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Introduction

Les objectifs de cette thèse étaient l'étude des performances d'un filtre en polypropylène fibreux traité avec du pyrithione de zinc (PP/ZPT), comme agent antimicrobien, en comparaison avec un filtre non traité (PP) utilisé dans les unités de traitement de l'air. Les questions scientifiques étaient liées à l'effet, sur les mécanismes antimicrobiens, de l'humidité relative, au genre microbien (bactéries, champignons) et aux espèces (Gram+, Gram-), à la présence de particules collectées sur le filtre, à la nature du milieu fibreux et à la qualité de l'air.

A cette fin, après une étape bibliographique, l'étude a été divisée en 3 parties expérimentales correspondant à : (i) la caractérisation et les performances de filtration des filtres testés ; (ii) le devenir microbien sur le filtre PP et PP/ZPT dans des conditions contrôlées ; (iii) les performances de filtration et la survie microbienne sur les filtres fonctionnant dans des conditions réalistes dans un environnement semi-urbain.

Chapitre 1: Bibliographie

Le premier chapitre a eu plusieurs objectifs tels que l'établissement d'un état de l'art des études antérieures portant sur la qualité de l'air intérieur et extérieur, notamment en ce qui concerne les particules microbiennes et les aérosols, ainsi que leur impact sur la santé. Ensuite, les techniques de génération, d'échantillonnage et de caractérisation des aérosols sont présentées afin de fournir un support technique pour la réalisation des parties expérimentales de ce travail. Puis est exposée une description des systèmes de ventilation et de traitement de l'air (CTA), ainsi que la théorie de la filtration sur des médias filtrants fibreux. Enfin, les études antérieures sur le comportement des aérosols microbiens sur les filtres de la CTA sont discutées afin d'identifier les paramètres d'influence.

Chapitre 2 : Caractérisation et performances de filtration des filtres antimicrobiens et non traités étudiés.

Ce chapitre décrit d'abord les propriétés structurales poreuses des deux filtres testés afin de les comparer entre eux. Les performances de filtration des filtres, en ce qui concerne la collecte des particules PM10 dans des conditions contrôlées à l'échelle du laboratoire sont ensuite présentées.

Les deux filtres testés, antimicrobien et non traité, ont révélé des performances de filtration similaires en termes de changement de pertes de charges et d'efficacité de collecte de particules pendant leur colmatage, ce qui signifie que le traitement antimicrobien ne dégrade pas les performances de filtration du filtre (Figure R1a,b). Dans cette section, une approche méthodologique originale a été développée pour étudier l'efficacité antimicrobienne des filtres commercialisés contenant du pyrithione de zinc qui est connue pour son effet contre les micro-organismes à l'échelle du laboratoire. La croissance microbienne sur des filtres neufs et usagés, tous deux contaminés par aérosolisation avec un consortium microbien composé de deux bactéries (Staphylococcus epidermidis Gram+, Serratia marcescens Gram-) et de spores fongiques (Penicillium chrysogenum) a été mesurée.

L'influence de trois paramètres sur la survie microbienne sur les filtres a été examinée : l'humidité relative de l'air, la présence ou l'absence de pyrithione de zinc (ZPT) en tant que substances antimicrobiennes et la présence de particules organiques. L'effet de deux niveaux d'humidité (RH 50 % ou 90 %) pendant le conditionnement du filtre ainsi que la présence de particules organiques, pour imiter le filtre usagé, sur les filtres ont également été étudiés (Figure R2a,b). Les résultats obtenus dans le cadre de cette étude confirment qu'il existe une relation claire entre l'humidité relative et la survie des microorganismes recueillis par un filtre fibreux utilisé dans le traitement de l'air intérieur. Plus l'air contient de l'eau et meilleure est la survie. Cet effet a été renforcé par les particules collectées sur le filtre qui ont augmenté la capacité de rétention d'eau du filtre. De plus, le comportement de la souche fongique est différent de celui des bactéries, et les champignons peuvent présenter, dans certaines conditions spécifiques, une phase de croissance dans le média filtrant. L'ajout de particules organiques dans le filtre renforcera ce dernier phénomène en présence d'un taux d'humidité élevé. De plus, l'ajout de substances antimicrobiennes (pyrithione de zinc) dans le média filtrant pourrait dans certains cas réduire le développement microbien, mais cet effet dépend de la souche et pourrait être masqué par la collecte de poussière (Figure R3). Le dernier chapitre vise à évaluer les performances de filtration des 2 filtres testés dans le chapitre précédent, dans des conditions réalistes avec un air extérieur semi-urbain. Le comportement des microorganismes de l'air extérieurs sur les filtres (croissance/mortalité) a été observé sur une période de 7 mois. Deux unités de filtration fonctionnaient à IMT-Atlantique, l'une contenant le filtre PP/ZPT et l'autre le filtre PP (Figure R4). Chaque unité filtrait le même air semi-urbain. Les deux unités de filtration ont fonctionné en continu et plusieurs paramètres ont été évalués tout au long de la période d'exploitation : la température, l'humidité relative, les pertes de charges du filtre, l'efficacité de collecte des particules, la concentration massique des particules à l'entrée et les concentrations microbiennes de l'air.

De plus, la concentration microbienne sur les filtres a été quantifiée 3 fois (tous les 2 mois) à partir d'une méthodologie innovante basée sur des coupons de média fixés sur le filtre. Il est intéressant de noter que le comportement des microorganismes en filtration ne conduit pas à une augmentation progressive de la concentration microbienne sur le filtre lors de l'encrassement comme c'est le cas pour les particules dans un procédé de filtration conventionnel. En effet, pour les particules, la concentration de particules déposées augmente au fur et à mesure que le colmatage augmente, ce qui est proportionnel au temps de fonctionnement du filtre. Deux conclusions principales pourraient être proposes :

 Les deux filtres testés ont présenté des performances de filtration différentes en termes de changement de perte de charge et d'efficacité de collecte de particules par rapport à celles obtenues à l'échelle du laboratoire. En effet, la cinétique plus lente du colmatage et le niveau d'humidité rencontré par les filtres accentuent le phénomène de décharge des fibres (filtre électret). Ainsi, l'efficacité de la collecte des particules diminue avec le temps pour les 2 filtres et la variation des pertes de charges présentent une faible évolution (Figure R5a,b).  La méthodologie innovante de l'utilisation des coupons comme échantillonneurs a permis d'étudier le comportement des micro-organismes tout au long de l'étude. L'effet antimicrobien de pyrithione de zinc a été confirmé concernant l'inhibition des champignons cultivés sur la gélose DRBC sans influence du niveau d'encrassement du filtre (dépôt de masse de particules). L'écart statistique de l'action sur le comportement bactérien était plus élevé et empêche de tirer des conclusions précises (Figure R6). 

Conclusion et perspectives

Ces travaux de thèse permettent de proposer trois conclusions majeures :

 Très forte influence de l'humidité sur la survie des microorganismes et plus particulièrement des bactéries ;

 Pas d'altération des performances de filtration vis-à-vis de PM10 suite au traitement antimicrobien par le zinc pyrithione des fibres ;

 Confirmation de l'effet antimicrobien du zinc pyrithione sur les mycètes que ce soit sur la souche pure du laboratoire ou dans les conditions réalistes avec les souches sauvages sur un filtre neuf a peu colmaté.

De ce travail, de nombreuses perspectives scientifiques émergent. Il serait donc intéressant de développer les points suivants :

 Mettre en oeuvre une caractérisation microbiologique plus complète des aérosols microbiens et des microorganismes recueillis sur les filtres. En particulier, les techniques de biologie moléculaire ou les méthodes d'analyse pour la quantification des marqueurs, comme les endotoxines produites par les micro-organismes.

 Etudier les sous-produits microbiens serait intéressant d'autant plus qu'ils sont soupçonnés d'être des éléments avancés du SBS (syndrome du bâtiment malade).

L'intervention d'un seul micro-organisme virulent peut causer des problèmes de santé pour les importateurs, où également que des milliers de micro-organismes qui ont été inhalés n'auront pas d'impact sur la santé humaine.  Etudier l''efficacité biologique viable de la collecte d'aérosols du BioSampler en fonction du taux d'échantillonnage, du volume de collecte et de la taille des particules.

Pour obtenir des performances optimales, les taux d'échantillonnage et les volumes de collecte peuvent être ajustés en conséquence pour le BioSampler pour la particule bioaérosol cible.

 Etudier l'humidité qui semble être un facteur clé, surtout pour une raison de réactivité des polluants, ce qui permet de mieux étudier le comportement des microorganismes collectés à différents niveaux d'humidité.

 Etudier plus en détail l'influence de la teneur en eau des médias filtrants et du gâteau de particules sur le comportement des micro-organismes sur les filtres.

 Effectuer une caractérisation chimique de l'aérosol urbain pour mieux comprendre l'influence de l'humidité de l'air sur le gâteau de particules et évaluer l'altération des performances des filtres.

 Il serait intéressant d'étudier l'évolution des concentrations microbiennes et de l'efficacité des filtres par rapport aux microorganismes pendant la période hivernale.

 Évaluer l'influence du taux de filtration sur les différents mécanismes de collecte des fibres filtrantes et sur la performance des filtres. IV IV .3 Overall methodology ...................................................................................................................82 IV.4 ................................................................................................................ III.1.2.2 Results analysis: influence of humidity.......................................................................................... III.1.2.3 Results analysis: influence of temperature .................................................................................. III.1.3 ................................................................................................ III.2.3.2 Comparison between microbial concentration in the AFU and outdoor ......................... III.3 Filtration performances ....................................................................................................... 13: Optimum relative humidity range for minimizing adverse health effects [START_REF] Arundel | Indirect health effects of relative humidity in indoor environments[END_REF] [START_REF] Mallawaarachchi | Green framework to improve indoor air quality in buildings: reducing the impact of sick building syndrome on office workers in Sri Lanka: a literature review[END_REF]. In addition, the World Health Organization (WHO) recently reported that air pollution caused around seven million premature deaths in 2012, of which 4.3 million were related to indoor air pollution (WHO., 2014).
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Indoor air pollution basically refers to a variety of chemical, biological and physical agents that pose a health threat or cause discomfort, such as the pollution by particulate matter (PM) which refers to a wide range of particles (solid or even liquid) that are small enough to be airborne, and therefore inhaled by people. The particles vary considerably in size, but the smaller particles pose the highest health threat because they can travel deepest into the lungs.

Bioaerosols and more specifically microbial aerosols are of major concern in office and commercial buildings. They can have an important impact on air quality, indoor climate and health [START_REF] Wei | Microbial aerosol characteristics in highly polluted and near-pristine environments featuring different climatic conditions[END_REF]Xu & Yao, 2011). Bioaerosols are responsible for about 5-34 % of all indoor pollution, and their abundance depends on indoor moisture and temperature conditions (Nazaroff, 2013;Srikanth et al., 2008).

Various methods could be proposed for air cleaning and peoples protection from bioaerosols such as air re-new, filtration, ultraviolet germicidal irradiation, photocatalytic oxidation or plasmacluster ions (Bolashikov & Melikov, 2009). Nowadays the most common technique to collect the bioaerosol in air handling units (AHU) remains filtration.

Microbial growth onto Heating Ventilation and Air-Conditioning (HVAC) filters was observed in the literature in laboratory conditions (Kemp et al., 1995;Morisseau et al., 2017) but also in real conditions [START_REF] Maus | Survival of bacterial and mold spores in air filter media[END_REF]Simmons & Crow, 1995). Possible release of the microorganisms downstream of the filters may degrade the microbial indoor air quality.

That's why innovative air filter containing antimicrobial treatment are designed to be implemented in HVAC systems, or in portable room air cleaner or automotive. The antimicrobial efficiency of the coating or treatment of the air filters varies according to the antimicrobial agent and in particular if the filters are new or used. The main issue with antimicrobial air filter is that the coating may lead to change in the filtration performance (Verdenelli et al., (2003) and Hwang et al., (2012)) in particular by increasing the airflow resistivity of the filter.

The objectives of this thesis was the study of the performances of fibrous polypropylene filter treated with zinc pyrithione, as antimicrobial agent, in comparison with regular one used in air handling units. The scientific question were related to the effect, onto the antimicrobial mechanisms, of relative humidity, to the microbial genus (bacteria, fungi) and species (Gram+, Gram-), the presence of collected particles onto filter, the nature of the fibrous media, and the air quality. The porous structural properties of the filters were quantified so as the filtration performances for two scales: at the lab scale with a bacteria-fungi consortium and at realistic scale with filters operating for 7 months with semi-urban outdoor air.

The Chapter I proposes a bibliographic review about the particle and microbial particle removal by filtration technique, the implementation of air filter in air conditioning systems, the bioaerosols sampling/measuring/generation techniques and the issue of microbial growth onto air filters.

The Chapter II presents the results of characterization of the porous structural properties of the tested filter and their filtration performances regarding PM10 particles.

The Chapter III presents the microbial behavior onto the antimicrobial and regular tested filters under controlled conditions with a bacteria-fungi consortium.

The Chapter IV presents the results of filtration performances of the antimicrobial and regular tested filters operating in realistic conditions with semi-urban outdoor air for 7 months.

Chapter I State of the Art INTRODUCTION

This first chapter has several objectives. As a first step, establish a state of the art of previous studies dealing with indoor and outdoor air quality, particularly concerning microbial particles and aerosols, as well as their impact on health. As a description of the ventilation systems and air treatment, as well as the theory of filtration on fibrous filter media is exposed. Then, techniques for generating, sampling and characterizing aerosols are presented in order to provide technical support for carrying out the experimental parts of this work. Finally, previous studies on the behavior of microbial aerosols on AHU filters will be discussed to identify influencing parameters.

II INDOOR AIR QUALITY

The air quality is on the agendas of government institutions and it generates interest in the scientific community. For example, recently the European Union has proposed a new policy to enforce more rigorously existing standards and set new targets for 2020 and 2030 to limit emissions of major air pollutants at national levels. Fine particles are considered with special attention since they continue to pose serious air pollution problems with health effects such as allergies or respiratory diseases (European Commission, 2013). The European Union has established threshold values for various pollutants including fine particulate PM2.5 located (particles with a diameter less than 2.5 µm) and PM10 (particles with a diameter less than 10 µm).

The thresholds were exceeded in 17 countries including France, since the entry into force of European legislation in 2005. In France, these exceedances were observed in areas that are close to major roads, or urban centers high traffic density. Similarly, the presence of industries and residential heating seem to be the causes of such overruns [START_REF] Gcdd | La qualité de l'air en 2011[END_REF]. The air quality of record in France highlights four major emitting sectors: agricultural activities, manufacturing, residential and tertiary sector and road transport [START_REF] Medde | Bilan de la qualité de l'air en France en[END_REF]. However, in the air is also another type of particle, less known. This is of biological character of particles which are either living organisms or derivatives thereof, called "bioaerosols". The bioaerosols are ubiquitous components from atmospheric aerosols and they include both microorganisms, but also fragments of all the varieties of life forms [START_REF] Matthias-Maser | Seasonal Variation of Primary Biological Aerosol Particles[END_REF]. There is currently no threshold value set by the European and French directives.

However, the microbial aerosols, as well as fine particles, may be the cause of health effects.

The presence of microorganisms indoors has been related to several health and discomfort outcomes including respiratory diseases, odors, and occupant dissatisfaction [START_REF] Verhoeff | Health risk assessment of fungi in home environments[END_REF]. But the majority of previous indoor biological studies have relied on an assessment of cultivable microorganisms that represent only a small fraction of the total microorganisms present indoors [START_REF] Toivola | Personal exposures and microenvironmental concentrations of particles and bioaerosols[END_REF]. Where, several studies have applied culture-independent, DNA-based approaches to better characterize the diverse bacterial and fungal communities present in indoor environments [START_REF] Täubel | The occupant as a source of house dust bacteria[END_REF]. The application of molecular biology tools to indoor environmental investigations should reveal a much greater fraction of the microbial community present than cultivable methods, a finding confirmed by Pitkäranta et al. 2008, and this highlighting the need to develop an integrative methodology to assess indoor biological contaminants.

It is interesting to watch carefully the quality of the outside air, as is reported in the literature that about 50% of outdoor pollutants are introduced inside the buildings and they have an important impact on the indoor air quality (IAQ) (González et al., 2016). Moreover, it has been shown that people in industrialized countries spend over 80% of their time in indoor environments and breathe roughly between 15 and 20 m 3 of air per day [START_REF] Bennett | Strategies and technologies: Controlling indoor air quality[END_REF]. IAQ is therefore a major challenge for public health, as in indoor air, high levels of pollutants such as fine particulate matter, volatile organic compounds (VOCs) and biological contaminants, can be observed [START_REF] Yu | Review of research on air-conditioning systems and indoor air quality control for human health[END_REF].

Particles are generated or become airborne with everyday human activity. For example, a sedentary person in a standing or sitting position generates approximately 3.5 million particles per cubic meters, moving from a sitting to a standing position generates 88 million particles per cubic meters, moderate activity generates billion particles per cubic meters, industrial processes in manufacturing or machine shops generate 35 billion of particles per cubic meters, and the airborne particles vary in size depending upon the source [START_REF] Whitt | Guidelines for exposure-response measurement of fine and ultra fine particulate matter for use in epidemiological studies[END_REF]. The solid and liquid particles that are less than 10 microns can aggravate health conditions and cause respiratory problems in humans. A healthy human body can filter out particles as small as the 3-5 micron size via the respiratory system; however, it is exposure to smaller sub-micron particulate matter that can present health risks in humans (Figure 1). 

III FILTRATION

Particulate filtration is a widely used process in Air Handling Units (AHU). It has an interesting efficiency, maintenance and operation are relatively simple and several configurations and dimensions of the filters can be adapted to the installations allowing the conditioning of air. The choice of the filters follows a conscientious analysis of the nature and concentration of the atmospheric aerosol to be treated, the quality of the air required at the outlet and the energy consumption constraints of the process. The role of air filtration in AHU is therefore to improve air quality and reduce the transport of pollutants from the outside to the inside, particularly with regard to particles.

Modern buildings are provided with mechanical ventilation systems which have two main objectives: the renewal of air in indoor environments and the evacuation of pollutants. Air handling units (AHU) are often added to systems. In general method, the AHU could be composed of a step of mixing the fresh air and recycled air, a section of filtration, humidification, drying and air conditioning of the air. All these steps of treatment and conditioning of the air have the objective of satisfying the requirements of comfort of the occupants, of a process or of a laboratory and of ensuring the good state of the buildings. The air treatment applies in particular:
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-Offices, -In the hospital and pharmaceutical field, -Industry (agri-food, cosmetics, biology), -In the precision industry (microelectronics, automotive, watches ...)

-Research laboratories (biotechnology, fine chemistry ...),

-Specific premises (telephony, computers ...).

Filtration is a particularly used approach for collecting non-biological aerosols, but it can also be used for the collection of microbial aerosols, especially those that are resistant to desiccation, such as certain fungal species and bacteria forming spores. The method consists in separating the particles from the air by passing it through a filtering medium. In general, there are several types of fibrous filters material such as glass, polypropylene, cellulose or cotton fibers.

Mechanical air filters remove particles from the air stream because particles come into contact with the surface of fibers in the filter media and adhere to the fibers.

The mechanisms by which the particles come into contact with the fibers in the filter media are mainly interception, diffusion and inertial impaction.

III.1 Filtration performances

The performances of a filter are evaluated from the pressure drop and the efficiency.

III.1.1 Pressure drop

The pressure drop (∆P) characterizes the difference between the static pressures upstream and downstream of a filter:

∆P = P upstream -P downstream
The pressure drop generated by a porous material reflects its resistance to fluid flow which its traverses. In the case of a laminar or intermediate flow system, this pressure drop can be expressed in function of the face velocity of the air by an equation very general type Reynolds (1900):

∆P = X µ v + Y ρ v 2
With: X (m -1 ) and Y (-): coefficients of the equation.

Chapter I -State of the art 28

According to this expression, the pressure drop in the porous medium is the sum of a linear term for the effects of viscosity and a quadratic term due to the dissipation of energy under the action of inertial forces. The coefficients (X and Y) can be expressed in terms of the medium in the structure properties.

The permeability of the filters is calculated from the slope of the curve of the pressure drops in the laminar regime, depending on the filtering face velocity corresponding to (µe/B0 ) according to Darcy's law in the case a linear laminar:

Different expressions of the pressure drop in terms of assumptions about the representation of the material and the flow regime are proposed.

III.1.2 Efficiency

The filtration efficiency expresses the ratio of the quantity of particles retained by the filter on the quantity of incident particles:

= -With and the particle concentrations upstream and downstream of the filter respectively.

III.2 Mechanisms of filtration

Five different collection mechanisms govern particulate air filter performance: inertial impaction, interception, diffusion, and electrostatic attraction and sieving (Figure 2). The first three mechanisms are the most important for mechanical filters and are influenced by particle size. Impaction occurs when a particle in an air stream passing around a filter fiber, because of its inertia, deviates from the air stream and collides with a fiber. Electrostatic attraction is obtained by charging the media as a part of the manufacturing process. Interception occurs when a particle in the air stream passing around filter fibers comes in contact with a fiber because of its size. Impaction and interception are dominant for large particles (> 0.2 µm).

Diffusion occurs when the random (Brownian) motion of a particle causes that particle to contact a fiber. Diffusion is the dominant collection mechanism for smaller particles (< 0.2 µm). The combined effect of these three collection mechanisms results in the classic collection efficiency, shown in Figure 3. The fourth mechanism, electrostatic attraction, plays a minor role in mechanical filtration because, after fiber contact is made, small particles are retained on the fibers by a weak electrostatic force. Electrostatically enhanced filters are different from electrostatic precipitators, also known as electronic air cleaners. Electrostatic precipitators require electrical power and charged plates to attract and capture particles. In electrostatic filters, the electrostatically enhanced fibers actually attract the particles to the fibers, in addition to retaining them. Electrostatic filters use polarized fibers to increase the collection efficiency, typically have less packing density, and consequently will have a much lower pressure drop than a similar efficiency mechanical filter.

The pressure drop caused by particulate air filters must be taken into account in air filtration unit system design. Higher capacity fan units may be needed to overcome increased resistance caused by higher efficiency filters. Eventually, the increased pressure drop significantly inhibits airflow, and the filters must be replaced. For this reason, pressure drop across mechanical filters is often monitored because it indicates when to replace filters. Conversely, electrostatic filters may lose their collection efficiency over time when exposed to certain chemicals, aerosols, or high relative humidity. Filter banks often consist of two or more sets of filters; therefore, it should be consider how the entire filtration system will perform not just a single filter. The outermost filters are coarse, low-efficiency filters (pre-filters), which remove large particles and debris while protecting the blowers and other mechanical components of the ventilation system. These relatively inexpensive pre-filters are not effective for removing sub-micrometer particles.

