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NOMENCLATURE

a Absorption coefficient (m?)

Q Air flow rate (md.hh

A ; Area (m?)

C Concentration (ppm)

p Density (kg.m™)

S Direction of photon (m)

u ; Dynamic viscosity (kg.m?s?)

Pc : Electric power consumption (kW)

g : Gravitational force (m.s?)

Co : Initial concentration (ppm)

E ; Irradiance (W.m?2)
Kinetic constant (hh

I ; Light intensity (mMW.cm?)

I ; Light intensity (W.m?)

T : Local temperature (K)

m Mass (9)

e : Media thickness (m)

¢im0d : Modal pore size (um)

MV ; Molar volume (L.mol™?)

MW ; Molecular weight (g.mol™?)

Sm : Momentum sink term )

k ; Permeability (m?)

0 : Phase function )

Rep : Pore Reynolds number )

dp : Pore size (um)

Vp ; Pore velocity (m.s?)

e : Porosity )

P : Pressure (Pa)

AP : Pressure drop (Pa)

n : Reaction order )

r ; Reaction rate (ppm.mint)

n : Refractive index )
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Residence time

Scattering coefficient
Scattering direction

Scattering solid angle
Short-circuit factor
Single-pass removal efficiency

Slope attenuation coefficient of porosity curve

Solid angle
Stefan-Boltzmann constant
Stress tensor

Time

Velocity

Volume
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ABBREVIATIONS

ACH

ACROSS
AICHA

ANSES

ANSM
ASHRAE
ASPEC
BRI
CADR
CDC
CLIN
FID
GC
HEPA
HPLC
HRI
HVAC
IAQ:
JOSHA
MS
NIOSH
OCE
OEL
OQAl
OSHA
PCO
QAIHOSP
REL
RH
SBS
SF2H

Air Change per Hour
Automatic Clean Room Sampler

Air Intérieur et Pollution Chimiques dans les Hopitaux

Agence Nationale de Sécurité Sanitaire de I’alimentation, de I’environnement

et du Travail

Agence Nationale de Sécurité du Médicament et des produits de santé

American Society of Heating, Refrigerating and Air-Conditioning Engineers

Association pour la Prévention et I'Etude de la contamination
Building Related IlInesses

Clean Air Delivery Rate

Center for Disease Control and Prevention

Comiteé de Lutte contre les Infections Nosocomiales
Flame lonization Detection

Gas Chromatography

High Efficiency Particulate Air

High Performance Liquid Chromatography

Health Related Index

Heating, Ventilation And Air Conditioning

Indoor Air Quality

Japanese Occupational Safety and Health Association
Mass Spectrometry

National Institute of Occupational Safety and Health
Operating Cost Effectiveness

Occupational Exposure Limits

Observatoire de la Qualité de I’air Intérieur
Occupational Safety and Health Association
Photocatalytic Oxidation

Qualité de I’air Intérieur dans les Hopitaux
Recommended Exposure Limit

Relative Humidity

Sick Building Syndrome

Société Francaise d'Hygiene Hospitaliére
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TD
TVOC
TWA
uv
uvT
VOC

Thermal Desorption

Total Volatile Organic Compound
Time Weighted Average

Ultra Violet

UV Transmittance

Volatile Organic Compound
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RESUME EN FRANCAIS

La qualité de I'air interieur (QAI) fait actuellement I'objet d'une attention particuliére
et constitue une préoccupation majeure des pouvoirs publics dans nombre de pays. Nous
passons, en effet, plus de 80%, en moyenne, de notre temps a l'intérieur. De plus, il est
généralement admis qu’une mauvaise QAI peut conduire a une dégradation de 1’état de santé
des occupants par le biais du syndrome des batiments malsains (Sick Building Syndrome) ou
de maladies liées a I’air respiré dans les batiments (Building Related Illnesses) avec des
degrés de gravité variés. L'Organisation Mondiale de la Santé (OMS) estime que la pollution
de I’air intérieur provoque environ 3,8 millions de déces prématurés par an dans le monde. En
France, I'Agence Nationale de SEcurité sanitaire de I'alimentation, de I'environnement et du
travail (ANSES) estime que les colts socio-économiques liés aux effets de la qualité de l'air
intérieur sur la santé humaine s’¢lévent a environ 19 milliards d'euros par an. De nombreuses
organisations nationales et internationales ont alors vu le jour afin d’assurer la surveillance de
la qualité de l'air intérieur. En France, I'Observatoire de la Qualité de I'Air Intérieur (OQAI) a
été créé pour mieux connaitre la pollution intérieure, ses origines et ses dangers. Depuis sa
création, en 2010, les études se sont concentrées sur la qualité de 1’air intérieur des maisons,
bureaux et écoles. Certains lieux, tels que les hépitaux, ont, eux, été rarement investigués.
Pourtant, la qualité de I'air dans les hopitaux mérite attention en raison de la complexité des
lieux et des activités qui y sont menées ainsi que de la vulnérabilité des personnes qui y
séjournent. Un contrdle inadéquat de la QAI a I'hdpital peut provoquer les maladies chez les
patients et les soignants. Deux projets récents financés par I’ANSES, AICHA (Air intérieur et
pollution chimique dans les hopitaux) et QAIHOSP (Qualité de lair intérieur dans les
hopitaux), ont été menés en 2010 et 2013 respectivement, avec pour objectif de fournir des
connaissances qualitatives et quantitatives sur les polluants présents dans certains hdpitaux en
France. Alors que le projet AICHA se concentrait seulement sur la présence de contaminants
chimiques, QAIHOSP a étudié plus largement les contaminants chimiques, microbiologiques
et particulaires. Les résultats de ces études ont montré que l'air intérieur des hdpitaux contient
un mélange complexe de composés chimiques, physiques et microbiologiques. Les auteurs de
ces études concluent également que I'exposition continue des occupants a ces polluants peut
nuire & leur santé. Afin de limiter le niveau de pollution en milieu hospitalier, plusieurs
agences nationales donnent des recommandations pour le contrdle de la qualité de l'air
intérieur en fonction des taux de renouvellement d’air. Aux Etats-Unis, la norme de référence
ASHRAE 170-2017 est issue des travaux de I’ American Society of Heating, Refrigerating and
Air-Conditioning Engineers (ASHRAE). En France, c’est la norme NFS 90-351, basée sur les
recommandations de I’ Association pour la Prévention et I'étude de la contamination (ASPEC),
qui est appliquée. Actuellement, les dispositifs de traitement d’air, qu'ils soient autonomes ou
inclus dans les systemes de ventilation, sont de plus en plus utilisés comme moyen
complémentaire d'amélioration de la QAI. Ces dispositifs de traitement utilisent des
technologies telles que la filtration, D’adsorption, le plasma froid ou [’oxydation
photocatalytique, seules ou combinées. En milieu hospitalier, la préoccupation principale
concerne la réduction des contaminants de nature microbiologique en raison du risque
d'infections nosocomiales. Par consequent, l'efficacité de ces dispositifs ne repose
généralement que sur I'élimination des micro-organismes. Cependant, comme les résultats
issus des projets AICHA et QAIHOSP montrent que les hopitaux contiennent également des
contaminants chimiques dont certains sont spécifiques a Il'environnement médical, il est
nécessaire d'étudier le devenir de ces polluants chimiques lorsqu'ils traversent ces dispositifs
de traitement. Parmi les technologies de traitement, 1’oxydation photocatalytique est
considérée comme une meéthode économique, peut consommatrice d’énergie et capable de
dégrader une large gamme de polluants chimiques. Ces dernieres années, de plus en plus de
systémes de traitement utilisant 1’oxydation photocatalytiques sont apparus sur le marché et
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pourraient potentiellement étre utilises dans les salles d'opération des hdpitaux. il est donc
nécessaire d'étudier le devenir de ces polluants chimiques lorsqu'ils traversent un dispositif
PCO. C’est cette technologie qui est étudiée lors de ce travail. La thése vise a évaluer
I'efficacité des dispositifs dans I'élimination de certains polluants chimiques spécifiques
présents dans les hopitaux, ainsi qu’a donner des recommandations quant a 1’utilisation de
cette technologie dans les milieux hospitaliers.

Dans le premier chapitre, la synthése d’une revue bibliographique est présentée. Elle a
été réalisée afin de fournir un état des lieux des polluants chimiques présents dans les
hopitaux et de déterminer ceux qui pourraient étre intéressants a étudier de par leur fréquence
d’apparition ou leurs niveaux de concentration dans ces milieux. Le choix des molécules
cibles a été limité aux composés rencontres dans les blocs opératoires (BO). Dans les BO, la
pollution de I’air provient de trois sources principales : les gaz anesthésiques, la fumée
chirurgicale et les agents désinfectants. Sur cette base, deux polluants cibles, I’isoflurane et
I’acrylonitrile, ont été choisis. Ils appartiennent a deux des principaux types de composés
gazeux présents dans les BO : les gaz anesthésiants (isoflurane) et les gaz contenus dans les
fumées chirurgicales (acrylonitrile). Ils proviennent également de deux familles chimiques
différentes ; ce qui permet de comparer leurs comportements de dégradation par procédé
photocatalytique. En outre, ce sont des molécules complexes qui peuvent étre source
d’intermédiaires réactionnels. Ensuite, dans ce chapitre, le principe de la photocatalyse en
milieu gazeux est d’abord présenté puis les principaux parametres opératoires et
environnementaux susceptibles d'influencer I’efficacité des procédés d’oxydation
photocatalytique sont détaillés. Cette partie permet d’identifier les paramétres clés a faire
varier pour étudier, comprendre et analyser les performances du systeme de traitement
photocatalytique mis en ceuvre dans ce travail. Enfin, ce premier chapitre vise également a
établir les objectifs de la these :

e Effectuer une évaluation paramétrique de la dégradation de lisoflurane et de
I'acrylonitrile en étudiant I'influence de la vitesse de I'air, de l'intensité lumineuse, de
la géométrie des matériaux photocatalytiques, de la concentration initiale en polluants,
de la présence de co-polluants chimiques (le protoxyde d’azote et I’acide acétique), de
la présence de particules (ou bioaérosols) et de I'humidité relative.

e Effectuer des simulations numériques afin de mieux comprendre l'influence du
changement de géomeétrie sur la dégradation des molécules cibles par procédé
d’oxydation photocatalytique.

e Evaluer l'innocuité de la dégradation de I'isoflurane et de I'acrylonitrile par oxydation
photocatalytique hétérogéne en identifiant les éventuels intermédiaires réactionnels
formés et émis dans la phase gazeuse.

Dans le deuxiéme chapitre, le matériel et les méthodes utilisés sont décrits. Les essais ont
été réalisés sur un banc expérimental de 420 L, fonctionnant en boucle fermée. Ce banc inclut
un module dans lequel sont disposés le média photocatalytique fibreux non tissé et deux tubes
fluorescents UVC de 18 W (série Phillips PL-L). L’air a traiter circule dans le réacteur avec
un débit pouvant aller de 28 & 300 Nm3.h™ grace a un ventilateur & vitesse variable. Une
chambre de tranquillisation dans laquelle un nid dabeille est installe permet une
homogénéisation de 1’air ainsi que l'injection et I'échantillonnage des composés d’intérét.
L’évolution dans le temps de la concentration des composés permet de réaliser des cinétiques
de dégradation qui sont ensuite analysées. Au cours de la cinétique de dégradation, les
échantillons d’air sont prélevés sur des cartouches CarboPack B et DNPH et sont analysés via
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un appareillage de thermodésorption couplé a une chromatographie gazeuse et une détection
par spectrométric de masse et ionisation de flamme (TD/GC/MS/FID) ainsi qu’une
chromatographie liquide avec détecteur UV (HPLC-UV). Le média photocatalytique utilisé
est un média commercial produit par Saint-Gobain Quartz (QUARTZEL®). Ce média non
tissé (feutre) est constitué de fibres de SiO> revétues de TiO, déposé par un procédé sol-gel. Il
a une épaisseur moyenne de 17.5 + 1.5 mm et une surface spécifique BET de 112 + 1 m2.g™.
D'autres caractéristiques telles que la porosité, la perméabilité, le facteur de résistance
inertielle et la transmittance UV ont été déterminées pour servir lors de la simulation
numeérique. Celles-ci sont résumées dans le tableau ci-dessous.

Caractéristiques Valeur
Porosité 0,875
Permeabilité (m?) 1,45 x108
Facteur de résistance inertielle (m) 823
Transmittance UV (%) 0,6

Table 1: Caractéristiques du média photocatalytique

Afin d’extraire les indicateurs de performance permettant d’évaluer I’influence des
parametres sur la dégradation phocatalytique, un modéle développé par Dumont et Héquet est
utilisé. La modéle décrit une relation de premier ordre de décroissance de la concentration en
fonction du temps dans un réacteur multi-passage et permet le calcul du taux d’abattement par
passage. Le modeéle est donné comme suit:

t
C=Cyexp {—a |[1 — exp(—a)]}
ou le terme « est le taux d’abattement par passage et représente la fraction du débit total traité

pendant le temps zr (temps de résidence dans le réacteur). C est la concentration du polluant
considéré au temps t et Co est sa concentration initiale.

Les gammes quantitatives choisies pour certains paramétres sont résumées dans le tableau ci-
dessous.

Paramétre Valeur
Vitesse (m.s™) 05-15
Intensité lumineuse (MW.cm-) 1,0-45
Concentration initiale (ppm) 0,5-10
Humidité relative (%) 20 - 80

Table 2 : Conditions opératoires expérimentales pour I’oxydation photocatalytique de
I’isoflurane et de I’acrylonitrile

Les valeurs de la vitesse et de I’intensit¢ lumineuse ont été choisies en fonction des
conditions de fonctionnement généralement utilisées par un purificateur d'air commercial. La
concentration des polluants dans le bloc opératoire varie en fonction des activités et peut aller
de plusieurs ppb a quelques dizaines de ppm. La concentration initiale serait donc étudiee
dans une plage de 0,5 a 10 ppm. L’humidité relative recommandée par plusieurs agences
nationales pour une salle d'opération typique est de 30 a 60 % selon le type de chirurgie a
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effectuer. Comme la revue de la littérature a montré que les niveaux pouvaient étre supérieurs
ou inférieurs a cet intervalle, il a été décidé d’étudier ’humidité relative de 20 a 80 %.

Dans le troisiéme chapitre, les essais de dégradation de I’acrylonitrile et de I’isoflurane
sont présentés. Une étude des profils des courbes de dégradation de I'acrylonitrile et de
Iisoflurane montre que [I'acrylonitrile est plus rapidement (60 minutes) dégradé que
l'isoflurane (600 minutes). L’isoflurane est une molécule halogénée pour laquelle les
mécanismes de dégradation sont plus complexes ; ce qui peut expliquer que la dégradation est
plus lente que pour I’acrylonitrile. Il est également observé que la dégradation de
I'acrylonitrile peut étre représentée par une cinétique apparente du premier ordre tandis que la
dégradation de l'isoflurane se fait en deux étapes. Au cours de la premiere phase, la
dégradation est lente et peu efficace. Elle peut étre attribuée a d'éventuelles réactions de
I'isoflurane avec les radicaux hydroxyles OH®. Au cours de la seconde phase, la dégradation
s’accélére grace a un mécanisme supposé€ de réaction en chaine incluant les radicaux chlores
Cl°, similaire a celui de dégradation photocatalytique du trichloréthyléne décrit dans la
littérature. Cette seconde phase de dégradation est représentée par une cinétique de
décroissance de premier ordre apparent. Le modele développé par Dumont et Héquet est alors
appliqué aux cinétiques de degradation des deux polluants et permet de calculer un indicateur,
le taux d’abattement par tour a, pour I'acrylonitrile et deux indicateurs, la période d'induction
7; (correspondant a la durée de la premiére étape de la cinétique) et, le taux d’abattement par
tour a, pour l'isoflurane. L'influence de la vitesse de passage de l'air, de I'intensité lumineuse,
de la géométrie du média, de la présence de co-polluants et de particules (bioaérosols) ainsi
que de I'humidité relative influant sur ces indicateurs de performance est présentée. Les
résultats montrent que I’influence des paramétres est similaire quel que soit le composé
considéré. Lorsque la vitesse augmente de 0,5 m.s?a 1,5 m.s?, le a diminue de 0,04 a 0,007
pour l'acrylonitrile tandis que pour l'isoflurane, le a diminue de 0,0023 a 0,00048 et le ti passe
de 45 minutes & 225 minutes. La diminution de la vitesse de l'air de 1.5 m.s® a 0.5m.s™
entraine un temps de contact plus long, ce qui conduit a des périodes d'induction plus courtes
pour I’isoflurane et a des taux d’abattement par passage o plus élevés. L'augmentation de
l'intensité lumineuse de 1 mW.cm? a 45 mW.cm? conduit & une diminution de 7; 250
minutes a 45 minutes et a une augmentation de a de 0,0012 a 0,0023 pour l'isoflurane et a une
augmentation de a de 0,0052 a 0,012 pour l'acrylonitrile. 1l est observé que la relation entre
I’intensité lumineuse et le taux d’abattement par tour suit un régime d’ordre 0,5 pour les deux
composes. Cela signifie que pour la gamme d'intensités lumineuses étudiées, la
recombinaison électron-trou est dominante. En conséquence, un accroissement
supplémentaire de I’intensité lumineuse n’améliorerait pas de manicre significative les taux
d’abattement par tour, mais imposerait des cofits énergétiques inutiles. Lorsque la
concentration initiale est augmentée de 0,5 ppm a 10 ppm, le taux d’abattement par tour pour
I'acrylonitrile diminue de 0,032 a 0,006, tandis que pour l'isoflurane, la période d'induction
augmente de 130 minutes a 600 minutes et le taux d'abattement par le passage diminue de
0,0008 a 0,0003. L’augmentation des concentrations initiales en acrylonitrile et en isoflurane
de 0,5 ppm a 10 ppm entraine une diminution d’efficacité de dégradation attribuable a une
limitation du nombre d’espéces actives pouvant oxyder les polluants. Lorsque l'humidité
relative a éte augmentée de 20 % a 80 % les a ont été diminués de 50 % et 27 %
respectivement pour ’acrylonitrile et I’isoflurane et le 7; a augmente de 79 %. L adsorption
compétitive entre le polluant a dégrader et les molécules d’eau explique qu’une augmentation
de I'numidité relative conduit a inhiber la dégradation des deux composés cibles. La présence
d'autres polluants gazeux diminuent également la dégradation des composés cibles en raison
de la compétition pour I'adsorption sur les sites actifs. 1l a également été montré que, dans la
présence de particules sur la surface du media photocatalytique, le o était 0,7 fois inférieur et
0,8 fois inférieur pour 1’acrylonitrile et 1’isoflurane respectivement, tandis que le t; était
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augmenté de 1,3. Cela est di au fait que les particules peuvent bloquer les sites actifs et
colmater le média ce qui diminue l'efficacité de la dégradation des composeés cibles. Les
résultats de 1'évaluation de I’influence des parameétres opératoires et environnementaux ont
montré que pour améliorer la performance de la dégradation photocatalytique pour
I'élimination de I'acrylonitrile et de l'isoflurane, il est préférable de travailler a faibles vitesses
car cela augmente le temps de contact entre les polluants et les especes actives. Des intensités
lumineuses plus élevées donnent de meilleures performances mais, pour le systeme étudié,
une intensité lumineuse au-dela de 5 mW.cm engendrerait un co(t énergétique important a
mettre en balance avec une efficacité de dégradation plus mitigée. Dans le bloc opératoire les
niveaux de I’humidité relative recommandés se situent entre 30 et 60 %, donc il est préférable
de ne pas opérer au-dela de 60 %. L'introduction de filtres en amont du média
photocatalytique est souhaitable pour réduire la charge de particules regue sur le support. Le
procédé présente une efficacité accrue lorsque le niveau de concentration reste peu éleve (0,5
ppm pour I’isoflurane et 1’acrylonitrile). Cependant, étant donné que les concentrations de
polluants (cibles et co-polluants) varient avec le temps, le systéme de traitement
photocatalytique devrait comporter plusieurs modules photocatlytiques en séries ou en
parallele afin de maximiser I'efficacité d'élimination des polluants. Cela serait également
bénéfique pour réduire les concentrations en intermédiaires réactionnels éventuellement émis
en phase gazeuse et les maintenir a des niveaux qui ne posent pas de risques pour la santé. Les
composés intermédiaires identifiés lors de la dégradation de l'isoflurane comprennent le
pentafluoropropanal, le chlorodifluoroacétaldéhyde, le formaldéhyde, I'acétaldéhyde, I'acide
formique et l'acide acétique. Les concentrations mesurées de ces produits en phase gazeuse
restent en-deca des limites susceptibles de présenter un risque avéré pour la santé. Dans le cas
de l'acrylonitrile, aucun intermédiaire n'a été identifié. Cependant 1’analyse du taux de
minéralisation en fonction du taux de conversion a montré que l'acrylonitrile était transformé
en produits intermédiaires avant d’étre complétement minéralisé. Il a donc été conclu que les
méthodes d’échantillonnage et d’analyse n’étaient probablement pas appropriées pour
permettre leur piégeage et leur détection de facon exhaustive. Enfin, I’influence du
changement de géométrie des médias photocatalytiques a été étudiée. Des expériences dans
des conditions de référence a la fois pour l'acrylonitrile et I'isoflurane ont été réalisées avec
une configuration de média plan et une configuration de média plissé. L'objectif expérimental
était ici de mettre en évidence l'influence du temps de contact pour une intensité lumineuse
moyenne recue sur le support maintenue constante dans les deux configurations. Les résultats
ont montré que les le taux d’abattement par tour pour les deux composeés étaient 2,3 fois plus
élevés pour la configuration plissée que pour la configuration plane. Cette augmentation peut
étre imputable a I’augmentation de la quantité¢ de photocatalyseur lorsque le média est plissé
car la surface de média utilisée est supérieure par rapport a la configuration dans laquelle le
média est plan. Pour éliminer l'influence de lI'augmentation de la quantité de catalyseur, les
taux d’abattement par tour ont été corrigés en les divisant par les surfaces de média
respectives des configurations plane et plissée. Les résultats ont montré que la configuration
du média plissé améliorait encore la dégradation de 27 % par rapport a la géométrie plane.
Cette augmentation d’efficacité peut étre attribuée a un temps de contact plus long et
également a une meilleure distribution de I’irradiance dans le cas de la géométrie plissée. En
effet, dans la littérature, certains auteurs sont en accord avec le fait que le temps de contact
puisse augmenter dans les médias plissés, mais certains avancent [’hypothése d’une
diminution de la vitesse de passage de I’air dans le média tandis que d’autres évoquent un
allongement du chemin parcouru par les molécules dans le média. Les deux hypothéses sont
difficiles a évaluer expérimentalement. En outre, méme si I’intensité lumineuse recue est la
méme pour les deux supports, la répartition de 1’éclairement sur et dans les médias peut
également influer sur I’efficacité. Afin de mieux comprendre le role de la géométrie du média
dans lI'amélioration des rendements d'élimination, des simulations numériques ont semblé
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nécessaires pour etudier le comportement du flux d'air et de I'éclairement dans le réacteur
photocatalytique pour les deux configurations.

Dans le quatriéme chapitre, des simulations numériques de I’écoulement d’air et du
rayonnement dans le pilote, pour les deux configurations de média photocatalytique (plane et
plissée) ont été effectuées en utilisant le logiciel ANSYS 14.5. Les résultats des simulations
ont montré que la longueur du trajet parcouru par l'air dans le support était egale a I'épaisseur
du média photocatalytique et restait donc identique quelle que soit la configuration
considérée. Cependant, la vitesse de 1’air a travers le média a été estimée, par les simulations,
étre 43 % inférieure dans le cas du média plissé par rapport au cas du média plan. Par
conséquent, le temps de contact des molécules a dégrader avec le photocatalyseur est plus
long dans le cas du support plissé que dans le cas du support plan. Les calculs ont permis de
mettre en evidence que le temps de contact était augmenté de 76 % pour la configuration
plissée par rapport & la configuration plane. Cette valeur est supéricure a I’augmentation de
I’efficacité¢ de dégradation entre média plan et média plissée observée grace a I’indicateur de
performance o obtenu expérimentalement. Cela peut étre imputé a une distribution différente
de I’irradiance entre les deux configurations testées. En effet, les simulations numériques ont
¢galement permis d’observer que la distribution de I’irradiance était plus hétérogéne sur le
support plissé que sur le support plan. Ainsi, sur la base de I’analyse de la répartition de
I'éclairement sur le média et des profils d'écoulement dans le module photocatalytique, deux
hypothéses ont pu étre proposées pour expliquer les différence d’efficacité de dégradation
obtenue expérimentalement : premiérement, la surface efficace du média plissé peut étre
réduite en raison de la présence d'une zone sombre importante (18 %) autour des plis et, en
second lieu, I'hétérogénéité plus élevée de la distribution de la vitesse et de l'irradiance
pourraient entraver I'effet du temps de contact et entrainer une réduction de I'efficacité globale
attendue de la configuration plissée. L'approche de simulations numériques qui a été
développée et utilisée pour la configuration expérimentale a été appliquée a une unité
commerciale pour aider & étudier I'amélioration du systéme en proposant une configuration
plissée. Bien qu’il n’ait pas été possible d’obtenir une confirmation expérimentale, les
simulations ont montré qu’en modifiant uniquement la géométrie du média de plan a plissée
I’efficacité de dégradation du systeme pouvait étre améliorée car il y avait une augmentation
de la quantité de catalyseur, du temps de contact et de I’irradiance moyenne regue dans le
média.

En conclusion, ces travaux contribuent a I’amélioration des connaissances sur
I’influence des parametres opératoires et environnementaux lors de la dégradation
photocatalytique de deux composés qui n’ont jamais ou rarement €t€ étudiés : 1’isoflurane et
I’acrylonitrile. Il a ét¢ démontré comment il était possible d’améliorer les performances de
systemes photocatalytiques dans des conditions spécifiques qui correspondent a des
environnements hospitaliers. La simulation numérique constitue un outil utile pour une
compréhension plus fine des mécanismes et pour mettre en évidence le comportement de
I'écoulement et de I’irradiance dans un média photocatalytique.

Au regard de ces résultats de thése, plusieurs perspectives peuvent étre envisagées:

e |l serait nécessaire d'étudier la performance pour un systéme de traitement
photocatalytique comportant comporter plusieurs modules photocatalytiques en séries
ou en paralléle. Cela va contribuer a fournir des réponses en premier part sur
I’efficacité d’un tel systetme sur [’¢limination des polluants et, d’autre part, sur
I’influence qu’il aurait sur les intermédiaires trouvés a la sortie du systeme de
traitement.
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Des études devraient étre menées sur I'effet de la combinaison de plusieurs techniques
de traitement de l'air, telle que la filtration avec I’oxydation photocatalytique, sur
I'efficacité d'élimination des polluants. Comme l'air intérieur contient des particules
dont on a démontre qu'elles diminuaient I'efficacité de I’oxydation photocatalytique,
I'utilisation de techniques de prétraitement comme la filtration pourrait améliorer
I'efficacité.

L’innocuité  de I’oxydation photocatalytique est importante pour caractériser
complétement son efficacité. La securité peut étre assurée en identifiant et en
quantifiant les intermédiaires formés pendant la dégradation. Des travaux
supplémentaires devraient étre menés sur l'identification et la quantification des
composés intermeédiaires en utilisant des processus d'échantillonnage et d'analyse plus
sensibles.

