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DESIGN,CHARACTERIZATION,AND PERFORMANCE TESTS OF NANO
FIBROUS FILTERS FOR REMOVAL OF VOLATILE ORGANIC
COMPOUNDS (VOC) BY PHOTOCATALYTIC OXIDATION (PCO) FOR
AIRCRAFT CABIN FILTRATION APPLICATIONS

SUMMARY

Indoor air quality (IAQ) recently is an essential subject for people because of the
amount of personal time, which is spent in indoor environment such as houses, offices,
shopping malls and vehicles increases day by day. Therefore, IAQ affects human
health, their efficiency and comfort.

Bacterias, viruses, dusts are some of the contaminants in the indoor environment.
These pollutants usually include carbon oxides, nitrogen oxides and volatile organic
compounds (VOCs), and other particulates. Volatile organic compounds are major
effective chemical contaminants that people breathe in indoor environment.

For aircrafts, indoor air quality is called as Cabin Air Quality (CAQ) which is one of
the most important parameters that affect passenger comfort in aircraft, especially on
long duration and transatlantic flights. Because of the dynamic structure of aircrafts,
cabin altitude, flight duration, temperature, pressure, cabin humidity and dehydration
changes according to environmental conditions which affects the CAQ. Dusts,
bacterias and viruses can be removed until a limited size from aircraft cabins by High
Efficiency Particulate Filters (HEPAS) but gas filtration is a big challenge comparing
to particulate filtration. VOCs are generally in gas phase because of their chemical
properties.

VOCs are familiar indoor contaminants, which are emitted from different sources such
as in-flight meal and drink services, combustion by-products, consumer products,
construction materials of people in the cabin etc. The accumulation of excessive
amounts of VOCs causes health problems for passengers such as headache, fatigue,
tiredness, nausea, and illness. For this reason, the filtration of these VOCs in cabin is
needed. There are several traditional pollution removal method in aircraft cabins.
However, these contaminants are converted from the gaseous phase to the solid phase
by these removal methods. This requires manually frequent cleaning or periodical
exchange of the filter.

Photocatalytic oxidation (PCO) is a novel and promising method for the improvement
of cabin air quality since the contaminants can be removed from the cabin and oxidize
the contaminants to water vapor (H20) and carbon dioxide (CO2) which are not
harmful for human health by using a combination of semiconductor catalysts and light
energy. Titanium Dioxide (TiO2), which is the catalyst that is activated by UV light,
is the most commonly used compound in PCO reactors.
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Design, characterization, production and the efficiency tests of the filters against
VOCs in photocatalytic oxidation process is the main topic of this study.
Electrospinning method used for production of the filters with different polymeric
materials. Titania was deposited onto the nanofibers(NFs) mat as catalyst by
electrospraying which is a similar method of electrospinning. For activation of these
filters UV light is required and for providing that UV-Lamps and UV LEDs (Light
Emitting Diodes) were used as a novel technology. By varying the UV light intensity
on the filters, efficiency analyzes were made. The reason of choosing UV LED instead
of UV-Lamp is the advantages of LEDs.

In conclusion, cabin air quality is poor on newer model aircrafts because of the
incorporation of recirculation systems and lower outside airflow. Therefore, CAQ is
an important issue for aircraft manufacturers and airline companies in these days. High
efficiency particulate air type filters (HEPA-types) are already included in recent
aircrafts in order to remove particulates and biological particles from the recirculated
air in the cabin. However, VOCs are still can not be removed from the cabin air by
current filters. Consequently, PCO reactors must be developed and mounted in
aircrafts for removing VOCs and increasing the CAQ in aircrafts.In this study, the
photocatalytic capable NF based filters was designed, fabricated, tested and optimized
to maintain a highly efficient cabin air filtration system using the PCO process.
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UCAK KABINI ICERISINDEKI UCUCU ORGANIK BILESIKLERIN
FOTOKATALITIK OKSIDASYON YONTEMI iLE GIDERILMESI
AMACIYLA NANO FIBROZ YAPILI FILTRELERIN URETIMI,
KARAKTERIZASYONU, GELISTIRILMESI VE FILTRELERIN
PERFORMANS TESTLERI

OZET

Diinyamiz artan endiistrilesme, yiiksek niifus artisi ve c¢arpik kentlesme gibi
sebeplerden otlirii bir ¢ok anlamda olumsuz durumla karsilasmaktadir. Bu
olumsuzluklardan en basta gelenlerinden birisi ise su kirliligi ve hava kirliligini
meydana getiren ¢evre Kkirliligidir. Hava Kalitesi saglik agisindan biiyiik 6neme
sahiptir, insanlarin ¢ogu zamanlarin1 gegirdigi ev, ofis, ulasim araglar1 gibi kapali
ortamlarda dis ortamdakine gore daha diisiik 6zelliklere sahiptir ve bu durum insan
sagligini, ¢aligma verimliligini ve yasam konforunu dogrudan etkilemektedir.

Disaridaki hava ortamindan daha az sirkiile olmas1 ve daha duragan bir hava yapisina
sahip olmasindan 6tiirti, i¢ ortamlardaki hava kalitesinin dis ortam hava kalitesine gore
daha diisiik olmasina neden olan tozlar, viriisler, bakteriler, karbon oksitler, nitrojen
oksitler ve organik ucgucu bilesikler gibi bircok Kirletici bulunmaktadir. Bu
kirleticilerden kimisinin insan iizerinde ciddi bir etkisi olmaz iken bazilarinin 6limciil
etkileri dahi olabilmektedir. Kismen daha az etkisi oldugunu sdyleyebilecegimiz
ucucu organik bilesikler ise insanlarin 6zellikle i¢ ortamlarda soluduklar1 baglica
kimyasal organik kirleticilerdir. Ozellikle hava yolu ile bulasan bulasic1 hastaliklar
gibi hastaliklarin 6nlenmesi amaciyla filtrasyon teknolojilerinde ciddi caligmalar
yapilmaktadir.

Kapali bir ortam olan ulagim araglari gegirilen zamanin azimsanmayacak derecede
oldugu yerlerden biri olarak tanimlanabilir ve diger tasitlarda oldugu gibi ugak
kabinlerinin hava kalitesi de dogrudan yolcu konforunu etkilemektedir. Ugak
kabinindeki hava kalitesi; irtifa, basing, ugus siiresi, dehidrasyon, nem ve yolcu sayisi
gibi parametrelerden ve bunlarin yaninda kabin igerisindeki ¢esitli etmenlerden otiirii
olusan kirletici maddeler hava kalitesini etkileyebilmektedir. Ozellikle uzun siireli
ucuslarda, kabin hava kalitesi yolcu ve kabin ekibini konfor ve saglik acilarindan kisa
stireli uguslara gore daha fazla etkilemektedir.

Kirleticiler arasinda en yogun olarak rastlanan ugucu organik bilesikler (VOCler)’in
yogunlugu, ugak igerisindeki yemek ve alkol servisleri, yolcu esyalar1 ve tiriinleri,
kabin i¢i yap1t malzemeleri ile boya maddeleri ve dis hava gibi birgok biyolojik ya da
yapay kaynaklar nedeniyle artar. Kabin igerisinde yiiksek konsantrasyon VOCIerin
yiiksek konsantrasyon seviyelerine ulasmasi durumunda 6zellikle uzun yolculuklarda,
yolcular ve kabin ekibinde halsizlik, bas agrisi, yorgunluk ve bulanti1 gibi bir¢ok saglik
problemleri goriilmesi olasidir. Bu olumsuz etkilerinden 6tiirii, VOClerin ugak kabini
icerisinde uzaklastirilmasi yolcularin ve kabin ekibinin konforu ve sagligi agisindan
onemli bir noktaya gelmistir.
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Bu kapsamda bir ¢ok akademik c¢alisma yapilmakta olup ¢alismalar kapsaminda
gelistirilen filtreler VOCleri gaz fazindan kati faza doniistiirerek sistem icerisinde
hapsetme prosesine dayanan mekanizmalar gelistirilmistir ve bu gelistirilen filtreler
bazi yolcu ugaklarinda kullanilmaktadir. Bu tipteki filtrelerin gazi depolama
prensibine gore calismasindan Otlirii zaman zaman degistirilmesi ve yenilenmeleri
gerekmektedir ki bu durumda hava yollarinin ve ugak iireticilerinin kaginmak
istedikleri bir durum olan ekstra is giicii ve ek maliyetler getirmektedir.

VOCleri katalizor ve kullanilan katalizoriin bant aralifina gore ultraviyole veya
goriiniir 151k seviyesindeki, 151k yardimiyla zararsiz olan karbon dioksit ve su buharina
dontistiren  fotokatalitik oksidasyon yontemi, kabin igerisindeki VOClIerin
temizlenmesi i¢in en etkili ve imit vaad eden yollardan biri olarak goriilmektedir. UV
151k altinda aktiflesen titanyum dioksit (TiO2) hem zehirli olmamasi, hem ekonomik
olarak uygun olmast hem de uygulamadaki kolaylik ve lojistik imkanlarinin
iyiliginden otiirii fotokatalitik tepkimelerde kullanilan en verimli katalizorlerden
birisidir.

Filtrasyon teknolojilerinde 6zellikle membranlarin iretiminde oldugu gibi
fotokatalitik oksidasyon yonteminin kullanildig: sistemlerde de 151k altinda kalan alan
tanimlayan aktif yiizey alani biyiikligi verimliligi etkileyen ¢ok Onemli bir
parametredir. Aktif yiizey alanin1 degistirmenin en kolay ve en efektif yolu ise
kullanilan fiber ¢aplarinda degisklik yapmaktir. Daha fazla verimlilik i¢in daha yiiksek
yiizey alaninin gerektigi diisiiniilecek olursa, fiber ¢apini kiigiiltmenin en etkili yol
olacagi sOylenilebilir. Gliniimiizde ince fiber ¢aplarinin talep edildigi durumlarda akla
ilk gelen fiber yapisi nano ebattaki ¢caplara sahip olan nanofiberlerdir. Bu tip fiberlerin
tretiminde cesitli metodlar olup en genel olarak kullanilan yontem kolayligi ve
ekonomikliginden &tiirii electrospinning yontemidir. Electrospinning yontemi ile nano
boyutta fiberler iiretmek miimkiin olmakta ve istenilen yiiksek yiizey alani bu yontem
ile saglamlabilmektedir. Uretilen bu filtrelere hava gegirgenlik, taramali elektron
mikroskobu (SEM) vb. gibi karakterizasyon testleri uygulanilarak, filtrenin morfolojik
ve fiziksel yapis1 hakkinda bilgi sahibi olunulmustur.

VOClerin fotokatalitik olarak ortamdan uzaklastirilmasi i¢in nano lif yapili filtrelerin
tiretimi, filtrelerin karakterizasyonlari, filtrelerin verimlilik testleri, reaktoriin tasarimi
ve gelistirilmesi bu ¢alismanin ana konusunu olusturmaktadir. Geleneksel floresan UV
lambalarin daha yiiksek enerji seviyelerine ragmen, UV dalga boyuna sahip 151k yayan
diyotlar (LED) yenilik¢i, saglikli ve yiiksek verimli 1s1k kaynagi olmalarindan o6tiirii
bu calismalar kapsaminda ilk ¢alismalarda geleneksel floresan UV lamba kullanilirken
caligmalarin ilerleyen kisimlarinda ki bu biiyiik bir boliimiini kapsiyor UV-LED
teknolojisi tercih edilmistir.
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Electrospinning yontemi ile yiiksek voltaj uygulamasi sonucunda iiretilen nanofiberler
(NF) filtrenin ana iskeletini olusturmuslardir. Filtrenin asil islevini kazanmasini
saglayan katalizorler yliksek yiizey alan1 elde edebilmek amaciyla nano partikiil olarak
secilmis ve 2 farkli yontem ile NF yapi iizerine biriktirilmistir. Birisinde fiberlerin
katalizor ile beraber iiretimi ile katalizor olan partikiillerin NF igerisine gomiilmesi
metoduyla c¢alisilirken digerinde prensipte electrospinning yontemine benzer olan
electrospraying ile NFler tizerine puiskiirtilmustiir. Bu kapsamda farkli miktarlardaki
katalizorlerin filtre verimliligindeki etkisini go6zlemleyebilmek amaciyla farkli
oranlarda katalizorler NFler iizerinde biriktirilmistir. Calismalarimiz kapsaminda
literatiirde de ¢ok yogun bir sekilde kullanilan ticari TiO2 olarak adlandirilan ve bizim
de kullandigimiz Degussa P25’¢ alternatif olarak daha yiiksek verimlilige sahip olmasi
hedeflenilen sol-gel yontemi ile iiretilmis olan TiO> katalizorlerin de nanofiber yap1
tizerinde electrosprayleme yontemi ile biriktirilmesi yapilmigtir. Demir, nitrojen, ve
demir ile nitrojenin birlesiminden meydana gelen co-doped sol-gel TiO> filtrelerin
bant bosluklarinin diisiirerek daha yiiksek verimlilik elde edilmeye ¢alisilmistir.

Bu iiretilen filtreler iki farkli nesilden meydana gelen ve bizim tarafimizindan dizayn
edilen reaktoriin igerisine yerlestirilerek, konsantrasyonu kontrol edilebilir diizeyde
VOC igeren gazlar gonderilerek test edilmistir. ilk nesil olan reaktdr icerisinde
geleneksel fluoresan UV lamba kullanilirken, 2. nesil reaktor icin disiik 151k
yogunluguna sahip olan UV-LEDIler ve daha sonraki ¢alismalarda daha yiiksek
ozelliklere sahip olan ve bir 6nceki nesil LEDler ile gerceklestirilen testlere gore daha
yiiksek verimlilikle sonuglanmasi beklenen UV-LEDIer tercih edilmistir. UV lamba
ve birinci nesil UV-LEDIer ile yapilan ¢aligmalar VOC kaynaklarinin gaz fazindan
sikistirllmis  olarak bulundugu tliplerden saglanirken ikinci nesildeki VOC
kaynaklarimiz sivi fazdaki VOCler olmustur. Bu siv1 fazdaki VOCler gaz fazina
dondiirtilerek sisteme verilmistir. Yine birinci nesil test sonuclar1 aktif karbonlar
tizerinden analiz yapilirken, ikinci nesil UV-LEDIer ile yapilan caligmalar kiitle
spektrometresi (MS) cihazi {izerinden yapilmistir. Boylece aslinda 2. nesil UV-LED
sistemi hem kullanim agisindan hem de verilerin giivenilirligi agisindan 6nemli bir
gelisme noktasi olmustur.