III.3 Filter classification of EUROPEAN and ASHRAE

Therefore, the performance of the additional downstream filters is critical. These may consist of a single or multiple filters to remove sub-micrometer particles. As shown in Figure 4, particles in the 0.1 to 0.3 µm size range are the most difficult to remove from the air stream and require high-efficiency filters. 

III.4 Air Handling Unit (AHU)

Air Handling Unit (AHU) is an air handler, or air handling unit (often abbreviated to AHU), is a device used to regulate and circulate air as part of a heating, ventilating and Air-Conditioning (HVAC) system. Usually a large metal box containing a blower, heating or cooling elements, filter racks or chambers, sound attenuators, and dampers. It's usually connected to a ductwork ventilation system that distributes the conditioned air through the building and returns it to the AHU Figure 5.

The basic functions of the AHU are take in outside air, re-condition it and supply it as fresh air to a building. All exhaust air is removed, which creates an acceptable indoor air quality.

Depending on the required temperature of the re-conditioned air, the fresh air is either heated by a recovery unit or heating coil, or cooled by a cooling coil.

In buildings, where the hygienic requirements for air quality are lower, some of the air from the rooms can be re-circulated via a mixing chamber and this can result in significant energy savings. A mixing chamber has dampers for controlling the ratio between the return, outside and exhaust air.

In recent years, the deterioration of indoor air quality (IAQ) and its adverse health impact have received great attention. Many researches indicate that IAQ has much relation to the ventilation and air-conditioning system of building [START_REF] Wargocki | Ventilation and health in non -industrial indoor environments : report from a European Multidisciplinary Scientific Consensus Meeting (EUROVEN)[END_REF]. If the design, operation and maintenance of the ventilation and air-conditioning system are not appropriate, these would become the pollutant sources to the indoor air and cause adverse health effect [START_REF] Wu | Changing microbial concentrations are associated with ventilation performance in Taiwan's air-conditioned office buildings[END_REF]. Of which, airborne microorganism and particle are the important contaminants to influence the IAQ. They may cause many respiratory symptoms such as cough, shortness of breath, wheezing and asthma attack, as well as chronic obstructive pulmonary disease, cardiovascular diseases and lung cancer (WHO, 2002). For microorganism and particle, many researchers have been conducted from several aspects such as the aerosolization of the fungi [START_REF] Sivasubramani | Assessment of the aerosolization potential for fungal spores in moldy homes[END_REF]) the movement of the particle [START_REF] Schneider | Airborne particle deposition onto the ocular surface[END_REF] the growth on the surface of architecture material [START_REF] Murtoniemi | The relation between growth of four microbes on six different plasterboards and biological activity of spores[END_REF] etc.

Batterman and [START_REF] Batterman | HVAC systems as emission sources affecting indoor air quality: A critical review[END_REF]; [START_REF] Seppänen | Association of ventilation system type with SBS symptoms in office workers[END_REF] reviewed and generalized the types of ventilation and air conditioning of building associated with the people response, and correct design, operation and maintenance can reduce the adverse effect. [START_REF] Bluyssen | Why , when and how do HVAC-systems pollute the indoor environment and what to do about it ? The European AIRLESS project[END_REF] investigated the effect of the air-conditioning equipment on the IAQ and pointed out that the pollutant source mainly comes from the air filter and air duct. Wu et al. studied the type of the central air-conditioning system, the effect of air exchange per hour and occupant density on the airborne microorganism concentration, and found that the indoor bacteria and fungi concentrations and ratio of indoor/outdoor fan coil unit are greater than air handling unit [START_REF] Wu | Changing microbial concentrations are associated with ventilation performance in Taiwan's air-conditioned office buildings[END_REF]. AHUs connect to ductwork that distributes the conditioned air through the building, and returns it to the AHU. A heat/cooling recovery exchanger is normally fitted to the AHU for energy savings and increasing capacity. An AHU designed for outdoor use, typically on roofs, is also known as a rooftop unit.

IV BIOAEROSOLS

An aerosol can be defined as a liquid or solid particle suspended in air or in a gaseous medium or deposited on a surface and capable of being suspended under normal conditions of temperature, humidity and pressure. The aerosols are of various chemical composition, shape and size, with diameters ranging from 0.005 μm to 100 μm; they also have a negligible rate of fall. Aerosols include, among others, the dust, soot and smoke, the mists and fogs, droplets and particles having biological content. They have a role in the physicochemistry of the atmosphere, especially in the formation of clouds and precipitation and they are also involved in the hole in the stratospheric ozone layer and global warming.

Bioaerosols are natural or artificial particles of biological (microbial, plant, or animal) origin suspended in the air. These particles are also referred to as organic dust. Bioaerosols may consist of bacteria, fungi (spores and cell fragments of fungi), viruses, microbial toxins, pollen, plant fibers, etc. (Xu et al., 2011), the bioaerosols are everywhere in the environment, where it is always present in environment and pose no problems in most cases when the quantity of them and the various types are kept within reasonable limits. However, some bioaerosols, when breathed in, can cause diseases including pneumonia, asthma, rhinitis (e.g., cold, hay fever), and respiratory infection. Viable bioaerosol particles can be suspended in air as single cells or aggregates of microorganism as small as 1-10 µm in size. Since bioaerosols are potentially related to various human health effects and the indoor environment provides a unique exposure situation, concerns about indoor bioaerosols have increased over the last decade.

Bioaerosols survival is related to the humidity conditions and temperature. In building sciences concerned with indoor air quality, water availability is expressed in terms of equilibrium relative humidity (RHe) values and this parameter is regarded as the most important determinant of indoor bioaerosol levels; the main cause of building-related illnesses [START_REF] Goffau | Microbial growth on the edge of desiccation[END_REF]. The microbial water availability is expressed in terms of water activity (a w ) values [START_REF] Baranyi | ComBase: a common database on microbial responses to food environments[END_REF]. Where there is a direct relationship between these two terms as the (a w ) of an object in equilibrium with its surroundings is equal to the relative humidity (RH) of its environment divided by 100. In the food industry a w is recognized as one of the main environmental factors governing microbial growth together with the temperature and the pH [START_REF] Baranyi | ComBase: a common database on microbial responses to food environments[END_REF]. The accumulation of water is essential for the growth of organisms, but not all organisms seem to require the presence of liquid water in order to obtain it [START_REF] Henschel | Ecophysiology of atmospheric moisture in the Namib Desert[END_REF].

And this is shown by a study presented [START_REF] Goffau | Microbial growth on the edge of desiccation[END_REF], where shown that microorganisms are capable of obtaining water from their environment directly as long as their internal a w is lower than the external a w or RHe/100, but that they are also capable of accumulating water by generating it metabolically once the external a w becomes lower than their internal a w . As long as microorganisms can generate more water metabolically than they lose to their environment via evaporation, they should be able to grow.

In order for microorganisms to release indoor bioaerosols, they must get indoors, grow and multiply on some material and then get into the air. Microorganisms can get indoors through the heating, ventilation, and air conditioning system, doors, windows, cracks in the walls, the potable drinking water system, or be brought in on the shoes and clothes of people working or visiting in the building. Although outdoor bioaerosols cannot easily migrate into large buildings with complex ventilation systems, certain categories of outdoor bioaerosols (e.g., fungal spores) do serve as major sources for indoor bioaerosols in naturally ventilated buildings at specific periods of time (e.g., growing seasons for fungi). Several studies have identified human activities as an important source for indoor bioaerosols. Human bodies can generate bioaerosols directly through activities like talking, sneezing, and coughing, while other residential activities (e.g., washing, flushing toilet and sweeping floor) can generate bioaerosols indirectly. Since microorganisms can accumulate and grow on dust particles, inhabited place dust is a potential source of bioaerosols. Other materials in residential buildings, such as food stuffs, house plants, textiles, wood material and furniture stuffing can also become bioaerosol sources when water content is appropriate for microorganisms to grow. For non-residential buildings, some specific indoor environments, such as hospitals, wastewater treatment plants, composting facilities, certain biotechnical laboratories, have been revealed to have bioaerosol sources related to their particular environmental characteristics.

IV.1 Bioaerosol characteristics

Bioaerosols are generally referred to the particles of biological origins suspended in the gaseous medium with an aerodynamic diameter of up to 100 µm, including viruses, bacteria, fungi, pollen, plant debris, and their derivatives such as endotoxins, glucans, allergens and mycotoxins [START_REF] Cox | Bioaerosols Handbook. Physical aspects of bioaerosol particles[END_REF]. Humans and animals, when sneezing, can generate a large amount of bioaerosols. Indoor biaoerosols could comprise respiratory pathogens, dust mite fragments, fungal spores, hyphae, and other biological materials. Residential environments may expose more risks to humans through allergy and infection due to the indoor bioaerosol contamination. The most common microorganisms which found indoors are fungi and bacteria. Fungi produce spores that become airborne; some also produce mycotoxins or volatile organic compounds. Some fungi found indoors that can cause health problems such as Penicillium, Aspergillus, and Stachybotrys chartorum, it also some bacteria produce endotoxins and volatile organic compounds. The bioaerosols and other than those from volatile organic compounds (e.g., pollen, cat dander) get indoors in the same way as the microorganisms, these do not multiply but may become a problem if they accumulate.

Numerous studies have shown that the inhalation of biological aerosols has caused many adverse health effects, even severe casualties when pathogenic microbial species are involved [START_REF] Douwes | Bioaerosol health effects and exposure assessment: Progress and prospects[END_REF]. Outdoor processes, such as waste recycling, biosolid land application, composting, agriculture, pharmaceutical, and biotech activities, could also generate diverse

Chapter I -State of the art 37 forms of bioaerosols. Some studies have suggested that early childhood exposure to endotoxins results in a protective effect for developments of eczema and asthma [START_REF] Tischer | Association between domestic mould and mould components, and asthma and allergy in children: A systematic review[END_REF], the bioaerosols typically can also cause respiratory distress, microbial infection, allergenic reaction, respiratory sensitization, and possible toxicological reactions. For example, in the United States alone, there were 250 million episodes of respiratory infection, e.g., 75 million physician visits per year, 150 million days lost from work with medical care costs of about 10 billion dollars, plus loss of an income of about 10 billion dollars, [START_REF] Cox | Bioaerosols Handbook. Physical aspects of bioaerosol particles[END_REF].

A thorough review on bioaerosol health effects and exposure assessment was conducted, and pointed out that more research is needed to establish better exposure assessment tools and validate newly developed methods [START_REF] Douwes | Bioaerosol health effects and exposure assessment: Progress and prospects[END_REF]. The severe acute respiratory syndrome (SARS) outbreak in 2003 and global H1N1 viral infection in 2009 prompted worldwide attention. In the meantime, threat of bioterrorism is also increasing because of the rising regional instability and political conflicts. The intentional release of biowarfare agents presents another possible source of infections, greatly endangering the public health. Besides direct health effects, bioaerosols also impact public health and ecology through their global transport and acting as ice nuclei (IN) and cloud condensation nuclei (CCN). Humans are facing increased threats of biological aerosol infections. And for that to protect people from exposure to bioaerosols, we need first to identify their presence and then quantify them. [START_REF] Zheng | Liquid impinger BioSampler's performance for size-resolved viable bioaerosol particles[END_REF].

IV.2 Bioaerosol sampling techniques

It was indicated that the biological collection efficiency depended on both physical (impaction velocity, cutoff size, and jet-to-plate distance) and biological parameters (the sensitivity and size of the microorganisms). In another study, the performances of a portable BioStage impactor (SKC, Inc.) and the RCS High Flow when sampling environmental bacteria and fungi aerosols have been investigated [START_REF] Zhen | A comparison of the efficiencies of a portable BioStage impactor and a Reuter centrifugal sampler (RCS) High Flow for measuring airborne bacteria and fungi concentrations[END_REF]. Their results indicated that the sampling time, particle bounce, and desiccation play major roles in the observed sampling differences among the samplers [START_REF] Zhen | A comparison of the efficiencies of a portable BioStage impactor and a Reuter centrifugal sampler (RCS) High Flow for measuring airborne bacteria and fungi concentrations[END_REF]. In another study, the performance of the RCS High Flow was also compared with the BioSampler when sampling aerosolized and environmental bioaerosols [START_REF] An | Evaluation of a high-volume portable bioaerosol sampler in laboratory and field environments[END_REF]. Their results indicated that the RCS High Flow obtained lower cultivable counts than that of the BioSampler due to its higher desiccation factors. Among various bioaerosol samplers, the electrostatic sampler is increasingly being applied to detect biological aerosols [START_REF] Han | Performance of an electrostatic precipitator with superhydrophobic surface when collecting airborne bacteria[END_REF][START_REF] Yao | Utilization of natural electrical charges on airborne microorganisms for their collection by electrostatic means[END_REF]. It was shown that when the electrostatic sampler was used, the cultivable bioaerosol concentrations could be 5-9 times higher than those obtained by the BioStage impactor [START_REF] Yao | Utilization of natural electrical charges on airborne microorganisms for their collection by electrostatic means[END_REF]. It was suggested that the electrostatic sampler introduced less impaction and desiccation stress than the BioStage impactor [START_REF] Yao | Utilization of natural electrical charges on airborne microorganisms for their collection by electrostatic means[END_REF]. In the meantime, filter sampling including gelatin filter was also investigated for collecting bioaerosols in numerous studies [START_REF] Wu | Use of gelatin filter and BioSampler in detecting airborne H5N1 nucleotides, bacteria and allergens[END_REF]. These studies suggested that the filter materials and the sampling stress might affect its overall performance.

These investigations showed that the performances of the bioaerosols collection varied with the operating parameters (sampling flow rate and sampling time), microbial species, and the sampling environments. The differences observed among different bioaerosol samplers are largely due to their differences in physical collection efficiencies, sampling stress, impaction velocity, degree of embedding if applicable, and the desiccation factor of the samplers.

In addition, it was also shown that the sampling environments also play important roles in the biological collection efficiencies of the sampling devices [START_REF] Zhen | A comparison of the efficiencies of a portable BioStage impactor and a Reuter centrifugal sampler (RCS) High Flow for measuring airborne bacteria and fungi concentrations[END_REF]. For different environments, bioaerosol size, source, composition, atmospheric irradiation, and humidity level could be very different, and these factors together could affect the biological performance of the sampling devices. The overall biological performance of the sampler depends on the interplay of environmental factors and sampler characteristics. Although these samplers have been widely applied to detect cultivable bioaerosols, fewer studies have been conducted to study the cultivable bioaerosol diversity obtained by these bioaerosol samplers.

As observed in Table 2, different bioaerosol samplers have different types and degrees of sampling stress (impaction, desiccation, and degree of embedding). For a given particular sampler, one type of the stress, e.g., desiccation or impaction stress, might be more pronounced. Among the samplers, the BioSampler has the highest impaction velocity, while the RCS High Flow has the highest desiccation factor. The airborne bioaerosols composed of many types of microorganisms could respond differently to the sampling stress caused by each of the bioaerosol samplers. Thus, it is possible that the cultivable bioaerosol diversity obtained by different samplers could be very different, and certain species might not be detected when a particular sampler is used. This type of information is significantly lacking in the literature.

Table 2: Operating parameters for different bioaerosol samplers investigated (Xu & Yao, 2011) Important characteristics of bioaerosol sampling include: representativeness of sampling, sampler performance, and compatibility with subsequent analysis. Long-term sampler theoretically has a better representativeness of sampling than short-term sampler, but may not have a good temporary resolution. Performance of samplers (e.g., limit of detection and upper limit of range) has a significant impact on the reliability of results. Different characterizations of samplers can also limit the possibilities for further analysis (identification and quantification).

IV.2.1 Impaction techniques

The principle of impaction collection is based on the difference in the momentum of the particles. Particles have a tendency to make a direct path while the flow is deflected by an obstacle because of their inertia [START_REF] Masclet | Méthodes de prélèvement et d'analyse des aérosols[END_REF] . In the impaction technique, the air is sucked in and passes through a series of orifices or grids and the particles impinge on a target collection surface. There are single-stage impactors that consist of a single gridsupport assembly. Grid characteristics such as the number, diameter and distribution of orifices, the distance between the grid and the support and the sampled airflow are important elements in the sampling efficiency [START_REF] Duquenne | L'échantillonnage et l'analyse des aérosols microbiens[END_REF].

There are several brands of cascade impactors such as DEKATI®, JOHNAS® and ANDERSEN® commonly used for particle sampling; these are also used for sampling
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IV.2.1.1 Andersen Cascade Impactor (ACI)

Fine particles with diameters of less than 2-3 μm, or PM2.5, in ambient air also frequently contain high levels of hazardous chemicals. This is particularly true for particles with diameters of less than 1 μm [START_REF] Maynard | Nanotechnology and occupational health: New technologies -New challenges[END_REF]. Consequently, evaluating the chemical characteristics of these ultrafine particles is particularly important for an understanding of the impact to general health of airborne particulates that are small enough to enter the human respiratory system. Because a large proportion of particles penetrate the lung periphery, i.e., the alveolar region, particles deposited in the alveoli are readily transferred to the blood and are then quickly dispersed throughout the human body, including infants [START_REF] Semmler-Behnke | Nanoparticle delivery in infant lungs[END_REF]. Furthermore, at least one report on the effect that oral exposure to nanoparticles has on the human body, has determined that all kind of nanoparticle behavior in the environment could be issues that should be investigated [START_REF] Maher | Magnetic bead capture eliminates PCR inhibitors in samples collected from the airborne environment, permitting detection of Pneumocystis carinii DNA[END_REF].

For an accurate evaluation of the health effect of airborne particulates, it is necessary to determine the chemical composition of particles with respect to particle size. This is because the deposition site of inhaled particles changes with particle size, and the clearance time of the deposited particles vary depending on the deposition sites, leading to differences in toxicity, even for the same composition of particles. This information is particularly important for nanoparticles (smaller than 100 nm in diameter) but reliable data is very scarce.

In order to conduct various quantitative chemical analyses of atmospheric particles, a relatively large mass of particles, possibly on the order of an mg, must be collected from atmospheric air by filtration. Although particles smaller than 0.1 μm, i.e., nanoparticles, account for a large proportion of the total population, their mass is very small. Therefore, all of the following nanoparticle samplers are designed to have a long sampling time required to collect a sufficient mass of atmospheric nanoparticles.

Andersen Cascade Impactor (ACI) is one of the most commonly used cascade impactors is that based on the original design of Andersen. Cascade impactors operate on the principle of inertial impaction. This consists of a series of stages having nominally increasing efficiency.

Each stage is comprised of a number of identical circular accelerating jets (usually 400) arranged in a circular pattern, through which the sample laden air is drawn, directing any airborne towards the surface of the collection plate for that particular stage, which direct incoming particles towards an 82 mm diameter collection plate. Having impinged on the plate, air moves radially outwards to the plate edge, where it must turn through 180° before passing on to the next stage. Determination of airborne particle size distributions is frequently undertaken using cascade impactors. In all such devices, dust laden air is aspirated through a series of impaction stages of successively higher efficiency with respect to aerodynamic diameter. There are however several versions of this instrument in existence [START_REF] Vaughan | The andersen impactor: calibration, wall losses and numerical simulation[END_REF].

A number of samplers are available including low-pressure impactors (LPI) [START_REF] Kauppinen | Modification of the university of washington mark 5 in-stack impactor[END_REF]) and a nano-multi orifice uniform deposit impactor (nano-MOUDI II) [START_REF] Fang | Effect of flow-induced relative humidity changes on size cuts for sulfuric acid droplets in the microorifice uniform deposit impactor (MOUDI)[END_REF]. The latest impactor technology is a noble novel active personal nanoparticle sampler (PENS) with cutoff size of 100 nm at a flow rate of 2 L/min within a pressure drop of 14.1 kPa [START_REF] Tsai | Novel active personal nanoparticle sampler for the exposure assessment of nanoparticles in workplaces[END_REF]. A differential mobility analyzer (DMA) [START_REF] Khattar | Aerosol classification by electric mobility: apparatus, theory, and applications[END_REF]) may be used as a classifier followed by the collection of classified particles with a filter [START_REF] Ono-Ogasawara | A nanoparticle sampler incorporating differential mobility analyzers and its application at a road-side near heavy traffic in Kawasaki, Japan[END_REF]. However, all of these devices have drawbacks, which include a small sampling rate, low charging efficiency for nanoparticles, the production of artifacts, and the loss of unstable chemicals by evaporation due to the large pressure drop. The authors [START_REF] Furuuchi | Development and performance evaluation of air sampler with inertial filter for nanoparticle sampling[END_REF] developed an inertial filter to overcome these difficulties. This filter has significant advantages, such as a nanometer-size cutoff (dp50)

diameter at a moderate pressure drop (< 20-30 kPa), as well as a sufficiently high sampling flow rate that permits the rapid collection of particles. Based on the results of lab and field

Chapter I -State of the art 42 tests by the authors, a sampler, which consisted of impactor stages of PM10/PM2.5/PM1/PM0.5 followed by an inertial filter stage, was developed (Furuuchi &[START_REF] Furuuchi | Development and performance evaluation of air sampler with inertial filter for nanoparticle sampling[END_REF]commercialized (KANOMAX, 2012). The authors also developed a personal sampler to evaluate exposure to nano-particles based on the inertial technology [START_REF] Furuuchi | Development of a personal sampler for evaluating exposure to ultrafine particles[END_REF]. The inertial filter technology may have possibilities beyond its application to the original Nanosampler (NS), such as devices that could be used to supplement existing samplers such as the Andersen cascade impactor and the high-volume air sampler. Although there might be a need for such supplemental devices, investigation into it has not been done.

Figure 6 shows a schematic drawing and picture of the Andersen cascade impactor using inertial filter technology (ANIF). The sampler consists of an 8-stage impactor from the Andersen cascade impactor (Tokyo dyrec AN-200), and a nozzle section that will smoothly correct the flow from the final impactor stage with a 0.43 μm cutoff size and then introduce the flow to the inertial filter stage.

All stages are fixed by existing springs with extension plates. In order to uniformly collect particles on the backup filter located downstream from the inertial filter, the separation between the nozzle exits to the filter surface was adjusted to 48 mm. The sampler was designed to operate at a flow rate of 28.3 L/min, which is the same as the normal operating condition for the Andersen cascade impactor. The inertial filter was designed so that the webbed stainless steel fibers (Nippon Seisen Co. Ltd., felt type, SUS-304, 5.6 μm diameter (σg = 1.1)) are packed on a support of crossed 200 μm stainless steel wires in a plastic holder (polyoxymethylene, POM) with a diameter of 4 mm and a length of 9 mm [START_REF] Hata | Performance evaluation of an Andersen cascade impactor with an additional stage for nanoparticle sampling[END_REF].