Un modeéle de la dynamique des fluides computationnelle plus rigoureuse couplant la
modélisation de la vitesse, du champ de rayonnement et de la réaction cinétique
devrait étre développé pour aider a concevoir et a optimiser les réacteurs
photocatalytiques. La modélisation pourrait étre plus économique car le réacteur peut
étre facilement modifié pour optimiser I'nydrodynamique et le champ de rayonnement
du systéme sans nécessiter différentes configurations de réacteurs pour déterminer la
géométrie la plus efficace.
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General Introduction

Indoor air quality (IAQ) is receiving significant attention and is currently a major
public concern as it is observed that people generally spend more than 80 % of their time
indoors. Poor IAQ has been known to cause outbreaks of Sick Building Syndrome (SBS) or
Building Related Illnesses (BRI) with varying degrees of severity examples of which include
skin and eye irritations, eye infections, headaches, fatigue, nausea, asthma, cancer, etc. The
World Health Organization (WHO) estimates that air pollution causes approximately 4.3
million premature deaths per year worldwide. In France, the Agence nationale de sécurité
sanitaire de 1’alimentation, de 1’environnement et du travail (ANSES) estimates that the socio-
economic costs associated with the effects of indoor air quality on human health is about 19

billion euros per year.

Indoor air pollution is therefore a great preoccupation of many national and
international organizations. These organizations are tasked with the surveillance of indoor air
quality. In France for example, the Observatoire de la qualité de 1’air intérieur (OQAI) was
created to provide better knowledge of indoor pollution, its origins and its dangers. However,
since its creation in 2001, the indoor environments mostly studied have been homes, offices
and schools. Whilst some indoor environments like the hospital had been rarely studied. The
air quality in hospitals deserves a lot more attention because of the complexities and
vulnerabilities of the occupants. Consequently improper control of hospital IAQ may cause

hospital-acquired (nosocomial) infections and occupational diseases.

It is for this reason that two projects AICHA (Air intérieur et pollution chimiques dans
les hopitaux) and QAIHOSP (Qualité de I’air intérieur dans les hdpitaux) were created in
2010 and 2013 respectively and financed by ANSES. These projects were undertaken to
provide some quantitative and qualitative knowledge on the pollutants that were present in
some hospitals in France. While AICHA focused on the presence of chemical contaminants,
QAIHOSP studied chemical and microbiological contaminants and particulate matter. Their
results showed that hospital indoor air contained a complex mixture of chemical, physical and
microbiological compounds. They also concluded that the continuous exposure of occupants
to these pollutants could be detrimental to their health.

In order to limit the level of pollution in hospital environments, several national agencies,
recommend regulations for indoor air quality control based on ventilation rates. In the US the
reference guideline is ASHRAE 170-2017 adopted from the work of The American Society of
Heating, Refrigerating and Air-Conditioning Engineers (ASHRAE) whilst in France it is the
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standard NFS 90-351 based on the recommendations of the Association pour la Prévention et

I'Etude de la Contamination (ASPEC). Currently, air treatment devices whether stand-alone or

included in the main ventilation systems are becoming increasingly popular for use as

complementary means to improve IAQ. ASHRAE states that in recent years, more and more

air cleaning devices are advertised in the market for the removal of indoor pollutants. The

Center for Disease Control and Prevention (CDC) and the Société Francaise d'Hygiéne

Hospitaliere (SF2H) recognize these devices as supplementary means of treating the air and

also improving ventilation in medical environments in the US and France respectively.

The treatment devices use technologies that can be divided in two categories:

Trapping and separation techniques: These include filtration and adsorption where
pollutants are transferred unto a filter or a sorbent material. Filtration is used to
remove particulate matter whilst adsorption targets gaseous pollutants. Consequently
they are effective for certain pollutants but less for others. Additionally, they do not
eliminate the pollutants but only transfer them to another phase and subsequently

additional disposal or handling steps are required.

Destruction and oxidation techniques: These techniques include plasma treatment, UV
germicidal irradiation (UVGI), ozonation and photocatalytic oxidation (PCO). Plasma
treatment involves oxidizing pollutants by means of cold plasma at a very high voltage
between two electrodes. This technique is effective but it can lead to ozone production
and the formation of toxic by-products. UVGI is mostly used for the destruction of
bioaerosls using UV light. However it is also capable of degrading some gaseous
pollutants. It has the disadvantage of producing intermediates that may be toxic
including ozone. Ozonation involves using ozone an oxidizing agent for the
destruction of volatile organic compounds (VOCs) and microbial agents. However it
can lead to the exposure of ozone. For photocatalytic oxidation, pollutants are
oxidized at ambient temperature and under atmospheric pressure using a catalyst
activated by light. This technique leads to the transformation of pollutants into
innocuous final products. However depending on the type of pollutants and conditions

it could also lead to the formation of toxic by-products.

When it comes to air treatment in the hospital however, the major concern is with the

reduction of microbiological pollutants rather than chemical pollutants due to the risk of

nosocomial infections. Consequently, the efficiency of these devices is usually based on the
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microbiological pollutant removal. However, since studies such as AICHA and QAIHOSP
show that hospitals contains several chemical contaminants some of which are specific to the
medical environment, it is necessary that the fate of these chemical pollutants when they pass
through these treatment devices is studied.

Among these treatment technologies, photocatalytic oxidation (PCO) is seen as an
economic and energy efficient method capable of degrading a wide range of chemical

pollutants and is therefore chosen for this work.

The PhD work therefore aims to evaluate the efficiency of PCO devices in removing some
specific chemical pollutants found in hospitals and subsequently to investigate whether PCO

is a safe technology for the occupants of the hospital.

The PhD work was financed by ATA Medical and the IMT Atlantique. ATA medical is a
French company that has expertise in providing air treatment solutions to various sectors
including the medical sector. The research work was carried out in the Department of
energetic systems and environment, part of the Génie des procédés, environnement et agro-
alimentaire (GEPEA) laboratory located in IMT Atlantique campus in Nantes. The laboratory
has a research platform called SAFEAIR which has expertise in indoor air treatment and has
made several scientific contributions to PCO for air treatment and is furnished with specific
equipments necessary for the study of indoor air treatment by photocatalytic oxidation.

This manuscript consists of four chapters each of which provides information to help
achieve the main objective.

- The first chapter recapitulates the state of the art on the indoor air quality in the
hospitals detailing principally the chemical pollutants that are present and how some
are chosen for this study. Then a preview of the existing knowledge of the
photocatalytic degradation process including the principles, the reactors that are
available, the parameters influencing its efficiency and the performance evaluation
factors are presented. Based on this review and some of these parameters that are
important for this study are retained. Finally the experimental objectives of this PhD

work are listed.

- In the second chapter, the experimental materials and methods that are utilized to

achieve the objectives are described. The photocatalytic reactor in which the
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degradations are carried out is presented. Next, the sampling and analytical devices
are explained. Then the model that enables the calculation of the performance

indicators is described and then, the experimental methodology is given.

- The third chapter deals with the photocatalytic degradation of the target pollutants.
Firstly, a parametric evaluation to study the influence that air velocity, light intensity,
relative humidity, presence of particles (bioaerosols) and presence of chemical co-
pollutants will have on the degradation efficiency of the target compounds is
presented. Then, the investigation of intermediates formed during the degradation is
done to assess the safety of the process. Thirdly, the mineralization rates obtained
during the degradation are also discussed. In the last section of this chapter the
influence of two different media geometries is presented. Experimental results from
the degradation of isoflurane and acrylonitrile using a pleated media configuration
are compared to those obtained using plane media geometry under similar

experimental conditions.

- Complementary to the last section of the third chapter, the fourth chapter focuses on
using numerical simulations to examine how a change in media geometry affects the
behavior of air flow and light irradiance. This is done with the aim of better
understanding the role of the media geometry in improving the removal efficiencies
of the target compounds.

Finally, the general conclusion summarizes the main results achieved from the work presented
in this manuscript as well as some recommendations regarding PCO use in hospital

environments.
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1.1 Introduction

This work is concerned with the study of using photocatalytic oxidation (PCO) to
remove chemical pollutants that are specific to medical environments. This chapter through a
review of literature defines a reference frame about the research topic. In detail, the first
section (1.2) discusses the indoor air quality generally in hospitals and then specifically in
operating rooms (ORs). It aims to provide information on the sources of pollutants and the
methods employed to ensure a good indoor air quality. The second section (1.3) discusses
photocatalytic oxidation and its use as an air treatment process by looking at its principles and
the factors that influence the efficiency of PCO. The different photocatalytic reactors and the
performance indicators are also detailed in this section. All of this is done with the objective
to identify target compounds as well as the operating parameters that will influence the
effectiveness of PCO to remove these target compounds. Finally the experimental objectives

of the PhD work are presented.

.2 Indoor air quality in hospitals

The air quality in hospitals plays an important role on the health of both patients and
hospital staff and consequently improper control of hospital indoor air quality (IAQ) may
cause hospital-acquired (nosocomial) infections and occupational diseases [1]. Indoor air
quality is even more critical in the hospitals than in most other building environments,

because of the increased susceptibility of the patients [2].

Unlike other closed indoor environments like residential and commercial buildings,
hospitals are composed of a diversity of facilities and occupants and thus the indoor air
requirements differ from one facility to the other. Consequently, there is the need to set
specific requirements for ventilation, temperature and humidity for the various facilities. For
example, facilities such as intensive care units and laboratories will require stricter demands
compared to facilities such as meeting rooms. This therefore makes the hospital a complex

environment.

In order to reach adequate indoor air, one important feature is the heating, ventilation
and air conditioning (HVAC) systems. Ventilation has the function of supplying filtered air
from outside (or recycled filtered room air) to dilute pollutant concentrations. The dilution
effect is controlled by the ventilation rate which is expressed as air change per hour (ACH).
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The ACH (h}) is defined as the volumetric air flow through the facility divided by the volume
of the facility [3]. In most developed countries, national organizations and agencies provide
guidelines based on these ventilation rates. These guidelines may vary depending on the
country.

In the US, the reference guideline for ventilation requirements in hospitals is provided
in ASHRAE 170-2017 [4] which is based on the recommendations of the American Society
of Heating, Refrigerating and Air-Conditioning Engineers (ASHRAE). Whilst in France the
NFS 90-351 [5] is the document providing guidelines for indoor air quality in the hospitals.
This guideline is based on the recommandations of Association pour la Prévention et I'Etude
de la Contamination (ASPEC). The ventilation requirements for some hospital facilities
according to these two guidelines are summarized in Table 1.

Facility Minimum ACH (ht)
ASHRAE 170-2017 [4] NFS — 90-351 [5]
Halls 4 -
Consultation room 6 10
Laboratories 6 15

Table 1 : Ventilation requirements in hospital facilities in France and in the US

Indoor pollutants that could be present in the hospital are principally of three types;
biological pollutants, chemical pollutants and particulate matter and their levels are influenced
by outdoor and indoor emissions [6]. Due to nosocomial infections however, the main focus
when it comes to IAQ is microbiological pollutants. It has been reported that 5% of all
patients who go to the hospital get nosocomial infections whilst they are there [7]. In the USA
it is estimated that over 100,000 people die each year from hospital infections and 25,000 die
in Italy every year [6].

The principal mission of the hospital is to prevent airborne infection and transmission.
Consequently, in addition to the ventilation requirements; strict hygiene standards are adhered
to, to reduce the microbiological risk of contamination. This is done through the
implementation of rigorous cleaning standards. Depending on the degree of infectious risk,
hospitals are classified into different zones and the cleaning requirements (frequency of
cleaning and products used) necessary to ensure the prevention of nosocomial diseases is
influenced by the zone [8,9]. In France, the Comité de Lutte contre les Infections

Nosocomiales (CLIN) developed a program which classifies the hospital into four zones.
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Table 2 shows the various facilities that are categorized in the zones as well as the products

used and the frequency of cleaning.

Zone Facilities Cleaning times Products
used
Zone 1 Halls, offices, elevators, meeting and .
. . Twice a week Detergent
(Low risk) training rooms, staff restaurant
Zone 2 . At least twice Detergent
(Moderate risk) Consultation rooms, laundry rooms daily +

disinfectant

Zone 3 Patient wards, endoscopy rooms, Detergent
. . ] L After each use
(High risk) laboratories, sterilization rooms +

disinfectant

Zone 4 Operating blocks, obstetric unit, Before and after ~ Detergent
(Very High virology and bacteriology laboratories each use +
risk) disinfectant

Table 2 : Classification of hospital premises into risk zones by CLIN, France [8]

Chemical pollution unlike biological contamination remains rarely studied and
information on the chemical quality of the air in hospitals is limited. However, many activities
and uses specific to health facilities are potential sources of chemical pollutants which may
lead to a change in the air quality. These activities can be concentrated in specific premises

like laboratories, sterilization rooms, operating rooms or be common to all premises [10].

1.2.1 Sources of chemical pollutants in hospitals

The presence of chemical pollutants in the hospital could be attributed to both outdoor

sources and indoor sources.

1.2.1.1 Outdoor sources of pollution

Indoor air in a hospital is subject to pollution from outdoor air. The outdoor pollutants
are normally physico-chemical (particles and gases) caused by human activities such as
transportation. In urban area with dense populations, automobile exhaust gas is the major air
pollutant, resulting in high pollutant concentrations. These are mainly carbon oxides, nitrogen
and sulfur oxides, ozone and volatile organic compounds (VOCs). The transfer of outdoor
pollutants into the hospital environments is also linked to factors such as the location of these

hospitals and the placement of the air intake for ventilation.

10
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Chen et al.[11] compared the levels of nitrogen dioxide (NO2) and ozone (Os) in two
Taiwanese hospitals. One of them was located close to a major road and thus would be
impacted by traffic whilst the second hospital was located at a distance from traffic. Their
results showed that NO.> and Oz were significantly higher in the hospital close to traffic
(average concentrations: 54.1 ppb versus 32.7 ppb for NO, and 15.0 ppb versus 9.7 ppb for
0O3). They therefore highlighted the influence of local traffic pollution levels on the indoor
pollution in the hospitals.

1.2.1.2 Indoor sources of pollution

Within the hospital itself, chemical pollutants could be produced from architectural
components, interior coverings (paints), building materials and even electronic devices. In

addition, certain specific activities performed within the hospital can also cause pollution.

The Danish Technological Institute conducted a large study of the substances emitted by
electrical and electronic equipments [12]. The study highlighted that the following
predominant pollutants, toluene, trimethylbenzene, styrene, xylene, benzene, dibutylphthalate,
were emitted by computer equipment, TV and phones. They estimated concentrations for
these pollutants to range between 0.03 and 0.5 ppm. Formaldehyde is also a common indoor
pollutant as it is present in many everyday products such as insulating foam, glues, varnishes,
inks, resins, paper [13]. Phthalates, which are widely used in the manufacture of PVC, were
measured in indoor air of 120 apartments [14]. The presence of all these substances and
devices in the hospital could mean that these pollutants are likely to be found in the hospital

indoor air environment.

In 2010, the French agency ANSES funded the AICHA project with the aim to
provide some knowledge on the chemical pollutants that could be present in a hospital due to
indoor pollution sources. In the project, the work undertaken by Bessonneau et al. [10] was
done in a hospital in Rennes. They studied six sampling sites; reception hall, nursing care,
post-anesthesia care unit, parasitology-mycology laboratory and flexible endoscope
disinfection unit and measured more than 40 volatile organic compounds (VOCs) including
aliphatic, aromatic and halogenated hydrocarbons, aldehydes, alcohols, ketones, ethers and
terpenes. Their results showed that the main compounds found in indoor air were alcohols
(ethanol at 0.5 ppm) and isopropanol at 0.02 ppm) ethers (ether at 0.03 ppm) and ketones
(acetone at 0.01 ppm). They observed that the concentration levels of these compounds varied
depending on the activities performed in the sites. For example they found that the high levels

11
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of alcohols were present in the sampling sites was due to the cleaning and alcohol based
products that were used in all sites to reduce nosocomial infections. Qualitative analysis of the
air samples in the post-anesthesia care unit also led to the identification of anesthetic gases;
sevoflurane and desflurane. They concluded that the continuous exposure of the occupants to

these compounds could have negative effects on their health.

The AICHA project although very insightful studied only one hospital and generalized
the results for all hospitals. Thus in 2013 the QAIHOSP project was developed to study the
chemical contamination in two hospitals in Rennes and Nancy. 7 sampling sites were studied,
that is; reception hall, patient ward, post-anesthesia care unit, laboratory, disinfection unit,
nurses care, and operating rooms. According to preliminary results presented by Baures et al.
[15], 47 compounds were identified including aliphatic, aromatic and halogenated
hydrocarbons, aldehydes, alcohols, ketones, ethers, terpenes and phthalates. Concentrations of
the pollutants were found to be in the same order of magnitude in both hospitals. They also
observed that the chemical compounds with the highest concentration were those that were
emitted as a result of specific activities performed in the sampling sites.

In order to access the exposure of workers to disinfecting agents, Koda et al. [16]
measured the airborne concentrations of formaldehyde and gluteraldehyde in the pathology
units and in endoscopy services of two Japanese hospitals. The average concentrations found
ranged between 0.3 and 2.3 ppmand between 0.1 and 0.8 ppm for formaldehyde and
gluteraldehyde respectively. These values were reported to be higher than the Japanese
occupational safety and health association (JOSHA) of 0.5 ppm and 0.05 ppm for
formaldehyde and gluteraldehyde respectively. They also reported that the continuous
exposure to these compounds could lead to skin and eye irritations, acute and chronic

respiratory diseases and cancer.

Tokigawa et al. [17] also studied eight volatile organic compounds (VOCs) levels in
nineteen rooms of a new hospital in Japan with the aim of examining the association between
the pollutants and health effects. The VOCs studied included formaldehyde, toluene,
ethylbenzene, hexane, m,p-xylene and o-xylene, ethyl acetate and butyl acetate. Among these,
the most prevalent were formaldehyde (0.003 — 0.006 ppm) and toluene (0.04 - 0.4 ppm). The
Total VOC (TVOC) level was 1 ppm which was higher than the JOSHA guideline of 0.5
ppm. Their results also showed that symptoms of deterioration in the skin, eye, ear, throat,

12
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chest, central nervous system, autonomic system, musculoskeletal system, and digestive

system among employees were associated mainly with the high TVOC concentration levels.

Dascalakis et al. [18] measured the concentrations of anesthetic gases and disinfecting
agents in 17 operating rooms, within ten Greek hospitals. Anesthetic gases (isoflurane and
sevoflurane) were found at concentrations ranging from non-detectable to 1.3 ppm. They were
below the US Occupational Safety and Health association (OSHA) guideline of 2 ppm. The
disinfecting agents (formaldehyde and gluteraldehyde) were found non-detectable to 1.7 ppm.
They were above the OSHA guideline of 0.8 ppm and 0.2 ppm for formaldehyde and
gluteraldehyde respectively.

1.2.1.3 Conclusion on the chemical pollutants present in hospitals

Based on the work performed by some authors in the literature some conclusions on
chemical pollutants found in the hospital can be made. Firstly, occupants of the hospital
(workers and patients) are exposed to a wide variety of compounds which could have negative
effects on their health. Secondly, the chemical pollutants found in hospitals could be classified
into two groups; those that are found in hospitals but can be found in other indoor
environments and those that can be found in hospitals due to the specific activities. These are

summarized in Table 3.

Common indoor compounds

Compounds specific to hospital environments (not specific to hospital environments)

Gluteraldehyde [16,18] Formaldehyde [16,18]
Peracetic acid [10] Phtalates [12,15]
Ethanol [10] Benzene, toluene, xylene, styrene [10,17]
Isopropanol [10] Nitrogen dioxide [11]

Isoflurane [18]
Desflurane [10]

Sevoflurane [10,18]

Table 3: Summary of some chemical pollutants identified in hospitals

Due to the fact that the pollutants varied from one facility to another based on the
specific activities performed, it would be necessary for this study to limit the search for target
compounds to one facility. For the purpose of this work, the operating room (OR) was chosen.

In the section that follows the IAQ in the ORs is going to be discussed.
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1.2.2 Indoor air quality in operating rooms

In the hospital, the operating room requires careful control of its environment and thus
is among the most demanding hospital facility. Therefore, systems serving them need to be

designed in order to minimize the concentration of chemical compounds and microorganisms.

1.2.2.1 Pollutants found in operating rooms

The indoor air of an operating room contains different chemical pollutants like waste
medical gases used for anesthesia, disinfection and sterilizing substances and surgical smoke.
The presence of these substances is known to have adverse health effects on and lead to

discomfort of OR personnel. Therefore occupational exposure to these should be limited [18].

Anesthetic gases

General anesthesia is a state of unconsciousness following the administration of drugs.
Anesthetic substances are given to the patient to control and depress the central nervous
system in order to provide the patient with an experience that is free of pain during a surgical
procedure [19]. There are two induction methods that are usually employed; intravenous
injection and inhalation. Intravenous injection consists of the administration of anesthetic
molecules by the venous or intramuscular route whilst inhalation anesthesia involves the
administration of an anesthetic gas mixture using a face mask or breathing tube affixed to the

mouth of the patient.

Inhalation anesthesia is known to be the main source of anesthetic gases in operating
room air. Anesthetic gases escape into indoor air through leaks in the patient breathing circuit,
during installation and disconnection of the system and also when patient exhales [20].
Inhaled anesthetic agents are categorized into two classes of chemicals: nitrous oxide (N20)
and volatile halogenated agents. N2O is supplied in a gas form whilst the halogenated agents
are supplied as a liquid and then vaporized by an anesthesia machine into a gaseous state

before it is delivered to the patient [21].

The three most commonly used volatile halogenated agents worldwide are isoflurane,
desflurane and sevoflurane. Depending on the surgical procedure, they can be either
delivered alone or in combination with N>O [22]. According to the OSHA, anesthetic gases
pose a hazard to hospital workers such as anesthesiologists, surgeons, operating room
technicians and dentists because exposure to these compounds could cause nausea, dizziness,

headaches, fatigue, and irritability, miscarriages, birth defects, liver and kidney disease [23].
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The National Institute of Occupational Safety and Health (NIOSH) have 8-hr time weighted
average (TWA) recommended occupational exposure limits (OEL) at 25 ppm for nitrous
oxide, 2 ppm for halogenated anesthetic gases without N.O and 0.5 ppm for halogenated

anesthetic gases with N.O.

Significant improvements have been made over the years to control anesthetic gas
pollution in operating rooms. These have been accomplished through the use and improved
design of scavenging systems, installation of more effective general ventilation systems, and
increased attention to equipment maintenance and leak detection as well as to careful
anesthetic practice. However, occupational exposure to waste anesthetic gases still occurs
[24].

Dascalakis et al. [18] measured the concentrations of anesthetic gases; isoflurane and
sevoflurane in 17 operating rooms, within ten Greek hospitals. Anesthetic gases (isoflurane
and sevoflurane) were found at concentrations ranging from non-detectable to 1.3 ppm.
Sitarek et al. [25] found isoflurane concentrations to range between 0.4 and 12 ppm when
they measured the concentrations of isoflurane in a Polish hospital OR. Crea and Tkaczuk
[26] in studying Australian ORs measured isoflurane levels between 0.001 and 3.6 ppm. Jafari
et al. [27] found the average isoflurane and sevoflurane concentrations in an Iranian OR to be
1.14 and 0.005 ppm respectively. Hoerauf et al. [28] studied the concentration of nitrous
oxide in an Austrian OR and found average levels of 12.8 ppm whilst Chang et al. [29] found
average levels of 85 ppm in a Taiwanese hospital OR and Passeron et al. [30] measured

average levels of 31 ppm in a French hospital OR.

These studies show that concentrations of anesthetic gases like nitrous oxide and
isoflurane in the operating rooms can exceed the recommended occupational exposure limits.
Consequently, continuous exposure to these gases can lead to negative health effects for OR

occupants.

Sterilants

Surgical procedures involve the contact of a medical device or surgical instrument
with a patient’s sterile tissue and a risk of all surgeries is the introduction of pathogens that
can lead to infection. Sterilization is therefore essential to ensure that medical and surgical
instruments do not transmit infectious pathogens to patients [31-33]. Sterilization is the

complete removal or destruction of all types of life form on a surface and is achieved in the
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hospitals by physical or chemical processes. Depending on the characteristics of the devices
to be sterilized, sterilization is classified into three types; High temperature sterilization, low
temperature sterilization and liquid immersion [34]. These processes are adopted worldwide.

For heat-tolerant equipments, high temperature sterilization methods like the use of
steam and dry heat are employed. Equipments are exposed to steam or dry heat at
temperatures ranging between 121°C and 160°C for several minutes (3-120 minutes). For heat
sensitive instruments, they are typically sterilized by low temperature methods and liquid
immersion. Low temperature sterilization involves exposing the equipments to ethylene oxide
gas treatment and hydrogen peroxide gas plasma at low temperatures ranging from 35°C to
63°C for several hours (1-15 hrs). Finally, sterilization by liquid immersion involves dipping
the equipments in liquid solutions consisting of peracetic acid and hydrogen peroxide for
several hours. [34-39].

For the sterilization methods that involve chemicals like ethylene oxide and peracetic
acid, aeration or rinsing step is needed after the sterilization process in order to remove
residuals of the chemicals from the surgical instruments. Consequently if this is not properly
done, it leads to the introduction of these substances into OR air [40]. The occupational
exposure limit set by NIOSH for 8-hr TWA is 0.6 ppm for peracetic acid, and 1 ppm for
hydrogen peroxide and ethylene oxide respectively.

Wesotowski and Sitarek [41] measured levels of ethylene oxide in the ORs of 13
polish hospitals located in Lodz. The average concentration ranged from 0.006 to 3.4 ppm
Whilst Pacenti et al. [42] also measured average peracetic acid levels of 0.07 ppm in a the OR

of a regional hospital in Florence, Italy.

Exposure to these chemicals may lead to acute health effects including respiratory and
eye irritation, vomiting and diarrhea, while chronic health effects include altered behavior,
anemia, secondary respiratory infections, skin sensitization, miscarriages, reproductive
problems and possibly cancer [18,43,44]. In recent decades, due to its possible mutagenic,
reproductive, neurologic and carcinogenic hazard to workers, strict regulations concerning the
use of ethylene oxide are being implemented. In France, the Agence nationale de sécurité du
médicament et des produits de santé (ANSM) is advocating for the use of alternatives such

hydrogen peroxide and peracetic acid [45].
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According to the literature, it has been shown that the presence of these compounds
could be anticipated in operating rooms and they could negatively impact the health of the OR
personnel and patients.

Surgical smoke

Electrosurgery, laser tissue ablation and ultrasonic scalpel dissection are techniques
that are used by in order to cut, coagulate, desiccate or vaporize biological tissue. These
devices are frequently used during surgical operations to help surgeons make precise cuts and
prevent blood loss [46]. The disadvantage of such techniques though is that they produce
smoke referred to as surgical smoke.

Surgeons and operating theatre personnel are routinely exposed to pollution from the
surgical smoke which hinders the vision of the surgeon and produces an unpleasant odor. It
has been known to consist of 95% water vapor and 5% blood and particulate matter (tissue

particles, viruses and bacteria) and chemical compounds [47].

The aerodynamic sizes of particles vary significantly, depending on the type of
procedure, pathology of target tissue, type of energy imparted, power levels used, and the
scope of surgery (cutting, coagulation, or ablation) [48]. An electrosurgery creates the
particles whose size is < 0.1 um and a laser tissue ablation does larger particles (< 0.3 pum).
But the largest particles are generated using an ultrasonic scalpel (0.35-6.5 um) [49]. Their
presence exposes surgical staff to the risk of infection. In addition, the exposure is associated

with an increased risk of respiratory diseases and strokes [50].

