 cm? and the face velocity was 15.7 cm/s. All samples were

tested at room temperature.

Figure 5.4 : The Automated Filter Tester TSI Model 8130A.

5.5 Toluene Adsorption Test

Toluene gas adsorption studies were carried out using the test setup established in
ITU Environmental Engineering Laboratory (Figure 5.5). The dry air generator was
operated. Liquid toluene was put into gas washing bottle and placed into water bath.
Its temperature was set at 50°C to get toluene vapor. The produced membrane was
cut round to a diameter of 4.7 cm and was placed into sterlitech (HP4750 Stirred
Cell-the reactor that adsorption occurs). After the system stabilized, toluene vapor

and dry air were sent to sterlitech at certain concentration. Here, dry air was used to
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dilute toluene. The gases exiting from the reactor were collected into tube involving
methyl alcohol of 5 ml for 1 minutes after certain adsorption time intervals (30 and
60 min) and sent to GC-MS (Agilent Technologies, 5975c¢ series) (Figure 5.6) to
determine the amount of toluene adsorption. It had also been investigated whether
toluene was catalytically degraded and whether by-products such as H,, CO and CO;
were formed (Figure 5.6).

Gas washing bott/lle,”"-
o Sterlitech
\ T ~ert ec

——

- ' . ¢

P

. Ultrasonic water
Dry air generator‘._ .

DT —

Figure 5.6 : GC-MS device.

5.6 Antibacterial Studies

Agar diffusion test was done to evaluate antibacterial efficacy against gram-negative
bacterium Escherichia coli (ATCC 8739) and gram-positive bacterium
Staphylococcus aureus (ATCC 6538).

After one bacterial colony was added to the broth medium, it was kept at 37°C for 24
hours to ensure enough reproduction in the incubation oven. According to the
AATCC 147 test method, 100 ul of that broth medium in which bacteria had grown
was taken and the bacteria were transferred to the agar medium homogeneously
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using a glass stick by the spreading method. Then, the samples were cut at the 1 cm-
1 cm in diameter and placed into agar medium and kept in an incubator at 37°C for
24 hours. In the experiment, 10 pl of 2wt% triclosan was used as reference material
with antibacterial properties. The antibacterial effectiveness of the filter materials

was determined by measuring the inhibition zones where there is no bacteria growth.
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6. RESULTS AND DISCUSSION

6.1 Morphological Analysis Results

6.1.1 Morphologies of MgO/PAN Nanofibers
Morphological analyses of the produced samples are shown in the related figures.

13%
PAN NF

20%
MgO/PA

25%
MgO/PAN

30%
MgO/PAN

35%
MgO/PAN

Figure 6.1 : Electrospinning time was kept constant (20 min) in all samples. For
13% PAN NF a) magnification: 1 kX; b) 5 kX; ¢) 15 kX. For 20%
MgO/PAN NF d) 1 kX; e) 5 kX; ) 15 kX. For 25% MgO/PAN NF g) 1
kX; h) 5 kX; 1) 15 kX. For 30% MgO/PAN NF j) 1 kX; k) 5 kX; 1) 15
kX. For 35% MgO/PAN NF m) 1 kX; n) 5 kX; 0) 15 kX.
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13% PAN NF

20% MgO/PAN

25% MgO/PAN

30% MgO/PAN

35% MgO/PAN

Figure 6.2 : Electrospinning time was kept constant (40 min) in all samples. For
13% PAN NF a) magnification (m):1 kX; b) m: 5 kX; ¢) m: 15 kX.
For 20% MgO/PAN NF d) m: 1 kX; e) m: 5 kX; f) m: 15 kX. For 25%
MgO/PAN NF g) m: 1 kX; h) m: 5 kX; 1) m: 15 kX. For 30%
MgO/PAN NF j) m: 1 kX; k) m: 5 kX; I) m: 15 kX. For 35%
MgO/PAN NF m) m: 1 kX; n) m: 5 kX; 0) m: 15 kX.