Sonug olarak, VOClerin yolcu ve ugus ekibi iizerindeki etkileri goz ontine alindiginda
kabin igerisindeki VOC miktarim1 azaltmak, ugak iireticilerinin ve havayolu
sirketlerinin 6dnemli ve giincel bir sorunu haline gelmistir. Yiiksek Verimli Partikiil
Hava (HEPA- type) filtreleri giintimiizde bir¢ok ugakta kullanilsa da, VOClIerin kabin
icerisinden temizlenmesi konusunda herhangi bi yeterlilikleri kesinlikle yoktur. Bu
durumdan otiirti, fotokatalitik oksidasyon yontemiyle donatilmis filtrasyon sisteminin
tasarlanmasi ve kullanilmasi bir gereklilik haline gelmistir. Bu projenin temel amaci,
ucak icerisinde kullanilmak iizere, nano fiber temelli filtrelerin arastirilmasi ve
gelistirilmesi, filtrelerin yerlestirilecegi reaktoriin geleneksel lamba ve LED
teknolojisi kullanilarak gelistirilmesi, VOClerin nano {iretilen filtreler kullanilarak
ultraviyole 151k altinda fotokatalitik reaksiyonlar gerceklestirilerek uzaklastirilmasi ve
bu filtrelerin optimizasyonu.
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1. INTRODUCTION

Air pollution, caused by industrialization, unplanned urbanization, high population
increase and unconscious consumption, is one of the most important environmental
problem that threatens future of the world with it’s livings. It is also air quality in
indoor environment decreases as well. Home, office, factories, vehicles are the places
where people mostly spend their time. Since air quality directly affects human health
and comfort level, filtration studies have been accelerated for last few decades. Aircraft
cabins are one of the most risky area amongst the indoor environments where indoor
air change is not be performed directly. Cabin air quality is a big challenge because of
the limitations and restrictions which are specified by international aviation
organizations to protect human health against over dossages of contaminants. So, lots

of studies focused on improvement of cabin air quality.

1.1 Motivation of Thesis

This thesis aims to develop a novel approach for cabin air filtration in aircrafts. Besides
particulate filtering through HEPA filters, enhancing the cabin air quality through
VOC removal is crucial for human and cabin crew. For this purpose, high surface area
nanofiber filters are manufactured by electrospinning. The most common and effective
semiconductor, TiO is chosen as the catalyst material and deposited onto nanofiber
through several methods for performance efficiency. A new light source as UV-LED
is studied for the understanding of efficiency in VOC removal at laboratory scale
VOCs such as ethanol, toluene and benze are chosen as target compounds for the

filtration system.

1.2 Literature Review

According to World Health Organization (WHO) data, 2.4 million people die every
year because of the air pollution. This topic is widely studied by private companies

and the universities because of the importance and the economic capacity of filtration.



Since increased amount of personal spent time (around 80% of their time) in indoor
environment, filtration studies are generally focused on indoor filtration applications.
At the same time some studies showed that, indoor environment is much polluted than
outdoor environment. VOCs are well known air pollutants emitted from cooking,

construction materials, office equipment and consumer products.

Traditional pollution control method such as activated carbon transfers the gas phase
of the contaminant to solid phase [1], however photocatalytic oxidation method is a
promising method because of the pollutants can be oxidized to water vapor and
carbondioxide. Since the promising advantages of PCO, this topic has been widely
studied for the last few decades.

In the literature, PCO studies are made with traditional fluorescent UV lamps with 254
or 365 nm wavelength. Generally PCO studies were made by using 365 nm wavelength
light source [2-5]. Because of the higher energy emitting of UV-C sources, there are
also some studies made with 254 nm light sources. The reason of two different
wavelength is analyzing the effect of wavelength energy on the PCO efficiency [6, 7].
Increasing importance of clean water sources and easier application, many researchers
have been studying on water treatments by PCO [8]. Methylene Blue (MB) and
Rhodamine B are the major contaminants of water treatment studies [9]. Although,
PCO for air filtration is less studied topic by scientist, there are many studies made for
VOC degdaration [10-12].

PCO studies demonstrated that, one of the most important parameter that influencing
the filter performance against the contaminant is active surface area. Researchers
consider this situation and studied with nano sized materials for improving the
performance. Besides increasing the surface area through catalyst,increasing substrate
surface area by nanotechnology is critical. NFs which can be produced by
electrospinning as the most common and easiest method were thought to be an
appropriate substrate. Because of the advantages of NFs, this fibers have been studied
for tissue engineering, solar cells, batteries and for filtration technologies including

water and air treatment.

Since LEDs were not able to provide enough light intensity for PCO applications,
fluorescent UV lamps were a better choice for PCO. A novel study area has been

opened for PCO systems after the development of high power LEDs which can



overcome the required light intensity values for activation of catalysts in the last
decade. In recent studies, the UV-LEDs performance is studied for gas and water
treatment [13-16]. These UV-LED researchs are especially focused on water
purification [9, 17]. Some different studies were performed for investigation of the
photocatalytic performances and comparasion of produced filters under illumination
of UV fluorescent and LED lamps [6, 18-20].

Electrospun nanofibrous filters for PCO applications under illumination of various
kinds of UV sources were examined in this thesis. The novelly of nanofiber filters and

UV-LED application is also shown by literature survey.






2. AIR QUALITY AND VOLATILE ORGANIC COMPOUNDS(VOCs)

2.1 Description of indoor air quality

Indoor air quality (IAQ) is a term which refers to the quality of air within and around
structures, buildings and habitats. It especially relates to the health and comfort of
people who reside in these places. Therefore, indoor air quality has become a
significant health and safety concern since people spend more than 70% of their time
in indoor environments. These habitats are home, office, car, shopping centers, aircraft
cabins, and so on. The level of contaminants in outdoor environment is absolutely less
than the level of contaminants in indoor environment. Indoor air contaminants involve
carbon oxides (CO and CO,), nitrogen oxides (NOy), volatile organic compounds and
other particulates. VOCs are familiar indoor contaminants which are diffused from
different sources such as cooking, combustion by-products, office equipment, and
consumer products. Lastly, air quality in aircraft cabins and cars has also causer much

concern because these vehicles are also typical indoor environments.

2.2 Cabin Air Quality

Compared with indoor air quality in various buildings, air quality in mobile cabin
including train, bus, aircraft, and subway is also important [21]. Aircraft cabin
environement differs in several ways from offices and homes, due to extremely high
occupant density and the confinement of passengers to their seats for long periods of
time [22]. The reported maximum VOC levels are comparable across the different
transportation vehicles, with ethanol and acetone was encountered higher levels in

aircraft cabin air [21].

2.2.1 Contaminants in cabin air

Jet engines, auxiliary power units (APUs) and air conditioning machines as well as

from de-icing fluid, condensation, smog, fog and from the engine exhousts of aircraft,



including their own, whilst on the ground as well as other external environmental
odours and contaminants. Contaminantion could also occur during the takeoff and
landing stages of the flight. Except of these contaminants, occupants and materials in
the cabin are the other reasons of contaminants. Besides of these, air ventilation
systems can cause a build up of contaminants, spread of disease, a decrease in the
quantity of oxygen and high carbon dioxide levels. Because of the cruising altitude of
the aircraft, mixing ratio of ozone in the air which is around 500 - 800 ppb is much
higher than most polluted cities in the world [23]. However, filtration of aircraft air
decreases to less pollutant levels. The levels of contaminants in cabin air are shown in
Table 2.1. CO (carbonmonoxide) gases are occurred because of the tobacco smokes
which are the primary complain of cabin crew. Although tobacco smoke can be

removed from the filtration system, CO gases can not be filtrated through these filters.

Table 2.1: Contaminants in cabin air [24].

Average
ACGIH ASHRAE
ltem Measured
(ppm) (ppm)
(ppm)
CO: 600 — 1500 5000 1000
CO 06-14 25 -
Microbial
Very low - -
Aerosols
Ozone 0.02 0.01 0.05
Particulates 40/175 RSP 10000 TSP 260 TSP
NO:2 Very low 3
SO2 Very low 2
VOCs 1,8-3,2 1000

Low contaminant levels in the cabin are due to the thight control outgassing of
components used in the airplane furnishing and the effectiveness of the recirculation

system to remove essentialy all microbials and particulates from the recirculated air.

2.2.2 Cabin air ventilation system

Commercial cabin air recirculation systems typically uses engine compressors to

ensure circulation in the cabin. Most modern aircraft, an average of about 56% of the



outside air supplied to the cabin is vented out of the aircraft. For remaining air High
Efficiency Particulate Filters (HEPA) are used for recirculating of cabin air [22].

Major recirculation generators of cabin air are engines. A modern turbofan engine has
core and bypass sections. The core section is the power-generating part of the engine,
whereas the bypass section is the main thrust-generating part, usually referred to as
“fan”. The core section is composed of three main sections. These are a burner section,
in which fuel is added, compressor stages, and turbines stages where power is drawn
out to drive the fan and the compressor. The core section catches only one fifth of the
air drawn into the engine [24]. The flow chart of the air ventilation system, shown in
Figure 2.1, illustrates the process of air ventilation in a commercial aircraft.
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Air-conditioning packs
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Flight compartment air distribution

Figure 2.1: Schematic view of the cabin air ventilation system [24].

In the first step of the process, outside air continuously flows into engine, where it is
compressed. Secondly, the compressed and hot air passes stops by an ozone converter
before reaching the air conditioning units. Thirdly, outside air passes through cooling
packs to a mixing manifold. Then, outside air, entering the mixing manifold is
combined with recirculated air, which has been purged with high efficiency filters.
This air consists of approximately 56 percent outside and 45 percent-filtered
recirculated air. Air from the mixing chamber is then continuously delivered from

overhead outlets directly into the cabin. Lastly, as outside air is delivered into the



airplane, an equal bulk of air from the cabin is evenly exhausted from the airplane
cabin. Federal Aviation Administration (FAA) required 0.25 kg/min per person of
outside airflow to cabins, corresponding to a volumetric flow rate of 3.5L/min per
person at sea level [22]. Total cabin air is generally changed and filtered in every 3 to
5 minutes for typical aircrafts. This duration can vary according to aircraft model, size
and ventilation properties. Figure 2.2 demonstrates the air exchange rates of some

different environments.
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Figure 2.2: Air exchange rates in different environments [24].

In conclusion, the designing of the cabin ventilation system provides air supply at one
seat row and leaves at nearly the same seat row, minimizing airflow in the fore and aft
directions. The potential of spreading passenger-generated pollutants is therefore

reduced by controlling fore and aft airflow.

2.2.3 Environmental control system

Cabins of the aircrafts must be equipped with a system which controls the environment
inside the cabins because of incapability of human being to such environment [25].
The system is called as Envrionmental Control System (ECS). Advanced technological
systems such as ECS and Environmental Protection System (EPS) are used for vehicles
which are used in different conditions such as space, air and sea. Sustainability of
pressure, temperature, humidity, fire protection and recirculation system in the cabin
was provided by ECS. Besides such goals of ECS, providing the enough fresh air and
controlling heating/cooling to maintain the passenger and crew comfort are the two
main goals of the system [25]. The air flow inside the cabin for freshing the air pattern

is shown in Figure 2.3.
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Figure 2.3: Typical main cabin airflow patterns [24].

Since the aircraft cabin is of a rather small/limited volume, in which passengers
directly influence parameters of the cabin air quality and cabin environment, the
control of an aircraft environment is much complex and complicated comparing to

office and house environments.

2.3 Definition of VOCs

According to definition of the World Health Organisation (WHO), VOCs are referred
as all organic compounds in the boiling point range of 50 — 260 °C [21]. VOCs are one
group of air pollutants that degrade the air of the indoor and outdoor environment, and
this pollutants exist widely in both indoor and outdoor environment [14]. VOCs
represent the major part of indoor air contaminants and the sources of these organic
compounds in indoor air are cooking, desks, carpets, paintings and ceilings [26].
Interior furnishing, cleaning products, building materilas and personal care products
are the chemical sources which forms volatile organic compounds.

Organic compounds are divided into two main categories: polar and nonpolar
compounds. Carbon and hydrogen, oxygen, sulfide and nitrogen are the ingredients of
polar compounds. Nonpolar compounds measure as volumetric. Additionally, polar
compounds easily interacts with metal and other surfaces since they are chemically
reactive. A detailed classification of Indoor Organic Contaminants can be seen on
Table 2.2.



Table 2.2: Qualification of indoor organic compounds .

Boiling Point Range

Description  Abbreviation Example Compounds

(°C)
Very volatile
(gaseous)
organic VVOC <0 t0 50-100 Propane, butane, methyl
chloride
compounds
Formaldehyde, d-
Limonene, toluene,
Volatile acetone, ethanol (ethyl
organic VOC 50-100 to 240-260 alcohol) 2-propanol
compounds (isopropyl alcohol),
hexanal
. . Pesticides (DDT,
Semi volatile chlordane, plasticizers
organic svocC 240-260 to 380-400 P
(phthalates), fire retardants
compounds

(PCBs, PBB))

2.4 Sources of VOCs in Aircraft Cabins

Aircraft cabin environment is different in several ways from other indoor
environments such as offices and homes, due to the extremely high occupants intensity
and the confinement of passengers to their seats for long periods of time for long
distance flights [22]. The reported maximum VOC levels are comparable across the
different transportation types, aircraft cabin air is the place where highest amount of
ethanol and acetone were observed in [21]. The exposure level of VOCs in the cabin
air is significantly dependent on the sources and emission rates. Structural materials
and household cleaning products make the significant contribution to the VOC
amounts in the cabin air. In the aircraft cabin environment, human bioeffluents are the
another major VOC source [22]. VOC levels in the cabin air are also related to period
of the flight. In the beginning of the flight at the runway, after the intake of the
passengers VOC levels are high for dichlorobenzene, methylene chloride, limonene
because of using of cabin cleaning chemicals. During the meal and beverage serving,

VOC levels increases for some specific VOCs such as ethanol.
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2.5 Effects of VOCs on Human Health in Aircrafts

Volatile organic compounds are the major pollutants in indoor air. A lot of
investigations have been carried out for measurement of the indoor air concentrations
of VOC:s all around the world. From these investigations it is found that a greater
number of VOCs in indoor air has higher concentrations than outdoor air [21]. This
pollutants doesn’t impact only air quality it also significantly influence human health
[21]. Photochemical oxidants such as ozone and peroxyacetyl nitrate are possible
products of VOC emissions. Tropospheric ozone, formed in the presence sunlight from
NOx and VOC emissions , is toxic to humans, damaging to crops and is implicated in
the formation of acid rain [27]. Many VOCs are known to be toxic and these are
considered as carcinogenic [7]. There is a close relation between VOCs and the sick
building syndrome (SBS), which is one of many terms used occupants to describe
symptoms of reduced comfort of health [21]. A long term exposure to VOCs can cause
acute and chronic health problems. According to EPA researches, these health
problems can be listed as; eye, nose, and throat irritation; headaches, loss of
coordination, nausea; damage to liver, kidney, and central nervous system are the other
part that might be affected by VOCs [28]. In addition to this, low concentrations of
volatile organic compounds cause asthma and other respiratory diseases. High
concentration of its also have narcotics effects on the central nervous system [29].
Some organics can cause cancer in animals; some VOCs are suspected or known to
cause cancer in human. For instance, benzene is evaluated as carcinogenic substance
in the classification by the EPA,; carbon tetrachloride, chloroform, vinyl chloride,

ethylene bromide are also classifed as at cancer risk [28].