Gianella et al. [51] in studying the smoke produced during laparoscopic surgery found
concentrations of methane, ethane and ethylene to be in a range of 0.1-34 ppm, 0.1-2 ppm
and 5 -10 ppm respectively. Moot et al. [52] found that the smoke produced during a surgical
procedure contained acetylene, butadiene, 1-decene and 2-propylene nitrile in concentrations
of 2.3-7.5 ppm, 0.2-0.7 ppm, 0.3-1.4 ppm and 0.018-0.4 ppm respectively. These results are

summarized in Table 4.
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Compound Range (ppm)
Acetylene 2.3-7.5[52]
Butadiene 0.2-0.7 [52]
1-decene 0.3-1.4 [52]
Ethane 0.1-2.0 [51]
Ethylene 5.0 -10 [51]
Methane 0.1-34 [51]
2-propylene nitrile 0.018-0.4 [52]

Table 4 : Concentrations of compounds found in surgical smoke

In a review, Barrett and Garber [53] listed about 40 compounds that had been found to
be present in surgical smoke during surgical procedures. These compounds are summarized in
Table 5.

Compounds found in surgical smoke categorized under chemical families

Hydrocarbons Nitriles Phenols
Acetylene Acetonitrile Creosol

Alkyl benzene Acrylonitrile 4-methyl phenol
Benzene Benzonitrile Phenol
Butadiene 3-butenenitrile

Butene 2-propylene nitrile Miscellaneous
1-decene Pyridine Carbon dioxide
2,3-dihydro indene Hexadecanoic acid
Ethane Amines Methyl pyrazine
Ethene Indole

Ethylene 6-methyl indole

Ethyl benzene Pyrrole

Ethynyl benzene Aldehydes

Isobutene Acrolein

Methane Benzaldehyde

Propene Formaldehyde

Styrene Furfural

Toluene 3-methyl butenal

1-undecene 2-methyl propanol

Xylene

Table 5 : Compounds identified in surgical smoke [53]

The chemicals that are found to be present in the greatest quantity in the surgical
smoke are hydrocarbons, nitriles and amines [54,55]. Of these compounds, acrylonitrile is one
of the most concerning as it has been classified as a hazardous compound by US EPA. Its

short-term exposure is known to cause eye irritation, nausea, vomiting, headache, sneezing,
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weakness, and light-headedness. It has also been reported that its long-term exposure raises
the incidence of cancer. Moreover, it has also been documented that its repeated or prolonged
exposure to skin may irritate the skin and trigger the occurrence of dermatitis [55,56]. The
occupational exposure limit for acrylonitrile set by NIOSH for 8-hr TWA is 2 ppm. Barrett
and Garber [53] stated that OR personnel are exposed to acrylonitrile concentrations ranging

between land 1.6 ppm.

Surgical staff and patients are continuously exposed to surgical smoke which contains
compounds that could negatively impact the health of OR occupants. Therefore it will be

beneficial if these compounds can be removed from the air.

1.2.2.2 Ventilation in the OR

The indoor environmental quality (IEQ) in an OR is determined by the level of indoor
air pollutants and other characteristics, including the air temperature, relative humidity and air
velocity [4]. The air in an OR must be aseptic, at constant and reasonable temperature and
humidity and have relatively low velocity to avoid drafts and swirls that will disrupt the
surgical procedure and re-circulate microbes [57]. As previously discussed in section 1.2.2.1,
patients and OR personnel can be exposed to a wide range of pollutants, therefore maintaining
a high quality of air is also essential for protecting both the patient and OR personnel from
surgical infections and occupational diseases.

ORs are usually equipped with heating, ventilation and air conditioning (HVAC)
systems whose fundamental role is to maintain temperature and humidity at acceptable levels

and keep the concentrations of particulates, microbes and gaseous contaminants at low levels.

Maintaining proper temperature and humidity levels is essential for occupants
comfort. The guidelines recommended by several national agencies state that indoor OR
temperature must be kept within 18 - 26°C to ensure comfortable conditions (Table 6). They
also recommend that the overall humidity levels should also be maintained at an acceptable
range (30 — 60 %). Low humidity can cause favor blood coagulation whilst high moisture
content will promote the growth of bacteria and also cause discomfort for OR occupants. The
average reported by some authors in the literature is 50 % however they have also reported
high levels of 80 % [58,59].
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) o Minimum
Country T(°C) Relative Humidity (%0) Source
ACH (h')
USA 17-26 30-60 20 ASHRAE 170-2017 [4]
Germany 22-26 50-60 20 DIN 1946-4 [60]
France 19-26 45-55 25 NFS - 90-351[5]
Canada 18-23 30-60 20 CSA Z317.13-17 [61]

Table 6 : Operating room recommended indoor conditions

In the operating theatre, the specific features of the airflow are air distribution, room
pressurization (infiltration barrier), ventilation (dilution), and filtration (contaminant removal)
[62].

The main types of air distribution systems used in an OR are: non-unidirectional flow
and unidirectional-flow. Non-unidirectional flow involves the whole environment and is
based on diffuse and turbulent streams of filtered air with the aim of creating mixed
ventilation in the whole operating room (Figure 1). The concentration of airborne
contaminants is controlled by means of dilution which increases the effectiveness of air.
However, it has the disadvantage of speeding up microbial dispersion [63]. This type of

airflow is generally considered enough for general surgery operating rooms [64].
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Figure 1 : Non-unidirectional-flow distribution in an operating room [65]

The unidirectional-flow system (Figure 2) attempts to avoid turbulence and instead
strives to direct a linear stream of filtered air to the surgical field. The system delivers air
from the ceiling, with a downward movement over the operating table to several exhaust

inlets located on opposite walls [66]. It constitutes the best option for an operating theatre, in
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terms of contamination control, because it results in the smallest percentage of particles

impacting the surgical site [67].
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Figure 2 : Unidirectional-flow distribution in an operating room [65]

With regards to the room pressurization, air must be maintained at positive pressure.
The OR should have higher pressure than adjoining rooms and corridors so that air flows from
and not into the OR. This prevents the infiltration of contaminated air into the OR [4].

For a critical room such as an OR, it should be supplied with ventilation rates between
20-25 ACH. Recommended ventilation rates may vary between countries as shown in Table
6. Conventionally, ORs are ventilated with 100% outdoor air but some guidelines allow for
about 30% of re-circulated air [4,61].

The extracted outdoor air first passes through some filters before it is brought into the
OR. In France, the guideline NFS 90-351 recommends three stages of filtration; a low
efficiency filter to remove particles with diameters greater than 10 um, medium efficiency
filter to remove particles with diameters greater than 1um and a High Efficiency Particulate
Air (HEPA) filter which has a collection efficiency of 99.97% for particles with diameters
greater than 0.3 pm.

Due to their demanding indoor conditions, operating theatres constitute the most
expensive sector of the healthcare establishment mandating an efficient management reaching
33-50% of the total cost [57]. Increased ventilation rates are great to reduce contaminant
levels but they result in increased energy consumption necessary to condition (heat, cool,
humidify, dehumidify) the air. Additionally, the filters installed in typical HVACs are targeted
for particulate matter control and as such may not be very efficient at removing some indoor

chemical pollutants [68].
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As a result of these drawbacks associated with the conventional ventilation systems,
the implementation of air treatment technologies whether as standalone or as part of the
existing HVAC system (in-duct) is becoming popular as a complementary means of
improving IAQ. ASHRAE states that in recent years, more and more air cleaning devices are
advertised in the market for the removal of indoor pollutants generally in indoor environments
[69]. In hospitals, The US Center for Disease Control and Prevention (CDC) and the Société
Francaise d'Hygiéne Hospitaliere (SF2H) recognize these treatment devices as supplementary
means of treating the air and also improving ventilation in ORs [40,70]. These devices control
chemical pollutants and allow air quality levels to be maintained with reduced outdoor air

supply and concomitant energy savings [71-73].

The treatment technologies that are used by these devices include filtration,
adsorption, cold plasma, ultraviolet germicidal irradiation (UVGI), ozonation and
photocatalytic oxidation (PCO). Filtration and adsorption transfer the pollutants unto a filter
or a sorbent material. Filtration is used to remove particulate matter whilst adsorption targets
gaseous pollutants. These techniques can be very effective for certain pollutants but less for
others. Additionally, they do not eliminate the pollutants but only transfer them to another
phase and subsequently additional disposal or handling steps are required [74]. Cold plasma
treatment involves the oxidation of pollutants by means of non thermal plasma produced at a
very high voltage between two electrodes. UVGI is mostly used for the destruction of
bioaerosls using UV light. However it is also capable of degrading some gaseous pollutants. It
has the disadvantage of producing intermediates that may be toxic including ozone [75].
Ozonation involves using ozone an oxidizing agent for the destruction of VOCs and microbial
pollutants. However , it can lead to the exposure of ozone and other toxic intermediates [69].
Cold plasma is very efficient at removing particulate matter and biological and chemical
pollutants. However, it has poor energy efficiency, especially for the treatment of chemical
pollutants at low concentrations. Additionally, it could lead to ozone production and the
formation of other toxic by-products [76]. Photocatalytic oxidation involves the oxidation of
pollutants (microbiological and chemical) using a catalyst that is activated by UV light. The
appeal of this technology is the prospect of complete mineralization of a broad range of VOCs
to environmentally harmless compounds such as CO2 and H>O at room temperature and
atmospheric pressure. It is also well suited for contaminated air with low pollutant

concentrations. However depending on the type of pollutants and conditions it could also lead
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to the formation of toxic by-products [77]. In addition to the mineralization of many gaseous

compounds, photocatalysis has also a proven bactericidal effect [78].

Some studies have been conducted to evaluate the efficiency of these technologies
when placed in ORs. Bergeron et al. [79] evaluated the performance of a mobile air-treatment
unit using cold plasma reactors for lowering the airborne levels of Aspergillus fumigates in an
OR. Their results indicated that the treatment unit could rapidly reduce the levels of airborne
Aspergillus fumigates and consequently concluded that it could significantly lower the risk of
nosocomial infections. Similarly Schoenleber et al. [80] also investigated the ability of a
mobile cold plasma treatment device to control the aerobiocontamination in an OR. Their
results showed that aerobiocontaminant levels were decreased by a factor of 2.5 in the
presence of the device and concluded that the implementation of their device in the OR
significantly improved the IAQ. Cram et al. [81] examined the airborne microbial killing
efficiency of a photocatalytic reactor placed in an OR and found that the airborne microbes
were reduced by an average of 25% . They therefore concluded that implementation of their
unit would lead to a reduction in nosocomial infections as a result of the reduction in levels of

airborne microbes.

1.2.2.3 Conclusions on IAQ in ORs

The literature review on the IAQ in ORs showed that the occupants could be exposed
to a variety of chemical pollutants that are grouped under three main sources; anesthetic
gases, sterilants and surgical smoke. Although there is not a lot of information about the
concentrations, the levels that were measured by some authors showed that these pollutants
could be present at concentrations higher than their recommended levels. Also, constant
exposure of occupants to these compounds could lead to several negative health effects thus it

would be beneficial to remove these specific compounds form the air.

The conventional method of diluting air using HVAC is not always efficient for
removing some of these specific compounds and thus air treatment technologies (adsorption,
UVGI, ozonation, cold plasma and PCO) are used as complementary methods to ensure good
air quality. Very few studies exist in the literature on the efficiency of these technologies for
indoor air treatment in ORs and these studies evaluate the efficiency of some of these air
treatment technologies based on microbial pollutant removal. However, since the air in the
OR also contains some specific chemical pollutants, it is necessary to also investigate their

possible removal by these treatment technologies. Among these technologies, PCO has been
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gaining a lot of attention as it is an economic and energy efficient method capable of
degrading a wide variety of VOCs into innocuous final products like CO, and H20.
Additionally as the SAFEAIR platform has a renowned expertise in air treatment with PCO,

the decision was made to evaluate the performance of PCO for improving air quality in ORs.

1.3 Photocatalytic Oxidation (PCO)

PCO is a heterogeneous catalytic process. Heterogeneous catalysis indicates that the
catalytic substance and reagents are in several phases. In photocatalysis, catalytic substance is
solid and reactant is liquid or gaseous. Photocatalysis differs from the catalysis by the fact that
it is necessary to apply electromagnetic radiation on the solid catalyst or photocatalyst for it to

become active [82,83].

Over the past twenty years PCO has been greatly studied as a means of indoor air
purification. It has been demonstrated that it has the ability to degrade a broad spectrum of
VOC:s to final products such as carbon dioxide, water and mineral acids. Additionally PCO
can work at ambient temperature, atmospheric pressure and uses inexpensive catalysts
[74,84-89].

Many semiconductors have been examined as candidate photocatalysts, such as ZnO,
ZrOz, SnO, CeO2, WOs3, Fe203, Al203 and TiO2[90,91]. Among these photocatalysts, TiO2 is
most widely used due to its properties such as excellent catalytic performance, high chemical
stability, optical stability and low cost [92,93]. Thus it has been extensively studied and
developed. These properties of TiO2> depend on its crystal structure, phase and particle size.
The two industrially useful crystalline forms of TiO> are anatase and rutile; generally anatase
particles perform better than rutile due to its higher band gap value. Consequently, the
photocatalysts that are used consist either of pure anatase or of a mixture of anatase and rutile

that is predominantly anatase [94-96].

1.3.1 Principles of PCO

For there to be a catalytic reaction, it is necessary that, initially, the target chemical
species to be treated are adsorbed on the surface of the catalyst. Thus the heterogeneous
catalytic processes can be decomposed in seven elemental processes that occur in series and
takes place at the solid-gas phase interface. These processes shown in Figure 3 are:

1. Advection of pollutants (movement in airflow),
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2. External diffusion or mass transfer of reactant species from the main flow to the
exterior surface of the catalyst,

3. Molecular diffusion of the reactants from the catalysts exterior face into its interior

pore structure,

Adsorption onto interior catalysts surface,

Chemical reaction on the catalyst surface,

Desorption of the reaction products from the catalyst surface,

N oo g &

Mass transfer of products from catalysts pores to external surface and finally to main

flow by diffusion.

Figure 3: Schematic representation of heterogeneous catalytic reaction steps [95]

In PCO, the chemical reaction is based on the activation of the semiconductor.
Semiconductors unlike metals possess a band gap instead of free electrons which prevents
electron transfer. When the semiconductor is illuminated by photons, electrons are transferred
from the valence band (VB) to the conduction band (CB) if the photon energy (hy) is greater
than the band-gap energy (Eg). The excitation and movement of electrons (e”) from the
conduction band creates holes (h*) in the valence band. The minimum required excitation
energy is associated with the lattice structures of semiconductors. For example, the

octahedron in anatase crystals of TiO: is significantly distorted than that in rutile crystals of
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TiO2, which results in different mass densities and electronic band structures (3.2 eV for the

anatase structure and 3.0 eV for the rutile structure) between the two forms [95].

After excitation, these highly reactive electron and hole pairs undergo a diversity of
fates [97]. Figure 4 shows the possible pathways of electrons and holes induced by the photo

excitation of the catalyst.

hv (185-400 nm)
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Figure 4 : Schematic representation of the photocatalytic mechanism induced by the

photo-excitation of the catalyst [95]

An important step for an efficient heterogeneous photocatalytic reaction is the
migration of the electrons and holes to the catalyst surface where the target VOCs are
adsorbed. The positive holes move to the surface and react with OH™ dissociated from
adsorbed water (pathway 3) to generate hydroxyl radicals (OH®), which are the key reactive
species that oxidize the adsorbed VOCs into final products such as CO2, H.O and mineral
acids. The electrons also partake in reduction reactions with adsorbed oxygen leading to the
production of super anion Oz (pathway 4) which can be involved in further reactions to
produce OH°. The PCO reactions could however be interfered by the recombination of the
electrons and holes with the release of heat, which is an unfavorable process involved in the

PCO reaction. The recombination can happen on the surface (pathway 1) or within the
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semiconductor particle volume (pathway 2) [96]. The possible reaction pathways are

described in the following equations:

TiO2+hv— hy , ex Equation 1
h + €cs — recombination /heat Equation 2
hjg + H20 cagsy — OH° + H” Equation 3
OH™ + hj; — OH° Equation 4
O2 ads) + €5 — O;° Equation 5
O, °+ hjy — O2 cads) Equation 6
O, °+ H" — OOH° Equation 7
OOH°® + H" + ez — H202 (ads) Equation 8
H202 ags) + €cg — OH® + OH ™ Equation 9
H202 agsy + O, — OH® + OH™ + Oz ads) Equation 10
H202 cags) + hv — 2 OH° Equation 11

1.3.2 Photocatalytic reactors used for the study of gas phase PCO

In general, the photocatalytic performance for gas phase degradation of pollutants
greatly depends on the design of the photocatalytic reactor. In the literature the principal
reactors that have been reported include plate, annular, fluidized and monolith reactors. Each
reactor geometry and design has its relevance. They present different mass transfer rates,
reaction surface area and accessibility to UV light. Simplified representations of these reactors

are shown in Figure 5.
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Figure 5 : Schematic representation of (a) plate, (b) annular, (c) fluidized bed and (d)

monolith reactors [99]

Plate type reactors have the UV lamp placed parallel to the plate with the photocatalyst
coated on plate surface. For the annular type reactors the UV lamps are enclosed by a cylinder
and the photocatalyst is coated on the inner wall of the cylinder. Both of these reactors have a
simple geometry and low pressure drop but have low mass transfer rate and low reaction
surface area and good accessibility to light [85]. Though they are not designed for high air
throughput, they are important in the determination of kinetic parameters [100]. In the
fluidized bed reactors, gas flows through a photocatalyst bed and the UV lamps are placed
outside the reactor. They allow high gas-feed rate, low pressure drop and high mass transfer
rate but tend to suffer from loss of catalyst in entrained air, consequently catalyst replacement
is needed or additional equipment are needed to separate and return the entrained catalyst to
the reactor. The penetration of UV light is also restricted by the catalyst [101]. Monolith type
reactors have the photocatalyst usually coated on a substrate with the UV lamps placed in
front of the substrate. They have a high reaction area and intermediate convective mass
transfer rate. However, the light intensity quickly declines through the monoliths [102].

Of the four reactor types described above the most commonly found in commercial air
purification units is the monolith configuration because it provides high photocatalyst surface

to volume ratio and is compact which allows it to be easily put in a standalone unit or
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incorporated in the HVAC systems [103]. The photocatalysts used are usually in the form of
monolithic filters or fibers which are referred to as photocatalytic media. The typical media
geometry often utilized is a plane one in which the lamps are placed in front of the
photocatalytic media and air is forced to move through the photocatalyst. However, for the
media to be effective it must (i) have a high surface area to allow contact with as large a
volume of reactants as possible, (ii) allow a better utilization of the light and (ii) allow a
longer contact time between the reactants the photocatalyst [104]. Hence, modified reactor
designs which include several photocatalytic media geometries like pleated configuration also

exist to offer better conditions for photocatalytic reactions.

Indeed, Destaillats et al.[105] showed that the contact time was a critical parameter to
be considered while investigating the performance of photocatalytic reactors under realistic
conditions (i.e., gas mixtures and low pollutant concentrations). They suggested that the use
of a pleated media could improve reactor performance by increasing the residence time in

media and extending the contact time of pollutants in the photocatalytic media.

In this work, the photocatalytic reactor that is used is similar to a monolith reactor and
is thus representative of available commercial units. The reactor design also allows the study
of the influence of different photocatalytic media geometries. This could bring into evidence

whether or not the change in media geometry improves the PCO efficiency.

1.3.3 Parameters influencing PCO efficiency

The effectiveness of the photocatalytic oxidation process is dependent on certain
parameters. In order to optimize the performance of PCO, it is necessary to study how these
parameters affect the photocatalytic degradation process. These parameters and their effects
on PCO have been greatly studied in the literature [74,84,85,87,103]. These parameters can be
categorized in two types; process parameters related to the reactor design (eg. air velocity,
light intensity) and environmental parameters related to the characteristic of the air to be
treated (e.g initial concentration, relative humidity, and presence of co-pollutants). The effects

of the main parameters important for this work are described in the following sub sections.

29



Chapter | : Management of indoor air quality in medical environments

1.3.3.1 Air velocity

In the literature, the effect of air velocity has been studied greatly for single pass
reactors and its influence on the photocatalytic reaction is due to two processes, (i) the mass

transfer and (ii) the contact time whose effects are antagonistic [104-106].

The mass transfer entails the transport of VOCs from the gas phase onto the
photocatalyst surface. As the velocity increases, the number of molecules that are transported
to the photocatalyst surface also increases. It therefore stands to reason that, an increase in the
velocity tends to improve the mass transfer co-efficient between the air and the photocatalyst
surface. This results in more pollutants being transferred to the surface to react with active
species which consequently increases the degradation rate [109,110]. However, once the
velocity reaches a certain value, the effect of mass transfer becomes negligible. In the
meantime, when increasing the velocity, the residence time of the pollutants in the media is
reduced thus the contact time between the pollutants and the photocatalyst decreases leading
to a reduction in degradation rates [105,111,112]. In investigating the degradation of 5 VOCs,
Yu et al. [113] showed that the degradation rate of these compounds were increased when the
air flow rates were increased (0 - 600 ml.min™) attributed to the effect of mass transfer whilst
on the other hand Ginestet et al. [114] found the degradation rate of toluene to be decreased in
half when airflow rate increased from 40 m3.h* to 80 m3h™ which they attributed to the

reduction of the contact time between the pollutants and the photocatalytic media.

The Reynolds number has been described as a good indicator to set an appropriate
regime to determine mass transfer limitations. It has been demonstrated by Obee that with a
Reynolds number over 500 the photocatalytic reaction is less influenced by mass transfer
[115]. Most of the time, the Reynolds number is sufficiently high enough to neglect the effect

of mass transfer.

In multi-pass reactors, in addition to the effect of contact time, another effect (also
linked to the velocity), the number of passes of the pollutant through the media, comes into
play. When the velocity within the media is increased, the contact time decreases but then the
number of passes of the pollutant through the media increases. The superposition of these two
effects subsequently makes it difficult to highlight the influence of velocity on the reaction
rate. Consequently, the global effect of the velocity on the degradation remains the same
irrespective of the velocity. This was evidenced by Dumont et al. [116] and Batault et al.
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[117] when they degraded toluene in a multi pass reactor. Subsequently, it seems that in order
to highlight the influence of velocity, it will be necessary to study or evaluate the single-pass

removal efficiency.

1.3.3.2 Light intensity

Light intensity is one of the main parameters that influences the photocatalytic
degradation and therefore plays a crucial role on the degradation rate. For a given wavelength,
an increase in the light intensity leads to higher generation of the electron-hole pairs (e/h").

Thus the degradation rate usually increases with higher light intensity [112].

The relationship between the light intensity and the photocatalytic degradation is

described in the literature by a power law:
r=kI" Equation 12

Where r is the reaction rate, k, kinetic constant, | is the light intensity and n is the order of the

reaction and takes values between 0 and 1.

At low light intensity, the production of electron-hole pairs is low and so they are
rapidly consumed by the chemical reactions resulting in a linear increase in the reaction rate
(n = 1). At medium- high light intensity, rate of formation of electron-hole pairs is higher than
their consumption leading to recombination of the charges resulting half order increase in the
reaction rate (n = 0.5). At very high light intensity, the electron-hole recombination is so fast
that the reaction rate no longer depends on the light intensity and reaches a plateau (n = 0)

[82,118]. A schematic representation of the order regimes is shown in Figure 6.

Rate of reaction

A 4

UV Intensity (W m?)

Figure 6 : Photocatalytic reaction rate and order regimes related to light intensity [119]
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Yang et al. [120] studied the degradation of formaldehyde in a single-pass
photocatalytic reactor equipped with UV-C lamps and TiO,-coated foam nickel. They
observed that when the light intensity increased from 0.15 to 0.25 mW.cm, the reaction rate
of formaldehyde increased linearly (n = 1) due to the rapid consumption of the electron hole
pairs. When the light intensity was greater than 0.25 mW.cm, the increase of the reaction
rate followed a half order regime (n = 0.5) which they attributed to electron—hole

recombination.

It should be mentioned that even though increment in the light intensity leads to higher
degradation rate, excessive light intensity diminishes quantum efficiency and imposes

unnecessary energy costs [121].

1.3.3.3 Initial concentration

With respect to different classes of VOCs and broad ranges of concentrations, it is
generally agreed that an increase in the initial concentration leads lower removal efficiency
and lower mineralization rates [94,122,123]. The impact of higher VOC concentration on
PCO reactions can be analyzed from different aspects. As the concentration increases, the
limitation of active sites lead to competitive adsorption thus, the ratio of active species to
pollutant molecules decreases and consequently, more VOCs can leave the media without
undergoing degradation [108]. Moreover, high amount of intermediates possibly generated

during PCO reactions can occupy the active sites, impeding the degradation progress [124].

Mo et al. [94] found that the removal efficiency of toluene dropped by 30% when
toluene concentration was increased from 1 to 4 ppm. They attributed this to the competitive
adsorption effect between the toluene molecules. Similarly, Vildozo et al. [125] showed that
increasing the inlet concentration of 2-propanol from 100 to 700 ppb significantly lowered the
mineralization rate from ca. 90% to 63%. On the other hand Sleiman et al. [106], did not note
any significant influence of inlet concentration (20 - 400 ppb) on the conversion and
mineralization rates of toluene. They explained that at this range of toluene concentrations,
the PCO is not limited by the number of active sites on TiO2 and no competitive adsorption

effect between the by-products and toluene occurs.
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1.3.3.4 Relative humidity (RH)

Water vapor is known to play a dual role in PCO as on one hand it provides a
promotive effect because adsorbed water molecules are oxidized to hydroxyl radicals which
improve the PCO reactions and on the other hand, it has an inhibitive effect because excessive
water competes with target VOCs for the same surface on the photocatalyst [85,87]. In the
absence of water vapor, the photocatalytic degradation of some pollutants may be retarded
but, excessive water vapor on the catalyst surface may lead to the decrease in reaction rate
because water can occupy the active sites of the reactants on the surface [126-128]. Taking
into consideration the opposing effects of RH, there could be an optimal value of RH before
which efficiency ascends with RH and after which the inhibiting effect of competitive

adsorption dominates and the efficiency descends with RH [112].

Luo and Ollis [129] studied the effect of water vapor on toluene and found that: (a) no
toluene photodegradation occurred in the total absence of water in the toluene—air mixture, ,
(b) toluene oxidation rate increased by water concentration up to about 6%, (c) toluene
oxidation rate began to decrease when water concentration increased to more than 15%, and
toluene degradation was inhibited at 60% water concentration. The degree of the inhibition
effect is determined by the affinity of the pollutants with the surface of the catalysts relative to
water. Raillard et al.[130] reported that the PCO of acetone and 2-butanone was obviously
inhibited by water vapor but that the effect of water vapor on the oxidation of acetone was
much greater than on 2-butanone. They stated it also depended on the type of photocatalysts

and the level of hyrophilicity of the PCO media.

1.3.3.5 Presence of other pollutants

The composition of indoor air is a multi-component one and contains several chemical
pollutants and particulate matter (dust and bio-aerosols) [131-134]. The characteristics of
these compounds can be quite different. This brings a challenge to the purification process of
pollutant mixtures. Therefore, it is important to understand the interaction mechanisms of

different pollutants during PCO.

It has been observed that the presence of these chemical pollutants can affect the
conversion of a target VOC. On one hand, the presence of other pollutants contributes to the
reduction of the adsorption of target VOCs. If several chemical compounds are degraded

simultaneously, they will compete for adsorption on the catalyst surface in a way that depends
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upon their affinity for sorption, and their concentrations. Consequently, the degradation rate
of the target compound in a mixture may be lower than when this compound is treated alone
[135-138]. Additionally, the presence of some intermediate compounds may also disrupt the
degradation of the target compounds as they may compete for active sites on the catalyst
surface. The higher the concentration of these chemicals is, the higher the yield of
intermediates and thus the lower the adsorption of target VOCs [85,112,139]. On the other
hand the presence of some chemical pollutants can promote the yield of reactive radicals such

as CI° which may in turn enhance the removal of co-existing pollutants [85].

