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Abstract

Air pollution is considered one of the major risks to human health and the environment
and consists of a mixture of particles and gaseous contaminants. Indoor air quality is
strongly affected by air pollution, which either originates from indoor sources or enters
buildings from the outdoor environment. As people nowadays spend most of their time
indoors, exposure to indoor air pollutants represents a crucial public health risk.

Supply air filtration prevents outdoor pollutants (contaminants that would worsen
the indoor air quality) from entering buildings. Among the various ventilation system
designs, natural ventilation usually does not support the use of supply air filtering.
Moreover, natural ventilation systems can only handle rather low pressure drops because
they do not rely on mechanical supply fans to distribute the air. Therefore, traditionally,
existing naturally ventilated buildings, mostly residential, cannot rely on supply air
filtration solutions to reduce indoor pollution levels.

The objective of this study is to develop a novel air filter that can be installed in
residential buildings with naturally supplied outdoor air. Such filters could improve
indoor air quality with only a small effect on building energy use. Hence, such a filter
would have to remove both particles and gaseous pollutants while introducing a negligible
pressure drop into the ventilation system.

This thesis presents the development of filter materials, the investigation and analysis
of the filter materials’ performance and the advantages and disadvantages of the proposed
solutions. Electrospun fibre filters are the subject of this experimental study. The fibres
are fabricated with diverse polymer-based solutions divided in two generations of filters
and doped with activated charcoal (AC) and titanium dioxide (TiOg), either separately
or in combination. The experimental investigation measured the pressure drop, the
particle filtration efficiency and the VOC removal capacity of the filters.

After the experimental investigation on the first generation of filters, the second
generation showed overall improved performance, both in terms of pressure drop and
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pollutants removal. These filters optimised the ratio between pressure drop and particle
filtration efficiency while also removing toluene from the polluted air. Based on the
findings of this experimental study, it can be concluded that the developed ultrathin
electrospun filters are a potential solution to improve conditions in existing naturally
ventilated buildings, achieving better indoor air quality with a limited effect on the
building energy use.



Resumé

Luftforurening betragtes som en af de stgrste risici for menneskers sundhed og for miljget
generelt. Derfor har tilstedeveerelsen af luftforurening indendgrs en kraftig og negativ
indvirkning pa den indendgrs luftkvalitet. Luftforurening, som bestéar af en blanding af
partikler og forurenende gasser, kan bade have indendgrs og udendgrs kilder. Opstar
luftforureningen udendgrs, kan den transporteres ind i en bygning via ventilation eller
infiltration. Fordi mennesker i dag bruger stgrstedelen af deres liv indendgrs, udger
problemer med indendgrs luftforurening og lav luftkvalitet en risiko for folkesundheden.

Filtrering af tilluft forhindrer forurening fra udendgrs kilder i at treenge ind i bygninger.
Naturlig ventilation, som er et blandt flere ventilationsprincipper, tillader normalt ikke
filtrering af tilluft. Fordi der ved naturlig ventilation ikke ggres brug af mekaniske
ventilatorer, sa kan naturlige ventilationssystemer kun héndtere relativt lave tryktab
over systemet. Derfor har der i eksisterende naturligt ventilerede bygninger (som
primaert er boliger) ikke veeret tradition for at filtrere tilluft for at reducere indendgrs
luftforurening.

Formalet med dette projekt er at udvikle et innovativt filter, der kan installeres
i beboelsesejendomme, hvor tilluft tilfgres naturligt’ (f.eks. gennem udeluftventiler).
Sadanne filtre ville kunne forbedre den indendgrs luftkvalitet uden stgrre pavirkning af
en bygnings energibehov. Derfor vil et sidant filter skulle kunne fjerne bade partikler
og forurenende gasser, uden at det samtidigt medferer en betydelig stigning i tryktabet
over et ventilationssystem.

Denne afhandling praesenterer udviklingen af filtermaterialer, undersggelsen og analy-
sen af filtermaterialernes ydeevne samt fordele og ulemper ved de udviklede lgsninger.
Fokusset for dette eksperimentelle studie er elektrospundne fiberfiltre. Fibrene er frem-
stillet ved forskellige polymerbaserede lgsninger udviklet over to generationer. De
elektrospundne fibre er blevet tilsat aktivt kul (AC) og titaniumdioxid (TiOgz). Tilseet-
ningsstoffernes individuelle og kombinerede effekter er blevet undersggt. Som led i det



eksperimentelle arbejde er der gennemfgrt maling af tryktab over udviklede filterlgs-
ninger, effektivitet ved filtrering af partikler og kapacitet for at fjerne flygtige organiske
forbindelser (VOC’er).

Forste generation af udviklede filtermaterialer blev undersggt eksperimentelt. Anden
generation viste en generel forbedring i ydeevne. Der blev mélt forbedringer med
hensyn til tryktab, effektivitet ved filtrering af partikler og kapacitet for at fjerne
VOC’er. Filtermaterialerne i anden generation optimerede pa forholdet mellem tryktab
og effektivitet ved filtrering af partikler, samtidigt med at de ogsa fjernede toluen fra
den forurenede luft. Baseret pa resultaterne af dette eksperimentelle studie kan det
konkluderes, at de udviklede ultratynde elektrospundne filtre er en potentiel lgsning
til at forbedre forholdene i eksisterende naturligt ventilerede bygninger og opné bedre
indendgrs luftkvalitet uden stgrre pavirkning af en bygnings energibehov.
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Chapter 1

Introduction

1.1 Background

Indoor air quality and air pollution

Air filtration plays a vital role in maximising indoor air quality while minimising
energy usage. As part of the ventilation system, air filters prevent building users from
exposure to air pollutants and protect the air handling system and equipment from
becoming damaged and ineffective due to contamination. Air filters’ ability to remove
air pollutants from the air supply brings fresh and clean air into the building from
the outdoor environment; outdoor air can be heavily polluted, especially in urban and
industrialised areas. Nowadays, air pollution is one of the major concerns for human
health and the environment. Air pollution is a mixture of several components. These
include both solid pollutants, such as particles of various sizes ranging from a few nm
to tens of micrometres, and gaseous compounds, such as ozone (Og), nitrogen dioxide
(NOg), carbon monoxide (CO) and volatile organic compounds (VOCs).

Exposure to pollution has been linked to negative impacts on the immune [1],
respiratory and cardiovascular systems [2—4]. It contributes to lung cancer [5] and
premature mortality [3]. As a result, the European Union has developed a set of health-
based standards for several pollutants present in the air. These include particles as well as
O3, CO and VOCs such as benzene and polycyclic aromatic hydrocarbons [6]. Denmark
has adopted these standards as the basis of the Danish air quality requirements [7]. The
World Health Organisation (WHO) has also defined air quality guidelines for average
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outdoor particle concentrations of PM;g, PMs 5 and for gaseous compounds like sulphur
dioxide (SO3), NO3, O3 and CO [8]. In regards to the indoor environment, the WHO
guidelines focus on gaseous pollutants like VOCs such as benzene and formaldehyde, CO
and radon, which are typical indoor pollutants that harm human health [9]. Nevertheless,
91% of the world population lives in areas where the WHO guidelines are not met, and
indoor air pollution is still not constantly monitored in most countries. Consequently, air
pollution is the cause of 4.2 million deaths per year [10]. The loss of life expectancy due
to air pollution is estimated to be 2.9 years, which exceeds that of all forms of violence,
HIV/AIDS and smoking [11].

As people spend most of their time indoors, most exposure to air pollution happens
inside buildings. The most frequent short-term symptoms of exposure to poor indoor air
quality are headaches; irritation of the eyes, nose and throat; fatigue [12] and asthma [13].
These health effects also cause a loss of productivity and increased absenteeism in
workplaces [14].

Indoor pollution concentration is influenced by both outdoor and indoor sources [15].
Outdoor pollutants are generated through industrial and agricultural processes, such
as the combustion of fossil fuels (domestic heating, vehicles and power generation) and
waste incineration. Typical indoor sources of pollution include cleaning products, office
equipment, cooking and biological sources such as people, pets or mould [16]. Outdoor
pollution significantly increases the indoor pollutant concentration, as it is the dominant
source of indoor particles [17]. In this context, outdoor-to-indoor pollution transport
can be reduced by implementing supply air filters within the ventilation system, thereby
improving indoor air quality.

Air filtration technology and its challenges

Air filtration technologies deal with different pollutants, which require different mecha-
nisms to be removed or degraded. Air filters can be rather selective in which pollutant
type they can remove; each filter has its own advantages and limitations. The result
is rather cumbersome and complicated multi-stage air filtration systems to handle air
pollution. The simultaneous removal of particles and gaseous pollutants is a key challenge
that must be solved, and a better understanding of the mechanisms for the simultaneous
removal of multi-pollutants is needed. Combining multi-stage devices into a single-stage
air filter is an attractive yet underexplored potential solution.

The balance between healthy air quality, building energy use and heating, ventilation
and air conditioning (HVAC) system efficiency is linked to HVAC components including
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air filters and their performance. Several criteria should be considered when designing
new air filters. To improve total building efficiency, a filter with a low pressure drop
should be fabricated to reduce energy use without compromising the filter’s pollutant
removal capacity. The challenge should be solved by implementing air filters that would
not add complexity to the ventilation systems. Finally, solutions that require easy
production, cost-effective operation and maintenance should be favoured to ensure their
widespread implementation in buildings.

Building energy use: The role of HVAC and air filtration

The purpose of an HVAC system is to compensate for shortcomings in the interactions
between building structure, building use and the outdoor climate to achieve the thermal
climate, air quality and air purity that the occupants require for the use of the building.
Three major mechanical ventilation systems are available: exhaust ventilation systems,
supply ventilation systems and balanced ventilation systems. Exhaust ventilation and
balanced ventilation systems rely on outdoor air supply through vents in windows and
walls. Natural and hybrid ventilation systems are also used. Natural ventilation systems
do not integrate a supply air filtration in their traditional design. Nevertheless, to ensure
and maintain a healthy indoor air quality without affecting energy use, a low pressure
drop air filter should be installed on the air supply intake.

According to the International Energy Agency, the building sector accounts for 28%
of energy-related CO5 emissions, two-thirds of which are from rapidly growing electricity
use. In fact, buildings consume more than 55% of global electricity [18]. HVAC systems
account for approximately 35% of the total energy used by commercial and residential
buildings [19]. Therefore, HVAC systems play an important role in the total energy use
of the building sector.

The recent outbreak of the COVID-19 pandemic could affect the use of HVAC in
buildings in the future. To prevent the spread of contagious diseases, experts from
REHVA [20] and ASHRAE [21] recommend increasing the use of outdoor air and the rate
of air change, inspecting and maintaining HVAC systems and implementing the use of
MERV-13 filters for improved filtration. Consequently, it is even more important today
for HVAC systems to operate as efficiently as possible [22]. HVAC components’ energy
use varies considerably depending on several factors, including building parameters such
as building type, glazing percentage and properties, occupancy pattern, the level of
internal gains and building location and climate. Furthermore, the ventilation design
(natural or mechanical ventilation) and operation time and schedule — which can vary
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depending on the building type (residential or commercial) and occupancy — play an
important role in the system’s energy use. Fans, which are responsible for air distribution,
account for ~34% of the total energy use of the HVAC system on average [23]. The
power required to run an HVAC fan depends on system design parameters such as air
flow and flow resistance as well as on the fan system’s efficiency. The air flow rate and fan
system efficiency are determined, in turn, by the system’s needs, the equipment selection
and the building requirements, while the flow resistance depends on the component
selection and the ventilation system design submitted to the airstream. Air filters are a
component that introduces air resistance into the system. Their contribution to the total
system pressure drop is in the range of 20-50%, depending on the loading conditions,
filter efficiency and system configuration [24].

Climate and buildings policies

The European Union has formulated the European Green Deal with the aim of becoming
the first climate-neutral continent by achieving net-zero carbon dioxide (CO3) emissions
by 2050 [25]. In the last report on the Energy Efficiency Directive, published in 2020,
the European Commission has stated that a significantly higher energy efficiency effort
from the EU Members States is necessary to meet the 2030 target (a reduction of
39-41% in primary energy consumption and 36-37% in final energy consumption). The
energy-saving campaign that EU countries promoted in 2018 was not enough to reach
the 2020 target when excluding the impact of COVID-19 on energy demand [26].

The European buildings policy has its foundation in the Energy Performance of
Buildings Directive (EPBD, 2010/31/EU), which promotes the improvement of buildings’
energy performance. Furthermore, it is stated that Member States shall take the necessary
measures to guarantee the requirements of minimum energy performance, which ‘/.../
shall take account of the general indoor climate condition, in order to avoid possible
negative effect such as inadequate ventilation’ [27]. From a Danish perspective, in the
Danish Building Code (BR18), it is declared that ‘buildings must be ventilated to provide
satisfactory air quality’ [28]. Therefore, the focus lies on reducing buildings’ energy use
while promoting healthy indoor air conditions at both the European level and the Danish
national level.
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1.2 Objectives and scope

The main objective of this Ph.D. project is to develop knowledge about solutions for
satisfactory indoor air quality at the lowest possible energy use for a given activity in
a building. The aim was to develop a single-stage filter that can be implemented as a
supply air filtration system for residential buildings, especially those relying on natural
ventilation.

The main hypothesis of this study is that the novel filter would be able to simul-
taneously remove solid and gaseous pollutants and that it would have a lower impact
on building energy use compared to conventional filters. The ratio between indoor air
quality and energy use will then be optimised.

The Ph.D. project consisted of performing several tasks in order to evaluate the
hypothesis and achieve the research objective.

e The air filtration technologies present on the market and investigated in previous
studies in the literature were reviewed to assess solutions that would meet the
objective of the Ph.D. study. Electrospun fibre filters were identified as a potential
solution. These filters showed promising results by combining active chemistry on
the filter surface to remove both particles and gaseous pollutants while maintaining
a low pressure drop.

e Several electrospun nano- and microfibre materials were developed in the lab-
oratory using various polymers and additive materials, various electrospinning
configurations and methods to activate the polymer-based fibres towards gaseous
pollutants. Two generations of filters were fabricated.

e The performance of the developed materials was assessed under control conditions
in the laboratory. Pressure drop, filtration efficiency and removal or degradation
of gaseous pollutants were investigated. A detailed and critical analysis of the
performance was conducted to identify the advantages and limitations of the
produced filters.

1.2.1 Limitations

The aim of this work was to fabricate filter materials that could be produced by a fast
and reliable production method. A parameter analysis of the filter production with
electrospinning in terms of process, solution and ambient parameters was completed

with the aim of optimising air filter performance.
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The project’s focus was on the fabrication of novel filter materials and the experimental
investigation of their filtration performance in a laboratory environment from a short-
term perspective. The work does not include a modelling study such as a multi-physics
simulation environment or a computational fluid dynamic simulation of a filtration
system.

Therefore, the study has focused on performance under controlled conditions. The
results are related to the initial performance of the material, as long-term investigations
involving installation in a building were not possible given the project’s timeframe.
Nevertheless, the investigated materials were selected with the aim of long-term use in a
filtration system.

1.3 Outline of the thesis

The thesis is divided into three parts for a total of ten chapters.
Part I includes Chapters 1-3 and presents the background, theories and results in
the literature on the core topics of the research project:

e Chapter 1 presents the background, objectives and scope of the Ph.D. project,
which delimit the work conducted for this thesis. The project’s limitations are also
described.

e Chapters 2—-3 focus on the literature on air pollution and filtration technologies,
with special regards to electrospun nanofibre filters. Theories that are pertinent to
the conducted research are discussed in these chapters.

Part II comprises in Chapters 4—8 and includes the research papers written and
published throughout the Ph.D.:

o Chapter 4 describes the literature review performed at the beginning of the work,
which drove the decisions related to the research objectives of the Ph.D. project.

e Chapter 5 describes the investigation of the first generation of developed filters,
presenting the preliminary results of the materials’ filtration performance.

e Chapter 6 extends the work related to Chapter 5, investigating the first genera-
tion of filter materials by characterising the nanofibres and presenting extensive
filtration performance results.
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e Chapter 7 presents the results of the second generation of filters, which was
designed to improve the filtration performance from Chapter 5 and 6. A new
fabrication method is described and novel composite materials are introduced. The
study focused on particle filtration.

e Chapter 8 finalises the study on the second generation of filter, investigating the
removal of gaseous compounds by the novel materials.

Part III concludes the thesis and synthesises the scientific output of the Ph.D.
project. In Chapter 9, the results from the papers are brought together to discuss the
global outcome of the research project. Chapter 10 frames the final conclusions and

suggests future research.
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Chapter 2

Air pollution

2.1 Ambient air pollution

Air pollution is a complex mixture of several substances that can harm human health,
living resources and ecological systems. There are many types of air pollutants. They can
be classified by their physical state as solids, such as particles or particulate matter; gases,
such as ozone, carbon monoxide, toluene and formaldehyde; and biological molecules, such
as viruses or bacteria. They can also be classified based on their sources, whether natural
or anthropogenic. Primary pollutants are those emitted directly into the atmosphere.
Secondary pollutants are those produced within the atmosphere from chemical reactions
with other pollutants (e.g. ozone and gas-to-particle conversion processes) or atmospheric
gases [29, 30].

Air pollution concentration also varies based on weather and location. Air quality in
urban areas is affected by industrial and traffic-related emissions, which result in heavier
air pollution compared to rural areas. Outdoor air in arid and semi-arid areas presents
large-particle pollution due to the presence of mineral dust typical of deserts, which
is one of the largest contributors of naturally produced particles [29]. There are also
clear differences between Western industrialised countries and middle- and low-income
nations. In the former, the policies and technological development of relevant industrial
sectors help to contain the emission of pollutants. On the other hand, in middle- and
low-income countries, widespread industrialisation and urbanisation result in large urban
centres with air quality amongst the poorest in the world. Furthermore, these countries’
protective and preventive measures are still in an early stage [31].

11
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2.1.1 Outdoor air particle pollution

Particle pollution, also called atmospheric aerosol or particulate matter (PM), indicates
a mixture of liquid droplets and solid particles suspended in the air [32]. The particles
can vary widely in terms of particle size, concentration and chemical composition. The
aerodynamic diameter is commonly used to categorise particles; this measure represents
the diameter of a spherical particle that has the same settling velocity as the particle that
is to be characterised and a density of 1 g cm™3 [33]. The period of time that particles
with an aerodynamic diameter larger than 30 um are suspended in air before deposition
is relatively short compared to smaller particles and such large particles are therefore
rarely the subject of studies [34]. Conversely, particles with an aerodynamic diameter
<10 pm (PMjg) pose the greatest problems for human health and the environment [35].
These particles are grouped into coarse, fine and ultrafine particles, characterized by
aerodynamic diameters of <10 pm (PMjg), <2.5 pm (PMas5) and <0.1 gm (PMy 1),
respectively. The size classification linked to the particle types is presented schematically
in Figure 2.1. The size distinction between particles is essential because different
particle sizes present differences in formation, modification, atmospheric residential time,
removal, physical and chemical properties and consequences to human health and the
environment [29].

< PMo.1 o PMys . PMjp
f f f — } = pum
0.001 0.01 0.1 125 10 100
t———Ultrafine i Fine +Coarse
4= \[0lecules
Metallurgical fumes
Viruses
Qil smoke
Coal fly ash

Bacteria

Wind-blown dust
— Sca salt

Fig. 2.1: Classification of particles based on their aerodynamic diameter from different sources (adapted
from [32]).
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Ambient particle pollution originates from both anthropogenic and natural sources [36—
38]. Natural emission sources of primary and secondary particulates include vegetation,
volcanoes, oceans, wildfires and mineral dust from arid and semi-arid regions. Typical
anthropogenic activities that are responsible for particle emission include the combustion
of fuels from vehicles, industrial processes, agricultural procedures and construction
and demolition activities. On a global scale, data shows that airborne particles from
natural sources are predominant rather than those of anthropogenic origin (98 wt%
versus 2 wt%) [29, 37]. Sea salt and mineral dust are the largest contributors to total
mass fluxes. Furthermore, ~99 wt% of the particles of natural origin consists of primary
particles, whereas secondary aerosol particles are ~50 wt% for the anthropogenic flux.
On a local scale, the proportions are completely different. In urban environments,
anthropogenic particles account for 80% of total airborne particles. Vehicle combustion,
biomass burning, anthropogenic nitrate and sulphate are the main contributors to total
flux in urban environments [29, 37].

Particles are constituted of different chemical components, which also depend on
the particles’ origin. The major chemical constituents are sulphate, nitrate, ammonium,
organic compounds, inorganic carbonaceous materials (including black carbon and
elemental carbon) and metals such as Pb, Zn, Mn and Cr [39-41]. Further details on
particle composition and sources grouped by size are presented in Table 2.1.

Ambient particles’ distribution as a function of particle size can be based on particle
number, surface area or mass. Different particle size ranges contribute differently to the
total distribution depending on which distribution type is considered. Ultrafine particles
account for the majority of particles by number, but due to their small size, they account
for only a few percent of the total mass of airborne particles. Fine particles constitute
most of the particle surface area and a considerable part of the particle mass. The coarse
particles contribute most of the total particle mass distribution [40, 41].

2.1.2 Outdoor gaseous pollutants

Gaseous air pollution is emitted by several natural sources, such as forest fires and
volcanoes, and also comes from anthropogenic emissions related to industrial activities [42].
The major outdoor gaseous air pollutants are sulphur dioxide (SO3), oxides of nitrogen
(NO, = NO + NO3), ozone (O3), carbon monoxide (CO), carbon dioxide (COz) and
some organic compounds, like VOCs [32, 43, 44].

The main sources of SOy are primary emissions. Many are anthropogenic, like
fossil fuel combustion, thermal power plant emissions, cement factories and industrial
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Table 2.1: Major chemical components and related sources of airborne particles grouped by size

32, 39-41].

Particle definition

Main components

Main sources

Coarse (PMyg)

Fine (P1\/125)

Mineral dust, carbonaceous
matter, sodium, chloride, sul-
phate, nitrate, biogenic aerosol.

Carbonaceous compounds,
chloride, sulphate, nitrate,
sodium, ammonium, metals,
mineral dust.

Wind erosion, soil resuspension, agricultural
and industrial processes, secondary emission
due to oxidation of SO and NO,,, vegetation,
volcanic and marine emissions (sea spray).
Automotive, residential and industrial
combustion-related process, oxidation of
VOCs, sea spray, coagulation of smaller par-
ticles.

Ultrafine (PMog 1) Carbonaceous matter, sul- Fossil fuels, biofuels, and biomass combus-
phate, elemental carbon, metal tion (condensation of hot vapour during com-
oxides. bustion processes), some anthropogenic and

biogenic noncombustion sources, continental
and marine ecosystems, nucleation of atmo-
spheric species.

emissions [32, 43]. SO can also be emitted by natural sources, such as volcanic eruptions
and sulphur-containing geothermal sources, including geysers and hot springs [44].

Nitric oxide (NO) is also a primary pollutant. It is formed from the combustion of
nitrogen-containing compounds, including fossil fuels (90% of combustion NO, production
is NO) or by the thermal fixation of atmospheric nitrogen. Nitrogen dioxide (NOg)
is both a primary and secondary pollutant, as it is both emitted during combustion
processes and formed in the atmosphere by chemical reactions [32, 44].

Ozone (O3) is a secondary gaseous pollutant and is also defined as a photochemically
formed organic oxidant when at ground level [44]. It is a plant-toxic pollutant associated
with precursor gases (NO, and VOCs) and solar radiation [43]. Nitrogen oxides formed
from fossil combustion and emitted to the atmosphere are acted upon by sunlight to
yield ozone. O3 can further react with hydrocarbons and forms compounds like organic
acid, epoxy compounds and aldehydes. [44].

CO;2 and CO are two other important outdoor air pollutants that are heavily emitted
by the power and industrial sector. The complete combustion of any fuel containing
carbon would lead to COs. However, carbon monoxide, which is highly toxic, is always
produced as well. COy concentration levels play an important role in the regulation of
photosynthesis and, therefore, in plants’ carbon and water metabolism [32, 43].

VOCs include hydrocarbons, halocarbons and oxygenates. The major sources of VOCs
are manufacturing processes and industrial emissions, solvent use, fuel refining, road
transport and emissions from vehicles and the combustion of fossil fuels. Within VOCs,
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hydrocarbons have drawn the most attention because of their role in photochemistry
[32, 43]. Benzene, formaldehyde and toluene are also VOCs. Benzene is emitted from
burning coal and oil and from vehicle exhaust. Formaldehyde’s primary source of emission
is biomass burning, whereas secondary formaldehyde is produced in the atmosphere via
the photochemical oxidation of other VOCs [45].

2.1.3 Consequences of outdoor air pollution

Effects on human health

The general knowledge of the health risks that air pollution poses to humans has advanced
in the past years. Several studies have demonstrated the associations between exposure to
airborne particles and adverse health effects, including restricted activity or energy level,
hospital admission and increased mortality and morbidity [3, 34, 35, 40, 46-48]. Fine and
ultrafine particles can penetrate deeper into respiratory systems compared to larger ones.
Particles from 1 to 2.5 um can reach the terminal bronchioles, whereas particles less
than 1 pum diameter can reach the alveoli and thus are more likely to cause respiratory
health problems, such as cough, asthma, pulmonary inflammation and even increased
risk of lung cancer mortality [49]. There is also a strong statistical association between
fine particles and cardiovascular disease mortality due to ischaemic heart disease, fatal
dysrhythmias, heart failure and cardiac arrest [48]. Long-term exposure to particulate air
pollution at concentrations below the European annual mean limit was even associated
with natural-cause mortality in Europe [50].

Exposure to gaseous pollutants also contributes heavily to adverse health consequences.
Ozone affects lung function and can create inflammatory conditions in the respiratory
tract, and it can have a more dramatic effect on asthmatic subjects [51, 52]. Research
has provided valuable insights into the relationship between exposure to SOz, NOg
and CO and health effects including respiratory and cardiovascular hospital admission,
myocardial infarction and cardiopulmonary mortality [53, 54].

Effects on the environment

Air pollution is also harmful to the environment and the climate. Even though there
are diverse data that show how the climate has always been changing due to natural
factors, anthropogenic activities have contributed to changes in the composition of the
atmosphere, and research has been working to understand the impact of such changes
on the climate [55]. Together with other gas molecules such as methane (CHy), COq
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and ozone are greenhouse gases that influence the global climate [44]. The continuing
increasing concentration of these gases in the atmosphere traps radiation (radiant forcing)
and therefore prevents energy from escaping to space, which may increase the surface
temperature and contribute to global warming [55].

Particle pollution has both a direct and an indirect impact on the environment.
Particles cause the direct effect by scattering and absorbing radiation in the atmosphere,
increasing the Earth’s albedo and cooling the surface [29]. The indirect effect is related
to the increased number of cloud condensation nuclei from aerosol particles, which
increases clouds’ lifetime and Earth’s albedo [55]. One effect of SO2, together with NOq,
is the increased formation of acid rain [44], which leads to the acidification of water and
soil [45]. Furthermore, vegetation is more sensitive to SO2 concentrations than animals
and humans. Near cities and industrial areas, wild and cultivated plants are harmed by
SOg levels, which can reduce the plants’ yield [42].

Air quality standard

The World Health Organisation (WHO) has recognised the harmful impact of air pollution
on health and the environment and has published air quality guidelines for particles,
ozone, nitrogen dioxide, sulphur dioxide and carbon monoxide to offer guidance in
reducing the health impacts of air pollution [8].

The European Union has also elaborated its air quality directives (2008/50/EC
Directive on Ambient Air Quality for Europe and 2004/107/EC Directive on heavy
metals and polycyclic aromatic hydrocarbons in ambient air), which set thresholds for a
set of pollutants that should not be exceeded in a specific period [6, 56]. If the limits are
exceeded, State Members’ authorities are required to develop and implement air quality
plans to manage the exceedances.

The WHO guidelines and EU standards are visible in Table 2.2. The assigned periods
differ based on the scientific evidence of the health consequences associated over different
exposure times for each pollutant. The WHO guidelines based on the protection of health
are generally stricter than the EU standards, which were agreed upon politically [56].

2.2 Indoor air quality

Most individuals are aware of the importance of outdoor air quality and the risks that
outdoor air pollution can pose for human health and the environment. In contrast, many
do not understand the extent to which indoor air pollution can harm them [57].
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Table 2.2: Current WHO air quality guidelines and EU air quality standards [6, 8].

Averaging Legal nature of EU EU standard con- WHO guideline

Pollutant period standard* centration concentration
PMio Annual Limit value 40 pg m—3 15 ug m=3
24-hour Limit value 50 pg m—3 45 pg m~3
PMs 5 Annual Limit value 25 pg m—3 5 pg m~3
24-hour - - 15 pg m=3
O3 8-hour Target value 120 pg m~3 100 pg m~3
NO2 Annual Limit value 40 pg m—3 10 pg m=3
Hourly Limit value 200 pg m~3 -
24-hour - - 25 pg m—3
SO, 24-hour Limit value 125 pg m—3 40 pg m—3
Hourly Limit value 350 pg m~3 -
CcoO 24-hour - - 4 pg m=3

*Under EU law, a limit value is legally binding, while a target value represents an obligation to take
necessary measures (without disproportionate costs) to ensure that it is respected; therefore, it is less
strict than a limit value [6].

According to the US Environmental Protection Agency, indoor pollutant levels are
generally 2-5 times higher than the outdoors, indicating the magnitude of the indoor air
problem [58]. Furthermore, most of modern society’s activities are held inside buildings,
causing the population to spend most of its time indoors [59]. It is therefore important
to understand the factors that affect indoor air pollution, the source of emissions and
the consequences of exposure.

The concentration of indoor pollutants may vary due to several factors, such as
human activities, outdoor air quality, building and construction materials and equipment
and furniture [60, 61]. Indoor pollutants originate from various sources:

e Cooking: this activity has been identified in several studies as the main source
of indoor pollution [62, 63]. Kong et al. evaluated the particle concentration
generated while cooking in the kitchen of a residential home under 12 different
ventilation conditions [64]. The study showed that a combination of ventilation
devices and natural ventilation is the only effective solution to reduce particle
concentration, which otherwise would reach harmful values [64].

o Tobacco smoke: cigarette burning is responsible for the release of more than

4,000 chemical compounds that are toxic and carcinogenic [65, 66] and are generated
with a high rate of emission [67]. It is one of the largest sources of indoor particles.
Second- and thirdhand smoke also represent an issue for indoor air quality and
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health [68, 69]. Afshari et al. showed that up to 9% of the ultrafine particles
generated by tobacco smoking in an apartment infiltrated the neighbouring flat [68].

Heating: wood-burning stoves and fireplaces have again gained popularity in
residential houses in recent years, both because of the warm ambience they create
and the lower cost they offer compared to other forms of heating [70]. Salthammer
et al. investigated the emissions from seven wood-burning ovens [70]. Ultrafine
particles and benzene concentrations increased during operation above average
values for non-smoker households, while the effects on CO, CO3, NO, NOy, TVOCs,
formaldehyde and acetaldehyde were small [70]. In modern airtight appliances, the
periodic removal of residual ash from the fireplace is responsible for the release
of particles that can affect the average concentration during 48-h sampling [71].
In the study of Afshari et al., an electric radiator was investigated and showed a
consistent emission of ultrafine particles. However, the radiator is not a primary
particle source; the emission is due to the dust deposited on the surface of the
heater [67].

Cleaning activities: these activities are responsible for the resuspension and

redistribution of deposited particles on indoor surfaces and the generation of gaseous
pollutants emitted from various cleaning products. Sweeping and vacuuming affect
the resuspension of particles in the coarse fraction. Corsi et al. observed an increase
of particles above 10 ym diameter of >17 ug m™—> and a resuspension of particles
above 2.5 um diameter of 1.1 ug m™3 during carpet vacuuming in residential
apartments [72]. Vicente et al. compared different vacuum cleaner devices and
concluded that the bagged vacuum cleaner presents the highest particle emission
rate [73]. Emissions from cleaning products (which include terpenes, chlorine and
aldehydes that compose the products) can react with ozone and become sources of
new VOCs such as formaldehyde and secondary indoor organic aerosol [74, 75],
which have an adverse impact on TAQ. In this regard, Stabile et al. have also
demonstrated that ozone-initiated reactions can lead to the emission of ultrafine
particles [76].

Human occupancy: the human body emits various compounds, even when not

performing any specific activity. Human skin surface lipids can react with ozone and
increase the indoor concentration of compounds that contain carbonyl, carboxyl
or a-hydroxyl ketone groups [77]. Moreover, particle resuspension is affected by
occupants simply walking into and out of a room; this can increase the mass of
suspended coarse particles up to 100% [78].
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e Building and furniture materials: VOCs’ indoor concentration is influenced

by the materials used for buildings, furniture and other indoor products. Formalde-
hyde is the most common pollutant released from pressed-wood products used in
construction (hardwood, plywood and panelling) [79, 80]. New materials produce
higher emissions, which decrease with time; ozone reacts with the material sur-
face layer and, in time, the ozone uptake decreases together with the secondary
pollutants’ emissions [81].

o Office equipment: computers, photocopiers and printers are sources of pollution

including particles, VOCs and ozone, which (as already mentioned) can initiate
reactions that lead to the formation of secondary pollutants [82]. These devices
have the highest impact in offices and schools, where more units are installed.
Nevertheless, they can still affect residential building TAQ, as they represent a
long-term source of pollution [82].