The effect of several VOCs on cancer is shown in the following Table 2.3. While
Level A is being described as ‘“carcinogenic”, B2 is explained as “likely to be
carcinogenic” and C is defined as “which is possibly carcinogenic”. As one can see,

benzene is the carcinogenic volatile organic compound.
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Table 2.3: Toxicity qualification of some VOCs [29].

Chemical Cancer Factor ( mg/ kg/ day)
Benzene A
Toluene -

Ethyl Benzene -

Xylene -
Carbon Tetrachloride B2
Chloroform B2
Vinyl Chloride C
Methyl Chloride B2
Ethylene Dibromide B2

2.6 Current Filtration Technologies in Aircraft Cabins

Practical air cleaning technologies for particles are widely avaible, typically consisting
of fibrous filters installed in incoming outdoor air and recirculated air streams.
Filtration of particulates are done by HEPA filters. However, air cleanining
technologies for VOCs are less developed and surprisingly little has been published
regarding their effectiveness and practicality when used in heating, ventilating and air

conditioning systems of commercial buildings. Carbon adsorbents in current aircrafts.

2.6.1 HEPA-Type filters

Filtration of particulates and biological particles from the recirculated air is done by
high efficiency particulate air type filter (HEPA). These are composed of fibers which
randomly arranged. The fiber materials are usually fiber glass around 2pm diameter.
HEPA filters are advantegous for aircraft applications because of their high capturing
efficiency of bacterias from 107 m® of flow as a very high amount of air during their

typical 5000h use [30]. 70 m?® air flows thorugh every square centimeter of filter media
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on the life of a typical HEPA filter [30]. These filters has a minimum efficiency of 94

percent to 99.97 percent against 0.3 um size particles [24].

True-HEPA filters are another type which are more developed compared to traditional
HEPA filters. These kind of filters are generally used in aircrafts and the efficiencies
of that kind of filters are 99,999% against 0.3 pm particulates. If it is considered that
the bacterias are generally around 1 pum and viruses are around 0.2 — 0.3 pum, these
filters are enoughly capable to remove all of the viruses and bacterias from the aircraft
cabins. Fiber diameter, face velocity, filter thickness are the primary reasons
influencing the filter performance. For filtration of small particles can pass through the
pores HEPA filters are designed for filtrating such particles and pollutants by using

three different filtration mechanisms;

» Direct Interception
» Inertial Impaction
» Diffusional Interception

Direct interception is a result of porous structure for removing the particulates which
are bigger than the pores of the filter. Another mechanism which is inertial impaction
can remove particulates smaller than pore sizes. Density of these particles are higher
than air. Thus, these high density particles deviate from the air flow path and impact
on the solid surfaces or walls of the pores where they adhere [24]. Brownian motion is
the fundamental of diffusional interception. Very small particles in the range 0.1 pm
and below can be removed efficiently. The schematic view and the filtration
mechanism of the HEPA filter is illustrated in Figure 2.4.

Filter sheet of randomly arranged fibres

Continuous
sheet of filter

Diffusion

Aluminium
separator

Figure 2.4: HEPA-type filter schematic view.
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HEPA filters are used for such applications;

» Biomedical
Hospitals
Vacuum Cleaners
Aircrafts

Motor Vehicles

Y V V V

Some of the applications of HEPA filters are showed in Figure 2.5. For some
applications these filters were used with UV light for killing off the live bacteria and
viruses trapeed by the filter media. Because of importance of spread of airborne
bacterial and viral organisms, these filters are especially used in hospitals and health

institutes.
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Figure 2.5: Applications of HEPA filters.
2.6.2 Activated carbon filters

Beyond the HEPA filters, activated carbon filters can remove some different
contaminants that HEPA can not demonstrate. An activated carbon filter sample is
demonstrated in Figure 2.6. Activated carbon is a well-known process for removing
various organic contaminants and organic carbon in general [31]. It is also most
commonly used physical adsorbent for removal of VOCs from air streams. They are
most commonly applied as a powdered feed or in a granular form in packed bed filters.
Amount of carbon and residence time of air are the key parameters that determining
the performance of VOC removal. In case of an air stream with multiple VOCs, a
significant fraction of carbon becomes saturated with VOCs, higher molecular weight
VOCs can drive previously sorbed lower molecular weight VOCs back into the air

stream which resulted as breathing of unhealthy air for passengers.
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Figure 2.6: Activated carbon filters.

Activated carbon filters are used in water and gas purification, air filters used in gas
masks, medicine, sewage treatment and metal extraction applications. Gas purification
applications are against oil vapours odour and other hydrocarbons. Any activated
carbon filter media is not used in any aircraft for VOC purification except Boeing 787.
For that aircraft, activated carbon filters are preffered for VOC removal that forms

from the engine.

2.7 Future Filtration Technologies in Aircraft Cabins

Future filtration technologies are especially focused on reduced weight, extended
service life, reduced maintenance costs and higher efficiency for removing of
contaminants without any addition of chemicals. Catalytic converters, photocatalytic
oxidation, plasma oxidation and particulate filtration methods are promising
mechanisms for filtration technologies. Removal of VOCs from aircraft cabins can be
achived by using photocatalytic oxidation (PCO), an efficient, promising and
economic method [32]. Photocatalytic oxidation was used for removing of VOCs
under UV light as cabin air filtration method.

2.7.1 Photocatalytic oxidation(PCO) and removal of VOCs by PCO

As an alternative approach to improve the indoor air quality and well-being of
occupants, a technology of ultraviolet photocatalytic oxidation (UV-PCO) [33]. This
method is also becoming very popular due to reduce building energy consumption in
the recent years. Clean Air Act of 1990 regulated the emission of volatile organic

compounds by industrial processes in the United States, which has created a strong
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incentive for research in this area in both the academic and industrial communities

involved in innovative sustainable environmental research [3].

The treatment of VOC vapours at source generally entails the construction of a
treatment facility requiring a large land area which is not appropriate for vehicles and
small places [34]. To reduce treatment costs, it is important to: (i) smaller emission
control facilities in order to minimize construction cost and minimize required lands,
(ii) facility should be operated at ordinary temperatures and pressures, and (iii) avoid
formation of secondary pollutions [34]. Among the advanced oxidation processes
developed to meet the ever-stricter antipollution legislation required by the pressure
for environmental protection, photocatalytic oxidation shows much promise for the
purification of contaminated wastewater containing organic pollutants and the removal
of air contaminants [3]. Photocatalytic oxidation for toward VOC treatment has been

studied for several years and these studies developed PCO systems [26].

2.7.2 Definition of PCO

The use of photochemical conversion and photocatalytic oxidation technology to
remove organic hazardous chemicals has attracted considerable interest in recent years
[35]. Among different air treatment methods, PCO is a strong candidate because of its
high effectiveness, low air flow resistance lack of any requirement for reactivation
[22]. The destructive removal of trace contaminant from polluted air and water by
using various photocatalytic reactor systems has been intensively studied [36]. PCO
provides significant advantages for the removal of pollutants associated with poor IAQ
[37]. Nevertheless, only some particular molecules with photochemical activity could
be degraded through photolysis, and a large number of VOCs were still hard to be
processed but it has been accepted that the photocatalytic processes has a potential
ability to degrade most of organic pollutants[35]. Nano - Semiconductor catalysts and
ultraviolet light are commonly used for converting of organic compounds in indoor air
into non harmful and odorless constituents such as water vapor and carbon dioxide
[38]. This air treatment method can be operated at low temperatures and it can be very
selective in radiation absorption [14]. Researches indicates that almost any organic
pollutants and many of the inorganic pollutants produced by electrical, agricultural,
textile, electronic, petrochemical, metallurgical and many other industries can be

completely destroyed or seperated from the environment [14].
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Various catalyst have been developed for PCO applications. These catalysts are
commonly metal oxides or sulphides, TiO2, ZnO, ZrO,, WO3, CeO, Fe203, Al>O3,
ZnS and CdS [38]. All of these semiconductors have different band gap values and
this is the primary parameter that affecting the required wavelenght and performance
of the catalyst. The band gap of these semiconductors are shown in Figure 2.7. A
perfect photocatalyst is defined by its capability to simultaneously cling two reactants
that can be reduced and oxidized by a photonic activation over an effective absorption.
Thus, TiO2 is the most significant and popular catalyst. Titanium dioxide has been a
popular photocatalyst for the treatment of organic pollutants in water and air and it has
been widely used as a catalyst for the photocatalytic oxidation systems activated by
UV light in recent years [14] [39]. Actually titanium dioxide is the most widely used

photocatalyst for air and water purification systems and researchs.
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Figure 2.7: Band gap values of semiconductors [21].
2.7.3 Mechanism of PCO

Unlike conventional air purification technologies such as filtration and sorption, which
only transfer indoor contaminants to another phase, VOC can be oxidized to carbon
dioxide (CO) and water (H20) [40]. Most PCO reactors use nano-titania (TiO2) as the
catalyst that is activated under UV light. Schematic view of PCO reaction that occurs
on TiO2 surface is given in Figure 2.8. PCO reaction occurs at the surface of catalyst
illuminated by light.
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Figure 2.8: Schematic view of VOC degredation on TiO; surface [38].

As shown in Figure 2.8 photons supplied from light source are totally adsorbed by
the catalyst [33]. An electron in an electron-filled valence band (VB) is excited by
photo irradiation to a vacant conduction band (CB), and this exciting leavs a positive
hole in th VB [38]. These electrons and positive holes drive reduction and oxidation
reactions, respectively, of compounds adsorbed on the surface of the photocatalyst

[38]. The activation equation can be written as;
TiO2+hv>h"+¢

h* and e” are powerful oxidizing and reducing agents, respectively. After this reaction,

oxidation and reduction reactions occurs. These reactions can be expressed as;
h* + OH" - OH" (Oxidation Reactions)
"+ O2(ads) = 02 4% (Reduction Reactions)

Hydroxyl radical (OH™) was formed by chemically transforming of organic

compounds. Net reaction of VOCs can be explained as shown below;
OH" + VOC + 02 & nCO2 + mH,0

As can be seen from the reactions occurred during PCO method, by-products are
carbondioxide and water vapor. A schematic view of PCO mechanism can be seen on

Figure 2.9.
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Figure 2.9: Schematic view of PCO reaction [33].

The reaction rate increased with increasing light intensity, as the heterogeneous
photocatalytic reaction depends on the irradiation of

The Langmuir-Hinshelwood (L-H) model has been widely preffered to formulate the
rate equations for the PCO reaction and decomposition or conversion efficiency (1)
was calculated from the equation as shown below;

Co

Co

n= x 100%

where Cp is the initial concentration of contaminant and C is the concentration of

contaminant at time t.

Photocatalyst lifetime is potentially important in process economics because of its
maximum run times between catalyst regeneration or replacement [38]. Catalyst
activated by light is used during reactions and as a result of these reactions, the catalyst
material loss its active sites and the loss of these active sites is called as deactivation.
There are couple of reasons of deactivation. Firstly, generation of reaction residues
may be adsorbed onto the catalyst surface and block the active sites. Secondly, some
species may photopolymerize on the surface. Particle materials may change the

catalyst surface by blocking pores.

2.7.4 Parameters in PCO reaction process

Efficiency results of the PCO reactions are directly influenced from ambient
conditions and process parameters. Because of the importance of illumination for
PCO, light source and intensity are can be assumed as the primary factor. Besides light
source and intensity, pollutant concentration, humidity and temperature are the other
parameters. Ultraviolet source and light intensity was studied for PCO efficiencies of

the produced nanofibrous filters.
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2.7.4.1 Pollutant Concentration

The optimum point of the contaminant concentration usually maximizes the PCO
reaction rate while the other conditions remain stable. This optimum point is the
maximum level of contaminant which is removed completely by PCO filtration.
Over that point, total amount of the catalyst will not be enough for removing all of
the VOCs because of the capability of the catalyst is limited.

2.7.4.2 Ultraviolet source and intensity

Since UV sources are the primary components of the PCO reaction processes, the
intensity and wavelength of the UV light has a significant effect on the PCO reaction
rate. Titanium dioxide can be activated under 380 nm wavelenght supplied from any
light source. Intensity of the light directly affects the reaction rate. PCO efficiency is

influenced positively with increasing light intensity.

2.7.5 Hlumination under UV light

Ultraviolet light has wavelength below 400nm. Ultra Violet lightening systems are
divided into two main categories. These are; traditional UV lamps and as a new
technology UV light emitting diodes (LEDs). For photodegradation of VOCs UV-light
irradiation acts as a dramatic energy provider [6]. It is expected that the decomposition
efficiency and the operation costs for a photocatalytic system may be markedly

improved through the improvement of UV light utilization [41].

Titaniumdioxide (TiO) is the primary and an effective catalyst in PCO applications.
However, this type of catalyst merely demonstrates high catalytic activity under UV
illumination at wavelengths of 340 — 388 nm [42]. This makes the UV radiation as
main light source for PCO. It is aimed to the development of advanced catalysts for
visible light applications. Therefore, some attepts have been made in that way such as
developing of TiO2 by some modification methods. The most typical modification
techniques involve depositing noble metals, doping transition metals ions, combining

with semiconductors and modifying with other substances [35].
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2.7.5.1 UV Lamp

Traditional UV light sources can be classified as two categories;

» Incandescent sources

» Gas discharge sources
UV emissions of the former depends on the filament temperature which is usually
around 2700 °C. Hence, filament lamps are very unproductive. For gas discharge
lamps, the inner space of the lamps are filled with a gas which provides a fairly low
ionization energy, sufficient vapor pressure, be inert and its lowest excited state must
be at such a level that the resonance radiation appers at UV wavelength [19]. The
reason of using mercury in UV-Lamps is fulfilling all of the requirement. However,
EPA specified mercury as one of Hazardous Air Pollutants (HAPs) which can damage
the brain and kidneys [19].

For gas charge UV light sources, the number of effective photons per input energy is
not high due to the high quantum energy and/or wide spectrum, and it is very difficult
to improve their Wall Plug Efficiency (WPE) which is defined as the optical power

per electric power input [19]. So, efficiency of these lamps are pretty low.

Another problem of that light sourece are toxic effect of mercury which increasingly
becoming controlled or banned by government safety and environmental regulators.
They are also fragile, relatively short lifespan of thousands of hours compared to 50000
hours of UV-LEDs and instability of the output power. Traditional UV-Lamps are also

instable for providing the output power.

2.7.5.2 UV-LED

Light Emitting Diodes (LEDs) are a new lighting technology and they are being
commercially avaible since 2003. UV-LEDs are semiconductor p-n junction devices
which are made up of gallium arsenide (GaAs), gallium arsenide phosphide (GaAsP),
gallium phospide, or indium gallium nitride (InGaN) [43]. The toxicity of GaN is not
stronger than copper and zinc so UV-LED is regarded as a safer alternative to mercury
UV-Lamps [19]. Since long life expectancy of 50000 hours which is about 5 times that
of Hg-vapor lamps, high robustness, minimum heat generation, good linearity of the
emitted light intensity with current, suitability for operation in a pulsed regime at high
frequencies, and are easily protable, it has a great potential to become a suitable light

source.