The presence of particles (dust and bio-aerosols) could also potentially impact the
degradation of target VOCs. In a study to determine the collection efficiency of
QUARTZEL® PCO media for different size particles and for different loading rates
(Figure 7), Hequet et al. [140] showed that depending on the particle size and loading rate,
this media could trap some particles which could subsequently affect the photocatalytic
degradation of VOCs
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Figure 7 : Collection efficiency of QUARTZEL® PCO media as a function of particle

diameter and loading rate [140]

1.3.3.6 Choice of influencing parameters

The parameters that have been previously discussed in section 1.3.3 are important
parameters that are necessary to evaluate the performance of a PCO reactor in degrading

target pollutants. In this work, three process parameters (air velocity, light intensity and
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change in media geometry) and four environmental parameters (initial pollutant
concentration, presence of particles (bioaerosols), presence of chemical co-pollutants and
relative humidity) are chosen.

The air velocity and light intensity are important process parameters which when studied
help to give recommendations on their appropriate operating ranges to provide better
degradation efficiency. Additionally, the study of the light intensity may provide some
knowledge on the light intensity levels that would possibly avoid unnecessary energy costs.

The environmental parameters are studied to provide information on the performance of
the PCO reactor under real conditions. As seen in section 1.2.2, the concentrations of the
chemical pollutants may vary in the OR thus studying the initial concentration in a range that
IS representative of real conditions provides information on the degradation efficiency when
the concentrations are varied. Additionally it was also seen in this section that the OR is
polluted by a variety of chemical pollutants thus it would also be necessary to provide
information on how the presence of co-pollutants affects the degradation efficiency of the
target compounds. In this study nitrous oxide and acetic acid were chosen to study the effect
of co-pollutants on the degradation efficiency of the target pollutants. Nitrous oxide is an
anesthetic pollutant typically found in ORs. Acetic acid however is a derivative of peracetic
acid (sterilant) and was chosen to represent peracetic acid as the latter was not stable enough
to allow its use. Based on the literature review it was shown that surgical smoke contains
particles (tissue and microbial) which could be trapped by the photocatalytic media. There is a
lack of information about how the presence of particles would influence the degradation
process of VOCs thus their influence on the degradation efficiency of the target compounds is
also studied. The relative humidity varies within the OR depending on the type of surgery that
is to be performed thus a study of the influence of change in relative humidity is necessary to

know how the degradation is affected in real OR humidity conditions.

Finally, the influence of the change in media geometry is also studied. According to
Destaillats et al. [105], changing the media geometry (for example from plane to pleated) so
that the developed surface is increased is a way to improve the degradation performance.
They suggested that the improvement could be attributed to an increase in TiO2 content,
contact time and better irradiance distribution. However, experimentally confirming the
influence of contact time and irradiance distribution could be difficult. In this work, the
influence of geometry of the media is studied by comparing the degradation efficiency of the
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target compounds using two geometries; plane and pleated. Additionally, numerical
simulations are performed to better understand the role of the media geometry on PCO
efficiency with regards to the contact time and irradiance distribution.

1.3.4 Performance evaluation of PCO

The performance of PCO systems is studied in order to evaluate the impact of the
operating parameters and also to highlight the efficiency of the process to enable comparison
with other treatment processes. In the literature, some performance indicators that have been

used to enable the characterization of the effectiveness of PCO are described below.

Single-pass removal efficiency is a performance indicator that quantifies the fraction
of the total flow that is treated as the air flows through the reactor. Single-pass efficiency can
be calculated as follows:

a=1-—— Equation 13
Co

Where o is the single-pass removal efficiency, Co is the initial concentration of pollutant

entering the reactor (ppm) and C is the final concentration of the pollutant leaving the reactor

(Ppm).

The Clean Air Delivery Rate (CADR), another performance indicator is a measure
which characterizes the air cleaning capacity of a PCO reactor [141]. It is defined as the clean
air volume that is delivered by the treatment system. The CADR (m3.h') for single-pass

gaseous contaminant removal can be computed as:

CADR = aQE Equation 14

where a is the single-pass removal efficiency, Q is the air flow rate passing through the
photocatalytic reactor (m3.h™!) and E is a short-circuit factor which equals 1 under well-mixed
conditions. E is calculated as Cin/Cavg Where Cin is the inlet concentration and Cayg is the
average concentration in the reactor. In France, the CADR has been recommended in the
AFNOR standard XP B44-013, as one of the performance indicators for the evaluation of
photocatalytic prototypes and commercial devices. Costarramone et al. [142] compared the
efficiency of several commercial photocatalytic air-purifiers in a large closed chamber at the
ppb level under controlled conditions representative of indoor air. The comparison of
efficiency was done using the CADR according to AFNOR XP B44-013. Based on their
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work, they were able to recommend that the most efficient device was the one with high
CADR and no by-product.

In a closed reactor, the kinetic constant which describes the reaction rate can also be

used as an indicator. For a first order decay the kinetic rate constant can be calculated from:

C = Coexp(—kgppt) Equation 15

where Kapp is the kinetic constant (h™t) and t is the time (h).

In terms of the energetic performance of the PCO reactor, the Operating Cost
Effectiveness (OCE), also called the energy efficiency index is the indicator that is used

[143,144]. Operating cost effectiveness can be found as follows:

CADR
Pc

OCE = Equation 16

where OCE is expressed in m3hkw? and P is the electric power consumption of the
photocatalytic reactor (kW).

PCO is known to transform a wide range of pollutants into final products such H20O,
CO- and mineral acids. However, this reaction is not immediate. Most PCO reactions are
stepwise which means they take several intermediate steps to form the final reaction products,
and during these steps, various intermediates are formed. These unintended intermediates can
be toxic or irritating and maybe more harmful to human health than their precursors.
Consequently the safety of the PCO process becomes questionable and in addition, some of
these intermediates poison the active sites on the photocatalyst resulting in deactivation of
catalysts [84,85,145]. Ethanol photodegradation is known to produce formaldehyde and
acetaldehyde which are toxic and carcinogenic [146,147]. In the case of toluene,
benzaldehyde, benzoic acid, benzyl alcohol, benzene have been found to be the reaction
intermediates [106,148,149]. It has been noted that the intermediates of chlorinated VOCs
during PCO could be more toxic and hazardous than those of other VOCs [103]. For example,
phosgene (COCIy), dichloroacetyl chloride (DCAC) and trichloroacetyl chloride (TCAC),
chloroform (CHClzs), carbon tetrachloride (CCls), and carbon monoxide (CO) were observed
in PCO process trichloroethylene (TCE) [150,151]. The safety of the PCO process with

regards to the intermediates that are formed is therefore a necessary indicator to evaluate its
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performance. The health related index (HRI) is the indicator that describes the potential

health risks associated with the generation of intermediates [85]. It is defined as:
Ci

REL;

HRI; = Equation 17

Where Ci is the concentration of compound i and REL; is the recommended exposure limit of

compound i. It requires that the sum of all HRI not exceed the value of 1.

1.4 Choice of performance indicators

Commercial air purification units that are available on the market mostly operate
under single-pass configuration in which a volume of air passes through the reactor once for
treatment. Thus in order to evaluate the performance of photocatalytic oxidation in a way that
is representative, the single-pass removal efficiency is chosen as the indicator. This choice of

the single-pass removal efficiency is necessary to also highlight the influence of air velocity.

Additionally, as PCO is known to produce intermediate compounds whose toxicity
could be higher than the precursor compounds, the health related index (HRI) was also chosen

to help investigate the safety of PCO during the degradation of the target compounds.

1.5 Choice of target compounds

In order to evaluate the performance of PCO as an air treatment technology in the OR

it is necessary to select some target compounds.

The target compounds that were chosen to be studied in this work are isoflurane
(CsFsH2CIO) and acrylonitrile (CsHsN). These two compounds were chosen generally
because they belong to two of the main pollutants types that are specifically found in ORs;
anesthetic gases (isoflurane) and surgical smoke (acrylonitrile). The fact that they belonged to
two different chemical families would also allow the evaluation of the behavior of two
different compounds towards degradation by PCO. Additionally, they are complex

compounds and thus could potentially be important sources of intermediates.

The PCO of isoflurane has not been studied in the literature thus studying it is

necessary to provide some knowledge on the effectiveness of PCO for its removal. In addition
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it is a chlorinated compound capable of forming CI° which may form some toxic
intermediates. Thus it would be necessary to verify whether or not the PCO of isoflurane led

to the formation of toxic intermediates.

The PCO of acrylonitrile has rarely been studied in the literature although it is
classified as a hazardous pollutant. Moreover, these previous studies were however done at
concentrations that were higher than what could potentially be found in ORs. It is necessary to
have some information on the degradation of acrylonitrile at low concentrations representative

of OR indoor air.

1.6 Conclusion on the literature review and objectives of this work

This chapter enabled the provision of the state of the art on the indoor air quality in
hospitals. Just like any other indoor environment, the hospitals are polluted by both
microbiological and chemical compounds. In hospitals, the main focus when it comes to
indoor air quality was microbiological pollution because of the risk of nosocomial infections.
However, due to the variety of activities that are undertaken in the various facilities in the
hospitals, occupants (workers and patients) are exposed to a wide variety of chemical
compounds which could have negative effects on their health.

In this work, the study for the choice of target compounds was limited to the OR. In
the ORs, occupants could be exposed to waste anesthetic gases, residual sterilants and surgical

smoke. Constant exposure to these compounds could lead to several negative health effects.

The conventional way of assuring good indoor air quality is through ventilation which
aims at reducing the levels of pollutants by dilution with outside air. Due to drawbacks such
as high energy costs and inability of installed filters to treat chemical pollutants it becomes
necessary to employ air treatment techniques such as adsorption, UVGI, cold plasma and
photocatalytic oxidation. PCO is an economical and energy efficient technology that could be
used to degrade a variety of chemical pollutant and could potentially be used in the ORs.
However, the studies that exist to evaluate the performance of these PCO devices in hospital
environments are based solely on their ability to reduce microbial load. Consequently there is
no information on the fate of these typical OR chemical pollutants when they were present in

the air treated by these PCO devices.
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In this chapter, the principles and influencing parameters of PCO were also detailed. It
was shown that its performance is dependent on several parameters. The knowledge acquired
from the study of the parameters would be necessary to help understand and validate the

experimental results in this work.

The general aim of this PhD work is therefore to evaluate the capability of PCO for
degrading specific chemical pollutants found in the OR by investigating the degradation
efficiency and safety. To achieve this, the objectives of this PhD work are:

1) Perform a parametric evaluation on the degradation of isoflurane and acrylonitrile by
studying the influence of air velocity, light intensity, the change in media geometry,
initial pollutant concentration, presence of chemical co-pollutants, presence of
particles (bioaerosols) and relative humidity on their degradation efficiencies.

2) Perform numerical simulations to better understand the role that the change in

geometry has on the PCO performance during the degradation of the target molecules.

3) Evaluate the safety of the use of PCO for the degradation of isoflurane and
acrylonitrile through the identification of possible intermediates formed during their

degradation.
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Chapter Il : Experimental Materials and Methods

1.1 Introduction

In Chapter I, two experimental objectives were defined,; firstly to study the influence of
key parameters including air velocity, light intensity, the change in media geometry, initial
pollutant concentration, presence of chemical co-pollutants, presence of particles
(bioaerosols) and relative humidity on the degradation of selected target compounds and
secondly to investigate the formation of intermediates during the degradation of these target
compounds. Isoflurane (anesthetic gas) and acrylonitrile (compound present in surgical
smoke) were chosen as the target compounds whilst nitrous oxide and acetic acid were chosen

as co-pollutants.

This chapter therefore presents the materials and methods that were implemented to
achieve the fixed experimental objectives. The setup used, has been developed in the
laboratory of the Département Systemes Energétiques et Environnement (DSEE) of the IMT
Atlantique under the SAFEAIR platform.

Firstly, the experimental device that is used in this work is presented. The setup is
divided into three sections: (i) the pollutant generation system (ii) the multi-pass
photocatalytic reactor (iii) the sampling and analytical equipment and setup. Then, the
experimental method is presented. In this part, the strategy that is used to perform
experiments and the operating conditions used are discussed. Additionally, the model that is
used to treat the experimental data in order to calculate the performance indicator is also

presented.

1.2 Experimental devices
11.2.1 Pollutant generation system

The pollutant generation system allows the production of air with controlled pollutant
concentrations and relative humidity. The generation is done by diluting concentrated vapors
of the pollutants with humid air zero; air that is free from Volatile Organic Compounds
(VOC:s).

11.2.1.1 Humid air zero generation

The system allowing the generation of humid air zero is shown in Figure 8. The
process starts by taking compressed air from the laboratory network. Then because the

compressed air may contain VOCs, it is passed through a Claind AZ 2020 generator which
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makes it possible to eliminate VOCs present in the air by oxidation on a platinum-palladium
catalyst at 250°C. The achieved air quality corresponds to a total VOC concentration of less

than 100 ppt. The air then passes through a filter to remove any particulate matter.

The air taken from the laboratory network contains about 400 ppm of CO2 which must
be reduced in order to detect CO> during the photocatalytic degradation. To do this, the air is
passed through an NDC-300, F-DGS scrubber which uses a pressure swing adsorption (PSA)
process to extract CO2 and humidity from the air. The CO2 concentration at the system outlet
is about 15 ppm. The generated air zero is then humidified by splitting it into two flows with
one part bubbled through water at room temperature (20 + 2°C). The desired humidity is
achieved by adjusting the flow rates of the humidified and dry air with the aid of mass flow
controllers (MFC). The humid zero air is then mixed with the pollutants to dilute them before

injection into the photocatalytic reactor.

i 0-500ml.min™
. M -
/ 0 Photocatalytic
Compressed air ,'. ) ;_r reactor
II O '
_t‘_ — Fillter - Z MEC
Claind Air Zero _lr
generator — -
0- 500 mL.min®

Figure 8 : Schematic representation of humid air zero generation system

11.2.1.2 Pollutant generation techniques

Two different techniques of pollutant generation are used to fill the pilot: (i) the use of
certified commercial cylinders and (ii) the generation in a dropping funnel under vacuum. The
first technique was used for the generation of isoflurane, acrylonitrile and nitrous oxide. They
were supplied by Linde Gas, Air products and Air Liquide respectively. The characteristics of

each cylinder are given in Table 7.
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VOC Concentration Pressure Balancing gas
(ppm) (bar)
Isoflurane 154 + 4 150 N2
Acrylonitrile 149 +5 150 N2
Nitrous oxide 500+ 10 150 N2

Table 7 : Characteristics of certified gas cylinders used for the generation of pollutants
in the photocatalytic reactor

The desired pollutant concentrations were achieved by diluting the concentrations
from certified gas cylinders with humid air zero. The flow rates of each channel were set by
mass flow controllers (MFC). This made it possible to modify the concentration of the
pollutant in the generated air. The MFC of the moist and dry air channels have maximum
flow rates of 500 mL.min whilst that of the pollutant gas cylinder has maximum flow rates
of 50 mL.min! each. The generation system is represented in Figure 9.

i 0 -500 ml.min™

. [ ] =2
/ MEFC Photocatalytic
Compressed air ". ' sl reactor
+ I| o
L ’ ' 1

Filter

Claind Air Zero
generator

0-50 ml.min™

MFC
Pollutants . érﬁ

I D‘q
Figure 9 : Schematic representation of the system used for the generation of pollutants
in certified gas cylinders

For acetic acid (AA), the gas vapor was generated in a dropping funnel under vacuum
before injection into the photocatalytic reactor. AA liquid has a low vapor pressure of 1.5 kPa
at 20 °C [1] consequently this vacuum method is needed to improve its volatilization. A
volume of analytical grade (99.95%) liquid acetic acid supplied by Sigma Aldrich was
injected into a 285 mL pyrex dropping funnel. The concentration in the dropping funnel is
calculated from the volume of injected liquid, its density and its mass. A vacuum of less than

300 mbar is then created in the dropping funnel by sucking the air using a vacuum pump. The
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purpose of this step is to promote the vaporization of acetic acid. The funnel is then heated at
50 °C to help complete the vaporization process. After some minutes of heating and cooling
to room temperature, the funnel is re-pressurized with ambient air by rapidly opening and
closing its valve. Finally, a fraction of the volume generated is taken using a 10 mL gas

syringe and injected into the photocatalytic reactor.

The concentration of acetic acid introduced into the reactor is calculated from the
amount in the dropping funnel, the volume of the dropping funnel and the amount taken from
the funnel and injected into the photocatalytic reactor. These calculations make it possible to
determine the volume of liquid acetic acid injected into the dropping funnel and the volume of
vapor injected into the photocatalytic reactor based on the concentration needed in the

photocatalytic reactor.

11.2.2 Multi-pass photocatalytic reactor

11.2.2.1 General description

The photocatalytic experiments were carried out in a 420L closed-loop reactor
operating in recirculating mode (Figure 10). This reactor was designed during the PhD of
Audrey Maudhuit [2] and has also been used by Olivier Debono [3] and Frederic Batault [4]
during their PhD studies. This reactor permits a better representation of PCO systems
developed in dynamic mode and is realistic regarding air treatment apparatus working as

standalone devices or implanted in HVAC systems.

The reactor is constituted of two steel chambers connected by flexible steel pipes. The
first chamber is a 20 cm x 20 cm square section and 80 cm long canalization which houses the
photocatalytic module. The second is a 250 L tranquilization chamber where the pollutants
are introduced and where sampling is also done. A structure of parallel channels arranged in a
honeycomb is placed at the inlet of the tranquilization chamber in order to distribute the air
flow throughout its width and to prevent the formation of stagnation zones.
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A variable speed fan is used to control the air flow within the reactor and allows a
flow rate from 28 to 300 Nm3.h%. The control of the flow rates is achieved with the aid of the
National Instrument Labview software. To measure the flow rate, the pressure difference on
either side of a calibrated diaphragm is measured by a differential pressure sensor. The reactor
is also equipped with thermo-hygrometers that keep track of the temperature and relative

humidity during experiments.

o Photocatalytic :i>
o module g

Lamps Media

Tranquilization
Chamber

TRV

© |
Flow rate f Y

. 2 Honeycomb
measurements Air input Sampling port

Sampler To Analyser

Figure 10 : Schematic representation of the closed-loop photocatalytic reactor

11.2.2.2 Photocatalytic module

The photocatalytic module is the part of the reactor where the photocatalytic media

and the lamps are housed.

The photocatalytic media is irradiated by two Philips TUV PL-L 18W lamps. These
lamps emit light principally at a wavelength of 254 nm (UVC) as shown in Figure 11. The
light intensity received by the media surface is measured with a Fisher VLX-3W radiometer
(Vilber Lourmat) equipped with a calibrated CX-254 nm sensor. The sensor has a cell capture

with a 1cm? surface that allows the measure of light intensity at a fixed wave length range of
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254 nm and an accuracy of + 5%. The measurement range of the radiometer is
0 - 250 mW.cm™.

200 300 400 500 600 TO0 A [[nm]

Figure 11 : Photometric data of lamps provided by Philips

During the measurements, the radiometer sensor is positioned such that the distance
between the cell capture and the lamp is the same as the distance between the media surface
and the lamps during experiments. The desired average light intensity needed for experiments
is achieved by means of a variable voltage supply which is adjusted to modify the power of
the lamps. The average values obtained represent the mean value of several points taken
across the media surface. Figure 12 shows the measurement points taken across the plane

media. The area was divided evenly into 80 lattices of 2 cm x 2 cm.
20cm

20cm

2cm

Figure 12 : Grid showing points for the measurement of irradiance
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11.2.2.2.1 Media characterization

The photocatalytic media used is the commercial QUARTZEL® PCO supplied by
Saint Gobain Quartz. It consists of quartz fibers coated with TiO, deposited through a sol-gel
method and pressed into a felt with average thickness of 17.5 mm (Figure 13). A
characterization of the media was done to give information on its properties and the results

are discussed in the following sub-sections.

A

Figure 13 : Photograph of the photocatalytic media

Scanning Electron Microscopy (SEM)

The arrangements of the fibers as well as their thickness were determined by using a
JOEL JSM 5800LV Scanning Electron microscope to analyze the surface images of the
media. Figure 14 a-d show the scanning electron micrographs of the photocatalytic media.
The SiO: fibers are long and interconnected and form a complex mesh as shown in Figures 14
a and b. This complexity offers a tortuous path for air flow and increases the probability of
pollutants to be trapped and degraded. The SEM image (Figure 14 d) shows the variation in
thickness of the coated fibers to be in the range 10 pum - 20 pm.
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— 50 ym L6 Mag =650 X

20 yum L26 Mag = 1400 X

Figure 14 : Scanning electron micrographs of (a) arrangement of fibers (b) arrangement
of fibers (c) fiber coated with TiO2 (d) different sized fibers

BET Specific Surface area

The BET specific surface area of the photocatalytic media was determined from a
nitrogen adsorption/desorption isotherm at 77 K using a Micrometrics ASAP 2020 analyzer.
Prior to the analysis, the media with average weight of 140 mg was degassed at 110 °C for 24

hours. Table 8 shows the specific surface area and the total pore volume.

. SeeT Pore Volume
Material (m2.g%) (cm2.gY)
Photocatalytic media 112 +1 0.091 + 0.005

Table 8 : Results from nitrogen adsorption/desorption analysis

60



Chapter Il : Experimental Materials and Methods

The specific surface area is known to influence the efficiency of the photocatalyst.
Hajaghazadeh et al. [5] studied the performance of P25, from Evonik and PC series, another
common commercial photocatalyst from Cristal Global Companies for the degradation of
methyl ethyl ketone. The commercial photocatalyst powders were supported on glass beads.
They observed a conversion rate of PC50 < P25 < PC500. Monteiro et al. [6] also studied the
degradation of PCE and n-decane on transparent cellulose acetate monolithic structures coated
with PC500 and P25 powders. They observed that PC500 showed higher conversion of both
pollutants in comparison with P25. Taranto et al. [7], using fibrous SiO; tissue coated with
PC500 and P25, also found that PC500 performed better than P25 during the degradation of
methanol. The authors attributed the better performance of PC500 compared to P25 and
PC50 to its higher specific surface area as shown in Table 9. As the surface area is increased,
the number of active sites and the pollutant adsorption capacity are increased consequently

leading to a better photocatalytic activity.

Seet (M2.g%)

Reference
P25 PC50 PC500
Hajaghazadeh et al. [5] 47 45 240
Monteiro et al. [6] 50 - 345
Taranto et al. [7] 52 - 317

Table 9 : Comparison of surface areas of commercial photocatalysts

The media that is used in this study (Quartzel® PCO) has a high enough surface area of
112 m2.g?l. Thus greater number of active sites and high pollutant adsorption can be
envisaged. It is however important to note that a specific surface that is too high may diminish

efficiency of the media by encouraging recombination of electrons and hole pairs.

Porosity

The total porosity of the media is obtained by mercury porosimetry using
Micrometrics Autopore 1V 9500. It allows to work between 0 and 60,000 psia of pressure.
0.013 g of sample was put into a penetrometer which is filled with mercury at a starting
pressure of 0.2 and gradually increased until 30,000 psia. The experiments were repeated two
times. Table 10 shows the results obtained from mercury porosimetry experiments. The total

porosity is measured at 87.5 % and the average pore size is 339 um.
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. Porosity Average pore size
Material
(%) (Hm)
Photocatalytic media  87.5+0.7 339.1+£105

Table 10 : Results from mercury porosimetry

For a fibrous media, two levels of porosity can be determined: the surface roughness
or rugosity and the media internal porosity. Mercury porosimetry also helps to plot the
porosity distribution curve as a function of the pore diameter in order to determine the share
of the internal porosity and surface roughness of the media by applying the Le Coq model [8].
This model makes it possible to distinguish the different levels of pore sizes constituting a
material. The model is based on the following equation which represents the porosity

distribution as a function of the pore size:

)- §(¢ O

max

Equation 18

where g™ is the maximum porosity,
#™ is the modal pore size (um),

a; is the slope attenuation coefficient at the cumulative porosity curve inflection point for the

pore size distribution i.

The model is set to converge as much as possible with experimental points from
mercury porosimetry. The porosity distribution curve and the Le Cog model fitting the
experimental points are given in Figure 15. It is seen that the media contains pores between
100 pm and 1000 um. The two observed peaks are linked to the internal porosity and surface

rugosity with modal diameters of 150 um and 686 um respectively.
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Figure 15 : Experimental mercury porosimetry points fitted to Le Coq Model

Permeability

The permeability of the media was calculated based on the measurement of pressure
drop as a function of velocity using a laboratory experimental bench. This test bed is shown in

Figure 16.

Air OQutlet
—-— High Efficiency Filter

\
\( TT
Diaphragm
T holder Pressure drop
measurements
=
L Airinlet
| | a High
— [ — 7l—»= Efficiency
// T Filter
[

||||||| Photocatlytic media

Figure 16 : A schematic representation of laboratory experimental bench used for
pressure drop versus velocity measurements

The experimental bench is equipped with a centrifugal fan which is used to control the

flow of air. Diaphragms with several diameters were used to control the velocity of air. The
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reactor has a media holder where the tested media is fixed. Pressure drop measurements were
made with differential pressure sensors placed 60 cm upstream and 30 cm downstream of the
media. The measurements are carried out for a velocity range of 0.1 m.s* to 2 m.s. The

results are shown in Figure 17.

5000
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v(m.s?)
Figure 17 : Dependence of pressure drop on the velocity for the photocatalytic media

Permeability can be calculated using models that have been developed based on the
flow regime through the pores of the media and which establish a relationship between

velocity and pressure drop. The pore Reynolds number (Rep) is used to determine the flow

regime and is based on the mean pore velocity (\Z) and the mean pore size (f:)

v.d
Re, = Plo Equation 19
U
Where W is the dynamic viscosity of the fluid (kg.m™.s?) and p the density (kg.m™).
According to the Reynolds number, four flow regimes can be identified within the pores
[9]:
e Rep < 1: Creeping regime. The viscous forces dominate the inertia forces and the pressure

drop is linked linearly to the velocity.

e 1-10 <Rep < 150: Inertial flow regime. Steady non-linear laminar flow begins between

Rep of 1 and 10. Boundary layers are more pronounced but when Rep increases, the
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thickness of the boundary layer decreases. This indicates the dominance of the inertial

forces over the viscous forces.

e 150 <Rep <300: Unsteady laminar flow regime: Oscillations with frequencies of the
order of 1 Hz and amplitudes of the order of one tenth of the particle diameter are
observed. The laminar wake instability may be responsible for the transition from laminar
steady flows to unsteady flows.

e Rep > 300: Unsteady and turbulent flow regime.

The pore Reynolds number for the media used in this study considering the velocity range
of 0.1 to 2 m.s* was found to be 3 to 55 respectively. This puts the regime in the laminar non-

linear range.

Darcy’s law is the most common and widely used empirical model for the correlation of
pressure drop and velocity [10]. It describes the flow of a fluid through a porous medium as a
linear relationship between the pressure gradient and the fluid velocity. The law was
formulated by Henry Darcy based on the results of experiments on the flow of water through

beds of sand.

The law may be stated as:

Q= KA (4P) Equation 20
Hoe

Q is volumetric flow rate (m3.s™),

A is the flow area (m?),

AP is the pressure drop (Pa),

e is the flow path length (m),

k is the permeability (m?) of the porous media

Permeability (k) is a property of the structure of the porous media and it is entirely
independent of the nature of the fluid. The permeability k is considered to characterize the
dynamic properties of a porous media with respect to flow of fluids though it.

Darcy’s law is therefore stated as:
AP _u

—v Equation 21
e k g
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Where v is the velocity (m.s™).

Darcy’s law assumes laminar or viscous flow and experimentally is represented by linear
curve. However, it has been observed that when the flow velocity increases, the inertial
effects start dominating the flow and the relationship is non-linear. To account for the
increased pressure drop, a second order or quadratic velocity term is added. The modified
Darcy equation is written as:

AP u 1

?:EVJFEC'DVZ Equation 22

where C is the inertial resitance factor (m™).