Andersen impactor have been adapted for bioaerosol collection, using the direct impaction onto Pertri dishes containing microbiological solid media.

IV.2.1.2 SAS & MAS-100 Microbial Air Sampler

The SAS is a single-stage portable and autonomous hole impactor that works with a battery. It collects particles on nutrient media contained in contact or Petri dishes. The sampling rate varies from 90 -180 L / min and there are between 220 and 260 sampled air passages. The collection efficiency is 100% for particles of 4 to 20 μm, and only 50% for particles with a diameter of less than 2 μm. The MAS-100 is based on this principle, but has 400 holes 0.7 mm in diameter and propelled (blown) onto media plate with an impact speed of 10.8 m/s. 

IV.2.2 Impinger

Impingers are widely used for sampling microbial aerosols because they are directed to an inertial impaction collection fluid; the collecting liquid is often water or a solution of 0.3 mM phosphate or other salts (NaCl, MgSO 4 …), which is considered suitable for the conservation of microorganisms until the moment of the analysis. This technique prevents dehydration of the organisms collected and is therefore less stressful for microorganisms compared to filtration or impaction on a solid surface. The "Impingers" allow the study of the community as a whole, that is to say the cultivable and non-cultivable microorganisms. One of the drawbacks of this technique is the possible rapid evaporation of the collecting liquid, which makes these devices suitable for short sampling periods. To solve this problem a special mineral oil solution could be used.

There are several commercial devices that follow this principle of which the most commonly used are the impinger All Glass Impinger AGI and the Biosampler. There is also MLI (Multi Liquid Impinger) which includes three collection stages by simulating the three deposition sites of the human respiratory system. Each stage contains a known volume of sterile collecting fluid [START_REF] Griffiths | The assessment of bioaerosols: a critical review[END_REF]. AGI is an impactor specially designed for collecting culturable microorganisms. The AGI-30 model is more efficient than the older impingers. The Biosampler from SKC operates on the principle of swirling liquid impaction.

IV.2.2.1 AGI-30

AGI-30 was designed in 1957 for sampling microorganisms and acceptable efficacy is obtained for particles ranging in size from 0.3 to 12 μm [START_REF] May | The efficiency of various liquid impinger samplers in bacterial aerosols[END_REF]. Particles smaller than 0.3 μm are collected with less than 50% efficiency. This apparatus consists of an impinger composed of a curved inlet pipe that simulates the passage of particles through the nasal fossae (Figure 8). The sucked air is bubbled into a liquid allowing the "soft" collection of microorganisms. The collecting liquid is often 20 ml of water sterilized with 0.01% Tween 80 and 0.005% of an antifoam agent which prevents significant losses of the fluid.

IV.2.2.2 BioSampler (SKC)

Many of the same techniques that are used for non-biological aerosols can be used for bioaerosols. However, to properly evaluate bioaerosol samples, collection procedures must ensure the survival or biological activity of bioaerosol particles during and after collection.

BioSampler is highly effective at collecting viable samples and it's a highly efficient glass collection device that requires a high-volume sonic flow pump to trap airborne microorganisms for subsequent analysis. Externally the BioSampler resembles an All-Glass

Impinger such as the AGI-30. Inside, it contains specific design features that overcome some of the sampling problems evidenced while using impingers for bioaerosol collection. The BioSampler's inlet design limits the collection of airborne particles to those that would pass through the human nose. The sampler is normally used with a liquid that swirls upward on the sampler's inner wall and removes collected particles. in addition The BioSampler can be used with collection liquids that have a viscosity much higher than water, which decreases evaporation and re-aerosolization [START_REF] Gilbert | Bioaerosols in industrial environments: a review[END_REF] The Biosampler has greater than 50% efficiency for particles larger than 0.03 µm more than 80% for particles whose size is between 0.5 and 1 µm and more than 95% for particles larger than 1 µm. The liquid collector can be analyzed by a wide variety of methods: cultivation, microscopy, immunology methods, flow cytometry and molecular methods [START_REF] Eduard | Methods for quantitative assessment of airbone levels of noinfectious microorganisms in highly contaminated work environment[END_REF]. The collection efficiency is greater than 50% for particles of aerodynamic diameter of 1.8 µm, and greater than 95% for particles larger than 2.8 µm. For particles of less than 1 µm.

diameter, the efficiency drops to about 20%. This sensor has been studied in industrial environments for sampling bacteria, endotoxins and fungal species; it is used in the field of safety and health at work, to estimate the level of exposure of workers to respirable aerosol [START_REF] Görner | Bioaerosol sampling by a personal rotating cup sampler CIP 10-M[END_REF]. 

IV.3 Bioaerosol generation techniques

Bacteria are contained in droplets and are released into the air through processes such as coughing, sneezing and splashing of rain or wind on the surface of the water. Fungal spores are normally dispersed as dry spores. Their dispersion occurs actively, due to their own energy, and passively, due to exposure of air currents, mechanical manipulation, or splashing of rain [START_REF] Reponen | Techniques for dispersion of microorganisms into air[END_REF]. In the environment, the aerosolization of fungal particles in the air is carried out by two kinds of energy [START_REF] Deacon | Fungal Biology: 4th Edition[END_REF]:

-The energy produced by the fungi themselves -The energy from external sources such as air currents, rain, gravity, temperature changes and nutritional sources.

The first step in developing aerosol control methods is to have the equipment to artificially generate them on an experimental scale [START_REF] Lee | Development of a fungal spore aerosol generator: Test with Cladosporium cladosporioides and Penicillium citrinum[END_REF]. The generation of bioaerosols, as well as the generation of particles, must in particular:

-It is to be reproductible to several experiments.

-It is to be a constant concentration over time.

But it also has a special character because it must:

-Cause a minimum of stress on the cells to avoid loss of viability and cultivability.

-Simulate aerosolization in real conditions as best as possible.

The principles of generation are the same for both particles and bioaerosols and it is possible to distinguish between two types of generation: The liquid and the dry generation processes.

IV.3.1 Liquid generation process

Generating by a liquid based on the principle of the suspension in air of droplets from a liquid medium. Generating by a liquid can be carried out by spraying (pneumatic or ultrasonic), and type systems "bubblers" Figure 10. yeast and viruses [START_REF] Simon | Aerosolisation of Escherichia coli and associated endotoxin using an improved bubbling bioaerosol generator[END_REF]. It is also possible to generate fungal spores (most of which are hydrophobic) liquid with a generator for the microbial suspension is continuously mixed with the sparging which contributes to the distribution of spores in the liquid [START_REF] Reponen | Techniques for dispersion of microorganisms into air[END_REF]. However, be aware that although the wet method produces a small amount of agglomerates, it does not simulate the release of fungal spores from surfaces [START_REF] Jankowska | Collection of fungal spores on air filters and spore reentrainment from filters into air[END_REF]. Some authors have observed the difficulty of the suspension of fungal spores and asserts a dry generation method is necessary (Kemp et al., 1995). Generally, the pneumatic nebulization is in fact the most widely used technique for microorganism's aerosolization [START_REF] Chen | Evaluation of single-use masks and respirators for protection of health care workers against mycobacterial aerosols[END_REF]. The pneumatic nebulization also offers the possibility of achieving significant concentrations of aerosolized particles. The size of the drops generated depends on several characteristics of the solution (density, viscosity, surface tension) and the gas velocity.

An increase in the velocity of the introduced gas will decrease the droplet size and vice versa.

IV.3.2 Dry generation process

The dry generation is mainly used with non-microbiological particles but also enables the generation of mold, spore-forming bacteria or dried cells. It consists in suspending the particles located on the top layer of a material and driving them with a stream of air.

Specifically, the generation of dry fungal spores, hydrophobic, may be interesting.

The aerosolization of fungal particles in indoor air is mainly by air currents [START_REF] Madelin | Fungal aerosols: a review[END_REF] that some bioaerosols generators try to reproduce.

This method is widely used for dispersing non-biological nature particles. It is based on the principle of friction of the top layer of a bed of particles and then the driving thereof by an air stream. This friction may be vibration, by rotating brush, by blowing air, by stirring, etc., [START_REF] Reponen | Techniques for dispersion of microorganisms into air[END_REF]. The concentration of the particles produced can be a few mg / m3 to about 100 g / m3. To disperse the powder, it is necessary to provide the energy to overcome the force of attraction between particles. A good dispersion of the particles depends on the powder type, particle size and moisture.

This technique is also used to generate molds and certain bacteria (e.g., spores or dried cells, lyophilized). Microorganisms can be separated from their culture medium, packaged in powder form and dispersed in the air by conventional techniques [START_REF] Simon | Aerosolisation of Escherichia coli and associated endotoxin using an improved bubbling bioaerosol generator[END_REF].

Sometimes, some authors use a neutralizer for the dispersion of the powder in the case of a fungal aerosol but according Kemp et al., (1995) the efficacy does not change and the electrostatic charge is not an important factor.

Figure 11 shows the most important devices used in aerosol generation and sampling techniques. And we have been using some of them in the laboratory in developing aerosol control methods, such as a nebulizer in the liquid generation process and a Biosampler SKC in bioaerosol sampling techniques. [START_REF] Perrier | SFGP 2007 -Microbial Growth onto Filter Media Used in Air Treatment Devices[END_REF]. Yet the air is a medium low in nutrients and not conducive to microbial development. The stops of air handling unit, often triggered in offices on weekends and holiday periods to save energy, could favor microbial growth since microorganisms are no longer subjected to airflow [START_REF] Chow | An investigation on the occurrence of fungi and bacteria in the MVAC system in an office premise[END_REF]. It would also appear that the appearance of a cake of particles during clogging of the filter may favor the development of microorganisms that use particles as nutrients [START_REF] Hamada | Effect of air-conditioner on fungal contamination[END_REF]. This cake of particles may also have the role of promoting the retention of water on the filter.

A microbial development may then degrade the air quality downstream of the filters in the event that a high concentration of microorganisms and microorganism by products (endotoxins, mycotoxins, allergens, fragments of biological particles, etc.) would be released.

Such release may be favored when the ventilation is restarted after a stopping period. In [START_REF] Perrier | SFGP 2007 -Microbial Growth onto Filter Media Used in Air Treatment Devices[END_REF].

Microbial growth onto Heating Ventilation and Air-Conditioning (HVAC) filters was observed in the literature in laboratory conditions (Kemp et al., 1995;Morisseau et al., 2017) but also in real conditions [START_REF] Maus | Survival of bacterial and mold spores in air filter media[END_REF]Simmons & Crow, 1995). Possible release of the microorganisms downstream of the filters may degrade the microbial indoor air quality.

V.1 Effect of environmental parameters on the survival of airborne infectious organisms

Over the past 50-60 years, there have been many publications studying the effect of environmental parameters (e.g. temperature, humidity, sunlight/ radiation and pollution) on the survival of airborne infectious organisms (viruses, bacteria and fungi). These have differed greatly in their methodologies so the results of different studies by different teams, even on the same organisms, may be difficult to compare. The bacteria have different types of outer coats (Gram-positive surrounded by a peptidoglycan outer coat and Gram-negative surrounded by a lipopolysaccharide outer coat), but in addition, some bacteria (anaerobic species) are highly sensitive and cannot grow in the presence of oxygen. Being larger, bacteria are more sensitive to the methods of their aerosolization, collection and culture, and these factors have to be taken into account when assessing the viability of airborne bacteria in response to different environmental conditions [START_REF] Cox | Airborne bacteria and viruses[END_REF].

The effects of temperature and relative humidity on levels of microbial growth were very diverse, depending on the microorganism's species and level of his resistance of ambient environmental conditions. Where the results have been shown by a number of studies investigating associations between indoor air temperature and RH and the levels of microbial exposures indoors were very diverse.

V.1.1 The bacteria

Microorganisms respond differently to aw depending on a number of factors but the microorganisms generally have optimum and minimum levels of aw for growth depending on other growth factors in their environments. One indicator of microbial response is their taxonomic classification. For example, Gram (-) bacteria are generally more sensitive to low aw than Gram (+) bacteria. Bacteria in the logarithmic stage of growth are more susceptible
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Some the studies noted to reduce levels of cell separation after division in response to lower a w values for S. epidermidis this seems to suggest that the mechanism of cell wall thickening is caused by a reduced cell wall turnover rate which in turn is most likely due to reduced autolytic activity [START_REF] Goffau | Bacterial pleomorphism and competition in a relative humidity gradient[END_REF]. Consistent with the thickened cell walls, staphylococci adapted to growth at low humidity levels. It therefore seems no coincidence that these staphylococci have adapted to growth at such low a w values and is the dominant group found on human skin [START_REF] Bibel | Effects of occlusion upon population dynamics of skin bacteria[END_REF].If water activity values become higher staphylococci will probably lose the competition with other bacteria [START_REF] Marsh P | Studies on antagonism between human skin bacteria[END_REF]. New cell walls were formed, which apparently have a more suitable composition for growing at high aw values.

Notably, growing cells of S. epidermidis can be readily distinguished from non-growing cells at low RH values due to the fact that S. epidermidis cells show a very clear adaptive behavior near their a w low, the growing cells become significantly larger in size than cells grown at high RH values [START_REF] Goffau | Bacterial pleomorphism and competition in a relative humidity gradient[END_REF]. Thus it seems that S. epidermidis cells minimize their surface to volume ratio in order to reduce the rate at which water is lost to the environment as soon as they reach their aw specific. The previously observed increase in cell wall thickness upon reaching the specific level of a w could furthermore increase their physical resistance to water vapor diffusion through the wall.

In a study [START_REF] Thompson | Aerosol survival of Staphylococcus epidermidis[END_REF] indicated that staphylococci can remain viable in aerosol form for five days or more. This study supports the hypothesis that staphylococci survive in aerosols. This study reports the survival of small diameter (<2.1 mm), unprotected particles, and as such survival of staphylococci on larger protective (skin squamae) could be considerably longer Figure 12. The effects of RH are more complex, with experimental conditions again having significant influences on the outcome of experiments. Studies on airborne Gram-negative bacteria such as Serratia marcescens have found increased death rates at intermediate (approx. 50-70%) to high (approx. 70-90%) for RH environments [START_REF] Webb | Human thermal tolerance and protective clothing[END_REF].

V.1.2 The fungus

With regard to fungi, it was reported recently that the germination time of P. chrysogenum depended on the water stress during the production of conidia, in addition to the water activity of the harvesting suspension [START_REF] Judet | Distributions of the growth rate of the germ tubes and germination time of Penicillium chrysogenum conidia depend on water activity[END_REF]. And in the search for [START_REF] Lattab | Effect of storage conditions (relative humidity, duration, and temperature) on the germination time of Aspergillus carbonarius and Penicillium chrysogenum[END_REF] the minimum germination time was obtained at 100% RH and 2 days of storage, the maximum one at 20% RH and 28 days of storage Table 3.

Chapter I -State of the art 53 Table 3: Germination time of Aspergellus carbonarius and penicillium chrysogenum conidia stored under various relative humidity, time and temperature and fresh conidia [START_REF] Lattab | Effect of storage conditions (relative humidity, duration, and temperature) on the germination time of Aspergillus carbonarius and Penicillium chrysogenum[END_REF] They found that when the organisms were dry-disseminated they tended to absorb water from the environment (i.e. they partially rehydrated), and when wet-disseminated, the opposite occurred, i.e. they desiccated. Such changes in water content (i.e. rehydration or desiccation) in these aerosolized forms tended to affect the final survival of the airborne organisms in different ways [START_REF] Cox | Airborne bacteria and viruses[END_REF]). That's what happened with us when aerosolized the inoculums of microbes with the particles of rice where dropped the rate of growth to high levels.

In a study [START_REF] Maus | Survival of bacterial and mold spores in air filter media[END_REF] the results showed that bacterial and mold spores collected in air filter media are able to survive over prolonged periods of time and thus pose a potential of microbial growth and show resistance against stress factors, i.e. air flow and dehydration.

Generally, fungi and their spores are more resilient than bacteria, being able to withstand greater stresses owing to dehydration and rehydration [START_REF] Cox | Airborne bacteria and viruses[END_REF][START_REF] Karra | Microorganisms in bioaerosol emissions from wastewater treatment plants during summer at a Mediterranean site[END_REF].

V.2 Effect of relative humidity o levels of microbial growth

Earth is sometimes called 'the blue planet' due to its abundance of water. Even so, the availability of water remains one of the most important limiting environmental factors for the ability of organisms to thrive within a terrestrial setting. It not only determines whether organisms can grow in a specific environment, but also which organisms will grow where.

This applies also on a more microscopic scale to the growth capabilities of microorganisms in a variety of micro-environments, but little is yet known about how the availability of water determines which microorganisms can grow where, and even less is known about microbial physiology in general in relation to water limitation.
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Optimum humidity level

Figure 13 that has received wide circulation within the HVAC engineering profession, it graphically depicts humidity impact zones using stripes that decrease in width, suggesting a decrease in the effect for each of the eight environmental health factors addressed. These stripes converge for all of the eight categories into a narrow recommended "optimum" zone between 40% and 60% RH; both low-and high-humidity effects are addressed. There is clearly a need for such a summary because it has appeared in numerous journals and conferences [START_REF] Arundel | Indirect health effects of relative humidity in indoor environments[END_REF]. It is also arrestingly drawn and easy to grasp, which adds to its appeal. This figure is the basis of the recommendation in ASHRAE Standard 62-1989 that humidity in the occupied space should be between 30% and 60% RH.

There are issues that may be raised with a figure that attempts to combine the influences of so many factors.

Figure 13: Optimum relative humidity range for minimizing adverse health effects [START_REF] Arundel | Indirect health effects of relative humidity in indoor environments[END_REF] There are issues that may be raised on the Figure 13 that attempts to combine the influences of so many factors. One concern is that it does not assign relative weights (severities) for the different health factors. Another is that the practicality of the recommended humidity limits in various climates and building types is not assessed. In practice, these issues need to be addressed. As an example, ASHRAE Standard 62 overrides (without explanation) the
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The figure is facing severe criticism is based on the factual substantiation of the health impact zones presented. As the figure is drawn and captioned, these zones imply linear relationships between humidity and health effects that are not supported by the literature. In addition, the concentrate on RH to the exclusion of other environmental conditions is misleading in that it suggests that RH is the controlling environmental factor for all of the pollutants listed without regard to climate and the other conditions.

In addition, the specific points at which these zones begin and end are not consistently supported by the references provided. The recommendations for bacteria (RH below 60%), viruses (RH below 70%), and fungi (RH below 60%) are supported by the discussion or the references given in the original paper or its more recent versions. As that the microorganism strain and seasonal effects, which may be a significant factors, are not addressed. As that the limits for allergic rhinitis are presumably based on the potential for fungal growth (for upper humidity limits), although most of the discussion concerns problems of mist humidify and low humidity.

V.3 Antimicrobial air filter

These days, where air pollution has become severe, many hazardous substances and pollutant dust, which are harmful to the human body, are contained in air. When air containing such hazardous substances and pollutant dust, harmful to the human body, is ingested without any filtration, it will have various adverse effects on the human body. For this reason, air cleaners having various types of filter systems for filtering the hazardous substances and pollutant dust are used.

Accordingly, some studies have been conducted in order to solve the above-mentioned problems occurring in the prior art and to prepare an antimicrobial agent for air filters, which can filter or remove almost all microorganisms in air. Also, the researchers have conducted studies on a method which can maximize the activity of said antimicrobial agent while maintaining the activity of the antimicrobial agent for a long period of time, when the antibacterial agent is applied to air filters. As a result, the researchers have developed a composition having a broad antimicrobial spectrum, which exhibits growth inhibitory activity
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The antimicrobial agents implemented in fibrous air filters are various, e.g. nanoparticles of copper or silver or carbon nanotubes, many natural antimicrobial products have been discovered, including Sophora flavescens nanoparticles with a inactivation efficiency again

Staphylococcus epidermidis of 72 % at 25 % RH and 35 % at RH 57 % (Hwang et al., 2015).

The activity of Melaleuca alternifolia oil (tea tree oil, TTO) against a range of Staphyloccocus aureus, Escherichia coli, Candida albicans and Aspergillus niger was show by W. R. Li et al. (2016). The Zinc pyrithione (also known as Zinc Omadine or Zinc 2-pyridinethiol-1-oxide, (ZPT)) is used to prevent microbial degradation and deterioration of manufacturing starting materials such as plastics, polymers and latexes, in a wide range of finished articles made from these starting materials. The chemical acts to prevent the growth of bacteria, fungi, mildew, and algae that can cause various types of deterioration such as discoloration, staining, odors, etc.

Hazardous substances, including house dust, mites, virus and fungi, and pollutant particulate matter having a size of about 0.3 microns, which are contained in air and harmful to the human body, can be completely removed through the antimicrobial composition having antibacterial and antifungal properties at a high removal rate of about 99.9%. Particularly, the antimicrobial composition having antibacterial and antifungal properties, which is uniformly dispersed over the filtration media, has not only the ability to remove substances harmful to the human body, but also antimicrobial activity against various microorganisms contained in air, including bacteria and fungi, and thus can purify polluted air to a significantly clean and fresh state.

The filtration media according to [START_REF] Lee | Air filter having antimicrobial property[END_REF] can be easily manufactured without complexities such as secondary processing, because the backing media or cover web thereof is treated with the antimicrobial composition. Particularly, the antimicrobial active ingredients having fine particle size, dispersed over the filtration media, can show high antimicrobial performance on the surface of the filtration media to inhibit microbial growth in the filter, thus solving a secondary pollution problem.
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An antimicrobial composition according to [START_REF] Lee | Air filter having antimicrobial property[END_REF] can be prepared in the form of a water-dispersible composition, the active ingredients of which are dispersed in water.

Also, thiabendazole, nanosilver and/or zinc pyrithione can be contained in the composition in an amount of 0.5-10 wt % based on the total weight of the composition. Thiabendazole and zinc pyrithione have the effect of increasing antifungal activity, and nanosilver serves to increase antibacterial effects. These components can be used in a suitable mixture, if necessary. The addition of these components can have a synergistic effect on the antimicrobial performance of the composition. As used herein, the term "nanosilver" means nano-sized silver particles, including nano-sized silver or silver oxide.

The data confirm that zinc pyrithione contributes positively toward the overall antimicrobial efficacy of alcohol-based products in which it is used. Finally, it is likely that additional uses for this antimicrobial will be found [START_REF] Guthery | Zinc pyrithione in alcohol-based products for skin antisepsis: Persistence of antimicrobial effects[END_REF].