21



With recent developments, there is great potential for the UV-LED to become a fertile
light source for photocatalytic applications instead of mercury lamps. Furthermore, the
next generation of photocatalytic systems needs a flexible, lightweight, and easily
portable reactor, and the usage of energy efficient sources instead of classical
ultraviolet excitation source. Because of these situations, UV-LED has been studied in
PCO systems for degradation of severalxenobiotics, formaldehyde, bisphenol, and

chlorophenol in contaminants waste streams [42].

2.7.6 Hlumination under visible light

Photocatalysis with sunlight or room light has the potential to be a beneficial
technology for environmental filtration systems. The commonly used PCO catalyst,
TiO2 which exhibits high catalytic activity in UV-light span is an effective catalyst in
photocatalytic oxidation [32]. However, TiO> has lower efficiency under visible light
region. Thus, using of these light sources for PCO applications is a still big challenge
for indoor filtration because of the low fraction of UV light in indoor and vehicle
applications.

Usually, there are three preparation ways for shifting the catalyst activating region
from UV to visible area; doping TiO. with transition metal ions; doping nitrogen into
TiO2 and utilizing sensitizing dyes [38]. Doping with transition metal ions decreases
the band gap and extends light adsorption of the material into the visible region.
Coupling of catalyst with a small band-gap semiconductor or doping with transition
metal ions such as V, Cr, Mn, Fe, Co, Ni, N or Cu extends light absorption into the

visible region by shifting the band gap of the primary catalysts [38].
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3. NANO FIBROUS FILTER PRODUCTION AND CATALYST
DEPOSITION METHODS

3.1 Electrospinning

Electrospinning is a method in which nanofibers (NFs) are uniaxially stretched from a
viscoelastic solution [44]. Since electrospinning is quite versatile and cost-effective
comparing to other methods for producing functional NFs from variety of materials
including polymers, polymer blends, suspensions, emulsions, sol-gels, non-polymeric
systems, metal oxides and composite structures, this method has gained growing
interest in the past decade [45]. Because of the high surface area, rigid and flexible
structure and high porosity, the produced NFs by electrospinning is widely used for
different purposes such as drug delivery systems, nanosensors,, micro/nano electronic
devices, scafolds for tissue engineering and filtration media [46]. High-performance
filters to chemical and biological sensors and protective clothing applications has been
studied on nanoscale surface texture because of their small mesh allows trapping of
very small particles [44] . High surface area is required from the substrate which is
also inert material for maximizing the photo activity of the catalyst and the filter [34].
Electrospun NFs have high specific surface area with a distinctive nanoscale surface
texture. This method is a result of the influence of an electrostatic field on the prepared
viscoelastic solution for the formation of ultrathin fibers [45] . The diameter of the NFs
can be varied from tens to hundreads of nanometers according to polymer solution and
study parameters. A schematic view of electrospinning process can be seen in Figure
3.1
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Figure 3.1: Schematic representation of electrospinning process [47].
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For electrospinning procedure a high voltage is applied to the solution such that at a
critical voltage depending on the viscosity of solution, the repulsive force within the
charged solution is higher than its surface tension and as a result of that charged
solution force a jet would erupt from the tip of the spinneret to grounded collector
surface [44].

Electrospinning parameters have an important factor on controlling the properties of
electrospun NFs. Especially fiber diameter is influenced from the study parameters
such as solution viscosity and conductivity, applied voltage, feeding rate, distance
between tip and collector and ambient humidity [44]. Solution viscosity and feeding
rate depending on the concentration of polymer in the electrospinning solution has
negative effect on NF diameter. On the contrary conductivity, applied voltage and

distance between tip to collector has positive effect on decrease of NF diameter.

3.2 Catalyst Deposition Method

One of the most important parameter influencing the performance of the filter is
catalysts deposition method. Distrubition and dispersion of the catalysts on the NF
surface must be homogenous without agglomeration for maximizing the performance
of the media for PCO application. Even though there are some methods, embedding
and electrospraying methods are the most common methods for deposition of catalysts

in the literature.

3.2.1 Fixed catalyst system

Fixing the catalyst in the NFs by embedding it onto TiO2/polymer solution is widely

used in literature. According to this method, catalyst nanoparticles(NPs) are dispersed
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in the polymeric electrospinning solution and this solution is used for electrospinning.
As a result of this process, these NPs are deposited inside the NFs. SEM images of

embedded TiO2 NPs onto NFs are shown in Figure 3.2.

Figure 3.2: a) NF structure b) Embedded catalysts in the NFs [48].

Deposited catalyst NPs can be seen as beads in the NFs and these catalysts are
agglomerated and deposited under the surface of NF which is a disadvantage for
produced media. When TiO2 is embedded in NFs, the light intensity which is adsorbed
by the catalysts decreases enormously. Another disadvantage of this method is the
agglomeration of TiO. which decreases the active surface area per each catalyst
particle. Since PCO performance is highly related with surface area and TiO:
distribution; fixed catalyst system through embedding is not preferred. Besides
embedding, electrospraying is developed for next steps of the project. Performance of
the catalysts are negatively affected from these disadvantages. Because of these
undesired circumstances, instead of embedded method, electrospraying method was

developed for next steps of the project.

3.2.2 Electrospraying system

Electrospraying is a technique closely related to electrospinning. It is a low-energy,
low-cost material processing method. Electrospraying is a well-known technique of
liquid atomization by employing electrical forces [49]. Atomization of the meniscus
of a liquid flowing out from capillary nozzle concludes as fine droplets and these
droplets are electrically charged [49]. The electrically charged droplets follow a
trajectory to the nearest grounded surface where nano or microscale particles and
coatings are collected thiny and uniformly on [50]. There is an application of high
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electrical forces to lower viscosity liquid comparing to electrospinning solution. SEM
images as shown in Figure 3.3 were taken from a literature that is studied on the
electrospraying of TiO2 NPs onto polyvinylidenefluoride (PVDF).

19.2kV XSe00Kk 6. 00+m
(b) (b)

Figure 3.3: a) PVDF NFs b) TiO> electrosprayed NFs [50].

According to literature studies, distrubition and dispersion of the catalysts along the
NFs by electrospraying method are much more homogenous and less agglomerated
compared to embedded method. Since the direct interaction of catalysts with the light
and higher active surface area achieved through electrospraying , higher performance

Is expected to achieve in PCO reactions.
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4. FABRICATION OF NANO FIBROUS FILTERS

4.1 Nanofiber (NF) Production by Electrospinning

In this study, NF mat as filter material was produced by electrospinning method. The
reason of preference of NF material was its high surface area which is one of the most
important parameter effecting the photocatalytic. For electrospinning studies 20 mL
HSW Norm-Ject brand syringes was used with a 8mm brass diameter needle. During
these studies, different voltage values, feeding rates and distances between tip with
collector were studied because of the varying viscosity properties of each solution.

However, rpm value of the collector was always same for orientation of the fibers.

Polypropylene (PP) nonwoven was choosen and used as the substrate for produced NF

mat due to unflammable property and easily supplyability from TAC company.

During electrospinning studies two different machines were used in which Figure 4.1
shows a home built system by former laboratory members of TEMAG.

() (b)

Figure 4.1: a) Home-built machine b) Schematic view of process [44].
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Several polymers are capable of using for electrospinning process such as;

» Polyvinylalcohol (PVA)

» Polyacrylonitrile (PAN)

» Thermoplastic polyurethane (TPU)
These polymeric materials were tested for nano fiber production. Distilled water,
dimethylformamide (DMF) and dimethylsulfoxide (DMSQO) were used for dissolving

and preparation of polymeric materials for electrospinning solution.

Electrospinning studies were firstly performed on aluminium foils as shown in Figure
4.2. Small pieces of aluminium foils were cut for collecting the produced NFs during
optimization studies of electrospinning parameters. After the characterization studies
were performed by scanning electron microscope (SEM), the optimized parameters for
NF production was choosen as procedure. SEM characterization helped to select the

proper polymeric material for fabrication in this study.

Figure 4.2: A view from electrospinning study.

4.1.1 PVA based

For the early studies it was focused on the fabrication of NFs as PVA based. PVA
based NFs were produced by electrospinning. PVA was preferred because of it’s
untoxicity and dissolibility in water. Preparation of PVA solution for electrospinning
can be seen as below;

» Mixing of PVA in distilled water with a concentration of 12 wt%

> Homogenous distrubition of PVA in distilled water at 80 °C for an hour

» Cooling down to ambient temperature
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This solution was electrospun onto aluminium foil to examine NF formation.
Electrospinning parameters for PVA NF production were studied for optimization.
Although there were many studies for obtaining NFs, observation of NF formation was
just for one study as shown the parameters below;

» Applied voltage 24 kV

» Tip to collector distance 150 mm

» Feeding rate 0,3 mL/h

» Collector speed 200 rpm
During this studies 1 wt% of TiO, (Degussa P25) was added to electrospinning
solution and electrospun onto PP non-woven spunbond. TiO> NPs dispersed in the
electrospinning solution were embedded in the produced NFs. The electrospinning
parameters for this study were;

» Applied voltage 20 kV

» Tip to collector distance 150 mm

» Feeding rate 0,5 mL/h

» Collector speed 200 rpm

SEM images of pure and TiO, embedded PVA NFs are demonstrated in Figure 4.3
and Figure 4.4 respectively.

Figure 4.3: Pure PVA NFs.

29



Mag= 7.00KX.

Figure 4.4: Embedded TiO nanoparticles are demonstrated as red circle NFs.
4.1.2 PAN based

PV A based electrospinning studies showed us that P\VA can be dissolved in water very
well but it’s electrospinnability was not appropriate for the studies. Since unsuccesful
experiments with electrospun PVA NF, it was necessary to focus on another polymeric
material. Thus, polyacrylonitrile (PAN) was begun to be used. PAN was dissolved in
DMF without any additive. For one of the studies made with PAN, Degussa P25
addition was made with a concentration of 1 wt%. Pure PAN NFs were produced
according to following procedure.

> 13 wt% PAN dissolved in DMF at 85 °C for 90 minutes

» Cooled down to ambient temperature
Cooled down PAN solution was electrospun for formantion of NFs. Electrospinning
parameters of this solution are shown as below;

» Applied voltage 20 kV

» Tip to collector distance 15 mm

» Feeding rate 1,5 mL/min

» Collector speed 200 rpm
NF formation during electrospinning process with the parameters as shown above were
observed and these parameters were accepted as appropriate parameters for such
concentration level of PAN. NFs produced with that parameters were characterized in
the SEM and showed in Figure 4.5.

Instead of electrospraying of TiO2 solution, TiO> NPs were dispersed in the
electrospinning solution at 1 wt% similar to PVA solution. TiO2 NPs were embedded

and formed beads where they existed in the NF is shown in Figure 4.6. With the
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similars reasons of embedding TiO- in the polymer would decrease PCO efficiency,
the next steps of TiO2 deposition was focused on electrospraying.

*Mag=,1000 KX 1

Figure 4.5: Pure PAN NFs.

Figure 4.6: PAN NFs with embedded TiO2 nanoparticles.

4.1.3 TPU based

Thermoplasticpolyurethane (TPU) is a resilient elastomer that has a wide range of
applications such as coatings, sealants, transdermal patches, and catheters [47].
According to previous studies done with PVA and PAN it was necessary to change the
polymeric material for obtaining higher performance from the fibers with better
elasticity. From the literature, thermoplastic polyurethane (TPU) was chosen as the
proper polymeric material for electrospinning. TPU is a class of polyurethane plastics

with many properties, including elasticity, transparency, resistance to oil, grease and
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abrasion. Used TPU which is called as C95 with high electrospinnability, good
viscosity and high mechanical properties was supplied from BASF.

Some additives were made for improving the performance of solution during
electrospinning. Sodium chloride was added 0,03 wt% of total weight for increasing
the conductivity which affects electrospinning performance of solution. By addition of
sodium chloride applied voltage for electrospinning was required. Ethyl acetate with
13 wt% was added to electrospinning solution for achieving a more viscous phase. The
main chemical forming the NFs is polymeric material. For required NF formation,
TPU was added to solution as 13 wt% of total solution. DMF was used 74 wt% of the
total solution as solvent. The applied procedure for NF formation is summarized below

in Figure 4.7.

0,3 wt% NaCl in Heating to

DMF for 15 minutes 90 °C Addition of TPU

Addition of 13 wt%
Ethyl Acetate

Dissolving of TPU in

Cooling to 70 - 75 °C 90 °C for 30 minutes

Mixing of Solution at .
70 - 75 °C for an Cooling to Room Ready for

Temperature Electrospinning

Hour

Figure 4.7: Production flow chart of TPU electrospinning solution.

The solution at ambient temperature was ready for electrospinning process aimed NF
production as shown in Figure 4.8. The prepared solution should be stored in a dark
area to avoid colour changes in the solution from visible light, which can effect the

chemical structure of the solution.
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Figure 4.8: 13 wt% TPU as electrospinning solution.
NFs were produced according to following electrospinning parameters;
» Applied voltage 24 kV
» Tip to collector distance 150 mm
» Feeding rate 0,65 mL/h
» Collector speed 200 rpm

Collector was horizontally moved for distrubition of NFs for wide area and obtaining
bigger filter media. This movement was automatically controlled by automotion
system. Dimensions of the filters were 44 cm height and 18 cm width. According to
these dimensions, total filter area was 792 cm?, two filter sample could be obtained for

each produced electrospun media.

As it was mentioned in the literature part, one of the most important property of NFs
is it’s diameter. TPU concentration has decreased from 13 %wt to 10 wt% for
decreasing the fiber diameter during electrospinning procedure which is crucial for
enhanced surface area. And this 3 wt% of the solution was fulled by DMF. Since the
viscosity of the solution changed, it was necessary to optimize the study parameters
one more time. Three different voltage values and two different feeding rates were
applied. By decreasing the polymer content, average diameter was changed and 10
wt% of TPU study optimization studies are given in Appendix A-1. As a result of
these studies, it was observed that the best result was obtained from 25 kV and 0,7
mL/h feeding rate. This prepared solution was electrospun onto PP surface under same
parameters applied for 13 wt% TPU. Thinner diameter NFs varying between 150 with
300 nm were obtained which can be seen in Figure 4.9.
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Figure 4.9: SEM image of 10 %wt TPU electrospun nanofibers.

Another development study during electrospinning studies was changing the DMF
with another solvent because of its high toxicity on human health. DMF is the most
common solvent used for electrospinning applications due to its high ability to dissolve
polymeric materials easily and fastly. As nano fiber formation during electrospinning
and preparation of polymeric solution, this solvent vaporizes and it is directly breathed
by human. According to literature researches, Dimethylsulfoxide (DMSO) was found
as a very similar solvent with DMF withouth toxicity for human health. Since DMSO
is less toxic compared to DMF, some studies were done with DMSO instead of DMF
by applying same parameters. During formation of NFs, some flow problems were
happened but for obtaining the result of the DMSO study the process was continued

for two hours.