¢ Outdoor air pollution: the pathways for outdoor air to enter buildings are

several and include natural ventilation through windows, the air entering through
mechanical ventilation and infiltration through the building envelope. This topic
is investigated further in the next section.

Indoor air pollutants can also be re-emitted in the indoor air through the phenomena
called the sink effect. The sink effect consists of the sorption and desorption of indoor air
pollutants, including many VOCs, on the surfaces of furnishing and building materials,
including floors and rugs, walls, ceilings and HVAC systems [83]. The consequence of
this phenomenon is a higher concentration of VOCs in the indoor air. Such an effect
can last for a long period — in some cases, for the building’s entire life [83]. Several
models have been developed to predict the sink effect and the overall indoor air quality
in buildings in relation to this phenomenon [84-87].

2.2.1 The relationship between outdoor contaminants and indoor
air quality

Understanding the relationship between outdoor and indoor pollutants helps to pre-
vent harmful concentrations indoors. Three mechanisms result in outdoor air entering
and affecting the indoor environment: mechanical ventilation, natural ventilation and
infiltration. Figure 2.2 schematically represents the pathways of outdoor air inside
buildings through these mechanisms. Mechanical ventilation supplies outdoor air, which
carries outdoor-originated pollution. While air filters are usually installed in mechanical
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ventilation systems, in most cases they cannot clean the air completely from various
pollutants, allowing some pollutants to enter indoors. Wind and buoyancy flow are the
main drivers that bring outdoor air into buildings through windows and doors, also
called natural ventilation. When these types of ventilation are not present, air exchange
still occurs through the uncontrolled flow of air through the building envelope due to
leaks and cracks, referred to as infiltration [58]. Once outdoor pollution enters the
indoor environment, it can be diluted or accumulated depending on the ventilation
conditions [88].

@,
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Outdoor pollution entering]
indoor through mechanical
ventilation
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i

Examples of indoor
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Fig. 2.2: Pathways and sources of indoor air pollution.

Several factors affect the relationship between outdoor and indoor pollutants, includ-
ing the building ventilation rate and airtightness as well as building location, season and
weather [89]. Matson detected higher ultrafine particle concentrations both outdoors
and indoors in urban areas compared to rural areas [15]. Within a city, the closer a
building is located to a busy roadway, the higher the detected indoor particle concen-
tration [90]. Some meteorological parameters influence indoor particle concentration,
including wind direction and speed, relative humidity and temperature, which are also
season-dependent [91, 92]. Nonetheless, outdoor air pollution is considered the dominant
source of indoor particles [17].

The I/0 ratio is defined as the ratio between indoor and outdoor pollutants con-
centrations, which is widely used as it is easily understood [58]. I/O ratio is adopted
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to define the I/0O relationship of particles [58], but it can be used also to evaluate the
relationship between other pollutants’ indoor and outdoor concentration, like NO, and
O3 [93]. Blondeau et al. have found that NO and NOy I/0 ratios vary from 0.5 to 1
and from 0.88 to 1 respectively, whereas ozone 1/O ratio ranged between 0 and 0.45 and
showed to be highly dependent on the building air-tightness [93]. In regards to particle
pollution, there is a wide range of studies that have investigated the I/O ratio under
various measurement conditions and evaluating different particles sizes [15, 94-96]. Chen
and Zhao have reviewed the studies on I/O ratio reported in the literature [58]. They
found values that ranged between far below 1 to far above 1 and concluded that this
parameter is affected by many factors related to indoor particle sources and measurement
conditions, which results in a wide range of values without a uniform conclusion. An
alternative is to use the infiltration and penetration factors. The first metric is useful for
qualifying how many indoor particles come from outdoors, while the second is the most
efficient parameter for understanding the penetration mechanisms of particles through
building cracks [58].

2.2.2 Indoor air pollutants and their impacts

Indoor sources of air pollution emit various air pollutants of different natures. These
pollutants include NO,, SO5, O3, CO, VOCs, radon and micro-organisms, and they can
be categorised as organic, inorganic, biological and radioactive pollutants [88]. Table
2.3 lists the most common indoor air pollutants and their sources, as well as the main
impacts they have on human health and the environment.

Indoor pollutants are a topic of increased interest due to their crucial consequences
for human health. Many studies are available in the literature that describe the sources,
concentrations and consequent health effects of such pollutants [89, 97, 98]. Most indoor
pollutants have a direct impact on the respiratory and cardiovascular systems; the
severity of this effect varies depending on the duration and intensity of the exposure
and on the precedent health condition of the exposed population [88, 99]. Furthermore,
developing countries are exposed to higher health risks because they rely on inefficient
and highly polluting solid fuels for basic necessities (e.g. the use of open fires for heating
and cooking in households) [100]. Besides its health effects, indoor air quality can also
affect the productivity of workers in office buildings [101].

Among the pollutants addressed in Table 2.3, ozone plays a special role in indoor
chemistry. Indoor reactions involving ozone have been thoroughly investigated in the
literature, including gas-phase and surface reactions [102]. Ozone is a strong oxidising
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agent that can react with several VOCs that are present indoors and form products that
are even more irritating and harmful than their precursors. For example, limonene, a
terpene that is a common fragrance component of products such as air fresheners and floor
cleaners, reacts with ozone to produce a mixture of products including formaldehydes,
sub-micron particles, carbonyls and acids [74, 103].

2.2.3 Improving indoor air quality

As the evidence of the critical consequences that a poor TAQ can have on humans and
the environment increases, it is important to seek effective solutions to limit emissions
and decrease human exposure to the pollutants. There are three applicable methods for
improving IAQ: pollution source control, air dilution through ventilation using outdoor
air supply and pollutant removal through filtration and air cleaning.

While pollution source control should be the first method to be applied, it is not
always practical or possible. Secondly, outdoor air should be supplied in order to dilute
and refresh the indoor air. However, when the outdoor air is not clean, this solution
exacerbates the issue by worsening the IAQ. Therefore, the third method must be
employed. Air filters can be installed as part of the ventilation system or used in the
form of a portable air cleaner. When integrated into the HVAC system, the air filter
can be used to clean the supplied outdoor air in order to combine the second and third
methods. Various air filter technologies are available on the market. Their characteristics,
advantages and limitations will be thoroughly addressed in the next chapter.
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Table 2.3: Sources and impacts of indoor air pollutants [88, 98, 99, 104-106].

Indoor air pol-
lutant

Main sources

Impacts

Particle pollution

Os

SO,

NO;

CcO

VOCs (including

formaldehydes,
toluene and
turpenes)

Radon

Biological pollu-
tants

Outdoor air, cooking, combustion
processes (smoking, fireplaces, can-
dle burning), cleaning activities,
product of indoor chemistry (sec-
ondary pollutant).

Outdoor air, air cleaning devices
involving high voltage, office equip-
ment.

Outdoor air, cooking stoves, fire-
places.

Outdoor air, gas-fuelled cooking
and heating appliances, fireplaces

Outdoor air, cooking, combustion
processes involving gas appliances,
smoking, fireplaces, gasoline pow-
ered equipment.

Paint, solvents, varnishes, adhe-
sives, waxes, pesticides, air freshen-
ers, incense, building materials and
furnishing including plywood and
carpets, wood preservatives, print-
ers and photocopiers, perfumes,
building occupants and activities

Outdoor air, building materials, soil
gas and tap water.

Pets and humans, house dust, mites,
mould, pollen, bacteria, fungus.

Lung and airway inflammation,
causing or aggravating respiratory
and cardiovascular diseases (aggra-
vated asthma, decreased lung func-
tion, non-fatal heart attack).

Triggers allergies and asthma,
causes lung damage. Irritation of
eyes and nose. Main driver of in-
door chemical reactions. Also dam-
ages indoor materials.

Irritates eyes, nose, throat and res-
piratory tract. Increases bronchial
reactivity. Asthma and cardiovas-
cular diseases.

Irritates eyes, nose, throat and res-
piratory tract. Increases suscepti-
bility to infections and bronchial
reactivity.

Interferes with transport of oxy-
gen, which causes headache, nausea,
dizziness and fatigue, and with high
exposure leads to coma and death
(700 ppm).

Irritant effects to mucous mem-
branes, fatigue and difficulties in
concentrating, carcinogenic. Respi-
ratory irritation. Cause of rhinitis,
pruritus, headache, nausea, dizzi-
ness, muscular weakness.

Lung cancer.

Can cause allergic reactions, from
rhinitis to asthma. Respiratory
infections, digestive problems and
chronic respiratory illness.
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Chapter 3

Air filtration technologies

3.1 An introduction to filtration

The general term filtration refers to the process of separating one or more phases by using
their physical differences, such as particle size or electric charge [107]. This definition
covers a wide spectrum of processes involving the separation of completely mixed phases,
such as vapourisation and sorption (e.g. distillation, adsorption and diffusion) or distinct
phases, such as solids from fluid and liquids from gas (e.g. filtration, sedimentation and
electrostatic precipitation) [107].

Filtration involves the passage of a fluid through or across a barrier, called the filter
medium or filter, which is permeable to some components that are suspended or mixed
into the fluid [108]. The filter medium is the material that enables filtration, while the
filter includes the device that holds the filter medium. Most filters impose a resistance
on the fluid, which passes through them. Fan power is required to overcome the pressure
drop caused by the filter, which determines the energy use of operating the filter.

Filtration is achieved by mechanical or physical means. However, some filtration
processes involve electrical and mechanical forces, as others include chemical and physical
forces [108]. Different mechanisms act on specific contaminants, which may vary in
physical nature, size and concentration. Consequently, various treatment methods are
used in connection with different filtration or purification technologies to filtrate particles
or remove gaseous compounds from a fluid.

Filtration is a widely used process in several commercial, domestic and industrial hu-
man activities. Its applications include wastewater treatment plants, mineral processing,

25
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activities involving machinery fluids (e.g. those used in engines and hydraulic systems)
and air filtration and purification in ventilation systems for residential and commercial
buildings. Filters can be classified based on the filter media, their function, the nature
of the filtered fluid or the mechanism of filtration [108]. Table 3.1 describes various filter
media in relation to their usual applications.

3.1.1 Fundamentals of filtration mechanisms

Although numerous filters exist and they employ diverse mechanisms to hold back the
suspended material from the flow, four basic mechanisms can be defined. Figure 3.1
provides a graphic representation of these mechanisms.

a. Surface straining (Figure 3.1a) is the mechanism typical of filters that are thin
compared to the smallest particle to be removed, so all filtration happens on the
surface upstream of the filter medium. It is based completely on the ratio between
the particle size and the pore size of the filter. Particles that are larger than the
pores of the filter medium will be deposited on the surface, while any particle
smaller than the pore diameter will pass through the pore. Some of the larger
particles will block some pores until filtration is stopped and the filter is cleaned
by brushing or scraping; this occurs when the flow through the filter falls below
an acceptable level. This is the main mechanism for screening through perforated
plates, plain woven mesh and metal edges and cartridges. It plays a major role in
membrane filtration [107, 109].

b. Depth straining (Figure 3.1b) applies to most real filter media, which are thicker
than their pore diameters. Furthermore, the pore sizes vary along the thickness
of the filter. In this case, a particle travels along the pore until it reaches a point
where it is stopped because the pore is too small. The pore is then blocked, and the
particle is trapped only because of its size. The filter must be replaced or cleaned
through reverse flow blowing when it becomes too clogged. This mechanism is
typical of felts and non-woven fabrics [107, 109].

c. Depth filtration (Figure 3.1c) is a very similar mechanism to depth straining;
most of the time they are grouped under the same name of depth filtration.
Depth filtration involves several physical mechanisms, such as direct or inertial
interception, diffusion and Brownian motion, that allow a particle to be trapped
even if it is smaller than the pores at that depth. Particles can also trap one
another through Van der Waals or other surface forces, but the pores do not
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Table 3.1: Various filter media types and their applications [107].
Group Filter media Characteristics Application

Paper and Paper media, woven Based on fibres of various Broad application, includ-

fabrics fabric, non-woven fab- kinds, short or long, spun ing water and air filtra-
ric, bonded porous me- into a yarn or collected to tion, food industry, phar-
dia create random mass. maceutical application, in-

dustrial processes.
Sorbent Adsorbent media, ab- Adsorbent materials can Air and water purification,
media sorbent media be added onto a fibre filter removal of odours in do-

Woven wires
and screens

Constructed
filter
cartridges

Membranes

Packed beds

Woven wires mesh,
perforated plate, bar
and wires structure

Edge filters, yarn-
wound cartridges

Different types:
porous, nON-porous,
polymeric or inorganic
(ceramics)

Deep-bed media, pre-
coat filtration

or used as a packed bed or
columns and act as a me-
chanical depth filter.

Mostly made of metal.
High strength, corrosion
and abrasion resistance.
Made with apertures of
precise sizes.

Filter media that, when ap-
propriately assembled in a
cartridge, can work as a
filter, but they have no fil-
tration capability in them-
selves. Surface filtration.

Chemically resistant to
feed and cleaning fluids,
thermally and mechani-
cally stable, high perme-
ability, highly selective,
stable in prolonged oper-
ations.

Unconstrained materials:
masses of particulate sub-
stances that remove con-
taminants by depth filtra-
tion. Media must be inert,
resistant to fracture.

mestic application or to in-
dustrial fume removal, res-
pirators and gas mask.
Separation of solid parti-
cles by size, coarse screen-
ing of gas and liquid flows
of some finer processing
stage, sieving and sifting.
Mostly used for clarifica-
tion: extraction of contam-
ination from a fluid.

Industrial sector: petro-
chemical, pharmaceutical,
chemical, food and bever-
ages process, electronics,
biotechnology and water
treatment.

Used in clarification pro-
cess, especially in water pu-
rification.

become absolutely blocked because the fluid can flow between the particles. A

fully blocked filter medium must be replaced or cleaned by reverse flow. This

mechanism is common for most filter media, in particular in high-efficiency air

filters and deep-bed filters [107, 109].



28 Chapter 3. Air filtration technologies

d. Cake filtration (Figure 3.1d) defines the mechanism that occurs when a thick
layer of particles accumulates on the filter medium and acts as a filter itself, with
actual depth filtration within the thickness of the cake and surface straining on
its upstream surface. This mechanism occurs at high solid concentrations in the
suspension when small particles bridge together across the opening of a pore
and form the base of the cake. Cake filtration is employed in some clarification
processes [107, 109].

_om
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Fig. 3.1: Filtration mechanisms: (a.) surface straining, (b.) depth straining, (c.) depth filtration and
(d.) cake filtration (adapted from [109]).

In reality, filtration happens mostly as a combination of these mechanisms. These
combinations occur depending on the characteristics of the filter medium and the
suspension that is being filtered [109].

Another important aspect of the filtration process is the separation between steady
stage and non-steady stage [110].

The first stage of the filtration process is called the steady stage because particle
efficiency and the pressure drop of the filter do not change over time. The only parameters
that influence this part of the process are the intrinsic characteristics of the filter, its
geometry and the properties of the air flow and the particles. In air filtration related
to buildings, where particle concentration is relatively low, this stage of filtration is
important [110]. The surface straining and depth filtration mechanisms are typical of
this stage before clogging starts.

The non-steady stage is characterised by a change in particle filtration efficiency and
pressure drop over time. During this stage, the filter performance also depends on particle
deposition, water vapour, gas erosion, etc. This stage has decisive significance for filters
employed in industrial processes [110]. The thickness of the filter varies significantly
during the non-steady stage, as the cake filtration mechanism enters into force.
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3.2 Air filtration in HVAC systems

3.2.1 Ventilation strategies

Designing a ventilation system for a specific building is a rather complex process that
depends on various building characteristics, including building type and related needs,
dimensions, available space and location and climate. Ventilation systems can be divided
into three major groups: natural, mechanical and hybrid systems.

Natural ventilation

Natural ventilation is characterised by air flows through the building that are driven
by natural forces such as buoyancy, pressure and the stack effect [111, 112]. In natural
ventilation, air moves through ventilation openings such as doors, windows and leakages in
the envelope, which makes it the least controllable ventilation type. Ventilation openings
can be installed in order to improve control of the ventilation rate [112]. Different
natural ventilation strategies are selected based on several factors, such as the ceiling
height, the depth of space within ventilation openings, the heat gain and the climate.
The most frequently used techniques are single-sided ventilation, cross-ventilation and
stack ventilation [111], the basic principles of which are represented in Figure 3.2.
The most obvious benefits of naturally ventilated buildings are their lower energy use
and environmental impact compared to buildings with mechanical ventilation [113].
Most European residential buildings were ventilated by natural ventilation until recent
decades, which means that many existing residential buildings are based on natural
ventilation. Implementing mechanical ventilation with heat recovery in new and in
energy-retrofitted residential buildings is a requirement in Northern Europe (with few
exceptions) [28, 114, 115]. Increasing buildings’ airtightness in the attempt to reduce
heat loss is one reason for the implementation of mechanical ventilation, as well as
the fact that natural ventilation might be unable to provide the required air change
rate [111, 116].

Mechanical ventilation

Mechanical ventilation systems can provide a steady air change rate with a high level
of control, which allows them to respond to varying demand based on occupants or
pollutant levels [111]. Another benefit of mechanical ventilation is the possibility of
integrating heating and cooling, and heat recovery in the air exhaust as a mean of
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Fig. 3.2: Natural ventilation techniques: (a.) single-sided ventilation, (b.) cross-flow ventilation, (c.)
stack-ventilation (adapted from [117]).

reducing ventilation energy use. Heat recovery is essential in fully outdoor air supply
systems [111]. The main typical mechanical ventilation designs that can be installed in
buildings are exhaust mechanical ventilation, supply mechanical ventilation and balanced
mechanical ventilation [112] (Figure 3.3).

An exhaust ventilation system uses a fan to remove air from the ventilated space [118].
The optimal operational efficiency of such systems is reached by keeping the internal
pressure lower than the external one, so that the air flow is controlled by the mechanical
system [116]. In this way, the extracted air is replaced by outdoor air. However, in
buildings that are highly airtight or lack sufficient air openings, pressure differences
can rise and consequently increase energy use, while the system might not be able to
deliver the desired air flow rate [116]. Furthermore, the outdoor air supply cannot be
conditioned (and is generally not filtered) before coming indoors.

Supply mechanical ventilation is based on mechanically introducing filtrated and
conditioned air into the building. As this system avoids the ingress of infiltrated air,
all the supplied air is pre-cleaned and thermally conditioned [116]. It also introduces a
slight overpressure, so the indoor air leaves by exfiltration through leakage or installed
air outlets [118]. This ventilation type is not recommended in residential buildings,
especially in cold climates, as there is a risk of indoor generated moisture penetrating
the building material where condensation can occur [116].

Balanced ventilation combines the supply and extract systems in a separated ducted
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Fig. 3.3: Principles of mechanical ventilation systems: (a.) mechanical extract ventilation, (b.)
mechanical supply ventilation, (c.) balanced mechanical ventilation (adapted from [112]).

network. These systems usually incorporate heat recovery to pre-heat the incoming air
‘for free’ [116]. For optimal performance, balance systems must be highly airtight. This
is because balanced mechanical ventilation systems do not significantly influence the
indoor pressure in relation to the outdoors, so infiltration driven by wind or temperature
differences can occur [116].

Mechanical ventilation systems use more energy and incur higher costs for maintenance
and component replacement compared to naturally ventilated buildings [116]. These
aspects must be taken into account when considering mechanical ventilation, especially
because the inadequate maintenance of ventilation systems can severely compromise
indoor environmental quality.

Hybrid ventilation

Hybrid ventilation systems consist of ventilation processes based on a combination of
natural and mechanical driving forces. These systems can be based on two modes that
operate separately depending on the season or within individual days [113]. Some hybrid
systems are mixed- or single-mode and run using wind and/or thermal stacks with an
assisted fan [119]. There are three main hybrid ventilation principles upon which these
systems are based: natural and mechanical ventilation, fan-assisted natural ventilation
and stack- and wind-assisted mechanical ventilation [117]. The first type is based on an
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intelligent control strategy that switches between two autonomous systems based on the
task to be performed, mostly related to occupancy levels and seasonality. Fan-assisted
natural ventilation relies on an extract or supply (low pressure) fan that runs when
demand increases or natural driving forces are weak. The last principle is based on
mechanical ventilation that optimally exploits natural driving forces. These systems
are usually based on very small pressure losses that can be partly covered by natural
driving forces [117]. As for natural ventilation, hybrid systems are well accepted by
occupants because they offer a high degree of control of the indoor climate and visible and
direct responses to user decisions [113]. Moreover, they fulfil the requirements of indoor
environmental performance without compromising on energy savings and sustainable

development [117].

Air filters in ventilation systems

At first, air filters within HVAC systems were intended to protect the ventilation system
components; keeping coils, fans and ducts clean would avoid malfunctions and pressure
drop increases. However, scientific research has highlighted the impacts of air quality on
human health and the environment and raised awareness about the importance of indoor
air quality. In this context, the primary purpose of air filters within HVAC systems has
been recognised as the reduction of air pollutants in the indoor environment [120]. It
is estimated that 50% of outdoor airborne pollutants are carried into buildings, and
supplied air pollution is the main factor of exposure to air pollutants and the primary
link to health risks [120]. Air filtration can reduce the indoor air pollutant concentration,
removing pollutants either with air cleaning devices or by reducing the outdoor-to-indoor
transport of pollutants, thus improving the health and productivity of the building
occupants [120].

Regardless of the ventilation system adopted in a building, the requirement of a
fresh outdoor air supply must be met. One of the main differences between natural
and mechanical ventilation systems lies in the use of fans to distribute the air, and
consequently in the pressure drop that each system type can handle. Natural ventilation
systems are usually not equipped with air filters because, even given properly designed
air ventilation openings, conventional air filters may impose a pressure drop that is too
high for the air to penetrate the building. This fact has served as the starting point of
this research project, which aimed to fabricate a single thin-layer filter that would impose
a negligible resistance to air. Such a filter could be employed in low-energy ventilation
systems such as in natural ventilation or fan-assisted natural ventilation systems.
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3.2.2 Air filter performance

The performance of air filters is based on two main characteristics: the filtration
efficiency towards air pollutants and the pressure drop. These parameters depend on
the filter structure (in the case of fibre filters, the packing density and fibre radius), the
characteristics of the filtered pollutant (concentration, solid or gaseous state, particle size
or molecule type) and operating conditions, such as temperature and face velocity [121].
Other parameters to consider while evaluating a filter’s long-term performance are
regeneration capacity and the lifetime of the filter medium.

When evaluating the filter performance, the face velocity at which the investigation is
carried out must be addressed. Indeed, there is a direct relationship between face velocity
and both pressure drop and filtration efficiency. Furthermore, different ventilation
systems are characterised by different ranges of face velocity. In mechanical ventilation,
the air velocity in the ducts can reach 1.5-2 m s~!, whereas natural ventilation is
characterised by face velocities through the ventilation openings starting from 0.05 m
s7! to 0.5 m s™1. The face velocity (m s™!) is defined as the airflow velocity through

_ Q@
A-3,600

the cross-section of the filter:

Vi (3.1)
where @ is the flow rate in m® h™! and A is the cross-sectional area of the air filter in
m? [110].

Filtration efficiency

Filtration efficiency defines the filtration efficiency/removal capacity of the filter media.
The term filtration efficiency is mostly used in relation to particle filtration, while
removal capacity is preferred in connection to the removal of gaseous compounds. In
experimental studies in which a particle counter or a gas analyser is used to assess the
concentration of pollutants before and after the filter, the filtration efficiency or removal
capacity 1 (%) is calculated with the following equation:

Cup - Cdown

— Zup ~ Tdoun 4 3.2
n o (3.2)

where C;, and Cgoyp are the concentrations of the pollutant upstream and downstream
of the filter, respectively. The concentration can be defined in particle mass in mg m—3
or particle number, whereas the unit can be either ppb or ppm in the case of a gaseous

pollutant. The particle filtration efficiency can be calculated as the overall efficiency or
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in relation to specific particle sizes.

The particle filtration efficiency 7 for fibrous filters is the result of the combination
of the filtration mechanisms operating within a filter: interception, inertial impaction,
Brownian diffusion and electrostatic effects (Figure 3.4).

Interception

Inertial
impaction

. Fibre section

. Electrostatic
=~ forces

Brownian
diffusion

Fig. 3.4: Illustration of the different filtration mechanisms involved in mechanical filtration (adapted
from [120]).

All four mechanisms are influenced by particle size. Interception occurs when a
particle that follows the air stream collides with a fibre of the filter because of its
size [122]. Inertial impaction describes a particle that cannot follow the streamline
around a fibre. The particle deviates from the air stream due to particle inertia, colliding
with the fibre. An increased air velocity and particle size would increase the inertial
force [120]. Brownian diffusion influences the movements of particles smaller than 1 pm.
Such particles deviate randomly from the air stream due to the Brownian movement of
air molecules and strike the fibres, becoming attached to them [120]. This mechanism
is dominant for ultrafine particles (<0.1 pm). In fibrous filters, electrostatic attraction
can occur and plays a minor role. Small particles can be retained by the fibre due to
weak electrostatic forces present on the fibres [122]. Generally, capture by interception
and impaction is dominant for larger particles, while diffusion is dominant for smaller
particles.

The particle filtration efficiency of a clean fibrous filter can be assessed also with
theoretical modelling of the filter. The overall efficiency of a fibrous filter is related to the
penetration P by the equation P = 1 - n (7 is here considered a dimensionless number
between 0 and 1). P, defined as the ratio between the aerosol concentration downstream
of the filter to the upstream concentration, can be expressed as follows [123]:
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where « is the filter packing density, d is the fibre diameter, Z is the thickness of the
filter and 7y is the particle filtration efficiency of a single fibre [123]. The filter packing
density « is the ratio between the volume of fibres and the total volume of the filter and
it is related to the porosity € by o = 1 - € [124, 125]. This correlation assumes that the
filter can be approximated by an array of parallel cylinders [126]. The overall filtration
efficiency of a fibrous filter medium is therefore determined based on the single-fibre
efficiency 7, which is defined as the sum of the efficiencies of the individual mechanisms
just described [123]:

ng = an,i =np + N1+ 7R (3.5)

where np, 7y and ng are the single fibre efficiencies of diffusion, impaction and inter-
ception, respectively [123]. In air filtration, equation 3.5 is used assuming that the
different mechanisms act independently [123]. Several studies have proposed methods
to calculate the single fibre efficiencies of the various mechanisms [126-129]. Lee and
Liu have proposed a semi-empirical correlation to calculate np and ng considering the
filtration of particles from 0.1 to 0.3 um (impaction plays a minor role in such conditions)
and in a continuous-flow regime characterised by a negligible Knudsen number [128]. The
Knudsen number (Kn = 2)\/dy) is negligible when the fibre diameter dy is considerably
larger than the mean free path of the gas molecules A (A = 65 nm for air molecules) [130].
When this condition is not met and the diameter of the fibre is of the same magnitude
as A, the slip flow must be considered due to the discontinuity of the fluid around the
fibre [129]. Payet et al. have further developed the model from Lee and Liu to include the
slip-flow effect in the correlation [129]. The authors reported a high level of agreement
between their model and the experimental data collected using particles in the size range
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0.08-0.4 pm [129]. This model defines the single fibre efficiencies as follows [129]:
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where D, is the particle diameter, D is the diffusion coefficient, R is the interception
parameter, Ku is the Kuwabara factor and Pe is the Peclet number, which represents
the effect of Brownian diffusion [129].

The single-fibre efficiency of inertial impaction depends on the Stokes number, which
is a dimensionless parameter that describes the behaviour of a particle suspended in a
fluid flow [126]. Particles with a high Stokes number will deviate from the streamlines
around the fibre due to inertia [121]. If they are captured by the fibre due to such
deviation, they are captured because of impaction. One of the empirical correlations
reported in the literature defines the single-fibre efficiency of impaction as [126]

- St (3.13)
=S 07782 1 0.22 '
Dy pVy
St =L 3.14
18p1qdy (314)

where p is the particle density and g is the coefficient of viscosity.
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Pressure drop

The pressure drop across the filter describes the resistance of the filter to the air flow.
The higher the pressure drop, the more fan power is needed for the filter operation within
a ventilation system. The optimal filter has a small pressure drop in order to impact the
building energy use as little as possible. It is also important to assess the filter pressure
drop because ventilation systems will be designed and the fan will be sized depending on
the filter pressure drop. An inaccurate assessment of the filter pressure drop could lead
to system malfunctions. Another aspect to consider is the change in pressure drop over
time due to filter clogging and cake formation during particle filtration. Such phenomena
increase the pressure drop, and the filter must be replaced once the pressure drop exceeds
a threshold value.

Since the pressure drop across a filter is closely related to the pattern of the flowing
air, it can be calculated only when the basic pattern is known. The air flow is affected
by four intrinsic properties: inertia, viscosity, elasticity and molecular properties [126].
The velocity of the air and the dimensions of the system determine whether the inertia
or viscosity dominates the air flow, which is evaluated by the Reynolds number, Re:

_ paVidy
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where p, is the density of air, approximated to 1.2 kg m~ and p, is the air coefficient
of viscosity, 1.81 x 107° kg (m s)~!. As airflow through a fibrous filter is usually
well-approximated by Stokes flow, inertia is completely neglected and Re is assumed to
be zero [126]. In such conditions of stationary flow, the pressure drop across the filter
depends on its thickness Z, the air velocity, the fibre diameter and the coefficient of
viscosity, which is the only significant intrinsic parameter [126]. Darcy’s law is the most
frequently used correlation of filtration theory:

A ViZ
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F(a) (3.16)

The fibre-packing density « is included through a dimensionless function F, also
called the drag force coefficient. Various models in the literature describe such a
coefficient [131-133]. The theoretical models of Happel [132] and Kuwabara [131] were
not consistent with the experimental data from Davies [133] because they assumed
a viscous flow perpendicular to an array of parallel cylinder. In reality, air filters
differ from this simplified geometry because they have randomly oriented fibres. The
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Davies correlation is the most used because it has been validated with a large body of
experimental data. Moreover, it is validated for fibrous filters with ds between 1.6 and
80 pm and 0.006<a<0.3 [133]:

F(a) = 16a"°(1 + 56a%) (3.17)

This correlation is valid when molecular effects in the air flow can be neglected and
the air flow can be treated as a continuous fluid. Such conditions stand as long as the
dy is significantly larger than the mean free path of the air molecules, which is 0.065
pm. When the fibres are in the sub-micrometre size, slip-flow phenomena must be taken
into account. In this respect, the Knudsen number (Kn) defines the flow regime that
is dominant at specific conditions. There are four flow regime types: continuum flow,
slip flow, transition flow and free molecular flow (Figure 3.5). The slip flow should be
considered for Kn>0.1 but it is dominant for Kn>0.25, and therefore for fibre diameters
below 500 nm [134]. As the aerodynamic slip is significant, the tangential direction of
the air velocity at the surface of the fibre is non-zero, and so the drag force on the air
decreases significantly [135].

Kn =0.0001 0.001 0.01 0.1 1 10 100

Continuum

Slip-flow i Transition . Free-molecule
flow regime | |

regime regime flow regime

Fig. 3.5: Schematic representation of the flow regime in relation to the Knudsen number (adopted
from [136]).

The consequence of such phenomena is that the pressure drop through sub-micron
fibrous filters is lower than for microfibre filters, and consequently lower than the one
calculated from equation 3.16. Kirsch et al. [137, 138] developed a generalised correlation
that defines the pressure drop across a nanofibre filter made of cylinder nanofibres with
irregular arrangements, in which the drag force coefficient F is expressed as [139]:

1 1 TO
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4

Fo=— T (3.19)

—n2t+ 1+ %

where Fy is the dimensionless force under hydrodynamic flow conditions (Kn = 0), 7 is a
constant coefficient, t is a dimensionless parameter and ¢ is a function that depends on
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the arrangement of the fibres [135, 139]. The theoretical model from Kirsch et al. has
been validated recently by Xia et al. [135], who used extensive experimental data from
the literature to assess the correlation, demonstrating its validity.

It is important to highlight that all the theories presented depend on parameters
that are fixed once the filter is fabricated (ds, @, Z, ¢) except for the face velocity.
If the viscosity of air can be considered constant (i.e. if it does not vary significantly
with temperature), the pressure drop across the filter is directly proportional to the
face velocity of the air flow [135]. This proportion is described by a constant term that
has been defined in the literature as the air resistance coefficient, 3 (Pa - s m™!) [135].
Therefore, equation 3.16 can be written as

- 4,quZ
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Quality factor

The quality factor (Pa™!), also known as the figure of merit, is a criterion to evaluate
and compare the overall performance of air filters [126]. It is defined as

—In(1 —
Q) - n(Ap n)

(3.21)
Therefore, the quality factor represents the ratio between filtration efficiency and pressure
drop, which is an indication of a filter’s energy expenditure. It is an adequate method to
compare the energy efficiency of filter media [121]. As the aim of filter performance is to
achieve high filtration efficiency with a low pressure drop, larger values of the quality
factor indicate a filter with better quality.

3.2.3 Classification of HVAC filters

Air filters for ventilation purposes are classified according to a European Standard that
assesses their technical requirements and specifications. The current standard is ISO
16890, which came into force in mid-2018 and replaced the previous EN 779. The
classification method is based on the percentage of dust collected in a filter [140]. The
last update classifies the filters on the basis of the particle size classification system
recommended by the WHO (in the previous version, the classification was based on filters’
filtration efficiency for 0.4 um particles). ISO 16890 considers the mass concentration

of particles with an optical diameter >0.3 um, divided in PM;, PM5 5 and PM;y. The
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standard uses the symbol ePM, to refer to the filtration efficiency of an air filter for
particles with an optical diameter between 0.3 pum and x pm [140]. In Table 3.2, the
minimum initial efficiency values used to classify a filter in one of the four groups and
the final maximum pressure drop are reported from ISO 16890. A filter is classified
in a given group when the initial efficiency and discharged efficiency are above 50%
for the corresponding particle size. When the value drops below the threshold, the
filter automatically drops to the inferior group. The efficiencies are reported in steps of
5% [140].