48



13% PAN NF

20% MgO/PAN

25% MgO/PAN

30% MgO/PAN

35% MgO/PAN

Figure 6.3 : Electrospinning time was kept constant (60 min) in all samples. For
13% PAN NF a) magnification (m):1 kX; b) m: 5 kX; ¢) m: 15 kX. For
20% MgO/PAN NF d) m: 1 kX; e) m: 5 kX; f) m: 15 kX. For 25%
MgO/PAN NF g) m: 1 kX; h) m: 5 kX; 1) m: 15 kX. For 30%
MgO/PAN NF j) m: 1 kX; k) m: 5 kX; I) m: 15 kX. For 35%
MgO/PAN NF m) m: 1 kX; n) m: 5 kX; 0) m: 15 kX.
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As seen in Figure 6.1, 6.2 and 6.3, pure PAN nanofibers have smooth surface
without any beads, regular and continuous fibrous structure. On the other hand, any
presence of MgO NPs are clearly visible on the surfaces of nanofibers. As can be
seen in the images, the presence of NPs caused to create a rough surface.
Nanoparticles tend to come together/agglomerate by nature. The size of the
agglomerate increased with increasing the nanoparticle concentration in the solution.
The number of agglomerations and the size of agglomerate in samples of 20% and
25% MgO/PAN are less compared to the samples of 30% and 35% MgO/PAN.
Moreover, the distribution of nanoparticles on the nanofiber surface is homogeneous.
This interpretation was also confirmed by EDX analysis.

Electrospinning time or coating time did not affect nanofiber morphology and
nanofiber diameter. But randomly overlapping nanofibers create a thicker active

layer where particles can be captured, and gases can be adsorbed.

6.1.2 EDX analysis result

Elemental composition of 20% MgO/PAN NF was investigated by using an energy-
dispersive X-ray spectrometer (EDX) to demonstrate the highly uniform
disturibution of MgO NPs on the surface of PAN NF.
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Figure 6.4 : EDX analysis result of 20% MgO/PAN NF.

As seen in Figure 6.4, C atoms comes from PAN polymer and carbon coating. P

atoms comes from PAN polymer. Mg and O atoms come from MgO NPs.
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Figure 6.5 : EDX Mapping of 20% MgO/PAN NF.

As can be seen in Figure 6.5, Mg atoms were evenly distributed on the nanofiber

surface.

6.1.3 Morphologies of ZnO/PAN nanofibers

Morphologies of 13% PAN NF and PAN NFs having various ZnO concentration
under various electrospinning time of 20, 40 and 60 min were given in Figure 6.6,
6.7 and 6.8.

As seen in Figures 6.6, 6.7 and 6.8, pure PAN nanofibers have smooth surfaces with
no beads, regular and continuous fiber structure. However, the presence of ZnO NPs
on the fiber can be clearly seen and these NPs caused the formation of rough surface.
Also, the distribution of nanoparticles on the nanofiber surface is homogeneous and
agglomeration has not been observed. We can say that electrospinning time has no
effect on nanofiber morphology and nanofiber diameter.
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13% PAN NF

20% ZnO/PAN NF

25% ZnO/PAN NF

30% ZnO/PAN NF

35% ZnO/PAN NF

40% ZnO/PAN NF

Figure 6.6 : Electrospinning time was kept constant (20 min) in all samples. For
13% PAN NF a) magnification (m):1 kX; b) m: 5 kX; ¢) m: 15 kX. For
20% MgO/PAN NF d) m: 1 kX; e) m: 5 kX; f) m: 15 kX. For 25%
MgO/PAN NF g) m: 1 kX; h) m: 5 kX; 1) m: 15 kX. For 30%
MgO/PAN NF j) m: 1 kX; k) m: 5 kX; I) m: 15 kX. For 35%
MgO/PAN NF m) m: 1 kX; n) m: 5 kX; 0) m: 15 kX. For 40% ZnO
/PAN NF p) m: 1 kX; r) m: 5 kX; s) m: 15 kX.
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13% PAN NF