After two hours of electrospinning, the produced NFs were investigated under SEM
and the image is illustrated in Figure 4.10. According to these images it can be said
that, the diameter of the nanofibers with DMSO solvent were thicker compared to
DMF and also some bead formations were occurred. This result demonstrated that, the
concentration of polymer in DMSO solvent was higher and concentration of polymer
should have been decreased for achieving a better results.
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Figure 4.10: SEM image of electrospun TPU NFs with DMSO.
4.2 Deposition of Catalyst onto NFs by Electrospraying

Deposition of catalyst with good adhesion and distribution onto NFs is crucial to
achieve a good performance of VOC degradation. Electrospraying was used to deposit
both modified and unmodified (Degussa P25) onto NF surface. Details of

electrospraying is explained in this section.

4.2.1 Degussa P25 as catalyst

A very widely used semiconductor for photocatalytic studies titaniumdioxide (TiO2)
was chosen as the primary NPs for deposition onto NFs. Degussa P25 was chosen as
a commerical product which had 21 nm diameter supplied from Sigma-Aldrich.

For obtaining high efficient filters, these TiO2 nanoparticles(NPs) must be distributed
homogenously on the NFs without any agglomeration. Since agglomeration decreases
the active surface area which decreases performance of the filters, electrospun
nanofibrous filters were covered with TiO2> NPs by using a method similar to the
electrospinning method, which is called as the electrospraying. TiO2 NPs were sprayed
onto NFs directly and left for drying.

Homogenous and effective TiO> NPs distribution is a key factor in achieving high
efficienct degradation capability. Many studies were performed with different solvents
and different concentrations of TiO> in the solvent. Aluminium foil was used as a test

bed for optimization studies of TiO electrospraying parameters.

In the first studies the solvent for dissolving of TiO. was chosen as methanol because
of its fast evaporation in air and capability to dissolve TiO. easily. So during

electrospraying, methanol directly evaporated because of high applied voltage and it’s
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high vaporization characteristic. Methanol and TiO, was mixed without any heat
treatment for 12 hours and electrosprayed onto produced electrospun NF mat. This
electrospraying duration was varied for required amount of TiO, on NF mat.
Monolayer structure and sandwich structure were researched as two different filter
type for obtaining the best performance. Schematic view of these structures are given
in Figure 4.11.
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Sandwich Nanofiber Structure of e-TiOz/electrosprayed

Figure 4.11: Schematic view of monolayer structure and sandwich structure.

Monolayer structure has one layer of nanofiber structure and the catalysts were
deposited above of this layer. Monolayer structure studies were varied by
electrospraying process durations such as 20, 40, 60, and 180 minutes were performed
with Degussa P25 for investigating the effect of deposited amount of the catalysts on
the filtration performance. According to deposition durations these fabricated filters
were coded as “e” for electrosprayed onto nanofiber mat and “number” for defining
the electrospraying durations like e-20 for 20 minutes of electrospraying, e-40 for 40
minutes of electrospraying, e-60 for 60 minutes of electrospraying, and e-180 for 180

minutes of electrospraying.

Besides mono layer, sandwich structure was developed by performing two layer of
nanofiber and two layer of deposited catalyst. Production process of sandwich

structure is shown in Figure 4.12.

Electrospinning Electrospraying Electrospinning Electrospraying

for an hour of for 20 min of
13 wt% TPU TiO, Solution

for an hour of for 20 min of
13 wt% TPU TiO, Solution

Figure 4.12: Schematic of fabrication of sandwich structure.

Sandwich structure production process was consisted of two hour of electrospinning
and forty minutes of electrospraying. In this study, 20 minutes of electrospraying of

0,5 wt% TiO> solution was performed after an hour electrospinning of NF surface, 60
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minutes of electrospinning was done after completing the first layer and the last layer
was accomplished by electrospraying of TiO2 solution for 20 minutes afterward.
Although this sandwich structure filter had the same amount of TiO with e-40, amount

of TiO on the surface of filter was equal to e-20.

With changing deposition durations, total amount of catalyst on the filter was changed
too. Amounts of TiO2 in the filters for changing deposition durations are given in
Table 4.1.

Table 4.1: TiO, amounts in the filters for varying deposition durations.

Filter Type TiOy in Filter (mg) TiOz in Filter (mg/cm?)  TiOzin Filter (%)

e-20 1,47 0,008 0,5
e-40 2,94 0,016 1
e-60 4,41 0,025 1,5
e-180 13,23 0,074 4,5
Sandwich 2,94 0,016 1

After long optimization studies, electrospraying of Degussa P25 was done according

to following parameters;

» Applied voltage 25 kV

» Tip to collector distance 7 cm
» Feeding rate 2,2 mL/h

» Collector speed 200 rpm

4.2.2 Modified TiOz2 as catalyst

TiO2 has a great interest in metal oxide semiconductors due to the wide bandgap, but
low efficiency under irradiation in the visible light and undesirable recombination of
the electrons and holes are the main disadvantages of the pure TiO>. Therefore, for
enhancement of the photo activity of TiO2 numerous dopants have been reported. One
of the methods is activation of TiO2 under visible light by doping catalyst with
different materials through chemical routes such as sol-gel process. In this study,
modified photocatalysts such as , Fe-doped, N-doped, and N-Fe co-doped TiO> were

successfully prepared via sol-gel method through hydrolysis and polymerization of
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titanium tetraisopropoxide in 2-propanol. During these sol-gel studies, any Degussa
P25 was not used as catalyst. Sol-gel preparing method is showed in Figure 4.13.

Solution of . Sol (Colloid)
Condensation
Precurcors -

Gelation Gel

Figure 4.13: Sol-Gel preparation process.

By modificating or doping of TiO> the band gap of the catalyst was shifted to visible
wavelength range which requires less light intenstiy for overcoming the band gap
energy value compared to Degussa P25. In other words, the modified catalyst
demonstrates higher activity under the same light intensity value applied to Degussa

P25 catalyst because of the less band gap energy.

These modified TiO2 sol-gels were electrosprayed onto TPU NF mat. Since the
viscosity and density values of the electrospraying solution were changed, optimizing
the electrospraying parameters was required. After optimization studies,
electrospraying parameters were selected as;

» Applied voltage 27 kV

» Tip to collector distance 15 cm

» Feeding rate 2,2 mL/h

» Collector speed 200 rpm
As electrospinning and electrospraying studies, horizontal movement was applied for
homogenous spreading of the catalysts onto entire surface of NF mat.

4.3 Morphological and Physical Characterization

Before application of filters to VOC removal analyzes, it was necessary to make some
test for observing the filter properties as morphological and structural. The produced
filters were nanofibrous filters consisting of NPs and NFs. Thus, these produced filters
were not able to examined by eye and required developed analyzing method for
understanding the morphological and physical properties of the materials. This
characterization studies were also used for optimization researchs. Scaning Electron
Microscope (SEM), Air permeability tests and Brunauer-Emmertt-Teller (BET) tests

were used for characterization of the samples.
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4.3.1 Morphological characterization of the filters (SEM)

SEM is a type of electron microscope which produces images of a sample by scanning
it with a focused beam of electrons. The electrons interact with atoms in the sample
and this interaction produces signals which draws surface topography and structure.
SEM images were taken in the TEMAG Laboratory.

Because of the importance of distrubition and dispersion of TiO> on the surface of NFs
optimization of electrospraying parameters were studied for obtaining higher efficient
filters. Six different optimization studies were done for 20 minutes by changing the
applied voltage and distance between tip and collector onto aluminium foils which
were examined in the SEM as shown in Figure 4.14.

Figure 4.14: Electrospraying optimization studies a) 20 kV - 7.cm b) 25 kV - 7 cm
c)30kV-7cmd)20kV -12cme) 25 kV - 12 cm f) 30 kV - 12 cm.
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Even though high amounts of agglomeration of the catalysts were observed on the
SEM, 25 kV applied voltage and 7 cm distance between tip and collector were choosen
as the parameters for further studies. After optimization of electrospraying parameters
were conducted, electrospraying of nano particles onto NFs were made for different
durations as demonstrated in Figure 4.15. Reason of changing the total electrospraying

durations were for analyzing the effect of TiO, amount on PCO efficiency.

Mag =£10.00 K X

Meg= 10.00KX I Mag= 1000K X

(©) (d)

(f)

Figure 4.15: SEM images of produced filters (a) Pure TPU NF (b) e-20 filter
(c) e-40 filter (d) e-60 filter (e) e-180 filter (f) Sandwich Filter.
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Although, e-20 and e-40 seems like the best results, all of these filters except pure NFs
were performed in the reactor against VOCs. High agglomeration can be seen on e-60
and e-180 filter due to the long duration of electrospraying. The best TiO> distrubition
result from the electrosprayed filters were accepted as e-40 filter and for this filter

EDX Mapping analyze was conducted as can be seen in Figure 4.16.

(b)
Figure 4.16: a) e-40 filter SEM image b) e-40 filter EDX mapping image.

For analyzing the adhesion property of NPs and NFs to each other and substrate, two
different tests were applied to filters. Firstly, these filters were immersed in the
distilled water and magnatically stirred under 0.04 Pa for 30 minutes. The SEM images
for this study is demonstrated in Figure 4.17. Another adhesion test was applied under
high air flow. This test was under 12 m/s air flow speed and continued for 5 minutes.

Air flow test is showed in Figure 4.18.

Figure 4.17: Adhesion property test with water a) Before b) After.
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(b)
Figure 4.18: Adhesion property test with air a) Before b) After.

According to these adhesion property tests, it can be said that, these TiO2> NPs were
stable on the surface of NFs which were not influenced for both tests. It was also
studied on the effect of PCO reactions on the morphology of filter by examining the
SEM images of the samples before the reaction and after the reaction as demonstrated

in Figure 4.109.

Figure 4.19: Effect of PCO reaction on the structure of the filter
a) Before the reaction b) After the reaction.

These SEM images prove us that, TiO> distribution and dispersion was not affected
from UV illumination. NFs were still stable and any deformation was not observed.

4.3.2 Physical characterization of the filters (Air Permeability)

For physical characterization of the filters, air permeability tests were done for
analyzing the air permeability property of the filters which is an important parameter
for filtration applications. Air permability analyzes were done according to EN-1SO
9237 standart by using PROWHITE AIRTEST Il machine as shown in Figure 4.20.
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Figure 4.20: Air permeability test device.

Two measurements were done on the nanofibrous filter, and it was taken the average
value of these measurements. Besides the nanofibrous filters, it was also performed

only NF structure. Results of these studies are shown in Table 4.2.

Table 4.2: Air permeability properties of produced filters.

Filter 1%t Measurement 2" Measurement Average
(mm/s) (mm/s) Value (mm/s)

OnIy(I;I(I): rim;cture 53 55 54
Only Naﬁ)tructure 17 19 18
Only N(Fzﬁ)tructure 16 18 17
e-20 19 22 20
e-40 31 25 28
e-60 15 32 23
e-180 9 29 19
Sandwich 25 28 27

As it can be seen from Table 4.2 electrospun 2 hours of NF production were resulted

as an air permeability property around 22 mm/s. For understanding the effect of NF
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thickness on the air permeability property, it was also studied on production and testing
of an hour and 30 minutes electrospinning. Air permeability properties were same for
NF structure which was electrospun for an hour and 2 hours. However, NF structure
formed from 30 minutes of electrospinning demonstrated that air permeability values
increased from twenties to fifties. This corresponded to more than double times of 1
hour and 2 hour studies.

In addition to these measurements, HEPA filters were tested too. HEPA filters are
widely used as particulate filters in typical aircrafts for cabin air filtration. These tests
were done for understanding and creating a reference point for air permeability tests
of the produced filters. Couple of measurements from different sides were done on the
HEPA filter in order to examine the distrubition of glass fibers among the filter was
homogenous or not. It was obtained that the fiber structure was very homogenous
among the filter and air permeability values were same at every side of the filter. 75 —
76 mm/s were the air permeability of HEPA filters which was so close to 30 minutes

electrospun NF mat air permeability value.

4.3.3 Characterization of specific surface area (BET)

BET was used as the method for determination of specific surface area. BET theory is
a method that explains the adsorption of gas molecules on a solid surface and serves
as the basis for an important analysis technique for the measurement of the specific
surface area of the material. Two samples were characterized according by BET. These

samples were e-20 and e-60 filters. The characterization results are given in Table 4.3.

Table 4.3: BET results of the nanofibrous filters.

Electrospraying  TiO2 Content

Sample Code Time (min) ) Surface Area  Structure
e-20 20 0,5 849 m?/gr Mono
e-40 40 1 Thd Mono
e-60 60 1,5 821 m?/gr Mono
e-20 40 1 Thd Sandwich
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As BET tests, e-20 and e-60 filters demonstrated similar surface area properties which
were around 820 — 840 m?/gr. This value is a quite good property as surface area and

these test will be done for the rest of the filters.
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5. TESTING OF NANO FIBROUS FILTERS FOR REMOVAL OF VOCs

5.1 Purpose and Design of Experimental Study

Meal services, bioeffluents, cleaning agents, and painting materials used in aircraft
cabin expose Volatile Organic Compounds (VOCSs) in the aircraft cabin. Especially
for long duration flights, these VOCs has several effects on crew and passenger
comfort and health. The environmental control system with HEPA filters in aircrafts
does not have an ability to remove the VOCs with the current technology. The purpose
of this chapter is to introduce a home-built VOC test system with UV-LEDs and to
investigate the photocatalytic performance of nanofibrous filters with TiO2. VOC test
system is built to integrate either UV-Lamp and UV-LEDs to the photocatalytic reactor
as a light source to study both of the light sources applicability. Several parameters
such as light intensity, VOC type and concentration etc. were investigated and reported
in a detailed fashion in this chapter.

5.2 VOC Test Sytem

The preliminary studies within the home-built VOC test system is performed with UV-
lamp due to the well established literature on several VOCs with this light source. The
1% generation UV-lamp experimental set-up used in VOC removal tests were a home-
built system and it is shown in Figure 5.1. There were two gas tubes at the
experimental set-up. One of these tubes, which is labelled as (1), was used as diluent
gas such as nitrogen or dry air and as VOC source, smaller gas tubes comparing to
carrier gas were used which is labelled as (2). These tubes were certificated and
purchased commercially for ethanol, benzene and toluene by varying concentrations.
To control the speed of flow through in the test set-up, mass flow controllers (MFCs)
were integrated to the system and labelled as (3, 6 and 9). Sensitivity of the MFCs
were 50 mL/min and flow speed can be varied from 50 mL/min to 10 L/min. Mixing

chamber was used to mix the diluent gas and VOC source in a desired VOC
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concentration. For inhibiting adhesion of VOCs on the inner surface of mixing
chamber, it was made of aluminium which is similar to VOC gas tank tube. Mixing
chamber’s volume was around 4 liter and it can resist until 7 — 8 bar pressure values.
3 photoionization detectors (PIDs) were used for analyzing the carbondioxide and
VOC concentrations during the tests. One of the PIDs was carbondioxide sensor which
is labelled as (8) and the others were the PIDs which are labelled as (5, 10) and also
reffered as VOC sensors. Photocatalytic reactor is labelled as (7) demonstrates the
region which the photodegradation of VOCs occur under UV source. The performance

tests were performed in the reactor to investigate the efficiency of nanofiber filters.