Using the regression model from experimental results and the modified Darcy
equation (Equation 22), the permeability is calculated as 1.45 x10°8 + 4.05 x101° m? and the
inertial resistance factor is calculated as 823 + 106.8 m™. The experiments were repeated
twice. The flow through the media also generates a low pressure drop of about 83 + 2 Pa at

2 m.st which is beneficial in terms of energy demand.

UV Transmittance (UVT)

The measurement of the transmission of UV-Visible light through the photocatalytic
media was made using UV-Vis spectrophotometer (UV-1800, Shimadzu) within the
wavelength range of 190 to 900 nm. The media was placed in a quartz cell and the intensity of
transmitted light was measured by a sensor and compared to that of air as a reference material.
The results obtained from the experiment are shown in Figure 18. It can be observed that the
transmittance was measured as 0.6 % from 200 nm to about 300 nm but increased to about 1.4
% when the wavelength was increased to 900 nm. The UVT at 254 nm which is the

wavelength used in this study was therefore measured at 0.6 %.
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Figure 18 : Transmittance of the photocatalytic media with respect to wavelength

Conclusions on media characterization

The SEM and BET analysis of the media allowed to make conclusions that complexity
of the fiber arrangements offered a tortuous path for air flow that would increase the
probability of pollutants to be trapped and degraded and also that high number of active sites
and high pollutant adsorption can be envisaged due to the high surface area. The media
porosity, permeability, inertial resistance and UVT are characteristics that are necessary as
inputs for the numerical simulation that will be discussed in chapter IV. These are

summarized in Table 11.

Media property Value
Porosity 0.875
Permeability (m?) 1.45 x10°8
Inertial resitance factor (m>) 823
UV transmittance (%) 0.6

Table 11 : Characteristics of the photocatalytic media
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11.2.2.3 Media geometry configurations

In this study, two media geometry configurations are used; a plane configuration and a
pleated configuration. In both cases, the media is placed so that the air was forced to flow

through it at each pass.

For the plane configuration, as the name suggests the photocatalytic media has a plane
surface and is placed perpendicularly to the flow. The surface of the media is 0.04 m2. In the
case of the pleated configuration, the photocatalytic media is folded into four pleats creating
two triangles at 60°. The developed media surface is 0.072 m?. For both configurations, the
media is put in stainless grill support in order to keep the media in place during the

experiments.

The position and arrangement of the media and lamps within the photocatalytic
module is shown in Figure 19 for each configuration. The lamps in the plane configuration are
placed horizontally and are also 3 cm from the media whilst for the pleated configuration;
they are placed vertically and are 3 cm from the middle of the pleats. This choice of lamp
position for the pleated configuration would allow a better symmetry in terms of the
irradiance received on the surface of the media.

Figure 19: Representation of the photocatalytic module showing position and
arrangement of lamps and plane (left) and pleated (right) media configuration

11.2.3 Sampling and analytical methods

The sampling and analytical methods and devices that were used in this work allowed
the detection and quantification of the two main target pollutants and also the identification of
possible intermediates and are detailed below.
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11.2.3.1 Sampling

The Automatic Clean Room Sampler (ACROSS), supplied by Tera Environnement,
was used to sample air onto adsorbent cartridges. It is shown in Figure 20. It has four
sampling ramps, each having six cartridge slots. It is equipped with a pump and MFC which
allow the collection of samples with determined flow rates ranging between 10 and 540
mL.minL. It can also be programmed to perform sampling sequences. Trapping the pollutants
in the cartridges allows to pre-concentrate them in order to improve their detection sensibility

to the analytical devices.

Figure 20 : ACROSS System for sampling

In this work, sampling was done on two different adsorbent cartridges:

e Volatile carbonyl samples, specifically acetaldehyde and formaldehyde were sampled
onto 2,4- dinitrophenylhydrazine (DNPH) catridges prepared by Supelco. The DNPH
catridge was used because it is the reference adsorbent for carbonyl compound

sampling [11,12]. The sampling was done for 4 min at 500 mL.mint,
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e VOC samples were collected onto stainless steel tubes packed with Carbopack B
(Perkin Elmer) at a flow rate of 200 mL.min for 2.5 minutes. Carbopack B is a
graphitized carbon black adsorbent that is pure, non specific and hydrophobic. It was
chosen because it allows accurate samples to be taken despite high humidity levels
and also because they captured a wide range of compounds C4 —C14 [13]. Prior to each
use the CarboPack B cartridges were cleaned by heating at 280°C using RTA

(Régénérateur Thermique des Adsorbants) provided by Tera Environnement.

11.2.3.2 Thermal Desorption/Gas Chromatography/Flame lonization Detection -Mass
Spectrometry (TD/GC/FID-MS)

A TD/GC/FID/MS system is used to identify and measure the concentrations of a
large range of VOCs in the pilot, whether target compounds (isoflurane and acrylonitrile) or
their possible intermediates. After pre-concentration on Carbopack B catridges, the
compounds are desorbed using a thermo-desorber (Turbomatrix 300, Perkin Elmer) by
heating at 250 °C. VOCs were driven by helium to a trap at a flowrate of 20 mL.min. This
trap contains a multi-bed adsorbent of Carbopack C 80/100 (22.3 mg), Carbopack B 60/80
(38.8 mg) and Carbopack X 60/80 (22.9 mg) and is cooled to -30 °C.

By passing through this trap, the VOCs are refocused on the adsorbent beds. They are
then desorbed from the trap at a flash temperature of 250 °C. They are then conducted in a
transfer line heated to 250 °C into the column. The column used is Rxi-624Sil MS
manufactured by Restek. This is a moderately polar column, which improves the separation of
polar compounds and has a high selectivity for a wide range of VOCs. After elution in the
column, the flow is divided into two equal parts by a flow divider. Half of the flow goes to a
Flame lonization Detector (FID) whilst the other half goes to the Mass Spectrometer (MS).
The MS (Turbo Mass Gold, Perkin Elmer) allows the identification of the compounds whilst
the FID in the GC (AutoSystem XL, Perkin Elmer) allows their quantification. A schematic
representation of the TD/GC/FID-MS system is shown in Figure 21.
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Figure 21 : Schematic representation of the TD/GC/FID-MS system

The parameters of the TD/GC/FID-MS system used in this work are summarized in Table 12.
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Sampling
Adsorbent cartridge Carbopack B
Temperature (°C) Ambient
Volume (mL) 500
Flow rate (mL.min™%) 200
Cartridge Desorption
Time (min) 10
Flow rate (mL.min™%) 20
Temperature (°C) 250
Trap Desorption
Flow rate (mL.min™) 20
Refocusing temperature (°C) -30
Trap desorption temperature (°C) 250
Trap hold (min) 10
Injection
Mode Splitless
Heating rate (°C/s) 40
Temperature (°C) 250
GC
Mode Constant pressure
Pressure (bar) 20
Column flow rate (mL.min%) 3
Detectors FID/MS
Column
Name Rxi-624Sil MS
Nature 6% cyanopropylphenyl
94% dimethyl arylene polysiloxane
Length (m) 60
Diameter (um) 350
Film thickness (um) 1.8
FID
Temperature (°C) 250
Fuel Ho
Flow rate (mL.min) 45
Oxidizer Air
Flow rate (mL.min™?) 450
MS Detection
Source temperature (°C) 200
Electron Energy (eV) 70
Scan range (m/z) 20-200
GC/MS Analysis
35 °C (5 min), 15 °C.min"t to 150 °C (2 min),
Oven temperature program 20 °C.min" to 250 °C (5 min)

Table 12 : Operational parameters of the TD/GC/FID-MS analytical system
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GC/FID-MS calibration of the target compounds is performed by generating five
concentrations between 0.15 ppm and 12 ppm. The generation of the standard calibration
concentrations is done using the pollutant generation system described in section 11.2.1.
However in this case, the photocatalytic media is absent from the photocatalytic module
(Figure 22). The air zero generated is humidified by bubbling it through water at ambient
room temperature. Relative humidity is controlled by mixing dry and moist air zero. The
calibration concentration needed is obtained by modifying the flow rates of each channel.

0-500 mL/min
RH, T°C

A 74
ir Zero " "'* -k To pilot
Air ! z 11?

——p—
0—500 mL/min | e | 4

0-50 mL/min H
L

———p¢—

Pollutant

Figure 22 : Pollutant generation system for calibration

The results of this calibration are collated in Table 13. In this table, the response
coefficient (k) of each compound, the correlation coefficient (R?) corresponding to this
response coefficient as well as the detection limit (LOD) are given. The detection limit was

calculated by multiplying the background noise by 3.

Compound tr (mMin) k (u.a.ppm) R? LOD (ppm)
Isoflurane 11.2 5.75x10° 0.95 0.100
Acrylonitrile 12.8 4.72x10° 0.98 0.075

Table 13 : Calibration results for target compounds using GC/FID-MS
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11.2.3.3 High performance liquid chromatography (HPLC) analysis

In order to analyze the volatile carbonyls, specifically formaldehyde and acetaldehyde,
which could be potential intermediates compounds, HPLC analysis is done. The DNPH
cartridges containing the air samples are first desorbed with 3 ml of acetonitrile. The eluate is
then filtered and 25 pL of this eluate is injected into the HPLC Agilent 1260 Infinity device.
The injected sample is driven by a solvent stream (mobile phase) through the column at a
flow rate of 1 mLmin*. The mobile phase consists of acetonitrile, ultrapure water and formic
acid (0.2%). The column used is ZORBAX Eclipse Plus C18 column with 4.6 mm diameter
and length of 100 mm and 3.5 pum film thickness. It consists of octadecyl silane chemically
bonded to porous silica micro-particles, which give the column an apolar character. After
separation in the chromatographic column, the compounds are detected by means of a UV
detector. UV detection is done at 360 nm. A general schematic representation is shown in

Figure 23.
l ‘ isample [ ]
I 1 J‘-IL
: uprva{F:) Injector :I I—-D Detector
) HPLC column I
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(0.2%) v
waste
Ultrapure
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Figure 23 : Schematic representation of HPLC analytical process [14]

The calibration of these two compounds is done by generating concentrations between
0.07 and 3 ppm from certified gas cylinders. The cylinders are provided by Air Products
(Acetaldehyde) and Air Liquide (Formaldehyde). Their concentrations in the cylinders are
28 ppm and 30 ppm respectively. The generation system used was the same as for the

calibration of the target compounds. The results of the calibration are presented in Table 14.

Compound tr (mMin) k (u.a.ppm) R? LOD (ppm)
Formaldehyde 3.9 234.3 0.94 0.01
Acetaldehyde 5.5 71.7 0.80 0.01

Table 14 : Formaldehyde and acetaldehyde HPLC calibration results
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11.2.3.4 Analysis of CO2

The concentration of CO: in the reactor is measured with an Ecotech EC 9820T infra-
red spectrometer. The infra-red radiation is emitted in a broad spectrum by a heating resistor.
The beam passes through a gas cell where the analyzed CO; absorbs part of the radiation. The
cell has an optical length of five meters thanks to mirrors in the cell which ensure that the
beam passes through the gas several times. At the cell output, the beam passes through an
optic filter with a bandwidth of 4.5 um. The bandwidth is chosen by the manufacturer to
ensure good sensitivity and low interference, especially by water. A lead selenide detector
cooled to -20 °C converts the intensity of the beam into an electrical signal. A correlation
wheel is placed between the source and the cell. In this way, the beam passes alternately
through a chamber containing CO- and another containing nitrogen. The subtraction of the
signals corresponding to the crossing of the two chambers eliminates the absorption of

infrared radiation by molecules other than CO..

After passing through the Ecotech EC 9820T levels of CO. entering the reactor is
measured at about 15 ppm. However, it is observed that during the homogenization of the
pilot there was an entry of CO- into the photocatalytic reactor. The COz entry rate in the pilot
was estimated at an average of 100 ppb. min™ as shown in Figure 24. For degradation tests,
the incoming CO is subtracted from the measured CO; to estimate CO. from the

mineralization of the compounds.
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Figure 24 : Estimation of the quantity of CO: entering the reactor with time
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11.2.4 Protocol for a photocatalytic degradation in the multi-pass reactor

Prior to each experiment, the reactor was cleaned to remove any VOCs that may be
present. The UV lamps were switched on for about 5 hours to remove any organic trace
present in the media while flushing with humid zero air. The pollutants (isoflurane,
acrylonitrile and nitrous oxide) are then introduced into the reactor up to about 24 hours and
then the inlet and outlet of the reactor are closed to homogenize the pollutants (24 hours). In
the case of acetic acid, it is injected into the pilot after the 24 hr homogenization period of the

target compounds and is allowed 1 hr of homogenization.

The final step is the photocatalytic degradation which involves switching on the
lamps. Prior to that however, samples were collected in order to ascertain the initial
concentrations of the pollutants in the pilot. During the reaction, samples were collected at
regular intervals (depending on the reaction time) and then analyzed with appropriate
equipment. The standard protocol for a photocatalytic degradation of the pollutants in the

multi-pass photocatalytic reactor is summarized in Figure 25.
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Figure 25 : Protocol used during photocatalytic degradation experiments
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11.2.5 Validation of the multi-pass rector

11.2.5.1 Reactor leak tests

To verify the air tightness of the photocatalytic reactor, macro leaks were found by
injecting methane into the pilot and passing a methane detector all around the pilot. The leaks
that were detected were clogged. A second test was performed to quantify the micro leaks.
The quantification was done by measuring the concentration of the pollutant over a course of
10 hours at several flow rates. It was observed that leak rate increased from 0.1 to 2.3% per
hour when velocities were increased from 0.5 m.s™ to 1.5 m.s™ respectively (Figure 26). This
led to the conclusion that the leak was derived from the rotor of the pilot fan and could not be

further reduced.

0 0.5 1 1.5 2

v (m.s?)

Figure 26 : Leak rate measured at different velocities

11.2.5.2 Photolysis and adsorption onto the photocatalytic media

Photolysis and adsorption are processes that could also potentially remove pollutants
from the air stream and if their influence is not measured the photocatalytic removal rate
could be overestimated. In order to determine whether or not the effect of these two processes
can be neglected; two preliminary experiments were carried out. The pollutant concentrations
were followed in the first instance with no media but with the lamps tuned on to study the
possible influence of photolysis and in the second instance with the media and the lamps

turned off to study the possible influence of adsorption.
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Figure 27 : Photolysis of target compounds (Co= 10 ppm; v=1m.s?; I = 4.5 mW.cm?)

The removal rates were calculated at 0.1 and 0.3% per hour for adsorption and
photolysis respectively and thus it was concluded that no significant loss of isoflurane and
acrylonitrile was observed when illuminated without the media or when exposed to the media

without illumination (Figure 27 and 28).
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Figure 28 : Adsorption of target compounds (Co= 10 ppm; v =1 m.s1)
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11.3 Loading of media surface with particles

The effect that the presence of particles (bio-aerosols) may have on the photocatalytic
degradation efficiency was studied by clogging the media surface with micronized rice. The
micronized rice particles were chosen to simulate the presence of particles. The micronized
rice is white rice grains that have been finely ground with an average aerodynamic diameter
of 0.5 um and thus was a good representation of particles that could be collected on the
photocatalytic media. The rice particles were generated within a laboratory test bed shown in
Figure 29. A Palas RBG 1000 particle generator with a turning brush was used to disperse the
particles onto the media. This generator contained cylindrical tank (diameter: 10 mm, height:
7 cm) where the particles were put. With a piston, the particles were conveyed to the brush
which, whiles rotating, dispersed them. Compressed air was used to feed the generator, and

allowed the particles to be conveyed onto the media that had been placed in the test bed.
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L
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Figure 29 : Schematic representation of test bed used to load photocatalytic media with

micronized rice

The generated particles were oven-dried overnight at 50 °C. A generation time of
about 45 minutes allowed a loading rate of 0.002 g.m™. The operating conditions of the test

bed and the generator are shown in Table 15.
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Parameter Value
Ascension speed of piston (mm.h?) 100
Turning brush speed (turn.mint) 1203
Test bed nominal flow rate (m3.h?) 48
Test bed velocity (m.s?) 0.15

Table 15 : Operational parameters of Palas RBG 1000 particle generator

1.4 Experimental Method

The objective of this part is to describe the experimental strategy that is used to achieve
the objectives and also the tool that is used for analyzing the results.

11.4.1 Experimental strategy

The experimental objective of this study is to perform a parametric evaluation of the
effects of air velocity, light intensity, initial pollutant concentration, presence of chemical co-
pollutants, presence of particles (bioaerosols), relative humidity and the change in media
geometry on the photocatalytic degradation of isoflurane and acrylonitrile. In order to achieve
this objective, the experimental strategy employed in this work was divided into two parts.

In the first part, the influence of the parameters on the degradation of isoflurane and
acrylonitrile was determined using the plane media configuration. The parameters are divided
into process parameters and environmental parameters. These parameters were all studied

under conditions that were relevant to or representative of actual applications.

Two process parameters; air velocity (v) and light intensity (1) are studied within the
ranges of 0.5-1.5 m.s and 1- 4.5 mW.cm respectively. These ranges were chosen based on

the operating conditions typically used by commercial air purifiers.

The environmental parameters include the initial concentration, the relative humidity
(RH), the presence of bio-aerosols and the presence of co-pollutants. As described in Chapter
I, the concentration of the pollutants in the OR varies depending on the activities and could
range from several ppb to some tens of ppm. The initial concentration is therefore studied at a
range of 0.5-10 ppm. The RH recommended by several national agencies for a typical OR is
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30-60% depending on the type of surgery to be performed. As the literature review showed
that levels could be higher or lower than this range, the decision was made to study RH from
20 to 80%. The experimental conditions described are summarized in Table 16.

Experimental Parameter Value

Air velocity (m.s?) 05-15
Light intensity (mW.cm) 1.0-45
Initial concentration (ppm) 0.5-10
Relative humidity (%) 20 - 80

Table 16: Experimental operating conditions for the PCO of isoflurane and
acrylonitrile

The influence of the presence of particles (bio-aerosols) and the presence of co-
pollutants is then studied. Experiments with the particles loaded onto the media are carried
out and compared to experiments without the particles under the same operating conditions.
The effect of the co-pollutants (nitrous oxide and acetic acid) is studied in a binary mixture
with the target compounds firstly at equi-molar concentrations and then with co-pollutants at
higher concentration levels. In order to determine the influence of the parameters, all other

parameters are kept constant whilst the parameter of interest is varied.

In the second part, an experiment is carried out with the pleated media configuration
under similar operating conditions as a reference experiment chosen for the plane media
configuration. The purpose is to highlight the possible influence that the change in media

geometry would have on the degradation efficiency of the target pollutants.

11.4.2 Model used for the calculation of the performance indicator

In this work the single pass removal efficiency is chosen as the quantitative descriptor
to evaluate the performance of the reactor and the influence of the operational parameters. For

single-pass reactors, the removal efficiency is usually calculated as

a=1-—= Equation 23
Co
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where a is the single-pass removal efficiency, Co is the initial concentration of pollutant
entering the rector (ppm) and C is the final concentration of the pollutant leaving the reactor
(ppm). The reactor used in this study however, is a multi-pass one which provides the
concentration decay profile of the pollutant and does not directly give information on the
single-pass removal efficiency. Thus, to be able to determine this descriptor from this type of
reactor, mathematical models are needed to enable the extraction of the single-pass removal
efficiency.

The model that is used in this study was developed by Dumont and Héquet [15] and
has been extensively described in their paper [15]. The model was developed based on the
same multi-pass reactor that is used in this study. The model is based on the one proposed by
Walker and Wragg [16] for concentration-time relationships established for recirculating
electrochemical reactor systems. The closed-loop reactor operating in recirculation mode was
modeled by associating equations related to two ideal reactors: a perfectly mixed reservoir
with a volume Vr and a plug flow system corresponding to the PCO module with a volume
Vp. Considering that the volume of the PCO module is small in relation to the volume of the

reservoir, the concentration-time relationship was given as:

C=Cyexp {—i|[1 — exp(—a)]} Equation 24

In this equation, the term a is the single-pass removal efficiency and represents the fraction of
the total flow treated during the time tr (residence time in the reactor). C is the pollutant
concentration at time t and Co is the initial pollutant concentration.

The experimental C/Co measurements can be fitted with the model (Equation 24) by
numerical resolutions using Excel® solver. The procedure is based on the least-squares
method, which minimizes the Sum of Squared Residuals (SSR) between experimental and
predicted values.

SSR = Y}, {(C—Co)exp - (Cﬁo)mdez}z Equation 25
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11.5 Conclusion of chapter |1

In this chapter, the multi-pass photocatalytic reactor which is used for the degradation
experiments is described. The sampling and analytical devices and techniques that allowed
the identification and quantification of the target compounds and their possible by-products
are also detailed. The photocatalytic media that is used was also characterized and certain
properties like the porosity, permeability, inertial resistance factor and the UV Transmittance
were determined. These characteristics are necessary as inputs for the numerical simulations
that are described in chapter 1V. Finally, the experimental strategy, the operational conditions
and the model that are used for the determination of the performance indicator were also

presented.

In chapter Il1, the results obtained with these experimental devices and methods and
treated with the mathematical model are presented and interpreted in order to answer the

research questions.
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Chapter 111 : Photocatalytic degradation of target compounds from medical
environments

I11.1 Introduction

Air treatment devices that use photocatalytic oxidation can potentially be used in the
operating rooms (ORs) to improve the quality of air by degrading both microbiological and
chemical pollutants. However in the ORs, the efficiency of these systems is based on their
ability to reduce the microbiological load whilst their performance with respect to the removal
of chemical pollutants is rarely looked at. It is therefore necessary that the fate of these

compounds specific to the operating room is investigated.

The aim of this work is to evaluate the performance of PCO in degrading isoflurane and
acrylonitrile, two pollutants that are typically found in hospital operating rooms, under
conditions that are relevant to and representative of actual applications. Therefore this chapter
presents the results of a parametric evaluation of the air velocity, light intensity, the change in
media geometry, initial pollutant concentration, presence of chemical co-pollutants, presence
of particles (bioaerosols) and relative humidity on the degradation efficiency of acrylonitrile
and isoflurane. The study of the influence of the parameters aims to firstly extend the existing
knowledge of their influence on PCO onto isoflurane and acrylonitrile and secondly to help
improve the efficiency of the system and finally to highlight the performance of PCO in real
OR conditions.

The first section of this chapter is dedicated to the experimental results obtained from
the use of the plane media geometry. This media geometry has a square shape with a surface
area of 0.04 m?. It is placed perpendicularly to the flow. The lamps are placed horizontally
and are also 3 cm from the media surface. Firstly, the degradation profiles of the target
compounds are presented. Then to enable the calculation of the performance indicators
(single-pass removal efficiency and induction period), the model developed by Dumont and
Héquet is applied to the experimental points. The influence of the parameters on the
performance indicators is then discussed. Finally the possible intermediate compounds and
mineralization rates obtained are also presented and discussed as they provide information on
the safety of the use of PCO.

The second section of this chapter deals with studying the effect of the change in media
geometry on the degradation efficiency of isoflurane and acrylonitrile. The results of
experiments performed with the pleated media are presented and compared to experiments

made with the plane geometry under similar conditions. For the pleated media configuration,
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the photocatalytic media is folded into four pleats creating two triangles at 60° with developed
media surface of 0.072 m? as shown in Figure 19 in Chapter 1. The lamps are placed
vertically and are 3 cm from the middle of the pleats. The objective of this is to highlight the
possible influence that the change in media geometry would have on the degradation

efficiency of acrylonitrile and isoflurane.

I11.2 Degradation profiles of target compounds

In this section the degradation profiles of the target compounds were observed to
provide information on their behavior during PCO. For each of the compounds, the
experiments were performed under reference experimental conditions which will be detailed
in the sub sections. The reactor was filled with the compounds and their concentrations were
left to stabilize before degradation was done. The multi-pass photocatalytic reactor enables to

follow the concentration of a compound with respect to time.

111.2.1 Acrylonitrile degradation profile

To obtain the degradation profile of acrylonitrile, the reference experimental condition
used was Co=2 ppm, v=1m.st and | = 45 mW.m2 and RH = 50 %. Figure 30 shows the
degradation profile of acrylonitrile. It is observed that the complete degradation of
acrylonitrile was achieved after 60 minutes. The degradation profile is characterized by a
mono-exponential decay curve which is representative of an apparent first order decay as
shown in Figure 30. By fitting the experimental points to the mono-exponential equation
[C/Co = exp(-kapp t)], the model fit almost perfectly to the experimental points as indicated by
coefficient of determination (R? = 0.98) in Table 17. This profile is similar to what has been
described for some compounds like toluene and decane which were previously studied with

the same closed loop reactor [1-4].
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Figure 30: Degradation profile of acrylonitrile under the reference experimental
conditions of Co=2 ppm;v=1m.s?; 1 =45mW.cm?; RH =50 %

The reference experiments were performed three times to access the repeatability. The

calculation of the first order constants (kapp) calculated from the mono-exponential equation

were quite similar (Table 17) indicating the repeatability of the experiments.

Test Kapp (mMin) R?

1 0.0954 0.98

2 0.0960 0.98

3 0.0956 0.98
Average + Std 0.0957 = 0.0003

Table 17 : First order constants and coefficient of determination calculated from first
order equation for the three references acrylonitrile experiments (Co = 2 ppm;
v=1m.s?; 1 =45 mW.cm?; RH =50 %)

111.2.2 Isoflurane degradation profile

In order to describe the behaviour of isoflurane, its degradation profile was obtained.
The reference experiment was performed under the conditions of Co= 0.5 ppm; v =1 m.s?;

| =4.5 mW.cm? and RH = 50 %. The degradation profile of isoflurane is presented in Figure
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31. It can be observed that, under the experimental conditions, the complete degradation of
isofluane is achieved at about 600 minutes of irradiation. The reference experiments were
performed three times to access the repeatability and the results show that the experiments

were repeatable (Figure 31).
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Figure 31: Degradation profile of isoflurane under the reference experimental
conditions of Co= 0.5 ppm; v=1m.s?; | =45 mW.cm?; RH =50 %

It can also be seen that the degradation curve can be divided into two distinct phases:
the first phase where the degradation occurs slowly and a second phase where the degradation

accelerates. Additionally, the second phase seemed to follow an exponential decay profile.

The shape of the concentration profile of isoflurane is not common in comparison to
that of some compounds like toluene, decane and acrylonitrile. This unique shape has been
described in very few similar instances for the photocatalytic degradation of some other
chlorinated compounds like trichloroethylene (TCE) [4-8] and perchloroethylene (PCE)
[9,10]. These authors observed this profile albeit the difference in experimental devices and
conditions. For example Guo-Min et al. [6] also observed a similar profile during the
degradation of TCE at 4000 ppm in a cylindrical stainless steel photoreactor which had a
quartz window with the P25-Degussa TiO2 powder uniformly coated onto the inner surface of
the quartz window. Héquet et al. [11] observed this two phase profile when they studied the
degradation of 0.8 ppm of TCE in the same reactor as the one used in this study but with
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Ahlstrom photocatalytic paper. For PCE, the two stage degradation was observed by Fukami
et al. [9] when they used a 0.8 L Pyrex reactor with the TiO, photocatalyst sprayed inside it to
degrade 1000 ppm of PCE.

In the literature, the gas-phase PCO of TCE has been extensively studied with regards
to the kinetic reaction mechanism [12—14]. It is agreed by these authors that TCE undergoes a
chain reaction mechanism that involves both OH® and CI°. The process of PCO begins when
TiOz is illuminated with UV-light resulting in band-gap photo excitation and the generation of
electron—hole pairs. The production of electron-hole pairs leads to subsequent reactions that
generate hydroxyl radicals which then react with TCE. The reaction continues with the
generation of CI°. The CI° formed ensure the continous attack of TCE by propagating a
chain reaction. This propagation plays a key role in increasing the degradation rate of TCE.
Based on this, a hypothesis is therefore made that isoflurane may undergo a similar reaction
mechanism. That is to say that the first phase could probably correspond to isoflurane
reactions with OH° resulting in the formation of CI°. The second phase could probably be
attributed to the reactions of isoflurane with CI° leading to a possible chain propagation

reaction.