Table 3.2: Classification and requirements of air filters (ISO 16890) [140]

Group ePMl,min ePM2.5,min 6PM10 Final Ap
ISO Coarse - - < 50% 200 Pa
ISO ePM10 - - > 50% 300 Pa
ISO ePM2.5 - > 50% - 300 Pa
ISO ePM1 > 50% - - 300 Pa

3.2.4 Air filtration and purification technologies

Today, various air filtration or purification technologies are available. These are based
on different mechanisms and therefore can remove different pollutants. The removal of
air pollutants with distinct physical states (particles and gaseous pollutants) is usually
managed with different technologies because different mechanisms are required to remove
such pollutants effectively. The simultaneous removal of such pollutants has usually
involved multi-stage or hybrid filtration systems. The main air purification/filtration
technologies available are briefly described in the following paragraphs, focusing on the
pollutants the technologies can remove and their advantages and limitations.

Mechanical filtration

Mechanical filtration refers to filters that rely on physical mechanisms to remove sus-
pended particles from the air. Such devices are fibrous filters and are essential components
in all air conditioning systems [141]. High-efficiency particulate air (HEPA) filters are a
typical example of mechanical filters and can achieve a filtration efficiency of 99.97% of
particles above 0.3 um diameter [142]. Together with HEPA filters, ultra-low penetra-
tion air (ULPA) filters are commonly used in cleanrooms, hospitals and laboratories,
whereas fine, medium and coarse filters are used mostly in residential and commercial
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buildings [143]. While mechanical filters do not retain gaseous compounds, they have
removed ozone as reported in a few studies [144, 145].

As described in Chapter 3.2.2; the filtration efficiency of fibrous filters depends
on a combination of the mechanisms such as interception, diffusion and impaction.
Furthermore, the performance of a mechanical filter changes over time as it gets saturated
by particles. The filter can become clogged with a consequent increase of collection
efficiency, pressure drop and the required energy use of the fan. When this occurs, the
filter must be replaced. Mechanical filters can also become sources of contamination
from harmful micro-organisms that can grow on the filter surface [146].

Electronic filtration

There are various types of electronic filters, which are effective in the removal of suspended
particles. Electret air filters are polarised fibrous filters made of dielectric materials,
which can be produced with different processes such as corona charging, induction
charging and triboelectric charging [147]. The quasi-permanent electrical charge on the
filter material implies the electrostatic attraction of smaller particles as the dominant
filtration mechanism. This means that electret air filters can consist of a lower fibre
volume fraction compared to mechanical fibrous filters, achieving less air resistance.
However, the electrostatic effect might decrease with operation time, leading to an
exponential decrease in filtration efficiency [148].

Electrostatic precipitators (ESPs) are another type of electronic air filtration technol-
ogy that consists of parallel charged plates. The particles are charged with the opposite
polarity of the plates. In the presence of an electric field, the particles are directed and
deposited onto the plates once they flow through them [149]. Such filters have a lower
overall filtration efficiency compared to HEPA filters or fibre mats [150] but also impose
a lower pressure drop [151]. However, ESPs are less effective for sub-micron particles
and have been found to generate ozone [152].

Ton generators, or ionisers, remove suspended particles from the air by dispersing
charged ions into the air. These ions attach to particles and charge them. Oppositely
charged particles can attract each other and form heavier particles, which are easier
to deposit. The charged particles may be trapped in the filters or deposit on surfaces
such as furniture or walls [141]. Ton generators can generate O3, which can react with
terpenes and form secondary organic aerosols (SOAs) in the ultrafine range [153].
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Adsorption

The adsorption process is divided into two classes, physical adsorption and chemisorption,
depending on the interaction between the adsorbent and the adsorbate. A schematic
representation of these two mechanisms is shown in Figure 3.6. Chemisorption indicates
a chemical adsorption process driven by a chemical reaction on the surface of the
adsorbent [154]; this process is typically non-reversible. Physical adsorption is more
significant in the application of separation processes because it involves a low heat of
adsorption and the adsorption equilibrium is rapidly established and reversible [155].
In this process, organic molecules are trapped on the surface and in the pores of the
adsorbent by the Van der Waals force of attraction [155].

Adsorbed adsorbate

N\

Binding site

Adsorbent surface

Fig. 3.6: Interaction mechanisms between adsorbent and adsorbate during physisorption and chemisorp-
tion (adapted from [156]).

Typical adsorbent materials include activated carbon (AC) [157], silica gel, zeolites
[158], mineral clay and some polymers [159]. The key for an efficient adsorbent material
is a large surface area or a large micropore volume, which is typical of a porous material.
AC is one of the most popular adsorbents for VOC removal in indoor air treatment
because it has excellent adsorption ability due to its large surface area, cost efficiency
and thermo-stability [160].

One drawback of the adsorption technique is related to the influence of relative
humidity. Competitive adsorption between water molecules and the target species can
occur in humid conditions. As water is rapidly adsorbed within the carbon structure,
the volume of porosity that is available for adsorbing the pollutant is reduced [157].
This happens because AC forms hydrogen bonds with water and other polar vapours
due to its hydrophilic surfaces, which behave as polar sites [157]. AC is characterised
by a vast infrastructure of pores, mostly within the micropore range, which makes
it more efficient at lower concentrations and towards VOCs with smaller molecular
sizes [146, 160]. The removal of BTEX (benzene, toluene, ethyl benzene and xylenes) at
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concentrations between 0.1 and 1 ppm using AC reached 90% efficiency [161]. Activated
carbon fibres (ACFs) are a relatively new carbonaceous material that is obtained by
the carbonisation and activation of organic fibres at 700-1,000 °C in an atmosphere of
carbon dioxide or steam [160]. ACFs have demonstrated a large adsorption capacity
towards VOCs [162, 163] and faster adsorption kinetics compared to conventional
AC [160]. However, carbonaceous materials cannot adsorb all gaseous compounds
because such materials are naturally hydrophobic. Nonpolar and weak molecules like
aromatic compounds can be adsorbed on carbonaceous materials, while polar molecules
are less likely to be adsorbed [160].

Adsorbent materials saturate over time. Eventually, the adsorbent filter reaches
‘breakthrough’ and the re-emission of pollutants into the air is unavoidable. Some
adsorbent materials can be regenerated through the desorption of the pollutants using
various methods, such as thermal regeneration, electrothermal heating and vacuum
desorption [160]. However, the adsorption capacity is reduced after regeneration [146].
Therefore, these filters must be replaced after a certain period, producing waste that
must be properly disposed. Despite the drawbacks of adsorption filters, when compared
to other technologies (photocatalytic oxidation, ozonation and cold plasma) for the
removal of VOC mixtures, they have been classified as the most effective technology,
with removal efficiencies higher than 90% for most pollutants [164]. This guarantees the
capture of the most hazardous compounds, such as formaldehyde and acetaldehyde [164].

Photocatalytic ozidation (PCO)

Photocatalysis is the process that degrades gaseous contaminants in the presence of
a catalyst and an irradiation source. The reaction is initiated with the use of a semi-
conductor material, such as TiOs, ZnO, ZrO or SnO,, which acts as the catalyst of
the reaction [165]. Titanium dioxide (TiOz) activated by UV light has been the most
frequently used catalyst [166]. This process converts organic compounds into harmless
and odourless products such as water vapour (H2O) and carbon dioxide (COs). Figure
3.7 illustrates the mechanism of the PCO of VOCs with UV light using TiO as catalyst.
The band-gap energy (E,) is defined as the energy difference between the highest valence
band and the lowest conduction band. When the band-gap energy of the catalyst material
is lower than the light energy of the excitation source, the photon is adsorbed. This
results in the excitation of an electron (e_;) from the valence band to the conduction
band, generating an electron (e_,) and a hole (h™) [167]. As the electron has a reduction
ability and the positive hole has an oxidation ability, they drive the redox process,
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Fig. 3.7: Mechanism of the PCO of VOCs with UV light using TiO2 as catalyst (adapted from [165]).

reacting with Os, water and the gaseous compounds that are adsorbed on the surface
of the photocatalyst [167]. The oxidation reaction of the adsorbed water produces the
hydroxyl radical (OH®), which is the dominant oxidant in the degradation of VOCs. The
basic reactions — including activation, oxidation and reduction — of the degradation of
VOCs using TiO, as a photocatalyst can be expressed as follows [165, 167]:

TiOp + hv — h, + e, (3.22)
H30,4s + b, — HT + OH® (3.23)
O2ads + €, — Ogaqs (3.24)

VOC + OH® + O3 — nCOy + mH,0 (3.25)

PCO has been used for indoor air treatment because it offers several advantages. It
is active at room temperature and it degrades a broad spectrum of pollutants due to the
oxidant potency of the hydroxyl radical [165]. Most studies are based on experimental
investigations in laboratory conditions. In one pilot-scale application, the removal
efficiency of a mixture of VOCs at sub-ppm concentrations (0.25-2 ppm) using PCO
was investigated [168]. The results showed conversion rates in the 5-60% range, which
vary depending on process parameters such as residence time, relative humidity, light
source and intensity, VOC type and concentration [168].

Titanium dioxide is a metal oxide that can be found in two crystalline structures,
anatase and rutile, with energy bandgaps of 3.23 and 3.02 €V, respectively [166]. TiO5
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Aeroxide P25 (70% anatase and 30% rutile) is the most frequently used photocatalyst
for air purification because of its low cost, excellent stability, high availability and
performance in degrading several VOCs [169, 170]. Theoretically, a UV light with a
wavelength less than 380 nm can initiate photocatalytic oxidation with TiOs. The two
UV lights that are used most often are the fluorescent black-light UV lamp (UV-A,
300-400 nm) and the germicidal lamp (UV-C, 254 nm) [169]. The removal efficiency
for mixture of VOCs of the two UV lights with the same power output was compared
and it was concluded that there was no significant difference between the use of the two
light sources [171]. In some studies, an ozone-generating UV light (UV-C/Os, 245 + 185
nm) was employed to increase the removal efficiency of the PCO system, which was then
combined with ozonation process [172, 173]. The study suggests that the removal rates
are ordered as follows: UV-C/O3 > UV-C > UV-A [173].

The most challenging and concerning drawback of PCO is the formation of by-products
that can be more harmful than the original pollutants. PCO is a stepwise reaction,
and the intermediate steps can generate unwanted products if the conversion is not
finalised [174]. The photocatalytic oxidation of toluene generates benzaldehyde, methanol,
acetaldehyde and formaldehyde [175]. The generation of by-products is affected by light
intensity, residence time, relative humidity and VOC type and concentration [175-177].
Relative humidity in particular has a strong influence on PCO. In the absence of humidity,
the photocatalyst is deactivated. However, in high humidity (above 60%), competitive
adsorption between water vapour, VOCs and by-products takes place, which reduces
the by-products’ residence time and leads to their release from the surface [177]. As an
example, the removal efficiency of toluene at typical indoor air concentrations (10-500
ppb) varied between 30 to 90% depending on parameters such as relative humidity,
residence time and the amount of TiOy [172].

In general, the conversion and efficiency rates of PCO are comparatively low [146]. To
enhance PCQO’s performance and overcome the challenges related to harmful by-products
and operation with high relative humidity, PCO has been combined with an adsorbent
material as support. In several studies, TiO has been combined with AC [161, 178-180].
The combination of the two materials has shown improvements to performance in terms
of a reduction of by-product release [181], and increased removal efficiency of typical
indoor pollutants (from 50 to 89.5% removal efficiency for toluene) [180]. It also mitigates
the competition effect between water vapour and pollutants and the inhibition effect of
diverse pollutants [181].
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Non-thermal plasma

Non-thermal plasma (NTP) is a highly ionised gas commonly used for air purification
that consists of electrons, positive ions and neutral particles and is not in thermodynamic
equilibrium [141]. In general, there are several ways to produce plasma: direct current,
corona discharge with alternate current and dielectric barrier discharge (DBD) [182].
Plasma air cleaners can efficiently remove particles, VOCs and microbes [146, 183,
184]. However, the application of NTP for the treatment of pollutants such as VOCs
is mostly limited to the laboratory because it requires a significant investment and
adequate technical knowledge [185]. Furthermore, NTPs form harmful by-products
during incomplete oxidation, such as CO, O3z, NO, NOx and aerosol particles, which is
the main reason for their limited use in indoor air applications [186]. Moreover, NTP
has a low energy efficiency, especially for treating low VOCs concentrations [184], and its
capacity to remove different pollutants is affected by humidity [187]. NTPs have often
been combined with a catalyst in order to increase the overall efficiency of the hybrid
system and improve the oxidation efficiency [184].

Ozonation

The use of ozone generators in indoor air cleaning devices peaked in the 1990s. During
this period, the technology was marketed for the elimination of odours and microbial
agents and the removal of VOCs [188, 189]. Such devices produce O3 by adding energy
to molecules of oxygen (Oz), temporarily splitting the atoms so they recombine with
other oxygen molecules [190]. Corona discharge and UV radiation are the two methods
that can be used in this process [190]. Ozone is an oxidising agent that is also known for
its harmful effects on human health. Moreover, the reaction with VOCs might not be
fast enough to compete with typical ventilation rates when the ozone concentration is
below 50 ppb [104]. However, high levels of ozone must be avoided in the presence of
animals and people. Furthermore, ozone generators can increase the concentration of
fine particles, especially in the presence of terpenes [188]. Ozone generators have been
combined with adsorbent materials to increase the overall conversion efficiency of VOCs,
thus maintaining a low residual ozone level [191].

3.2.5 Combined air filtration systems

The optimal filter should be able to remove a broad variety of pollutants, solid and
gaseous, perform effectively at various temperatures and humidity levels, and involve
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little energy use. A universal single filter that can achieve such conditions is difficult
to find on the market. However, various filter technologies have been combined to
overcome individual mechanisms’ drawbacks and improve the overall system performance.
Some examples have already been given in the previous section. NTP and catalysts
have been combined to avoid or limit by-product formation, while hybrid ozonation
systems involve the use of adsorbent materials to decrease the amount of residual ozone
in the air. In addition, the synergic use of adsorbent and catalyst materials has been
investigated to inhibit the competition effect between water vapour and pollutants, avoid
the deactivation of the PCO and increase pollutant conversion rates [141].

However, such combinations do not enhance the capacity of the filters to remove
particle and gaseous pollutants simultaneously. Fibrous filters are often combined
with AC or other adsorbent filters to simultaneously remove both solid and gaseous
compounds [192, 193]. These two filters are usually installed back-to-back in ventilation
systems or air-cleaning devices to remove the different pollutants individually [194].
In other cases, activated carbon has also been loaded onto fibrous filters [195]. Both
strategies lead to bulky and heavy filtration modules. ACF have also been investigated
in the laboratory for the simultaneous removal of particles and gaseous pollutants [194].
However, most studies on ACF are still related to the adsorption of VOCs, and there is
not much data available on their performance for particles [160]. Other types of filters
have been developed for the removal of both types of pollutants [196-199]. In one study,
an electrostatic precipitator was combined with a catalyst material and achieved >99%
particle removal in 25 minutes and 80% VOCs degradation in around 45 minutes. The
experimental investigation was performed in a test chamber with mixing air [197]. In
another study, a metal-organic framework (MOF) was used to coat an electret filter
media. The result showed that the coating enabled a toluene removal capacity up to
85%, although the heavy coating led to an increased pressure drop and lower particle
holding capacity [196]. A corona reactor reached a particle removal efficiency above 98%
and degradation of 80% of formaldehyde [198]. The degradation of formaldehyde was
investigated in a 1 m® chamber, and it reached an acceptable concentration after around
1 h of treatment; this process was rather slow and produced ozone [198].

Electrospun fibre filters have also been produced and investigated for the simultaneous
removal of various pollutants [200, 201]. The advantage of such filters is that their fibres
can reach diameters in the nano-dimension range, which leads to a lower pressure drop
compared to conventional fibre filters because of the slip-flow effect [136]. Furthermore,
electrospinning is a versatile method that makes it possible to functionalise the fibres
using additives in order to enhance the removal capacity for gaseous compounds. An
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electrospun fibre filter is a thin non-woven mat with a low basis weight. Such a filter
can be installed as a single-stage filtration layer even when the available space for the
filtration system is limited. The performance of such filters is still part of academic
research studies, and they have shown promising results in this field. Therefore, they
were chosen as the filter type to be investigated in this Ph.D. project. In the next section,
the results from the literature on electrospun fibre filters are presented in detail.

3.3 Electrospun fibre filters

Though promising, the application of electrospun fibre mats to air filtration is relatively
new. Electrospinning is an electrostatic method used to produce ultrathin fibres (details
on the electrospinning process, applications and theory are provided in Chapter 3.4).
Electrospun fibre filters have been reported since the 1980s and have since undergone
further development. They have become a hot topic in the last 15 years, probably in
association with the increasing concern about air pollution [202]. The most advantageous
characteristics of such filters are related to their high porosity and specific surface area,
low basis weight and uniform fibre size, which are requirements of high-performance
filters [203].

The diameter of electrospun fibres can be as small as 40 nm. This peculiarity is
rather crucial when it comes to the air resistance of fibrous filters. The general theory of
filtration assumes continuous flow around the fibres and a no-slip condition at the fibre
surface [126]. However, when the dimension of the fibre is comparable to the movement
of the air molecules, the slip-flow model is dominant. In such conditions, the drag force
on the fibre surface is smaller than in no-slip flow and, therefore, the pressure drop is
lower (the slip-flow phenomenon has been further described in Chapter 3.2.2). Therefore,
electrospun fibre filters have the potential to perform better than conventional fibrous
filters, as they can achieve high-efficiency filtration with a lower pressure drop and can
remove gaseous pollutants once doped with specific additives. In a recent study, Zhao et
al. fabricated a PAN-based nanofibre filter with the aim of investigating the slip-flow
effect [136]. The authors demonstrated a 40% reduction in the pressure drop (from 15 to
9 Pa) when the fibre diameter dropped from 168 to 71 nm with a face velocity of 0.053
m s~!. Wang et al. investigated the quality factor of filters made of a micrometre-fibre
substrate and a single nanofibre layer composed of fibres of various sizes [204]. They
noticed that higher nanofibre solidity corresponded to a higher pressure drop and higher
filtration efficiency. Furthermore, the quality factor of the filter was lower when more
of the smallest fibres (20 nm diameter) were present. The quality factor was indeed
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improved when there was a higher density of fibres with an average diameter of 780
nm [204]. Moreover, Zhang et al. demonstrated that a filter consisting of multiple thin
layers of nanofibres had a higher quality factor compared to a nanofibre mat made of a
single layer [205]. Therefore, the number of nanofibres and their fibre diameters must
be adjusted to improve the filter performance, in addition to adopting a short-term
deposition time [204, 205].

Polymers are the most frequently used materials for the fabrication of electrospun
fibres. Researchers have used a broad range of polymers to fabricate electrospun air
filters, such as polyacrylonitrile (PAN) [206], polyvinyl alcohol (PVA) [207], polyurethane
(PU) [208], polysulfone (PSU) [209] and polyamide (PA) [210]. Such polymers are
dissolved in a polymer-solvent solution, which can be employed in an electrospinning
setup. The parameters that affect the filtration performance of such filters include the
fibre diameter and structure, pore size, specific surface area, basis weight and thickness
of the electrospun fibres. These parameters can be controlled to a certain extent with
the electrospinning process. Different polymers present different characteristics, which
produce different results. Table 3.3 reports the main results of various studies on
electrospun fibres applied in air filtration.

PAN nanofibres with an average diameter of 200 nm achieved 95-100% PMs, 5
removal efficiency during a 100-h field test with extreme hazardous air conditions [206].
Electrospinning PA leads to small fibre diameters (90-180 nm) with a large surface
area [211]. In one study, Nylon 6,6 electrospun fibres exhibited slightly higher particle
filtration efficiency compared to a conventional glass fibre filter but at the expense of
three times lower pressure drop [212].

PU is a thermoplastic polymer that exhibits good mechanical properties, and it has
been found to be one of the best materials to produce nanofibre mats [213]. It can be
dissolved using N, N-dimethylformamide (DMF), a commonly used but toxic organic
solvent. PU exhibited adsorption capacity towards VOCs and can also be used in repeated
cycles of adsorption and desorption processes under ambient temperatures and pressure,
which is an improvement compared to activated carbon [159]. The adsorption capacity
of electrospun pristine PU fibres and fly ash/PU fibres were tested using chloroform,
benzene, toluene, xylene and styrene. The results showed that PU can sufficiently adsorb
the VOCs, though the adsorption capacity increased 2.2—2.8 times when combined with
fly ash particles [214].

PVA is a biodegradable and water-soluble polymer and is the largest synthetic resin
produced in the world [215]. PVA-based fibres have demonstrated outstanding filtration
capacity for particles of various sizes [216, 217], achieving a filtration efficiency (99.95%)
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comparable to a HEPA filter but with a higher quality factor [216]. PVA was also
electrospun in combination with TiOs to investigate the removal of particles and the
degradation of acetone [218]. The results showed a strong relationship between filter
performance and retention time when evaluating the removal of both particles and
acetone. The filter reached 98% removal efficiency of particles above 200 nm size with a
retention time of 2 min. The degradation of acetone was above 99% using a UV-254 nm
light, an initial concentration of acetone of 1,500 ppm and a retention time of 10 sec.
The removal of acetone decreased to 54% under the same conditions but using a UV-365
nm light [218].

Cellulose acetate (CA) is another polymer that can be used for air filter applications.
CA is the most common and most frequently used organic compound, and it is attractive
because of its availability and biodegradability [219]. The electrospinning of CA has
been investigated and resulted in fibres with good thermal stability, chemical resistance
and high porosity [220]. CA nanofibres showed a filtration efficiency of 84-89% for
particles in the 0.1-0.3 um size range with a pressure drop in the range 105-140 Pa
at face velocity 0.053 m s~! [221]. In another study, PAN/CA-based activated carbon
nanofibres prepared with electrospinning demonstrated an adsorption capacity for SOy of
up to 40 mg g~! [222]. CA was also combined with TiO, to investigate electrospun fibre
filters’ capacity to remove both particles and NO with photocatalytic oxidation [223].
The study showed a degradation of NO up to 78.6% using a UVA lamp; the emission
peak was 365 nm. Regarding particle filtration, the filters showed an efficiency above
97% for particle sizes between 0.1 to 0.6 pum, reaching a peak of 99.6% for PMg ¢ [223].
The pressure drop was recorded around 30.7 Pa with a face velocity of 0.054 m s~ 1.

Xia et al. performed a comprehensive literature review on electrospun nanofibre
filters to investigate the relationship between face velocity and pressure drop [135]. The
linear relationship between these two parameters had been confirmed (in relation to the
theoretical studies from Kirsch et al. [137]), though the study underlined the limitations
of current research on electrospun nanofibre filters. These filters have been tested at low
face velocities (most are in the range of 0.05-0.1 m s~1); this does not correspond to the
typical range of face velocities in HVAC systems, which can reach 1-3 m s™1 [135]. The
same can be seen by analysing the face velocities presented in Table 3.3. In order to
confirm their superior performance in relation to the pressure drop, electrospun fibre
filters should be studied at higher air velocity conditions.

To conclude, empirical evidence clearly suggests that electrospun fibre filters can be
employed to remove both particles and VOCs. However, most of the research until now
has only partially investigated the performance of such filters. Most studies investigated
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Table 3.3: Air filter performance of electrospun fibre filters.

Materials Particles  Gaseous pollutants V; 7 Ap (Pa) Ref.
(pm) (ms™)
PU 0.080 - 0.057 99.66% 190 [208]
PVC/PU 0.3-0.5 - 0.053 99.5% 144 [224]
PAN <2.5 - 0.21 98.11% 206 [206]
PAN/TiO, 0.26(*) Toluene(® 0.053 97% (@), 145 [225]
97.9%®
PAN/TiO, 0.1-1 - 0.80 86-99% >15,000 [226]
PU/FAPs - Chloroform, - 845 g g~ - [214]
benzene, toluene, fibre
o-xylene, styrene
PU - Chloroform, toluene, - 0.01-0.45 pg - [159]
hexane g~ ! fibre
PVA 0.075 - 0.053 99.95% 294-980 [216]
PVA 0.6 - 0.083 ~100% 1,530 (217]
PVA 0.3-0.5 - 0.15 91.3% 300 [227]
PVA/TiO, 0.1-0.2) Acetone(® - 60-98%(®), - [218]
50-99% )
PSU/TiO, 0.3-0.5 - 0.05 99.997% 45.3 (228]
PSU/PU 0.26 - 0.053 99.93% 255.78 [209]
PLA 0.26 - 0.053 99.999% 93.3 [229]
PAN//silica 0.3-0.5 - 0.14 99.989% 117 [230]
PET/CD - Aniline - 2,600-3,400 - [231]
ppm
Nylon 6 0.3 - 0.05 99.993% 145 (232]
PVA/PAN 0.3-7 - 0.42 99% 418 [233]
PAN/CA/AC - Toluene 0.11 65-72g/ - (234]
100g fibre
PVP/TiO, - SOz - 67.6% - (235]
ACF
PAN/AC - NO - >60% - (236]
Manganese/ - Toluene 0.11 68g/100g - [237]
PAN/AC fibre
CA/TiOq 0.1-0.6(® NO® 0.054 99.5%(), 30.7 [223]
78.6%(")

the removal of either particles or VOCs, while some have been employed under static
conditions and have not evaluated the pressure drop of such filters. Therefore, it is
important to investigate such filters further in order to have a clear overview of their
overall potential when applied in air filtration.
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3.4 Electrospinning

Electrospinning nano- and microfibres is a versatile and effective method to produce fibre
mats. It was first studied by Formhals in the 1930s [238]. In the 1990s, several research
groups showed interest in this technique, triggering more theoretical and experimental
studies on electrospinning in the following years [239]. The advantages of this technique
include its technical simplicity and easy adaptability. Furthermore, the fibre’s diameter
and morphology are tuneable by the processing parameters, solution characteristics and
environmental conditions [201].

Materials and applications

A wide variety of materials can be spun, including polymers, composites and ceramics
[239]. Several bio- and synthetic polymers have been electrospun under various conditions
[240]. Polymers can be electrospun alone, as a mixture of polymers or in combination with
various additives [241]. Electrospinning is used to produce fibres for various applications,
including filtration, protective clothing, reinforcement fibres in composites, biomedical
devices, food applications, nanosensors and electrical and optical applications [242, 243].
Table 3.4 provides an overview of commonly electrospun polymers and their applications.

Types of electrospinning

There are two major types of electrospinning: solution electrospinning and melt electro-
spinning. Solution electrospinning is based on the formation of fibres from a polymer-
solvent solution, whereas melt electrospinning involves the use of a polymer melt without
any solvent [242]. Solution electrospinning has been widely used, as there is a wide
variety of materials (especially polymers) that are soluble in various solvents [281], such
as water [282], acetone [252], DMF [283] or mixtures of solvents [159, 224]. Different
components can be easily added to the polymer solution, such as nanoparticles or other
molecular species, which can add various functionalities to the fibres [239]. Furthermore,
solution electrospinning has proven more viable for producing fibres in the nano-range
compared to melt electrospinning because of the evaporation of the solvent [242].

In melt electrospinning, a suitable polymeric material is heated above its glass
transition point. The plastic melt is transformed into fibres by pulling it in an electrostatic
field, as in solution electrospinning. Usually, fibres produced by melt electrospinning
have diameters from a few micrometres up to 10 micrometres [281]. The reason for
this is that melts usually have higher viscosities and unusual viscoelastic properties
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Table 3.4: Commonly electrospun polymers and their application.

93

Polymer Application Ref.

Polyurethane (PU) Filtration, protective clothing, drug delivery [214, 244, 245]
systems

Polyvinyl alcohol (PVA) Filtration, nanofibre support for enzymes, [207, 246, 247]
drug delivery systems

Polycarbonate (PC) Filtration, sensors, protective clothing [244, 248, 249]

Polyamide (PA) Filtration, protective clothing [244, 250]

Cellulose acetate (CA) Filtration, membranes, fabrics, biosensors, [251-253]
drug delivery systems, tissue engineering,
nutraceutical delivery, self-cleaning textiles

Polycaprolactone (PCL) Drug delivery systems, tissue engineering [254, 255]

Polystyrene (PS) Catalyst, enzymatic biotransformation, [256—258]
filtration

Polyacrylonitrile (PAN) Filtration, hydrogen storage, battery [259-261]
electrodes

Polyethylene oxide (PEO)  Filtration, microelectronic wiring [262, 263]

Polylactic acid (PLA) Sensors, filtration, drug delivery systems [264, 265]

Poly(methyl Enzyme immobilisation [266]

methacrylate) (PMMA)

Poly(vinyl pyrollidone) Regenerative tissue engineering, drug [247, 267]

(PVP) delivery systems

Polyvinylchloride (PVC) Water and air filtration, protective clothing, [224, 268-270)
batteries

Polyethylene Various biomedical applications, filters [231, 271]

terephthalate (PET)

Polysulfone (PSU) Filtration [209, 228]

Polyvinylidene fluoride Filtration, membrane distillation [272, 273]

(PVDF)

Chitosan Wound dressing, drug delivery systems, [255, 274, 275]
tissue engineering

Keratin Tissue engineering, filtration [276-278]

Collagen Tissue engineering [279, 280]

[281]. One advantage of melt electrospinning is that solvents are not needed, which is

crucial in areas where solvent accumulation or solvent toxicities are an issue, such as

biomedical applications [284]. Another difference with solution electrospinning that can
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be advantageous in some applications is that the melt jet is more stable in the flying
path towards the collector. Consequently, the fibre deposition is more predictable and
less chaotic than in solution electrospinning [285, 286].

Solution electrospinning: Setup and process

The main components of a solution electrospinning setup include a high voltage power
supply, a collector coupled to the ground and a syringe pump, which comprises a needle
(connected to the power supply) and connecting tubes, where the polymer solution is
carried at a constant and controllable feed rate to reach the tip of the needle (Figure
3.8). During electrospinning, the so-called Taylor cone forms on the tip of the needle
when the polymer solution overcomes its surface tension as high voltage is applied. The
fluid solution stretches and elongates in the direction of the collector, while the solvent
evaporates [287]. In the flying path, the fluid assumes a jet form, which becomes unstable
due to bending instability, which is responsible for jet-stretching and looping [287]. In fact,
the thread trajectory has a whipping-like geometry that enables the evaporation of the
solvent and promotes the elongation of the fibres [288]. Various bending instabilities occur
during the jet flight. Every time one bending instability happens, the trajectory of the
jet path revolves, increasing the radius around the jet axis until it is fully solidified [289].
Mechanical buckling instability can occur due to compressive forces when the jet lands
on the collector [288]. The result of this process is the formation of fibres deposited on
the collector with a diameter ranging from 50 nm to 10-15 pm [241]. Additional details
about the fibre formation process are discussed in Chapter 3.4.2.

Various spinnerets can be used to prepare fibres, including single needle, multineedle,
coaxial needle or needleless spinnerets. The collector can also vary in shape and movement,
which makes it possible to collect fibres in different patterns. Figure 3.8 gives a schematic
overview of the electrospinning setup and the different equipment possibilities. The
various feeding and collecting configurations are further described below.

Feeding configurations

Fibre formation during electrospinning occurs with the development of the Taylor cone
from the solution. This occurs when the solution surface tension is broken by the
Coulomb force of the electric field [290]. The curvature on the surface of the solution
needed to initiate the process is formed by a droplet located at the tip of the needle or
by using a needleless configuration [291].

Simple single-needle electrospinning has been widely investigated [291]. Multi-jet
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Fig. 3.8: Scheme of a basic electrospinning setup. (a) Examples of types of feeding configuration (al)

single needle (a2) coaxial needle (a3) multineedle. (b) Examples of types of collector (bl) flat plate
collector (b2) parallel electrodes (b3) rotating drum.

spinnerets have been employed as an alternative up-scaled configuration and have
increased fibre productivity [292]. Nevertheless, Yang et al. have demonstrated that
multiple nozzles can introduce a strong interference of the electrical field that can prevent
the improvement and eventually worsen the fibre production. Jet repulsion was decreased
only when the nozzles were kept above a threshold distance, and the electrospinning
throughput was similar to the single nozzle configuration [293].

The possibility of forming a droplet without the use of a needle has been investigated
through different upwards needleless techniques in which fibres are electrospun directly
from an open liquid surface [291]. Compared to the traditional needle electrospinning,
those techniques have the potential to achieve higher throughput as they are not
depending on the fluidic channel numbers [294]. In fact, needleless electrospinning is used
for large scale fibres production [291]. Yarin and Zussman have designed a two-layer-fluid
setup which consisted of ferromagnetic suspension which was covered by the polymer
solution to be spun. A permanent magnet was placed under the two fluids. Vertical
spikes would form on the interlayer interface which during electrospinning become sites
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of upwards jetting on the uppermost free surface [295]. Other possibilities include the use
of a rotating roller partially immersed into the polymer solution, which slowly rotates,
loading the solution onto the roller surface and generating a large amount of jets from
the roller surface upwards when applying the high voltage [296]. There are several types
of rotating spinnerets that are used in needleless electrospinning, as disk, spiral coil and
ball spinneret [291].