V.3.1 Zinc pyrithione (ZPT)

Zinc pyrithione (also known as Zinc Omadine or Zinc 2-pyridinethiol-1-oxide) is used to prevent microbial degradation and deterioration of manufacturing starting materials such as plastics, polymers, and latexes, and in a wide range of finished articles made from these starting materials. The chemical acts to prevent the growth of bacteria, fungi, mildew, and algae that can cause various types of deterioration such as discoloration, staining, odors, etc. It is incorporated into various polymers and plastics as a liquid, powder, or aqueous dispersion, during the manufacturing process of these materials, and during the manufacture of finished articles from these materials. Zinc pyrithione is added usually by metering pump if it is a liquid, and by open pouring if it is the powder form. ZPT was found to have a safety profile and/or antimicrobial efficacy that exceed iodine, chlorhexidine gluconate, and triclosan (Seal & Paul-Cheadle, 2004).

Antidandruff efficacy and safety were demonstrated in the early 1960s, which served as the basis for acceptance by the U.S. Food and Drug Administration. ZPT has many properties which make it especially useful to deliver in the complex vehicle of a shampoo, ZPT is only sparingly water soluble, allowing efficient scalp retention after rinsing and allows galenic formulations due to lack of color and odor impact on product cosmetics. These attributes have led to ZPT becoming the most common material used for dandruff treatment globally.
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V.3.1.1 Characteristics of Zinc pyrithione

Attempts to develop synthetic methods for introducing heterocyclic rings into the hydroxamic acid group present in aspergillic acid led in 1950 to the preparation for N-hydroxy-2pyridinethione (HPT). The synthesis was achieved by conversion of a 2-pyridyl ether to its Noxide, followed by dealkylation. Reaction of 2-bromopyridine-N-oxide with thiourea forms 2pyridyl-N-oxide-isothiourea hydrobromide and, followed by treatment with aqueous sodium carbonate, produces N-hydroxy-2-pyridinethione (HPT) [START_REF] Shaw | Analogs of Aspergillic Acid. IV. Substituted 2-Bromopyridine-N-oxides and Their Conversion to Cyclic Thiohydroxamic Acids[END_REF]. This compound was shown to have potent antimicrobial properties. In vitro, 1 µg HPT would inhibit

Staphylococcus aureus [START_REF] Frederick | Thocyancesters of pyrone oxdes[END_REF]. Thus; this synthetic analog was 30 times more potent as an antimicrobial than the native aspergillic acid. Later, HPT was shown to have extremely potent activity against gram-positive and gram-negative bacteria species as well as strong activity against yeasts and fungi: e.g. Aspergillus, Trichophyton species, Candida albicans, and Cryptococcus species [START_REF] Guthery | Zinc pyrithione in alcohol-based products for skin antisepsis: Persistence of antimicrobial effects[END_REF]. Cox, in the mid-1950s, reviewed the uses of pyridine-N-oxides and noted that the mercapto derivatives formed quaternary ammonium compounds or heavy metal salts, which were described as effective fungicides and antibacterial agents and suggested their uses in pharmaceutic preparations [START_REF] Guthery | Zinc pyrithione in alcohol-based products for skin antisepsis: Persistence of antimicrobial effects[END_REF].

ZPT exists in the monomeric form as 2 pyridine rings bound to a central zinc atom by bonds between the zinc atom and the sulphur and oxygen molecules of the pyridine ring structures [START_REF] Dinning | Pyrithione biocides as inhibitors of bacterial ATP synthesis[END_REF]. It is also practically insoluble in water, organic solvents, or surfactants a property that can be problematical when formulating with the compound .The structure of ZPT is presented in Figure 14. 

Antimicrobial activity

The available data on the mode of antimicrobial action suggest that ZPT is membrane active, as indicated by the inhibition of uptake of several unrelated substrates in both bacteria and fungi [START_REF] Khattar | Aerosol classification by electric mobility: apparatus, theory, and applications[END_REF] and the observed depolarization of the transmembrane potential in Neurospora crassa [START_REF] Ermolayeva | Mechanism of pyrithione-induced membrane depolarization in Neurospora crassa . These include : Mechanism of Pyrithione-Induced Membrane Depolarization in Neurospora crassa[END_REF]. Zinc pyrithione (ZPT) is the active ingredient most commonly used in many anti-dandruff treatments. Despite decades of successful use to treat human scalps; there is little understood about the antifungal and others microorganisms mechanism of action of ZPT. But results of most of the studies on fungi it was shown that ZPT inhibits fungal growth through increased cellular levels of copper, damaging ironsulphur clusters of proteins essential for fungal metabolism. It acts as an ionophore, interacting nonspecifically with the plasma membrane and shuttling copper into the cell.

Pyrithione is suspected to mediate copper transport across intracellular membranes, enabling copper to disperse throughout the cell, gaining access to intracellular organelles such as mitochondria. There is a precedent for pyrithione-mediated ionophore activity across intracellular membranes, as it was previously reported that pyrithione affected zinc transport across vacuole vesicles in vitro (MacDiarmid et al., 2002). ZPT is a biocide whose rational development in the 1950s was based on the development of aspergillic acid, the natural antibiotic from Aspergillus [START_REF] Shaw | Analogs of Aspergillic Acid. IV. Substituted 2-Bromopyridine-N-oxides and Their Conversion to Cyclic Thiohydroxamic Acids[END_REF]. It was included in the evaluation of over 1000 candidates for controlling yeasts of the genus Malassezia (formerly Pityrosporum) relevant in dandruff aetiology [START_REF] Reeder | The antifungal mechanism of action of zinc pyrithione[END_REF]. The molecular mechanism of ZPT-mediated inhibition of Saccharomyces cerevisiae growth is copper-mediated loss of function of ironsulphur proteins. Where possible, parallel studies were performed with the scalp fungus Malassezia globosa where ZPT was also acting through intracellular copper. By analogy to reports on the effects of copper in bacteria and of ZPT against Saccharomyces cerevisiae,

ZPT is likely to be acting against iron-sulphur proteins in Malassezia globosa , but there are not yet data to resolve that hypothesis [START_REF] Reeder | The antifungal mechanism of action of zinc pyrithione[END_REF].

ZPT is a poor inhibitor of substrate catabolism, but his sub-inhibitory concentrations of the biocide greatly reduce intracellular ATP levels in both Escherichia coli and Pseudomonas aeruginosa. This is thought to be due to the action of ZPT on the gram-negative bacteria membrane [START_REF] Qian | Mini-review: Molecular mechanisms of antifouling compounds[END_REF]. Further investigation of the action at the membrane suggests that ZPT forms stable interactions with the bacterial membrane phospholipid phosphatidylethanolamine. This may result in the disaggregation of the phospholipid head structure at the outer membrane and may also indicate chelation of phosphorylethanolamine head groups

Chapter I -State of the art 60 from the core structure of the external lipopolysaccharide. This would further disrupt the membrane [START_REF] Qian | Mini-review: Molecular mechanisms of antifouling compounds[END_REF]. In addition; current-voltage analysis demonstrates that the depolarization of the bacterial membrane is accompanied by a decrease in membrane electrical conductance in a manner consistent with inhibition of the primary proton pump and consistent with a mode of action of ZPT on plasma membrane ion channels. Therefore, ZPT inhibits membrane transport via a direct or indirect effect on the primary proton pump that energizes transport, and the site of action of ZPT is likely to be intracellular rather than extracellular [START_REF] Qian | Mini-review: Molecular mechanisms of antifouling compounds[END_REF].

Other studies on the mode of action of pyridine-N-oxides have demonstrated their potent bactericidal activity to be linked to their ability to chelate: i.e. to form cyclic complexes with the ions of heavy metals [START_REF] Albert | The influence of chemical constitution on antibacterial activity. Part viii. 2-mercaptopyridine-n-oxide, and some general observations on metal-binding agents[END_REF]. Additional investigations reported by Hyde and

Nelson have suggested that other mechanisms may be applicable [START_REF] Guthery | Zinc pyrithione in alcohol-based products for skin antisepsis: Persistence of antimicrobial effects[END_REF]. The authors propose that the pyrithione is an antimetabolite of the pyridine derivative pyridoxal and suggest that the activity of ZPT may be analogous to the inhibition of microbial folate production by sulfa drugs. Finally, dipole structure of the molecule creates a pseudoquaternary ammonium group, providing yet another potential mode of antimicrobial action for ZPT. Multiple mechanisms appear to be at work, suggesting that antimicrobial resistance is unlikely to develop. Reports of the development of antimicrobial resistance are not readily available, and further detailed investigation may be appropriate.
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VI CONCLUSIONS

In this bibliographic chapter, the definitions and generalities of aerosols including microbial aerosols were presented, as well as the synthesis of some studies concerning the microbiological quality of urban outdoor air and in indoor environments. A summary was presented on the theory of filtration, ventilation systems and the problem associated with the presence of microbial aerosols in these systems. A bibliographical review was carried out with regard to the techniques of generation, sampling and characterization / quantification of bioaerosols.

To summarize, it is important to note that microbial aerosols can be defined as "living" airborne particles formed by bacteria, fungi or "fungi" and microbial fragments. It should be noted that bacterial cells are rarely isolated in the air and tend to associate with particles providing protection against light and desiccation and yet they are very likely to be found in the air, according to the characteristics of the location of the measurements (indoor, outdoor, urban, rural, etc.).

The spores of bacteria and fungi are forms of resistance to heat, lack of water or nutrients, desiccation, etc. It is therefore possible to imagine that the bacterial or fungal species that develop these forms, and especially the fungus forming to the hyphae, can be found in ventilation systems especially on filters in the "cake" of particles where they can find nutrients, as already reported in the literature. These microbial aerosols can cause health effects as outlined in this literature review. Fungal spores, for example, have been used as an indicator of biological air pollution for their allergic effect in humans.

It is also important to note that the quality of the outside air has a significant influence on the quality of indoor air. Poor indoor air quality can cause health effects, such as allergies, fatigue, and irritation of the eyes and respiratory tract. Indoor air quality may be degraded due to poor ventilation, moisture problems or poor cleaning. Moisture seems to be a key factor, especially for a reason of reactivity of the pollutants.

Regarding the quality of the air both outside and inside, it varies enormously in terms of concentration, particle size distribution, chemical composition and biological composition. The airflow permeability of the filters is 3.6 ± 0.2×10 -11 m 2 and 4.1 ± 0.4×10 -11 m 2 for the PP/ZPT filter and the PP filter respectively. Note that the range in the airflow permeability data is higher, due to the high experimental error in the thickness measurement. Airflow resistance (m -1 ) b 3.9 ± 0.1×10 7 3.5 ± 0.1×10 7 Measurement of filter pressure drop vs filtration velocity a Averages and standard deviations for N=15. b Averages and ranges for N=2. c Median diameters and standard deviations for N=100 fibers analyzed.

III

MATERIAL AND METHOD FOR FILTER CLOGGING TESTS

The filtration performances of the 2 tested filters were compared regarding solid particle collection in a dedicated experimental setup.

III.1 Experimental setup

The 

III.2 Particle generation and counting

The filtration performances of the filter were determined from clogging with solid particles, more specifically with organic particles of micronized rice with particle size distribution representative to PM10 particles.

The particles were generated with a rotating brush generator (RBG 1000, Palas). This generator contains a cylindrical tank (diameter: 10 mm, height: 7 cm) where the particles are arranged; with a piston, the particles are conveyed to the brush which, when rotating, disperses them. Compressed air feeds the generator, and conveys the particles to the outlet of the latter at a generation rate of 5 m 3 /h. The generated particles had been previously ovendried for 1 night at 50°C.
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The micronized rice particles naturally contain the fungus P. chrysogenum. The concentration of P. chrysogenum in micronized rice is 2250 ± 850 cfu.g -1 (colony-forming unit per gram of rice) [START_REF] Gonzalez | Influence de la gestion des centrales de traitement d'air des réseaux de ventilation de bâtiments sur le développement d'aérosols microbiens[END_REF].

The particle size distribution of the micronized rice particle was characterized with the optical particle counter WELAS 2100 (Palas) with a mass and a number median diameter of 7.4 and 0.6 µm.

In an earlier study conducted by [START_REF] Gonzalez | Influence de la gestion des centrales de traitement d'air des réseaux de ventilation de bâtiments sur le développement d'aérosols microbiens[END_REF], a basic analysis was conducted to identify the carbon content of micronized rice. To do this, 4 samples were dried at 105°C for 1 night.

Dry samples having a mass of between 0.4 and 1 mg were recovered for elemental analysis thereafter. The percentage of carbon, nitrogen and hydrogen was estimated at 42, 1 and 6% respectively, relative to the dry sample mass. Sulfur was not detected. Also, in order to identify other elements present in the micronized rice, qualitatively, an X-ray fluorescence analysis was conducted for 2 samples of rice previously dried at 105 C. Other elements such as phosphorus (P), sulfur (S), potassium (K) and calcium (Ca) have been detected. The presence of these elements in micronized rice, provide a source of nutrients for microorganisms (Chapter III).

During the clogging tests, the micronized rice particles are sampled and measured, at a flow rate of 5 L.min -1 , with the APS 3321 TSI counter in terms of number of particles and particle size distribution in the 0.5-20 μm aerodynamic diameter range.

IV FILTRATION PERFORMANCES OF THE TESTED FILTERS

IV.1 Change in filter pressure drop

The evolution of filter pressure drop (∆P) according to the areal mass of particle collected is 

IV.2 Change in particle collection efficiency of the filters

The evolutions of overall number particle collection efficiency and the fractional efficiency of the two tested filters during their clogging with PM10 are presented in Figure 19, Figure 20 and Figure 21.

The results indicate particle collection efficiency higher that 96% by the 2 tested filters whatever the particle diameter and the level of clogging are. In particular for the PP/ZPT filter for high level of clogging (i.e. from 36 g/m 2 of areal particle mass collected), we observe a slight decrease of the particle collection efficiency for the submicronic particles, characteristic to electret filter. Basically, the filtration efficiency of fibrous filter containing electrostatic charges is enhanced in the beginning of clogging due to the particle collection mechanism by electrostatic forces; the forces disappear with the clogging leading to possible decrease of the filtration efficiency if the cake filtration doesn't compensate.

To conclude the two tested filters display quite similar filtration performance regarding solid particle collection. V

CONCLUSIONS

In this chapter, the filtering media considered in this thesis and their structural characteristics were presented. Two marked F7 fibrous filters, one containing antimicrobial treatment, were studied. The various filtering layers of the 2 tested filters display equivalent porous structural properties but not similar.

The two tested filters, antimicrobial and regular, revealed similar filtration performance in terms of change in pressure drop and particle collection efficiency during their clogging, meaning that the antimicrobial treatment does not degrade the filtration performances of the filter. 

PP/ZPT filter INTRODUCTION

The aim of this chapter was to investigate at the laboratory the antimicrobial efficiency of marketed filters containing zinc pyrithione which is known for its effect against microorganisms and to compare the results with regular filters. The effect of the level of humidity during filter conditioning as well as the presence of organic particles onto the filters was investigated.

II ACTION OF ZINC PYRITHIONE

Zinc pyrithione (ZPT) with chemical formula C 10 H 8 N 2 O 2 S 2 Zn, also known as Zinc Omadine or Zinc 2-pyridinethiol-1-oxide, is used to prevent microbial degradation and deterioration of manufacturing starting materials such as plastics, polymers, and latexes, and in a wide range of finished articles made from these starting materials. This chemical acts to prevent the growth of bacteria, fungi, mildew, and algae that can cause various types of deterioration such as discoloration, staining, odors, etc.

ZPT was found to have a safety profile and/or antimicrobial efficacy that exceed iodine, chlorhexidine gluconate, and triclosan (Seal & Paul-Cheadle, 2004). It acts as an ionophore, interacting nonspecifically with the plasma membrane and shuttling copper into the cell.

Pyrithione is suspected of mediating copper transport across intracellular membranes, enabling copper to disperse throughout the cell, gaining access to intracellular organelles such as mitochondria. There is a precedent for pyrithione-mediated ionophore activity across intracellular membranes, as it was previously reported that pyrithione affected zinc transport across vacuole vesicles in vitro (MacDiarmid et al., 2002). Results of most of the studies on fungi showed that ZPT inhibits fungal growth through damaging iron-sulphur clusters of proteins essential for fungal metabolism and also by depolarizing the cell membranes and preventing membrane transport.

III WATER RETENTION CAPACITY

The microbial growth onto fibrous filters is influenced by the air humidity (Forthomme et al., 2014), but even more by the water retention capacity of the filters (Morisseau et al., 2017).

Water is sorbed by the fibers of the filter and/or by the particles collected by the filter according to the hydrophilic characteristics of the fibers and the particles.

Chapter III -Microbial behavior onto antimicrobial an regular tested filters under controlled conditions 77 First, samples were dried at 70°C until weight stabilization (at least one week), to identify the dry mass of the samples. Then the water retention capacity of the tested filters was quantified by Karl Fisher device (870 KF Titrino plus, 803 Ti Stand, 860 KF Thermoprop, Metrohm) following the methodology described by Morisseau et al., 2017, for two levels of humidity exposure: 25°C and 90% RH (i.e. 21 g of water per m 3 of air) and 25°C and 50% RH (i.e. 11 g of water per m 3 of air).

The PP/ZPT and the PP filters were tested in two configurations: new filter and used filter clogged with PM10 particles composed of micronized rice (used in Chapter II § III.2). The water retention capacity was expressed in mg of water per surface of filtration. The average values were compared by using the statistical t-test.

IV MATERIAL AND METHOD FOR THE STUDY OF MICROBIAL BEHAVIOR ONTO THE FILTERS

IV.1 Microbial contamination and clogging of the tested filters

The microbial behavior was observed onto new filters, i.e. filters with just microbial contamination representative to antimicrobial effect in the first operating days, and onto used filters, i.e. clogged filters with organic and microbial particles. The tests were performed with the PP/ZPT filter and the PP filter.

IV.1.1 Choice of microbial specie

Bacteria, fungi and viruses are the most common and most studied microorganisms in the air [START_REF] Agranovski | Edited by Handbook of Hydrogen Storage Hydrogen as a Future Energy Carrier Materials Innovations in an Emerging Hydrogen Economy Atmospheric Degradation of Organic Substances Introduction to Hydrogen Technology Atmospheric Chemistry and Physics[END_REF]. Two bacterial species and one fungal species are selected for this study because among the microorganisms, bacteria and fungi hold sufficient genetic material for their own development. In addition, they are theoretically captured by filters such as those tested in this work.

To study microbial growth behavior onto fibrous filters, it is necessary to use representative indoor airborne microbial species. The microbial contamination of the filters was ensured with a bacteria-fungi consortium, representative to indoor airborne microbial species, consisting of Staphylococcus Epidermidis cells (CIP 53 124), Serratia marcescens cells (DSM30121) and Penicillium chrysogenum spores (wild strain).

S. epidermidis is a bacterial specie found on the skin, and so it is frequently present in indoor air from office buildings in particular. Serratia marcescens is a motile, short rod-shaped, Chapter III -Microbial behavior onto antimicrobial an regular tested filters under controlled conditions 78 gram-negative, facultative anaerobe bacterium, classified as an opportunistic pathogen, and so its presence in air could caused some pneumonia and urinary tract infections. It is capable of producing a pigment called prodigiosin, which ranges in color from dark red to pale pink, depending on the age of the colonies (Mahlen, 2011). P. chrysogenum is a species from the type Penicillium often found in indoor air (Fang et al., 2005). Many protease allergens from different species of Penicillium, including P. chrysogenum, are implicated in the occurrence of symptoms found in occupants of contaminated buildings (Kurup et al., 2000).

IV.1.2 Preparation of the microbial consortium

The microbial consortium was constituted by Staphylococcus epidermidis cells, Serratia marcescens cells and Penicillium chrysogenum spores. The culture medium used for the microbial growth was a liquid nutrient broth (Biokar diagnostics) composed of tryptone (10 g/L), meat extract (5 g/L) and sodium chloride (5 g/L) for S. epidermidis and Serratia marcescens , while Rose Bengal chloramphenicol agar -soy based (Biokar diagnostics) for P. chrysogenum spore production. After their growth, S. epidermidis and Serratia marcescens cells were collected in an isotonic solution (NaCl 9 g.L -1 ) while P. chrysogenum spores were collected in peptone water on the surface of the agar plate. All the harvested strains were washed three times with isotonic solution and by centrifugation for 10 min at 2000 xg.

IV.1.3 Filter contamination with microbial aerosol

Regarding microbial aerosol generation a liquid process was selected because it seems less stressful for microorganisms. It was chosen to generate a microbial consortium, that is to say, only one suspension comprising the fungal spores and bacteria. The nebulizer liquid suspensions AGK 2000 (Palas) was chosen to aerosolize the microbial suspension (see Chapter I). The microbial consortium was prepared on the same day as filters were contaminated; this nebulizer includes a container (volume 300 ml) where in the microbial suspension is introduced. A compressed air inlet bubbled to the solution the output of the generator with its shape cyclone recycles the coarse particles, producing an aerosol rather end at a flow rate of 6 L/min. At the output of the generator, a column allows the drying of the aerosol generated. It is possible to generate both fungi and bacteria relatively stable over time and concentrations of microorganisms generated are satisfactory for the purposes of this project. Generally, the pneumatic nebulization is in fact the most widely used technique for microorganism aerosolization [START_REF] Chen | Evaluation of single-use masks and respirators for protection of health care workers against mycobacterial aerosols[END_REF].
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The microbial contamination of the filters was carried out in a vertical filtration column described by (Morisseau et al., 2017); the experimental setup, presented in Figure 22, consists of a straight cylindrical pipe of stainless steel of 45 mm in diameter and about 1.5 m in length, whose airflow is ensured by the particle generator connected at the top (AGK 2000 or RBG 1000 for used filters). The microbial contamination was performed at the nominal filtration velocity of the filters, i.e. 0.12 m/s with the filters tested in flat configuration.

Figure 22: Experimental setup for microbial contamination of new and used filters

IV.1.4 Organic particles PM10

The used filters were obtained at the laboratory by clogging clean filters with organic particles of micronized rice, used in Chapter II (III.2) with particle size distribution representative to PM10 particles. The clogging was carried out in the same vertical filtration column as previously at the nominal filtration velocity of the filters from particle generation with a rotating brush generator (RBG 1000, Palas). After particle clogging, the filters were contaminated with the microbial consortium in the filtration device as explained previously for the new filters.