111.2.3 Conclusions on degradation behavior of target compounds

Experiments were performed at selected reference conditions in order to investigate
the behavior of the target compounds during their degradation by PCO. It was observed that
because the target compounds belonged to different chemical families, their nature influenced
their degradation differently.

First of all, acrylonitrile was degraded faster than isoflurane. Isoflurane is a
halogenated compound whilst acrylonitrile is a nitrile compound with a vinyl group.
According to Hodgson et al. [15] , the degradation efficiency follows the order : alcohols and
glycol ethers > aldehydes, ketones and terpene hydrocarbons > aromatic and alkane
hydrocarbons > halogenated hydrocarbons. They attributed this to the sorption capabilities of
the expected type of attractive force between each compound and the photocatalyst surface.
Indeed for sorption, the efficiency increases with the decrease in the vapor pressure [16].
According to the data base of the National Center for Biotechnology Information, the vapor
pressure of acrylonitrile and isoflurane at 20°C is 11 kPa [17] and 32 kPa [18] respectively
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making isoflurane more volatile than acrylonitrile. Conclusively, it could be assumed that
acrylonitrile was better adsorbed onto the photocatalytic media surface than isoflurane. This

could be one of the reasons that explain the better degradation efficiency of acrylonitrile.

Second of all, their degradation profiles were different. Whilst acrylonitrile followed a
single phase exponential decay, isoflurane’s degradation on the other hand followed a two
phase degradation. In the first phase, the degradation is slow but accelerates in the second
phase. Based on the similarities of the degradation curve to what some authors have observed
for TCE, a hypothesis is made that isoflurane may undergo a similar reaction mechanism as
TCE. That is to say that the first phase could probably correspond to isoflurane reactions with
OH?° resulting in the formation of Cl°. The second phase could probably be attributed to the

reactions of isoflurane with CI° leading to a possible chain propagation reaction.

111.3 Determination of indicators for the evaluation of the influence of the

operating parameters

As previously mentioned in chapter 11, to evaluate the influence of the parameters, the
descriptor that was chosen was the single-pass removal efficiency. This indicator can be
calculated or extracted from the degradation profiles by employing the model that describes
the first order decay relationship of concentration vs. time in a multi-pass reactor developed
by Dumont and Héquet and explained in their paper [19]. The model has been successfully
applied to the mono-exponential (first order) decay profile of toluene to calculate the single

pass removal efficiency [20] and is given as:

C=Cyexp {—é|[1 — exp(—a)]} Equation 26

In this equation, the term a is the single-pass removal efficiency and represents the fraction of
the total flow treated during the time tr (residence time in the reactor). C is the pollutant
concentration at time t and Co is the initial pollutant concentration. Numerical resolutions

were carried out using Excel® Solver which is based on the least-square method.

To be able to study the influence of the parameters on the performance indicator, the
parameter of interest was varied whilst all others were kept constant. Due to the duration of
each experiment and the number of experiments that needed to be done, the coefficient of

variation on the performance indicators for the reference experiments was calculated and
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reported for all the set of experiments. The coefficient of variation on the reference
experiment was calculated as follows:

5= %* 100 Equation 27

Where ¢ is the coefficient of variation, ¢ is the standard deviation and x is the average value

of the performance indicator calculated from the three reference experiments.

111.3.1 Acrylonitrile single-pass removal calculation

The experimental points of the reference acrylonitrile experiment were fitted to the
model and the results are shown in Figure 32. The experimental points were shown to fit
satisfactorily to the model based on the coefficient of determination (R?) of 0.99. The single
pass removal efficiency (a) was then calculated as 0.01203 + 0.00011. This indicated that in
one pass, 1.2 % of acrylonitrile would be eliminated from the total flow that passed through

the media.
1.2 =
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Figure 32 : Experimental degradation curve of acrylonitrile fitted to Dumont and Héquet
model (Co=2 ppm; v=1m.s?; I =4.5 mW.cm?; RH =50 %)

The results of the analysis of the experiments performed to study the influence of the

parameters on acrylonitrile degradation are given in Table 18.
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Experimental Conditions

Experimental Results

Exp Co(ppm) v(m.s?) (MW.cm?) Varying parameter a (10?) R?
1 2 1 4.5 Reference experiment 1.20 0.99
2 2 1 4.5 Reference experiment 1.22 0.99
3 2 1 4.5 Reference experiment 1.22 0.97
4 2 0.5 4.5 Velocity 4.07 0.99
5 2 0.75 4.5 Velocity 2.26 0.99
6 2 1.25 4.5 Velocity 0.92 0.97
7 2 1.5 4.5 Velocity 0.75 0.98
8 2 1 1 Light intensity 0.52 0.99
9 2 1 2 Light intensity 0.68 0.99
10 2 1 3 Light intensity 0.82 0.99
11 2 1 4 Light intensity 1.04 0.99
12 0.5 1 4.5 Initial concentration 3.16 0.99
13 10 1 4.5 Initial concentration 0.66 0.99
14 2 1 4.5 Acetic acid 2 ppm 0.96 0.98
15 2 1 4.5 Nitrous oxide 2 ppm 1.12 0.98
16 2 1 4.5 Nitrous oxide 25 ppm 0.64 0.97
17 2 1 4.5 RH 20 % 1.97 0.99
18 2 1 4.5 RH 80 % 0.98 0.99
19 2 1 4.5 Particles (bioaerosols) 0.93 0.98

Table 18 : Experimental conditions and experimental results for acrylonitrile using the

Dumont and Héquet model

The coefficient of variation calculated on the single pass removal efficiency for the

acrylonitrile experiments based on the mean and standard deviation of the thrice repeated

reference experiment was calculated as 1 %.
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111.3.2 Determination of isoflurane indicators

As previously discussed, isoflurane has a two-stage degradation profile and
subsequently, two different descriptors would have to be used to evaluate the influence of the
parameters. As isoflurane did not follow a mono-exponential decay profile over the entire
degradation period, the model cannot be applied to the entire degradation profile. However, as
the second phase can be represented by a first order decay, the model was applied only to the
second phase. The choice of the number of points to fit to the model in order to calculate the
single pass removal efficiency (o)) was based on a coefficient of determination (R?) above 0.9.
In so doing, the model enabled the calculation of the single-pass removal efficiency for the
second phase. Additionally, by applying the model to the second phase it provided an idea of
the duration of the first phase which is the period where the model did not fit the experimental
points because the first phase cannot be represented by a first order decay. Consequently the
induction period (ti), which is the duration of the first phase was chosen as the descriptor for

phase one.
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Figure 33: Experimental degradation curve of isoflurane fitted to Dumont and Héquet
model (Co=0.5 ppm; v=1m.s?; I =4.5 mW.cm?; RH =50 %)

Figure 33 shows the experimental concentration decay curve of the reference
experiment fitted to the model (Equation 31). As it can be observed in Figure 33, from
irradiation time of about 130 minutes the model described the experimental values quite
satisfactorily (R? = 0.94) but did not fit the values from t = 0 to t = 130 minutes. By modeling

the second phase with the Dumont and Héquet model it was then possible to determine the
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induction period (ti) as 137 £ 6 min and calculate the o for the second phase as
(8.2 + 0.8)x10*. The results of the analysis of experiments performed to study the influence

of the parameters on isoflurane degradation are given in Table 19.

Experimental Conditions Experimental Results
Exp Co(ppm) v (m.s?) (mchm'Z) Varying parameter ti(min) a (104 R?
1 0.5 1 4.5 Reference experiment 130 8.22 0.94
2 0.5 1 4.5 Reference experiment 140 8.77 0.93
3 0.5 1 4.5 Reference experiment 142 879 094
4 0.5 0.5 4.5 Velocity 45 2320 0.98
5 0.5 0.75 4.5 Velocity 75 11.37 0.95
6 0.5 1.25 4.5 Velocity 205 6.27 091
7 0.5 1.5 4.5 Velocity 225 4838 091
8 0.5 0.5 1 Light intensity 250 12.80 0.92
9 0.5 0.5 2 Light intensity 200 1750 091
10 0.5 0.5 3 Light intensity 130 18.60 091
11 0.5 0.5 4 Light intensity 90 1990 0.94
12 2 1 4.5 Initial concentration 300 490 0.96
13 10 1 4.5 Initial concentration 600 316 0.96
14 0.5 1 4.5 Acetic acid 0.5 ppm 160 8.16  0.93
15 0.5 1 4.5 Nitrous oxide 0.5 ppm 170 705 092
16 0.5 1 4.5 Nitrous oxide 6ppm 200 296 095
17 0.5 1 4.5 RH 20 % 95 10.26  0.98
18 0.5 1 4.5 RH 80 % 170 745  0.92
19 0.5 1 4.5 Particles (bioaerosols) 171 7.35 0.95

Table 19 : Experimental conditions and experimental results for isoflurane using the
Dumont and Héquet model

The coefficient of variation on a and 7 was calculated as 9 % and 5 % respectively

based on the repetition of the reference experiment.
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111.4 Influence of the operating parameters

The objective of this section is to investigate how varying the parameters influences the
performance of PCO during the degradation of the target compounds. The parameters that
were studied can be classified into two categories: the process parameters and the
environmental parameters. The process parameters, air velocity and light intensity, are two
factors that can be controlled on the photocatalytic reactor whilst the environmental
parameters cannot be controlled. Studying the influence that varying these parameters have
on the degradation efficiency helps to also highlight how the PCO degradation efficiency is
affected in real OR applications and also to provide some recommendations on how to

improve the degradation efficiency of the target compounds.

111.4.1 Influence of air velocity (v)

In this work, the velocity is studied in order to determine the sensitivity of PCO
performance to a change in velocity and to provide some recommendation to improve the
PCO performance. To study the influence of air velocity, experiments were carried out at
velocities ranging from 0.5 to 1.5 m.s. This range was chosen based on the operating

conditions typically used by a commercial air purifier that was studied.

The influence of velocity on the degradation efficiency can be different depending on
the mode of operation of the photocatlytic reactor. That is to say whether the reactor operates

under single-pass or multi-pass.

For single-pass reactors, the effect of air velocity is known to present a dual
antagonistic effect [21]. As the velocity increases the mass transfer improves but the contact
time between the pollutant and the photocatalytic media decreases. Some authors have
observed a positive effect of the increase in velocities on the photocatalytic degradation of
pollutants due to improvement in mass transfer [22,23] whilst others have observed negative
effect of increasing velocities attributed to insufficient contact time [24-26]. Depending on
the range of velocities studied, a transition between the effects can also be observed. For
example, Yang et al. [27] studied the degradation of formaldehyde using a single pass tubular
foam-nickel PCO reactor with the TiO2 powder immobilized on porous nickel substrate. They
observed that the removal efficiencies increased when velocities were increased from 0.47 to

0.66 m.s, whilst removal efficiencies decreased when velocities ranged from 0.66 to
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0.94 m.s™ They explained this by the fact that when velocities were increased from low
values (0.47 m.s?) there was an enhancement in the mass transfer rate leading to an increase
in removal efficiencies. However, once the air velocity reached 0.66 m.s, the removal
efficiencies declined due to a reduction in contact time between the pollutants and the
photocatalytic media. At this stage, the process was no longer controlled by the mass transfer

but by the surface reaction.

The Reynolds number has been described as a good indicator to set an appropriate
regime to determine mass transfer limitations. Obee [28] demonstrated when he studied the
degradation of 0.7 ppm of toluene in a TiO2-coated glass-plate reactor that with a Reynolds
number over 500 the photocatalytic reaction was less influenced by mass transfer. In the
present work, the velocities studied provide a Reynolds number that range from 6500 to

19800. This means that the mass transfer is not a limiting factor.

In multi-pass reactors, the velocity brings into play an additional phenomenon which
is the number of passes of the pollutant through the media. However, since the Reynolds
number in the multi-pass reactor is sufficiently high enough, the effect of mass transfer can be
neglected. Therefore, when the velocity within the media is increased, the contact time
decreases but then the number of passes of the pollutant through the media increases. The
superposition of these two effects subsequently makes it difficult to highlight the influence of
velocity on the reaction rate. Consequently, the global effect of the velocity on the
degradation remains the same irrespective of the velocity. In studying the degradation of
toluene in a multi-pass reactor, Batault et al. [29] observed that the velocity had no influence

on the kinetic constant due to the superposition of the contact time and number of passes.

In this study however, the air velocity was shown to have an influence on the entire
kinetic curve of both isoflurane and acrylonitrile even though operating in a multi-pass system

as shown in Figure 34 and Figure 35 respectively.
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Figure 34 : Degradation curves of acrylonitrile velocity experiments fitted to model to
obtain a (Co= 2 ppm; | = 4.5 mW.cm?; RH =50 %)
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Figure 35 : Degradation curves of isoflurane velocity experiments fitted to model to
obtain i and o (Co= 0.5 ppm; | = 4.5 mW.cm?; RH =50 %)

An assumption is made that there is competition created between the velocity of the
molecules through the media and the amount of time needed for molecules to react with
active species created by the media. Thus, increasing the velocity tends to not favor the

occurrence of the chemical reaction. This would in turn emphasize the influence of air
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velocity on the kinetic degradation. In order to clearly bring into evidence the influence of the
velocity on the degradation of isoflurane and acrylonitrile, the single-pass removal efficiency
is chosen as one of the descriptors. The results obtained for isoflurane and acrylonitrile

experiments are discussed below.

For acrylonitrile, Co and | were maintained at 2 ppm and 4.5 mW.cm respectively
whilst for isoflurane they were maintained at 0.5 ppm and 4.5 mW.cm. The results are first
presented for acrylonitrile and then for isoflurane. Figure 36 shows the dependency of o on air
velocity during acrylonitrile degradation. As the velocity is increased from 0.5 to 1.5 m.s™,
the a decreases from 0.04 to 0.007.
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Figure 36 : Influence of air velocity on the single-pass photocatalytic removal efficiency
of acrylonitrile at experimental conditions of Co=2 ppm; I = 4.5 mW.cm?; RH =50 %

For isoflurane an increase in the air velocity had a negative influence on both the
induction period (1) and the single-pass removal efficiency in that the single-pass removal
efficiency (o) was decreased from 0.0023 to 0.00048 whilst the induction period was
increased from 45 to 225 minutes as shown in Figure 37.
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Figure 37 : Effect of air velocity on (a) the length of the induction time (b) the single-
pass removal efficiency determined during isoflurane degradation at experimental
conditions of Co= 0.5 ppm; I =4.5 mW.cm?; RH =50 %

The trend of decreasing removal efficiency due to increase in velocity observed for
these two compounds is in accordance with with what some authors observed in the literature.
Zhong et al. [26] studied the degradation of 8 VOCs (ethanol, 1-butanol, hexane, octane,
acetone, MEK, toluene and p-xylene) at 0.5 ppm in a single-pass reactor fitted with a
commercial media consisting of TiO> coated on glass fibers. They observed that when the
velocities were increased from 0.12 to 0.76 m.s, the removal efficiencies of all the
compounds decreased. Similarly, Ginestet et al. [30] found that the single-pass removal
efficiencies of ethanol, toluene and acetone decreased in half when airflow rate increased
from 40 m3.h'? to 80 m3.ht. They performed the studies in a PCO device that was equipped
with a plane photocatalytic media made up of a porous substrate coated with TiO2 powder.
These authors concluded that by increasing the velocity, the residence time of the pollutants
within the media was decreased consequently leading to shorter contact time between the
molecules and the photocatalytic media which then led to a decrease in the removal

efficiencies.

For both isoflurane and acrylonitrile, decreasing the air velocity causes an increase in
the single-pass removal efficiencies. This could be attributed to the fact that lowering the air
velocity potentially increases the residence time of the molecules in the media so that the

molecules have enough time to be adsorbed on the surface of the media and thus have a better
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chance to participate in reactions with the active species and be degraded. In the case of
isoflurane, as the velocities are increased, the molecules are not given enough time to react
with the OH° which would allow for the production of enough CI° to initiate the second phase

and thus the induction period takes longer.

The influence of the contact time on a for both compounds was then evaluated. In this
study, the contact time is defined as the contact length between the air and the photocatalytic
media divided by the velocity. However since the contact length is fixed but not known the
inverse of the velocity was used to assess the role of the contact time on the single-pass
removal efficiency. Figure 38 clearly shows that o increases with 1/v. The relationship was
also observed to be exponential which was in accordance with what some authors had
described for single pass reactors. Quici et al. [25] who studied the degradation of toluene in a
tubular-flow reactor coated with TiO2 and Hogdson et al. [15] who studied the degradation of
27 VOCs in PCO reactor equipped with a TiO2 coated aluminum honeycomb monoliths
reported the evolution of removal efficiency in function of the contact time showed an

exponential increase.
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Figure 38 : Single-pass removal efficiency vs 1/v for (a) acrylonitrile (b) isoflurane
The study of the influence of velocity on the degradation of acrylonitrile and

isoflurane showed that increasing the contact time between the molecules and the

photocatalytic media is an important factor in improving the efficiency of the degradation
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system. Consequently, it can be said that, to be able to improve the effectiveness of removal,
shorter induction times and high single pass removal efficiencies are needed for isoflurane
whilst high single pass removal efficiencies are needed for acrylonitrile. This can be achieved

at lower velocities.

111.4.2 Influence of light intensity (1)

During PCO, the light intensity plays a crucial role on the degradation of pollutants as
UV light generates photons that activate the photocatalyst to create the electron-hole pairs that
in turn leads to the photocatalytic oxidation of the pollutants [32].

In photocatalysis, the influence of light intensity varies as a power function, 1" where n
approaches 1 at very low intensities and approaches 0 at very high intensities. According to
what is commonly agreed in the literature, depending on the range of light intensities studied,
the order “n” can transition into 3 regimes [33,34]. At low light intensity, the production of
electron-hole pairs is low and so they are rapidly consumed by the chemical reactions
resulting in a linear increase in the reaction rate (n = 1). At medium- high light intensity, rate
of formation of electron-hole pairs is higher than their consumption leading to recombination
of the charges resulting half order increase in the reaction rate (n = 0.5). At very high light
intensity, the electron-hole recombination is so fast that the degradation efficiency no longer
depends on the light intensity and reaches a plateau (n = 0). Yu et al. [23] studied the
degradation of formaldehyde (1 ppm) on a polytetrafluoroethylene (PTFE) filter coated with
TiO2> and placed in a closed-loop photocatalytic reactor at light intensity range of 0.05 to
0.25 mW.cm™, They reported an increase in the first order and concluded that the electron
hole pairs were consumed rapidly during the degradation of formaldehyde. Lim and Kim [35]
who studied the degradation of trichloroethylene (212 ppm) in a fluidized bed reactor
however, reported a transition of regimes from first order to half-order when light intensities
were increased from 0.25 to 9 mW.cm™. They observed that observed that when the light
intensity increased from 0.25 to 2 mW.cm?, the degradation efficiency of TCE increased
linearly (n=1) due to the rapid consumption of the electron hole pairs. When the light intensity
was increased from 2 to 9 mW.cm?, the degradation efficiency followed a half order regime
(n = 0.5) which they attributed to faster electron-hole recombination.
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It should be mentioned that an increment in the light intensity leads to higher
degradation rate, however excessive light intensity diminishes the quantum efficiency due to
electron-hole recombination. When electron-hole pairs created by the photons recombine,
these photons are not utilized effectively. In this way, increasing the light intensity causes
much more energy waste instead of much more degradation of VOCs consequently imposing

unnecessary energy costs [36].

Based on the operating conditions typically used by commercial devices, the range to
be studied in this work was 1-4.5 mW.cm. The objective of studying the influence of light
intensity on the degradation of acrylonitrile and isoflurane was to be able to see if this range

was appropriate for their degradation and if it was necessary to recommend higher intensities.

Figure 39 shows the influence of the light intensity on the o during acrylonitrile
degradation. The initial concentration and velocity were fixed at 2 ppm and 1 m.s?
respectively. From the graph, it can be seen that the a increases from 0.005 to 0.12 when the
light intensity increases from 1 to 4.5 mW.cm™. It can also be observed that the relationship
between I and a is well explained by the power trend and has an order n =0.5.
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Figure 39: Effect of light intensity the single pass removal efficiency determined during
acrylonitrile degradation (Co=2 ppm; v =1 m.s!; RH = 50 %)
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Figure 40a shows the influence of light intensity on i whilst Figure 40b shows the
influence of light intensity on a. The graphs show that the induction period decreased whilst
the single-pass removal efficiency increased when the light intensity was increased. It can
also be observed that the relationship between I and a is well explained by the power trend
and has an order n = 0.4. Based on Figure 40a it could be concluded that the decreasing in the
induction period is because higher intensities allow higher generation of OH° which are
needed to oxidize isoflurane to produce enough CI° to initiate the acceleration of the
degradation. It can also be observed that the induction period could be reduced to 0 when
light intensities reach above 5 mW.cm™.

0.003 5 b
300 5 2
y = 0.0013x%4
.0025 +
250 = ¢ 0.0025 R?=0.95
500 - IS 0.002 =
B
£150 8 0.0015 +
v ®
100 o J
. 0.001
50 - . 0.0005 -
° 0 2 4 6 0
0 1 2 3 4 5
I (mW.cm?)

I (mW.cm2)
Figure 40: Effect of light intensity on (a) the length ot the induction time (b) the single
pass removal efficiency determined during isoflurane degradation (Co=0.5 ppm;
v=0.5m.s?; RH =50 %)

The relationship between the single-pass removal efficiency and light intensity was
non-linear and was well described by a power function. The power exponent was calculated
as 0.5 for acylonitrile and 0.4 for isoflurane. This result is similar to what Raillard et al. [37]
reported when they studied the degradation of toluene in a closed loop reactor at similar light
intensities of 1 to 4 mW.cm™. This half-order relationship indicates that over the range of
light intensities studied, the reactions were dominated by the electron-hole recombination
effect. As previously mentioned, the efficiency increases with the light intensity since more
hydroxyl radicals are generated. However, the recombination of the electron-hole pairs at high
light intensity inhibits the rate of electron transfer and thus increasing the light intensity
would not significantly improve or influence the removal efficiencies but would only impose

unnecessary energy costs.
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According to our results, for the range of light intensities studied, higher light
intensities provide better degradation performance as it guarantees shorter induction periods
for isoflurane and better removal efficiencies for both compounds. However, due to reduction
in quantum efficiency as a result of the domination of electron-hole recombination, increasing
the light intensity above 5 mW.cm™ would not significantly improve the removal efficiencies

but would only impose unnecessary energy costs.

111.4.3 Influence of initial concentration (Co)

As discussed in Chapter I, the concentration of the pollutants in the OR varies
depending on the activities performed and could range from several ppb to some tens of ppm.
For this reason, the initial concentrations of acrylonitrile and isoflurane were therefore studied
from 0.5 to 10 ppm. This would provide some knowledge on the performance of PCO in

degrading these compounds under possible OR concentrations.

Acrylonitrile experiments were conducted at fixed velocity and light intensity of
1 m.st and 4.5 mW.cm™ respectively. The results of the influence of concentration on the
single-pass removal efficiencies are presented in Figure 41. From the graph it can be observed

that o decreases from 0.03 to 0.006 when the concentrations are increased from 0.5 ppm to 10

ppm.
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Figure 41: Effect of initial concentration on the single pass removal efficiency
determined during acrylonitrile degradation (v=1 m.s; I = 4.5 mW.cm; RH = 50 %)

Figure 42a depicts the dependence of the induction period on the initial concentration
whilst Figure 42b shows the effect of the initial concentration on the removal efficiencies for

isoflurane degradation. Isoflurane experiments were conducted at fixed velocity and light
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intensity of 1 m.s® and 4.5 mW.cm™ respectively. It can be observed that increasing the
initial concentration negatively impacts the degradation of isoflurane as the inductions periods
increase and the single-pass removal efficiencies decrease.
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Figure 42: Effect of initial concentration on (a) the length of the induction time (b) the
single pass removal efficiency determined during isoflurane degradation (v = 1 m.s;
I =4.5 mW.cm?; RH =50 %).

From literature, the pollutant initial concentration plays an important role on the
performance of photocatalytic oxidation. For various classes and concentration ranges of
VOCs, higher concentrations generally result in lower removal efficiencies [21,38]. This can
be explained from two perspectives. Firstly, due to the fixed active sites on the photocatalytic
media surface the amount of molecules effectively participating in the photocatalytic reaction
is not enhanced in the same ratio as an increase of the inlet concentration resulting in a
decrease of removal efficiency [21,39]. Secondly, there could be the interference of
intermediates as higher amounts of intermediates generated during PCO reactions could
occupy part of the active sites and impede the degradation progress [40,41]. Zhong et al. [41]
studied the degradation of eight VOCs using a media made up of TiO; coated on fiber glass
fibers placed in a open-loop PCO reactor. They found that the removal efficiency of all eight
VOCs decreased when the initial concentrations were increased from 0.25 to 1 ppm. They
attributed this behavior to the limited adsorption capacity of the fixed active sites at the
catalyst surface. The amount of active sites compared to pollutant molecules decreases and

consequently the removal efficiency is decreased.

For both acrylonitrile and isoflurane the trend of decreasing removal efficiencies for

increasing initial concentration observed could be attributed to the phenomena of competitive
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adsorption and catalyst saturation. Due to the limited number of active sites on the media, an
increase in concentration leads to competition between molecules for chance to be adsorbed
onto the active sites and degraded consequently more molecules pass through the media
without undergoing degradation. This is in accordance with what Jafarikojour et al. [42]
observed for toluene degradation at concentration range of 20 to 100 ppm.

For isoflurane, the induction period is seen to increase significantly when the inlet
concentrations are increased. This can be explained by the fact that as the concentration of
isoflurane increases, more OH® are required to oxidize the higher number of molecules in
order to initiate CI° generation thus longer induction periods occurs until sufficient

concentration of ClI° are formed to initiate the acceleration of the reaction.

In this work, the range of concentrations studied show that a better removal of the
pollutants will be achieved at lower concentrations. This is due to the fact that at higher
pollutant concentrations, the number of active sites on the media is a limiting factor for
efficient degradation. However as the concentrations of the pollutants vary in the OR, in order
to maximize the performance of PCO it can be recommended that the unit have multiple
photocatalytic banks (photocatalytic media and UV lamps). These would give the polluted air
a chance to pass through several irradiated photocatalysts before it exits the unit consequently

increasing the degradation efficiency.

111.4.4 Influence of Relative Humidity (RH)

In the operating rooms, the humidity levels in ORs should range between 30 and 60 %
as recommended by national guidelines such as NFS 90-351 [46] and ASHRAE 170-2017
[47] for France and the US respectively. However levels measured could be outside this
range. Wong et al. [48] measured levels of 80 % in a Malaysian OR. As a result of this, in the
present study, the influence of RH on the degradation process of the two target compounds
were studied from 20 % to 80 % at 20°C which gave moisture content of 4657 - 18893 ppm.
This would provide representative information on how different RH levels encountered in the

ORs affect the performance of PCO during the degradation of isoflurane and acrylonitrile.

For the acrylonitrile experiments, velocity and light intensity were fixed at 1 m.s* and
4.5 mW.cm whilst initial concentration was maintained at 2 ppm. Figure 43 shows the
influence of RH on acrylonitrile degradation. It can be observed that the single-pass removal

efficiency decreases when the RH is increased from 20 % to 80 %.
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Figure 43: Influence of relative humidity on the single-pass removal efficiency
determined during acrylonitrile degradation. (Co=2 ppm; v=1m.s?; | = 4.5 mW.cm?)