Diverse morphologies of electrospun fibres can be achieved using a coaxial needle
setup in which a needle is mounted inside an outer needle [297]. This configuration is
used to produce fibres using different materials for the outer shell and the inside core,
which has been of particular use in biomedical applications (e.g. drug delivery) [298].
The use of a second polymer solution increases the complexity of the process because
more parameters affect the electrospinning system, such as the interfacial properties
between the two polymeric liquids and shell-to-core feed rate [297]. However, control of
these parameters has been achieved, which even allows increasing the number of layers
and fabricating triaxial fibres [299).

Collector configurations

There are different ways to collect the electrospun fibres, from a simple plate (stationary
collector) to a rotating drum (moving collector), as shown in Figure 3.8. The use of
different collectors enables the production of various patterns or fibre alignments. The
collector is generally made of a conductive material, such as aluminium foil on a metal
plate, that is electrically grounded to ensure a stable potential between the needle and
collector [300]. However, it is possible to place other materials on top of the collector to
collect fibres in diverse configurations [301].

The 2D flat plate collector is the most widely used to collect randomly oriented fibres,
as it is a simple and efficient solution; the resulting mesh is called a non-woven mat [287].
In order to align fibres with a stationary collector, it is possible to use sharp edges such
as two parallel plates or wires [302]. This straightforward method can achieve a high
degree of orientation [288].

Moving collectors create the possibility of dynamically assembling the electrospun
fibres. Such collectors can have the shape of a cylinder [225] or a rotating disk [303]. A
rotating drum makes it possible to align fibres along the circumference of the cylinder.
However, the use of a rotating collector can lead to fibre breakage if the rotation speed
is too high [279]. Rotating drums are also useful in assisting the collection of dry fibres.
A solvent with a high boiling point, such as DMF, may result in collected wet fibres, as
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the solvent does not fully evaporate. The rotating collector increases the evaporation
rate of the solvent and gives more time for the solvent to evaporate, improving the fibres’
morphology [300, 304].

Moving collection can also be achieved through the controlled X-Y motion of the
collector or spinneret using a pre-programmed track via a computer. Some electrospinning
equipment, including the setup used in this project, allows the controlled movement
of the arm where the needle is kept. In the case of a flat plate collector, this function
allows a more homogeneous distribution of fibres onto the collector surface [305]. It also
supports the formation of more complex patterns and precise fibre deposition in so-called
direct writing electrospinning and near-field electrospinning [305].

3.4.1 Electrospinning governing parameters

The morphology and properties of the electrospun fibres are influenced by several
parameters, which can be classified into three groups (Table 3.5): processing, solution
and ambient parameters [201, 306].

Table 3.5: Electrospinning governing parameters.

Process parameters  Applied voltage
Feed rate
Tip-to-collector distance (TCD)
Solution parameters Polymer concentration
Viscosity
Surface tension
Molecular weight of the polymer
Solvent boiling point
Ambient parameters Temperature

Humidity

Processing parameters

Processing parameters that affect the electrospun fibre properties include the applied
voltage, the feed rate of the polymer solution and the distance between the nozzle and
the collector (called the tip-to-collector distance; TCD).
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When the electrostatic force overcomes the surface tension of the polymer solution,
the Taylor cone forms on the nozzle [201]. An increase in the applied voltage raises the
deposition rate by increasing the mass of polymer fed out of the tip of the needle [306].
The applied voltage is strongly related to the presence of bead defects in the fibre
morphology. Deitzel at al. experimentally demonstrated that the electrospun fibres
present a higher density of beads above a critical voltage value. This is correlated to a
steep increase in the spinning current observed when reaching this crucial voltage value,
as well as an increase in the instability of the jet at the tip of the needle [307]. A higher
presence of beads decreases the fibres’ surface area, which has a negative effect on their
filtration capacities [306].

Givehchi et al. have shown that increasing the tip-to-collector distance decreased the
fibre diameter, also resulting in more uniform fibres [308]. The TCD affects the electric
field, which decreases exponentially as the TCD increases. However, a longer distance
increases the time for the solvent to evaporate and for the jet fluid to stretch, resulting
in thinner fibres [308].

Lastly, the polymer solution feed rate has a direct effect on the jet velocity between
the needle and the collector. Megelski et al. have noted that an increase in the solution
feed rate led to an increase in fibre and pore diameter and to more pronounced beaded
morphology [309]. Furthermore, it is necessary to tune the flow rate to its optimal value
in order to generate the Taylor cone during the electrospinning process. A higher feed
rate can cause a build-up of the solution on the edge of the needle, whereas a lower feed
rate can create a vacuum inside the syringe [310].

Solution parameters

The solvent characteristics and the polymer concentration, viscosity and surface tension
of the solution are the most relevant solution parameters to the fibres’ morphology. The
viscosity of the polymer solution is related to the molecular weight of the polymer, which
reflects the number of polymer chain entanglements in a solution [311].

The boundary between the electrospray phenomenon and the fibres’ formation is
defined by the solution concentration, as it determines the solution surface tension and
viscosity. When concentration — and viscosity — are very low, surface tension governs
the process and prevents the solution from forming fibres, resulting in droplet formation
(so-called electrospray) [307]. When fibres are produced from less concentrated solution,
they present more beads because they are more difficult to dry before they reach the
collector [232]. As the polymer concentration increases, viscosity increases and becomes
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dominant over surface tension; the result is less bead formation and more uniform
fibres [232]. If the concentration is too high, the cohesive nature of the solution (i.e.
its high viscosity) prevents the formation of fibres [307]. Furthermore, increasing the
polymer concentration also increases the fibre diameter and may produce more uniform
and cylindrical fibres [287].

The solvent solubility, surface tension and boiling point are also essential factors
to consider prior to electrospinning because they affect the process [310]. It is also
important to consider whether the selected solvent is hazardous [309]. A low boiling
point is a beneficial characteristic for a solvent because it promotes the evaporation
of the solvent in conventional atmospheric conditions, ensuring the deposition of the
fibres in a dry state [242]. However, an excessively low boiling point results in very fast
evaporation and clogs the needle tip, while solvents with boiling points that are too high
lead to ribbon-shaped fibres because the solvent does not completely evaporate before
depositing onto the collector. Therefore, solvent volatility has a direct effect on fibre
characteristics such as diameter, shape and porosity [310].

Ambient parameters

Ambient temperature and humidity also influence the electrospun fibres’ morphology.
Wang et al. have shown that increased temperature increases the evaporation rate of
the solvent; this decreases the time it takes for the jet to solidify and elongate, resulting
in thicker fibres [312]. In the same study, nanofibre membranes were electrospun at a
high relative humidity (RH) above 75%. Beads-on-a-string fibres were formed at an
RH of 75%, as the solvent could not fully evaporate during elongation [312]. Therefore,
humidity also affects the fibres’ morphology.

3.4.2 Fundamentals of the theoretical background and phenom-
ena governing the electrospinning process

Several theoretical and experimental studies have attempted to understand the elec-
trospinning process [262, 289, 290, 313-320]. In particular, researchers have sought to
understand how, during electrospinning, a fluid solution is transformed into solid micro-
and nanofibres through a capillary tube that is four to five orders of magnitude larger in
diameter than the fibres [305]. Understanding the electrospinning process also leads to
better control over the resulting fibre morphology.

According to the literature, fibre formation can be divided into three phases according
to various physical phenomena: (1) Taylor cone formation, jet initiation and straight
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elongation of the charged jet; (2) the onset of bending instabilities and further elongation;
and (3) jet solidification and deposition of the micro- or nanofibres onto the collector.
The major principles that are employed in all the analysing works are Newton’s law (for
an object’s force analysis) and the conservation laws (for system analysis) [242].

Taylor cone, jet initiation and straight elongation

The formation of a droplet at the tip of the needle or a curved liquid surface is the
first step towards fibre initiation. Before electrospinning starts, and therefore in the
absence of an electric field, the equilibrium shape of the droplet is governed by gravity
and surface-energy distribution [281]. As the electric field is applied, the electric force
is the driving force that will initiate the electrospinning process. In the case of needle
electrospinning, the droplet of the charged solution reduces its size under the effect of
the electric force in order to maintain the force balance [305]. As the applied voltage
increases, the fluid droplet assumes a prolate shape in the direction of the electric field.
The equilibrium states of the prolate shapes are controlled by the equilibrium between
the electric forces and the surface tension. As the electric field increases further and
approaches a critical value, the droplet overcomes its surface tension and assumes a
cone shape, called a Taylor cone [321]. Under this critical potential difference, the
onset of a jet fluid from the droplet is observed. Taylor was the first to describe these
phenomena in the 1960s [290, 321] and he defined the critical electric potential V. needed
for electrospinning as

H? 2h
VZE= 45 (ln <R) - 1.5) (0.1177 Ry) (3.26)

where 7y is the solution surface tension, H is the distance between the needle tip and the
collector and h is the length of the needle with outer radius R [242]. Taylor considered
only inviscid fluids in this calculation [242]. In his experimental work, Taylor predicted
that the Taylor cone angle that defines the equilibrium is 49.3° [290]. Later, Yarin et al.
demonstrated that the cone assumes a critical shape with a smaller angle of 33.5° [313].
To control the jet profile and the diameter of the fibres, the Taylor cone has to be
controlled. This is why a vast amount of work, both theoretical and experimental, has
applied Newton’s first law to analyse the force balance of the Taylor cone [242].

The electrically charged jet develops on a straight line for a few centimetres as long as
no instabilities become dominant [281]. Until this condition is met, the Coulomb forces
that act on the charges carried with the leading segment of the jet pull the jet towards
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the collector; the jet accelerates while the surface tension and the viscoelastic stresses
within the jet play against the stretching [289]. At this stage, the jet accelerates at up to
600 m s~2, which is two orders of magnitude higher than gravitational acceleration [281].
Indeed, gravitational force does not play a significant role in electrospinning, which is
why bottom-up electrospinning configurations also work [281]. The jet deviates from the
straight path only when the total tensile stress within the jet has decayed enough for
the instabilities to become dominant. He et al. has proposed the following equation to
estimate the critical length L of the straight jet [322]

Ak
- wpll?

(Ro?—157) (3.27)

where k is the dimensionless conductivity, Q is the flow rate, p is the density of the
solution, T is the current through the jet, Ry = (20Q/mkpE)'/3, o is the surface charge, E
is the applied electric field and rq is the initial radius of the jet [322]. This critical length
is strongly related to the applied voltage, as confirmed by experimental findings [281].

Electrical bending instabilities and further elongation

Originally, the electrospinning mechanism was believed to be the result of the splitting of
the main jet, as described by Doshi and Reneker [323]. Later, bending instabilities were
understood to be the dominating mechanism. The straight jet elongates and its diameter
decreases as the distance from the tip increases until it becomes unstable due to the
onset of various electrically driven instabilities. It is at this point that it starts to bend
and to perform spiralling and looping motions [281, 305]. These instabilities are due to
the excess charge that cannot be redistributed along the length of the jet as it elongates,
which bend and deform the jet [289]. This bending or whipping instability repeats itself
on a smaller scale as the jet diameter decreases, leading to further reduction [281]. The
result is a series of progressively smaller coils with increasing radius at each bending
turn, as well as the continuous elongation of each segment in response to the Coulomb
repulsion of the charge carried with the jet [289]. In this phase, the jet motion towards the
counter-electrode is characterised by velocities on the order of metres per second [287].

Reneker, Yarin and their colleagues [313, 314, 324], Hohman et al. [315, 316] and Shin
et al. [319, 320] analysed which instabilities exist and when they occur and have formed
several mathematical models to describe them and the development of the jet. Their
works indicate that there are three main instabilities that can occur; these dominate one
another depending on the chosen spinning parameters and the consequent jet radius and
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surface charge of the fluid element [319]. The first is the classical Rayleigh instability,
which is axisymmetric and dominated by surface tension. It appears in weak electric
fields and will be suppressed when the electric field and the surface charge density exceed
a threshold [319]. The second axisymmetric instability occurs at stronger electric fields
than the first [305]. The third is a non-axisymmetric instability that occurs with the
strongest electric field, and it is also called the whipping or bending instability [305].
The last two modes are independent of the surface tension [319]. Fridikh et al. developed
a model to describe the charged luquid with bending instability [325].

In addition to the electrical bending instabilities, other instabilities such as branching
or the formation of physical beads can occur [289]. A jet-branching effect can occur more
frequently for more concentrated and viscous solutions and at electric fields stronger than
the minimum threshold for producing one jet [289]. Yarin et al. developed a theoretical
model to predict branching instability [326]. The formation of beads along the fibres is
the result of another effect called capillary instability [289]. This phenomenon causes a
cylindrical jet of liquid to collapse into separated droplets and leads to the formation of
beaded fibres [289, 327]. The beads aligned along the fibre can be prevented by varying
the spinning parameters [287]. Beads and branches are rarely observed at the same time,
as branches occur at high charges per unit area while beads are formed at low charges
per unit area [289].

Fibre solidification and deposition

At the final stage of electrospinning, the fibre approaches the solid state and the jet
becomes so thin that the bending instability cannot govern the process. Therefore, as
the final step of electrospinning, the solidified nano- or microfibres are deposited on
the counter-electrode [281]. The elongation of the fibre along the straight path and
the whipping phase is accompanied by the evaporation of the solvent, which plays an
important role in the jet-thinning process and in the final fibre diameter deposited onto
the collector. As the bending process progresses, evaporation intensifies, increasing the
polymer fraction in the jet and leading to solidification [324]. Yarin et al. included
solvent evaporation in their mathematical expression of the bending electrospinning
process and derived an equation that describes the volume variation and mass change of
the jet due to evaporation [324].

During deposition, buckling deformations can occur due to the presence of longitudinal
compressive forces on the jet at the impaction on the collector surface [289]. Such forces
are independent of the electrical bending instability [328]. Buckling instability results in



3.4. Electrospinning 63

the formation of narrowly looped fibres with various pattern structures such as sinuous,
recurring curves and figures of eight [328]. If a high solvent concentration or a solvent
with a high boiling point is used, soft fibres may be deposited depending on the relative
humidity, creating partial coalescence effects [281]. Such effects happen when two soft
fibres come into contact or cross each other, yielding distinct adhesion geometries at
the junction points. Figure 3.9 shows the result of the electrospinning of a PU in DMF
solution during an experiment of this Ph.D. project.

To conclude, fibres with diameters down to a few nanometres can be produced thanks
to the above-described instabilities during electrospinning. The fibre formation process is
characterised by an overall stretching ratio on the order of 10° and a stretching rate up

to 10° s~!. These extremely high values are not accessible through other fibre formation
methods [287].

Fig. 3.9: Coalescence of PU nanofibres. DMF is the solvent used for dissolving the polymer.
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Introduction to research papers

In the following chapters, the research papers that were published as part of the Ph.D.
project are reprinted. The author of this thesis is the first author of all the papers, and
the papers were all written in collaboration with the Ph.D. supervisors, Professor Alireza
Afshari and Associate Professor Peter Fojan, as senior authors. The other co-authors
present in the papers have been essential parts of the Ph.D. project thanks to the
collaborations that have been established during the past three years.

The first paper is the result of a literature study on the performance of air filtration
technologies, including pressure drop, removal capacity and the formation of by-products.
Several technologies were reviewed in order to investigate their potential related to the
simultaneous removal of particles and gaseous pollutants. This paper offers insight into
the most common air filters in the market and in scientific research. It is also the first
paper that established the collaboration with Professor Jinhan Mo from the Department
of Building Science at Tsinghua University, China.

The second and third papers present the results from the so-called ‘first generation of
filters’ of this Ph.D. project. These electrospun nanofibre filters were prepared using two
different polymers: PU (Paper II) and PVA (Paper III), doped with activated charcoal
and titanium dioxide (separately). Paper II reports the preliminary results of the study,
describing the electrospinning process and reporting the pressure drop and filtration
performance for particles in the range 11.8-478.2 nm, as well as the toluene removal of
the PU-based filters, using a face velocity of 0.053 m s~!. Paper III covers the same
ground for the PVA-based nanofibres with the use of additives, but the investigation is
extended to the morphology of the nanofibres, including the fibres’ average diameters
and chemical characterisation. The filters were also assessed in terms of specific surface
area, pore volume, pore size and basis weight. Partial work reported in these papers was
conducted in collaboration with Professor Matthew S. Johnson and his research group
from the Department of Chemistry at the University of Copenhagen.
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The first generation’s strengths and weaknesses pointed the way to the second
generation of filters, which was fabricated with the aim of improving and optimising the
results of the first study. The last two papers report the data collected while investigating
different electrospun CA-based fibre filters. The polymer was selected in order to achieve
higher porosity and lower pressure drop compared to the previous generation. Moreover,
the doping process was changed to improve the removal capacity for VOCs, while the
selected additives remained the same. Paper IV reports the results regarding the fibre
morphology, filtration efficiencies towards particles between 0.3 to 10 pm and the pressure

drop at face velocities from 0.035 to 1 m s~!

, addressing the effect of the additives on
such parameters. This paper also discussed the quality factor (Qy) of the filters and
compared it to the Qy of other electrospun fibre filters reported in the literature. Some
of the results of this paper were achieved in collaboration with Professor Jinhan Mo and
his research group at Tsinghua University. The fifth and last paper describes a further
investigation of the removal capacity of the CA-based filters for toluene, addressing the
adsorption and photocatalytic oxidation of the VOC promoted by the two additives.
This paper proposes a final filter type, which explores a third doping method employing
a coaxial electrospinning setup.

The common denominator of these papers is that each addresses fabrication and
characterisation methods of electrospun fibre filters that aim to remove multiple air
pollutant types at the cost of a negligible pressure drop for future use in residential
buildings.
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Abstract. A variety of air filtration technologies are commercially available for reducing
particles and gaseous contaminants that may enter buildings from outside. According to the
World Health Organization (WHO), there is an increasing range of adverse health effects linked
to air pollution, at even-lower concentration of pollutants. This article presents a short literature
overview of air filtration technologies, which focus on assessing their ability in removing both
particles and gaseous compounds. The aim is to provide information about current research
development of air filtration technologies as well as their advantages, limitations and
performance in terms of removal efficiency, pressure drop and formation of by-products.
Mechanical filters and electrostatic filters are efficiently used for the removal of particles.
Photocatalytic oxidant and adsorbent air filters are commonly used for gas removal. These last
two types of filters are not feasible for particles removal. Air filtration using electrospun
nanofiber filters have been studied, however, the performance of such filters for the removal of
particles and gaseous contaminants at the same time has to be further investigated.

1. Introduction

In this study, air pollutants are distinguished by their physical state between particles and gaseous
contaminants as Volatile Organic Compounds (VOCs) that may be present in the indoor air in buildings.
A large variety of air filtration technologies are commercially available for removing different types of
pollutants. Simultaneous removal of particles and VOCs is required in order to improve Indoor Air
Quality. The present review focuses partly in investigating the removal efficiency of the available
filtration technologies towards particles and VOCs in order to assess whether there is the possibility to
use a single-stage filter for removing both pollutant types. The present study also discusses the
challenges facing the future air filtration directions and development in achieving sustainable ventilation
and acceptable indoor air quality in residential buildings, in accordance with the UN Sustainable
Development Goal (UN SDG) “Good Health and Well Being”. A comprehensive literature search
through Scopus yielded 1429 relevant hits in the period between 2000 and 2019. Only original papers
without conference articles have been considered in the current study, as articles that do not refer to
indoor air in buildings have been disregarded. Twenty-three most relevant publications have been
selected for this short review.

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
BY of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOL

Published under licence by IOP Publishing Ltd 1



BEYOND 2020 — World Sustainable Built Environment conference IOP Publishing
IOP Conf. Series: Earth and Environmental Science 588 (2020) 032073  doi:10.1088/1755-1315/588/3/032073

2. Removal efficiency towards particles and gaseous compounds

Seven air filter technologies are investigated and compared in their ability of removing particles and
gaseous compounds, as shown in Table 1. Filter technologies are rather selective in terms of which
pollutants they can remove. Mechanical and electrostatic air filters are efficient and commercially used
in the removal of particles. High Efficiency Particulate Air (HEPA) filters remove up to 99.97% of
particles with 0.3 um diameter or larger [1]. Electrostatic air filters present lower removal efficiencies
compared to mechanical filters [2][3]. Ardkapan et al. (2014) showed that the filtration efficiency for an
electret filter can vary from 45% to 80% depending on the particle concentration and particle sizes [2].
None of the above mentioned air filters is capable of removing gaseous compounds. Indeed, adsorbent
filters are highly efficient on the removal of gaseous pollutants, through materials such as activated
carbon or zeolites. Chen et al. (2005) have stated that sorption materials are the most effective
technology for the removal of indoor VOCs. Activated carbon cannot remove very volatile gases alone
but the removal efficiency can be improved when combined with other sorption media [4]. An
alternative to adsorbent materials is degradation of VOCs through photocatalytic oxidation (PCO) [5].
The photocatalytic degradation of VOCs using titanium dioxide TiO;as catalyst has been investigated
with initial VOCs concentration close to indoor air conditions (ppbv levels) [5]-[7]. In the study of
Vildozo et al. (2011), the removal efficiency of VOCs ranged from 50% at a gas flow’s relative humidity
of 60%, and 100% removal in dry conditions [6]. Both adsorbent and PCO filters are not effective in
removing particles from the air. Another filtration technology presents in the literature is Non-Thermal
Plasma (NTP) filters. NTP filters precipitate particles and promote oxidation of VOCs, although it
operates unsteadily and with low efficiency [8],[9]. Electrospun nanofiber filters have shown promising
results in the simultaneous removal of particles and VOCs [10], [11]. Those filters have demonstrated
high particle removal efficiency, comparable to HEPA filters, as well as degradation of VOCs through
TiO.. Indeed, the electrospinning technique allows the use of additives as activated carbon or TiO, which
enhances the capture selectivity of the nanofibrous filters. Chuang et al. (2014) prepared an electrospun
nanofiber filter with a 99% acetone removal efficiency and 90% removal efficiency of particles above
200 nm diameter [11].

3. Pressure Drop

The energy consumption of a fan in a ventilation system is affected by the pressure drop applied by the
operating air filter. Therefore the pressure drop across the filter needs to be addressed when evaluating
different air filter technologies. Mechanical filters are characterized by an increase of pressure drop over
time, due to clogging of the filters [12]. A characteristic of HEPA filters is their relative high pressure
drop, in the range between 250-500 Pa [13]. Electrostatic air filters present a lower pressure drop
compared to mechanical fibrous filters [2]. The air resistance imposed by nanofiber filters is lower
compared to conventional mechanical filters made by microfibers, due to a slip flow dominance in the
air flow [14]. Wan et al. (2014) demonstrated that the use of additives as TiO, on electrospun nanofiber
filters promoted a decrease of pressure drop compared to the pure nanofiber filter [15]. Electrospun
nanofiber filters have been investigated mostly at face velocities around 0.05-0.2 m/s in a controlled
environment [16] . In the future works, the pressure drop of such filters has to be evaluated under realistic
ventilation face velocities in buildings (1-1.5 m/s), in order to assess the filtration performance of
nanofiber filters in comparison to conventional microfiber filters. Table 1 summarizes also the pressure
drop of the investigated air filtration technologies.

4. By-products

The aim of air filters is to improve the indoor air quality. When a filter becomes a source of secondary
pollution releasing particles or introducing by-products, the indoor air quality is degraded. Indeed,
mechanical filters can be a source of contamination from micro-organism, as electrostatic filters may
increase the concentration of ultrafine particles, ozone and formaldehyde [17], [18]. Adsorbent air filters
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are not generating by-products but there is a possibility of pollutant reemission when saturation occurs.
PCO and NTP filters are both sources of by-products [9], [19]. When partial oxidation occurs during
PCO filter operation, its products can be reemitted in the air stream and they can affect people’s health
to an even greater extent than the oxidation reactants [19]. As summary, Table 1 includes information
about filters as source of by-products.

Table 1. Summary of air filter technologies” performance

Air filter Particles VOCs Remarks Ref
technology  removal removal
Mechanical + - 99.99% efficient for particle size > 0.3 um. Economic. In  [1], [12],
filters time pressure drop increase, efficiency decrease and [13], [17]
release odor. Source of contamination.
Electrostatic + - Lower pressure drop compared to mechanical filter, lower [2], [3],
filters particle removal efficiency. Source of ozone and other [18], [20]
compounds. Require high maintenance.
Adsorbent - + Most efficient commercial technology in VOCs removal.  [4], [21]
filter Saturation, cause of re-emission. Need regeneration.
Humidity and temperature affect the adsorption.
Photocatalytic - + TiO, most investigated photocatalyst. Can degrade a broad [5]-[7],
oxidant range of pollutants. Affected by water vapour and [19], [22]
(PCO) pollutants concentration. Production of harmful by-
product.
Non-Thermal + + NTP degrades VOC and it removes also particle with low  [8], [9]
Plasma (NTP) efficiency. Formation of by-products. High energy
consumption and low energy efficiency.
Electrospun + + High surface-to-volume ratio. Slip flow dominance — lower [10],
nanofiber pressure drop compared to microfiber filter. Versatile. [11],
filters Emerging technology, mostly tested at very low face [14]-
velocity (0.05-0.20 m/s). [16], [23]

5. Conclusion

The present review discussed the challenges facing the future air filtration directions and development
in achieving sustainable ventilation and acceptable indoor air quality in residential buildings. The results
have shown that electrospun nanofiber filters are an emerging technology with promising filtration
performance with regards to the simultaneous removal of particle and harmful gases. However, it is
necessary to conduct more investigations of such filters in terms of filtration efficiency and pressure
drop under realistic ventilation system conditions.
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SUMMARY

The aim of this study is to develop and assess the performance of electrospun nanofiber air
pollution filters for removing particles and gaseous compounds. The performance of the novel
filters will be evaluated in terms of electrospinning processes, nanofiber characterization and
the filters” pressure drop. Polyurethane (PU) was used to fabricate the nanofibers. The nanofiber
surfaces were functionalized using activated carbon (AC) and titanium dioxide TiO> to enhance
the filters’ ability to capture and degrade pollutants. The nanofibers presented different
morphologies depending on the presence of the additives. The use of additives decreased the
filter pressure drop. Toluene was used to assess the removal of gaseous pollutants from the air
stream while ultrafine particles were monitored to quantify particle filtration. The PU filter
recorded the highest particle filtration efficiency of 98.1% but it has at the same time a very
high pressure drop (3092 Pa), whereas PU/AC achieved a high efficiency of 93.7% with a lower
pressure drop of 809 Pa. PU/TiO showed better reactivity towards Toluene while PU/AC has
not shown any adsorption probably due to the mixing of AC inside the polymer solution prior
to electrospinning.

KEYWORDS
Electrospinning, nanofibers, air filters, polyurethane, indoor air quality

1 INTRODUCTION

Air pollution is a major threat to public health and the environment. Outdoor air pollution
entering into buildings contributes to poor indoor air quality, also in combination with indoor
sources of pollution (World Health Organization 2006). The removal of air pollutants such as
particles and gaseous contaminants is one approach to improving indoor air quality. A large
variety of air filtration technologies can be used as part of ventilation systems to reduce the
pollutants” concentration in buildings. However, air filtration technologies can be rather
selective in which pollutants they remove. In recent years electrospun nanofiber filters have
become of increasing interest as their large surface-to-volume ratio promises high removal
efficiency for different types of pollutants. The unique opportunities for integrating active
catalysts onto the filters” surface inspire interest in electrospun nanofiber filters as a solution
that can provide simultaneous filtration of particles and removal of gaseous compounds.
Electrospinning is a versatile and effective method to produce nanofiber mats which allows a
high variety of materials to be spun, as polymers, polymer composites and ceramics (Li and
Xia 2004). Polyurethane (PU) nanofiber filters have been previously fabricated and their
filtration performance investigated (Scholten et al. 2011; Wang et al. 2014). The PU nanofibers
filters showed toluene sorption capacity comparable to activated carbon (0.32 g toluene/g fiber



for polyurethane compared to 0.35 g toluene/g fiber for activated carbon with a 10% toluene in
nitrogen stream) (Scholten et al. 2011). Furthermore, porous nanofibers with TiO2 showed 99%
removal efficiency of acetone with an ultraviolet (UV) light source of 254 nm. The filter also
performed well for particulate matter, with a removal efficiency of 90% for particulate sizes
over 200 nm (Chuang, Hong, and Chang 2014). Activated carbon can also be incorporated into
electrospun nanofiber materials. Activated carbon nanofibers have shown high gas adsorption
capacity thanks to their large specific surface area (Lee et al. 2010; Oh et al. 2008). In the
current work, polyurethane nanofibers in pure form and with AC and TiO; have been prepared
using electrospinning. The experimental electrospinning phase and the characterization of the
nanofibers are described in this paper. Further, the filtration performance in terms of removal
of ultrafine particles and toluene, and the filters” pressure drop have been investigated.

2 METHODS

Materials

In this study the following materials were used: Polyurethane (PU) in a pharmaceutical grade,
the organic solvent N,N-dimethylformamide (DMF), Activated Charcoal (AC) in powder form
and Aeroxide Titanium Dioxide P25 in a nanopowder form.

Preparation of electrospun nanofibers

Three different solutions were prepared and used in this study. The first solution was a PU
solution (9wt%), prepared mixing 9.5 g of PU in 96 g of DMF. The solution was heated to 100-
110 °C for 1 hour under vigorous stirring, which was stored for 24 h after cooling. The second
solution was prepared mixing 20 ml of PU 9wt% solution with 0.8 g of TiO (tapped density
130 g/L), obtaining a solution of PU 9wt% TiO2 3w/v% based on the total solution volume. In
the same way, the third solution was prepared with 20 ml of PU 9wt% solution and 0.6 g of
Activated Charcoal (density 1.95 g/mL), resulting in a solution of PU 9wt% AC 3w/v%.
Nanofiber filters were prepared through downwards vertical electrospinning (Electrospinner
2.2.D-500 — Yflow). The different solutions were loaded in a 10 mL syringe and mounted on
the syringe pump inside the electrospinner. The polymer solutions were pumped through a
needle of 1.1 mm diameter at a constant rate of 1.3 ml/h and at ambient temperature. The voltage
ranged between 12.4 kV to 17.9 kV. The nanofibers were collected on a grounded flat collector
wrapped with aluminium foil at a distance of 16.5 cm from the needle.

Characterization of nanofibers

The morphologies and the structures of the nanofibers were investigated using a field emission
scanning electron microscope (SEM, Zeiss XB1540) operating at 5 kV. Each sample was coated
with a thin layer of gold before scanning.

Filtration performance experiment

The filters’ performance was evaluated in terms of pressure drop, VOCs removal and ultrafine
particle filtration using the setups presented in Figure 1. Electrospun nanofiber filters with a
diameter of 5 cm were placed in the reactor shown in Figure 2, exposing a filtering area of 4
cm diameter. The pressure drop analysis was performed using a Testo 480 differential pressure
sensor with resolution of 0.1 Pa and accuracy of 0.3 Pa. The pressure drop was evaluated at
different face velocities: 5.3 cm/s, 7.95 cm/s and 10.6 cm/s, to investigate the linear dependency
between pressure drop and face velocity defined by Xia et al. 2018. Compressed air was used
and the flow divided into wet, dry and polluted streams to reach a face velocity of 5.3 cm/s for
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Figure 1. Schematic diagram of the experimental set ups: (a) for VOC removal and pressure
drop, (b) for ultrafine particle removal.

both particle and toluene removal experiments. The relative humidity ranged from 47% to 54%.
The temperature ranged from 20 to 24 °C. Toluene at 1-1.5 ppm concentration was used to
characterise the ability of the AC and TiOz doped filters to adsorb and degrade volatile organic
compounds (VOC). Toluene was kept in four 1.5 ml )'
GC vials (MACHEREY-NAGEL GmbH & Co. KG)
inside a 250 ml gas-washing bottle (Lenz Laborglas
GmbH & CO.KG). The concentration of toluene was
monitored before and after the filter using the
bypass, with a photo-acoustic multi-gas monitor
(Model 1302, Bruel&Kjer) with a filter for TVOC.
Water content was also recorded using the same Figure 2. Filter’s reactor

monitor in order to observe the water content

variation during the experiments, relevant especially during the photocatalytic oxidation and
for cross-compensation purpose. Photocatalytic oxidation was activated using a Xenon lamp
through a bandpass filter, with a peak wavelength of 335 nm. NaCl in a Milli-Q water solution
at a concentration of 0.00012 g/cm? was used as the basis for particle formation from a constant
output atomizer (Model 3076, TSI). Total average particle mass density was 91.1 pg/m?,
monitored using a Scanning Mobility Particle Sizer (SMPS, Model 3080C, TSI) for particle
sizes between 11.8 nm and 478.3 nm. Only ultrafine particles were monitored as the typical
Most Penetrating Particle Sizes for most filters is in between 0.1 and 0.3 um (Kadam, Wang,
and Padhye 2018). The filtration efficiency n was calculated using the following formula

n = (€, —C;)/C, x 100 (1)

where C; and C: are concentrations of toluene (ppm) or particles (ng/m?) before and after the
filters, respectively.