20% ZnO/PAN NF

25% ZnO/PAN NF

30% ZnO/PAN NF

35% ZnO/PAN NF

40% ZnO/PAN NF

Figure 6.7 : Electrospinning time was kept constant (40 min) in all samples. For
13% PAN NF a) magnification (m):1 kX; b) m: 5 kX; ¢) m: 15 kX. For
20% MgO/PAN NF d) m: 1 kX; e) m: 5 kX; f) m: 15 kX. For 25%
MgO/PAN NF g) m: 1 kX; h) m: 5 kX; 1) m: 15 kX. For 30%
MgO/PAN NF j) m: 1 kX; k) m: 5 kX; I) m: 15 kX. For 35%
MgO/PAN NF m) m: 1 kX; n) m: 5 kX; 0) m: 15 kX. For 40% ZnO
/PAN NF p) m: 1 kX; r) m: 5 kX; s) m: 15 kX.
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13% PAN NF

20% ZnO/PAN NF

25% ZnO/PAN NF

30% ZnO/PAN NF

35% ZnO/PAN NF

40% ZnO/PAN NF

Figure 6.8 : Electrospinning time was kept constant (40 min) in all samples. For
13% PAN NF a) magnification (m):1 kX; b) m: 5 kX; ¢) m: 15 kX. For
20% MgO/PAN NF d) m: 1 kX; e) m: 5 kX; f) m: 15 kX. For 25%
MgO/PAN NF g) m: 1 kX; h) m: 5 kX; 1) m: 15 kX. For 30%
MgO/PAN NF j) m: 1 kX; k) m: 5 kX; I) m: 15 kX. For 35%
MgO/PAN NF m) m: 1 kX; n) m: 5 kX; o) m: 15 kX. For 40% ZnO
/PAN NF p) m: 1 kX; r) m: 5 kX; s) m: 15 kX.
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The diameter of the nanofibers was measured using the ImageJ software (Figure 6.9

and Figure 6.10). Average fiber diameters were calculated using 20, 40 and 60-

minute SEM images of each sample. Fiber diameter measurements were made from

the smooth parts of the nanofiber where the nanoparticle is not deposited.
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Figure 6.9 : Changes in fiber diameter with the addition of MgO NP.
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Figure 6.10 : Changes in fiber diameter with the addition of ZnO NP.

As can be seen in the Figure 6.9 and 6.10, the fiber diameter increased as the NP

concentration in the solution increased. Increased NP concentration was thought to

increase viscosity and therefore increased fiber diameter [127].
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6.1.4 Morphology of MgO nanoparticles
To measure the size of the MgO NPs used, MgO NPs in the powder form were
sprinkled onto the carbon tape and the SEM image was obtained. Particle sizes were

measured from the SEM image (Figure 6.11).

D1 = 101.638 nm

b3 -82.
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BI: 5.00 \ SM: RESOLUTION Performance in nanospace BI: 5.00 \ SM: RESOLUTION ‘ Performance in nanospace

MgO PAN
TEMAG

Figure 6.11 : SEM image and size measurement of MgO NPs

Although the product label of MgO NPs states that the MgO NPs have a particle size
of 50 nm and smaller, particle sizes appear to be larger than the claimed values on
the product label (Figure 6.11).

6.2 Air Filtration Test Results

According to the TS EN 149, the filtration test was performed with 2 different air
velocities, 95 I/min and 32 I/min by using pure PAN NF and MgO/PAN NFs. The
results are given in Table 6.1 and Figure 6.12-6.17 for 95 I/min. The results of air

filtration test done at the air velocity of 32 I/min are given in the appendix.

The breathing resistance (pressure drop value) and filtration efficiency of face masks
must comply with the values specified in EN 149+Al1 Standard. The breathing
resistance should be less than 2.1 mbar (0.21 kPa) when the filtration efficiency is
greater than or equal to 80% for the FFP1 protection level, and the breathing
resistance should be less than 2.4 mbar (0.24 kPa) when the filtration efficiency is
then greater than or equal to 94% for the FFP2 protection level at a flow rate of 95
I/min as specified in EN 149+A1 Standard.
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Table 6.1 : Particulate filtration test results of all produced nanofiber filters (the air
velocity:95 I/min).