Figure 5.1: 1% generation experimental set-up.

Four traditional fluoroscent UV lamps with 365 nm wavelength were used in the test
system as light source, and these light sources can be seen in Figure 5.2. These lights
were controlled from the software and it was applicable to turn on the required number

of the lights for changing the study parameters.

Figure 5.2: Traditional fluorescent UV lamps used in 1% generation reactor.
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The PCO activity measurements were investigated with a standard recipe for the
effectiveness. The basic steps of the test procedure are listed as below:

» Purging the lines with nitrogen to remove possible VOC contaminants

and other pollutants
» VOCs was provided from current concentrated source tank
» VOC was mixed with diluent gas in mixing chamber

» Flowing & Mixing until reaching to desired VOC concentration value

in mixing chamber
» Flow into the reactor at set flow rate
» Waiting for adsorption of VOCs without in a dark period
» UV illumination was begun, and PCO reactions were started
» Out from reactor
= To VOC sensor
* To CO; sensor
= To sampling tubes (Active Carbon)

Since VOC gases tend to react with polymeric based materials in which those would
directly affect the tests and performance analyzes. Since inhibiting such undesirable
reactions, the materials for the connections and the parts were choosen as non reactive
materials with VOC gases such as teflon material. These teflon materials were covered
with stainless steel against any leakage that might occur on the teflon material.
Aluminium was choosen for mixing chamber but reactor was produced by stainless

steel.

Active carbon sorbent tubes were used as the sampling tubes shown in Figure 5.3.
Active carbon tubes adsorbs the gases inside the carbons by transfering the gas phase
into solid phase. Then these solid phase of VOCs were exposed to some chemical
processes and delivered to GC/FID analyzer. The analyzer mesurements give us the

total amount of PCO performance of the nanofiber filters.
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Figure 5.3: Active carbon sorbent tubes for sampling.

The UV-Lamp study is performed to establish the VOC test system applicability for
testing such a system at required properties. Then a UV-LED VOC test system is
studied. Since aircraft cabins undergo large vibrations and needs several hours of
lifetime the system needed to be re-designed with a light source which is more aircraft
environment friendly and also reliable and efficient. UV-LEDs which does not have
any mercury as a hazardous air pollutant, and long lifetime (more than 50K hours)

posses a unique alternative light source.

The home-built test system is re-designed and built with UV-LEDs which is referred
as 1% generation UV-LED test system. In this test set-up only the light source and
photoreactor was changed but then the 2" generation test system is built in a automated

and controlled way.

In 2"d generation UV-LED system, some additional technologies was added to system
such as an in-situ monitoring VOC detection system. The specific parts of the new test
set up can be mentioned as the mass flow controller (MFC), VOC generator and mass
spectrometry (MS). 2" generation UV-LED system is shown in Figure 5.4. MFC was
used for controlling the speed of dry air. Speed directly affects the concentration rate

of VOC in the system. MFC could be arranged to 1 It/min as maximum flow rate.
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Figure 5.4: 2" generation UV-LED system built with an in-situ VOC generation and
detection system.

A VOC generator is designed and built which can use liquid sources of VOC and the
liquid VOC source was transferred to gas phase by the effect of high flow rate of
diluent gas. The system allows to feed two different VOCs in the reactor and which
can be used as either to test two VOCs simultaneously in the system or can be used as
one VOC and one humidity generator. To obtain concentration levels of VOCs in parts
per million (ppm), VOC liquid was sent to system very slowly, and transfers to gas
phase by evoporation. VOC containing diluent gas was sent to reactor from a special
line which was appropriate for varying the temperature of inner side of connection for
inhibiting the condensation of the VOC gas.

Mass Spectrometry (MS) was used to understand the degradation mechanism and rate
of VOCs in the photoreactor. This device was ordered and shipped from Harrington
company which is a product of United Kingdom. MS instrument performs the VOC
detection analysis during the photocatalytic degradation during active and passive
modes and this helped to understand the kinetics of the degradation mechanism as
well. The instrument uses 12 mL/min gas from the system for analyzing the results
under vacuum environment. A turbo pump was integrated into MS with an addition of
external pump to apply vacuum inside of the MS. External pump was the main starter
of pumping and then after a limit point turbo pump was functioning. Gas
measurements for inlet and outlet concentrations were done by MS. Gas firstly entered
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to the reactor and then the flow continued to MS from outlet of the reactor. Because
of existence of the reactor, gas samples were taken from the outlet of the reactor. In
the beginning of sending of VOC including gas to the reactor, the outlet was opened
as well for releasing the gas filling the reactor. Since adsorption may occur on the filter
media, it was waited for the stabilization of the system. After balancing of the system
for ensuring the stability of the system, waiting duration was extended, and this
stabilized value was assumed as inlet value of the system which was the initial
concentration of the VOC. According to PCO process, after pressuring the reactor and
waiting for a while for demanded illumination time or continuously flow, as soon as
outlet flow was opened after PCO reactions, MS analyzes were begun. The VOC value
taken from outlet was estimated as final concentration. Comparasion between outlet
value and inlet values give us the performance results of the filter. The flow chart of

the process is given in Figure 5.5.

D ant eDiluent Gas sent at a constant speed to VOC Generator at six bar

/

-
eLiquid VOC is pumped from VOC Generator according to set flow rate for desired
qulid ppm value

0 y,

-
*Mixing of Diluent Gas and Liquid VOC at connections. The VOC is in liquid phase
before mixing with diluent gas. After interrupting with diluent gas, it changes to

2 gas phase )
N
*Flow from VOC Generator to Reactor at a heatable line
Reacto )
N
*Flow from Reactor to MS
y,
™
eAnalyzing from MS
AN3a a /

Figure 5.5: Flow chart of 2nd generation UV-LED system.
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Simulating the aircraft environment requires circulating the air through reactor
continuously. For air circulation, an air pump was supplied and connected to test
system as demonstrated in Figure 5.6.This pump was connected to inlet and outlet of
the reactor which works as a trasnfer pump and air from outlet was vacuumed and then
pumped into reactor from inlet hole. The circulation rate can be varied from two to ten

cycle in ten minutes.

Figure 5.6: Circulation pump.

The effectiveness of circulation pump through any leakage was checked with two

studies without any filtration study.

5.3 Reactor Design With Various Light Sources

For improving the performance of the system and obtaining more efficient
photodegradation , the system was developed by changing the light sources. The
studied photoreactors can be listed as below:
e 1% generation UV lamp reactor: 4 UV lamps with 9,2 W total output power
were used in a circular stainless steel photoreactor
e 1% generation UV-LED: 56 UV-LEDs with 19 mW maximum output power
per each
e 2" generation UV-LEDs: high power, efficient 24 UV-LEDs with 600 mW

maximum output per each in a circular stainless steel photoreactor

5.3.1 1%t Generation UV-lamp reactor

This reactor was designed for using of traditional fluorescent UV lamps with a
cylindiric geometry which has its cap at the bottom.UV-Lamp reactor was designed
with the following dimensions of 22x18 cm. and total volume of the reactor was 7,5

liter. A support for filter was mounted in the reactor which allowed to a nanofibrous
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filter with dimensions of 45x18 cm with a surface area of 756 cm?2. These filters were

attached to the supports. The support for filter media is shown in Figure 5.7.

Figure 5.7: Support for nanofibrous filter.

In the beginning silicon based material was used for covering the electricity connection
of the lamps. During the performance tests, VOC concentration increased with time
and the reason of that was understood as VOC emission from silicon material. So, this
silicon based material was removed and changed the connection system by covering
this area with teflon material which was not reactive with the gases. There were two
propes in the reactor for measuring the instant pressure and temperature

simultaneously.

Four fluorescent UV lamps in the reactor with a total power of 9,2 W, and it was also
avaible to use desired number of lamps by controlling the software. Inlet and outlet
position of the reactor which is illustrated in Figure 5.8 was designed for letting the

entire of concentrated air flew through the filter.

i
UH
IN
UF
IJ‘
;
LA
i
;

Figure 5.8: Traditional fluorescent UV lamp reactor.
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5.3.2 1%t Generation UV-LED reactor

For competitiveness in filtration industry, next generation photocatalytic systems
needs to be more flexible and energy efficient instead of classical ultraviolet (UV)
excitation sources due to their low efficiency, harmful side effects, difficulties in
operating conditions, shorter lifetime and broader spectral wavelength. To overcome
difficulties related with classic UV excitations sources, UV-LEDs are promising
devices which can be made up of gallium arsenide (GaAs), gallium arsenide phosphide
(GaAsP), gallium phosphide (GaP), or indium gallium nitride (InGaN) covered with
resin. Higher efficiency and minimal harmful effects compared to UV fluorescent
lamps are attractive from the reactor design perspectives. Especially photocatalytic
oxidation reactors proposed to use in aircraft cabin environment needs to be designed
compact, efficient, chemically and biologically stable and serve for long operation
hours. Considering the LED prices drop in the market in the last few years, especially
UV-LEDs with high powered options would be a good option to fluorescent lamps

used in photocatalytic systems.

From this perspective a new photoreactor with UV-LEDs were designed and built from
stainless steel with the following dimensions:.

» Diameter of base 17 cm

» Height 13.4 cm

» Diameter of Cover Cap 19.5 cm

Especially for gas studies one of the most challenging part was leakage at the system.
Leakage controls were done which was also including harsh condition applications for
ensuring the reliability of the reactor and connection parts. The reactor was subjected
to totally 7 bar pressure gas for 72 hours. For realiability another control by filling the
reactor with 5 bar pressure gas was also performed. As a reliability test approximately
8 It of dry gas was filled into reactor and kept the system for overnight. According to
these both controls no decrease on pressure was obtained and reactor was checked as
controlled and reliable to use. The elctrical connection of the UV-LEDs to electric

source was achieved by using board system

The air flow inside the reactor was from an inlet and outlet which were parallel to each
other. Inlet was over the outlet and between this hole, filter material was located as

shown in Figure 5.9. Distance between inlet and outlet was 30 mm.
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Figure 5.9: Inlet (upper) and outlet (lower) of the reactor.

For first generation UV-LED reactor 96 UV-LEDs which consist of Indium, Gallium
and Nitrogen were ordered and shipped from Hong Kong. As a UV-A light source
UV-LEDs had 365 nm wavelength and provide enough energy for activation of TiOs.
The connection of UV-LEDs to board was performed with proper materials which will
not cause any VOC generation. The board that UV-LEDs were custom made in our
laboratory which also allows to vary the number of UV-LEDs during filtration studies.
The initial studies were performed with 40 UV-LEDs and due to lower efficiencies it
was increased to 56 eventually. A detailed image of 1% generation UV-LED reactor
system is demonstrated in Figure 5.10.

. " 4

Figure 5.10: 1% generation UV-LED reactor system.
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5.3.3 2nd Generation UV-LED reactor

1% Generation UV-LED studies proved that the achieved total power as 1,1 W was not
enough for high efficiency. A new type of UV-LEDs from Nichia, Japan was found to
be appropriate from literature surveys. Newly achieved UV-LEDs were efficient and
high power compared to previous generation used in this study. With the same
photoreactor these new 25 UV-LEDs were integrated. Electrical board had same

dimensions with the previous LED system for avoiding change of the reactor.

These UV-LEDs were mounted on a board consists of aluminium composite material
which was inert material. This board was located on the same place just like 1%
generation reactor. Difference from previous board, there was not any holes on the
board. Totally 25 UV-LEDs were mounted on this board. Since the location of the
light sources directly affected the illuminated place of the filter, location of these light
sources were so important. Every side of the filter must be illuminated to obtain the
highest efficiency from the filter. On the other hand these areas must be illuminated
homogenously on the filter. For this distrubition some calculations were made and

according to these calculations, best places for UV-LEDs were decided.

Another problem lived in 1% generation studies was applied light intensity couldn’t be
varied. It was thought that for 2" generation system, if it was possible to vary the
applied light intensity, this could bring us an advantage by varying the light intensity
which was another parameter for improving and optimizing the performance of the
filter. The difference between minimum and maximum applied powers for 2"

generation UV-LEDs is shown in Figure 5.11.

(a) (b)

Figure 5.11: a) minimum light power b) maximum light power.
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1%t generation and 2" generation UV-LED light sources were compared according to
their illumination properties by changing the distance from LEDs. The measurement

results are listed as shown in Table 5.1.

Table 5.1: Hlumination properties of 1% and 2" generation UV-LEDs.

1% Generation UV-LED 2"d Generation UV-LED
Distance (cm)  Hlluminated Radius (cm) / Area Illuminated Radius (cm) / Area
(cm?) (cm?)
0,5 0,11/0,03 0,86/2,3
1 0,22/0,15 1,73/9,4
15 0,33/0,34 2,59/21,1
2 0,44/0,6 3,46 /37,6
2,5 0,55/0,95 4,33/58,9
3 0,66 /1,36 52/84,9

The illuminated area for farer studies made with UV-LEDs extends for 2" generation
UV-LEDs. Eventually, larger area under illumination has both of negative and positive

effects on filter performance. Shorter distance studies

Although there is higher light intensity for smaller areas in shorter distances, it is
expected . However, shorter distance from LEDs resulted in higher light intensity on
the filter for the small pieces. As a result of this high light intensity this small areas

were activated faster than farer studies.

Heating is the most serious problem of the UV-LEDs which influences life span of
them. Besides life span of the LEDs, it also influences the temperature profile inside
the reactor. Reaction kinetics occurred during PCO are very sensitive to temperature
changes and elevated temperatures. If the reaction kinetics have influence due to this
thermal gradient change, oxidation tests would not demonstrate the accurate properties
of the filter. Temperature measurements in the reactor were studied as shown in Figure
5.12 . These calculations were performed by holding thermocouple probe tip close to
light sources for 15 minutes. This thermocouple could measure temperature instantly,
thus it continiously could record the data as well. Temperature decrease from open top
of the reactor was hindered by covering the top with a polymeric material. To simulate
realistic conditions and investigate the temperature profile in the reactor a

thermocouple was placed at 20 mm distance from the filter.
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Figure 5.12: Temperature profile inside the reactor by a thermocouple.

Calculations were performed for three main light intensity levels containing 60 mW
as minimum, 300 mW as mid-point and 600 mW as maximum which are
corresponding to 1% level, 5" level and 10" level, respectively. Changes of reactor
temperatures with changing power levels according to time are listed and showed in

Table 5.2.

Table 5.2: Temperature changes depending on applied power.