3 RESULTS AND DISCUSSIONS

Characterization of PU nanofibers

SEM images of the pure PU filter and the filters with PU/AC and PU/TiO; are shown in Figures
3(a), (b), (c¢) and (d). The three filters have a non-uniform nanofiber morphology. The SEM
images show a tendency for adhesion among adjacent fibers. This phenomenon is attributed to
the physical properties of the solvent, DMF, which has a high boiling point (153 °C) resulting
in a slow evaporation rate. Therefore, the DMF had not fully evaporated between the tip of the
needle and the collector during electrospinning, yielding the structure that can be seen in Figure
3. Adhesion of PU fibers manufactured using DMF has been reported in previous studies (Jeong,
Yang, and Youk 2007; Wang et al. 2014). The bead formations visible in Figures 3a and 3b are



related to the non-complete evaporation of DMF during electrospinning. In Figure 3¢ and 3d
TiOz is clearly visible in the form of agglomerate of nanoparticles.
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nanofibers.

Pressure drop

The linear regression and its coefficient of
determination (R?) was used to investigate
the relation between pressure drop and
face velocity, as shown in Figure 4. The
results confirmed the linear dependency
with R? above 0.989. The lowest pressure
drop was seen for the PU/AC filter, with a
pressure drop of 809 Pa at a face velocity
of 5.3 cm/s. The use of additives decreases
the pressure drop of the filters, with a
reduction of 73.8% for PU/AC and 26%
for PU/TiO2 compared to the pure PU
nanofiber filter. This phenomenon has also
been observed by Wan et al. 2014 for TiO:
doped polysulfone-based nanofibers.

VOC adsorption and degradation

g

-

Pressure Drop [Pa]

PU 9wt% AC 3w/v%
[ = PU 9wt% TiO2 3w/v%
RIENA

R? =0,9981

R2= 0,9894
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Figure 4. Pressure drop versus face velocity for
PU, PU/AC and PU/TiO>

The pure PU and PU/AC filters did not show any toluene removal through adsorption. As
Scholten et al. 2011 explained in their study, PU is a polymer with a specific (mass-weighted)
adsorbent ability comparable to activated carbon. The question is what surface the samples
present to the airstream, which depends on the method of preparation. PU was not synthesized
in the same way in this study as in the literature, as it was prepared through a commercial
preparation. In previous studies, activated carbon was formed on the nanofiber surface through
carbonization, after electrospinning (Lee et al. 2010; Oh et al. 2008). In contrast, in the work



presented here, activated carbon was added into the polymer solution in a powder form prior to
electrospinning. In this configuration, the dissolved polymer is likely to wet the surface of the
AC, covering it when the solvent evaporates. The performance of the PU/TiO: filters are shown
in Figure Sa. When the toluene flowed into the filter, no change of concentration was detected
by the multi-gas monitor. When the Xenon light was switched on, a steep increase of TVOC
was observed until the light has been removed. At the same time, the water content in the air
stream also increased. This indicates that the photocatalytic oxidation of toluene is activated,
as water and other by-products in the form of VOCs are produced in the photocatalysis of
toluene. The multi-gas monitor shows the TVOC concentration and does not distinguish
between different product VOCs.
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Figure 5. Results from (a) photocatalytic oxidation of toluene with PU/TiO filter and ultrafine
particle removal using (b) PU, (¢) PU/AC and (d) PU/TiO,.

Ultrafine particle removal efficiency

The filters’ removal efficiency as a function of particle size is shown in Figure 5b, 5c¢ and 5d.
The PU filter has a total removal efficiency of 98.1%, while PU/AC filter showed an efficiency
0f 93.7% and PU/Ti0», 42.8%. These results have an expanded uncertainty of maximum 5.0%
within the confidence interval of 95%. The lower efficiency of the PU/TiOx filter could be due
to static electrical charging (Ding and Yu 2014). Aerosols in the atmosphere carry small
positive or negative static charges. Similarly, particles created by the atomizer have an electric
charge, which was not neutralized. Some of the electrons excited in the photocatalyst by light
can leave the surface resulting in a net positive surface charge, repulsing the positively charged
particles and absorbing neutral and negatively charged ones. The PU filter showed stable
efficiency around 98% with particle sizes between 15.1 nm and 98.2 nm. For particle sizes
below 15.1 nm, the efficiency is lower with a minimum of 95.6% for particle size 11.8 nm.
Above 98.2 nm, the filtration efficiency rose, reaching a peak of 99.2% for particles with size
216.7 nm. Above this size, there were not enough particles to get a statistically meaningful
result. A decrease of efficiency for small particles is not observed in PU/AC filter. PU/AC filter
achieved a stable efficiency of around 94%. The PU/TiO: filtration efficiency varied between
37% and 41% for particle sizes below 94.7 nm. Above this size value, the efficiency showed a
steep increase, reaching a maximum at 87.9% removal for size 259.5 nm.



5 CONCLUSIONS

The PU, PU/AC and PU/TiO: filters showed a pressure drop respectively of 3092 Pa, 809 Pa
and 2287 Pa. The PU and PU/AC filters did not adsorb toluene, while photocatalytic oxidation
in the PU/TiO: filter was successfully activated using a Xenon light. Ultrafine particles were
removed with a total removal efficiency of 98.1% for PU, 93.7% for PU/AC and 42.8% for
PU/TiO; filter. The filters are not suitable for indoor air quality application as part of a
ventilation system due to their high pressure drop.
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Abstract: Nanofibre filters may offer new properties not available in commercial fibre filters. These
include a higher surface area and the ability to include novel materials within the fibres. In addition
the small size allows potential gains in performance due to the slip-flow phenomenon in which
normal gas viscosity does not apply to objects smaller than the mean free path of the gas. We tested
the properties of novel electrospun fibre filters generated from polyvinyl alcohol solutions, optionally
embedded with nano-grains of photocatalytic TiO and activated charcoal. The tested materials
exhibited pressure drops in the range of 195 Pa to 2693 Pa for a face velocity of 5.3 cm/s and a
removal efficiency greater than 97% for 12480 nm particles. Basis weights for the filters ranged from
16.6 to 67.6 g/m? and specific surface areas ranged from 1.4 to 17.4 m?/g. Reactivity towards volatile
organic compounds (VOCs) was achieved by irradiating the photocatalytic filters with ultraviolet
light. It is necessary to solve the problems connected to the absorbance of VOCs and further reduce
the resistance to airflow in order for these filters to achieve widespread use. The incorporation of
reactive air filtration into building ventilation systems will contribute to improved indoor air quality.

Keywords: poly(vinyl alcohol); electrospinning; nanofibres; air filters; titanium dioxide; activated
charcoal

1. Introduction

Air pollution is responsible for an estimated global mortality rate of 8.8 million/year
and an estimated loss of life expectancy of 2.9 years [1]. This is higher than the mortality rate
for tobacco smoke (active and passive), estimated at 7.2 million/year by the World Health
Organization (WHO) [2]. The loss of life expectancy from air pollution exceeds that of all
forms of violence, HIV/AIDS, and smoking [1]. Several studies have reported correlations
between outdoor air pollution and cardiovascular and respiratory diseases [3-6].

As people now spend most of their lives indoors, most exposure to air pollution
occurs inside buildings. The origin of such indoor air pollutants is either the outdoor
air pollution entering buildings or indoor sources, including cooking, cleaning products,
office equipment, chemical reactions with indoor materials, and different biological sources,
such as pets, people, and mould [7]. Air pollution is based on a mixture of numerous
components, including solid substances, such as particles, and gaseous pollutants, such as
volatile organic compounds (VOCs), carbon monoxide (CO), sulphur dioxide (SO;), ozone,
and nitrogen dioxide (NO,) [8]. The removal of pollutants through air filters as part of the
building ventilation system is a common solution to ensure adequate indoor air quality. In
addition filters are used to ensure sufficient supply of clean air from outside the building.

Particles and VOCs can be filtered or removed using different types of filters available
on the market. Conventional fibre filters are commonly used in ventilation systems to
remove coarse, fine, and even ultrafine particles. Adsorption, condensation, membrane
separation, and thermal or catalytic oxidation are some of the methods available for
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https:/ /www.mdpi.com/journal/sustainability



Sustainability 2021, 13, 6553

20f 18

the removal or destruction of VOCs [9,10]. Commercial fibrous filters usually achieve a
high filtration efficiency combined with the requirement of a high pressure drop (typical
behaviour for HEPA filters) because of their multilayered structure of relatively thick fibres
in the diameter range from a few to tens of micrometres. Every fibre filter resists the
flow of air, resulting in a pressure drop. In SI units, the pressure drop is measured using
Pa=]m™3. Multiplying the pressure drop by a flow (e.g., m3/s), results in the Watts of
power needed to sustain the flow as W =J/s. Thus, a large amount of energy is used to
filter air. In commercial buildings with an installed rooftop HVAC unit, the fan energy
needed to move the air accounts for 7% of the total building energy use [11].

Nanofibre air filters are of increasing interest because of their larger surface-to-volume
ratio, lower air resistance, and enhanced filtration performance compared with conven-
tional microfibre filters [12]. According to theoretical models, the use of nanofibres should
lead to a smaller pressure drop than for a microfiber filter of the same particle cleaning
efficiency by taking advantage of slip flow. Slip flow is a phenomenon in which the friction
of a gas passing an object decreases when the object is smaller than the mean free path of
the molecules in the gas, which is around 65 nm for air [13]. Recently, a filter was fabricated
and tested, and the authors demonstrated this effect for electrospun nanofibres [14].

Electrospinning is a versatile and effective method for producing polymer-based
nanofibres. The electrospinning setup consists of the following basic components: a syringe
pump, including tubes and a needle where the polymer solution is kept and carried from
the syringe cylinder to the tip of the needle; a high-voltage electric source connected
to the needle; and a collector connected to the ground. High voltage is applied to the
fluid, which overcomes its surface tension and forms a so-called Taylor cone on the needle
tip. The fluid elongates in a jet form, and as it moves towards the collector, the solvent
evaporates. The result is nanofibre formation with a diameter ranging from about 50 to
500 nm, deposited on the collector [15]. The critical advantage of electrospinning is related
to the unique opportunity of integrating active catalysts onto the fibre surface to provide
the simultaneous filtration of particles and the removal of gaseous compounds [16].

A wide variety of materials can be spun, such as polymers, composites, and ceram-
ics [17]. Many high-molecular-weight polymers have been electrospun in previous research
studies, including polyurethane [18], polyvinylpyrrolidone [19], polysulfone (PSU) [20],
polyacrylonitrile (PAN) [14,21], and poly(vinyl alcohol) (PVA) [22-24]. Zhao et al. [14]
fabricated PAN-based electrospun nanofibre membranes to investigate the slip flow phe-
nomenon and evaluate the filtration performance. Optimising the fabrication parameters,
the authors obtained a low pressure drop of 29.5 Pa under a face velocity of 5.3 cm/s and
the filtration of particulate matter with an aerodynamic diameter below 2.5 um (PM, 5) of
99.09%. Wang et al. [22] demonstrated that PVA nanofibres electrospun on a conventional
cotton scaffold can achieve a higher filtration efficiency for particles under 1 um compared
with conventional fibrous filters. Compared with other polymers, such as PAN, which is
soluble in N,N-dimethylformamide, a highly toxic organic solvent, PVA is a water-soluble,
biodegradable polymer, which makes it a more sustainable choice for fabricating air filters.

Several additives have been investigated in regards to their capacity to enhance the
filtration selectivity of electrospun nanofibre filters, including titanium dioxide (TiO,)
and activated charcoal (AC). Polymer-based activated carbon nanofibres have exhibited
doubled formaldehyde absorbance capacity compared with conventional activated car-
bon fibres with a larger fibre diameter [21], a toluene adsorption capacity of above 65 g
of toluene/100 g of composite [25,26] and NO removal in the air at room temperature,
as stated in [27]. Activated carbon is usually produced on the nanofibre surface through car-
bonisation after electrospinning [21,25-27]. Wan et al. [20] demonstrated that a PSU/TiO,
membrane has an improved filtration efficiency (99.997%) for 300- to 500-nm sodium chlo-
ride particles and a pressure drop (43.5 Pa) under an airflow of 30 L/min compared with a
pristine PSU nanofibre filter. Titanium dioxide has been widely used as a catalyst to initiate
photocatalytic oxidation and degrade VOCs [10,23]. The PVA /TiO, electrospun nanofibre
filter exhibited 99% removal efficiency of acetone with an ultraviolet light source at 254 nm
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and a retention time of 100 s. The filter also performed well for air particles, with a removal
efficiency of 90% for particles over 200 nm [23].

The hypothesis of this study is that composite electrospun nanofibre filters will be
better than conventional fibre filters in simultaneously removing particles and gaseous
pollutants, with a reduced pressure drop, including in the context of indoor air quality.
The objective of the study is to develop a PVA-based electrospun nanofibre filter that is
effective for both particle filtration and gaseous contaminant removal. Ideally, the resulting
filter will have a pressure drop that has a minimal impact on building energy use when
installed in the HVAC system. The assumption is that the electrospun PVA nanofibre
filter will remove particles through interception and diffusion. In contrast, additives, such
as TiO; or activated carbon, mixed inside the polymer solution prior to electrospinning,
chemically activate the filter towards gaseous compounds and promote the degradation or
absorbance of gaseous pollutants. The nanofibre dimension promotes slip flow which will
ideally allow the filter to function with minimal pressure drop.

The electrospinning process and nanofibre characterisation are presented in this paper.
Furthermore, the experimental study results are described and discussed regarding the
filtration performance for the degradation of toluene, the removal of 12- to 480-nm diameter
particles, and the filter pressure drop.

Ideally, the filter developed here would find use in improving indoor air quality in
residential and office buildings. The low pressure drop would ensure that the use of the
filter would impact building energy use as little as possible while simultaneously removing
particles and gaseous pollutants with a single stage filtration technology.

2. Materials and Methods
2.1. Materials

Poly(vinyl alcohol) (PVA, MW 89,000-98,000 g/mol, 99+% hydrolysed) and AC (MW
12.01 g/mol) in powder form were purchased from Sigma-Aldrich. Aeroxide TiO, P25 in
nanopowder form was a gift from Evonik Industries. Ethanol 96% vol and distilled water
were used as received. The materials were used without further purification.

2.2. Fabrication of Electrospun Nanofibre Filters

The solutions were prepared by mixing the materials at different ratios. The PVA
(10 w/v%) was prepared by adding 5 g of PVA into 50 mL of distilled water at 90-100 °C
under vigorous stirring until the polymer was completely dissolved. In addition, 1 g
and 2.5 g of AC were dispersed separately in 10 mL of ethanol and then added to the
polymer solutions (5 g of PVA dissolved into 40 mL of distilled water) and stirred for 1 h.
Two different solutions were prepared by mixing 2.5 g of TiO, into 15 mL of ethanol. One
was added to a solution of 5 g of PVA dissolved into 35 mL of distilled water. The second
was mixed into 4 g of PVA dissolved in 35 mL of distilled water.

The electrospinning setup consisted of a syringe pump, a high-voltage power supply,
a flat plate, and a 1.1 mm inner diameter needle. Electrospinning was performed in an
upward vertical configuration. The different solutions were loaded in 10 mL syringes,
which were inserted into the electrospinning setup. The electrospinning parameters were
considered and tuned during the experiment to reach stability are the tip-to-collector
distance (TCD), applied voltage, and the feed rate of the polymer solution. The TCD was
set between 16 and 19.5 cm, whereas the applied voltage ranged from 11.1 to 25.7 kV.
The feed rate varied between 0.12 and 1 mL/h.

2.3. Nanofibre Characterisation

The surface morphology of the filter samples was evaluated using scanning electron
microscopy (SEM; Zeiss XB1540), operating at 5 kV. Before scanning, the samples were
coated with a thin layer of gold. The average fibre diameter was determined by analysing
the SEM pictures using the Diameter] plugin to the Image] software (NIH, USA). Specific
surface areas (SSAs) were characterised using the Brunauer-Emmett-Teller (BET) method.
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Total pore volume and pore size were estimated using the Barrett-Joyner-Halenda (BJH)
method. A BET instrument from the company Quantachrome, the Autosorb 1-MP, was
used for this purpose. The samples were degassed at 50 °C. The surface area of the samples
was measured by nitrogen adsorption using the BET equation at 77.3 K. The integrity of
the materials and the presence of solvent in the filters were investigated using Fourier
transform infrared spectroscopy (FTIR; LUMOS, Bruker Corporation, Billerica, MA, USA)
on the pure PVA filter in the spectral range between 600 and 4000 cm™~! with a resolution of
2 cm~ . Furthermore, the Raman spectra of PVA and PVA /TiO;, filter samples was recorded
using a Renishaw InVia spectrometer with 532 nm laser excitation. Thermogravimetric
analysis (TGA; Discovery TGA, TA Instruments, New Castle, DE, USA) was performed on
the PVA sample from 26 to 60 °C at a heating rate of 5 °C/min in the air.

2.4. Investigation of Filtration Performance

The filtration performance of the PVA-based filter samples was investigated for pres-
sure drop, particle filtration, and VOC removal. The nanofibre materials were cut into
5.1 cm diameter filters and weighed using an electronic balance to measure the filter basis
weight. Each filter was placed into a reactor with a 4 cm diameter filtration area. The pres-
sure drop was evaluated at three different face velocities (5.3 cm/s, 7.95 cm/s, 10.6 cm/s)
to investigate the correlation between the pressure drop and face velocity [28]. The Testo
480 differential pressure sensor was used, with a resolution of 0.1 Pa and an accuracy of
+0.3 Pa. Before starting the pressure measurement, the background pressure drop of the
reactor was measured for each face velocity.

The particle filtration and VOC removal investigations were performed at a face
velocity of 5.3 cm/s using compressed air divided into wet, dry, and polluted streams.
The air temperature was between 20 and 24 °C. The relative humidity ranged between 47
and 54%.

The setup built to evaluate the pressure drop and VOC removal of the electrospun
nanofibre filters is presented in Figure 1. Toluene at a concentration between 1 and 1.5 ppm
was used as a reference pollutant to evaluate the ability of the PVA/AC and PVA/TiO,
filters to adsorb and degrade VOCs. The toluene concentration was adjusted by flowing
dry and clean air into a 250 mL gas-washing bottle with four 1.5 mL G-vials of toluene
inside. A photo-acoustic multigas monitor (Model 1302, Bruel&Kjeer, Neerum, Denmark)
with a filter for the total VOCs (TVOCs) was employed to track the concentration before
and after the filter through a flow splitter, as illustrated in Figure 1. It was also possible
to record the water content through the photo-acoustic monitor, which is relevant for
cross-compensation purposes and to understand the photocatalytic oxidation reactions.
Photocatalytic oxidation was initiated using a high-pressure Xenon lamp (ILC technology
R100-IB) through a bandpass filter with a peak wavelength of 335 nm.

For the particle filtration experiments, the setup in Figure 2 was used. A constant
output atomiser (Model 3076, TSI, Shoreview, MN, USA) was used for particle formation,
employing sodium chloride in a Milli-Q water solution with a concentration of 0.12 mg/cm?.
A scanning mobility particle sizer (SMPS, Model 3080C, TSI) examined the particle mass
density and size distribution between 12 and 480 nm. The most penetrating particle size
for air filters was between 0.1 and 0.3 pum; therefore, the air filters were only investigated
against particles of this size range [15]. The total average particle mass density was
1105 pg/m?.

The filtration efficiency # was calculated using the following equation:

7= (C1 —Ca)/Cy x 100, )

where C; and C; are the toluene mole fraction (ppm) and particle mass density (ug/ m?)
before and after the filter, respectively.
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Figure 1. Setup used to study the pressure drop and volatile organic compound removal for vari-
ous filters.
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Figure 2. Setup used for studying the filtration efficiency of various filters.

3. Results and Discussion
3.1. Electrospinning

Polymer solutions were prepared with a PVA concentration from 6 w/v% to 12 w/v%,
and each was electrospun to assess the electrospinning stability. Once the polymer concen-
tration was selected (10 w/v%), the additives were added, and their concentrations were
increased until the electrospinning of the polymer/additive solution showed a steady de-
velopment. The electrospinning results were listed in Table 1, where the polymer/solvent
ratio, additive concentration, TCD, applied voltage, and feed rate for each solution are
given. Each filter was assigned a tag based on the chemical composition of the electrospun
solution to simplify the referencing of the filters. Stable electrospinning depends on the
concurrence of factors, such as the polymer concentration and the solvent used, which
defined the viscosity and surface tension of the polymer solution and the involved electro-
spinning parameters (TCD, feed rate, and voltage). The values in Table 1 present stable and
constant electrospinning which allowed the formation of the nanofibre filters. The last filter
contained a lower polymer concentration than that of the other four samples because the
polymer solution viscosity was increased by adding TiO,. Therefore, 8 w/v% of PVA was
sufficient to reach a constant electrospinning condition. Ethanol was used as a solvent with
water when the additives were included in the polymer solution. For the AC, ethanol was
necessary to decrease the dielectric constant of the solution and avoid the phase separation
because AC is very hydrophobic. In addition, ethanol was employed to decrease the surface
tension of the polymer solutions and favour the formation of nanofibres.

3.2. Nanofibre Characterisation
3.2.1. Scanning Electron Microscopy, Fibre Diameter and BET Analysis

The nanofibre morphologies of the PVA filter and the doped filter with PVA/AC and
PVA/TiO; are presented in Figure 3, revealing the randomly oriented structures of the
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nanofibres. The pure PVA nanofibres presented a uniform morphology, and although they
are rather brittle, as observed by the number of broken fibres in Figure 3a. The use of
additives has an important effect on the nanofibre structures. The PVA/AC nanofibres in
Figure 3b,c present less uniformity, characterised by the presence of the bead structures.
A clear protuberance is visible in Figure 3¢, which is formed from an agglomerate of AC
nanoparticles. Compared with the smooth pure PVA nanofibres, the PVA /TiO, morphol-
ogy is characterised by a nonuniform and bulky structure, formed by an agglomeration of
TiO; nanoparticles, as illustrated in Figure 3d,e.

Table 1. Composition of polymer solutions and electrospinning conditions to fabricate filters.

10PVA 10PVA2AC 10PVA5AC 10PVAS5TiO, 8PVAS5TiO,
Solution PVA 10 w/v% PVA 10 w/v% PVA 10 w/ 9% PVA 10 w/v% PVA 8 w/v%
AC2w/v% AC5w/v% TiO, 5w/v% TiOy 5 w/v%
PVA (g) 5 5 5 5 4
H,0 (mL) 50 40 40 35 35
Etanol (mL) - 10 10 15 15
AC (g) - 1 25 - -
TiO; (g) - - - 2.5 25
TCD (cm) 165 16 16 19.5 16
Voltage (kV) 20.3-25.7 13.5 13.5 13.5-16.5 11.1
Feed rate (mL/h) 0.23 0.12 0.12 0.12 1

PVA: polyvinyl alcohol; AC: activated charcoal; TCD: tip-to-collector distance.
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Figure 3. Cont.
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Figure 3. Scanning electron microscopy images of nanofibre filter samples and the related nanofibre diameter distribution.

The analysis results of the fibre diameters in terms of average size are presented
in Table 2, whereas the fibre diameter distribution graphs were displayed in Figure 3.
The smallest diameter of the pure PVA nanofibre filter was 213 nm, with a distribution
reaching 800 nm. Moreover, the 10PVAS5TIO;, filter has the widest fibres with an average
diameter of 430 nm, with fibres that reached 2.8 um.

The filters present considerably different average diameters due to the different elec-
trospinning conditions employed to fabricate them. The 10PVA filter was electrospun at
a voltage higher than 20.3 kV and at a 0.23 mL/h feed rate, compared with 13.5 kV and
0.12mL/h for the two PVA /AC filters. Decreasing the voltage and feed rate, the 10PVA2AC
and 10PVAS5AC filters showed an increase in the average diameter of 33% and 24%, re-
spectively. This result indicates that the voltage and feed rate affected the fibre diameter,
as mentioned in the literature [29,30]. There is a more significant increase in the diameter
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for the two PVA/TiO; filters. The average diameter of the fibres in the 10PVAS5TIO; filter is
twice that of the pure PVA nanofibres (430 nm).

Table 2. Results of the fibre diameter analysis, basis weight calculation, and BET measurements;
specific surface area (SSA), average pore diameter, and total pore volume for pores smaller than
319172 A.

Filter Fibre Average STD Basis Weight SSA  Average Pore Total Pore
Diameter Diameter Volume
(um) (1m) (g/m?) (m?/g) (A) (cm®/g)
10PVA 0.213 0.027 23.5 7.910 30.16 5.965 x 1073
10PVA2AC 0.283 0.047 16.6 8.519 4147 8.889 x 1073 *
10PVA5AC 0.264 0.04 17.6 17.43 31.26 1.362 x 1072
10PVAS5TIO, 0.430 0.083 67.6 1.434 3248 1.165 x 1073
8PVA5TIO, 0.301 0.055 31.8 2.525 40.67 2.568 x 1073

* Pores smaller than 31,914.1 A.

This result is primarily related to using TiO; in the PVA solution, contributing to
forming large nanoparticle agglomerates and wider fibres. The use of TiO, plays an
essential role in the average fibre diameter size [20]. When reducing the PVA amount to
8 w/v% (8PVA5TIO,), the average fibre diameter was 301 nm. This filter was fabricated
using a 1 mL/h feed rate and an applied voltage of 11.1 kV, which are considerably
different electrospinning conditions than the other filters, which, combined with a lower
polymer concentration, contributed to the formation of thinner nanofibres compared
with 10PVAS5TiO,.

The basis weight of the filters is also reported in Table 2. The 10PVAS5TIO;, filter has the
highest basis weight at 67.6 g/m?, whereas the 10PVA2AC filter has the lowest at 16.6 g/m?.
The PVA/TiO; filters have the high specific weight due to the use of TiO,. In contrast,
the higher specific weight of 10PVA compared with the PVA/AC filters indicates a higher
number of deposited nanofibres.

The BET results for SSA, pore size, and total pore volume are reported in Table 2. The
filters with AC exhibit a higher SSA compared to 10PVA, which is an expected result as AC
is a highly adsorbent material with a surface area of 950 to 2000 m?/g [31]. As visible in
Figure 3, PVA /TiO;, filters present nonuniform morphology, densely characterized by TiO,
nanoparticle agglomerates. These bulky structures do not contribute to the SSA, resulting in
alower BET surface area even when compared to 10PVA. A similar result has been reported
in [32], where Wang et al. showed that as the TiO; ratio and consequent agglomeration
increases, the BET surface area of PVA/TiO; decreases. Thus, 10PVA presents the smallest
average pore diameter. Concomitant with the increased average fibre diameters, the use of
additives also contributed to a larger average pore size, as can be seen in Table 2. Moreover,
10PVA5AC and 10PVA5TiO, showed a slight increase in average pore size compared to
10PVA2AC and 8PVASTIO,. This result could be related to the nonuniform morphology of
the nanofibres.

3.2.2. FTIR and Raman Spectroscopy Analysis

The characterisation by the FTIR spectroscopy of the 10PVA filter sample is presented
in Figure 4. As mentioned before, the FTIR spectroscopy was performed to investigate the
polymer structure. The characteristic bands of PVA are visible in the spectrum. The broad-
band marked with the first peak at 3297 cm~! is linked to the stretching of the hydroxyl
group O-H for intra- and intermolecular hydrogen bonding. The peak at 2919 cm™! repre-
sents the stretching C—H from the alkyl group. The peak at 1428 cm™" refers to the C-H
bending vibration of the CHj group. The last four peaks, 1328, 1094, 916, and 830 cm ! are,
respectively, linked to C-H deformation vibrations, C-O stretching of acetyl groups, CH,
rocking, and the vibration of C-C stretching [33-36]. Peaks between 1750 and 1735 cm -1
have been reported to be due to the stretching of C=O and C-O from the acetate group.
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These peaks are of very low intensity when the polymer presents a very high degree of
hydrolysis, indicating that the polymer chain was characterised by only a few acetate
groups [34,37]. The PVA used to create the fibres was 99+% hydrolysed; thus, the peak is
not visible in the FTIR spectrum of the analysed sample.

T %
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‘Wavenumber (cm™)

Figure 4. FTIR spectra of the 10PVA filter sample.

Raman spectroscopy was performed to investigate the structural characteristics of
PVA and the structural changes in the PVA/TiO, nanofibres further. Therefore, the Raman
spectra of the 10PVA and 10PVAS5TIO; filters are presented in Figure 5. The two most
noticeable peak bands visible on the PVA spectra were at 1430 cm~! and 2912 cm™.
The first peak is assigned to the stretching vibration of -CH in the PVA molecules, whereas
the most intense band at 2912 cm ! is attributed to the stretching vibration of ~-CH, [38,39].
In the PVA /TiO; spectra, both characteristic peaks were visible but with a lower intensity.

The dominant modes of the PVA/TiO, Raman spectra are the six typical Raman
active modes of the anatase crystal: 144 (Eg 1), 197 (Eg2), 395 (Big,1), 515 (A1g, Bigp),
and 639 (Eg3) cm ! [40,41]. This result is consistent with the crystal characterisation of the
aeroxide P25 sample, which predominantly consists of anatase TiO,.
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Figure 5. Raman spectra of the 10PVA and 10PVA5TIO; filter samples.

3.2.3. Thermogravimetric Analysis

The TGA curve of the 10PVA nanofibre sample is presented in Figure 6. The TGA
reveals that the sample presented three weight-loss phases. At temperatures below 120 °C,
a 4% weight loss by mass was detected, which can be ascribed to the weight loss of the
adsorbed moisture. The second and most significant stage of weight loss was between
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170 °C and 400 °C, where the 60% weight loss was due to the decomposition of the side
chain of PVA. A further smaller weight loss of 31.5% was observed in the third stage,
between 400 °C and 540 °C, during which the main chain of PVA was decomposed [42,43].
The significant weight loss of 91.5% observed in the range between 170 °C and 540 °C

corresponds to the structural decomposition of the PVA. This result suggests that no solvent
remains in the fibre.
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Figure 6. Thermogravimetric analysis curve of the 10PVA filter sample.

3.3. Filtration Performance

The electrospun nanofibre membranes were cut into filters with 52 mm diameter,

as presented in Figure 7, to investigate the filtration performance for the pressure drop,
toluene removal, and particle filtration.

—
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Figure 7. Pictures of the electrospun nanofibre filters: (a) 10PVA; (b) 10PVA2AC; (c) 10PVA5AC; (d) 10PVA5TIO,; and
(e) 8PVA5TIO;.

3.3.1. Pressure Drop

The relationship between the face velocity and pressure drop was investigated using
linear regression. Figure 8 presents the results for the five filter samples. The linearity of the
relationship was confirmed, with R? above 0.9992. The highest pressure drop was registered



Sustainability 2021, 13, 6553

110f18

with the pure PVA filter, reaching 2693 Pa at 5.3 cm/s face velocity. The pressure drop
was smaller for PVA/AC filters. The 10PVA2AC filter recorded a pressure drop of 568 Pa,
representing a decrease of 78.9% compared with the 10PVA filter. Similarly, the 10PVA5AC
filter reached a pressure drop of 336 Pa, 87.5% lower than the pure PVA filter.

The decrease was even more significant for the PVA/TiO; filters. The 10PVA5TiO,
filter had an air resistance that led to a pressure drop of 291 Pa. The best result came from
the 8PVASTIO;, filter, with a pressure drop of 195 Pa, which decreased 92.8% compared
with the pure PVA filter. The use of additives influenced the morphology of the fibres
and affected the pressure drop. The beaded morphology of the PVA/TiO; filters was
responsible for a lower pressure drop, as the beads lead to larger pores, as confirmed by
the average pore sizes in Table 2. This result is linked to the fact that the permeability
increases with pore diameter, resulting in a decreased pressure drop [44]. This result is
interesting in contrast to other studies of polymer-based electrospun nanofibre filters with
additives [45,46]. For example, Bortolassi et al. described how a PAN/TiO; filter led to a
larger pressure drop compared to a pure PAN filter [46]. The explanation is likely due to
the role of other parameters like the filter thickness.

The pure PVA filter has the smallest average fibre diameter, corresponding to the
highest observed pressure drop. The smallest nanofibres are probably more densely packed,
leading to a smaller pore size and higher pressure drop. As mentioned, the slip flow
phenomenon was dominant when the diameters of the nanofibres (d ) were comparable to
or smaller than the mean free path of the air molecules (1), around 65 nm [13]. The transition
flow regime is defined when the Knudsen number (Kn = 2A/dy) ranges between 0.1 and
10 [14]. The dimension of the nanofibres of the fabricated filters ranges between 200 and
500 nm, indicating a Knudsen number of between 0.3 and 0.6. The decrease in the fibre
diameter increased the pressure drop, although the Knudsen number indicates a transition
flow regime, in which the gas slip effect was considered significant.
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Figure 8. Plot of the pressure drop versus the face velocity for each filter. The three measurement
points are 5.3, 7.95 and 10.6 cm/s.

Although the PVA/AC filters have a similar morphology to the pure PVA with
nanofibre diameters in the same range of 200 to 300 nm, these filters present a significantly
lower pressure drop than the 10PVA filter. These results are possibly related to the average
pore size and the filter basis weight. Figure 9a presents the pressure drop versus the basis
weights of different filters. For the two PVA/AC filters, the lower basis weight compared
with 10PVA indicates fewer deposited fibres. Fewer fibres over the same area indicate
larger pores in the filter and a lower pressure drop.

A higher basis weight does not correspond to a higher pressure drop for the PVA/TiO,
compared with the 10PVA filter. Titanium dioxide plays a vital role in terms of the weight
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increase in the filter [46]. The pressure drop remained lower than that of the 10PVA filter
due to the larger pores and lower fibre density. This conclusion is also supported by the
high basis weight of the 10PVA5TIO;, filter (67.6 g/ m?) and the relatively small pressure
drop change compared to the 8PVA5TIO; filter (basis weight 31.8 g/ m?).
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Figure 9. Plots of the (a) pressure drop and (b) total particle filtration efficiency versus the basis
weight, comparison between filters.