Filtration Efficiency (%) Pressure Drop (kPa)
120, 20% 2% 30% 35% | .- 20% 25% 30% 35%
PAN MgO/ MgO/ MgO/ MgO/ PAN MgO/ MgO/ MgO/ MgO/
PAN PAN PAN PAN PAN PAN PAN PAN
rr21i0n 946 863 825 442 500 0225 0101 0.080 0.036 0.051
rﬁ?n 973 902 958 857 747 0361 0146 0213 0.120 0.117
rﬁ?n 98.9 957 976 962 930 0451 0207 0215 0.253 0.256

Quality Factor

20% 25% 30% 35%
MgO/ MgO/ MgO/ MgO/
PAN PAN PAN PAN

13%
PAN

20
min
40
min
60
min

0.013 0.0196 0.0218 0.0162 0.0137

0.010 0.0159 0.0149 0.0162 0.0117

0.010 0.0153 0.0174 0.0129 0.0104

In the light of this information, 20% and 25% MgO/PAN filters meet the standard,
while the PAN filter not containing nanoparticles does not meet the standard due to
the fact that pressure drop is rather above the acceptable limit despite its high
filtration efficiency. Likewise, 30% and 35% MgO/PAN filters are not in accordance
with the standard.

6.2.1 Effect of thickness on particulate filtration

As the thickness of the filter (depending on the coating time) increases, the pore size
between the NFs decreases due to overlapping of the NFs. This situation leads to
increase in both filtration efficiency and pressure drop (Figure 6.12 and 6.13).
Although high filtration value is desired in face masks, high pressure value is not
desired because in the case of higher pressure drop, air cannot pass through the filter

and it becomes very difficult for the mask user to breathe.
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Figure 6.12 : Effect of thickness on filtration efficiency for all related samples

produced.
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Figure 6.13 : Effect of thickness on pressure drop for all related samples produced.
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6.2.2 Effect of nanoparticle concentration on particulate filtration

The results of the tests performed to examine effect of nanoparticle concentration on
particle filtration were given in the graphics below. Filtration performance results of
samples prepared in three different coating times for each MgO/PAN with different
concentrations were shown in Figures 6.14 and 6.15, and the quality factor values

calculated using these data were shown in Figure 6.16.
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Figure 6.14 : Effect of nanoparticle concentration on filtration efficiency for all
related samples produced.
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Figure 6.15 : Effect of nanoparticle concentration on pressure drop for all related
samples produced.

59



0,025

0,020
0,015
0,010
0,005

0,000
13% PAN 20% 25% 30% 35%
MgO/PAN  MgO/PAN  MgO/PAN  MgO/PAN

Quality Factor

@20 min @40 min =60 min

Figure 6.16 : Effect of nanoparticle concentration on quality factor for all related
samples.
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Figure 6.17 : Filtration efficiency and pressure drop of nanofibers with various fiber
diameter under an air velocity of 95 I/min.
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The graph in Figure 6.17 was drawn to show effect of nanoparticle concentration and
fiber diameter on particulate filtration. Average fiber diameter and average filtration
performance values were used for each MgO/PAN concentration to avoid

complexity.

As seen in the graph, 13% PAN sample with the smallest fiber diameter had the
highest filtration efficiency and pressure drop value. According to the literature, as
the fiber diameter increases, the pore size increases among the fibers, thereby

reducing filtration efficiency and pressure drop.

For 20% and 25% MgO/PAN samples, despite the increased fiber diameter and
therefore increased the pore sizes among the fibers, an slight decrease in filtration
efficiency was observed because of the homogeneously dispersed MgO NPs on the
nanofiber surface. The particles must have adsorbed to MgO NPs. With the addition
of MgO nanoparticle, there was a slight decrease in filtration efficiency, while the
pressure drop was significantly reduced, thus producing filters with high quality
factors. With the addition of MgO nanoparticle, there was a slight decrease in
filtration efficiency, while the pressure drop decreased dramatically and thus filters

with high quality factor were produced.