Note that for experiments with used filters, P. chrysogenum particles collected by the fibrous filter were provided by the microbial consortium nebulization and the organic particles of micronized rice which naturally contain the fungus P. chrysogenum. 

IV.2.2 Extraction of microorganisms from filters

To quantify the microorganisms collected by the filters, a preliminary extraction step was necessary. The main difficulty in microbial extraction from filters is to preserve microorganism viability. A protocol of microorganism extraction from filters has been established [START_REF] Perrier | SFGP 2007 -Microbial Growth onto Filter Media Used in Air Treatment Devices[END_REF]. It consists in introducing the filter into 50 mL of an extraction solution ((MgSO4 (0.01 M), Tween 20 (0.25%)), followed by 2 h of shaking at 300 rpm and then 1 min of ultrasound (100 W; 20 kHz). This is to increase the harvesting efficiency of microorganisms. Thus, the application of this protocol allows recovery between 80 and 85% of the microorganisms present on the filter media. These steps can induce shocks and deterioration of microbial cells and finally a loss of the cultivability of microorganisms.
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IV.2.3 Microorganism quantification via CFU counting

The culture-based method on Petri dishes is still the most widely used for the study of living microorganisms. However, cultivable microorganisms represent a small fraction of the total microorganisms in indoor air [START_REF] Lee | Culturability and concentration of indoor and outdoor airborne fungi in six single-family homes[END_REF] although bacteria or fungi cultivability determines their growth potential. In this study, only three specific microorganism species, S. epidermidis, Serratia marcescens and P. chrysogenum, were examined. Thus, the culture method was accurate enough to follow their growth behavior.

To select the Staphylococcus epidermidis, Serratia marcescens and Penicillium chrysogenum cultivable species and to decrease the risk of contamination, specific agar culture media were used for microorganism quantification:

-P. chrysogenum was cultivated on Rose Bengal Chloramphenicol agar (Burge et al., 1977). The plates were incubated at 25°C for 5 days; -S. epidermidis was cultivated on Chapman agar culture medium which selects halophilic bacteria. The plates were incubated at 37 °C for 24 h; -Serratia marcescens was cultivated on nutrient agar culture medium. The plates were incubated at 30 °C for 48 h.

Finally, bacteria and fungi colonies were counted and concentrations were expressed in Colony-Forming Units (CFU) per mL of extraction solution (CFU/mL). After quantification the results were also express in CFU per filter surface.

For the quantification of microorganisms by CFU counting, quantification limit has been defined. The limit of quantification (LQ) was set at 10 CFU per unit volume spread on the Petri dish when there is no dilution (dilution 0). That is, at least 10 colonies are required on the agar to consider the result to be statistically quantitative. This definition of LQ obeys the ideal observation of 1 colony for dilution 1 to 10 (dilution -1). Thus, the result can be verified on two dilutions.

For example, in the case of the extraction of microorganisms from the filters, if 400 μL are taken from the extraction solution and they are spread on the agar, the LQ would be:
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� 2 � = 10 400µ × 1000µ 1 × () ( 2 )

IV.3 Overall methodology

The The first observation is that the PP/ZPT and PP filters, new or used, demonstrate quantifiable water retention capacities.

The water retention capacity of new or used PP/ZPT filters increases significantly by around 30% (with a confident level higher than 98%) with increasing the level of humidity during conditioning (i.e. 50% vs 90% RH). For a given surface of filtration, the quantity of water sorbed by the PP/ZPT filter after conditioning at 25°C and 90% RH is slightly higher by 30% with a confident level of 97% than those by the PP filter; by considering the same PP material of the fibers, this result may be explained by the porous structural parameters of the 2 tested filters. Finally, the results indicate that the water sorbed by the PP/ZPT filters is sharply higher if the filter is used rather than new, by around 18 times higher for 50 or 90% RH.

The presence of water means that the microorganisms can grow on new or clogged filters and the main conclusion is that the micronized rice particles sorb a large amount of water in the tested conditions. Chapter III -Microbial behavior onto antimicrobial an regular tested filters under controlled conditions 86 After 8 days at high humidity (90% RH), the results demonstrate that for the regular PP filter (without antimicrobial treatment) the fungal spore concentration onto the filter increases significantly by around 1 log. On the other hand, the gram positive bacteria concentration decreases by 2 log and the gram negative concentration decreases by around 0.5 log (with a confident level of 91% with t-test). In presence of antimicrobial treatment in the filter, the results show no growth for Penicillium onto the new PP/ZPT filter, the concentration slightly decreases (with a confident level of 95%). The bacteria Serratia concentration decreases by 1 log and the concentration of Staphylococcus decreases by 4 log (i.e. around 90% and 99.99% of inactivation respectively).

For conditioning at 50% RH, the bacterial survival is limited with no living bacteria extracted from the new PP and PP/ZPT filters after 8 days except a low concentration of Staphylococcus with the PP/ZPT filter which may be explained by a higher water retention capacity of the PP/ZPT filter; the survival of Penicillium at 50% RH is also limited with a decrease in the fungal concentration by 2 log for the PP and the PP/ZPT filters.

V.2.2 Used filters

The same experiments were performed as previously with used filters, clogged with the micronized rice particles (PM10) containing the fungi Penicillium chrysogenum.

The results presented in Figure 28 demonstrate that the presence of organic particles collected by the filter influences the microbial survival onto the tested filters conditioned at 90% RH.

The bacterial survival after 10 days is higher for Staphylococcus (only 1.5 log reduction) in comparison to the new filters, in particular for the PP/ZPT filter with antimicrobial treatment with around 1.5 log reduction (against 3.5 log with new filters); for Serratia the concentration decrease is more significant with used filter, probably influenced by the growth of Penicillium onto the filters. Indeed, in presence of organic particles which could be used as a substrate by Penicillium; this latter strain presents a significant growth onto the PP filter and also the PP/ZPT filter. In particular, the microbial growth onto the PP filter was observed by SEM 

V.3 Microbial release from contaminated filters

After simulated stops of ventilation during 168 -240 h, the potential microbial release from the contaminated filters at the restart of ventilation was experimentally quantified.

The release of microorganisms from the tested used PP/ZPT filters at a simulated restart of ventilation was estimated by CFU counting of the concentrations of cultivable microorganisms extracted from the HEPA filter. It was compared with the concentrations of cultivable microorganisms extracted from the contaminated filter as it is shown in Figure 30.

The microbial release of S. epidermidis and Serratia marcescens from the contaminated PP/ZPT filters was investigated after 10 days of conditioning at 50 and 90% RH. The results did not reveal a quantifiable amount of bacteria released. Regarding the fungi, the release of P. chrysogenum spores from filters was observed only with 90%RH during conditioning, i.e., when fungal concentration onto the filters was the highest.
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VI CONCLUSIONS

The microbial growth onto new and used filters conditioned at 2 levels of humidity was studied. The results obtained is this study confirm that there is a clear relation between relative humidity and the survival of microorganisms collected by fibrous filter used in indoor air treatment. More the air contains water and better the survival. Moreover the behavior of fungal strain is different than bacteria, and fungi may present in some specific condition a growth phase in the filter media. The addition of organic particle matter in the filter will enhance this latter phenomenon in presence of high humidity level. The addition of antimicrobial substances in the filter media could in some case reduce the microbial development but this effect is strain dependant and could be hidden by the dust collection.

At low humidity value of conditioning (50% RH), with new or used filters, with or without antimicrobial treatment, the microbial population onto the filters decreases and possibly will not survive (Serratia).

At high humidity value of conditioning (90% RH), the bacteria do not grow onto the new filters, and only the fungus was able to develop. The effect of the antimicrobial treatment with

Chapter III -Microbial behavior onto antimicrobial an regular tested filters under controlled conditions 90 zinc pyrithione is confirmed for new filters in particular regarding the fungi Penicillium. For used filters, the results indicate that the antimicrobial treatment is no more efficient with a significant growth of the Penicillium, the endemic species of the micronized rice particles (PM10) collected by the filters; the two populations of bacteria significantly decrease with or without antimicrobial treatment.

Fungal particles were detected downstream of the PP/ZPT filter, in quantifiable amount, after filter conditioning at 90% RH and a simulated restart of the ventilation.

Chapter IV Filtration performances of antimicrobial and regular HVAC filters operating in realistic conditions with semi-urban outdoor air INTRODUCTION

The aim of the chapter was to evaluate the filtration performances of the 2 filters tested in the previous chapter, the antimicrobial filter (PP/ZPT) and the regular filter (PP), in realistic conditions with a semi-urban outdoor air. The behavior of the outdoor microorganisms onto the filters (growth/mortality) was observed.

The study was conducted over 7 months (between April 28th and November 20th, 2017). Two filtration units were operating at IMT-Atlantique location, one containing the PP/ZPT filter and the second the PP filter. Each unit filtered the same semi-urban air. Both filtration units operated continuously and several parameters were monitored throughout the operating period: temperature, relative humidity, filter pressure drop, filter particle collection efficiency, inlet particle mass concentration, and microbial concentrations; in addition, the microbial concentration onto the filters was quantified for 3 times (every 2 months) from an innovative methodology based on media coupons.
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II MATERIALS AND METHODS

II.1 Experimental set-up

The filtration device is composed of two Air Filtration Units (AFU) filtering simultaneously the same semi-urban air. The two tested filters, presented in the previous chapter, were implemented in the two AFU: AFU1 with the PP/ZPT filter i.e. the filter containing the antimicrobial treatment, and AFU2 with the PP filter. The set-up is presented in Figure 31. At the output of each AFU, the air is again filtered by a high efficiency particulate air filters (HEPA). The pressure drop of each filter, the temperature and relative humidity in each column are measured continuously throughout the duration of the experiment.

II.2 Methodology

II.2.1 Tracking parameters continuously

Throughout the study, several parameters are analyzed continuously in the experimental device.

II.2.1.1 Temperature and relative humidity

The temperature and relative humidity are recorded continuously by thermohygrometer probes located upstream of each filter (Electronic -EE08 series).

II.2.1.2 Outdoor particulate mass concentration (PM total )

The TEOM 1405 (Thermo scientific) continuously measures at a flow rate of 0.18 m 3 .h -1 , negligible compared to the air flow of 16 m 3 .h -1 in the AFU, the mass concentration of particles of air (PM total ) upstream of the filter of the AFU1, which is common to the mass concentration of the air upstream of the filter of the AFU2. The air sampling is performed in isokinetic condition. Filter pressure drop Pressure sensors (Druck -LPX 5481 and Setra -Model 239) are installed upstream and downstream of each filter. The pressure drops generated by the filters (∆P) are directly calculated from the upstream and downstream pressure measurements recorded every minute.
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II.2.2 Sampling and quantification of microorganisms from outdoor air

The cultivable microorganism concentrations were quantified weekly in the experimental setup, upstream and downstream of the filters. Moreover, outside microbial concentration measurements were performed on the roof of the research hall close to the air feeding level of the experimental set-up. The microbial concentrations sampled outside and upstream of the filters in the experimental set-up were then compared in the results section.

II.2.2.1 Microorganism quantification in the experimental set-up

Sampling of biological particles was done using an impinger, the BioSampler (SKC). A single common sampling was performed upstream of the filters while two samples were performed downstream of each of the two filters. The sampling sequence carried out is as follows:

-Measurement upstream of the AFU1 for 3h

-Measurement downstream of AFU1 for 3h

-Measurement downstream of the AFU2 for 3h

BioSampler sampling is isokinetic sampling at a rate of 13 L.min -1 in 20 ml of sampling fluid (MgSO 4 0.01 M). The collected samples are then analyzed by CFU count after plating on culture media. For this, a volume of 1 ml of the sample solution is directly spread on the culture media. To evaluate the repeatability, two spreads of 1 mL are made on two Petri dishes containing the same culture media. Five different culture media were used:

-Dichloran Rose-Bengale Chloramphenicol (DRBC, Biokar Diagnostics) agar, favorable for growth of fungal species while limiting colony size and used for the enumeration of viable yeasts and molds with a water activity (aw) greater than 0.9, i.e. for mesophilic fungi; the plates were incubated at 25°C for 7 days;

-Dichloran-Glycerol (DG18) Agar base (Xerophile, Biokar Diagnostics), favorable to the growth of fungi that can live and develop in low water activity. Xerophilic fungi preferably grow at a water activity below 0.85 aw in xeric environments; the plates were incubated at 25°C for 7 days;

-Czapek-Dox Broth (Difco TM Becton, Dickinson and company), favorable for the cultivation of fungi and bacteria capable of using inorganic nitrogen; the plates were incubated at 25°C for 7 days;

-Nutrient Agar (Nutrient Broth, Biokar Diagnostics), favorable to the growth of heterotrophic bacteria; the plates were incubated at 37°C for 48h;
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Upstream and downstream microbial concentrations , for a given agar culture media, were calculated using the following relation:

= × ×
With N the number of microbial colonies in CFU/mL, the remaining liquid volume in the BioSampler at the end of the sampling in mL, the sampling duration in min and the volume flowrate of the BioSampler of 13 L/min

II.2.2.2 Microorganism quantification in outdoor

Bacterial and fungal particles from outdoor air were sampled using MAS-100 NT samplers.

The flow rate of the device is 100 L/min (compare to the BioSampler 13 L/min), and the airborne fungal and bacterial particles were separated from the air flow. The separated particles were deposited onto an agar plate inside of the sampler and incubated.

The same culture media were used as previously with the BioSampler:

-Fungal bioaerosols were cultivated with DRBC agar, Xerophile agar (DG 18) and Czapek-Dox agar, as the growth media on the agar plate. The sampled fungal particles were incubated at 25°C for 7 days.

-Bacterial bioaerosols were cultivated with Nutrient agar and R2A agar. The sampled bacterial particles were incubated at 37°C for 48 h.

The colonies on the agar plates were counted after incubation, and the concentrations of cultivable fungal and bacterial bioaerosols in the surrounding environments were calculated in units of CFU m -3 . The samples were taken for 5 min on the DRBC agar media and 2 min on Xerophile and 1 min on the other media.

II.2.2.3 Microorganism quantification onto the filters

The microbial concentration onto the two tested filters was quantified 3 times throughout the study from an innovative technology. Four coupons of 2 cm in diameter, made of the same filter media as the tested filters, were deposit onto the surface of the filter with no significant influence on the air resistivity compare to a regular filter. The coupons were removed two times throughout at t0+3 months and t0+5 months. 

II.2.4 Summary of tracking parameters

The sampling and measurement methods for each tracking parameters are summarized in Table 5. Chapter IV -Filtration performances of antimicrobial and regular HVAC filters operating in realistic conditions with semi-urban outdoor air 99 Note that in order to perform isokinetic sampling of the particles in the set-up, sampling rods of different diameters were used upstream and downstream of each filter according to the measuring instruments: 10 mm, 8 mm and 16 mm respectively for the Welas digital 2000
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II.2.5 Description of used devices

II.2.5.1 Sampling of microbial aerosol: BioSampler (SKC)

The BioSampler is highly effective at collecting viable samples. It is a highly efficient glass collection device that requires a high-volume sonic flow pump to trap airborne microorganisms for subsequent analysis. As an improvement to the AGI-30 impinger (a previous version), the BioSampler minimizes the effects of particle rebounce and reaerosolization, and has a stable collection efficiency over a sustained time period, i.e., within 30 min (willeke et al., 1998). The BioSampler design also helps prevent the collection liquid evaporation. Due to these improvements, the BioSampler is increasingly being used for bacteria, fungi, virus, and allergen detection [START_REF] Colenutt | Aerosol transmission of foot-and-mouth disease virus Asia-1 under experimental conditions[END_REF]Li et al., 2016).

Previously, it was shown that increasing sampling flow rate the BioSampler (from 8.5 to 12.5

L.min -1 ) can significantly increase the physical collection efficiencies, but with decreased recoveries of cultivable bacteria. This effect was due to the increased jet velocity associated with increasing sampling flow rate [START_REF] Lin | Survival of airborne microorganisms during swirling aerosol collection[END_REF]. The jet velocity for the BioSampler at the sampling flow rate of 12.5 L.min -1 is about 313 m.s -1 . For the sampling flow rate of 20 L.min -1 , the jet velocity is 500.8 m.s -1 , and for 5 L.min -1 the jet velocity is 125.2 m.s -1 by calculation. Higher jet velocity in general resulted in higher physical collection efficiencies, while in the same time it causes higher impaction stress on the microbes [START_REF] Zhen | A comparison of the efficiencies of a portable BioStage impactor and a Reuter centrifugal sampler (RCS) High Flow for measuring airborne bacteria and fungi concentrations[END_REF][START_REF] Zheng | Liquid impinger BioSampler's performance for size-resolved viable bioaerosol particles[END_REF]. A sampling flow rate of 13 L.min -1 was used in this study.

II.2.5.2 Sampling of microbial aerosol: MAS-100 NT

The MAS-100 operates on the impaction principle. The contaminant-carrying particles are propelled onto a solid medium. The sampled air is aspirated either horizontally or vertically through a perforated plate with 400 holes 0.7 mm in diameter and propelled (blown) onto media plate with an impact velocity of 10.8 m.s -1 . The air then passes through an air flow meter that adjusts the sampling volume to a constant 100 L/min. This continuous adaptation of the air volume is a novelty in air sampler systems and greatly contributes to correct and reproducible results.

The MAS-100 was developed on the Andersen Air Sampler Principle with collection apertures that correspond to Andersen Level 5 for excellent recovery of viable particles as
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Depending on number of living bioaerols collected onto the Petri dish a positive hole conversion table is provide to estimate a more realistic microorganisms number. This table is based on the probability that in an increasing number of microorganisms per sampling, several microorganisms enter the same hole of the perforated lid. The values in the table are calculated with the basic formula:

= � 1 + 1 -1 + 1 -2 + ⋯ + 1 -+ 1 �
with the number of colony forming units counted on standard Petri dish (90 mm), the statistically corrected total count and the 400 holes in the perforated plate.

II.2.5.3 Particle mass concentration: TEOM 1405 (Thermo Scientific)

TEOM 1405 (Thermo Scientific) includes a microbalance consisting of a conical element oscillating at its natural frequency (quartz element). When a physical constraint is applied to it, an electric potential appears. Thus the particles sampled and deposited on the microbalance induce an increase of the mass on the conical element which causes a decrease in the oscillation frequency. This frequency variation is recorded continuously and converted into mass variation. Sampling heads can be added to TEOM to select particle sizes (<10 μm, <2.5 μm, <1 μm).

II.2.5.4 Particle size distribution: Welas digital 2000 (Palas)

The counter is based on the principle of measuring the light intensity scattered by a particle under the effect of a white light incident on a very small measurement volume. In the Welas counter, the light intensity, which is a function of the particle size, is detected at an angle of 90° with respect to the optical axis of the light source. These counters determine the optical diameter of the particles. Optical counting is effective because all particles are detected as soon as their size is large enough compared to the wavelength of the radiation used; on the other hand, there may be a measurement bias with respect to calibration and the presence of moisture. The concentration range is wider on the order of 10 6 particles/cm 3 and the measurement range is between 0.2 and 40 μm for 32 measurement channels. This apparatus
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In the present study, the Palas Welas optical counter was used with a measurement range of 0.2 to 10 μm.

III RESULTS

III.1 Outdoor conditions

III.1.1 Climatic conditions

The successful transmission of microorganisms via the airborne route relies on several factors. Environmental exposure is a common hazard for all such organisms (whether bacteria or fungi) during this journey between hosts. Factors such as temperature, humidity relative, will affect the various microorganisms in different ways and degrees, and it is sometimes difficult to make generalizations, especially because different experimental methods have been employed in their investigation.

Figure 34 shows the average daily temperature (T) and relative humidity (RH) of outdoor air during the 7-month period during which the experiment was conducted under realistic conditions. The T and RH data were got from Météo-France public data and refer to the station Nantes Atlantique Airport close to the location of the study.
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For the days when microbial aerosol sampling was performed with the MAS-100 NT, the average daily temperature and relative humidity were compared to the values at 9 am, the sampling time. The results presented in Figure 35 indicate that there is no significant difference between the average daily T and the value at 9 am; regarding the RH the gap between the daily average and 9 am is higher (can reach a gap of 10% RH). 

III.1.2.1 Presentation of the results

The cultivable microorganism concentrations of the outdoor air during the study period, sampled with the MAS-100 is presented Figure 36 for the 5 culture media employed. on Xerophile agar (day 61). The concentration of cultivable bacterial on R 2 A agar was 1 × 10 3 CFU.m -3 (day 62) and on Nutrient agar was 1.1 x 10 3 CFU.m -3 (day 64). The increase of the cultivable microorganism concentration was in June, i.e., the second month after the start of the test. Most fungi are mesophilic and grow best at moderate temperatures, typically between 20 and 45°C. Species of Aspergillus and Penicillium are considered the most xerotolerant taxa [START_REF] Haas | Comparison of background levels of culturable fungal spore concentrations in indoor and outdoor air in southeastern Austria[END_REF][START_REF] Pitt | Fungi and food spoilage[END_REF]. High fungal concentrations outdoors were recorded during the summer months in the region investigated (IMT-Atlantique). Spore concentrations in the air dropped with nature's transition towards autumn dormancy.

Therefore, the concentrations in the ambient air were significantly lower than during the other seasons.

The fungal concentration varies seasonally. The background concentration of fungal spores in the air increases in spring, reaches high concentrations in the summer, and, in the case of many fungal species, attains a maximum in September [START_REF] Levetin | Indoor air quality in schools:exposure to fungal allergens[END_REF]. The factors influencing the concentration of bacterial and fungal species that can be cultivated in the outdoor air are multiple and variable according to the genera and species. The environment has a great influence on microbial concentrations. Temperature and humidity also affect the microbial concentration but can't explain the variations in concentrations alone.

III.1.2.2 Results analysis: influence of humidity

Table 6 presents the concentrations of cultivable fungal and bacterial particles according to the relative humidity conditions during the sampling. Xerophil agar decreased from 4368 to 830 CFU.m -3 with the increase of relative humidity from 55% to 90%. Therefore, the increase of fungal aerosol concentrations with a relative humidity increase of 35% was statistically significant. While on the other media, there was not any direct correlation between RH and microbial concentration.

III.1.2.3 Results analysis: influence of temperature

Figure 37 shows the total cultivable fungal and bacterial concentrations of the outdoor air during the study period, which were grown on the DRBC and Nutrient Agar media, as well as the outdoor air temperature at 9 am.
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It is known that Dichloran Rose-Bengale Chloramphenicol Agar (DRBC) selects yeasts and molds by inhibiting bacterial growth by the presence of an antibacterial agent, chloramphenicol. Also DRBC agar is used for the enumeration of viable yeasts and molds with a water activity ( aw ) greater than 0.95 for that was the choice of media in our tests. The use of a specific media for the enumeration of the fungi makes it possible to reduce the problems related to contamination and to limit the phenomenon of competition between the bacterial and fungal species. 

