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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].

@,

Outdoor pollution

Outdoor pollution entering]
indoor through mechanical
ventilation
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i
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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].
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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



32 Chapter 3. Air filtration technologies

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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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 pa