In the 30% and 35% MgO/PAN samples, the lowest filtration efficiency and pressure
drop were observed due to both high fiber diameter and MgO NP agglomeration.

25% MgO/PAN sample showed the best result in terms of filtration performance.

6.3 Toluene Adsorption Test Results

As the Figure 6.18, 6.19 and 6.20 indicated, the increased amount of NPs (30% and
35% MgO/PAN) have inevitably resulted in agglomeration of NPs and their
particulate filtration performance has been found rather low. So, just only the
samples of 20% and 25% MgO/PAN showing uniform nanoparticle distribution on
nanofiber surface with less agglomeration compared to others were used for our
toluene test. Unfortunately, during the adsorption test, we have obtained inconsistent
adsorption results that may result from not being stable of the toluene test set up, and
we have only utilized the acceptable and reasonable results. To repeat the
experiments by using other adsorption methods will be beneficial for the accuracy of
the data.
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6.3.1 Effect of thickness and adsorption time on toluene adsorption
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Figure 6.18 : Effect of coating time and adsorption time on toluene adsorption for
20% MgO/PAN sample.
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Figure 6.19 : Effect of coating time and adsorption time on toluene adsorption for
25% MgO/PAN sample.
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Figure 6.20 : Effect of coating time and adsorption time on toluene adsorption for all
samples analyzed.

As the thickness of the filter (depending on the coating time) increases, the pore size
between the NFs decreases due to overlapping of the NFs, so that toluene gas can be
trapped by the classical molecular sieving technique and adsorbed to the MgO NPs

inside the nanofiber layer.

As the adsorption time increased, the amount of toluene gas adsorbed increased. In
other words, there were still regions where toluene could be adsorbed. Slowing down
in the adsorption amount is due to the reduction of available open sites that

adsorption occurs (Figure 6.18-6.20).

When the adsorption time was 30 minutes, with increasing coating time the slight
reduction in toluene adsorption was observed for 25% MgO/PAN sample. It was
probably due to the instability of the test process. Because when the adsorption time
was 60 minutes, toluene adsorption increased with increasing coating time for the
same 25% MgO/PAN sample.

The decrease in the toluene adsorption for 13% PAN sample in 60 minutes
adsorption time could be arise from weak physical adsorption between PAN and

toluene. A similar result was obtained in the study done by Behnam et al [128].
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6.3.2 Effect of nanoparticle concentration on toluene adsorption
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Figure 6.21 : Effect of nanoparticle concentration on toluene adsorption for 30
minutes adsorption time.
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Figure 6.22 : Effect of nanoparticle concentration on toluene adsorption for 60
minutes adsorption time.
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The toluene adsorption of PAN NFs containing MgO NPs is higher than that of neat
PAN NFs. It is clear that MgO NPs have a great effect on the adsorption ability of
PAN NF.

The percentage of adsorbed toluene increased as the amount of MgO NP onto PAN
NF increased (Figure 6.21-6.23).Because of the surface oxide, magnesium and
hydroxide ions of MgO NPs can be physically bound to toluene gas through

hydrogen bonds, ion-dipole and dipole-dipole interactions.

Moreover, defect sites and low-coordinated atoms of NPs can be covalently bound
with toluene. As the concentration of MgO NPs increases, the total ion
concentrations of MgO NPs surface increases, so chemical affinity between the

MgO NPs and the toluene gas rise and result in higher toluene adsorption [127-129].

As it has been mentioned in the section 4.3, MgO NPs have catalytic behavior, but
this feature could not have been observed in any of our test results. It was not
observed another component except toluene in GC-MS analyses, after treatment of
toluene with MgO/PAN NFs. If the toluene catalytic decomposition occurred, the
formation of by-products such as H,, CO, CO, would have been expected. This may
be due to coating of MgO NPs with PAN polymer, which leads to a decrease in
effectiveness of MgO NPs.