Temperature (°C)
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Figure 38 shows the total cultivable fungal and bacterial concentrations of the outdoor air during the study period, which were grown on the Czapek-Dox and R2A media, as well as the outdoor air temperature at 9 am.

By observing both Figure 37 and Figure 38, the concentrations of microorganisms, both bacteria or fungi, there is no simple correlation with the air temperature; it is because the concentration of microorganisms in the air vary according to many factors, as mentioned above.

The concentration of microorganisms in the air vary according to many factors: the environment (urban, rural,…), the species sampled in the sampling time (the sampling can alter the cultivability of microorganisms), the culture medium selected to analyze microorganisms, seasonal variations, etc. [START_REF] Jo | Indoor and outdoor bioaerosol levels at recreation facilities, elementary schools, and homes[END_REF]. During the study period, the temperature and humidity varied a lot and wind speed is also a factor that can influence the concentration of microorganisms present. -The fungal concentration onto Xerophil Agar is most significantly higher than those onto the DRBC agar in particular when the microbial concentration onto Xerophile agar is the highest (summer) in relation with low RH in air which is convenient with the growth conditions onto the media (II.2.2.1).

-The bacterial concentrations in the air are quite similar by using culture with R2A agar or Nutrient agar (Figure 39 spores are generally more resilient than bacteria, being able to withstand greater stresses owing to dehydration and rehydration [START_REF] Karra | Microorganisms in bioaerosol emissions from wastewater treatment plants during summer at a Mediterranean site[END_REF].

III.1.3 Outdoor particulate matter (PM)

III.1.3.1 Presentation of the results

Airborne particles are present throughout the environment. They originate in many different forms and affect visibility, climate, human health and the quality of life. Once particles are in the atmosphere, transformation, transport and removal can take place. These processes depend on several factors, such as aerosol sizes, concentration and chemical composition, location and meteorological effects [START_REF] Raisi | Relationship between airborne microbial and particulate matter concentrations in the ambient air at a Mediterranean site[END_REF] Figure 40 shows the evolution of the mass concentration of the total particles of the semiurban air over time (average of the 24-hour concentration) sampled by TEOM device upstream of the AFU1. The experimental setup outside the DSEE research hall of IMT Atlantique, where samples are taken continuously, is located in an activity area with several schools, businesses and student residences.
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III.1.3.2 Results analysis: PM and microbial concentration evolutions

The evolution over time of the concentration of cultivable microorganisms in the air and the corresponding results of outdoor total particle mass concentration is shown in Figure 41 and concentrations than airborne bacteria. The statistical analysis of the concentrations of airborne bacteria and fungi in the ambient air did not show any significant correlation with mass concentration of particles. Similar results were described also by [START_REF] Boreson | Correlating bioaerosol load with PM2.5 and PM10cf concentrations: A comparison between natural desert and urban-fringe aerosols[END_REF] in ambient conditions, as it mentioned [START_REF] Raisi | Relationship between airborne microbial and particulate matter concentrations in the ambient air at a Mediterranean site[END_REF]. In general, the concentrations of bioaerosols in the form of cultivable (viable), airborne, bacteria, and fungi had low correlation with mass concentrations of particles and cumulative counts of particles.

III.1.3.3 Results analysis: PM and climatic conditions

Although several studies systematically investigated the temporal and spatial trends of pollutant concentrations, the relation between air pollution and multi-scale meteorological conditions and their spatial variations on a nationwide scale remain unclear [START_REF] Jianjun | Air pollution characteristics and their relation to meteorological conditions during 2014-2015 in major Chinese cities[END_REF]. The peaks in daily mass concentrations of total airborne particles appear to be related to temperature peaks through August, but we observe the increase in particle concentration after October despite the low temperatures.

Also, a sudden increase in temperature usually leads to a sudden increase in PM total concentration. On the other hand, at the monthly scale, the gradual change in temperature between May and November does not affect the PM total concentration.

The average temperature is 18.5°C until the month of September, that after October it was 13.2°C. While the average temperatures are significantly different, the average 24-hour PM total concentrations are of approximately the same order for the zone until the month of September and correspond to an average of 10.2 μg.m -3 while the average concentration of particles is 11.9 μg.m -3 , after the month of September.

The temperature is not the only parameter of influence of the mass concentration of particles.

It also no significant relationship of PM total concentration and relative humidity is observed until the month of September, with respect to PM total concentration change over time or during peaks of relative humidity but there was statistical significance after September with high relative humidity. 

Outside relative humidity

May
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According to [START_REF] Heo | Concentration of environmental fungal and bacterial bioaerosols during the monsoon season[END_REF], rain decreased the PM10 concentration of the ambient environments; where the rain has been known to remove aerosol particles in ambient air environments [START_REF] Kang | Why does rain increase the concentrations of environmental bioaerosols during monsoon?[END_REF].

Authors do not systematically find a link between climatic variations and particle concentrations [START_REF] Samet | Fine particulate air pollution and mortality in 20 US cities, 1987-1994[END_REF]. Nevertheless, others have clearly observed high concentrations of PM2.5 in association with daily high temperatures [START_REF] Jung | Impact of meteorology on the fine particulate matter distribution in central and southeastern Ohio[END_REF].

According to DeGaetano and Doherty ( 2004), peaks of fine particle concentrations are likely caused by the presence of secondary aerosols. These aerosols are believed to be from chemical reactions because of the ozone peaks they observed during periods of high temperature, at a high rate of humidity, changes in PM total concentrations cannot be explained solely by changes in temperature and relative humidity. It is possible that the wind has an impact that may explain in this case the decrease in PM total concentration.

Moreover, particulate pollution peaks are often more common in winter in urban areas, rather than in summer. This is because of the increased emissions of fine particles by the heaters and cars as well as weather conditions then not favorable to their dispersion.

It is also possible that the high peaks of particles observed at the end of June and in the middle of July and associated with high temperatures are linked to a high presence of pollen in the air. For that he chemical analysis of the particles would be necessary to refine the analysis of these pollution peaks.

The implication is that any analysis leading to conclusions on this topic in the literature should very carefully explain the underlying assumptions and methods to avoid seemingly contradictory findings that are in fact internally consistent, and the combination of dispersion modeling concepts and analytical methods for high-resolution monitoring observations should prove valuable. During the study period, the temperature and the humidity level significantly varied. Without heat control, upstream air of the AFU1 (PP/ZPT filter) present a temperature variation between 11.4°C and 29.7°C and an average of 19.9°C ± 4.1°C, and upstream of the AFU2 (PP filter), the variation temperature was measured between 12.4°C and 29.8°C and an average of 20.5°C ± 3.9°C. The results also suggest that, in addition to temperature, the relative humidity values are quite varied, but in the two columns they are similar. Where the relative humidity variations, (Figure 46) upstream of the AFU1 are included between 43.7% and 81.4% with an average of 60% ± 8.7%, and upstream of the AFU2 filter the values are between 42% and 77.6% with an average of 58% ± 8%. 

Number of operating days
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III.2.3.2 Comparison between microbial concentration in the AFU and outdoor

It can be seen from Figure 50 that there is significant difference between the concentrations of cultivable bacteria on R2A agar media in the outdoor air collected by MAS-100 NT device with those collected by BioSampler (SKC) device upstream of the filters.

We can explain this remarkable difference by two assumptions: (i) the bioaerols could be collected on the duct between air entrance and the sampling point in the experimental device;

(ii) because there is a fracture of viable cells during the use of BioSampler (SKC) device, and this was likely due to the decrease of the impaction stress because of the increased distance between the impaction jet of the sampler and the liquid surface resulting from smaller amount of collection liquid [START_REF] Zheng | Liquid impinger BioSampler's performance for size-resolved viable bioaerosol particles[END_REF]. The results illustrate an increase in the filter pressure drop relating to the formation of a particulate cake at the surface of the two filtering media.

First, we can notice a significant gap between the initial filter pressure drop. In chapter II, the gap was estimated at 10% at the nominal filtration velocity of 0.12 m/s, i.e. 84 and 77 Pa for the PP/ZPT and the PP filters respectively (explained by their porous structural properties).

The higher initial pressure drop for the 2 filters (around 125 and 100 Pa for PP/ZPT and PP filters) is related to the filtration velocity which is of 0.2 m/s in realistic conditions; we can notice that the gap increases by increasing the filtration velocity. The filter pressure drop throughout the 7 months get only 30 Pa, which is relatively low compare to the maximum allowed pressure drop for this kind of filter of 250 Pa.

The slower increase in filter pressure drop with time observed in the figure is related to the nature of the filters. Indeed, the tested filters are electret filters whose fibers contain -The filtration efficiency of the filters decreases with time. This behavior is consistent with the electrets filters whose charges disappear with time.

-The PP filter with lower filter pressure drop displays also lower particle collection efficiency than the PP/ZPT filter (explained by their porous structural properties).

-The median diameter of the soda fluorescein particles was close to 0.4 µm, that is why the two figures are quite comparable.

The behavior of the tested filter in realistic conditions is quite different than those found in Laboratory. Indeed, the clogging of the filter with the micronized rice particles presented in Chapter II indicated higher filtration efficiency and increase of the efficiency with the clogging. This is explained by ability of the fibers to lose their charges. Indeed, in realistic conditions, the filtration time period and the relative humidity are higher which accentuate the phenomenon. While in Laboratory conditions the loose of charge was compensated by the formation of the cake, in realistic conditions, the impact of the charges is more significant.
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III.3.3.2 Change in microbial concentration onto the filters

The average concentrations of total microorganisms that were cultivated on the PP/ZPT and PP filters, calculated per unit surface area of filter or mass unit of collected particles, are presented in Figure 54 and The results indicate that the microbial concentration onto the filters is quite stable throughout the study period with microbial concentration comprised between around 100 and 2000 CFU.cm -2 . By considering the mass of particles collected, the microbial concentration is comprised between 1.10 5 and 6.10 6 CFU.g -1 .

It is nevertheless possible that a fungal development on the filter may be limited because of the presence of certain bacterial species producing anti-fungal, and the microorganisms present in the air are also microorganisms capable of withstanding a significant stress.

Depending on the bacterial species filtered, the behaviors may differ: some will manage to develop while others will not. In the study by [START_REF] Noris | Evaluation of HVAC filters as a sampling mechanism for indoor microbial communities[END_REF].

It is interesting to note that the behavior of microorganisms in filtration does not lead to a gradual increase in microbial concentration on the filter during clogging as is the case for particles in a conventional filtration process. In fact, for the particles, the concentration of deposited particles increases as the clogging increases, which is proportional to the operating time of the filter. In addition, the effect of climatic conditions, such as mean thermal values and relative humidity, on the concentration of microorganisms was observed for the PP / ZPT and PP filters.

III.3.3.3 Effect on ZPT onto microbial growth onto the filters

The effect on zinc pyrithione in the behavior of microorganisms on the filters was specially studied in Figure 56 showing the gap between the microbial concentration onto the PP/ZPT and the PP filter, for the 5 culture media tested. The comparison was completed with statistical t-test (including the variations in the microbial concentrations) to calculate the critical alpha risk (%) that the hypothesis of "microbial concentration onto PP/ZPT filter is lower than onto PP filter" was false; the results are presented in Table 7.
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The most certain inhibition effect of ZPT, with low critical alpha, is observed for the fungi cultivated with the DRBC agar with no influence of the level of clogging of the filter.

For the agar with high critical alpha the ZPT effect seems more significant after 2 months of filter use and decreases over time. 

CONCLUSIONS

The chapter IV permitted to study the filtration performances of the antimicrobial and the regular filter in realistic conditions. The main conclusions are:

-The filtration performances of the two tested filters in terms of changes in pressure drop and particle collection efficiency were different than those obtained in the Laboratory scale. Indeed, the slower kinetic of clogging and the level of humidity encountered by the filters accentuates the phenomenon of fibers discharging. Thus, particle collection efficiency decrease with time for the 2 filters and the pressure drop display a low evolution.

-The low concentration of the microorganisms in air limits the use of the BioSampler for the air sampling downstream of the filters.

-The methodology of coupons permitted to study the behavior of the microorganisms throughout the study. The antimicrobial effect of the zinc pyrithione was confirmed regarding the inhibition of the fungi cultivated on the DRBC agar with no influence of the level of clogging of the filter (mass of particles deposit). The statistical deviation of the action on the bacterial behavior was higher and prevents accurate conclusions.

pyrithione (ZPT) as antimicrobial substances and the presence of organic particles. The effect of two level of humidity (RH 50 % or 90 %) during filter conditioning as well as the presence of organic particles to mimic the used filter, onto the filters was also investigated. The results obtained is this study confirm that there is a clear relation between relative humidity and the survival of microorganisms collected by fibrous filter used in indoor air treatment. More the air contains water and better the survival. This effect has being enhanced by the collected particle onto the filter which have increased the water retention capacity of the filter.

Moreover the behavior of fungal strain is different than bacteria, and fungi may present in some specific condition a growth phase in the filter media. The addition of organic particle matter in the filter will enhance this latter phenomenon in presence of high humidity level.

Moreover, the addition of antimicrobial substances (zinc pyrithione) in the filter media could in some case reduce the microbial development but this effect is strain dependant and could be hidden by the dust collection.

The last chapter aims to evaluate the filtration performances of the 2 filters tested in the previous chapter, in realistic conditions with a semi-urban outdoor air. The behavior of the outdoor microorganisms onto the filters (growth/mortality) was observed over a 7 months period. Two filtration units were operating at IMT-Atlantique location, one containing the PP/ZPT filter and the second the PP filter. Each unit filtered the same semi-urban air. Both filtration units operated continuously and several parameters were monitored throughout the operating period: temperature, relative humidity, filter pressure drop, filter particle collection efficiency, inlet particle mass concentration, and microbial concentrations; in addition, the microbial concentration onto the filters was quantified for 3 times (every 2 months) from an innovative methodology based on media coupons. It is interesting to note that the behavior of microorganisms in filtration does not lead to a gradual increase in microbial concentration on the filter during clogging as is the case for particles in a conventional filtration process. In fact, for the particles, the concentration of deposited particles increases as the clogging increases, which is proportional to the operating time of the filter. Two main conclusions could be proposed:

-The two tested filters have presented different filtration performances in terms of changes in pressure drop and particle collection efficiency than those obtained in the Laboratory scale. Indeed, the slower kinetic of clogging and the level of humidity encountered by the filters accentuates the phenomenon of fibers discharging. Thus, particle collection efficiency decrease with time for the 2 filters and the pressure drop display a low evolution.

-The innovative methodology of using coupons as samplers permitted to study the behavior of the microorganisms throughout the study. The antimicrobial effect of the zinc pyrithione was confirmed regarding the inhibition of the fungi cultivated on the DRBC agar with no influence of the level of clogging of the filter (mass of particles deposit).

In conclusion, it could be state that humidity has a very strong influence on the survival of microorganisms and more particularly on bacteria. Moreover, the antimicrobial treatment with zinc pyrithione of the fibers has no effect on the filtration performances with PM 10. Finally, this work confirms the antimicrobial effect of zinc pyrithione on fungi either on the pure strain of the laboratory scale or under realistic conditions with wild strains on a new to low clogged filter.

From this work, many scientific perspectives emerge. Thus, it would be interesting to:

 Implement a more complete microbiological characterization of microbial aerosols and microorganisms collected on filters. In particular, molecular biology techniques or analytical methods for quantification of markers, such as endotoxins produced by microorganisms.

 The study of microbial by-products would be interesting especially since they are suspected to be advanced elements of SBS (sick building syndrome). The intervention of a single virulent microorganism can cause health problems for importers, where also that thousands of microorganisms that have been inhaled will not cause any impact on human health.

 The biological viable aerosol collection efficiency of the BioSampler is a function of sampling flow rate, collection volume, and particle size. To achieve optimal performance, the sampling flow rates and collection volumes can be adjusted accordingly for the BioSampler for the target bioaerosol particle.

 Moisture seems to be a key factor, especially for a reason of reactivity of the pollutants, so its better study the behavior of microorganisms collected at different moisture levels.

 Study in more detail the influence of the water content of filter media and particle cake on the behavior of microorganisms on the filters.

 Conduct a chemical characterization of the urban aerosol to better understand the influence of air humidity on the particle cake and look at how this can alter the performance of the filters.

 It would be interesting to study the evolution of microbial concentrations and filter efficiencies vs microorganisms during the winter period.

 Evaluate the influence of the filtration rate on the different collection mechanisms on the filter fibers and on the performance of the filters.

INTRODUCTION

Indoor air pollution basically refers to a variety of chemical, biological and physical agents that pose a health threat or cause discomfort. The pollution by particulate matter (PM) or aerosols refers to a wide range of particles that are small enough to be airborne, and therefore inhaled by people. Aerosols are responsible for about 5-34 % of all indoor pollution, and their abundance depends on indoor moisture and temperature conditions (Srikanth, Sudharsanam, and Steinberg 2008;Nazaroff 2013). Bioaerosols are essentially composed of allergens, bacteria, mould, fungi, spores, endotoxins, mycotoxins, and all kinds of particles produced by living organisms with highly variable and complex characteristics. Bioaerosols and more specifically microbial aerosols are of major concern in office and commercial buildings because of the close relationship with health diseases (episodes of asthma, rhinitis and conjunctivitis…).

Various methods are available for air cleaning and people's protection from bioaerosols such as air renewal, filtration, ultraviolet germicidal irradiation, photocatalytic oxidation or plasmacluster ions (Bolashikov and Melikov 2008). Microbial growth onto HVAC filters was observed in the literature in laboratory conditions (Kemp et al. 1995;Forthomme et al. 2014;Gonzalez et al. 2016;Morisseau et al. 2017), and also in real conditions (Simmons and Crow 1995;[START_REF] Maus | Survival of bacterial and mold spores in air filter media[END_REF] with possible degradation of the microbial indoor air quality. The antimicrobial efficiency of the coating or treatment varies according to the antimicrobial agent and, in particular, may depend on whether the filters are new or loaded. The main issue with antimicrobial air filters is that the coating may lead to changes in the filtration performance (Hwang et al. 2012;Verdenelli et al. 2003) in particular by increasing the airflow resistivity of the filter.

The aim of this study was to investigate at the laboratory the antimicrobial efficiency of marketed filters containing zinc pyrithione which is known for its effect against microorganisms. The filtration performance of the filters and the antimicrobial effect regarding a bacteria-fungi consortium were evaluated and compared to the performance of filters with the same classification. The effect of the level of humidity during filter conditioning as well as the presence of organic particles onto the filters were investigated.

MATERIALS AND METHODS

Fibrous filters tested

Two multi-layer polypropylene (PP) fibrous filters marketed by Lydall, both of them containing electrostatic charges and classified F7 according to the European standard EN 779:2002, were studied: a PP filter containing antimicrobial treatment with zinc pyrithione (ZPT) named "PP/ZPT filter" and a regular "PP filter" without antimicrobial treatment.

Despite research studies in this area, few antimicrobial HVAC filters are currently marked maybe because of the possible toxicity or negative effect of some antimicrobial agents, e.g.

the triclosan suspected to increase antibiotic resistance. The antimicrobial filter with ZPT selected for this study is one of the few filters to be marketed.

F7 class filters, in particular the 2 tested filters, are widely used in the air handling unit of HVAC systems of commercial or office buildings in first or second treatment stage. The multi-layer PP filters provide high filtration efficiency and dust holding while minimizing airflow resistance, but the fibers lose their charge due to particle loading and air humidity, reducing the efficiency of the filters.

The two filters are each composed of five layers: a spunbond layer (SP1), a meltblown layer (MB1) containing the zinc pyrithione in the case of the PP/ZPT filter, a meltblown layer (MB2), a meltblown layer (MB3) containing pink pigments (reference color for F7 class efficiency), a spunbond layer (SP2). The two SP layers ensure the mechanical resistance of the filters and there is an increasing gradient of efficiency between MB1 and MB3 layers. The MB1 layer of the PP/ZPT filter is obtained by fusion of regular PP granules and granules containing ZPT, extrusion and then spinning.

The various SP and MB layers of the 2 tested filters display equivalent porous structural properties but not similar. The structural properties of the two filters were quantified at the laboratory: the thickness (, m), the porosity, the fiber median diameter of the most effective filtering layer (i.e. MB3); the basis weight of each layer was obtained from the manufacturer.

The airflow resistance (, m -1 ) of the new PP and PP/ZPT filters was quantified from filter pressure drop (∆, Pa) measurements versus filtration velocity (, m/s) in a ventilated duct with airflow control:

∆ = × ×
With the air dynamic viscosity (Pa.s) considering the conditions of temperature and humidity during the tests. The two kind of filters were tested in flat geometry in this study.

The results and the measurement techniques implemented are presented in Table 1. The porous structural properties (thickness, porosity, basis weight, fiber diameter) of the two F7 tested filters are quite close. The results indicate a higher airflow resistance of the PP/ZPT filter compared to the PP filter. In particular, the PP/ZPT filter displayed a higher pressure drop than the PP filter by around 10% at the nominal filtration velocity of 0.12 m/s (recommended by the manufacturer), i.e. 84 Pa vs 77 Pa. The airflow permeability of filters (, m 2 ) was calculated from K considering Darcy's law for laminar airflow:

=

The airflow permeability of the filters is 3.6 ± 0.2×10 -11 m 2 and 4.1 ± 0.4×10 -11 m 2 for the PP/ZPT filter and the PP filter respectively. Note that the range in the airflow permeability data is higher, due to the high experimental error in the thickness measurement.

The quantity of zinc in the filters was quantified at the Laboratory by Atomic Absorption Spectrometer (AAnalyst 200, PerkinElmer) after calcination of filter samples at 550°C for 4h and acid attack with HCl (3N). The quantity of zinc measured was: 0.15 ± 0.02 ppm for the PP/ZPT filter, 0.19 ± 0.02 ppm for the MB1 layer of the PP/ZPT filter and no quantifiable value for the PP filters (i.e. below the quantification limit of 0.09 ppm). Thus, considering the basic weight of the PP/ZPT filter, the mass of zinc per surface of filtration was around 20 µg/m². Airflow resistance (m -1 ) b 3.9 ± 0.1×10 -5 3.5 ± 0.1×10 -5 Measurement of filter pressure drop vs filtration velocity a Averages and standard deviations for N=15. b Averages and ranges for N=2. c Median diameters and standard deviations for N=100 fibers analyzed.