The results for the influence of RH on the degradation of isoflurane are shown in

Figure 44. The results of the experimental study show that as the relative humidity is

increased from 20 % to 80 %; (i) isoflurane induction periods are increased; (ii) the single-

pass removal efficiency is decreased.
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Figure 44 : Influence of relative humidity on (a) the length of the induction time (b) the
single pass removal efficiency determined during isoflurane degradation. (Co= 0.5 ppm;

v=1m.s?; 1 =45 mW.cm?)

In the literature, the role of water vapor in the photocatalytic oxidation process has

been described as a dual one [21,43,44]. On one hand adsorbed water molecules are oxidized

into OH® which are necessary for the progress of the reaction whilst on the other hand

excessive amounts of water creates a competition with the pollutants for adsorption onto
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active sites which inhibits the degradation. When varying humidity, some studies have shown
that both effects can be predominant, depending on the humidity range studied whilst other
studies have reported that only one of these effects is visible. For example, Mo et al. [45]
studied the influence of relative humidity in a range of 0 -70 % on the degradation of toluene
(0.7 ppm) in a stainless steel plate-type UV-PCO reactor with two glass plates coated with
Degussa P25 placed in the reactor. They showed that the removal efficiency of toluene
increased from 0 to 35 % due to the promotion of the degradation by the formation of OH®
and decreased from 35 % to 70 % as a result of competitive adsorption between the toluene
molecules and the water molecules. On the contrary, Zhong et al. [41] demonstrated a
continuous decrease in removal efficiency when they degraded ethanol (0.5ppm) at RH range
10 % to 60 % in an open-loop PCO reactor equipped with TiO, coated fiber glass media.
They attributed their results to the competition for adsorption between ethanol and water

molecules.

The results from this study show that increasing the relative humidity decreases the
degradation efficiency of both compounds. This observation can be interpreted as the
competition for adsorption between the pollutants and water molecules. As the amount of
water molecules increases, they occupy the active sites which in turn decreases the chance the
pollutants have to react with the active species resulting in lower removal efficiencies [49]. In
addition to this, water molecules may form layers on the photocatalyst surface and therefore,
in order to react, VOCs must first be absorbed into the water film and then penetrate towards
the catalyst surface which also subsequently decrease the degradation efficiency [50,51]. This
inhibition effect was also observed by Raillard et al. [49] when they studied the influence of
RH (0 — 30 %) on the photocatalytic degradation of two ketones: acetone and 2-butanone. The
experiments were performed in a 12-L Pyrex-glass batch reactor with TiO2 deposited on
cellulose substrates. Similarly, Krichevskaya et al. [52] observed a decrease in the removal
efficiency of acrylonitrile (40 ppm) when RH was increased from 0 % to 66 % in an annular
reactor coated with Degussa (P25) TiO2 powder. These authors attributed the inhibition to the

effect of competitive adsorption between the pollutant molecules and water.

For the induction period of isoflurane, the increase in the induction periods during
increase in RH could also be attributed to the competition between isoflurane molecules and

water molecules for adsorption onto active sites. As the RH increases, they prevent isoflurane

111



Chapter 111 : Photocatalytic degradation of target compounds from medical
environments

molecules from reacting with active species thus longer induction periods occur until

sufficient concentration of CI° are formed to initiate the acceleration of the reaction.

At 20 % RH the moisture content at 20°C is 4657 ppm this increases to 11725 ppm at
50 % RH and 18893 ppm at 80 % RH. These concentrations are quite high relative to the
pollutant concentrations of 0.5 ppm and 2 ppm for isoflurane and acrylonitrile respectively.
The percentage decrease in the single-pass removal efficiency from 20 % to 50 % RH was
36 % and 20 % for acrylonitrile and isoflurane respectively whilst the percentage decrease
from 50 % to 80 % was 18 % and 14 % for acrylonitrile and isoflurane respectively. This
shows that although the degradation of both compounds is impeded by the increase in RH, the
influence was more pronounced when the RH was increased from 20 % to 50 % than from
50 % to 80 %. This could be explained by the fact that at 50 % RH the surface already had
abundant water and that increasing the concentration of water probably led to a saturation
effect thus the removal efficiency was not drastically decreased when the RH was increased to
80 %.

Relative humidity has a significant influence on the degradation of isoflurane and
acrylonitrile. Under the experimental conditions studied, PCO performance during the
degradation of both isoflurane and acrylonitrile is better at lower relative humidity. According
to several national regulations, RH between 30 % and 60 % is recommended in ORs and at
these levels water vapor exists in large excess compared to pollutant concentrations (usually
ppb to several tens of ppm) and thus competitive adsorption which inhibits PCO performance
can be deemed as the dominating process. Under this condition, it would be advisable not to

operate above RH of 60 %.

111.4.5 Presence of co-pollutants

Single compound photocatalytic oxidation studies are convenient for understanding
the kinetics of degradation of a compound but in the real case, the indoor air stream usually

contains several contaminants.

As seen in Chapter I, the OR is polluted by a variety of chemical pollutants such as
waste anesthetic gases, sterilants and compounds present in surgical smoke. It is reasonable to
assume that the coexistence of these compounds may have an influence on the degradation

rate of isoflurane and acrylonitrile thus it would also be necessary to provide information on
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how the presence of co-pollutants will affect the degradation efficiency of the target

compounds.

In this study nitrous oxide and acetic acid were chosen to study the effect of co-
pollutants on the degradation efficiency of the target pollutants. Nitrous oxide is an anesthetic
pollutant typically found in ORs. Acetic acid however is a derivative of peracetic acid
(sterilant) and was chosen to represent peracetic acid as the latter was not stable enough to

allow its use.

In this work, a series of experiments conducted at different binary mixture
configurations of nitrous oxide and acetic acid with acrylonitrile and isoflurane were made.
As the co-pollutants may vary in concentration, the experiments were performed in two ways.
Firstly degradation was performed at equi-molar concentrations of the co-pollutants and the
target pollutants. Then the experiments were conducted with the co-pollutant at a higher
concentration. Since the reference concentration of isoflurane and acrylonitrile are different,
the higher concentration of the co-pollutant was chosen so that the molar ratios between the
reference concentrations and co-pollutant concentration were the same for both isoflurane and

acrylonitrile experiments. The compositions of these mixtures are described in Table 20.

Mixture Name Composition
Al 2 ppm acrylonitrile + 2 ppm acetic acid
N1 2 ppm acrylonitrile + 2 ppm nitrous oxide
N2 2 ppm acrylonitrile + 25 ppm nitrous oxide
A2 0.5 ppm isoflurane + 0.5 ppm acetic acid
N3 0.5 ppm isoflurane + 0.5 ppm nitrous oxide
N4

0.5 ppm isoflurane + 6 ppm nitrous oxide

Table 20 : Binary mixture compositions

Figure 45 shows the experimental results for the binary mixtures compared to single
compound experiments for acrylonitrile. The velocity and light intensity were fixed at 1 m.s
and 4.5 mW.cm respectively.
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Figure 45 : Influence of presence of co-pollutants on the single pass removal efficiency
determined during acrylonitrile degradation (Co =2 ppm; v=1m.s?; | = 4.5 mW.cm?;
RH =50 %)

Acrylonitrile results showed that the single pass removal efficiencies were lower for
binary mixtures than for the single component experiment. In the presence of the co-
pollutants, the o decreased by 20 %, 8.3 % and 46.7 % for mixtures Al, N1 and N2
respectively. For the equi-molar mixtures, acetic acid had a stronger inhibitory effect on
acrylonitrile than nitrous oxide. It was also observed that the inhibition of acrylonitrile

degradation was higher with increasing nitrous oxide concentrations.

Figure 46 shows the experimental results for the binary mixtures compared to single
compound experiments for isoflurane. The velocity and light intensity were fixed at 1 m.s*

and 4.5 mW.cm respectively.
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Figure 46 : Influence of presence of co-pollutants on (a) the length of the induction time
(b) the single pass removal efficiency determined during isoflurane degradation (Co= 0.5
ppm; v=1m.s?; I =45 mW.cm?; RH = 50%)

Isoflurane experiments showed that, in the presence of these co-pollutants the
degradation of isoflurane was inhibited. The inhibitive effect is seen in the fact that the
induction periods were increased whilst the removal efficiencies were decreased. The
induction periods increased by 16.7 %, 24% and 46 % for mixtures A2, N3 and N4
respectively. The single-pass removal efficiencies decreased by 1%, 13% and 63% for
mixtures A2, N3 and N4 respectively. Contrary to acrylonitrile, isoflurane single pass
removal degradation was more negatively influenced by the presence of nitrous oxide than by
acetic acid for the equi-molar experiments. The inhibition of isoflurane degradation was

higher with increasing nitrous oxide concentrations.

This trend of decreasing removal efficiencies was also been reported by Chen et al.
[53] using an equi-molar ternary mixture of 0.5 ppm toluene, ethyl acetate and ethanethiol.
On the other hand, Chen et al. [54] observed no significant influence of the mixture effect on
low concentrations (0.1 ppm) of equi-molar binary or ternary mixtures of selected compounds
but observed that in a 16 VOC mixture the interference effect among the selected VOCs
became quite obvious, and their removal efficiencies were significantly decreased. The
inhibitive effect observed by these authors was attributed to the possible competitive

adsorption for active sites by the molecules. In this study, the decrease in the degradation of
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both isoflurane and acrylonitrile in the presence of the co-pollutants could also be explained

by the possible competition for active sites.

Acetic acid is known to have a high adsorption affinity to TiO> therefore it allows it to
occupy more active sites and be degraded [55] and thus may have a higher competitive
adsorption ability than the target compounds. For the isoflurane-acetic acid equi-molar
mixture, it seemed that the inhibitory effect was more pronounced for the first phase than for
the second phase as seen in Figure 46 a and b. The induction period increases from 130
minutes in the single compound degradation to 160 minutes in the equi-molar binary
degradation but a values are quite similar for both single compound (0.00082) and binary
mixture (0.00081) experiments. Since acetic acid has a better adsorption affinity to the
photocatalyst, it prevents enough isoflurane molecules from reaching the active sites thus
delays the degradation mechanism by increasing the induction period. It can be assumed
however that once acetic acid is no longer present, isoflurane degradation proceeds normally
that could explain why the single-pass removal efficiency for the second phase was not

significantly different from that obtained during single isoflurane degradation.

The experiments performed in mixture with N2O showed that it inhibited the
degradation of both target compounds. Once the concentration of N.O was increased its
inhibitory effect on the removal of the target compounds due to competitive adsorption unto
active sites was intensified further decreasing the single-pass removal efficiencies of the
target compounds.

Under the experimental conditions employed in this study, it can be concluded that
PCO performance during the degradation of the target pollutants could be inhibited by the
presence of co-pollutants due to competitive adsorption for active sites. Additionally the
higher the concentration of the co-pollutant compared to the target compound the higher the
inhibition effect. The concentrations of co-pollutants present in the OR air vary depending on
the activities and thus cannot be controlled. However in order to improve the PCO
performance it would be recommended that several photocatalytic banks (photocatalytic

media and UV lamps) are installed in the PCO unit to ensure higher removal efficiency.
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111.4.6 Presence of particles (bio-aerosols)

Aside gaseous pollutants, particulate matter is another type of pollutant that is found in
indoor environments. It has been shown in chapter | that surgical smoke contains particles
(tissue and microbial) which could be trapped by the photocatalytic media and subsequently
their presence can affect the PCO of the target compounds. Surgical smoke is known to
contain particles with diameters ranging from 0.35 to 6.50 um [56]. To simulate the presence
of particles, the photocatalytic surface was loaded with rice particles at a rate of 0.002 g.m™.
The particle diameter range was 0.25 -10.50 um thus was a good representation of particles

that could be collected on the photocatalytic media in an OR.

Figure 47 shows the results for acrylonitrile degradation in the absence and presence
of particles. The velocity, light intensity and concentration were fixed at 1 m.s? and
4.5 mW.cm? and 2 ppm respectively. It can be observed that a decreases by 22.5 % when

particles are present on the photocatalytic media.
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Figure 47 : Influence of the presence of particles on the single pass removal efficiency
determined during acrylonitrile degradation (Co = 2ppm; v =1 m.s?; | = 4.5 mW.cm?;
RH =50 %)

The results for isoflurane degradation are presented in Figure 48. For these
experiments, the velocity, light intensity and concentration were fixed at 1 m.s? and
4.5 mW.cm? and 0.5 ppm respectively. From the figure, it can be observed that a decreases
by 14.6 % whilst the induction time increases by 24.8 % when particles are present on the

photocatalytic media.
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Figure 48 : Influence of the presence of particles on (a) the length of the induction time
(b) the single pass removal efficiency determined during isoflurane degradation
(Co=0.5ppm; v=1m.s?; I =45mW.cm?; RH =50 %)

Under the experimental conditions employed, both compounds are inhibited by the
presence of particles with the same order of magnitude. The trend of decreasing removal
efficiencies has been reported by Park et al. [57]. They studied the degradation of toluene in a
single-pass PCO reactor using a non woven-fabric coated with TiO2. They observed that when
air containing particles was introduced into the photocatalytic reactor, toluene removal
efficiency was decreased. They explained this by two hypotheses. First, the particles could
hide the active sites which could in turn block these sites for adsorption by the target
compounds effectively reducing their degradation. Secondly, the particles could promote a
“screening effect” thereby reducing the amount of light reaching the catalyst surface resulting
in slower production of active species. Consequently, the progress of the degradation could be

impeded.

In this work, the inhibition of the degradation of isoflurane and acrylonitrile could be
due to the fact that the particles block the active sites preventing the molecules from
adsorbing and being degraded. Secondly the particles could also screen the light intensity
thereby reducing the amount of light reaching the catalyst surface. Conclusively, it would be
recommended that for a PCO unit, filters should be placed upstream of the photocatalytic
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media to reduce the particle load reaching the photocatalytic media in order to improve the

PCO performance.

I11.5 Formation of gas phase intermediates during the degradation of the target
compounds
An important concern when it comes to the PCO of compounds is the formation of
intermediate compounds. These intermediates can be toxic or irritating and maybe more
harmful to human health than their precursors [43,58,59]. The determination of the type and
levels of intermediates produced during degradation will help to characterize the performance
of PCO with regards to its safety.

111.5.1 Acrylonitrile gas phase intermediate compounds

In this study, no intermediate compound was detected during the degradation of
acrylonitrile irrespective of the initial concentrations studied (0.5 -10 ppm). When
Krichevskaya et al. [52] studied the degradation of acrylonitrile inlet concentrations of 40
ppm in an annular reactor coated with Degussa (P25) TiO. powder, they identified carbon
dioxide, water and nitrogen dioxide as the main products. However they also noticed the
formation of hydrogen cyanide, a compound classified by the US EPA as an extremely toxic

compound.

The inability to detect intermediates including hydrogen cyanide in this study could be
explained by the fact that these compounds were probably not effectively trapped and

detected by the used adsorbent cartridge sampling and GC/MS method used.

111.5.2 Isoflurane gas phase intermediate compounds

In the case of isoflurane, the intermediates that were identified in the gas phase during
its degradation are listed in Table 21. Only two halogenated compounds were identified;
pentafluoropropanal (C3FsOH) and chlorodifluoroacetaldehyde (C2HCIF.0). The presence of

the former could be evidence of the initial reaction of isoflurane with OH° to form CI°.

C3H2CIFsO + OH® — C3FsOH + CI° + H20
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No other fluorinated or chlorinated compounds were identified in this study; this could
probably be attributed to the fact that their concentrations could be too low to be detected by
the analytical methods. Some oxygenated compounds were also detected. According to the
studies of TCE reaction mechanism, it has been proposed that some chlorinated compounds
are hydrolyzed into alcohols which are then transformed into aldehydes and acids before
complete mineralization [14,60]. This could probably explain the presence of the oxygenated

compounds during isoflurane degradation.

Under the reference experimental conditions (Co = 0.5 ppm; v = 1 ms?;
| = 45 mW.cm?) only formaldehyde and acetaldehyde were identified using HPLC. The
other intermediates were identified at isoflurane concentration of 10 ppm using GC/FID.
Acetaldehyde and formaldehyde were properly quantified and their concentrations were found
to be lower than the European Commission indoor 8-hr exposure limits of 110 and 80 ppb
respectively [61]. The concentrations of the halogenated compounds were given as isoflurane
equivalents because their structures could be comparable to isoflurane. The concentrations
that were calculated were relatively low as shown in Table 21. For the acids on the other
hand, only their relative peak areas with respect to isoflurane peak area at 10 ppm were given.
Their relative peak areas were low which means that their concentrations could also be
considered low.

A major concern in PCO is the possible production of toxic (carcinogenic)
intermediates. A risk assessment of the intermediates to human health can be accessed

through a Health-Related Index (HRI) [62]. It is defined as:
Ci
REL;

HRI; = Equation 28

Where Ciis the concentration of compound i and REL; is the recommended exposure limit of

compound i. It required that the sum of all HRI not exceed the value of 1.

Formaldehyde and acetaldehyde are recognized as important inhalation toxicants by
governmental agencies. They are categorized as carcinogens by the International Agency for
Research on Cancer (IARC) [63]. The sum of their HRI was 0.6 at a challenge concentration
of 0.5 ppm. Although their concentrations identified do not pose a significant health risk, as
the challenge concentrations of isoflurane are increased the sum of HRI could possibly

increase.
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The acids and the halogenated compounds found in this study have not been
categorized as carcinogenic and are therefore of lesser concern. Additionally, their levels

produced were not high enough to pose significant risks to human health.

Compound I di d Concentration  Relative REL IARC .
family ntermediate compoun (ppm) peak area  (ppm) carcinogenic
classification
Pentafluoropropanal 0.00172 - -
Halogenated
Chlorodifluoroacetaldehyde 0.00142 - -
_ Acetic acid - 0.0016° 10 -
Acids
Formic acid - 0.0013° 5 -
Formaldehyde 0.020 0.08 1
Aldehydes
Acetaldehyde 0.038 0.11 2B

Table 21 : List of reaction intermediates identified during the degradation of isoflurane
(v=1m.s?t; 1 =45 mW.cm?; RH =50 %)

(IARC Classification: 1: Carcinogenic to humans, 2B: possibly carcinogenic to humans)

&: Isoflurane equivalent concentration

b: Relative peak area with respect to Isoflurane peak area at 10 ppm

I11.6 Mineralization rates obtained during the degradation of the target
compounds
In order to completely characterize the performance of PCO and also to complete the
analysis of organic intermediates produced during the degradation, it is necessary to also
determine the mineralization rates. This is done by measuring the amounts of CO2 produced
and comparing this value to the amount of CO2 which is expected to be produced when there

is complete mineralization.

111.6.1 Isoflurane mineralization rates

As previously stated in chapter Il, the protocol for the experiments involves a 24h
homogenization period that allows the stabilization of pollutant compounds before the
degradation. During this period a significant amount of CO, was found to enter the reactor.

This entry is as a result of leaks that cannot be removed. The high CO: levels coupled with
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the very long degradation times necessary for complete removal of isoflurane made it
impossible to quantify the CO2 formed during isoflurane degradation and subsequently

information on the mineralization rates could not be provided.

111.6.2 Acrylonitrile mineralization rates

In the case of acrylonitrile, the shorter degradation times made it possible to quantify
the mineralization rates. Thus, the mineralization rates were studied only for acrylonitrile by
looking at the influence at different initial concentrations. Figure 49, Figure 50 and Figure 51

show the evolution of the mineralization rate and the conversion rate for different acrylonitrile
concentrations.
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Figure 49 : Evolution of pollutant conversion and CO2 mineralization rate during the
photocatalytic oxidation of acrylonitrile (Co = 0.5 ppm; v =1 m.s?; | = 45 mW.cm™?;
RH =50%)

For all three concentrations: (i) CO2 was formed from the beginning of the degradation
and it increased until a stable value (ii) 100 % mineralization was achieved. All the eventual

organic intermediates are adsorbed and oxidized into CO..
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Figure 50: Evolution of conversion and CO:2 mineralization rate during the
photocatalytic oxidation of acrylonitrile (Co = 2 ppm; v = 1 m.s?; | = 45 mW.cm?;
RH =50 %)

In the case of initial concentration of 0.5 ppm and 2 ppm, 100 % mineralization was
achieved almost instantaneously to 100 % conversion. However, for 10 ppm, at 100 %
conversion of acrylonitrile about 70 % of the organic compounds had been transformed to
COo. Then about 120 minutes after total removal of acrylonitrile from the gas phase, 100 %
mineralization was achieved. This delay could possibly be attributed to the fact that at higher
concentration of 10 ppm, higher concentrations of intermediates were formed which would
require more time to be mineralized. We also observed a two step mineralization rate (Figure
51) with the first step involving the fast transformation of acrylonitrile into organic
intermediate compounds which were also quickly transformed into CO2 (0.008 ppm.min™)

followed by a slower mineralization (0.003 ppm.mint) of more stable intermediates into CO».
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Figure 51: Evolution of conversion and CO:2 mineralization rate during the
photocatalytic oxidation of acrylonitrile (Co = 10 ppm; v = 1 m.s?; | = 45 mW.cm?;
RH =50 %), Red arrow indicates first step of mineralization whilst blue arrow indicates
the second step of mineralization

To study the promptness of conversion of a compound and its reaction intermediates
to CO», Debono et al. [4] suggested that the mineralization rates be plotted as a function of
the conversion rates. The results are acrylonitrile conversion rate vs mineralization rates for

the three concentrations studied are shown in Figure 52.
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Figure 52 : Evolution of mineralization rates as a function of conversion rates during
the photocatalytic oxidation of acrylonitrile at initial concentrations of (a) Co = 0.5 ppm
(b) Co= 2 ppmand (c) Co= 10 ppm (v=1m.s?; I =4.5 mW.cm?; RH =50 %)

The dashed line represents the instantaneous conversion of the target compound into
CO.. Consequently, if acrylonitrile was instantaneously converted in CO> the plotted data
would fit the dotted line. For all three concentrations, the results show a gap between the
dotted line and the experimental data. It can also be observed that the mineralization rate at
the beginning is low compared to the conversion rate but it increases until the total conversion
of acrylonitrile. This gap corresponds to the fact that photocatalytic degradation of

acrylonitrile involves the transient formation of reaction intermediates.
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Conclusively, even though 100 % mineralization is reached at around 100 % removal
for 0.5 ppm and 2 ppm, acrylonitrile is not immediately mineralized but first transformed into

intermediate compounds.

Conclusion on gas phase intermediates and mineralization rates

For the acrylonitrile degradation experiments, the absence of detection of intermediates
such as hydrogen cyanide that was observed by Krichevskaya et al. [47] does not rule out
their existence. Indeed by plotting the mineralization rates as a function of the conversion
rates it was shown that during the course of degradation, acrylonitrile was first converted into
organic intermediate compounds which were then converted into CO2 and any other mineral
compounds. Further analysis using different and possibly more sensitive methods are

recommended as these could help to identify anticipated and additional intermediates.

The intermediate compounds that were identified during isoflurane degradation include
pentafluoropropanal, chlorodifluoroacetaldehyde, formaldehyde, acetaldehyde, formic acid
and acetic acid. The recommended exposure levels of acetic acid (10 ppm) and formic acid
(5 ppm) were higher than isoflurane (2 ppm) which implied that they could be considered less
harmful than isoflurane. Additionally, their concentrations were not high enough to present a
significant risk. On the other hand, the lower recommended exposure limits of acetaldehyde
(0.11 ppm) and formaldehyde (0.08 ppm) implies they could be more harmful and toxic than
isoflurane nevertheless their concentrations were not high enough to present a significant risk.

I11.7 Effect of the change of media geometry on the degradation of target
compounds

For the same reactor volume, the performance of the degradation can be increased by
modifying the media geometry such that it (i) has a high surface area to allow for more active
sites (ii) allows a better utilization of the light and (iii) could allow a longer contact time

between the reactants and the photocatalyst [64].

Destaillats et al. [24] studied the degradation of seven VOCs using plane media
geometry and a pleated media geometry. They observed that the single-pass removal

efficiencies for all seven VOCs increased when the media geometry was changed from a
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plane to a pleated configuration. They attributed the difference in performance of the two
configurations to difference in (i) TiO2 content, (ii) contact time within media and (iii)
irradiance distribution within media. Unable to carry out a complete quantitative comparison
to distinguish the influence of all three criteria between the experiments carried out with plane
and pleated media, they used the estimated contact time to make some comparisons. They
explained that improvement in PCO performance when the pleated configuration was used
compared to the plane configuration was due to the fact that the pleated media reduced the
velocity of pollutants in the media which consequently increased the residence time and
extended the contact time of pollutants in the photocatalytic media.

Fréderic Batault [65] in his PhD studied the influence of plane and pleated geometry on
the degradation of toluene. Similarly to Destaillats et al. [24], he observed that the
degradation efficiencies were better for the pleated media geometry than for the plane media
geometry. He explained that the increase in the degradation efficiency when the pleated media
was used could be attributed to the global increase in contact time. However he explained that
from a geometric approach, the photocatalytic media was considered as a homogeneous
permeable material and so it could be assumed that the velocity field remained the same in
both media geometries and that the streamlines were parallel in both geometries. He
explained further that due to the angle between the pleated media and the direction of the
flow, the path length (e) crossed within the media was longer in the pleated media than in the
plane media as shown in Figure 53. The path length could be between e and 4e with e being
the thickness of the media. Consequently the increase in contact time for the pleated media

was as a result of the increase in path length and not a result of the decrease in the velocity.
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Figure 53 : Possible different path lengths between the plane and pleated media
geometries according to Batault [65]

In this work, to study the influence that the change in media geometry had on the
degradation of the target compounds, experiments were carried out with a pleated media
configuration and the results compared to reference experiments carried out with the plane
media configuration. For the plane configuration, the media is placed perpendicularly to the
flow whilst the lamps are placed horizontally to media. The pleated configuration consists of
the photocatalytic media is folded into four pleats creating two triangles at 60° and the lamps
are placed vertically within the triangles. Figure 54 shows a schematic representation of the

two configurations.

The experimental goal was to highlight the possible influence of the contact time and
thus the pleated experiments were carried out at a similar flow rate, average light intensity and
initial concentration as for the plane experiments. To ensure that the average light intensity
received on the pleated media was the same as the plane media, numerical simulations were
used and will be detailed in chapter 1V. The pleated configuration experiments were carried

out three times to ensure the repeatability of the experiments.
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Figure 54 : Representation of plane and pleated media configurations installed in the
multi-pass reactor

Figure 55 shows the single-pass removal efficiency of acrylonitrile with the plane
geometry and pleated geometry. It can be observed that the single-pass removal efficiencies
increased form (12.08 + 0.11) x 107 for the plane media to (27.42 + 0.74) x 107 for the

pleated media.
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Figure 55 : Influence of the media geometry on the single pass removal efficiency

determined during acrylonitrile degradation (Co = 2ppm; v =1 m.s%; | = 45 mW.cm?;
RH =50 %)

Figure 56 shows the single pass removal efficiency and induction periods of isoflurane

with the plane geometry and pleated geometry. It can be observed that the single-pass
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removal efficiencies increased from (8.2 + 0.8)*10 for the plane media to (18.5 + 0.6)*10™
for the pleated media whilst the induction periods were decreased from 137 + 6 minutes for

the plane media to 35 £ 9 minutes for the pleated media.

160 = 0.0025 -
a b
140 - T
T 0.002 -
120 - T
100 0.0015
£
£ 80 3
o 0.001
60 + ) T
1
40 - T
J_ 0.0005 -+
20 +
0 0
Plane geometry Pleated Plane geometry Pleated
geometry geometry

Figure 56 : Influence of the media geometry on (a) the length of the induction time (b)
the single pass removal efficiency determined during isoflurane degradation (Co = 0.5
ppm; v=1m.s?; 1 =45 mW.cm?; RH =50 %)

It is evident in Figure 55 and Figure 56 that the pleated media geometry improves the
PCO performance. This is in accordance with what Destaillats et al. [24] and Batault [65]
observed. Three main reasons may account for this efficiency increase: (i) an increase in the
surface area translates to an increase in the amount of catalyst/active sites available for
pollutant removal (ii) increase in the contact time between pollutants and media, (iii) better

distribution of light intensity.