Other reasons may be that the particle size of the MgO NPs used is not small enough
and hence agglomeration problem was occurred. According to the literature, as the
nanoparticle size decreases, number of low-coordinated atoms that are more reactive
increased and some defects are formed in the corner and edge sites of the crystalline

structure of MgO , which can react with toxic gases and decompose them [127-129].

6.4 Antibacterial Test Results

ZnO NPs were expected to give antibacterial properties to the produced nanofiber
filter. For this purpose, ZnO/PAN nanofibers were used in various ZnO
concentrations against for gram-negative Escherichia coli and gram-positive

Staphylococcus aureus.

Agar diffusion test results of produced samples against S. aureus were shown in
Figure 6.24, against E. coli were shown in Figure 6.25. The effect of increasing ZnO

NP on antibacterial activity was investigated.
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Figure 6.24 : Agar diffusion test results of various ZnO/PAN nanofibers with
varying coating times of 20 minutes, 40 minutes and 60 minutes
against Staphylococcus aureus, a gram positive bacteria; a) 20%
ZnO/PAN, b) 25% ZnO/PAN, c) 30% ZnO/PAN (top) and 35%
ZnO/PAN (bottom), d) 40% ZnO/PAN.

67



20% ZnO/PAN 25% ZnO/PAN

30% ZnO/PAN
d) 40% ZnO/PAN

Yl
/ \

40 mm "
4644
N (8\4 my
60min \ \ \
avg:30 mm ) 20min |\ ; 40 min
32 avg:21 nyn | 20 min avg:40.mm

\ PAN 20 min }
- avg:25.5 fyh

60 mmn /N
avg:3l mm " 40 mmn
avg:28 mm g

i

60 min
avg:42 mm

35% ZnO/PAN —

Figure 6.25 : Agar diffusion test results of various ZnO/PAN nanofibers with
varying coating times of 20 minutes, 40 minutes and 60 minutes
against Escherichia coli, a gram negative bacteria; a) 20%
ZnO/PAN, b) 25% ZnO/PAN, c) 30% ZnO/PAN (top) and 35%
ZnO/PAN (bottom), d) 40% ZnO/PAN.

68



6.4.1 Discussion on antibacterial test results

According to Figure 6.24, it can be concluded that an inhibition zone formed only in
the sample of 40% ZnO/PAN (27wt% of ZnO NPs in solution). No antibacterial
effect was observed at lower ZnO NPs concentration, which was not enough to
prevent bacterial growth. In addition, as the thickness of the filter produced, that is,
the coating time increased (from 20 min to 60 min), the inhibition zone also
increased (from 30 mm to 33.5 mm) in the sample of 40% ZnO/PAN. This must be

associated with an increase in the amount of ZnO NP in the sample.

According to Figure 6.25, the first inhibition zone was observed in the sample of
30% ZnO/PAN with 20 min coating time, and as the both ZnO concentration and
coating time of samples increased, the zone diameter increased and reached to 42

mm.

While antibacterial activity against both gram-positive and gram-negative bacteria
was not observed in the sample of 13wt% PAN that did not consist of any
nanoparticle, 10 pl of 2wt% triclosan, whose antibacterial efficacy was previously
known and used as reference material, showed antibacterial activity against both type
of bacteria.Moreover, it is obvious that the antibacterial efficiency of ZnO NPs is
higher against to gram-negative bacterium E. coli compared to gram-negative
bacterium S. aureus due to differences in cell membrane of bacteria. Due to this
difference in the cell wall, gram-positive bacteria seemed to be more resistant to ZnO

nanoparticles than gram-negative bacteria.