2.2.Action of zinc pyrithione

Zinc pyrithione (ZPT) with chemical formula C 10 H 8 N 2 O 2 S 2 Zn, also known as Zinc Omadine or Zinc 2-pyridinethiol-1-oxide, is used to prevent microbial degradation and deterioration of manufacturing starting materials such as plastics, polymers, and latexes, and in a wide range of finished articles made from these starting materials. This chemical acts to prevent the growth of bacteria, fungi, mildew, and algae that can cause various types of deterioration such as discoloration, staining, odors, etc.

ZPT was found to have a safety profile and/or antimicrobial efficacy that exceed iodine, chlorhexidine gluconate, and triclosan (Seal and Paul-Cheadle 2003). It acts as an ionophore, interacting nonspecifically with the plasma membrane and shuttling copper into the cell.

There is a precedent for pyrithione-mediated ionophore activity across intracellular membranes, as it was previously reported that pyrithione affected zinc transport across vacuole vesicles in vitro (MacDiarmid, Milanick, and Eide 2002). Results of most of the studies on fungi showed that ZPT inhibits fungal growth through damaging iron-sulphur clusters of proteins essential for fungal metabolism and also by depolarizing the cell membranes and preventing membrane transport.

2.3.Water retention capacity

The microbial growth onto fibrous filters is influenced by the air humidity (Forthomme et al. 2014), but even more by the water retention capacity of the filters (Forthomme et al. 2014;Morisseau et al. 2017). Water is sorbed by the fibers of the filter and/or by the particles collected by the filter according to the hydrophilic characteristics of the fibers and the particles.

The water retention capacity of the tested filters was quantified by Karl Fisher device (870 KF of the 3 species simultaneously was aerosolized upstream of the filters for 10 min at a flow rate of 6 L/min.

The cultivable microbial concentrations (CFU/mL) in the suspension nebulized upstream of the filters during the several tests are indicated in the Table 2; the average values were close to 10 11 CFU/mL for S. epidermidis and S. marcescens and 10 8 CFU/mL for P. chrysogenum.

The maximum quantities of species generated upstream of the filters during the 10 min of contamination were calculated assuming negligible loose of cultivability with generation and negligible deposit in the set-up: around 10 16 CFU for S. epidermidis and S. marcescens, and around 10 12 CFU for P. chrysogenum. 

Organic particles

The loaded filters were obtained at the laboratory by clogging clean filters with organic particles of micronized rice with particle size distribution representative to PM10 particles.

The micronized rice was selected to provide nutrients for microbial growth. The clogging was carried out in the same vertical filtration column as previously ( see 2.4.1) from particle generation with a rotating brush generator (RBG 1000, Palas) operating at a rate of 5 m 3 /h for 2 min; the average generated particle concentration was around 1.5 g/h. The micronized rice particles naturally contain the fungus P. chrysogenum with a concentration of 2250 ± 850 CFU/g of micronized rice (Gonzalez et al. 2016). The particle size distribution of the micronized rice particle was characterized with the optical particle counter WELAS 2100 (Palas) with a mass and a number median diameter of 7.4 µm and 0.6 µm.

After particle clogging, the filters were contaminated with the microbial consortium in the filtration device as explained previously for the new filters.

Filter incubation and quantification of microbial concentration extracted from the filters

After particle clogging and/or microbial contamination, the filters still located in their filter holder were incubated in an airtight container with controlled temperature and humidity (Forthomme et al. 2014), for 8-10 days at 25°C and 50% RH or 90% RH. The two humidity conditions were selected because 50% RH is the setpoint in HVAC systems and previous study (Forthomme et al. 2014) showed that filter conditioning at 90% RH ensured a significant microbial growth onto the filters. During the conditioning period, the filters were no longer subjected to airflow. Ventilation stops in HVAC systems are quite common during nights, weekends, or holidays; the time period of 8-10 days was selected to ensure a significant microbial growth quantifiable with culture-based method.

After conditioning, the microbial concentration in the filters was quantified from Colony-Forming Units (CFU) counting. Microorganisms were extracted from the conditioned filters according to the methodology described by Forthomme et al. 2014: filter stirring for 1h in 50 mL of extraction solution (MgSO 4 (0.01 mol/L), Tween-20 (0.25%)) and then ultrasound for 1 min. The application of this protocol allowed recovery between 80 and 85% of the microorganisms present on the filter media.

Extracted solutions were then diluted and spread on 3 different plates according to the microbial species. P. chrysogenum was cultivated on Rose Bengal Chloramphenicol agar (Burge, Solomon and Boise 1977); the plates were incubated at 25°C for 5 days. S.

epidermidis was cultivated on Chapman agar culture medium; the plates were incubated at 37°C for 24 h. Serratia marcescens was cultivated on nutrient agar culture medium; the plates were incubated at 30°C for 48 h. Finally, bacteria and fungi colonies were counted and concentrations were expressed in Colony-Forming Units (CFU) per filter surface. The limit of quantification (LQ) was set to 10 CFU/cm².

The possible presence of Zn in the extracted solution, adversely affecting the plating (CFU) results was evaluated by comparing the microbial concentrations extracted from new and loaded PP and PP/ZPT filters right after contamination, i.e. at t 0 (see 3.3).

Fungal contamination of the filters

Note that for experiments with loaded filters, P. chrysogenum particles collected by the fibrous filter were provided by the microbial consortium nebulization and the organic particles of micronized rice. The quantity of P. chrysogenum coming from the micronized rice during the 2 min of loading was estimated to a maximal value of 10 2 CFU i.e. assuming negligible loose of cultivability with generation and negligible deposit in the set-up; this quantity is negligible compare to the CFU coming from the microbial suspension nebulized upstream of the filter (10 12 CFU).

RESULTS AND DISCUSSION

Water retention capacity of the tested filters

The water retention capacities of new and loaded PP/ZPT filters are presented in the Figure 1 after conditioning at 50 or 90% RH. The first observation is that the PP/ZPT filters, new or loaded, demonstrate quantifiable water retention capacities. The water retention capacity of new or loaded PP/ZPT filters increases significantly by around 30% (with a confident level higher than 98%) with increasing the level of humidity during conditioning (i.e. 50% vs 90% RH). The results indicate also that the water sorbed by the PP/ZPT filters is significantly higher if the filter is loaded rather than new, by around 18 times higher for 50 or 90% RH.

New PP filters were also tested after conditioning at 25°C and 90% RH and the quantity of water sorbed for a given surface of filtration was slightly lower than those of the new PP/ZPT filters for the same conditions with a confident level of 97%; by considering the same PP material of the fibers, this result may be explained by the porous structural parameters of the 2 tested filters.

The presence of water means that the microorganisms can grow on new or clogged filters and the main conclusion is that the micronized rice particles sorb a large amount of water in the tested conditions. 

Filtration performance of the tested filters

The filtration performance of the 2 tested filters was compared regarding PM10 particle collection. The PP/ZPT and the PP filters were clogged with micronized rice particles at the nominal filtration velocity of 0.12 m/s to evaluate the evolution of their filtration performance.

The evolution of filter pressure drop (∆) according to the areal mass of particle collected is presented in Figure 2. The results indicate a quite similar evolution of the increase in filter pressure drop. The two tested filters lead to similar depositions of the particles during the first in-depth filtration stage and the following stage of cake filtration.

The evolutions of overall number particle collection efficiency and the fractional efficiency of the two tested filters during their clogging are presented in Figure 3 and Figure 4. The results indicate that the particle collection efficiency is higher that 96% for the 2 tested filters whatever the particle diameter and the level of clogging are. In particular for the PP/ZPT filter for high level of clogging (i.e. from 36 g/m 2 of areal particle mass collected), we observe a slight decrease in the particle collection efficiency for the submicronic particles, characteristic of electret filters. Basically, according to the filtration theory, the filtration efficiency of fibrous filters containing electrostatic charges is enhanced in the beginning of clogging due to the particle collection mechanism by electrostatic forces; the forces disappear with the clogging leading to possible decrease in the filtration efficiency if the cake filtration doesn't compensate.

To conclude, the two tested filters display quite similar filtration performance regarding PM10 particle collection. The microbial concentrations extracted from the new and loaded PP and PP/ZPT filters right after microbial contamination with the microbial suspension are presented in Figure 5.

The results indicate that the microbial concentrations extracted from the PP and the PP/ZPT filters at t 0 are comparable for the three microbial species tested: around 10 7 CFU/cm² for S. epidermidis and S. marcescens and 10 4 CFU/cm² for P. chrysogenum.

The microbial concentration extracted from new and loaded PP filters (N=7) and PP/ZPT filters (N=8) were: 1.9×10 7 ± 1.1×10 7 CFU/cm² versus 1.2×10 7 ± 0.8×10 7 CFU/cm² for Staphylococcus epidermidis, 4.9×10 7 ± 4.7×10 7 CFU/cm² versus 3.4×10 7 ± 2.0×10 7 CFU/cm² for Serratia marcescens, 1.8×10 4 ± 1.4×10 4 CFU/cm² versus 0.8×10 4 ± 0.3×10 4 CFU/cm² for Penicillium chrysogenum (PP versus PP/ZPT filters, average ± standard deviation). The results indicate comparable concentrations of the 3 microbial species studied, demonstrating that the extraction methodology of the filters doesn't significantly extract Zn in the solution.

In addition, the cultivable concentration of the fungi onto the filters right after contamination, i.e. t 0, was determined with new (N=7) and loaded (N=8) filters and the average concentrations (± standard deviations) were not significantly different (0.9E+03 ± 0.3E+03 CFU/cm² and 1.5×10 4 ± 1.3×10 4 CFU/cm² respectively). This result confirm (see 2.4.4) that the quantity of spores of P. chrysogenum coming from the micronized rice loading is negligible compare to that collected during the contamination with the microbial suspension. The cultivable microbial concentration (expressed in CFU/cm²) extracted from new PP and PP/ZPT filters was quantified right after the microbial contamination of the filters (t 0) and after 8 days of filter conditioning at 25°C and 50% or 90% RH (t 8d 50% RH or t 8d 90% RH). The results are presented in Figure 6 for the 3 microbial species studied.

After 8 days at high humidity (90% RH), the results demonstrate that for the regular PP filter (without antimicrobial treatment) the fungal spore concentration onto the filter increases significantly by around 1 log. On the other hand, the gram positive bacteria concentration decreases by 2 log and the gram negative concentration decreases by around 0.5 log (with a confident level of 91% with t-test). In presence of antimicrobial treatment in the filter, the results show no growth for Penicillium onto the new PP/ZPT filter, the concentration slightly decreases (with a confident level of 95%). The bacteria Serratia concentration decreases by 1 log and the concentration of Staphylococcus decreases by 4 log (i.e. around 90% and 99.99% of inactivation respectively).

For conditioning at 50% RH, the bacterial survival is limited with no living bacteria extracted from the new PP and PP/ZPT filters after 8 days except a low concentration of Staphylococcus with the PP/ZPT filter which may be explained by a higher water retention capacity of the PP/ZPT filter; the survival of Penicillium at 50% RH is also limited with a decrease in the fungal concentration by 2 log for the PP and the PP/ZPT filters. 

Loaded filters

The same experiments were performed as previously with loaded filters, clogged with the micronized rice particles (PM10) containing the fungi Penicillium chrysogenum.

The results presented in Figure 7 demonstrate that the presence of organic particles collected by the filter influences the microbial survival onto the tested filters conditioned at 90% RH.

The bacterial survival after 10 days is higher for Staphylococcus (only 1.5 log reduction) in comparison to the new filters, in particular for the PP/ZPT filter with antimicrobial treatment with around 1.5 log reduction (against 3.5 log with new filters); for Serratia the concentration decrease is more significant with loaded filter, probably influenced by the growth of Penicillium onto the filters. Indeed, in presence of organic particles which could be used as a substrate by Penicillium; this latter strain presents a significant growth onto the PP filter and also the PP/ZPT filter. In particular, the microbial growth onto the PP filter was observed by SEM (Figure 8).

The low relative humidity (50% RH) during filter conditioning has a strong effect on the bacterial survival with no living gram negative Serratia extracted from the filters and a sharp decrease in the Staphylococcus concentration by 5-6 log for the 2 tested filters (i.e. 99.999-99.999% of inactivation). The behaviour of Penicillium with loaded filters is almost the same as with new filters, with a sharp decrease in the concentration by 1-2 log. 

CONCLUSIONS

Two marketed F7 fibrous filters, one containing antimicrobial treatment, were studied.

The two filters revealed similar filtration performance in terms of change in pressure drop and particle collection efficiency during their clogging with PM10 particles, meaning that the antimicrobial treatment did not degrade the filtration performance of the filter.

The microbial growth onto new and loaded filters conditioned at 2 levels of humidity was studied. At low humidity value of conditioning (50% RH), with new or loaded filters, with or without antimicrobial treatment, the microbial population onto the filters decreases and possibly not survive (Serratia).

At high humidity value of conditioning (90% RH), the bacteria do not grow onto the new filters, and only the fungi was able to develop. The effect of the antimicrobial treatment with zinc pyrithione is confirmed for new filters in particular regarding the fungi Penicillium. For loaded filters, the results indicate that the antimicrobial treatment is no more efficient with a significant growth of the Penicillium, the endemic species of the micronized rice particles (PM10) collected by the filters; the two populations of bacteria significantly decrease with or without antimicrobial treatment. At high humidity, viable fungi and bacteria are still recoverable.

To conclude, the data do not support the effectiveness of ZPT in HVAC filters as single technology implemented for the purpose of protecting occupant health regarding microbial contamination. L'effet du traitement antimicrobien avec la pyrithione de zinc est confirmé pour les filtres neufs, en particulier en ce qui concerne les champignons Penicillium. Pour les filtres usagés, les résultats indiquent que le traitement antimicrobien n'est pas plus efficace avec une croissance significative du Penicillium, l'espèce endémique des particules de riz micronisées (PM10) collectées par les filtres ; les deux populations de bactéries diminuent significativement avec ou sans traitement antimicrobien. Dans une deuxième étape, les performances de filtration des 2 filtres testés précédemment ont été étudiées dans des conditions réalistes avec un air extérieur semi-urbain sur une période de 7 mois. Le comportement des microorganismes extérieurs sur les filtres (croissance/mortalité) a été observé. Deux unités de filtration fonctionnaient à IMT-Atlantique, l'une contenant le filtre PP/ZPT et l'autre le filtre PP. Chaque unité filtrait le même air semi-urbain. Les deux unités de filtration ont fonctionné en continu et plusieurs paramètres ont été surveillés tout au long de la période d'exploitation : température, humidité relative, chute de pression du filtre, efficacité de collecte des particules du filtre, concentration massique des particules à l'entrée et concentrations microbiennes ; en outre, la concentration microbienne sur les filtres a été quantifiée 3 fois (tous les 2 mois) à partir d'une méthodologie innovante basée sur des coupons de média. Les performances de filtration des deux filtres testés en termes de changement de perte de charges et d'efficacité de collecte de particules étaient différentes de celles obtenues à l'échelle du laboratoire. La méthodologie des coupons a permis d'étudier le comportement des micro-organismes tout au long de l'étude. L'effet antimicrobien de la pyrithione de zinc a été confirmé concernant l'inhibition des champignons sans influence du niveau d'encrassement du filtre (dépôt de masse de particules).

Title : Filtration performances of antimicrobial and regular HVAC filters regarding PM10 and microbial aerosols in laboratory and realistic conditions Keywords: HVAC fibrous filters, filtration performance, microbial aerosol, antimicrobial treatment, zinc pyrithione.

Abstract : This study focused on the performance of a marketed antimicrobial polypropylene fibers filter containing zinc pyrithione (PP/ZPT) at the laboratory and compared to those of a similar filter (PP) with same classification F7 (EN779:2002). The filtration performance at laboratory scale of the 2 tested filters during clogging with PM10 particles was quantified in an experimental set-up with filter pressure drop measurement and particle counting up and downstream of the filters. The microbial growth onto new and used filters, both contaminated by aerosolization with a microbial consortium composed of two bacteria (Staphylococcus epidermidis Gram positive, Serratia marcescens Gram negative and fungal spores (Penicillium chrysogenum). The influence of three parameters on the microbial survival onto filters was examined: the air relative humidity, the presence or absence of Zinc pyrithione (ZPT) as antimicrobial substances and the presence of organic particles. Quantitative analyses by colony forming unit were used to determine the survival after 8 days of the bacteria-fungi consortium collected by the filter. The two filters revealed similar filtration performance in terms of change in pressure drop and particle collection efficiency during their clogging with PM10 particles, meaning that the antimicrobial treatment did not degrade the filtration performance of the filter. At low humidity value of conditioning (50% RH), with new or used filters, with or without antimicrobial treatment, the microbial population onto the filters decreases and possibly will not survive (Serratia). At high humidity value of conditioning (90% RH), the bacteria do not grow onto the new filters, and only the fungi was able to develop.

The effect of the antimicrobial treatment with zinc pyrithione is confirmed for new filters in particular regarding the fungi Penicillium. For used filters, the results indicate that the antimicrobial treatment is no more efficient with a significant growth of the Penicillium, the endemic species of the micronized rice particles (PM10) collected by the filters; the two populations of bacteria significantly decrease with or without antimicrobial treatment. In a second step, the filtration performances of the 2 filters tested previously was investigated in realistic conditions with a semi-urban outdoor air over a 7 months period. The behavior of the outdoor microorganisms onto the filters (growth/mortality) was observed. Two filtration units were operating at IMT-Atlantique location, one containing the PP/ZPT filter and the second the PP filter. Each unit filtered the same semi-urban air. Both filtration units operated continuously and several parameters were monitored throughout the operating period: temperature, relative humidity, filter pressure drop, filter particle collection efficiency, inlet particle mass concentration, and microbial concentrations; in addition, the microbial concentration onto the filters was quantified for 3 times (every 2 months) from an innovative methodology based on media coupons. The filtration performances of the two tested filters in terms of changes in pressure drop and particle collection efficiency were different than those obtained in the Laboratory scale. The methodology of coupons permitted to study the behavior of the microorganisms throughout the study. The antimicrobial effect of the zinc pyrithione was confirmed regarding the inhibition of the fungi cultivated on the DRBC agar with no influence of the level of clogging of the filter (mass of particles deposit).
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 R1a Figure R1a : Efficacité fractionnelle de filtration du filtre PP en relation avec le niveau de colmatage (diamètre aérodynamique)

Figure R2a :

 R2a Figure R2a : Banc d'essais pour la contamination microbienne des filtres étudiés.

Figure R2b :

 R2b Figure R2b : Méthodologie pour l'étude du comportement microbien sur les filtres.

Figure R3 :

 R3 Figure R3 : Concentrations microbiennes extraites des filtres PP et PP/ZPT usagés juste après la contamination ou après 10 jours de conditionnement à 25°C et 50% ou 90% RH (moyennes et écartstypes pour N=3).

  Performances de filtration des filtres antimicrobiens et des filtres de centrale de traitement de l'air ordinaires en conditions réalistes d'un environnement semiurbain.

Figure R4 :

 R4 Figure R4 : Schéma du banc d'essais constitué de la voie AFU1 avec le filtre PP/ZPT et la voie AFU2 avec le filtre PP.

Figure R5a :

 R5a Figure R5a : Evolution en fonction du temps des pertes de charges des filtres PP/ZPT et PP.

Figure R5b :

 R5b Figure R5b : Evolution en fonction du temps des pertes de charges des filtres PP/ZPT et PP concernant les particules de fluorescéine sodée.

Figure R6 :

 R6 Figure R6 : Écart entre la concentration microbienne par unité de surface sur les filtres PP/ZPT et PP pour trois niveaux de colmatage.
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 1 Figure 1: Particle penetration in respiratory tract in humans (www.inrs.fr)
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 23 Figure 2: Particle collection mechanisms by fibrous filters[START_REF] Whitt | Guidelines for exposure-response measurement of fine and ultra fine particulate matter for use in epidemiological studies[END_REF] 
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 4 Figure 4: Comparison of collection efficiency and particle size for different filters (DHHS (NIOSH), 2003).
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 5 Figure 5: Air Handling Unit (AHU) http://www.dustcollectorsenv.co.in/air-handlingunit.htm
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 6 Figure 6: Schematic diagram and picture of the Andersen sampler with an inertial filter.([START_REF] Hata | Performance evaluation of an Andersen cascade impactor with an additional stage for nanoparticle sampling[END_REF] 

  Figure 7: Microbial aerosol sampling devices by impaction

  Figure 8: Microbial aerosol sampling devices by impingement on liquid media

Figure 9 :

 9 Figure 9: View of the open and the closed CIP 10-M sampler

Figure 10 :

 10 Figure 10: Aerosol Generators AGK 2000 Palas On bioaerosols, wet techniques are more suitable for bacteria (vegetative cells or spores),

  Figure 11: Summary of generation techniques and Bioaerosol sampling

  Chapter I -State of the art 50 addition, filtration properties can be degraded by microbial development: accelerated filter clogging, decreased efficiency (Bonnevie

  Figure 12: Staphylococcus epidermidis survival ratio, expressed as a percentage, of S.epidirmidis recovery to Bacillus atrophaeus recovery over time, at <20% humidity (A), 40-60% humidity (B), 70-80% humidity (C), and >90% humidity (D) (viability ratio), showing logistic regression lines of best fit. Error bars showing 95% confidence intervals, line equations and R2 values[START_REF] Thompson | Aerosol survival of Staphylococcus epidermidis[END_REF] 

Figure 14 :

 14 Figure 14: Structure of ZPT

ForFigure 15 :

 15 Figure 15: SEM observations of SP and MB layers of the PP/ZPT filter (left) and the PP filter (right)

Figure 16 :

 16 Figure 16: Airflow resistance of the PP and PP/ZPT filters

  laboratory pilot was fully constructed and developed by the technical team at the GEPEA laboratory on the IMT-Atlantique in previous studies. The objective of the pilot is to study the filtration performances of fibrous filters under controlled conditions. The pilot is presented in Figure 17. Chapter II -Characterization and filtration performances of the antimicrobial and regular tested filters 69The tested filters are placed in the square test section (9.6×9.6 cm 2 ) in a flat configuration perpendicular to the flow. The airflow coming through the filter is ensured by a centrifuged fan located downstream of the filter. The experimental setup was designed to operate with constant superficial velocity ranging between 0.1 and 2 m.s -1 in the filter test section. The airflow is maintained constant during the test by measuring the air velocity from pressure drop measurements in a diaphragm and regulation of the fan velocity. The filters are equipped with a differential pressure sensor. Two straight lengths of flow stabilization upstream and downstream of the tested filter allow the generation and measurement of particles using sampling rods placed in the pilot for the quantification of filtration performances.