3.3.2. Particle Filtration Efficiency

The results of the total filtration efficiency are presented in Table 3. The total filtration
efficiency values for the particles are all above 97%. Figure 9b reveals that the filtration
efficiency for each filter is presented as a function of the basis weight. The PVA filters with
additives follow the same trend: the higher the basis weight, the lower the particle filtration
efficiency. This result is in line with the observed pressure drop behaviour of different
filters. The basis weight increases due to the extra weight of the additive. The PVA /TiO,
filters are heavier but characterised by larger pores due to the beaded fibre morphology,
resulting in lower particle filtration efficiency. It can be noticed that higher SSA values
corresponded to an increase in the total particles’ filtration efficiency of the filters, as visible
when comparing Tables 2 and 3. However, this increase is not linear. SSA values ranged
between 1.4 and 17.4 m?/g, while the total filtration efficiencies registered changes all
below 1%.

The filtration efficiencies for particles as a function of the particle size for the five
different filters are presented in Figure 10. Each of the five filters has lower filtration
efficiency values on the smaller particle sizes. The 10PVA filter in Figure 10a exhibited an
increasing filtration efficiency for 12 nm diameter particles (95.4%) to 202 nm diameter
(99.3%) particles. Similar behaviour for the 10PVA2AC (Figure 10b) and 10PVA5AC
(Figure 10c) filters was observed. Respectively, the filters recorded a minimum filtration
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efficiency of 96.2% and 94.5% for the smallest particles size (12 nm), reaching a maximum
of 99.3% for 209 nm diameter particles and 99% for the 157 nm diameter particles.

The two filters containing TiO, exhibited a slightly different curve regarding their
filtration efficiencies as a function of particle size. For 12 nm particles, the filters recorded
minimum efficiency values at 95.9% for 10PVA5TiO, (Figure 10d) and 95.8% for SPVAS5TiO,
(Figure 10e). The increasing trend lasted until reaching a particle size of 21 nm for both
filters. For the 8PVAS5TIO; filter, a constant filtration efficiency of 97.7% up to a particle size
of 102 nm was observed. Above this threshold, the efficiency constantly increased until the
maximum of 98.8% filtration efficiency for the 181 nm particle size. The 10PVA5TIO; filter
filtration efficiency reached a maximum of 97.5% at a particle size of 26 nm and decreased
again to 97% for 85 nm diameter particles, for which the concentration was recorded as
one of the highest at around 3 pg/m?>. Thereafter, the efficiency increased again to reach a
maximum of 98.4% at a 181 nm particle size.

For all filters, for particle sizes greater than 217 nm, not enough particles were present
to obtain a statistically meaningful result.

Table 3. Total particles filtration efficiency for different electrospun nanofibre filters.

10PVA 10PVA2AC 10PVA5AC 10PVA5TiO, 8PVAS5TIO;
Total filtration efficiency (%) 97.6 98.0 97.9 97.3 97.8

In their recent study, Elkamhawy and Jang characterised a novel hybrid air purifi-
cation technology with good performance for particulate matter below 10 um (removal
efficiency of 87.3%) in the outdoor environment. There was a trend of decreasing effi-
ciency with decreasing particle size, as below 2.5 pm, the removal efficiency dropped to
73.1% [47]. This study showed that the PVA-based filters investigated are highly efficient
at removing particles in the range of the most penetrating particle size between 0.1 and
0.3 um, and therefore they represent a promising and much needed solution.

3.3.3. Toluene Removal

The pure PVA filter did not show any toluene removal, which was an expected result.
PVA is a polymer that is not known for its adsorbance. The 10PVA2AC and 10PVA5AC
filters have also not presented any toluene adsorption. The preparation method is responsi-
ble for the final surface that the samples present to the airstream. In previous experimental
studies, activated carbon was formed on the nanofibre surface after electrospinning through
carbonisation [21,25]. Activated carbon in powder form was added to the polymer solution
prior to electrospinning in the present work. The activated carbon surface is likely wet
with the dissolved polymer, which covers the AC surface when the solvent evaporates.
This configuration is most probably responsible for the non-adsorption of toluene from the
PVA /AC filters.

The performance of the two filters with TiO; is presented in Figure 11, which was
investigated using the setup in Figure 1. The graphs show the TVOC concentration in
ppm and the absolute humidity in g/m? that were recorded by the photo-acoustic gas
monitor. Toluene was the only VOC added to the technical air to perform the experiment,
although photocatalytic oxidation can generate byproducts in the form of VOCs. The or-
ange lines represent when the airstream was first moved from the bypass to the reactor,
facing the filter, and then back to the bypass stream. The yellow lines represent when the
Xenon light was switched on and off, illuminating the filter surface.
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Figure 10. Particle size distribution recorded before and after the reactor where the filters were placed and the filtration
efficiency was based on particle size.

Figure 11a displays the experiment for the 10PVA5TIO; filter. The TVOC concentration
was stable at around 1.5 ppm when it entered the reactor. The moment the lamp was
switched on, a slight increase in the TVOC concentration was recorded, followed by
a consistent drop that stabilised at around 1.1 ppm when the airstream moved to the
bypass. The TVOC concentration did not return to the original 1.5 ppm at the end of the
experiment, which could lead to the conclusion that the toluene concentration decreased
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due to instability in the toluene source. However, the water content in the airstream
suggested differently. The graph indicates that the water amount in the airstream increased
steeply when the light shined on the filter but then decreased again as soon as the light
was switched off and met the initial concentration at the end of the experiment. Water is
a product of the photocatalytic oxidation of toluene, presented in the following chemical
reaction scheme:

CyHg +90, — 7CO; + 4H,0

Figure 11b presents the performance of the 8PVAS5TiO, filter. The situation here is
different from the first filter concerning the TVOC concentration, was not been affected
throughout the experiment. It stabilised at around 1.3 ppm without consistent changes.
However, the water content presented a development similar to the previous filter: it
increased steeply when the filter was illuminated, suggesting that the Xenon light initiated
oxidation. The two PVA/TiO; filters were weighed before and after the experiments
to determine whether the increased water content in the airstream could be related to
the evaporation of water adsorbed from the filters when the surfaces were exposed to
the Xenon light. The 10PVAS5TIO;, filter did not exhibit any weight change, whereas the
8PVASTIO; filter lost 1 mg. The water content increased by 1.3 mg/L of air through the
experiment. Such an amount of water content can only be explained by the photocatalytic
oxidation of toluene, as it corresponds to the total amount of water produced and is two
orders of magnitude higher than the filter weight loss. The resulting water content change
indicates that there may also be changes in the relative humidity over time which should
be taken into account when evaluating the long-term efficacy of the filter [48].

The results show active photocatalytic oxidation as the water content in the air flow
showed a steep increase. The formation of byproducts is very likely the cause of the
increased TVOC concentration recorded after the filters. The photocatalytic oxidation
of VOCs by TiO,-doped filters has been reported in previous studies [23,45], as well as
the formation of byproducts as a result of an incomplete reaction [49]. Su et al. have de-
scribed the photocatalytic activity of their TiO, /PAN composite membranes and reported
toluene conversion rates from 33.5% to 97.9%, depending on the TiO, /PAN mass ratio [45].
The main differences between this study’s TiO, /PVA filters and the TiO, /PAN membranes
in [45] are in the doping method and the design of the photocatalytic experiments. In their
study, TiO, was electrosprayed on the PAN nanofibres, while in this work, TiO, nanopar-
ticles were mixed into the PVA solution prior to electrospinning. Electrospraying TiO;
nanoparticles probably led to a larger TiO; surface facing the polluted air and the Xenon
light. In addition, Su et al. performed a static experiment, during which toluene was
injected into a reactor where TiO, /PAN membranes were kept and irradiated using the
Xenon light for 2 h. The static experimental design seems to favour good performance by
photocatalytic oxidation. This was probably due to the considerably higher retention time
used in [45] compared to the photocatalytic experiment designed for the TiO, /PVA filters,
which were studied under a face velocity of 5.3 cm/s.
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Figure 11. Development over time of the TVOC concentration and water content during the experiment to evaluate the
toluene degradation of PVA /TiO; using the Xenon light.

4. Conclusions

In summary, five PVA-based nanofibre filters were fabricated via electrospinning.
The use of additives leads to larger fibre diameters and pore size relative to the undoped fil-
ter, leading to a lower pressure drop. The investigated filters were still in a transition region
between the slip and non-slip flow, as indicated by the Knudsen number. The 8PVA5TiO,
filter presented the lowest observed pressure drop of 195 Pa, whereas the highest particles
filtration efficiency (98%) was recorded for the 10PVA2AC filter. The AC filters did not ad-
sorb any toluene due to the preparation method for the filter. Photocatalytic oxidation was
initiated by the Xenon light when investigating the PVA /TiO filter capacity of degrading
toluene. This study showed that the efficiency of the filters towards particles and VOCs is
promising, but the pressure drop needs further optimization.
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AC Activated Charcoal
BET Brunauer-Emmett-Teller method
BJH Barrett-Joyner-Halenda method

FTIR Fourier Transform Infrared
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HEPA  High Efficiency Particulate Air

HVAC  Heating, Ventilation and Air Conditioning
PVA Polyvinyl Alcohol

SEM Scanning Electron Microscopy

SSA Specific Surface Area

TCD Tip-to-Collector Distance

TGA Thermogravimetric Analysis

TVOCs  Total Volatile Organic Compounds

VOCs  Volatile Organic Compounds
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Abstract: Air filters are crucial components of a building ventilation system that contribute to
improving indoor air quality, but they are typically associated with relatively high pressure drops.
The purpose of the study is to evaluate the effect of additives on ultrathin electrospun filters, the
pressure drop, and the particle removal efficiency of uniformly charged particles. The fibres were
electrospun under optimised conditions that resulted in a fast-fabricating process due to the properties
of the cellulose acetate solution. Different ultrathin electrospun fibre filters based on cellulose acetate
(CA) were fabricated: a pure CA electrospun fibre filter, two filters based on CA fibres separately
doped with activated charcoal (AC) and titanium dioxide (TiO;), respectively, and a composite
filter where the two additives, AC and TiO,, were embedded between two CA fibres layers. The
ultrathin filters exhibited a low pressure drop of between 63.0 and 63.8 Pa at a face velocity of
0.8 m s~!. The filtration performance of uniformly charged particles showed a removal efficiency
above 70% for particle sizes between 0.3 and 0.5 um for all filters, rising above 90% for larger
particles between 1 and 10 um, which translates to the average sizes of pollens and other allergenic
contaminant particles. Due to the positive impact on the fibre morphology caused by the additives,
the composite filter showed the highest filtration performance among the produced filters, reaching
82.3% removal efficiency towards smaller particles and a removal of up to 100% for particle sizes
between 5 and 10 um. Furthermore, cellulose acetate itself is not a source of microparticles and is fully
biodegradable compared to other polymers commonly used for filters. These ultrathin electrospun
filters are expected to be practical in applications for better building environments.

Keywords: cellulose acetate; electrospinning; particle pollution; air filters; titanium dioxide; activated
charcoal

1. Introduction

Exposure to particle pollution has been linked to negative health effects such as
cardiovascular and respiratory disorders and lung cancer, and it can lead to increased mor-
tality [1-4]. Although the World Health Organization (WHO) has defined clear guidelines
for annual average outdoor concentration as 5 ug m 3 for PM, 5 (particulate matter with an
aerodynamic diameter less than 2.5 um) and 15 ug m™3 for PMy (particulate matter with
an aerodynamic diameter less than 10 um) [5], 91% of the world population lives in areas
where these guidelines are not met. Particles originating outdoors can enter residential and
non-residential buildings and negatively affect indoor air quality [6,7].

As a significant portion of indoor particles originates outdoors, supply air filters
can prevent the outdoor-to-indoor transport of particle pollution and improve indoor air
quality. Several air filter technologies can be used to remove particles [8-10]. Commercial
fibrous filters, such as HEPA filters, can remove up to 99.97% of particles with diameters
larger than 0.3 um [11] at the expense of a relatively large pressure drop that can negatively
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affect the total HVAC energy use [12]. Typically, electrostatic filters achieve lower particle
filtration efficiency compared to mechanical filters with the advantage of a much lower air
resistance [13]. Most conventional filters require the use of a fan to overcome the pressure
drop they impose on the air stream, and therefore, they contribute to an increased energy
use from the ventilation system [14]. Air filter contribution can account for between 20 and
50% of the total pressure drop of a ventilation system depending on the loading conditions,
filter efficiency, and system configuration [15]. This has a direct impact on the energy use of
the ventilation fans, which can account for up to 34% of the total energy use of the HVAC
system [14]. The main challenge that air filtration technologies have to overcome today is to
optimise the ratio between filtration efficiency and energy use during operation, therefore
achieving the highest dust-loading capacity with the lowest air resistance possible. Recent
studies have focused on fibre filters produced with electrospinning as a potential solution
to overcoming this challenge.

Electrospinning is a versatile and effective method of producing fibres with diameters
within the nano- or submicron dimension, which are characterised by various morphologies
and properties [16]. When the fibre diameter is reduced to nanoscale, which is comparable
to or smaller than the mean free path of air molecules (65 nm), lower air resistance of the
filters will occur by introducing a slip effect [17,18]. Thus, electrospun fibre filters aiming
at a decreased pressure drop have been fabricated in numerous research studies in recent
years [19,20]. A polyacrylonitrile (PAN)-based electrospun nanofibre membrane with a
fibre diameter in the range of 50-170 nm was fabricated [17]. The electrospinning process
was optimised, and a particle filtration efficiency of 99.09% was obtained, while the pressure
drop reached 29 Pa with a face velocity of 0.053 m s~ [17]. A silk fibroin/polyvinyl alcohol
(SF/PVA) nanofibre air filter was developed aiming at efficient particle capture [21]. The
filter reached 99.11% removal efficiency and a pressure drop of 50 Pa at 0.5 m s~ ! air
velocity [21]. Moreover, a method to fabricate an electrospun nanofibre filter to minimise
the pressure drop when removing particles below 2.5 um was developed [22]. An optimised
approach based on a semi-empirical model was applied on 125 samples, which obtained a
decreased pressure drop for 110 cases. The optimal nylon-based filter has achieved 90%
filtration efficiency at the cost of 27.18 Pa at a face velocity of 0.05 m s~! [22]. Composite
electrospun fibre mats have been recently fabricated [23,24]. A polyimide-based electrospun
membrane with metal-organic frameworks (MOFs) successfully removed VOCs such as
polar formaldehyde (sorption capacity 124 mg g~!) and non-polar toluene (142 mg g~ 1),
xylene (214 mg g~1), and mesitylene (201 mg g~') from air [23]. A polymeric composite
electrospun nanofibre mat was produced to remove air particles and to investigate the
antibacterial activity enhanced by the sulfobetaine zwitterionic groups. The materials
achieved 99.9% removal of Klebsiella pneumoniae and Staphylococcus aureus bacteria and
exhibited high filtration efficiency (>99.9%) with a pressure drop of 177 Pa at 5.3 cm s~
face velocity [24].

The fibre morphology has to be tuned properly in order to achieve an optimal ratio
between particle removal and pressure drop. The typical face velocities used in an HVAC
system can reach up to 2 m s~ !, but nanofibre filters are generally tested at much lower face
velocities (0.05 m s~1) [25]. The effect of additives on the morphological filter parameters
such as porosity, fibre diameter, and fibre surface roughness has also been a subject of
focus [16]. The addition of titanium dioxide was shown to improve the particle filtration
efficiency of polymer-based electrospun nanofibre filters [26]. The PSU/TiO, membrane
has an enhanced filtration efficiency of 99.997% for 0.3-0.5 um particles and a pressure
drop of 43.5 Pa at a face velocity of 0.05 m s~ compared to the pristine PSU filter due to the
enhanced porous structure and surface fractal features with irregular rough structures [26].
The combined use of titanium dioxide and activated charcoal when fabricating nanofibres
could contribute to the formation of macroporous structures that can decrease the pressure
drop [27]. Activated charcoal and titanium dioxide are often used as additives on fibre
filters for their properties as an adsorbent and photocatalyst to enhance the removal
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capacity of the filters towards gaseous pollutants [28,29], although their influence on
particle filtration efficiency has not been widely investigated.

Other researchers have used continuous electrostatic effects on traditional air filters
to apply a uniform charge to particles and evaluate the filtration efficiency [30-32]. The
particle filtration efficiencies for two commercial HVAC filters have been improved from
5-15% to 40-90% by utilising continuous emission of unipolar ions without affecting the
pressure drop [32]. A compact electrostatically assisted air (EAA) filter, which combines
corona charging and filter polarising, was developed [33]. The single-pass efficiency
for 0.3-0.5 pm charged particles of a polyethylene terephthalate (PET) coarse filter was
improved from 0.4% to 99%. The air resistance of the filter led to a pressure drop of
21 Paat 1.2 m s~! face velocity [33]. Furthermore, the efficiency for the PET coarse filter
could be significantly improved by a thin coating of polydopamine (PDA) via in situ
dopamine polymerisation. Using a two-stage EAA filtration device, the PDA@PET filter
has a high filtration efficiency of 99.48% for 0.3 um particles, low air resistance of 9.5 Pa
at a filtration velocity of 0.4 m s~1, and steady performance for up to 30 days [34]. An
electrostatically assisted metal foam and PVDF electrospun nanofibres were combined to
enhance filtration efficiency by 15% for charged particles with an aerodynamic diameter
between 0.3 and 0.5 um [35]. Moreover, an electrically responsive polyurethane filter
with dielectric surface coatings could even achieve 90.50% removal efficiency for ultrafine
particles and an ultralow pressure drop at 13.0 Pa at 1 m s™! face velocity, providing a
promising prospect when applied in building ventilation systems [36].

The present study introduces four different ultrathin electrospun fibre filters. These
filters exhibit a thickness between 0.1 and 0.2 mm, whereas conventional and commercial
filters usually present a thickness ranging from a few to tens of centimetres. The selected
polymer was cellulose acetate (CA), which is an abundant and biodegradable organic
compound commonly used for application in filters, artificial skin, and protective cloth-
ing [37,38]. Employing CA instead of commonly used polymers is beneficial because CA is
not a source of microplastic, and it does not increase the plastic load when disposed of, as
it is biodegradable. Electrospinning of this polymer has been systematically investigated,
reaching fast and stable results [39].

The purpose of this study was to evaluate experimentally the influence of additives
such as titanium dioxide and activated charcoal on the filtration performance of uniformly
charged particles for CA-based ultrathin electrospun fibre filters. Furthermore, the impact
on the performance as measured by filtration efficiency and pressure drop of the different
ultrathin filter matrices was also assessed. Compared to the reported electrospun filters
in the literature, the novelty of the filters presented here is related to their high porosity
and low pressure drop but still maintaining a good filtration efficiency, which is evident
from the quality factor. This paper presents the fabrication process via electrospinning
of the different fibre filters, which differs in terms of materials and filter configuration.
The results from the experimental study of the filtration performance are described and
discussed, including the achieved pressure drop and the particle filtration efficiency. The
filters were also evaluated and compared in terms of filter quality factors.

2. Materials and Methods
2.1. Materials

Cellulose acetate (CA, 39.8 wt % acetyl content, MN 30000 GPC) and activated charcoal
(ACCMW 1201 g mol 1) ina powder form were purchased from Sigma-Aldrich. Aeroxide
TiO, P25 in a nanopowder form was a gift from Evonik Industries. Pure acetone, ethanol
absolute, and 2-propanol were acquired by Avantor and were used as is. The materials
were used without further purification.
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2.2. Fabrication of Electrospun Fibre Filters
2.2.1. Preparation of CA Solution

The polymer solution was prepared by adding 31.25 g of CA to 250 mL of acetone
under vigorous stirring for 12 h to obtain a homogeneous solution. The stirring was carried
out at room temperature (20 °C).

2.2.2. Preparation of TiO, and AC Dispersions

First, 1.5 g of TiO, was dispersed in a solution of 80 mL 2-propanol and 20 mL ethanol.
The mixture was vigorously stirred for an hour, and then, it was ultrasonicated in a bath
for 30 min to ensure uniformity. Similarly, 2 g of AC were dispersed in a solution of
80 mL 2-propanol and 20 mL ethanol. The solution was continuously stirred to ensure a
homogenous AC distribution.

2.2.3. Electrospinning Process

The electrospinning was carried out using an electrospinner from Yflow (2.2.D-500),
which is equipped with a flat collector and a remote-controlled arm where the needle is
located. A schematic representation of the setup is shown in Figure 1. The electrospinning
was performed in a vertical downwards configuration. For the preparation of CA electro-
spun fibre, the CA solution was loaded in a 20 mL glass syringe (Poulten & Graf GmbH).
The solution was fed at a constant rate of 1 mL min~! through a needle with an inner di-
ameter of 1.5 mm. The electrospinning was continuous until 10 mL of the CA solution had
been electrospun onto the collector. The voltage applied was 14.8 kV. The tip of the needle
was kept at 9 cm distance from the collector. Inside the electrospinner box, the temperature
ranged between 19.8 and 20.8 °C, and the relative humidity was kept between 27% and
32%. The needle was remotely controlled at a velocity of 50 mm s~! on the collector (20 cm
x 20 cm), as shown in Figure 1, to ensure the uniformity of fibre distribution across the
filter surface. After electrospinning, the filter was kept in a ventilated oven at 70 °C for 1 h
to ensure complete evaporation of the solvent.

Moving arm
Syringe &

Taylor cone

Polymer solution: CA in acetone
Feed rate: 1 mL min™®

4= | <

Remote controller Needle

@ 1.5mm
&>
0 -30kV
(é 20 cm
ne Fibres Collector
= | 20 cm |

Figure 1. Schematic representation of the electrospinning setup.
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2.2.4. Preparation of the Doped Filters

The CA/AC and CA/TiO; fibre filters were prepared by spraying the additive dis-
persion onto the electrospun fibre filter surface using an airbrush. Such a doping method
implies that the additives are deposited on the filter, modifying the first layers of the filter
surface. The previously electrospun CA membrane was placed in a fume hood onto a metal
grid at a distance of 20 cm from the air brush. The filter was sprayed with the respective
suspension for 2 min. Then, the filter was dried in the oven at 70 °C for an hour. The
airbrush process was repeated twice for each filter.

For the composite filter, the two additive dispersions were separately sprayed between
two layers of CA electrospun fibre. The first layer of polymer fibre was made by electro-
spinning 6 mL of CA solution onto the collector. After drying the membrane for 1hat 70 °C
in the oven, two 2-min rounds of airbrushing of AC dispersion at 10 L min~! were applied,
which was interspersed with 1 h drying at 70 °C between each application. The third layer
of the composite filter consisted of electrospinning 4 mL of CA solution. The fourth and
final layer comprised two rounds of airbrushing of the TiO, dispersion using the previously
described conditions, including 1 h of drying at 70 °C between airbrushing applications.

2.3. Fibre Characterisation

The fibre surface morphology was investigated using scanning electron microscopy
(SEM; Zeiss XB1540) operating at 5 kV. The samples were coated with a thin layer of gold
before scanning. The average fibre diameter and surface porosity were measured using the
Diameter] plugin for Image] (1.51w, NIH, Bethesda, MD, USA) on the SEM images.

The thickness of the filters has been measured with a traditional External Micrometer
(Model 965M, Moore & Wright Ltd., Sheffield, UK) with an accuracy of £0.005 mm. The
filters were folded in two and kept between two metal plates during the measurement to
avoid compression of the materials.

2.4. Investigation of Filtration Performance

The filtration performance tests were conducted in an acrylic air duct with an inner
diameter of 50 mm, as shown in Figure 2. The filtration module is divided into the charging
section and collecting section, where the membrane is kept, as shown in Figure 3. The
air with ambient airborne particles was driven through the module in the sequence of a
diffusion plate, a pin-to-plate charging module for the ionisation of particles, the filter to be
tested, and an axial flow fan. The length of the charging pin is 20 mm, and the pin-to-plate
distance is 10 mm. The charging pin was connected to an adjustable High-Voltage Direct
Current (HVDC) power supply (from 0 to +30 kV, accuracy: 0.1 kV, P30, GENVOLT Co.
Ltd., Beijing, China). The back metal ring of the charging module was connected to the
ground. The face filtration velocity could be altered by adjusting the frequency of the fan.

The face velocity was measured by a thermo-anemometer (435-1, Testo SE & Co.
KGaA, Titisee-Neustadt, Germany) located upstream of the air duct, and it was controlled
at 0.8 ms~! during the particle removal efficiency test. The number concentration of
0.3-10 pum particles was measured by a particle counter (Aerotrak 9306, TSI Inc., Shoreview,
MN, USA) located upstream and downstream of the filters. A sensor (WSZY-1, Tianjian-
huayi Tech. Co. Ltd., Beijing, China) was used to monitor the air temperature and relative
humidity during testing in the air duct. The pressure drop across the filter was measured
using a differential gauge (accuracy: +1%, DP-CALC 5825, TSI Inc., Shoreview, MN, USA).
The pressure drop was measured at several face velocities in the range between 0.035 and
1msL
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Figure 2. Schematic setup representation. 1. Diffusion plate, 2. Sampler, 3. Charging pins, 4. Metal
rings, 5. HVDC power, 6. Anemometer, 7. Differential pressure sensor, 8. Metal mesh, 9. Membrane,

10. Fan and frequency converter.

Figure 3. Real image of the setup used to investigate the filtration performance of the filter materials.

Each filter was exposed to the polluted air stream for 30 min, and in this period of
time, the particle concentration was monitored upstream and downstream the filter. The
filtration efficiency n for charged particles based on particle size was calculated using the

following equation:

Cu (d ) - Cdown (d ))
d,) = PAP 4 100 %, 1
7(dp) ( Cor @) x M

where Cyy and Cyoyy are the particles number concentration upstream and downstream

the filter respectively, and dj, is the particle diameter.
The filters were also evaluated in terms of quality factor Qr (Pa~1), which was calcu-

lated using the equation below.

—In{1—%03-05 pm)
Qr = ( N — ), @

where 77(03-0.5 um) Tepresents the single-pass filtration efficiency for particles sized between
0.3 and 0.5 um at 0.8 m s™! face velocity, and AP is the pressure drop at the same face
velocity. The quality factor gives a clear understanding of which filter best optimises the
ratio between pressure drop and filtration efficiency, and therefore, the ratio between the
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energy use related to filter operation and the filter’s contribution to an improved indoor air
quality. The quality factor was calculated based on the filtration efficiency of particles with
diameters between 0.3 and 0.5 um, as this is commonly considered the most penetrating
particle size.

3. Results and Discussion
3.1. Preparation of Electrospun Fibre Filters

The characteristic parameters that define the electrospinning process of the cellulose
acetate solution were adjusted from the optimal conditions mentioned in the study from
Christoforou and Doumanidis [39], and these are presented in Table 1. The conditions
that stabilised the electrospinning process were based on a high feed rate of 1 mL min~L.
Compared to other studies, where the feed rates for the polymer solution are in the range
of mL h~! [40—42], the CA/acetone solution allowed for the fast fabrication of a free-
from-beading and uniform fibre filter, owing also to the remotely controlled arm of the
electrospinner. The final filter material is visible in Figure 4a. The air spraying of the
solutions containing either AC or TiO; resulted in the final materials visible in Figure 4b,c,
respectively, while the composite material is shown in Figure 4d.

Table 1. Solution, process, and environmental parameters that were used during the electrospinning of CA solution.

Solution Parameters Process Parameters Environmental Parameters

CA Tip-to-Collector Needle Relative
Concentration Solvent Distance Voltage Feed Rate Inner @ Temperature Humidity
125 w/v% Acetone 9 cm 14.8 kV 1mL min~! 1.5 mm 21°C+05°C 37% =+ 3%

(@)
Figure 4. Electrospun filter materials developed in this study: (a) pure CA; (b) CA/AC; (c) CA/TiO,; (d) composite.

(b) (©) (d)

3.2. Fibre Characterisation

SEM images of different CA fibre filter samples are shown in Figure 5. The pure CA
fibre presents a uniform flat-ribbon morphology, which is randomly oriented (Figure 5a).
Compared to the smooth fibres of the pure CA membrane, the doped filters show a different
fibre surface due to the use of additives. The CA fibre surface is visibly covered by AC
(Figure 5b) and TiO, (Figure 5c). The dense deposition of TiO, highly affects the fibres’
morphology and the pore dimension, as the TiO, nanoparticles are forming agglomerates
which tend to increase the fibre diameter and clog the pores. The presence of activated
charcoal has a milder influence on the fibre morphology. The additive is still clearly visible
on the fibre surface, but it does not fully coat it, as does TiO,.
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Figure 5. SEM images of the different electrospun fibre materials: (a) pure CA; (b) CA/AC; (c) CA/TiO;.

The composite filter is a combination of the previous two CA/TiO; and CA/AC filters.
SEM images of the four steps to fabricate each layer of the filters are shown in Figure 6.
The presence of additives is clearly visible on the fibre surface on the second and fourth
layers in the form of agglomerates.
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Figure 6. SEM images of the composite filter divided into the four layers of fabrication: (a) 1st layer,
CA fibres; (b) 2nd layer, AC spray; (c) 3rd layer, CA fibres; (d) 4th layer, TiO, spray.

The SEM images of the pure CA fibres have been analysed to investigate the average
fibre diameter. The average diameter distribution is presented in Figure 7. The mean fibre
diameter is 4.2 um. The fibres are not falling into the nano-dimension. This is the result of
the electrospinning process, which was stable at a rather fast feed rate of I mL min~! and a
short tip to collector distance of 9 cm. The polymer solution jet did not stretch enough to
form nanofibres.

0
N —
(=]

Density

r T T T 1
0 5 10 15 20

Diameter [um]

Figure 7. Mean fibre diameter distribution.
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Furthermore, the surface porosity of the filters has also been determined for each filter
material using Image]. Such a parameter is used as a comparative term for the use of the
additives on the filter surface. The results are shown in Table 2. As previously mentioned,
the use of additives reduces the surface porosity of the materials. The pure CA reached
the highest surface porosity of 42%, while the surface porosity of CA/TiO, dropped to the
lowest value of 32.5%.

Table 2. Results from the analysis of the filter porosity and thickness.

CA CA/AC CA/TiO, Composite
Surface porosity (%) 420+£54 38.5+£2.6 325+5.1 344 +45
Thickness (mm) 0.11 +0.016 0.14 +0.012 0.15 + 0.005 0.18 £ 0.007

The results of the thickness analysis are also presented in Table 2. The filter thickness
ranges between 0.11 and 0.18 mm, and the results are consistent with the use of additives.
The pure CA filter is the thinnest filter, whereas the composite filter, which incorporates
two layers of additives, is the thickest material among the four samples.

3.3. Filtration Performance

The filter materials previously presented were cut into filters to install them into the set
up (inner diameter: 50 mm) designed to evaluate the pressure drop and filtration efficiency.

3.3.1. Pressure Drop

The filters” pressure drop was investigated in two different ranges of face velocity. Elec-
trospun fibre filters are mostly tested at face velocity in the range from 1072 to 10! m s~;
many of those are between 0.2 and 0.053 m s~1 [25]. The filters developed were also
evaluated in the low range of face velocity starting from 0.035 m s1 up to 0.087 m s 1
which would reproduce the case of a filter installed under natural ventilation conditions.
However, such filters could be used in buildings as part of a mechanically ventilated
system, where face velocities are as high as 1 m s~!. Therefore, the filters were also tested

at 0.8 ms~1 and 1 m s~L. The results are shown in Table 3.

Table 3. Pressure drop results for the different filters at different face velocities. Filtration efficiency to particle size between
0.3 and 0.5 um and related quality factor calculated with pressure drop at 0.8 m s~! face velocity.

Filter 0.035ms~1 0.053ms~1 0.069ms~1 0087ms1 08ms-1 Ims1 1 Or

CA 3 Pa 3.5Pa 4.7 Pa 6.6 Pa 63.0 Pa 74.1 Pa 73.3% £ 3.1% 0.020 Pa~!
CA/AC 3.2 Pa 3.7 Pa 4.9 Pa 6.8 Pa 63.3 Pa 74.7 Pa 80% =+ 3.2% 0.023 Pa~!
CA/TiO, 3.2Pa 3.7 Pa 49 Pa 7.0 Pa 63.4 Pa 74.8 Pa 76.8% + 3.1% 0.022 Pa~!
Composite 3.3 Pa 3.8 Pa 5.1 Pa 7.0 Pa 63.8 Pa 75.3 Pa 85.3% £ 5.9% 0.027 Pa—!

The pure CA fibre filter showed a starting pressure drop of 3.5 Pa at a face velocity of
0.053 m s~ 1. The use of additives increased the pressure drop. The CA/AC and CA/TiO,
filters show very similar results, with an increase in pressure drop of between 6 and 10%
compared to pure CA on the low range of face velocities. When moving towards higher
face velocity, the increase is always below 1%. The composite filter produced the highest
pressure drop among the fabricated materials. Again, on the low range of face velocity, the
impact of the additives seems to be more significant, and the composite filter reached a
10% higher pressure drop than the pure CA membrane. At 1 m s~!, the difference between
the composite and CA filter pressure drop is around 1.6%.