In gram-negative bacteria such as Escherichia coli, bacterial cells are wrapped with a
layer of lipopolysaccharide (1-3 um thick) and peptitoglycans (~8 nm thick) as seen
in Figure 6.26. This structure may ease to enter of ions released from the ZnO NPs
into the cell. As a consequence of the physical interaction between ZnO NPs and the
cell wall of bacterium, the cell wall of the bacterium is damaged. This damage is
greater in gram-negative bacteria because the peptidoglycan layer, which has
possibly protective properties, is thinner compared to gram-positive bacteria.
Another reason may be that the Gram-negative bacteria are coated with
lipopolysaccharide molecules carrying a negative charge. Because these negatively
charged molecules have a higher attraction to the released positively charged ions, so

the gram-negative bacteria cell will be destroyed more quickly.
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Figure 6.26 : A) Gram positive bacterial cell consisting of porous peptidoglycan
layer and single lipid bilayer B) Gram negative bacterial cell

consisting of peptidoglycan layer between bilayer lipid layers and an
outer lipopolysaccharide layer [130].
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7. CONCLUSIONS AND SUGGESTIONS FOR FURTHER WORK

Air quality has been decreasing day by day because of increasing industrialization,
growing population and inadequate filtering systems used. Toxic gases, ultra-fine
particles especially called PM10 and PM2.5 and biological pollutants such as
bacteria and viruses in the air affect human health negatively. For this purpose, PAN
nanofiber filters functionalized by MgO NP or ZnO NP have been produced, which
have antibacterial properties, can adsorb toluene that is one of the toxic gases in the

air, and can hold ultra-fine particles.

The PAN polymer was used because of its polar nature with a greater dipole moment
compared to many polymers. Thus, PAN NF can easily capture particulate pollutants
from the environment. To functionalize the nanofiber filter, MgO NP is preferred due
to its high catalytic properties, while ZnO NP is preferred due to its high killing

impact on bacteria.

With the addition of MgO NPs into PAN NF, the nanofiber morphology has become
rough and nanofiber diameter increased. Normally, the filtration performance
decreases as the nanofiber diameter increased. In this study filtration performance of
produced filters increased in the case of distributing MgO NPs onto nanofiber
surface homogeneously and without agglomeration (for 20% and 25% MgO/PAN
filters) although nanofiber diameter increased. Since the nanofiber diameter
increased, the pore size among nanofibers increased and so, pressure drop increased.
By the means of oxide and hydroxyl groups on the nanofiber surface, particles were
attracted to surface of NPs. So, filtration efficiency of filter did not decrease

dramatically although nanofiber diameter increased.

It was also shown that nanofiber morphology is very important for particulate
filtration performance. More addition of MgO NPs into polymer solution caused to
agglomeration problem and, filtration performance of produced filters decreased
dramatically (for 30% and 35% MgO/PAN filters). In this study, 25% MgO/PAN
filter have showed high filtration efficiency of 97,6% and low pressure drop of 215
Pa, which meet the standard of EN149+A1.
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We have also evaluated the impact of thickness of the nanofiber layer on particulate
filtration. As the thickness of the filter increases, the pore size among NFs decreases
due to overlapping of the NFs. This situation led to increase in both filtration
efficiency and pressure drop. Although high filtration efficiency is desired in face
masks, high pressure value is not desired because in the case of higher pressure drop,
air molecules can not pass through the filter and it becomes very difficult for us to

breathe.

We have also achieved a high amount of toluene adsorption (53.31%). The number
of reactive surface ions of MgO NPs increases as the concentration of MgO NPs
increases, so chemical affinity between the MgO NPs and the toluene gas increase

and hence, result in higher toluene adsorption.

Moreover, we have observed that as the adsorption time increases, the amount of
toluene gas adsorbed increases. In other words, there were still regions where toluene
could be adsorbed. Slowing down in the adsorption amount is due to the reduction of

available open sites that adsorption occurs.

The amount of toluene adsorbed increased when we used the more thicker nanofiber
layer. This indicates that the toluene gas is adsorbed to the MgO NPs both at the
surface and inside of nanofiber layer. Also, it was observed that pure 13% PAN NFs
could adsorb toluene gas. This indicates that the pore sizes between nanofibers are
small enough to adsorb gas molecules and toluene gas is captured by the classical

molecular sieving technique.