Figure 17 :

 17 Figure 17: Experimental setup for filtration tests

presented in Figure 18 . 71 Figure 18 :

 187118 Figure 18: Evolution of pressure drop of the PP and the PP/ZPT filters during the clogging vs areal particle mass collected (averages and standard deviations for N=1 filter and T=1 min)
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 197321 Figure 19: Evolution of number filtration efficiency of the PP and the PP/ZPT filters during the clogging vs areal particle mass collected
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  Chapter III -Microbial behavior onto antimicrobial an regular tested filters under controlled conditions 80 conditioning under controlled humidity rate After particle clogging and/or microbial contamination, the filters still located in their filter holder were incubated in an airtight container(Forthomme et al., 2014) Figure23, for 8-10 days at 25°C and 50% RH or 90% RH to ensure microbial growth. During the conditioning period, the filters were no longer subjected to airflow, which simulates ventilation stops in HVAC systems.

Figure 23 :

 23 Figure 23: Picture of the humidity box for filter conditioning

  Figure 24 describes the overall methodology implemented for the study of the microbial behavior onto filters, i.e. the following stage of microbial contamination of new or used filters, the filter conditioning in the filter-holder, the microorganism extraction from the filters and finally the microbial counting.

Figure 24 :

 24 Figure 24: Schematic of the methodology for the microbial behavior study onto the filters

Figure 25 :

 25 Figure 25: Setup for studying the microbial release from a filter

Figure 26 :

 26 Figure 26: Water retention capacity of new or used PP/ZPT and PP filters (averages and standard deviations for N=4)

Figure 29 .

 29 Figure 29.
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 28 Figure 28: Microbial concentrations extracted from used PP and PP/ZPT filters right after contamination or after 10 days of conditioning at 25°C and 50% or 90% RH (averages and standard deviations for N=3)

Figure 30 :

 30 Figure 30: Microbial release from used PP/ZPT filter (average and range for N=3)

Figure 31 :

 31 Figure 31: Diagram of the experimental set-up composed of the AFU1 with the PP/ZPT filter and the AFU2 with the PP filter

  The microorganisms were quantified by Chapter IV -Filtration performances of antimicrobial and regular HVAC filters operating in realistic conditions with semi-urban outdoor air 97 UFC counting after extraction from the coupons or the final filters at the end of the study (according to the methodology explained in the Chapter III). The microbial counting was performed with the same 5 agar as previously (for microbial concentration in the set-up and outside): DRBC, Xerophile, Czapek-Dox, R2A, Nutrient agar. The results were expressed in CFU per square meter of filter or CFU per g of collected particles. The Figure 32 presents a picture of the clean PP/ZPT and PP filters with the 4 coupons.

Figure 32 :Figure 33 :

 3233 Figure 32: Picture of the clean PP/ZPT (left) and PP (right) filters with the 4 coupons

Figure 34 :

 34 Figure 34: Evolution of the average daily temperature and relative humidity over time (data from Météo-France).

Figure 35 :

 35 Figure 35: Comparison between the average daily temperature and relative humidity (error bar=standard deviation) and the values at 9 am

Figure 36 :

 36 Figure 36: Evolution of the outdoor concentrations of microorganisms using the MAS-100 NT device over timeThese results generally show a great variability in the concentration of cultivable microorganisms (bacterial and fungal species) during the analysis period. The highest fungal concentration on DRBC agar was 2 × 10 3 CFU.m -3 (day 64), while it was 9.6 × 10 3 CFU.m -3

  Filtration performances of antimicrobial and regular HVAC filters operating in realistic conditions with semi-urban outdoor air 106

Figure 37 :

 37 Figure 37: Influence of temperature on the outdoor microbial concentration from DRBC and Nutrient agar UFC counting The median fungal concentration in the outdoor air on DRBC was 516 CFU.m -3 , the airborne fungal peaked during summer 2138 CFU.m -3 (day 64 in June), while lower levels were detected in the outdoor air 124 CFU.m -3 (day 195 in November, despite the increase in relative humidity levels).

Figure 38 :

 38 Figure 38: Influence of temperature on the outdoor microbial concentration from DRBC Czapek-Dox and R2A agar UFC counting Figure 39 shows a comparison between the concentrations of cultivable microorganisms on the different culture media: (a) fungi onto DRBC vs Xerophil, (b) bacteria onto R 2 A Agar and

Figure 39 :

 39 Figure 39: Parity diagrams of microbial concentrations according to the culture media -(a) DRBC vs Xerophile, (b) R2A vs NA, (c) DRBC vs R2A, (d) DRBC vs NA

  -b); the 2 culture media are equivalent for microbial outdoor air sampling in our climatic conditions.

-

  Filtration performances of antimicrobial and regular HVAC filters operating in realistic conditions with semi-urban outdoor air 110 Figure 39-c and Figure 39-d reveal the same results, i.e. most of the time a higher fungal concentration in outdoor air than bacterial concentration. Because fungi and

Figure 40 :

 40 Figure 40: Evolution of the average daily total particle mass concentrations (µg/m 3 ) by the TEOM device over time

Figure 42

 42 Figure42for fungi and bacteria respectively.

Figure 41 :

 41 Figure 41: Comparison between the evolutions of total particle mass concentration and fungal concentration in outdoor air

Figure 43 and

 43 Figure 43 and Figure 44 compare the evolution of the average daily particle mass concentration to the evolutions of the outside temperature and relative humidity.

Figure 43 :Figure 44 :

 4344 Figure 43: Comparison between the evolutions of total particle mass concentration and outside temperature

  Figure 45 and Figure 46.

Figure 45 :Figure 46 :

 4546 Figure 45: Temporal evolution of the air temperature upstream of the tested filters in the AFU1 and AFU2 (average daily values and standard deviations)

  Figure 47: Parity diagram between the two AFU (a) for the relative humidity and (b) for the temperature

Figure 48 :

 48 Figure 48: Parity diagram between the AFU and the outdoor for (a) the relative humidity and for (b) the temperature

Figure 49 :

 49 Figure 49: Temporal evolution of the cultivable bacterial concentrations in the air upstream of the tested filters The results from the BioSampler samplers (SKC) showed an average concentration of cultivable microorganisms upstream of the filters of around 50 CFU.m -3 that can reach up to 230 CFU.m -3 on the media R 2 A. Zheng and Yao (2017) noted that the sampling flow rate plays a dominant role in the overall physical collection efficiency while the collection volume is crucial in preserving the viability of bioaerosol particles. Different from general practice, the operating parameters for the BioSampler should thus be adjusted respectively for target viral, bacterial and fungal aerosol particles.

Figure 50 :IIIFigure 51

 5051 Figure 50: Parity diagram of the microbial concentration cultivate with R2A agar measured in the experimental setup from BioSampler sampling and outdoor from MAS-100 NT

Figure 51 :

 51 Figure 51: Temporal evolution of the PP/ZPT and PP filter pressure drop

  Filtration performances of antimicrobial and regular HVAC filters operating in realistic conditions with semi-urban outdoor air 122 electrostatic charges. During the clogging, the charges are loose and the particle collection efficiency of the filter decreases. The kinetic of evolution of the filter pressure drop decrease because of the mass or number of particles collected decreases with time.III.3.2 Change in filter particle collection efficiencyThe particle collection efficiency of the filters was determined by injection of soda fluorescein particles periodically throughout the study and counting with the optical counter Welas digital 2000 (Palas) upstream and downstream of the filters. The results are presented in Figure52and Figure53for the total particle collection efficiency and the fractional efficiency at 0.4 µm respectively. The results indicate few observations:

Figure 52 :

 52 Figure 52: Temporal evolution of total particle collection efficiency of PP/ZPT and PP filters regarding soda fluorescein particles

Figure 54 :

 54 Figure 54: Microbial concentration by unit area onto the PP and PP/ZPT filters for three levels of clogging

Figure 56 :

 56 Figure 56: Gap between the microbial concentration by surface unit onto the PP/ZPT and PP filters for three levels of clogging

  For example Zhou et al 2018 have investigated the effect of negative ions on the survival of Serratia marcescens and Staphylococcus epidermidis in an air duct flow. Nowadays the most common technique implemented in air handling units of Heating Ventilation and Air-Conditioning (HVAC) systems remains filtration with fibrous filters with possible microbial contamination of the filters.
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 1 Figure 1: Water retention capacity of new or loaded PP/ZPT filters (averages and standard deviations for N=4 filters)

Figure 2 :Figure 3 :

 23 Figure 2: Evolution of pressure drop of the PP and the PP/ZPT filters during the clogging vs areal particle mass collected (averages and standard deviations for N=1 filter and t=1 min)

Figure 4 :

 4 Figure 4: Fractional filtration efficiency of the PP and the PP/ZPT filters according to the level of clogging

Figure 5 :

 5 Figure 5: Microbial concentrations extracted from new and loaded PP and PP/ZPT filters right after contamination at t 0 (averages and ranges)

Figure 6 :

 6 Figure 6: Microbial concentrations extracted from new PP and PP/ZPT filters right after contamination or after 8 days of conditioning at 25°C and 50% or 90% RH (averages and ranges for N=3 filters)

Figure 7 :

 7 Figure 7: Microbial concentrations extracted from loaded PP and PP/ZPT filters right after contamination or after 8 days of conditioning at 25°C and 50% or 90% RH (averages and ranges for N=3 filters)

Titre:

  Performances de filtration de filtres HVAC antimicrobien et standard pour les PM10 et les aérosols microbiens en laboratoire et dans des conditions réalistes Mots clés : Filtres fibreux HVAC, performance de filtration, aérosol microbien, traitement antimicrobien, pyrithione de zinc.Résumé :Cette étude s'est concentrée sur la performance d'un filtre antimicrobien en fibres de polypropylène contenant de la pyrithione de zinc (PP/ZPT) au laboratoire et comparée à celle d'un filtre similaire (PP) avec la même classification F7 (EN779:2002). La performance de filtration à l'échelle du laboratoire des 2 filtres testés pendant le colmatage avec des particules PM10 a été quantifiée dans un dispositif expérimental avec mesure de la perte de charge du filtre et comptage des particules en amont et en aval des filtres. La croissance microbienne sur des filtres neufs et usagés, tous deux contaminés par aérosolisation avec un consortium microbien composé de deux bactéries (Staphylococcus epidermidis Gram positif, Serratia marcescens Gram négatif et spores fongiques (Penicillium chrysogenum). L'influence de trois paramètres sur la survie microbienne sur les filtres a été examinée : l'humidité relative de l'air, la présence ou l'absence de pyrithione de zinc (ZPT) en tant que substances antimicrobiennes et la présence de particules organiques. Des analyses quantitatives par unité formant colonies ont été utilisées pour déterminer la survie après 8 jours du consortium bactéries-champignons collecté par le filtre. Les deux filtres ont présenté des performances de filtration similaires en termes de variation de perte de charge et d'efficacité de collecte des particules pendant leur colmatage avec des particules PM10, ce qui signifie que le traitement antimicrobien n'a pas dégradé les performances de filtration du filtre. A faible valeur d'humidité de conditionnement (50% RH), avec des filtres neufs ou usagés, avec ou sans traitement antimicrobien, la population microbienne sur les filtres diminue et éventuellement ne survivra pas (Serratia). Lorsque l'humidité relative du conditionnement est élevée (90% RH), les bactéries ne se développent pas sur les filtres neufs, et seuls les champignons ont pu se développer.
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Table 4 :

 4 Porous structural parameters of the PP and PP/ZPT filters tested

		PP/ZPT filter	PP filter	Measurement technique
	Thickness (mm) a	1.41 ± 0.08	1.46 ± 0.12	Micrometer
	Total porosity (%) b	91.1 ± 0.3	89.0 ± 0.8	Mercury intrusion (mercury porosimeter Autopore IV 9500)
	Basis weight (g/m 2 ) SP1 MB1 SP2 MB3 (pink) MB2	10 40 (with ZPT) (Total 136) 23 33 30	10 60 (Total 139) 23 23 23	From manufacturer Lydall
	Fiber median diameter			Pictures analysis with ImageJ
	(µm); standard deviation (µm) (MB3 layer) c	5.1 ; 2.9	4.5 ; 2.6	software from scanning electron microscopic observations

concentration (CFU/cm 2 ) PP/ZPT filter

  

	Chapter III -Microbial behavior onto antimicrobial an regular tested filters under controlled
	conditions		
	V.2 Antimicrobial effect of ZPT
	V.2.1 New filters	
	The cultivable microbial concentration (expressed in CFU/m²) extracted from new PP and
	PP/ZPT filters was quantified right after the microbial contamination of the filters (t 0) and
	after 8 days of filter conditioning at 25°C and 50% or 90% RH (t 8d 50% RH or t 8d 90%
	RH). The results are presented in Figure 27 for the 3 microbial species studied.
			PP filter
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	1,0E+00 Figure 27: Microbial concentrations extracted from new PP and PP/ZPT filters right new PP/ZPT filter 50% RH new PP/ZPT filter 90% RH new PP filter 90% RH used PP/ZPT filter 50% RH used PP/ZPT filter after contamination or after 8 days of conditioning at 25°C and 50% or 90% RH 90% RH (averages and standard deviations for N=3)
	85		

Table 5 :

 5 Tracking parameters and methodology

	Parameter	Device	Location	Sampling frequency
	T, RH	thermohygrometer	Inlet of AFU1 and AFU2	Continuous
	∆P filters	Differential pressure sensors	AFU1 and AFU2	Continuous
	PMtotal	TEOM	Inlet of AFU1 Continuous
	Soda fluorescein particles (for efficiency calculations)	Particle optical counter WELAS digital 2000 (Palas)	AFU1 and AFU2	Once a week 2 min upstream -2 min downstream -2 min upstream of each filter
	Microbial concentrations in the set-up	BioSampler and CFU counting	AFU1 and AFU2	Every two weeks 3 h upstream of AFU1 3 h downstream of AFU1 3 h downstream of AFU2
				Every two weeks
	Microbial concentration outside	MAS-100 NT and CFU counting	Rooftop of the Laboratory	sampling 5 min on DRBC agar, 2 min on Xerophil agar and 1 min on Czapek-Dox agar, R2A agar
				and Nutrient agar
				Three times
				2 coupons by filter at t0+3
	Microbial concentration onto filters	Microbial extraction and CFU counting	Coupons and filters tested	months 2 coupons by filter at t0+5 months
				2 samples by filter at the end of
				the study t0+7 months

Table 6 :

 6 Average concentration ± standard deviation of CFU counted onto the 5 culture media in relation to relative humidity at 9 am

Figure

36

and Table

6

indicate that the average concentration of cultivable fungal aerosols on

Table 7 :

 7 Study of the efficiency of ZPT onto microbial growth onto filters from statistical test

	Chapter IV -Filtration performances of antimicrobial and regular HVAC filters operating in
	realistic conditions with semi-urban outdoor air

  To address this issue, innovative air filters containing antimicrobial treatment are designed to be implemented in HVAC systems, or in portable room air cleaner or automotives. The antimicrobial agents are various, e.g. nanoparticles of copper or silver or carbon nanotubes. Many natural antimicrobial products have been discovered; e.g. Sophora flavescens nanoparticles revealed an inactivation efficiency against Staphylococcus epidermidis between 35 and 72 % according to the level of humidity(Hwang et al. 2015). The activity of Melaleuca alternifolia oil (tea tree oil) against a range of Staphyloccocus aureus, Escherichia coli, Candida albicans and Aspergillus niger was shown byLi et al. 2016[START_REF] Rojas | Screening for Antimicrobial Activity of crude drug extrats and pure natural products from Mexican medicinal plants[END_REF] determined the antimicrobial activities of 44 pure natural compounds and two derivatives with only 23 compounds were effective in inhibiting the growth of the tested organisms (Staphylococcus aureus, Bacillus subtilis, Escherichia coli, Pseudomonas aeruginosa, and Candida albicans).

Table 1 :

 1 Porous structural parameters of the PP and PP/ZPT filters tested

		PP/ZPT filter	PP filter	Measurement technique
	Thickness (mm) a	1.41 ± 0.08	1.46 ± 0.12	Micrometer
	Total porosity (%) b	91.1 ± 0.3	89.0 ± 0.8	Mercury intrusion (mercury porosimeter Autopore IV 9500)
	Basis weight (g/m 2 )			
	SP1	10	10	
	MB1	40 (with ZPT)	60	
	MB2	30	23	From manufacturer Lydall
	MB3 (pink)	33	23	
	SP2	23	23	
		(Total 136)	(Total 139)	
	Fiber median diameter (µm); standard deviation (µm) (MB3 layer) c	5.1 ; 2.9	4.5 ; 2.6	Pictures analysis with ImageJ software from scanning electron microscopic observations (JEOL JSM-5800LV)

Table 2 :

 2 Cultivable microbial concentrations into the suspension for the several tests (new or loaded filters -RH value of filter conditioning after contamination)

	Suspension CFU/mL	Staphylococcus epidermidis	Serratia marcescens	Penicillium chrysogenum
	New PP filters -50% RH	n/a	n/a	n/a
	New PP filters -90% RH	2.78E+06	3.03E+09	7.60E+05
	New PP/ZPT filters -50% RH	1.96E+09	3.48E+09	5.60E+05
	New PP/ZPT filters -90% RH	8.50E+08	1.07E+09	4.70E+05
	Loaded PP filters -50% RH	1.00E+12	2.18E+12	5.20E+08
	Loaded PP filters -90% RH	2.34E+11	3.20E+10	1.00E+06
	Loaded PP/ZPT filters -50% RH	1.46E+10	4.00E+10	1.40E+06
	Loaded PP/ZPT filters -90% RH	5.38E+10	4.84E+10	7.50E+05
	Average concentration CFU/mL	1.86E+11	3.30E+11	7.50E+07
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This bibliography study allows us to identify the points that need to be studied in depth for our study subject. At first, previous work done in the laboratory studied such as:

-Forthomme A, Y. Andrès, A. Joubert, X. Simon But none has treated antimicrobial filters. As a result, the purpose of this study was to evaluate the antimicrobial efficacy of the fibrous media used in the air handling units; this thesis is divided into two main parts:

study in laboratory condition study in realistic conditions with semi urban air The elements presented in the present chapter constituted the scientific and technical support for conducting the experimental stages of this project. Consequently, this report made it possible to choose the composition of the particulate aerosol, the microbiological strains to be studied, as well as the generation, collection and characterization techniques used in this thesis, which will be described in the following chapters. The objectives of this thesis was the study of the performances of fibrous polypropylene filter treated with zinc pyrithione (PP/ZPT), as antimicrobial agent, in comparison with regular one (PP) used in air handling units. The scientific question were related to the effect, onto the antimicrobial mechanisms, of relative humidity, to the microbial genus (bacteria, fungi) and species (Gram+, Gram-), the presence of collected particles onto filter, the nature of the fibrous media, and the air quality.

For this purposes, after a bibliographic step, the study was divided in 3 experimental parts corresponding to: (i) the characterization and the filtration performances of the tested filters;

(ii) the microbial fate onto the PP and PP/ZPT filter under controlled conditions; (iii) the filtration performances and microbial survival onto the filters operating in realistic conditions in a semi-urban environment.

The first chapter of this these have had several objectives such as establish a state of the art of previous studies dealing with indoor and outdoor air quality, particularly concerning microbial particles and aerosols, as well as their impact on health. Then, techniques for generating, sampling and characterizing aerosols are presented in order to provide technical support for carrying out the experimental parts of this work. As a description of the ventilation systems and air treatment, as well as the theory of filtration on fibrous filter media is exposed. Finally, previous studies on the behavior of microbial aerosols on AHU filters will be discussed to identify influencing parameters.

The second chapter firstly describes the porous structural properties of the two tested filters to compare them. The filtration performances of the filters, regarding the collection of PM10 particles in controlled conditions at laboratory scale are then presented. The two tested filters, antimicrobial and regular, revealed similar filtration performance in terms of change in pressure drop and particle collection efficiency during their clogging, meaning that the antimicrobial treatment does not degrade the filtration performances of the filter.

In chapter 3, an original methodological approach was developed to study the antimicrobial efficiency of marketed filters containing zinc pyrithione which is known for its effect against microorganisms at the laboratory scale. The microbial growth onto new and used filters, both contaminated by aerosolization with a microbial consortium composed of two bacteria (Staphylococcus epidermidis Gram+, Serratia marcescens Gram-) and fungal spores (Penicillium chrysogenum) was measured. The influence of three parameters on the microbial survival onto filters was examined: the air relative humidity, the presence or absence of Zinc
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Microbial contamination and clogging of the tested filters

The antimicrobial effect of ZPT was tested with new filters, i.e. filters with just microbial contamination representative to antimicrobial effect in the first operating days, and with loaded filters, i.e. clogged filters with organic and microbial particles. The tests were performed with the PP/ZPT filter and the PP filter; 3 filter samples of PP and PP/ZPT filters were tested to ensure the reproducibility of the results.

Microbial consortium

The microbial contamination of the filters was ensured with a bacteria-fungi consortium, consisting of Staphylococcus epidermidis cells (CIP 53 124), Serratia marcescens cells (DSM30121) and Penicillium chrysogenum spores (wild strain).

S. epidermidis is a bacterial species found on the skin, and so it is frequently present in indoor air from office buildings in particular. Serratia marcescens is a motile, short rod-shaped, gram-negative, facultative anaerobe bacterium, classified as an opportunistic pathogen, and so its presence in air could caused some pneumonia and urinary tract infections. It is capable of producing a pigment called prodigiosin, which ranges in color from dark red to pale pink, depending on the age of the colonies (Mahlen 2011). P. chrysogenum is a species from the type Penicillium often found in indoor air (Fang et al. 2005). Many protease allergens from different species of Penicillium, including P. chrysogenum, are implicated in the occurrence of symptoms found in occupants of contaminated buildings (Kurup, Shen and Banerjee 2000).

The culture medium used for the microbial growth was a liquid nutrient broth (Biokar diagnostics) composed of tryptone (10 g/L), meat extract (5 g/L) and sodium chloride (5 g/L) for S. epidermidis and Serratia marcescens , while Rose Bengal chloramphenicol agar -soy based (Biokar diagnostics) for P. chrysogenum spore production. After their growth, S. epidermidis and Serratia marcescens cells were collected in an isotonic solution (NaCl 9 g/L) while P. chrysogenum spores were collected in peptone water on the surface of the agar plate.

All the harvested strains were washed three times with isotonic solution and by centrifugation for 10 min at 10000 x g.

The microbial consortium was prepared on the same day as filters were contaminated; the 2 bacterial species were harvested at the beginning of the stationary growth phase. The microbial contamination of the filters was carried out in a vertical filtration column (diameter