The difference in pressure drop between filters seems to be strictly connected to the use
of additives and their influence on the fibre morphology and filter thickness. The CA fibres
were produced using the same electrospinning conditions. Therefore, any morphological
change that can affect the filter performance is due to the doping process of the fibre surface.
As it was visible from the SEM pictures, the fibre surfaces of the CA/AC and CA/TiO,
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filters presented rougher characteristics, and the filters presented an increased thickness.
Consequently, lower surface porosity was measured for the doped filters compared to pure
CA, which resulted in a higher pressure drop. Even though the CA/TiO; filter showed
lower surface porosity, the composite filter presented a higher pressure drop. The increased
thickness from 0.15 to 0.18 mm compared to CA/TiO, might be responsible for the higher
pressure drop result.

3.3.2. Particle Filtration Efficiency

The results of the filtration efficiency of the four different filters are presented in
Figure 8. The face velocity was set at 0.8 m s~!. The air temperature and relative humidity
were measured at 22.4 °C and 36.2%.
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Figure 8. Particle filtration efficiency for the different filters per particle size.

The charging module was investigated in terms of particle removal without the use
of any filter. It recorded a peak removal capacity towards 3.0-5.0 pm particle size (above
90%), while smaller particles (0.3-0.5 um) easily penetrated it, and the removal capacity
fell below 47%. Medium-sized particles between 0.5 and 3 pm and large particles between
5and 10 um have been removed with an efficiency of 71% and 77.3%, respectively.

The use of the filters had an impact on filtration of all particle sizes, with the most
significant improvements registered for the smaller and most harmful particles. As visible
from the graph in Figure 8, all ultrathin filters have recorded particle filtration efficiency
above 70%. In accordance with the concept of most penetrating particle size (MPPS),
the smaller particles penetrate the filters more, resulting in a decreased mean filtration
efficiency for 0.3 to 0.5 um particles compared to larger particle sizes. For particles between
1 and 10 um diameter, the filters have recorded filtration efficiencies above 90%.

Comparing the performance across the different ultrathin filters, the use of additives
affected the filtration capacity. The major and most important impact is again on the
filtration of small charged particles between 0.3 and 0.5 um diameter. The CA/AC and
CA/TiO; filters recorded an increased filtration efficiency of 9.2% and 4.8 %, respectively,
compared to the pure CA filter. The composite filter registered the best performance with
an improvement of 16.4%. Moving towards the larger particles, the pure CA filter also
performed well in comparison with the CA/AC and CA/TiO; filters. The composite filter
again achieved the best performance, with 95% removal of particles around 1 um size and
achieving 100% removal of the largest particles between 5 and 10 pm.

Figure 9 shows the relationship between single-pass filtration efficiency for 0.3-0.5 pm
particle size, surface porosity, and pressure drop. As supposed, the general tendency
demonstrates that the higher the surface porosity, the lower the filtration efficiency and
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the pressure drop. The CA/TiO; filter does not completely follow the trend because it
has shown a lower efficiency compared to CA/AC filter, despite a lower porosity. The
difference in the effect seen between AC and TiO, surface-modified filters, apart from their
differences in surface porosity, is in the inherent nature of the modifying material. AC
renders the filter material more hydrophobic, whereas TiO; adds negative charges to the
filter surface. As it can be seen in Figure 9, the hydrophobic effect surpasses the effect of
the negative charge of TiO; and thereby renders the CA /AC filter better suited than the
CA/TiO;, filter.
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Figure 9. Single-pass filtration efficiency for particle size between 0.3 and 0.5 pum, surface porosity,
and pressure drop.

Table 3 also shows the calculated quality factor for each of the filters. These parameters
give a clear understanding of which filter best optimised the ratio between filtration
efficiency and pressure drop. The result revealed that the composite filter best optimises
this ratio when comparing it with the other filters developed in this work. The combination
of activated charcoal and titanium dioxide in a composite filter reached a considerably
higher filtration efficiency at the cost of a slightly increased pressure drop.

Data have been collected from other studies in order to compare the filtration perfor-
mance of different filters at a face velocity of 0.8 m s71 as reported in Table 4. The filtration
efficiency is related to particle sizes between 0.3 and 0.5 um, and this criterion has been
used to select the studies in the literature. In their study, Xia et al. have also highlighted
that most of the electrospun fibre filters were evaluated at very low face velocities [25]. In
order to compare the studies in the literature with the filter fabricated in this study, pressure
drops have been recalculated, assuming a proportional relationship with face velocities [25].
The composite filter developed for this work shows a high-quality factor compared to the
others. Only one sample from the study of Zhang et al. has achieved a higher quality
factor [43]. The filtration efficiency of the ultrathin composite material is lower compared
to the samples from other studies, which instead reached significantly higher pressure
drops. The main difference lies in the average fibre diameter of the fabricated composite
material and the use of the charging module in order to ensure a uniform charge on the
particles. The micro-dimension of the fibres and the use of additives have contributed
to forming a surface porosity able to maintain the balance between pressure drop and
filtration capacity while using a single ultrathin layer of filter material. The final result is
that the composite filter kept a low pressure drop and achieved a relatively high filtration
efficiency, optimising the quality factor compared to other electrospun fibre materials.
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Table 4. Comparison of filtration efficiency for particle size between 0.3 and 0.5 pm, pressure drop and quality factor at
0.8 m s~! with studies in the literature.

Case (0.3-0.5 um) (%)

Particle Filtration Efficiency Pressure

_1 .
Drop (Pa) QF (Pa—") Material Ref

99.98
98

99.992
99.997
99.99
99.989
82.3

NG kW N =

243 0.0351 Polyimide nanofibres [43]
1997 0.0019 Poly(vinyl alcohpl) / Poly(acryl.ic acid) + silica [44]
and silver nanoparticles
1781 0.0053 Polysulfone/Polyacrylonitrile/Polyamide 6 [45]
725 0.0143 Polysulfone/TiO, fibrous membrane [26]
4315 0.0021 Nylon 6 nanofibre [46]
659 0.0138 Polyacrylonitrile/silica nanoparticles [47]
63.8 0.0271 Composite filter CA/AC/CA/TiO, This work
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drops between 3 and 3.3 Pa at 5.3 cm s~ ! face velocity. The pure CA filter had a thickness
of 0.14 mm and achieved a filtration efficiency of 73.3% for charged particles between
0.3 and 0.5 um. The filtration efficiencies improved with the use of the additives. The
composite filter, in which both AC and TiO; nanoparticles were embedded, demonstrated
a thickness of 0.18 mm and presented a filtration efficiency of 82% for charged particles
sized between 0.3 and 0.5 um, reaching 100% removal of 10 um particles, at the cost of a
pressure drop of 63.8 Pa at 0.8 m s~ ! face velocity. This study showed the positive impact
of additives on the particle filtration performance of ultrathin electrospun fibre filters. The
ultrathin CA based-composite filter presented filtration performances and quality factors
that are significantly improved compared to other electrospun fibre filters found in the
literature today.

Author Contributions: Conceptualisation, R.O., PF. and A.A.; methodology, R.O., Y.G., PF. and
J.M.; validation, R.O., Y.G., PF. and ].M.; formal analysis, R.O. and Y.G.; investigation, R.O. and Y.G.;
resources, P.F. and ]. M.; writing—original draft preparation, R.O.; writing—review and editing, all
authors; visualisation, R.O. and Y.G.; supervision, A.A., P.E, ].M.; project administration, A.A. and
PF; funding acquisition, A.A. and P.F. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by Grundejernes Investeringsfond, the Department of the Built
Environment, and the Department of Materials and Production at Aalborg University. The research
was financially supported by the National Natural Science Foundation of China (No. 52078269).

Acknowledgments: The authors thank research technician Peter Kjeer Kristensen from the De-
partment of Materials and Production at Aalborg University for his support in performing the
SEM images.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

; Hadoke, PW.; Boon, N.A.; MacNee, W.; Cassee, ER.; Sandstrom, T.; Blomberg, A.; Newby, D.E.

Adverse cardiovascular effects of air pollution. Nat. Clin. Pr. Neurol. 2008, 6, 36—44. [CrossRef]

Brunekreef, B.; Holgate, S.T. Air pollution and health. Lancet 2002, 360, 1233-1242. [CrossRef]

Pope, C.A., 3rd; Dockery, D.W. Health Effects of Fine Particulate Air Pollution: Lines that Connect. ]. Air Waste Manag. Assoc.
2006, 56, 709-742. [CrossRef]



Buildings 2021, 11, 557 14 of 15

10.

11.
12.

13.

14.
15.

16.
17.

18.
19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Katsouyanni, K.; Touloumi, G.; Samoli, E.; Gryparis, A.; Le Tertre, A.; Monopolis, Y.; Rossi, G.; Zmirou, D.; Ballester, F.; Boumghar,
A.; et al. Confounding and Effect Modification in the Short-Term Effects of Ambient Particles on Total Mortality: Results from 29
European Cities within the APHEA2 Project. Epidemiology 2001, 12, 521-531. [CrossRef]

World Health Organization. WHO Global Air Quality Guidelines. Particulate Matter (PMy 5 and PMy), Ozone, Nitrogen Dioxide,
Sulfur Dioxide and Carbon Monoxide; WHO: Geneva, Switzerland, 2021.

Xia, T.; Chen, C. Differentiating between indoor exposure to PM; 5 of indoor and outdoor origin using time-resolved monitoring
data. Build. Environ. 2019, 147, 528-539. [CrossRef]

Chen, C.; Zhao, B. Review of relationship between indoor and outdoor particles: I/O ratio, infiltration factor and penetration
factor. Atmos. Environ. 2011, 45, 275-288. [CrossRef]

Fazli, T.; Zeng, Y.; Stephens, B. Fine and ultrafine particle removal efficiency of new residential HVAC filters. Indoor Air 2019, 29,
656-669. [CrossRef]

Brincat, J.-P; Sardella, D.; Muscat, A.; Decelis, S.; Grima, J.; Valdramidis, V.; Gatt, R. A review of the state-of-the-art in air filtration
technologies as may be applied to cold storage warehouses. Trends Food Sci. Technol. 2016, 50, 175-185. [CrossRef]

Stephens, B.; Siegel, J.A. Ultrafine particle removal by residential heating, ventilating, and air-conditioning filters. Indoor Air 2013,
23, 488-497. [CrossRef] [PubMed]

ASME. Addenda to ASME AG-1-2003 Code on Nuclear Air and Gas Treatment; ASME: New York, NY, USA, 2004.

Bourrous, S.; Bouilloux, L.; Ouf, E-X.; Lemaitre, P.; Nerisson, P.; Thomas, D.; Appert-Collin, J.-C. Measurement and modeling of
pressure drop of HEPA filters clogged with ultrafine particles. Powder Technol. 2016, 289, 109-117. [CrossRef]

Ardkapan, S.R.; Johnson, M.S.; Yazdi, S.; Afshari, A.; Bergsoe, N.C. Filtration efficiency of an electrostatic fibrous filter: Studying
filtration dependency on ultrafine particle exposure and composition. J. Aerosol Sci. 2014, 72, 14-20. [CrossRef]

COAG. Guide to Best Practice Maintenance & Operation of HVAC Systems for Energy Efficiency; COAG: Canberra, ACT, Australia, 2012.
Stephens, B.; Siegel, J.A.; Novoselac, A. Energy implications of filtration in residential and light-commercial buildings. Ashrae
Trans. 2010, 116, 346-357.

Li, D.; Xia, Y. Electrospinning of Nanofibers: Reinventing the Wheel? Adv. Mater. 2004, 16, 1151-1170. [CrossRef]

Zhao, X.; Wang, S.; Yin, X.; Yu, ].; Ding, B. Slip-Effect Functional Air Filter for Efficient Purification of PMy5. Sci. Rep. 2016,
6, 35472. [CrossRef] [PubMed]

Shou, D.; Ye, L.; Fan, J. Gas transport properties of electrospun polymer nanofibers. Polymer 2014, 55, 3149-3155. [CrossRef]

Li, Y;; Yin, X;; Yu, J.; Ding, B. Electrospun nanofibers for high-performance air filtration. Compos. Commun. 2019, 15, 6-19.
[CrossRef]

Zhu, M.; Han, J.; Wang, F; Shao, W.; Xiong, R.; Zhang, Q.; Pan, H.; Yang, Y.; Samal, S.K.; Zhang, F; et al. Electrospun Nanofibers
Membranes for Effective Air Filtration. Macromol. Mater. Eng. 2017, 302, 1600353. [CrossRef]

Bian, Y.; Wang, R.; Ting, S.H.; Chen, C.; Zhang, L. Electrospun SF/PVA Nanofiber Filters for Highly Efficient PM, 5 Capture. IEEE
Trans. Nanotechnol. 2018, 17, 934-939. [CrossRef]

Niu, Z.; Bian, Y.; Xia, T.; Zhang, L.; Chen, C. An optimization approach for fabricating electrospun nanofiber air filters with
minimized pressure drop for indoor PM; 5 control. Build. Environ. 2021, 188, 107449. [CrossRef]

Topuz, F.; Abdulhamid, M.A.; Hardian, R.; Holtzl, T.; Szekely, G. Nanofibrous membranes comprising intrinsically microporous
polyimides with embedded metal-organic frameworks for capturing volatile organic compounds. ]. Hazard. Mater. 2021,
424,127347. [CrossRef]

Kumar, S.; Jang, J.; Oh, H.; Jung, BJ.; Lee, Y.; Park, H.; Yang, K.H.; Seong, Y.C.; Lee, ].-S. Antibacterial Polymeric Nanofibers from
Zwitterionic Terpolymers by Electrospinning for Air Filtration. ACS Appl. Nano Mater. 2021, 4, 2375-2385. [CrossRef]

Xia, T.; Bian, Y.; Zhang, L.; Chen, C. Relationship between pressure drop and face velocity for electrospun nanofiber filters. Energy
Build. 2018, 158, 987-999. [CrossRef]

Wan, H.; Wang, N.; Yang, J.; Si, Y.; Chen, K; Ding, B.; Sun, G.; El-Newehy, M.; Al-Deyab, S.S.; Yu, J. Hierarchically structured
polysulfone/titania fibrous membranes with enhanced air filtration performance. . Colloid Interface Sci. 2014, 417, 18-26.
[CrossRef] [PubMed]

Tian, M.-].; Liao, E; Ke, Q.-F; Guo, Y.-P. Synergetic effect of titanium dioxide ultralong nanofibers and activated carbon fibers on
adsorption and photodegradation of toluene. Chem. Eng. ]. 2017, 328, 962-976. [CrossRef]

Ao, C,; Lee, S5.-C. Indoor air purification by photocatalyst TiO, immobilized on an activated carbon filter installed in an air cleaner.
Chem. Eng. Sci. 2005, 60, 103-109. [CrossRef]

Chuang, Y.-H.; Hong, G.-B.; Chang, C.-T. Study on particulates and volatile organic compounds removal with TiO, nonwoven
filter prepared by electrospinning. . Air Waste Manag. Assoc. 2014, 64, 738-742. [CrossRef]

Shi, B.; Ekberg, L. Ionizer Assisted Air Filtration for Collection of Submicron and Ultrafine Particles—Evaluation of Long-Term
Performance and Influencing Factors. Environ. Sci. Technol. 2015, 49, 6891-6898. [CrossRef]

Park, J.H.; Yoon, K.Y.; Hwang, ]J. Removal of submicron particles using a carbon fiber ionizer-assisted medium air filter in a
heating, ventilation, and air-conditioning (HVAC) system. Build. Environ. 2011, 46, 1699-1708. [CrossRef]

Agranovski, LE.; Huang, R.; Pyankov, O.V,; Altman, 1.S.; Grinshpun, S.A. Enhancement of the Performance of Low-Efficiency
HVAC Filters Due to Continuous Unipolar Ion Emission. Aerosol Sci. Technol. 2006, 40, 963-968. [CrossRef]

Tian, E.; Mo, J. Toward energy saving and high efficiency through an optimized use of a PET coarse filter: The development of a
new electrostatically assisted air filter. Energy Build. 2019, 186, 276-283. [CrossRef]



Buildings 2021, 11, 557 150f 15

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

Tian, E.; Yu, Q.; Gao, Y.; Wang, H.; Wang, C.; Zhang, Y.; Li, B.; Zhu, M.; Mo, J.; Xu, G.; et al. Ultralow Resistance Two-Stage
Electrostatically Assisted Air Filtration by Polydopamine Coated PET Coarse Filter. Small 2021, 17, 2102051. [CrossRef]

Xia, F; Gao, Y.; Tian, E.; Afshari, A.; Mo, J. Fast fabricating cross-linked nanofibers into flameproof metal foam by air-drawn
electrospinning for electrostatically assisted particle removal. Sep. Purif. Technol. 2021, 274, 119076. [CrossRef]

Gao, Y; Tian, E.; Mo, J. Electrically Responsive Coarse Filters Endowed by High-Dielectric-Constant Surface Coatings toward
Efficient Removal of Ultrafine Particles and Ozone. ACS ES&T Eng. 2021, 1, 1449-1459. [CrossRef]

Entcheva, E.; Bien, H.; Yin, L.; Chung, C.Y,; Farrell, M.; Kostov, Y. Functional cardiac cell constructs on cellulose-based scaffolding.
Biomaterials 2004, 25, 5753-5762. [CrossRef] [PubMed]

Kwon, M.; Kim, J.; Kim, J. Photocatalytic activity and filtration performance of hybrid TiO,-cellulose acetate nanofibers for air
filter applications. Polymers 2021, 13, 1331. [CrossRef]

Christoforou, T.; Doumanidis, C. Biodegradable cellulose acetate nanofiber fabrication via electrospinning. J. Nanosci. Nanotechnol.
2010, 10, 6226—6233. [CrossRef] [PubMed]

Su, J.; Yang, G.; Cheng, C.; Huang, C.; Xu, H.; Ke, Q. Hierarchically structured TiO, /PAN nanofibrous membranes for high-
efficiency air filtration and toluene degradation. J. Colloid Interface Sci. 2017, 507, 386-396. [CrossRef]

Qin, X.-H.; Wang, S.-Y. Electrospun nanofibers from crosslinked poly(vinyl alcohol) and its filtration efficiency. J. Appl. Polym. Sci.
2008, 109, 951-956. [CrossRef]

Guibo, Y.; Qing, Z.; Yahong, Z.; Yin, Y.; Yumin, Y. The electrospun polyamide 6 nanofiber membranes used as high efficiency
filter materials: Filtration potential, thermal treatment, and their continuous production. J. Appl. Polym. Sci. 2013, 128, 1061-1069.
[CrossRef]

Zhang, R.; Liu, C.; Hsu, P-C.; Zhang, C.; Liu, N.; Zhang, J.; Lee, H.R; Lu, Y,; Qiu, Y,; Chu, S.; et al. Nanofiber Air Filters with
High-Temperature Stability for Efficient PM; 5 Removal from the Pollution Sources. Nano Lett. 2016, 16, 3642-3649. [CrossRef]
Zhu, M.; Hua, D.; Pan, H.; Wang, F.; Manshian, B.; Soenen, S.; Xiong, R.; Huang, C. Green electrospun and crosslinked poly(vinyl
alcohol)/poly(acrylic acid) composite membranes for antibacterial effective air filtration. J. Colloid Interface Sci. 2018, 511, 411-423.
[CrossRef] [PubMed]

Zhang, S.; Tang, N.; Cao, L.; Yin, X.; Yu, J.; Ding, B. Highly Integrated Polysulfone/Polyacrylonitrile /Polyamide-6 Air Filter for
Multilevel Physical Sieving Airborne Particles. ACS Appl. Mater. Interfaces 2016, 8, 29062—-29072. [CrossRef] [PubMed]

Kim, G.T.; Ahn, Y.C.; Lee, ] K. Characteristics of Nylon 6 nanofilter for removing ultra fine particles. Korean J. Chem. Eng. 2008, 25,
368-372. [CrossRef]

Wang, N.; Si, Y.; Wang, N.; Sun, G.; El-Newehy, M.; Al-Deyab, S.S.; Ding, B. Multilevel structured polyacrylonitrile/silica
nanofibrous membranes for high-performance air filtration. Sep. Purif. Technol. 2014, 126, 44-51. [CrossRef]



120 Chapter 7.



Chapter 8

Paper V

Cellulose Acetate-based composite
fibre membranes for toluene removal

R. Orlando, A. Afshari and P. Fojan

The paper has been submitted in the
Journal of Industrial Textiles in November 2021.

121






Cellulose Acetate-based composite fibre membranes for toluene removal

Roberta Orlando?, Alireza Afshari®* and Peter Fojan®
2Department of the Built Environment, Aalborg University, DK-2450 Copenhagen, Denmark
Department of Materials and Production, Aalborg University, DK-9220 Aalborg, Denmark

*Corresponding author e-mail address: aaf@build.aau.dk

Abstract

Volatile organic compounds (VOCs) are some of the most typical air pollutants emitted from fossil fuel
combustion. In indoor environments they originate from cleaning products, cooking and by chemical
reactions with building materials. The VOCs removal from polluted air has been achieved using several
different methods but primarily through the use of adsorbent materials or through degradation with
photocatalytic oxidation. Fibres produced by electrospinning have the possibility to easily incorporate
additives into the fibres and onto their surface. This can functionalise them for efficient VOCs removal.
Cellulose acetate (CA)-based electrospun fibre membranes have been fabricated and doped with activated
charcoal (AC) and titanium dioxide (TiO,), either separately or in combination to investigate their toluene
removal capacity of the single additive and the synergic effects of adsorption and photocatalytic oxidation.
Two different methods of functionalisation of the fibres with AC and TiO, have been used. These methods
are air spraying and electro-spraying. Several configurations of the final membranes have been investigated.
SEM images indicate that the additives have been successfully distributed on the fibre surface and they affect
their morphology by increasing the overall roughness and the thickness of the final membranes. Adsorption
with activated charcoal achieved 45.5% removal of toluene with a starting concentration of 22.5 ppm.
Photocatalytic oxidation was probably initiated using a blacklight blue UV lamp with a peak wavelength of
365 nm as formation of formaldehyde was recorded. The findings suggest that photocatalytic oxidation is

affected by the residence time and UV light intensity.

Keywords: Cellulose Acetate; Electrospinning; Titanium dioxide; Activated charcoal; Air purification; Volatile

organic compounds



1. Introduction

In modern society, people spend more than 90% of their daily time in an indoor environment [1] and
consequently the indoor air quality (IAQ) has a major impact on people’s health, productivity and comfort
[2]-[4]. Typical indoor air pollutants are particulates, volatile organic compounds (VOCs), nitrogen oxides
(NOx), carbon oxide (CO) and sulphur dioxide (SO,). VOCs are a major group of indoor contaminants and the
main compounds contain alkenes, alcohol, aromatics and carboxylic acids. Formaldehyde, ethanol and
toluene are examples of indoor VOCs [5]. The sources of such pollutants are various and are mostly found
inside the building, such as cleaning products, building construction materials and furnishings (plywood
products and carpets) as well as office equipment like printers and photocopiers, but also human occupancy
and related activities [6]—[9]. Owing to the concerns related to IAQ, several different technologies have been
investigated and developed to remove VOCs from indoor air, such as non-thermal plasma [10], adsorption

[11], ozonation [12] and photocatalytic oxidation [13].

Plasma based methods are related to the use of a high voltage discharge for the destruction of gaseous
pollutants [14]. Non-thermal plasma is associated with the production of unwanted by-products like NOxand
ozone, poor energy efficiency and unsteady operation [15], [16]. The use of ozone generators for removal of
VOCs was more frequent in the 1990s. Later, it was proven that the efficiency of VOC removal with such
technology was rather low [17] and more importantly, ozone has been found to contribute to the formation
of harmful secondary organic aerosols [18] and can cause asthma and other health related issues in humans
[19]. Adsorption and photocatalytic oxidation have been the two methods that attract most interest in the

removal and degradation of VOCs.

Adsorption has proven to successfully retain various contaminants on the surface of the adsorbent materials,
like zeolites, some polymers, activated alumina and above all, activated charcoal (AC). Carbon materials have
demonstrated to be low-cost, highly efficient and stable in removing VOCs and therefore, despite some
disadvantages related to their hygroscopicity, have the most potential as adsorbent materials [20]. Activated
carbon fibres have demonstrated better performance in adsorbing VOCs compared to zeolites, silica gel and
granular activated carbon when investigated under the same conditions [21]. Activated charcoal adsorption
capacity has been investigated for most VOCs including alcohols, aromatic compounds, esters, aldehydes and

alkanes and has proven to be effective against a wide range of pollutants [22].

Degradation of VOCs is promoted by photocatalytic oxidation (PCO), which relies on the presence of a
semiconductor as a catalyst and an irradiation source that initiates the reaction [15]. The interesting
characteristics of PCOs are related to their activity towards various contaminants, formation of benign final

products (CO, and H,0) and optimal operation at room temperature [23]. Titanium dioxide has been the



most used catalyst for this application because of its promising performance as a photocatalyst under UV
light irradiation and chemical stability [24]. The main disadvantage of using PCO is the potential formation of
harmful by-products such as aldehydes, ketones or organic acids in cases of an incomplete reaction [25]-
[27]. Parameters such as relative humidity, residence time, UV source wavelength, intensity and pollutant
concentrations are influencing factors in the reaction process of degrading VOCs [28]-[30]. Toluene
conversion efficiency has increased from 30% to 90% when the residence time moved from 120 ms to 1920
ms, indicating the importance of this parameter and highlighting the non-complete conversion in any

experimental conditions [29].

In order to enhance the efficiency of PCO, the exposure to light irradiance and to the polluted air should be
maximised. This can be achieved with combined use with an adsorbent material as a support. The adsorbent
would retain the pollutant from the air close to the photocatalyst and this could mitigate the negative
influence of a short residence time. Several studies have investigated the use of AC as a support material for
TiO, in removing VOCs from polluted air [31]-[34]. The conversion of toluene using P25 TiO, was
demonstrated to drop down to about 47% when reducing the residence time from 3.7 to 0.6 min, while the
reduction was only about 27% when TiO, was combined with AC [31]. PCO can be used as a regeneration
method of AC when located downstream of the adsorbent [34]. Furthermore, the combined use of TiO,/AC
has been demonstrated to not only enhance the removal efficiency of the pollutants but also to reduce the
amount of intermediate by-products released in the air, as well as delaying the adsorption saturation of AC

[33], [35].

In recent years, electrospinning has attracted a large amount of attention, as it is a technique that allows fast
and efficient mass production of fibrous materials. Furthermore, the process allows easy functionalisation
with a wide variety of materials, such as TiO; and AC, to enhance the removal efficiency of VOCs by the fibres
[36]1-[39]. Polyvinyl alcohol (PVA)-based fibres doped with TiO, have shown an acetone removal efficiency of
50%, with an initial concentration of 1500 ppm, under a light source of UV-365 nm and a retention time of
10 s [37]. When the retention time was increased from 10 s to 100 s, the removal efficiency of acetone
increased to 99% [37]. Polyacrylonitrile (PAN)-based activated carbon electrospun fibres produced by
carbonisation and steam activation after electrospinning demonstrated to be an effective adsorbent towards
formaldehyde, showing a breakthrough time of 10.5 h at 11 ppm of formaldehyde and in dry conditions [39].
This breakthrough time is remarkably longer compared to conventional activated carbon fibres (FE100),
which under the same conditions was 4 h [39]. TiO>-AC complex fibres have been prepared by electrospinning
and the fibres were investigated for the removal of Prussian blue dyes by solar dye irradiation, reaching a

dye removal of 94-99% [40].



The present study introduces five different electrospun fibre membranes made of cellulose acetate and
loaded with TiO, and AC either separately or combined to investigate the toluene removal capacity of the
single additive and the synergic effect of adsorption and photocatalytic oxidation. The membranes were
exposed to toluene, which was chosen because it is a common VOC found in indoor air and used as a standard
substance for PCO experiments. Cellulose acetate (CA) was selected because it is a biodegradable organic
material, highly available and previously used for protective clothing, artificial skin and air filtration [41]-[43].
The biodegradability of CA is an advantage compared to the typically employed synthetic polymers, as it

means CA does not produce microplastic, both while in use and when it is disposed [43].

The electrospun fibres were doped by using air spraying or electrospraying to include, mix and combine the
additives in different configurations. The fibre morphology and characteristic and the toluene removal
capacity of titanium dioxide and activated charcoal when used as additives on polymer based electrospun

fibres was experimentally investigated and compared.

2. Experimental

2.1 Materials

Cellulose Acetate (CA, My 30000 GPC, 39.8 wt% acetyl content) was purchased from Sigma-Aldrich, together
with powdered-form AC (MW 12.01 g mol™). Nanopowder aeroxide titanium dioxide (TiO, P25) was given by
Evonik Industries. Ethanol, acetone, and 2-Propanol were employed as received from Avantor. All materials

were used without further purification.
2.2 Synthesis of electrospun fibre membranes

The membranes were prepared using the method described in the previous work [43]. A homogeneous CA-
solution was obtained stirring vigorously 31.25 g of cellulose acetate in 250 mL of acetone. The mixing was

performed for 12 h at 20°C (room temperature).

Then, three different dispersions were prepared. The first dispersion consisted of 1.5 g of TiO, mixed for 1 h
in a 100 mL solution of ethanol and 2-propanol (1:4). To ensure uniformity, the solution was kept 30 min in
a ultrasonicated bath. The second dispersion contained 2 g of AC mixed in the same solvent mixture (100 mL
ethanol and 2-propanol; 1:4). In this case, to ensure a homogenous dispersion of AC, the solution was kept
under continuously stirring before being used [43]. These two dispersions were prepared and used in the air
spraying process to dope the electrospun fibre membranes. The third solution was prepared to be used in

electrospraying and consisted of 2 g TiO> mixed with 20 mL of acetone.



For the preparation of the CA membranes, electrospinning was performed on a vertical downward
configuration with a flat collector, using an electrospinner 2.2.D-500 from Yflow A/S. The electrospinner
provides a movable arm that allows for movement of the needle in the X-Y plane via a pre-programmed track.
Figure 1a shows a schematic representation of the setup. The prepared polymer solution was transferred to
a 20 mL glass syringe (Poulten & Graf GmbH). The applied voltage was 14.8 kV, the feed rate was kept
constant at 1 mL min™! through a needle with a 1.5 mm inner diameter, kept at 9 cm from the collector.
Continuous electrospinning was performed to use 10 mL of the CA solution for producing a fibre mat [43]. To
ensure uniform fibre distribution on the collector surface, the movement of the needle was remotely
controlled on a X-Y motion at a constant velocity (50 mm s™) on the 20 cm x 20 cm collector (Figure 1). During
electrospinning, the relative humidity was controlled in the range 27-32% and the temperature was
registered in the range 19.8-20.8°C inside the electrospinning box. In order to complete evaporate the

solvent, the membrane was kept in a ventilated oven at 70°C for 1 h [43].

Syringe Syringe
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Figure 1. Representation of the two setups used for electrospinning in this research project, (a) single needle, (b) co-axial needle

The pure CA membrane fabricated with electrospinning was the base for three different membrane types:
the CA/AC, the CA/TiO; and the composite membrane. The first two membranes were made air spraying the
respective additive solution with an air brush onto the CA-membrane surface. The spraying process was
performed by placing the electrospun CA membrane onto a metal grid in a fume hood. The distance between
the grid and the air brush was kept at 20 cm. The process consisted of 2 min spraying at a flow rate of 10 L
min~ of nitrogen gas. Each membrane was sprayed twice and the process was interspersed with a 1 h drying
phase at 70°C [43]. In the composite membrane, two CA electrospun fibre layers were interspersed with
spraying of the two additive dispersions containing AC and TiO, separately. The four layers of the composite

membrane were made up as follows: layer 1, electrospun matrix from 6 mL of CA solution, layer 2, spraying



of AC dispersion, layer 3, electrospun matrix from 4 mL of CA solution and layer 4, spraying of TiO. dispersion.
Each step was followed by 1 h drying at 70°C. The air spraying process for the two layers of additives was the

same adopted for the single-additive membranes [43].

The fifth membrane was produced differently. The CA fibre mat was electrospun with a coaxial needle and
the outer needle provided a sheet flow of TiO,, leading to a more equal distribution of TiO on the fibre mat.
The co-axial setup is presented in Figure 1b. The inner needle contained the polymer solution, while in the
outer needle the TiO, dispersion flowed. The feed rate of the polymer solution was set at 1.1 mL min~* while
the dispersion was fed at 0.7 mL min~%. The applied voltage was 23 kV and the collector was kept at a distance
of 15 cm from the tip of the needle. The temperature and the relative humidity inside the electrospinning

box during the experiment were 22.7°C and 60%, respectively.
2.3 Fibre Characterisation

Scanning electron microscopy (SEM; Zeiss XB1540) operating at HT of 5 kV was used to investigate the
morphology of the fibre surface. Before scanning, a sample of each membrane was coated with a thin layer
of gold. Diameter) plugin for ImageJ (NIH, USA) was employed to assess the average surface porosity of the
membranes. A traditional External Micrometer (accuracy +0.005 mm, Model 965M, Moore & Wright Ltd,
Sheffield England) was used to measure the thickness of the membranes. To avoid compression of the

materials, the membranes were kept between two metal plates during measuring [43].
2.4 Toluene removal

Toluene removal capabilities of the fabricated membranes were investigated with the setup, which is
schematically presented in Figure 2. Pure nitrogen at 1 bar pressure was used as a carrier gas throughout the
experiment. The total flow was controlled at 3.9 L min~%. The input gas stream was split into wet and polluted
streams. A wet stream was used in order to ensure humidity inside the setup, which is a crucial parameter

to ensure adsorption and photocatalytic oxidation of toluene [27], [35]. The wet stream was controlled using

FTIR

CH 62

uv
7T~

I |\— )
Toluene Membrane

Figure 2. Schematic representation of the setup to assess the capacity of toluene removal of the membranes




a compression valve and measured through a mass flow meter (Model 4043, TSI Incorporated, Shoreview,
MN USA), whereas the polluted gas stream was controlled through a mass flow controller (5850TR series,
Brooks Instrument B.V., Holland). Milli-Q water and toluene were kept separately in two 250-mL gas-washing
bottles, which were immersed in a water bath at 21°C to keep the evaporation rate constant. During the
experiment, the membranes were kept in a 1-m fused quartz tube, with an inner diameter of 36 mm. The 20
cm x 20 cm membranes were pleated to fit inside the quartz tube. The tube was kept inside a box with a
blacklight blue UV lamp with a peak wavelength of 365 nm, employed to activate TiO; present on the fibres
and initiate photocatalytic oxidation of toluene. A bypass was built to allow access to the quartz tube while
running the experiments and evaluate the toluene concentration before and after passing through the
membrane. The flow was directed into a multicomponent FTIR gas analyser (Gasmet DX4000, Gasmet
Technologies Oy, Vantaa, Finland) to monitor the amount of water vapour and toluene concentration during
the different stages of the experiment and therefore assess the effectiveness of the membranes in removing

toluene from the air stream.