We know from the literature that MgO NPs have catalytic behavior, but we have not
seen this feature in any of our test results. This may be due to coating of MgO NPs
with PAN polymer, which leads to a decrease in effectiveness of MgO NPs. Other
reasons may be that the particle size of the MgO NPs used is not small enough and

agglomeration problem.

We have also obtained antibacterial filter that produced from ZnO/PAN. While
antibacterial activity against E. coli was first seen in the 30% ZnO/PAN filter,
antibacterial activity against S. aureus was seen in the 40% ZnO/PAN filter
containing higher ZnO NP. The other filters with lower ZnO concentration did not
show any antibacterial effect. Namely, it is obvious that the antibacterial efficiency

of ZnO NPs is higher against to gram-negative bacteria E. coli compared to gram-
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positive bacteria S. aureus due to differences in cell membrane of bacteria. Due to
this difference in the cell wall, gram-positive bacteria seemed to be more resistant to

ZnO nanoparticles than gram-negative bacteria.
Suggestions:

As a future study, repeating the toluene gas adsorption test using one of the other
adsorption methods will be useful to prove the accuracy of the data we found. Also,
the adsorption test can be repeated using MgO NPs with a small enough particle size

to see the catalytic activity of MgO NPs.

The particle filtration test and VOC (toluene) adsorption test can be repeated using
ZnO/PAN filters to compare the filtration and adsorption performances of MgO/PAN
and ZnO/PAN.

As a further study, it should be inserted the XRD or RAMAN characterization
technique to prove the MgO or ZnO crystallinity and, to show the effective
cooperation between metal oxide NPs and polymer.
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APPENDIX A

Table A.1 : Particulate filtration test results of all produced nanofiber filters (the air
velocity:32 I/min)

Filtration Efficiency (%) Pressure Drop (kPa)

13% 20% 25% 30% 35% 13% 20% 25% 30% 35%
PAN MgO/ MgO/ MgO/ MgO/ PAN MgO/ MgO/ MgO/ MgO/

PAN PAN PAN PAN PAN PAN PAN PAN

20
min 94,80 89,49 90,18 54,23 59,48 0,073 0,036 0,026 0,011 0,016
40
min 98,75 92,69 98,90 93,71 78,79 0,129 0,052 0,075 0,039 0,039

60
min 9929 93,36 98,18 97,92 95,01 0,164 0,059 0,069 0,084 0,086

Quality Factor

20% 25% 30% 35%
MgO/ MgO/ MgO/ MgO/
PAN PAN PAN PAN

13%
PAN

20
min 0,040 0,063 0,090 0,069 0,056

40
min 0:034 0,050 0,060 0,070 0,040

60
min 0,030 0,046 0,058 0,046 0,035

Effect on Thickness on Particulate Filtration

Air velocity: 32 l/min -
100
o0
)
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=
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=] > «
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P —e— 20% MgO/PAN
601 —&— 25% MgO/PAN
—w— 30% MgO/PAN
—— 35% MgO/PAN
56+

20 30 10 50 60
Coating Time (min)

Figure A.1 : Effect of thickness on filtration efficiency for all related samples
produced.
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Figure A.2 : Effect of thickness on pressure drop for all related samples produced.

Effect of Nanoparticle Concentration on Particulate Filtration
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Figure A.3 : Effect of nanoparticle concentration on filtration efficiency for all
related samples produced.
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Figure A.4 : Effect of nanoparticle concentration on pressure drop for all related
samples produced.
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Figure A.5 : Effect of nanoparticle concentration on quality factor for all related
samples.
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Figure A.6 : Filtration efficiency and pressure drop of nanofibers with various fiber
diameter under an air velocity of 32 I/min.

Since nano-size aerosols were delivered at a lower air velocity, filtration efficiencies
were higher and pressure drops were lower compared to results at an air velocity of
95 I/min.  When the effect of nanofiber layer thickness and nanoparticle
concentration on particulate filtration have examined, similar interpretations can be

made with the filtration test results performed at an air speed of of 95 I/min.
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