Duration
_ 1% Level 51 Level 10" Level
(Min.)
0-1 25,9-27,0 27,9 -30,3 298-414
1-2 27,3-28,3 31,2-33,2 44,6 - 52,5
2-3 28,6 —29,3 33,6 — 34,6 54,6 — 59,1
3-4 29,5-30,0 34,9 -35,7 60,6 — 63,6
4-5 30,2 - 30,6 35,9-36,4 64,6 — 66,5
5-6 30,7-31,0 36,7 -37,1 67,0 — 68,5
6-7 31,1-314 37,3-37,6 68,9 — 70,2
7-8 315-31,7 37,8 -38,1 70,5-71,6
8-9 31,8-32,0 38,2 38,5 71,9-73,0
9-10 32,1-32,3 38,6 — 38,9 73,3-74,4
10-11 32,4-32,6 39,0 -39,2 74,7 —-75,5
11-12 32,6 —32,8 39,3 -39,6 75,8 — 76,6
12 -13 32,9 -33,0 39,6 — 39,9 76,8 - 77,6
13-14 33,1-33,3 39,9 - 40,2 77,8 -178,5
14 - 15 33,3-33,3 40,3 — 40,6 78,8 -79,9
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Temperature changes were feasible for 1% level and 5" level studies. In the end of 15
minutes for 1% level studies, temperature was 10 °C higher than initial temperature
value of the reactor which can be acceptable. The temperature values were stable and
no increase was observed after 14" minute. Because of application of higher power,
temperature increase was faster than 1% level during 5" level studies. Thus,
temperature increase maintained for a longer duration and temperature increase was
being observed even after 15 minutes. However, temperature increase trend was quiet
low after 15 minutes. 10" level was the highest applicable power from LEDs. The
temperature increase was dramatic in initial 15 seconds compared to 1 and 5™ level
studies. Temperature was approximately 80 °C and increase rate was observed as 1
°C/min during 15" minute of the test. Since the increase rate at 10" level was very
high, this power was not applicable for PCO studies. The high levels of powers (such

as more than 8" level) were not studied during filtration in this study.

5.4 VOC Removal Tests

In this section, the efficiencies of the produced filters with different properties were
analyzed against ethanol, toluene and benzene. The properties of the filters were
changed according to amount of catalyst loading, structure, and catalyst type.

1%t generation fluorescent UV lamp, 1% generation UV-LED and 2" generation UV-
LED systems were performed for analyzing the effect of light source on performance

of the filters within the VOC removal tests.

5.4.1 Performance tests of 1%t generation UV-lamp system

Totally 4 UV lamps with maximum output power of 9,2 W were used during 1%
generation fluorescent UV lamp studies. Ethanol, toluene and benzene were tested by
using e-20 filter type under the same parametric values. The electrospraying duration
created variable TiO> content over the NFs which would be expected to have an effect
on the degradation capabilities of the catalyst. The initial concentrations of ethanol,
toluene and benzene which could be reffered as low concentration were around 0,5 —
2 ppmv. The VOC containing gas was sent to the reactor after concentrating of the
diluent gas with VOC in mixing chamber according to desired concentration level.
PCO reactions were performed in the pressurized reactor with contaminated gas and

the results which can be seen in Table 5.3 were taken after 10 minutes from the
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beginning of the reactions. These tests were performed by GC-MS analysis using
adsorbent tubes as introduced in the previous sections.

Table 5.3: Performance tests of filters under UV-Lamp illumination.

VOC Initial Concentration (ppm) Efficiency (%)
Ethanol 10 93
Toluene 10 70
Benzene 10 55

Ethanol, toluene and benzene were removed from the reactor with varying efficiencies
in 10 minutes. Although toluene and benzene were filtrated from the system, the
highest removal rate was observed for ethanol because of the easily degradable
chemical structure of ethanol.

5.4.2 Performance tests of 15t generation UV-LED system

UV-LEDs were begun to be used as light source for PCO applications because of their
stability, long life span and non-toxicity. 1% generation UV-LEDs were mounted on
the new generation reactor with smaller volume and the filters were tested with e-20,
e-40 and e-60 against ethanol and toluene concentrated gases. Insufficiency of 40 UV-
LEDs for the primary studies, number of LEDs were increased to 56 for improving the
light intensity and increasing efficiencies of both filters and the system in the further

studies.

5.4.2.1 Ethanol removal studies

Filters were tested under the illumination of 40 UV-LEDs from 20 mm away for 40
minutes. The filters chosen for performance tests were e-20 and e-40 and the removal
efficiencies of the filters are demonstrated in Table 5.4.
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Table 5.4: Removal efficiencies of the filters against ethanol (40 UV LEDs).

. Initial Concentration Reaction Time Removal Efficiency
Filter . 0
(ppm) (min) (%)
e-20 1,06 40 28 (increase)
e-40 0,5 40 26

As can be seen on Table 5.4, final concentration of ethanol concentration was
increased 28% according to initial concentration for e-20 study which might be a result
of condensation of ethanol gases inner surface of the reactor. Disappearence of 26%
of ethanol concentration taken from inlet was obtained during e-40 filter study. PCO
efficiencies were considerably unsatisfactory due to insufficient illumination of 40
pieces of UV LEDs. Whereas the number of UV-LEDs had been changed during the
optimization of the reactor; the dimensions of reactor, fabrication method of the filters,
and process of the experiment had remained same.

The same performance tests against ethanol were repeated for the filters that used in
previous study after optimizing the system by increasing the total number of UV-LEDs
to 56. Homogenous distribution of light with higher intensity for illuminating the entire
filter was achieved by increasing LED number. The tests were performed with e-20,
e-40 and e-60 filters and they were illuminated with a distance of 20 mm from the

LEDs. Removal efficiencies of the filters are shown in Table 5.5.

Table 5.5: Removal efficiencies of filters against ethanol (56 UV LEDs).

Initial Concentration ~ Reaction Time Removal Efficiency

Filter (ppm) (min) (%)
e-20 2,388 40 89
e-40 0,5 40 34
e-60 0,5 40 14
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Although total amounts of TiO, were higher for e-40 and e-60 compared to e-20,
highest degradation of ethanol was achieved from e-20 filter due to agglomeration NPs
at 40 and 60 minutes of electrospraying which has a negative effect on the total active
surface area. Inhibition of agglomeration can enhance the performance of the filters
with higher TiO2 content. Consequently, performances were improved by increasing
the number of UV-LEDs for both e-20 and e-40 filters as a result of higher light

intensity.

5.4.2.2 Toluene removal studies

The same tests which were studied for ethanol were also performed for toluene as well
in the same manner with same filters and test parameters. Toluene experiments were
directly begun with 56 pieces of UV-LEDs.

The filters were exposed to UV illumination from 20 mm away for 40 minutes for low

concentration levels which are detailed in Table 5.6.

Table 5.6: Removal efficiencies of filters against toluene.

Filt Initial Concentration Reaction Time Removal Efficiency
ilter .
(ppm) (min) (%)
e-20 2,388 40 89
e-40 1,061 40 34
e-60 2,388 40 34

According to the studies, e-40 and e-60 filters had the same efficiency which was
around 34% against toluene after 40 minutes. In ethanol removal tests, e-20 filter had
the highest efficiency compared to e-40 and e-60 filters as obtained from toluene
removal study as well. The reason of decreasing the efficiency for higher TiO> loading
was estimated as formation of agglomeration of the NPs that decreases the total active

surface, similarly observed in ethanol degradation.

5.4.3 Performance tests of 2" generation UV-LED system

High power UV-LEDs were preffered as light source for PCO applications because of

their higher properties compared to 1% generation UV-LEDs. A wider range of filters
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deposited with Degussa P25 TiO, or modified TiO, were performed in 2" generation
UV-LED system against ethanol and toluene under different conditions.

5.4.3.1 Ethanol removal studies

Because of the intensity and importance of ethanol in the aircraft cabin environment,
ethanol was mostly preferred for all of the produced filters. Catalyst type, deposited
amount of catalyst and the structure were changed for understanding the effect of filter
properties within ethanol removal tests. The light sources were arranged 15 mm away
from the filter for each study which was performed for 10 minutes in a pressurized

reactor without any flow.

After the system upgrade to a continious monitoring of degradation through MS and
VOC supply supply by generator the efficiency tests were performed at higher

concentrations of VOCs.

First tests were performed for analyzing the effect of amount of TiO> loading on filter
efficiency under illumination of LEDs for 10 minutes as a batch type test with 4" level
power which is corresponding to 240 mW arranged output power per each as shown
in Table 5.7 and Figure 5.13. Initial concentrations were arranged around 240 ppm

and dry air was setted as carrier gas during the studies.

Table 5.7: Ethanol removal performance of TiO, loading amount.

Filter Type Initial Concentration (ppm) Removal Efficiency (%)
e-20 245 19
e-40 248 9
e-60 231 6
e-180 237 4
Sandwich 243 7
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Figure 5. 13: Ethanol removal performance by changing TiOz loading amount.

Filters demonstrated different efficiency values which varies between 4% to 19% for
equal test durations. e-20 filter removed the highest amount of ethanol from the system
compared to other filters. Obtaining highest efficiency from the lowest catalyst loading
were the results of agglomeration and non homogenous distrubition of the TiO2 NPs
which decreases the active surface area. Consequently, this study proves the
importance of active surface area on the PCO applications. Performance of the filters
for higher amounts of catalyst loading can be improved by inhibiting the
agglomeration of NPs.

In literature studies made with PCO and UV-LED, the contaminated gases were
exposed to light for longer durations which were around several hours. In this study,
260 ppm and 190 ppm concentration levels were setted for ethanol and toluene,
respectively and e-60 filters were tested for 5 hours in a batch type reactor.
Performance tests of the filters are shown in Table 5.8 and Figure 5.14 as table and

graph form.

Table 5.8: VOC removal performance tests of e-60 filter for longer duration.

) Initial Concentration ~ Removal Efficiency
Filter Type  Target VOC

(ppm) (%)
e-60 Ethanol 260 48
e-60 Toluene 190 28
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Figure 5. 14: Long duration studies of e-60 for removal of ethanol and toluene.

The same filter can perform with varying efficiencies against different VOCs due to
changing chemistry and structure of the each VOC under the same conditions. Final
concentration of the ethanol was almost half of the initial concentration after 5 hours
of PCO test. Even though, the same filter was tested against toluene as well,

degradation level of toluene decreased to 28%.

Another study was analyzing the performances of doped TiO2 deposited filters
between each other, they were not only compared with each other but also compared
with filters which were deposited with Degussa P25 as catalyst. Since the doped filters
were arranged for comparing with e-60, 60 minutes of electrospraying were done for
production of modificated TiO2 containing filters. Distance between filters and the
LEDs which were setted for 240 mW output power per each was arranged as 15 mm
and 2 bar pressurized reactor with concentrated gas around 230 ppm were illuminated
for 10 minutes. The more explanatory information about the tests can be seen in Table
5.9 and Figure 5.15.
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Table 5.9: Comparison of catalyst against ethanol under same PCO conditions.

Initial Concentration

Filter Removal Efficiency (%)
(Ppm)
Degussa P25 231 6
Non-doped 210 17
Fe-doped 250 36
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Figure 5.15: Comparison of catalyst against ethanol under same PCO conditions.

This study demonstrated that modification of the TiO had positive effect on enhancing
the performance of the filters. Fe-doped TiO2 was six times more efficient compared
to Degussa P25 against ethanol. Non-doped filter prepared with doped TiO2 without
any doping material addition showed an efficiency around 17% which is triple times
of Degussa P25 deposited filter. These studies are the proof of the effect of catalyst on
the filter.

It was also studied with different doping materials beyond the Fe doping for observing
the efficiency of different catalysts and comparision of doping materials with each
other. In this study, N-doped as nitrogen doping and co-doped which was a
combination of Fe and N doping material were tested against ethanol as shown in
Table 5.10. Distance was arranged as 15mm and 10 minutes of irradiation was applied
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in the pressurized reactor. Performance results of the filters are showed in Figure 5.16

with changing time.

Table 5.10: Effect of doped material on removal of ethanol.

Filter Type Initial Concentration (ppm) Efficiency (%)
Non-doped 210 17
Fe-doped 250 36
N-doped 200 12
Co-doped 180 11
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Figure 5.16: Effect of doping material on removal of ethanol.

Performance results of Non-doped, N-doped and co-doped were quite close to each

other. Although the efficiencies of these filters were less than Fe-doped filter, they

were higher than Degussa P25 deposited filters. Modificated TiO resulted with high

efficient filters and by changing the doping materials, performance of the filters were

varied.

From previous studies, Fe-doped filter was observed as the highest efficient among the

doped filters. Because of the effect of study parameters during PCO reactions, these

parameters were changed for enhancing the activity of the filter. One of the most

significant system parameter that influencing the filter efficiency is the applied light
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intensity onto the filters. Thus, light intensity was varied by changing the current from
the potentiometer without any change on distance or ambient conditions. Two different
applied power values which one was 120 mW as lower and the other one was 360 mW
as higher power compared to our standard 240 mW studies. Table 5.11 and Figure

5.17 explains the study properties.

Table 5.11: Effect of light intensity on removal of ethanol for Fe-doped filters.

Applied Power (mW) Initial Concentration (ppm) Efficiency (%)
120 200 30
240 250 36
360 200 23
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Figure 5. 17: Effect of light intensity on removal of ethanol for Fe-doped filters.

According to this study, 240 mW has the highest efficiency value comparing to lower
and higher one. Although, the best efficiency was expected from highest applied light
intensity, it had the lowest due to the elevated temperatures as a result of heating of
LEDs in the reactor.
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5.4.3.2 Toluene removal studies

In this section, similar tests performed against ethanol were repeated for toluene as
well because of the important effects of toluene sourced from engine and jet fuels on

cabin crew and passengers in aircrafts cabins.

Filters with different amounts of TiO> loadings were tested by varying distances
between 5 mm and 15 mm for obtaining the optimum TiO: loading and distance
parameters. Toluene removal efficiencies and studies were demonstrated depending
on filter type in table and graph form in Table 5.12 and Figure 5.18. UV-LEDs

illuminated e-20, e-40, e-60, e-180 and sandwich filters from 15 mm away.

Table 5.12: Different filters for removal of toluene with 15mm distance.

Filter Type Initial Concentration (ppm) Efficiency (%)
e-20 170 -
e-40 170 9
e-60 233 28
e-180 233 18

Sandwich 200 23
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Figure 5. 18: Different filters for removal of toluene with 15mm distance.
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Because of the more complicated chemistry, the reactions observed from toluene was
different compared to ethanol degradation studies. E-20 filter was not effective against
toluene, in fact higher amount of toluene was observed as final concentration
compared to initial concentration after PCO reaction for 10 minutes. However,
efficiencies around 10% — 30% were acquired from e-40, e-60, e-180 and sandwich
filters. Even though total catalyst loading on the surface of the filters were the same
for sandwich and e-20, the efficiency values were quiet different, sandwich also had
the same amount of TiO> loading in the filter with e-40, 23% degradation of ethanol
was observed for sandwich filter while 9% was monitored for e-40. E-60 filter had the

highest removal rate by 28%.