The toluene removal capacity of each membrane was calculated using the following formula:

Cup — C4
nz(up own

) X 100 % (1)
Cup
where Cyp and Ceown are average toluene concentration upstream and downstream of the membranes,

respectively.

3. Results and discussion

3.1 Fabrication of electrospun membranes

The process parameters used to electrospun the CA fibres were adapted from [44]. The electrospinning pf
the CA/acetone solutions was kept stable at a feed rate of 1 mL min™, which is a relatively high value
compared to most other studies, where electrospinning is conducted at feed rates in the range less than 1
mL h™! [45]-[47]. The remotely controlled arm allowed the fabrication of uniformly distributed fibres over
the collector surface. The fabrication of the CA/TiO, membrane using electrospray involved the use of slightly
different characteristic parameters to keep the stability of the process. Table 1 lists the electrospinning and

doping conditions that were applied to obtain the various CA-based membranes.



Table 1. Electrospinning and doping conditions used to fabricate the CA-based membranes

Electrospinning condition Doping condition
Solution Ambient
Process parameters
parameters parameters B
ir
Feed Needle spraying Electrospray
ee
Polymer Solvent TCD Voltage inner T RH
rate
@
CA 9 1mL 1.5 21°C+ 37%t
CA Acetone 14.8 kV L . - -
12.5wt% cm min mm 0.5°C 3%
2x 2 min at
) CA 9 i1mL 15 21°C+ 37%t 10Lmin™?
CA/TiO: Acetone 14.8 kV . . -
12.5wt% cm min mm 0.5°C 3% of TiO2
dispersion
2x 2 min at
CA 9 1mL 15 21°C+ 37%t 10Lmin™?
CA/AC Acetone 14.8 kV . . -
12.5wt% cm min mm  0.5°C 3% of AC
dispersion
2x 2 min at
-1
Composite CA Acetone 9 14.8 kv 1mt 15 21CE 37% 1?':'-‘cr)mn d
P 12.5wt% cm : min?  mm 05cC 3% o o2@n
AC
dispersion
11 P Feed rate
CA/TiO: CA 15 ) 1.1 ’ 60% + 0.7 mL min~?
Acetone 23 kV mL + -
el.spray 12.5wt% cm min-L mm 0.3°C 1% Needle inner
’ ?1.5mm

3.2 Fibre characterisation

The SEM images of the various membranes are shown in Figure 3 and Figure 4. The pure CA-based
electrospun fibres present a flat ribbon shape, as visible in Figure 3a and Figure 3b. Furthermore, they exhibit
a uniform morphology and a randomly oriented distribution over the surface of the membrane. The doped
fibres with either AC or TiO; are visible in Figure 3c and Figure 3d respectively. The images show that the
additives have been successfully incorporated onto the surface of the membranes. In contrast with the
smooth and uniform pure CA fibres, the additives cover the fibre surface of the doped membranes, affecting
their smoothness. In Figure 3d, it is evident how the deposition of TiO, in form of agglomerates has densely
coated the surface of the CA-based fibres, whereas the AC particles are highly dispersed on the fibre surface
of the CA/AC sample (Figure 3c). The additives affect the morphology of the fibres, their surface, and the
dimension of the pores. The result is a rougher surface and smaller pores, especially for the CA/TiO,

membrane (Figure 3d) compared to pure CA (Figure 3a,b) and the AC-doped fibres (Figure 3c).



(e) ®)
Figure 3: SEM images of (a) and (b) pure CA fibres, (c) AC doped fibres, (d) TiO, doped fibres, (e) composite membranes, second
layer, AC doped fibres and (f) composite membranes, fourth layer, TiO, doped fibres.

The SEM images of the composite membrane are shown in Figure 3e and Figure 3f, where the second and
the fourth layer of the membrane are displayed respectively, in order to show the additives on the fibres

surface. In this case, the TiO; seems to be less heavily deposited on the fibres (Figure 3f) and morphology is



affected in a milder form compared to the CA/TiO> membrane. However, AC is densely present in forms of

agglomerates on the second layer of the membrane (Figure 3e).

The fibres from the SEM images of the last membrane, fabricated using electrospraying of TiO; as part of the
electrospinning process, are presented in Figure 4. The flat ribbon shape has remained unchanged compared
to the previously described membranes. Again, TiO; has been successfully integrated onto the fibres surface
as visible in Figure 4b. Figure 4a revealed the presence of agglomerates of TiO; nanoparticles distributed
within the fibres and on the membrane surface. These agglomerates could be the result of non-complete
evaporation of the solvent during electrospinning and they partly cover the fibres, affecting the surface

morphology of the membrane.

(a) (b)

Figure 4. SEM images of electrospun CA fibres with TiO; electrosprayed using a co-axial setup.

In Table 2 the surface porosity of each membranes is reported. As the main doping method affected the first
layers of the membrane, the surface porosity was analysed and used as term of comparison between the
different methods. Compared to the pure CA, the membranes where additives have been added after
electrospinning recorded a decrease in surface porosity. The surface porosity of the pure CA membrane was
42%, whereas it dropped to 32.5% for CA/TiO; [43]. When titanium dioxide was electrosprayed during the
electrospinning of the polymer solution, the effect on the surface porosity of the membrane was milder and
the surface porosity decreased by less than 1% compared to the pure CA. This result reflects the different
influence that electrospraying of an additive implicates on the fibre mat, meaning that the additive was
distributed among the entire membrane volume. On the contrary, spraying of additives concentrates them

only on the membrane surface, resulting in a more significant influence on the surface porosity.

The thickness analysis led to the results presented in Table 2. The use of the additives had a significant

influence on these results [43]. The pure CA membrane is 0.11 mm thin, followed by the three single-additive



membranes with a thickness of 0.14 and 0.15 mm. The composite membrane showed an increase in thickness

of 82% compared to the pure CA membrane, due to the use of a layered configuration of fibres and additives.

Table 2: Thickness and surface porosity of the electrospun membranes

CA CA/AC CA/TiO, Composite CA/TiO; el.spray
Thickness (mm) 0.11+£0.016 0.14+0.012 0.15+0.005 0.18 £0.007 0.14 £0.024
Surface porosity (%) 42.0+5.4 38.5+2.6 325%5.1 344145 40.9+5.5

3.3 Toluene removal

The removal capacity of gaseous compounds was investigated by assessing the degradation through
photocatalytic oxidation and adsorption of toluene from the different membranes. The experimental study
was done on each sample and one more investigation was performed combining one CA/AC sample with a

CA/TiO; electrosprayed membrane.

The concentration of toluene inside the setup was stabilised at 22.5 ppm, while the relative humidity was
kept at 33% + 5%. The investigation was run for 40 min on each sample, of which 30 min the UV light was
turned on to initiate the photocatalytic oxidation of toluene. Figure 5 shows the results of the experiments
displaying the changes of the normalised toluene concentration in time for each tested sample, while the
initial removal efficiencies and the residence time are presented in Table 3. The pure CA membrane did not
adsorb any toluene, as expected. CA has no adsorption capacity and is used as a negative reference sample.
The toluene concentration through the pure CA membrane remained very stable throughout the experiment,
with an average deviation from the mean value of 0.15 ppm. The concentration of toluene significantly
decreased in a very short time in each sample containing AC, revealing their adsorption capacity. The
composite membrane showed an initial removal capacity of 33.1%, while the CA/AC alone and combined
with CA/TiO, electrospray showed an initial removal capacity of 39.6% and 45.5%, respectively. The
registered removal is due to the adsorbance capacity of AC. As can be seen in Figure 5, the concentration of
toluene started to increase again with a similar development for each of the three samples containing AC.
After 40 min of exposure to the pollutant, the removal efficiencies of the membranes have stabilised around

20%. Therefore, they haven’t reached the breakthrough after 40 min of exposure. The enhanced



performance of the combined CA/AC and CA/TiO, electrospray might be due to the increased residence time

for the reaction that allowed a higher amount of toluene being adsorbed from the activated charcoal.

The two membranes that contained TiO, did not show a clear reduction of toluene concentration. It is
noticeable that the concentration of toluene did not present the same stability around the average value as
it was before placing the membrane in the setup (the average deviation from the mean value was 0.17 ppm)
or while testing the pure CA membrane. The CA/TiO, and CA/TiO, electrospray showed an average deviation

from the mean value of 0.34 ppm and 0.56 ppm, respectively. Furthermore, while the two membranes were

Normalized toluene concentration

04 | —e—Composite
’ —4—CA/TiO2 el.spray + CA/AC
—m-CA/AC
0.2 1 %—Pure CA
—o—CA/TIO2

—e—CA/TIO2 el.spray
0 T T
0 10 20 30 40
Time (min)
Figure 5: Changes of normalised toluene concentration throughout the experimental study (the yellow dotted lines show the point
when the UV light is turned on and off).

irradiated with the UV light, formaldehyde was detected in the air flow, with peaks of 260 and 360 ppb for
CA/TiO, and CA/TiO, electrospray, respectively (Figure 6a and Figure 6b). Formaldehyde is recognised to be
one typical by-product of photocatalytic oxidation of toluene [24], [48]. Therefore, it can be concluded that

the photocatalytic reaction has been initiated in the set up.

CA/TIO, CA/TIO, el.spray
250 400
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Figure 6. Details on the experimental study of the CA/TiO, (a) and CA/TiO; (b) el.spray membrane. The development in time of the
normalised concentration of toluene and the concentration of formaldehyde in ppm is shown. The yellow dotted lines represent
the point in time when the UV lamp was switched on and off.



The reasons behind the inefficient toluene conversion from the TiO, might be related to different factors.
First, the UV lamp shines a rather diffusive and low-intensity light rather than directional and intense. This
means that the light was placed along the quartz tube where the membranes were kept and the intensity
reaching the TiO, might have not been enough to degrade the toluene inside the reactor [30], [33]. The
second reason might be related to the contact time, or residence time, which is the time that the gas
molecules spend in contact or near the photocatalyst. The residence time involved in this experimental study
ranges between 0.067 and 0.172 s, as shown in Table 3. Compared to others, the residence time is kept in
the range of seconds to minutes. In a typical air purification system, the residence time ranges from tens to
hundreds of milliseconds [49]. This is one main reason behind the difference of performance of
photocatalysts, which exhibit acceptable removal efficiencies in the laboratory and demonstrate worse
performance under real conditions [49]. Furthermore, the removal of BTEX through photocatalytic oxidation
with TiO; has been reported to decrease quickly as the residence time decreases from 3.7 and 0.6 min [32].
Therefore, as the residence time in this experiment was in the range of hundreds of milliseconds, the
photocatalytic oxidation might not have been initiated efficiently enough. Lastly, when the additives were
combined onto the surface of the membranes, it seems that the activated charcoal prevents the degradation
of toluene from the catalyst. No formaldehyde production was recorded, therefore the TiO, might have been
deactivated from AC, or the formaldehyde had been retained in the charcoal and could not be observed

during the experiment.

Typical indoor gaseous air pollutants are found in ranges of concentrations at the ppb and sub-ppb level [50]-
[53]. As already mentioned, the concentration of toluene in the setup was around 22.5 ppm, which
represents a relative high concentration compared to the typical indoor and outdoor levels of gaseous
compounds. Therefore, the amount of AC deposited on the membrane surface might maintain a higher

removal efficiency for a longer period of time when exposed to real conditions.

Table 3: Initial removal efficiencies and residence time for the different fabricated membranes.

Pure CA/TiO CA/TiO; el.spray +
Membrane CA/TiO, CA/AC Composite /TiO, /TiO pray
CA el.spray CA/AC
Initial removal
. - - 39.6% 33.1% - 45.5%
efficiency (%)
Residence time (s) 0.067 0.092 0.086 0.111 0.086 0.172

4. Conclusion

In summary, five CA based electrospun fibre membranes doped with AC and TiO, were fabricated to

investigate the adsorption and degradation capacity and the possible synergistic effect of these two additives



when combined. A rougher fibre morphology was concluded to be a direct consequence of the use of TiO,
and activated charcoal and the membranes doped with the additives had an increased thickness compared
to the pure CA membrane. The activated charcoal membranes have shown removal efficiencies for toluene
up to 45.5% with a residence time of 0.172 s and a toluene concentration of 22.5 ppm. The photocatalytic
oxidation was initiated as formaldehyde was detected in the N, stream, although the conversion rate of
toluene was not large enough to be detected. When the two additives were combined to investigate the
synergistic effect on the removal of toluene, activated charcoal adsorbed the pollutant preventing the

initiation of photocatalytic oxidation or it has also re-adsorbed the degradation products.
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Chapter 9

Discussion

9.1 Air filter performance

The main difference between the two generations of filters is related to the size range of
the average fibre diameter. The first generation of filters (Papers II and III) is part of
the so-called electrospun nanofibre filters with average diameters between 200 and 430
nm, and most of the fibre diameters were below 1 pm. The second production cannot
be defined as nanofibre filters, as the average diameter of the CA fibres reported in
Papers IV and V was around 4.2 ym with fibre diameters reaching 10 ym and above.
The average fibre diameter of the various filters was affected by the electrospinning
process, in accordance with the electrospinning review in Chapter 3.4.1. Apart from the
different solution parameters — the filters were produced using different polymer /solution
matrices — the adopted process parameters like feed rate and tip-to-collector distance
were significantly different. The PU fibres (Paper IT) and PVA fibres (Paper I1I) were
electrospun at feed rates in the range 0.1-1.3 ml h~—! and the TCD ranged between 16
and 19.5 cm. In contrast, the CA fibres (Papers IV and V) were electrospun at 1 ml
min~!, and the TCD was kept at 9 cm. A shorter TCD decreased the time for the
polymer solution jet to stretch [308] and, together with the use of a higher feed rate,
increased the average fibre diameter and pore diameter in the CA-fibre filters [309].
Indeed, as reviewed in Chapter 3.4.2, jet-stretching and jet-elongation are the phenomena
that define the final fibre morphology and diameter. The flat-ribbon shape of the CA
fibre is also a result of an electrospinning process during which jet-stretching and solvent
evaporation had limited time to perform [310]. A qualitative analysis of the PU and
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PVA filters confirmed a lower porosity compared to the CA filters, which also led to
pressure drops with values up to 3,000 Pa at 0.053 m s~!. Moreover, CA fibre filters
showed improved quality factors, which could be a benefit of the short electrospinning
time, in accordance with [205].

Several studies have reported or mentioned the effect of the slip-flow phenomenon,
which is dominant when fibres are in the nano-range, and its advantages when it comes
to pressure drop [134, 136, 208].]. Electrospun nanofibres have been produced with the
aim of exploiting the slip effect. Usually, the focus of these studies would be on the fibre
diameter, so that it would be comparable to the mean free path of air molecules and
the air flow pattern would be within the transitional flow regime (Chapter 3.2.2 and
Figure 3.5), thus achieving lower pressure drops compared to conventional microfibre
filters. However, comparing the two generations of filters, parameters like porosity and
filter packing density have shown significant impacts on the filter air resistance. This
is consistent with the models presented in Chapter 3.2.2, which show how the drag
coefficient is directly dependent on . Even though the filters of the first generation had
smaller fibres and were thinner, the resulting pressure drops were two to three orders of
magnitude larger than the second generation. Therefore, an adequate porosity and filter
packing density are the primary requirements to achieve a negligible pressure drop. The
presence of nanofibres should be considered to a limited extent [204].

Furthermore, electrospun fibres have usually been tested at very low face velocities
(0.05 to 0.1 m s~!; see Table 3.3 in Chapter 3.3), such that a direct comparison with
the performance of conventional filters is not feasible. Indeed, the typical range of face
velocities adopted in ventilation systems is generally in the range of 1-3 m s™! [135]. In
the case of the nanofibre filters from Papers II and III, a wide range of face velocities
could not be reached because the imposed pressure drop would be outside the detection
limit of the measuring apparatus available. In contrast, in the study presented in Paper
IV, the CA filters’ pressure drop could be assessed also at face velocities of 0.8-1 m s™!
(see Table 3 in Paper IV).

The pressure drop measurements for the two generations of filters demonstrate that
the second generation of filters, which displays a very low pressure drop, represents the
most remarkable result accomplished throughout the research work. The pressure drops

I are used to allow comparisons with filters between the

at face velocities of 0.053 m s~
two productions and with other results reported in the literature. Figure 9.1 shows the
pressure drop recorded for the fabricated filters. A pressure drop between 3.5-3.8 Pa is
a result that is not commonly achieved in other studies with electrospun fibre filters (see

Table 3.3 for reference). It is interesting to note the different influences the additives
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have had on the filters between the two generations. The additives had a positive impact
on the pressure drop when they were introduced within the polymer solution prior to
electrospinning (PU filters, Paper IT and PVA filter, Paper III). The pressure drop of the
doped filters decreased significantly compared to the pure polymer fibre filters (Figure
9.1). In contrast, when the additives were sprayed after electrospinning, they slightly
increased the pressure drop (Paper IV). The reason for this is related to the distribution
of the additives on the filter surface. Air spraying the additives affected only the fibre
morphology of the first layers of fibres, decreasing the surface porosity of the doped filter
(Table 2 in Paper IV). Conversely, electrospinning the additives in solution modified
the morphology of the full volume of fibres, which showed a rougher surface, smaller
diameters and, consequently, larger average pore size compared to the corresponding

pure polymer filter (Table 2 in Paper III).
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2 : PVA |
5 PU+T102:
g1 PU+AC,
vj' PVA+AC |
_PVATIO|
Composite
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1 10 100 1,000 10000
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Fig. 9.1: Pressure drop of the fabricated filters recorded at a face velocity of 0.053 m s~ 1.

The particle filtration efficiency of the two generations of filters could be compared to
a certain extent. Generally, comparing filters is complicated because their performance
might have been investigated under different conditions. In the studies reported in
Papers II, III and IV, the filters were investigated for the removal of different particle
sizes. Even though the filtration efficiency of the first generation of filters was assessed
for particles with diameters from 12 nm to 480 nm, there were not enough particles above
200 nm to obtain statistically meaningful results. Therefore, the results are limited to the
range 12-200 nm (Paper II and III). The filtration efficiency of the second generation of
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filters was studied instead for particle sizes between 0.3 and 10 pm (Paper IV). Therefore,
the comparison between the two generations is feasible for particles of 0.3 pm diameter.
However, since the first generation of filters had such high filtration efficiencies (most
filters were above 94%, while the PU/TiO; filter was 88%) for particles below 0.2 pm,
which are the most difficult to trap, it can be assumed that the filtration efficiency would
not decrease for larger particles (up to 10 pum). The overall assessment is that the first
generation of filters undoubtedly performed better than the second in terms of filtration
efficiency for the smallest particles. The larger fibre diameters and higher porosity of the
CA filters led to higher small-particle penetration. Indeed, CA filters reached 71-84%
removal of 0.3 um particles, with the doped filters showing improved results compared
to the pure CA-fibre filter (Figure 8, Paper IV). The filtration efficiency of the CA filters
generally increased for particles between 1 to 10 pm, exceeding 90% for pure and doped
filters.

Again, the additives played relevant but different roles in the filtration efficiency
results of the different filters. In the case of the PU filters reported in Paper II, the
use of additives decreased efficiency (98.1% for the pure PU filter, 93.7% for PU/AC
and 42.8% for PU/TiO3). Most probably, the additives led to rougher fibre surfaces
and therefore larger pore sizes, confirmed by the significant decrease in pressure drop
(Figure 4, Paper II). Moreover, in the case of PU/TiOs,, the severe decrease in filtration
efficiency might be related to static electrical charging [215]. The use of additives had a
milder effect on the overall particle filtration efficiency of the PVA filters, which reached
values between 97 and 98% (Table 3, Paper I1I). However, an interesting result is related
to the different pressure drops imposed from filters with similar filtration efficiencies
(Figure 8, Paper III). The PVA pure filter showed a pressure drop of 2,700 Pa at 0.053
m s~1, while PVA/TiO5 showed 195 Pa; these filters had particle filtration efficiencies of
97.6% and 97.8%, respectively. Therefore, the morphology of the fibres characterised by
rougher surfaces enhanced the particle filtration even for filters with larger pore sizes
(Table 2, Paper III).

Furthermore, the additives significantly increased the filtration efficiency of the CA-
based filters. Spraying AC and TiOy on the electrospun fibres resulted in an overall
improvement of the particle filtration efficiency of all particle sizes (Figure 8, Paper IV).
The most remarkable improvement is related to the small particles (0.3-0.5 ym), which
increased from 73% for the pure CA filter to 84% for the composite filter, in which both
AC and TiO3 were embedded in two separate layers (Table 3, Paper IV). This result
is explained by the decrease in surface porosity imposed on the outer fibre layers by
the presence of the additives and the increase in fibre surface roughness. In conclusion,
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the use of additives not only enhances the removal capacity of the filters for gaseous
compounds but also has a significant impact on particle filtration efficiency.
Nevertheless, the quality factor is the most appropriate parameter to compare the
performance of the filters in terms of the ratio between particle filtration and pressure
drop and to assess the overall impact of the additives on the filter performance. The
quality factors (Q) were re-calculated for all the produced filters and are presented
in Table 9.1 to allow for a comparative discussion between the different polymer-based
filters. To do so, the Qf were calculated using performance assessed under comparable

I were used to

conditions. The filtration efficiencies at a face velocity of 0.053 m s~
calculate the Q of the first generation of filters. The filtration efficiencies for the second
generation were recorded at 0.8 m s~!, which might underestimate their quality factors.
The particle sizes considered for the filtration efficiencies are around 0.2-0.25 pm for
the first generation of filters and 0.3 pum for the second generation. Regardless of the
different impacts that the additives showed on particle filtration and pressure drops as
described above, the quality factors generally increased for the doped filters compared to
their respective pure polymer filters. The only exception is related to the PU/TiOq filter,
in which the decrease of filtration efficiency was larger than the decrease in pressure
drop, resulting in a lower quality factor than for the pure PU filter. Nevertheless, the
results confirm the higher quality of the second generation of filters based on CA, which
achieved values up to two orders of magnitude higher than the first generation. Moreover,
the composite filter achieved a significantly higher improvement of the quality factor
(0.49 Pa~1). To the best of the author’s knowledge, Qs as high as those of the CA filters
are rarely reported in other studies involving electrospun fibre filters investigated under
comparable conditions.

Table 9.1: Quality factors of the produced filters.

1! generation 2"? generation
Filter Qs (Pa~!) Filter Qs (Pa~!) Filter Qs (Pa™t)
PU 0.0016 PVA 0.0014 CA 0.3567
PU/AC 0.0035 PVA/AC 0.0116 CA/AC 0.3949

PU/TiO2 0.0009 PVA/TiO, 0.0196 CA/TiO, 0.3725
Composite 0.4872

Regarding the VOC removal capacity of the filters, the CA-based filters employing
activated charcoal removed 45.5% of toluene from the polluted air stream even at high
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toluene concentrations (22.5 ppm, Paper V), whereas the AC-doped filters from the first
generation did not adsorb any toluene when exposed to low concentrations (1-1.5 ppm,
Papers IT and III). Two factors could explain this difference. As mentioned earlier, the
doping method involved spraying the additive on the fibre surface to ensure that the
additive surface would be in direct contact with the polluted air stream. In contrast,
when the additives have been mixed in the polymer solution, their surface might have
been wet by the polymer, preventing adsorption. Secondly, the improved performance
could be related to the longer residence time when assessing the performance of the
second generation of filters. The face velocities used in the two experimental studies are
comparable (0.053 m s~! in Paper IT and IIT and 0.064 m s~! in Paper V). However,
the CA-based filters were pleated inside the setup. Therefore, the filter surface area and
volume are increased, resulting in a higher residence time throughout the investigation
compared to the experimental studies with the PU and PVA filters.

The use of TiOs to initiate the photocatalytic oxidation of toluene achieved similar
results when investigating the two generation of filters. The use of FTIR to investigate
the CA-based filters allowed a quantitative analysis of by-product formation from the
oxidation of toluene, and formaldehyde was detected. In the first investigation, the
formation of by-products could only be hypothesised since they could not be directly
detected. In the literature, successful photocatalytic oxidation has involved residence
times in the range of tens of seconds to minutes [181, 218]. By comparison, the residence
time of Paper V was in the range of milliseconds. Furthermore, a xenon light was used
in the first study (Paper II and III), which has a considerably higher intensity than the
UV lamp employed in the second (Paper V). Higher light intensity leads to a higher
conversion rate of VOCs when involving photocatalytic oxidation [169]. The intensity of
the lamp used in the second study (Paper V) may have been too low to show a significant
toluene conversion.

The combined use of the two additives has shown a positive effect with regards to the
particle filtration for the composite filter. In previous studies, such additive combinations
improved the overall performance of a filter [179, 180]. Once there is significant oxidation
of the pollutant, the combined use of AC would be beneficial; AC could either adsorb
potential by-products formed by incomplete VOC oxidation or immobilise the pollutant
on the filter surface and thereby increase the residence time, allowing oxidation to
occur [179, 181].
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9.2 Overall discussion

The electrospinning process significantly influenced the fibre morphology and diameter,
which then influenced filter parameters such as porosity and fibre density. The use of
additives affected the fibre surface and the porosity of the filter, which affected air filter
performance and filter quality factors. The presented studies provide evidence that
final porosity and filter packing density significantly influenced air filter performance, in
accordance with theory (Chapter 3.2.2). The fibre diameter range especially influenced
the filtration efficiency for small particles (<0.3 pm). Nevertheless, nanofibre filters
imposed a pressure drop from 195 to 3,092 Pa, while the CA microfibre filters showed a
pressure drop between 3 to 4 Pa at 0.053 m s~!. Therefore, the CA-based filter achieved a
quality factor of 0.487 Pa~!. To further improve the filter’s quality factor, the nanofibres
could be restricted to a few layers to avoid an excessive increase in the pressure drop of
the filter and to improve the removal of particles below 0.5 um size [204, 205].

In fact, the novelty of the CA filters is related to the described performance. Typically,
the electrospun fibre filters reported by other groups are thin. However, to achieve
a remarkable particle filtration efficiency, the filters must be very dense and are thus
always associated with a rather significant pressure drop. The novelty of the filters
reported in this thesis lies in the fact that the fabricated ultrathin fibre filters had
minor pressure drops (3-4 Pa) and adequate particle filtration efficiencies (above 78%),
rendering them suitable for natural ventilation systems. The quality factor confirmed
the improved quality of the filters, as such values are rarely reported in the literature
for similar filters. Furthermore, the reported CA filters presented a more sustainable
alternative to the synthetic polymers commonly used (Tables 3.3 and 3.4, Chapter 3);
biodegradable polymers based on renewable materials — which do not contribute to
microplastic formation during use and upon disposal — could be used instead.

The doping methods had a significant influence on the final performance of the filters
(Papers II, IIT and IV). Depending on the method used, the presence of the additives
increased (spraying after electrospinning — Paper IV, Table 3) or decreased (mixing prior
to electrospinning — Paper II, Figure 4 and Paper III, Figure 8) the filters’ pressure
drop. Overall, the use of additives had a positive influence on the particle filtration
efficiency among the different generations (Papers II, IIT and IV), but especially when
spraying the additives after electrospinning. In this technique, the doped filters presented
a significantly improved filtration efficiency compared to the pure fibre filters (Paper IV,
Table 3 and Figures 8 and 9).

Based on the results on gaseous removal capacity, the doping method based on
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additive-in-solution is not preferable because it requires the continuous adjustment of the
electrospinning process. Moreover, as shown in Papers IT and III, the additive surface
might be wet with the polymer, which could prevent reaction with the VOCs. Electro-
and air-spraying are favoured methods to functionalise the fibres because the additives
are deposited on the fibre surface (Paper V). Indeed, the CA/AC fibre filter doped with
air spraying achieved 45.5% VOC removal (Paper V), whereas the PVA/AC and PU/AC
filters, in which the catalyst was mixed in the polymer solution prior to electrospinning,
showed no significant adsorption of gaseous pollutants (Papers II and Paper III). The
reason for the PU/AC and PVA/AC results could be that AC was embedded in the
polymer and saturated by the hydrophobic solvent needed to dissolve the polymer.

The use of TiO5 as a photocatalyst for treating polluted air has been shown to
produce by-products such as formaldehyde (Paper V). The conversion of VOCs was
not sufficient to see a notable reduction of toluene concentration, but the formation of
by-products confirmed that photocatalytic oxidation was initiated. The reason for this
result is related to the residence time and the UV light intensity in the study conditions.
A potential solution to this issue might be to increase the UV light intensity on the
filter surface to achieve complete VOC oxidation while also increasing the layers of
the photocatalytic filter, thus lengthening the residence time and improving the VOC
degradation rate.

The CA-based filters have great potential for use in naturally ventilated buildings.
Traditionally, such buildings are not designed for the installation of supply air filtration
(see Chapter 3.2.1), allowing outdoor pollutants to increase indoor pollution levels.
Indeed, as reported previously, the dominant source of indoor particles is outdoor air [17].
As presented in Table 2.3 (Chapter 2), the negative impacts of pollutants such as particles
and VOCs on human health are critical. Furthermore, as mentioned in Part I, existing
natural ventilation systems might only be able to handle very low pressure drops because
either there is no mechanical fan or a single fan is present to assist extraction. Existing
buildings with such ventilation designs might have ventilation openings on the facade that
offer limited space for modifications or the installation of spacious air filtration devices.
The ultrathin electrospun filters reported in Papers IV and V could be installed in
such conditions, undoubtedly improving the indoor air quality compared to the existing
conditions without affecting the energy use of the building.
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Conclusions

10.1 Conclusion

Electrospun fibre filters represent a potential alternative to commonly used filters for
improving the indoor air quality of residential buildings while causing a negligible increase
in building energy use.

The use of electrospinning to fabricate a thin non-woven fibre material makes it
possible to tune the porosity during fibre formation. It is possible to produce filters
with diverse characteristics and configurations, from multi-layers to sandwich filters, and
to embed additives within fibre layers. Indeed, electrospun fibres can be functionalised
with active chemistry, and various types of catalysts can be used to dope the filters
either before, during or after the electrospinning process. The flexibility of the achievable
results makes electrospinning a versatile and reasonably fast method to produce materials
for various filtration purposes.

The novelty of the studied filters is related to their polymer matrix, which is based on
cellulose acetate, a biodegradable and sustainable material. Compared to common filters
made from synthetic polymers based on mineral oil, cellulose acetate is a biopolymer.
Therefore, it does not pose any risk of either releasing micro-plastics in the air or
increasing the plastic load upon filter disposal.

The use of additives has been shown to improve the air filters’ performance. The
particle filtration efficiencies of the doped filters increased compared to undoped filters.
Mixing the additive in the polymer solution prior to electrospinning led to a decreased
pressure drop compared to the pure fibre filter, while doping after electrospinning resulted
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in a slight increase in the observed pressure drop. Nevertheless, the doped filters showed
higher quality factors than pure polymer filters.

The filters have been demonstrated to remove various air pollutants. Particles in
the range from 0.3 to 10 pm were removed with average filtration efficiencies of 78%
(0.3-0.5 pm), 93% (1-3 pum) and 90% (>5 pm), including variously charged particles.
The same filters have shown an obtainable VOC removal of 45.5%. These performances
were achieved at the cost of a pressure drop between 3 to 4 Pa at a 0.053 m s~! face
velocity. The results represent remarkable achievements that have not been reported
elsewhere as of today. Indeed, ‘highly efficient’ electrospun filters usually display pressure
drops one or two orders of magnitude higher than the presented ones. Therefore, the
cellulose acetate-based filters have successfully optimised the ratio between filtration
efficiency and pressure drop, obtaining improved quality factors compared to similar
filters previously reported in the literature.

10.2 Future research

The fabricated filters were tested in a controlled environment in the laboratory. Additional
research should investigate the filters’ long-term performance, estimate their lifetime
under real conditions in a building and evaluate whether it is possible to regenerate the
filter materials. The incorporation of flame retardant additives and their effect on overall
filter performance should also be studied.

The possibility of negative synergistic effects among particles and VOCs should be
studied to assess the overall performance of the filters.

Finally, for a deeper understanding of the inner workings of this kind of filter, a
multi-scale and multi-parameter physics model should be developed.
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