In this test, filters were studied for 10 minutes with 5 mm away from the light sources
for comparision of distance effect on removal efficiency of toluene for the same filters

with previous study as can be seen on Table 5.13 and Figure 5.19.

Table 5.13: Different filters for removal of toluene with 5mm distance.

Filter Type Initial Concentration (ppm) Efficiency (%)
e-20 230 14
e-40 234 23
e-60 234 23
e-180 195 25
Sandwich 170 17
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Figure 5.19: Different filters for removal of toluene with 5mm distance.

As can be seen in Table 5.13 and Figure 5.19 filters demonstrated different removal

rates of toluene which were higher compared to 15 mm studies. Toluene was degraded

with the same rates which were around 25% for e-40, e-60 and e-180 filters.

Degradation rate of toluene for e-40 increased dramatically for 5 mm studies compared

to 15 mm, on the other hand e-60, e-180 and sandwich filters had almost same removal

rate of toluene. According to graph highest efficiency value was around %25 which

was obtained from e-180 filter. e-40 and e-60 showed the same performance against

toluene at same initial concentration. In despite of total amount of TiO2 in sandwich

filter was equal to e-40 filter, degradation rate of toluene for sandwich filter was less

than it due to the total TiO> loading on the upper surface of the filter which could be

lighted directly was half of the e-40 filter.
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6. CONCLUSIONS AND RECOMMEDIATONS

Passenger products, diffusion from meal and beverage services, bio-effluents,
combustion by-products are the primary reasons of formation of Volatile Organic
Compounds (VOCs) in aircraft cabin environments. VOC containing air reduces flight
comfort and it can be harmful for passengers health. Headaches, dizziness, nausea,
nose and throat irritation, loss of coordination, damaged to liver, kidney, central
nervous system, and cancer can be caused by the high concentration of VOCs. Hence,
cabin air filtration is one of the most important system which filtering contaminated
air and supporting clean air into the aircraft cabin. Especially, advanced filters were
improved for removing of ethanol, benzene and toluene which are found as varying
concetrations of pollutants in the aircraft cabin environemnt. Current technologies are
not sufficient for removing all VOCs from the cabin, and there are still some
diffuculties for maintanence process and economical sustainability problems. PCO is
a promising technology for overcoming from this challenging situations of current
technologies.

Aim of this study was designing, developing and testing of a high efficient nano
fibrous filters for removal of some target VOCs under illumination of UV light by
using PCO method. The fabrication and tests of the filters were continued as
optimizing the system. Nanofibrous filters were manufactured by combination of
electrospinning and electrospraying for production of NFs and depositing of catalysts.
As a novel study, light source was changed to LED which is a novel technology for
healthier and sustainable applications.

The experiments demonstrated us that, the nanofibrous filters had different efficiencies
against choosen VOCs under illumination of traditional fluorescent UV-lamp and UV-
LEDs. Efficiencies of the filters were changed by varying the testing parameters and
filter properties such as illumination time, light intensity, TiO2 loading, doping
material. By changing the applied power, ligh intensity value was increased which
improved the performance of the filters. However, light intensity value after a point
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decreases the efficiency because of elevated temperatures in the reactor. Although,
TiO2 loading was one of the most important parameter for enhancing the filter against
VOCs, it must be avoided from agglomeration of the NPs which decreases the total
active surface area. Modification of the filter was made by doping of the filter with
different materials such as Fe, N, CO as combination of Fe and N and non-modified
but self produced TiO. Fe doping was most effective doping material enhancing the
filter properties, but it still need to be optimized.

For improving efficiency, adding adsorbents such as carbon into filter media can be a
good perspective. Carbon adsorbents will behave like a contaminant catcher, catalyst
can destroy the contaminant while one adsorber holds the contaminant. It can be
predicted that this method can increase the performance of the filter. Further studies

will concentrate on addition of carbon nano-materials to filtration systems.

74



REFERENCES

10.

11.

12.

13.

14.

Aizpuru, A, et al., Biofiltration of a mixture of volatile organic compounds
on granular activated carbon. Biotechnol Bioeng, 2003. 83(4): p. 479-88.
Kanjwal, M.A., et al., Functionalization of Electrospun Titanium Oxide
Nanofibers with Silver Nanoparticles: Strongly Effective Photocatalyst.
International Journal of Applied Ceramic Technology, 2009. 7: p. E54-E63.
Barraud, E., et al., Gas phase photocatalytic removal of toluene effluents on
sulfated titania. Journal of Catalysis, 2005. 235(2): p. 318-326.

Im, J.S., M.1. Kim, and Y .-S. Lee, Preparation of PAN-based electrospun
nanofiber webs containing TiO2 for photocatalytic degradation. Materials
Letters, 2008. 62(21-22): p. 3652-3655.

Ma, C.M., et al., Photocatalytic Degradation of Benzene in Air Streams in an
Optical Fiber Photoreactor. Chemical Engineering & Technology, 2007.
30(8): p. 1083-1087.

Shie, J.L. and C.Y. Pai, Photodegradation Kinetics of Toluene in Indoor Air
at Different Humidities Using UVA, UVC and UVLED Light Sources in the
Presence of Silver Titanium Dioxide. Indoor and Built Environment, 2010.
19(5): p. 503-512.

Sang Bum Kim, S.C.H., Kinetic Study for Photocatalytic Degradation of
Volatile Organic Compounds in Air Using Thin Film TiO2 Photocatalyst.
Applied Catalysis B: Environmental, 2002. 35: p. 305-315.

Lin, H. and K.T. Valsaraj, Development of an optical fiber monolith reactor
for photocatalytic wastewater Treatment. Journal of Applied
Electrochemistry, 2005. 35(7-8): p. 699-708.

Natarajan, K., et al., Photocatalytic reactor based on UV-LED/TiO2 coated
quartz tube for degradation of dyes. Chemical Engineering Journal, 2011.
178: p. 40-49.

Doucet, N., et al., Kinetics of photocatalytic VOCs abatement in a
standardized reactor. Chemosphere, 2006. 65(7): p. 1188-96.

Wonyong Choi, J.Y.K., Hyunwoong Park, Jong Shilk Chung, Investigation
on TiO2-coated optical fibers for gas-phase photocatalytic oxidation of
acetone. Applied Catalysis B: Environmental, 2001. 31: p. 209-220.

Wu, C.-F.L.a.J.C.S., Preparation and characterization of TiO2-coated
optical-fiber in a photo reacto. Journal of the Chinese Institute of Chemical
Engineers, 2005. 36: p. 119-125.

Jo, W.K. and H.J. Kang, Photocatalytic performance of cylindrical reactor
inserted with UV light-emitting-diodes for purification of low-level toxic
volatile organic compounds. Applied Surface Science, 2012. 259: p. 657-663.
Zou, L., et al., Removal of VOCs by photocatalysis process using adsorption
enhanced TiO2-SiO2 catalyst. Chemical Engineering and Processing:
Process Intensification, 2006. 45(11): p. 959-964.

75



15.

16.

17.

18.

19.

20.

21.

22.

23.

24.
25.

26.

27.

28.

29.

30.

31.

32.

Jo, W.-K., Photocatalytic Oxidation of Low-Level Airborne 2-Propanol and
Trichloroethylene over Titania Irradiated with Bulb-Type Light-Emitting
Diodes. Materials, 2013. 6(1): p. 265-278.

Hou, W.-M. and Y. Ku, Photocatalytic decomposition of gaseous
isopropanol in a tubular optical fiber reactor under periodic UV-LED
illumination. Journal of Molecular Catalysis A: Chemical, 2013. 374-375: p.
7-11.

Rajesh J. Tayade, T.S.N., and Hari C. Bajaj, Photocatalytic Degradation of
Methylene Blue Dye Using Ultraviolet Light Emitting Diodes. Industrial &
Engineering Chemistry Research, 2009. 48.

Fresno, F., et al., Photocatalytic degradation of toluene over doped and
coupled (Ti,M)O2 (M=Sn or Zr) nanocrystalline oxides: Influence of the
heteroatom distribution on deactivation. Applied Catalysis B: Environmental,
2008. 84(3-4): p. 598-606.

Daniel H. Chen, X.Y., and Kuyen Li, Oxidation of PCE with a UV LED
Photocatalytic Reactor. Chemical Engineering Technology, 2005. 28(1): p.
95-97.

Shie, J.L., et al., Photodegradation kinetics of formaldehyde using light
sources of UVA, UVC and UVLED in the presence of composed silver
titanium oxide photocatalyst. J Hazard Mater, 2008. 155(1-2): p. 164-72.
Wang, S., H.M. Ang, and M.O. Tade, Volatile organic compounds in indoor
environment and photocatalytic oxidation: state of the art. Environ Int, 2007.
33(5): p. 694-705.

Sun, Y., et al., Experimental research on photocatalytic oxidation air
purification technology applied to aircraft cabins. Building and Environment,
2008. 43(3): p. 258-268.

Armin Wisthaler, G.T., David P. Wyon, David Space, Products of Ozone-
Initiated Chemistry in a Simulated Aircraft Environment. Environmental
Science and Technology, 2005. 39: p. 4823-4832.

Space, E.H.H.a.D.R., The Airplane Cabin Environment.

FiSer, J. and M. Jicha, Impact of air distribution system on quality of
ventilation in small aircraft cabin. Building and Environment, 2013. 69: p.
171-182.

Debono, O, et al., Toluene photocatalytic oxidation at ppbv levels: Kinetic
investigation and carbon balance determination. Applied Catalysis B:
Environmental, 2011. 106(3-4): p. 600-608.

Rosana M. Alberici, W.F.J., Photocatalytic Destruction of VOCs in the Gas-
Phase Using Titaniumdioxide. Applied Catalysis B: Environmental, 1997. 14:
p. 55-68.

EPA, http://www.epa.gov/iag/voc.html. 2014.

Bilge Alyiiz, S.V., I¢ Ortam Havasinda Bulunan Ugucu Organik Bilesikler ve
Saghik Uzerine Etkileri. Trakya Univ. J. Sci, 2006. 7: p. 109-116.

Korves, T.M,, et al., Bacterial communities in commercial aircraft high-
efficiency particulate air (HEPA) filters assessed by PhyloChip analysis.
Indoor Air, 2013. 23(1): p. 50-61.

Snyder, S.A., et al., Role of membranes and activated carbon in the removal
of endocrine disruptors and pharmaceuticals. Desalination, 2007. 202(1-3):
p. 156-181.

Lin, L., Photocatalytic oxidation for degradation of VOCs. Open Journal of
Inorganic Chemistry, 2013. 03(01): p. 14-25.

76


http://www.epa.gov/iaq/voc.html

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

Zhong, L., F. Haghighat, and C.-S. Lee, Ultraviolet photocatalytic oxidation
for indoor environment applications: Experimental validation of the model.
Building and Environment, 2013. 62: p. 155-166.

Park, O.H. and H.Y. Na, Photocatalytic degradation of toluene vapour using
fixed bed multichannel photoreactors equipped with TiO2-coated fabrics.
Environ Technol, 2008. 29(9): p. 1001-7.

Zuo, G.M,, et al., Study on photocatalytic degradation of several volatile
organic compounds. J Hazard Mater, 2006. 128(2-3): p. 158-63.

Wonyong Choi, J.Y.K., Hyunwoong Park, Jong Shilk Chung, Investigation
on TiO2-Coated Optical Fibers for Gas-Phase Photocatalytic Oxidation of
Acetone. Applied Catalysis B: Environmental, 2001. 32: p. 209-220.

Lisa Stevens, J.A.L., and Larry G. Anderson, William A. Jacoby and
Nicholas Chornet, Investigation of the Photocatalytic Oxidation of Low-Level
Carbonyl Compounds. Air & Waste Management Assocciation, 1998. 48: p.
979-984.

Mo, J., et al., Photocatalytic purification of volatile organic compounds in
indoor air: A literature review. Atmospheric Environment, 2009. 43(14): p.
2229-2246.

Zhaoyang Liu, D.D.S., Peng Guo, and James O. Leckie, An Efficient
Biocomponent TiO2/SnO2 Nanofiber Photocatalyst Fabricated by
Electrospinning with a Side-by-Side Dual Spinneret Method. NANO
LETTERS, 2007. 7(4): p. 1081-1085.

Sleiman, M., et al., Photocatalytic oxidation of toluene at indoor air levels
(ppbv): Towards a better assessment of conversion, reaction intermediates
and mineralization. Applied Catalysis B: Environmental, 2009. 86(3-4): p.
159-165.

Wen Wang, Y.K., The Light Transmission and Distribution in an Optical
Fiber Coated with TiO2 Particles. Chemosphere, 2003. 50: p. 999-1006.
Hossaini, H., G. Moussavi, and M. Farrokhi, The investigation of the LED-
activated FeFNS-TiO2 nanocatalyst for photocatalytic degradation and
mineralization of organophosphate pesticides in water. Water Res, 2014. 59:
p. 130-44.

Natarajan, T.S., et al., Energy Efficient UV-LED Source and TiO2Nanotube
Array-Based Reactor for Photocatalytic Application. Industrial &
Engineering Chemistry Research, 2011. 50(13): p. 7753-7762.

Teo, W.E. and S. Ramakrishna, A review on electrospinning design and
nanofibre assemblies. Nanotechnology, 2006. 17(14): p. R89-R106.

Kayaci, F., et al., Polymer-inorganic core-shell nanofibers by electrospinning
and atomic layer deposition: flexible nylon-ZnO core-shell nanofiber mats
and their photocatalytic activity. ACS Appl Mater Interfaces, 2012. 4(11): p.
6185-94.

Lee, B.-Y., et al., Titanium dioxide-coated nanofibers for advanced filters.
Journal of Nanoparticle Research, 2009. 12(7): p. 2511-25109.

Rahul Sen, B.Z., Daniel Perea, Mikhail E. Itkis, Hui Hu, James Love, Elena
Bekyarova, and Robert C. Haddon, Preparation of Single-Walled Carbon
Nanotube Reinforced Polystreyene and Polyurethane Nanofibers and
Membranes by Electrospinning. NANO LETTERS, 2004. 4(3): p. 459-464.
Linh, N.T.B., K.-H. Lee, and B.-T. Lee, Fabrication of photocatalytic PVA—
TiO2 nano-fibrous hybrid membrane using the electro-spinning method.
Journal of Materials Science, 2011. 46(17): p. 5615-5620.

77



49.

50.

Jaworek, A., et al., Nanocomposite fabric formation by electrospinning and
electrospraying technologies. Journal of Electrostatics, 2009. 67(2-3): p. 435-
438.

Khan, M.K.1., et al., Anti-browning and barrier properties of edible coatings

prepared with electrospraying. Innovative Food Science & Emerging
Technologies, 2014. 25: p. 9-13.

78



APPENDIX A
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Figure A. 1 : Optimization Studies: (a) 20kV - 0,7mL/h. (b) 20kV - 1mL/h. (c) 25kV
- 0,7mL/h. (d) 25kV - ImL/h. (e) 30kV - 0,7mL/h. (f) 30kV - 1mL/h.
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