To eliminate the effect of the increase in catalyst quantity due to increase in media
area, the removal efficiencies obtained for both configurations were divided by their
respective surface areas. The results are shown in Table 22. It can be observed that the surface
corrected values of the single-pass removal efficiency (o/S) for the pleated media is 27 %
higher than that of the plane media. This means that there is an increase in the efficiency not
only due to the increase in catalyst quantity but probably also due to the increase in contact

time and possibly the better distribution of irradiance within the media.
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Acrylonitrile Isoflurane
Geometry S (m?) o/S (m?) a/S (m?)
Plane 0.040 0.300+0.003 | 0.020 +0.002
Pleated 0.072 0.381+0.010 | 0.026 +0.003

Table 22: Surface corrected single-pass removal efficiencies of acrylonitrile and
isoflurane calculated for the plane and pleated configurations

It is assumed that the contact time between the pollutants and the photocatalytic media
is different in the two geometries in that it is globally increased in the pleated geometry. As
previously discussed, Destaillats et al. [24] state that the increase in contact time is as a result
of the decreasing velocity of pollutants whilst for Batault [65], the increase in the contact time
is as a result of the longer path length travelled by the pollutants. Additionally, for the same
average light intensity received on the photocatalytic media (plane and pleated), a
modification of the irradiance distribution can also have an influence on the global efficiency
of the PCO. These parameters are difficult to measure or confirm experimentally, therefore
numerical simulations can be used to provide some information to be able to better connect

the increase in efficiency to the change in geometry.

111.8 Conclusions on the photocatalytic degradation of acrylonitrile and
isoflurane

The aim of this chapter was to show the influence that the air velocity, light intensity,
the change in media geometry, initial pollutant concentration, presence of chemical co-
pollutants, presence of particles (bioaerosols) and relative humidity had on the performance
of photocatalytic oxidation in removing acrylonitrile and isoflurane. The results were
necessary to help to extend the existing knowledge of their influence on PCO onto isoflurane
and acrylonitrile in real OR conditions and to help give recommendations to improve the

efficiency of the system.

In the first part, experiments were performed with the plane media configuration where
media with a square section was placed perpendicular to the flow. These experiments aimed
to highlight the influence of the operating parameters on the degradation of the target
compounds. The experiments brought into evidence the fact that the nature of the pollutant

influenced the performance of the process. In this study, acrylonitrile was degraded faster than
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isoflurane due to the fact that the latter was a halogenated molecule which made it more
difficult to degrade. The degradation profiles showed that acrylonitrile followed a mono-
exponential decay, whilst isoflurane degradation proceeded in two distinct phases. A first
phase where the degradation is slow and not very efficient attributed to possible isoflurane
reactions with OH° and a second phase where the degradation accelerated due to a possible
chain reaction mechanism of CI°. This second phase of degradation is represented by a first-

order decay.

A model developed by Dumont and Héquet was utilized to enable the calculation of one
performance indicator (single-pass removal efficiency) for acrylonitrile and two performance
indicators (induction period and single-pass removal efficiency) for isoflurane. The
degradation efficiency was then accessed by studying the influence of the operating
parameters on these indicators. It was observed that, although acrylonitrile and isoflurane
belonged to different chemical classes, the operating parameters had a similar influence on

their degradation.

Decreasing the air velocity resulted in longer one-pass contact time which then led to
shorter induction periods and higher removal efficiencies. UV-C light was used as the light
source for the experiments and results showed a decrease in induction period and increase in
the single-pass removal efficiencies at higher average light intensities. The relationship
between light intensity and removal efficiency was seen to follow a half-order regime for both
compounds. This means that, for the range of light intensities studied, the electron-hole
recombination was dominant. In this regime, further increment in the light intensity would not
significantly improve the removal efficiencies but would only impose unnecessary energy
costs. Higher initial concentrations of acrylonitrile and isoflurane led to a decrease in their
degradation efficiencies attributed to saturation of the media and the competition for limited

active sites.

Due to competitive adsorption for active sites an increase in relative humidity inhibited
the degradation of both target compounds. The presence of other gaseous pollutants also
inhibited the degradation of the target compounds again due to competition for adsorption
unto active sites. It was also shown that the presence of particles on the photocatalytic media
surface could block active sites and also cause a screening effect which in turn decreased the

degradation efficiencies of the target compounds.
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The intermediate compounds that were identified during the degradation of isoflurane
include pentafluoropropanal, chlorodifluoroacetaldehyde, formaldehyde, acetaldehyde, formic
acid and acetic acid. Their concentrations were not found to be high enough to present a
significant risk. In the case of acrylonitrile, no organic intermediates were identified because
the sampling and analytical methods were probably not suitable enough for them to be
effectively trapped and detected. The study of the mineralization rates however showed that
at low concentrations, 100 % mineralization was achieved almost instantaneously to 100 %
degradation but at higher concentrations more time was needed to achieve 100 %
mineralization. It was also observed that even though for low concentrations 100 %
mineralization was achieved quite soon after 100 % degradation of acrylonitrile, the
conversion to CO> was not instantaneous. Acrylonitrile was first transformed to intermediates
which were then mineralized to CO>. It would be recommended that further analysis using
different and possibly more sensitive methods are employed to identify anticipated and

additional intermediates.

Under the reference experimental conditions for acrylonitrile (Co = 2ppm; v =1 m.s?;
| = 4.5 mW.cm?; RH = 50 %) and isoflurane (Co = 0.5 ppm; v =1 m.s!; I = 45 mW.cm?;
RH = 50 %), the single-pass removal efficiencies were calculated as 1.2 % and 0.08 % for
acrylonitrile and isoflurane respectively. These values were quite low and PCO performance
would not be very efficient. According to the parametric evaluation, to improve the PCO
performance in removing acrylonitrile and isoflurane it would be recommended to work at
low velocities as this would improve the contact time between the pollutants and active
species. Higher light intensities would generally give better performance but according to the
range studied light intensity beyond 5 mW.cm would only cause much more energy waste
instead of much more degradation of VOCs. PCO performance would also be improved at
low relative humidity however since the recommended RH levels in the OR is between 30
and 60 %, it would be recommended not operate beyond 60 %. The introduction of filters
upstream the photocatalytic media would also be necessary to reduce the particle load
received on the media. The PCO performance would also be better at low pollutant
concentrations. However, due to the fact that the concentrations of pollutants (target and co-
pollutants) vary over time, the use of multiple photocatalytic banks would help to maximize
removal efficiencies of pollutants. This would also be beneficial in reducing concentrations of

intermediates and keeping them at levels that would not pose health risks.
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Another way of improving the PCO performance could also be to increase the
developed surface of the media by changing the media geometry. The second part therefore
allowed the study of the degradation of the target compounds (acrylonitrile and isoflurane) in
a pleated media configuration. The configuration consisted of the photocatalytic media folded
into four pleats creating two triangles at 60° and the lamps placed vertically within the
triangles. Under similar experimental conditions as for the plane configuration, the
efficiencies (o) were increased to 2.7 % and 0.19 % for acrylonitrile and isoflurane
respectively. By increasing the surface area of the media, the removal efficiencies were
increased because it was assumed the amount of catalyst was increased, the contact time was
higher and the distribution of light intensity was optimized. To eliminate the influence of the
increase in the amount of catalyst, the surface corrected single-pass removal efficiencies were
calculated. The results showed that the pleated media configuration improved the degradation
by 27 % compared to the plane which was attributed to higher contact time and better

irradiance distribution.

To better understand the role of the media geometry in improving the removal
efficiencies numerical simulations would be required to study the behavior of air flow and
light irradiance in the photocatalytic reactor for both configurations. The results are discussed

in chapter 1V of this manuscript.
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IV.1 Introduction

In Chapter Ill, it was shown that change in the media geometry from plane to pleated
increased the degradation efficiency of the target compounds. It was assumed that this increase
was as a result of an increase in contact time and better irradiation distribution. However, being
able to experimentally predict the behavior of some operational parameters (i.e., fluid velocity
and UV irradiance) globally and locally and also being able to accurately measure local values
of these operational parameters is sometimes difficult depending on the configuration of the used
photocatalytic reactor [1]. An effective approach to solve this issue is through the use of

Computational Fluid Dynamics (CFD).

CFD can be defined as the science of predicting fluid flow, heat transfer, mass transfer,
chemical reactions, and related phenomena by solving the mathematical equations that govern
these processes using numerical algorithms [2,3]. There are several commercial design packages
or software that exist to solve the governing equations that can produce accurate and reliable
simulation of the physico-chemical processes. These include Ansys (CFX and Fluent),
COMSOL, Abaquis and PHEONIX. The solvers usually make use of the finite volume method.
This is a method in which the geometry (calculation domain) of interest is divided or discretized,
into a number of computational cells. Discretization is the method of approximating the
differential equations by a system of algebraic equations for the variables at some set of discrete
locations in space and time. The discrete locations are referred to as grid or mesh. Once the grid
has been created, boundary conditions need to be specified. For the inlet, parameters such as
pressure, velocity, mass flow, and temperature may be specified. Temperature, UV-irradiance,
wall shear rates, or heat fluxes may be set at walls. For the outlet, pressure or flow-rate splits
may be fixed at outlets. The component material properties, such as density, viscosity, diffusion
coefficient, UV-absorbance and heat capacity, need to be also prescribed. With the grid created,
the boundary conditions and physical properties defined, the calculations can be performed. A
CFD code is used to solve the appropriate conservation equations for all grid cells using an
iterative procedure [4].

CFD is becoming more and more popular to investigate photocatalytic reactors for air
treatment [5]. It allows for comprehensive analysis of photocatalytic reactor through the

simulation of fluid dynamics, species mass transport, chemical reaction kinetics, and irradiance
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distribution. It is also a cost effective approach as it helps to reduce the number of experiments

necessary to predict the behavior of a process.

Mohseni and Taghipour [6] used experimental and CFD modeling to investigate the flow
field and the photocatalytic degradation of vinyl chloride in an annular reactor and reported good
agreement of conversion values between the model to experimental results. Castrillion and de
Lasa [7] used CFD to simulate the flow field in a photo-CREC reactor. The simulation gave
them information about the flow field within the reactor and by optimizing the design they were
able to wuniformize mass flow and contact time distributions within the reactor.
Salvado-Estivill et al. [8] modeled the degradation of trichloroethylene in a single- pass flat plate
photocatalytic reactor by combining CFD modeling of the fluid flow in the reactor with radiation
field modeling and photocatalytic reaction kinetics. A comparison of the model prediction with
the experimental results yielded good agreement [8]. Chong et al. [9] modeled flow field,
radiation and kinetics of toluene and formaldehyde through a porous monolith photocatalytic
reactor. The simulation gave them information about the local flow field and light intensity
profile. They also observed a good agreement between model predictions and experimental
values for conversion profiles. Wang et al. [10] conducted a CFD simulation to enable them
describe the local UV flux within a porous monolith channel. They also investigated the
monolith to lamp spacing and the number of lamps to achieve the optimal configuration that
would provide higher formaldehyde conversion yields. Verbruggen et al. [11] presented the use
of computational fluid dynamics (CFD) for accurately determining the adsorption parameters of
acetaldehyde on photocatalytic fiber filter material, integrated in a continuous flow glass tube
reactor. CFD allowed them to extract precise, intrinsic adsorption parameters for situations in
which analytical analysis would otherwise fail. Roegiers et al. [12] developed a CFD model
which coupled radiation field modeling with reaction kinetics and fluid dynamics in order to
simulate the degradation of acetaldehyde in a multi-tube glass photoreactor. They reported a
good agreement between model predictions and experimental values for acetaldehyde conversion

profiles. A summary of the information from these authors is presented in Table 23.
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Reactor Pollutant CFD software Objectives Reference
Annular flow Vinyl chloride Fluent 6.0 Investigation of flow  Mohseni and
reactor field and kinetic Taghipour [6]
reaction
Photo-CREC - CFX-5.7.1 Investigation of flow Castrillion
reactor field and de Lasa
[7]
Flat plate reactor ~ Trichloroethylene Fluent 6.2 Investigation of flow Salvado-
field, radiation field Estivill et al.
and Kinetic reaction [8]
Monolith Toluene and Fluent Investigation of flow  Chong et al.
photocatalytic formaldehyde field, radiation field [9]
reactor and kinetic reaction
Monolith Formaldehyde Fluent Investigation of Wang et al.
photocatalytic radiation field and [10]
reactor reaction kinetic
Glass tube Acetaldehyde Comsol Determination of Verbruggen et
reactor Multiphysics  adsorption parameters al.[11]
v.4.4.
Multi-tube glass Acetaldehyde Comsol Investigation of flow  Roegiers et al.
reactor Multiphysics field, radiation field [12]
v5.3 and Kinetic reaction

Table 23 : Summary of different uses of CFD in PCO as found in the literature

In this work numerical simulations by CFD are conducted to better understand the influence

of the change of media geometry on the efficiency in terms of the air flow and light irradiance.

The objectives of this part are:

e FEvaluate the behavior of the air flow and the irradiance in the reactor and in and on the

media,

e Determine average velocity, contact time and average irradiance in and on the media.
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IVV.2 CFD Methodology

Ansys Workbench 14.5 was used for all the simulation work. In Ansys, the simulation

process is carried out in three main stages using different tools in each stage:

e pre-processing: creation of geometry and generation of meshing using Design modeler
and Ansys meshing respectively,

e processing: definition of physical phenomena to be assessed and specification of
appropriate boundary conditions based on the finite volume method using CFX and
Fluent codes,

e post processing: the graphical visualization of results and exportation of simulation

outputs using CFD-Post.

IV.2.1 Geometry definition

The first step in the process is the creation of the computational domain or the system
geometry. It is necessary to identify which regions the governing equations will have to be
solved and the physical limits for which the boundary conditions are set. The computational
domain in this work was the photocatalytic module of the multi-pass laboratory reactor. As
previously described in chapter Il, it is an 0.8 m x 0.2 m x 0.2 m stainless steel box that houses
the immobilized monolith photocatalyst and the lamps. The porous media consists of TiO:
immobilized on SiO support with an average thickness of 0.0175 m. The photocatalytic media is
irradiated by two low-pressure Phillips TUV PL-L 18W, which emit light at a peak wavelength
of 254 nm (UVC).

For the plane media configuration (Figure 57), the photocatalytic media has a surface area
of 0.04 m? The media is placed perpendicularly to the flow whilst the lamps are placed

horizontally to the media and are also 3 cm away from the media surface.
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Figure 57 : Geometry definition of plane configuration using ANSYS Design modeler

The pleated configuration consists of the photocatalytic media folded into four pleats
creating two triangles at 60° with a surface area of 0.072 m2. The lamps are placed vertically
within the triangles. The lamps were also placed 3 cm from the middle of the media pleats. The
geometry designed with Ansys design modeler is shown in Figure 58. In both geometries, the

media has an average thickness of 0.0175 m.

Figure 58 : Geometry definition of pleated configuration using ANSYS Design modeler
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IV.2.2 Meshing

Once the geometry has been created, it is then divided into a number of control volumes

that do not overlap each other called cells or elements where the governing equations are solved.

The meshing process is important as it affects the accuracy of the CFD results and the
solving time. A fine mesh better captures the qualities of the flow and other governing equations
included in the model. In fact, the higher the number of elements, the better the solution
accuracy. However, the number of elements directly influences the computational time thus the
higher the number of elements, the higher the computational time. It is therefore necessary to
identify the case-specific optimal mesh that could guarantee the mesh-independence of results as

well as sustainable computational requirements.

The type of mesh structure or topology used depends on the geometry. There are basically
three types of mesh topologies which are: structured, unstructured and block. As described by Tu
etal. [13]:

e Structured mesh: the edges of the cells forms continuous meshing lines that follow a
uniform pattern thus improving the connectivity between adjacent cells. The use of
structured mesh is more convenient for simple geometries. They are usually
quadrilaterals (2D) or hexahedral (3D).

e Unstructured mesh: the cells do not have a particular order, that is, cells are allowed to
assemble freely and cannot be directly identified by their indexes. They are usually
triangles (2D) or tetrahedrons (3D). They are especially useful when dealing with non-
standard or complex geometries. The disadvantage of this type of meshing is that
calculation might require more computational power as neighboring cells are not well

defined and more complex solution algorithms might be required.

e Block meshes: This structure consists of structured and unstructured cells. In this type of
meshing, a certain part of the domain volume is meshed in a specific manner, i.e.
structured mesh while other parts are meshed in a manner which accommodates better the

specific geometry i.e. unstructured mesh. In this manner, simple geometries within the
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domain volume can be solved easier with less computational resources, while the
resources are focusing on more complex geometries within the domain.

In this work, the block structure was used as shown in Figure 59. The geometry was
discretized in 503123 structured and unstructured volume cells which were high enough to give
mesh-independent results. Structured hexahedral meshing was applied to the media and the fluid
region after the media but unstructured tetrahedral meshing applied to fluid region before the

media in which the lamps are found to account for the complexities around the lamps.

b
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Figure 59 : (a) Plane geometry meshing (b) pleated geometry meshing

Mesh independence tests were carried out by running the calculation at three different
mesh sizes. Table 24 shows the average velocity and irradiance on media surface of the plane
configuration for the different mesh sizes. It can be seen that the values were quite similar.

503123 was chosen because it provided better capture of the flow and irradiance qualities at a
reasonable computational time.

Mesh Size Average velocity (m.s') Average irradiance (W.m2)

138974 1.11 100.17
348599 1.13 100.36
503123 1.14 100.44

Table 24 : Influence of the mesh size on the average velocity and irradiance on the media
surface
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IV.2.3 Model development

The computational model is divided into two parts. The first part deals with the solution
of the flow characteristics (fluid dynamics modeling) within the module and the second part
deals with the calculation of the UV irradiance distribution (radiation field modeling).

IV.2.3.1 Fluid dynamics modeling

In order to investigate the flow field in the photocatalytic module, the governing
equations of fluid dynamics, which mathematically represent the conservation of mass and
momentum, are solved. The conservation of mass is achieved by solving the classical continuity
equation. For the conservation of momentum, since the flow is in the turbulent regime, the
Reynolds-Averaged Navier Stokes (RANS) equation is solved. However since the reactor also
contains a porous region which is the photocatalytic media, the equations are modified to
account for the porosity of the media. The modified continuity and the momentum equations are
given below as Equation 29 and Equation 30 respectively [10,14].

a(e)p

- T V(epv) =0 Equation 29
a(;_,;a) + V(epvv) = —eVp + Vepg + Vet + Sy Equation 30

where p, v, 7 ,g, p and ¢ are the density of the fluid, the velocity of the fluid, stress tensor,
gravity, pressure and porosity of the media respectively. Su is the momentum sink term which
accounts for the loss of momentum or pressure drop due to an obstacle which in this case is the
media. It is given by the modified Darcy law previously described in Chapter Il of this

manuscript and is given again in Equation 31 as:

0 1 2 -
Sy = vt EC'DU Equation 31
where K is the permeability, C is the inertial resistance factor.

In turbulent flow modeling, one of the main challenges is to close the governing equation
by modeling the Reynolds stress tensor in Equation 30. Generally, for most engineering flow

modeling applications, this so-called closure problem is solved by introducing a turbulence
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model [14]. Several turbulence models have been proposed but no turbulence model is
universally accepted to be superior for all conditions. Proper turbulence models need to be
selected according to the problem under consideration. In this work, the standard k-& turbulence

model which is the most widely used for photocatalytic reactors [5] is employed.

In this work, the fluid dynamics package CFX was used to carry out the simulations. The
geometry was characterized by two zones, the fluid (air) and the porous (media) zones. The
following assumptions were then made in the mathematical model: a) the flow is at steady state
and turbulent and b) the fluid (air) is incompressible and isothermal with constant physical
properties. The media was assumed to be a porous body with porosity of 0.875, permeability is
of 1.45 x10® m? and an inertial resistance factor is of 823 m™. These characteristics were stated in

chapter Il of this manuscript.

For the boundary conditions, the velocity of 1 m.st at the inlet was considered. A
pressure-outlet boundary condition of 1 atm was also fixed. To solve the equations, the first

order high resolution scheme was chosen.

I1V.2.3.2 Radiation field modeling

To model the irradiance distribution within the reactor the radiative transport equation
(RTE) needs to be solved. Due to its trajectory through a medium the light will experience

absorption, out-scattering and in-scattering as shown in Figure 60.
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Outgoing radiation
I+(dl/ds)ds

In-scattering 7

Incident radiation
I

Out-scattering &
absorption

A
v

ds

Figure 60 : Path of a light ray in a medium [15]

The RTE is an integro-differential equation which describes the photonic rays with their
corresponding energy loss due to absorption and out-scattering and gain due to in-scattering. It
describes the movement of a bundle of light rays travelling in a direction s having a solid angle
Q, intensity | and wavelength A. The generic form of the equation is given in Equation 32 as
[14]:

dly(s2)
ds

4
+ @y (sQ) +o3l(sQ)= an? EE— + 2 [T ], (s:0)¢(s.5) d)'  Equation 32

where :
s = direction
s’ = scattering direction
a = absorption coefficient
n = refractive index
o = scattering coefficient
oss = Stefan-Boltzmann constant (5.67x108 W.m2K4)
I = light intensity which depends on solid angle, direction and wavelength
T = local temperature
@ = phase function
Q =solid angle
Q' = scattering solid angle

The first term on the left represents the radiance change along the direction s of photon.
The second term on the left represents the loss of photons due to absorption. The third term
accounts for loss due to out-scattering. The second term on the right hand side accounts for a
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gain in energy due to in-scattering. And & (s’.s) is a phase function describing the incident

radiation from all other directions.

In this work, the radiation field modeling was done using the Ansys Fluent solver. The
solver provides five models that allow the RTE to be solved. These are Discrete Transfer
Radiation Model (DTRM), P-1 Radiation Model, Rosseland Radiation Model, Surface-to-
Surface (S2S) Radiation Model, and Discrete Ordinates (DO) Radiation Model [16].

The numerical resolution of the RTE was carried out using the DO Radiation Model
because it is only this model that allows the definition of the optical processes considering
different wavelengths, as well as to include the effect of dispersion, absorption and the emission
of radiation by volumes and surfaces. It is the most rigorous method that is valid for the whole
range of optical thicknesses, and allows the solution of radiation transport through
semitransparent walls. It is a popular choice for photocatalytic reactor applications [15]. In the
DO model, the radiation field is divided into a number of discrete directions and the RTE is
written and solved separately for each of the directions [15]. One of the disadvantages however
of using the DO model is the ray effect where radiation is caused to concentrate along the
discrete directions. It results in the appearance of star-like contours which create a doubt about
the intensity of the light. Thus although the average irradiation in the domain area might remain

the same, the distribution of the irradiation will vary. An example is shown in Figure 61a.

Figure 61 : (a) Ray effect seen when angular discretization is 3x3; Ray effect disappears
when angular discretization is increased to (b) 10x10 and (c) 15x15 [17]
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To solve this problem, angular discretization is done. When using the DO Model, the
spatial discretization of the computational region is taken directly from the mesh grid topology.
However, the directional discretization for the RTE needs to be explicitly specified using an
angular discretization. The angular discretization is defined by the angles Theta (6) and Phi (¢),
and is required as a user input in the solver. The more the angular divisions for discretization, the
better the irradiation will be distributed within the control volume as shown in Figure 61b and
Figure 61c. However, when the number of cells is also high, the computational time may become
excessive, and a balance must be found between the number of cells and the angular
discretization. In this study an angular discretization of 10x10 was used because it is enough to

overcome the ray effect [18].

Within the photocatalytic reactor, the lamp is the only source of radiation emission thus
the radiation emission from all other sources is neglected. This enables the simplification of the
computational model by avoiding the coupling of the radiation balance with the overall energy
balance of the system. The simulations were therefore done by inactivating the first term on the
right hand side in Equation 32 by setting a value of 1 K (minimum allowed in Fluent) in all

regions of the model except the lamp.

Emission from the lamp is usually defined as a boundary condition using a lamp emission
model. In a review by Pareek et al. [15] they described that the lamp emission modeling could be
carried out in three ways :

e Line source modeling: this model depicts the lamp as an emitting line and is useful when

the lamp diameter is relatively small in comparison with the reactor diameter.

e Surface source modeling: this model assumes that all the radiation emission occurs at the

surface of the lamp and depicts the model as a surface.

e Volume source modeling: for this model emission is from both the surface and also the

interior volume of the lamp.
Figure 62 shows a schematic representation of all three models. For our purpose the surface

source model was used.
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Figure 62 : Schematic representation of lamp emission models (a) line source model (b)
surface source model (c) volume source model [15]

In an immobilized system like the one that is used in this work there is a gradual loss of
light due to absorption through the photocatalytic media. As stated in the literature [5,9] for
immobilized systems, the scattering and reflection are assumed to be negligible. Therefore within
the photocatalytic media, Equation 32 is reduced to:

daly(s2)
ds

+ a;[(s) =0 Equation 33

The absorption coefficient (a) is therefore a necessary user input. It is related to the

UV-Transmittance (UVT) by the Beer-Lambert Law which is given as:
UVT = exp(—ax) Equation 34
where x (m) is the path length travelled by the light inside the photocatalytic media.

Using the UVT of 0.6% obtained in chapter 11 of this manuscript, the absorption coefficient is
calculated as 292 m™,

To carry out the simulations, the following assumptions were made: (a) gas-phase
absorption, scattering and reflection of the light is negligible, (b) the photocatalytic media was

adiabatic and non-conducting, (c) TiO2 particles are evenly distributed in the photocatalytic
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media, (d) the light intensity of the lamps does not vary with time for the duration of the

experiments.

The following boundary conditions were also employed: (a) the lamp surfaces were
modeled as diffuse semitransparent monochromatic walls with external surface irradiation. (b)
reactor walls were defined as diffusely reflecting opaque stainless walls with a reflectivity of

0.15. The second order upwind method was used to solve the RTE.

IVV.2.4 Convergence criteria

The resolution of the governing equations in Ansys is an iterative process thus values
change from one iteration to the next. If this change is significant then that means that a solution
has not been reached. To monitor the convergence, the value of residuals is used. The residuals
represent the absolute error in the solution of a particular variable. In general, the residual must

decrease as the number of iterations increases or it could stabilize at a certain value [16].

In this work, the convergence was ensured by imposing a residual value of 10° for
continuity and momentum and 10 for incident radiation. It took 1130 iterations and 6 hours to
achieve convergence for fluid dynamic modeling whilst it took 1100 iterations and about 14

hours to achieve convergence for radiation field modeling.

1VV.2.5 Results and discussion

The simulation results are discussed first for the fluid dynamic modeling and then for the

radiation field modeling.

IVV.2.5.1 Fluid dynamics modeling

The aim of this section was to be able to describe the behavior of the flow in the reactor
and in the media and to be able to determine the contact time within the media. The results for
the plane configuration are first discussed then those of the pleated configuration will be

discussed.
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Plane configuration

The inlet velocity was set to 1 m.s? and Figure 63 shows the results for the flow
distribution from the inlet to the outlet of the photocatalytic module along a plane. From the
figure, it is observed that the flow is homogeneous from the inlet until it encounters the lamps
where the flow is obliged to move around the lamps. This change in course presented by the
lamps, causes zones of higher velocity above and beneath the lamps and zones of lower velocity
behind the lamps. However, once inside the media, the flow homogenizes again and remains

homogeneous when it exits the media and subsequently the reactor.

0.000e+000
[m s*1]

Figure 63 : Velocity contour showing flow behavior through the reactor in the plane
configuration

Due to the fact that the lamps are quite close to the media (3 cm), this behavior of having
zones that have higher and lower velocities compared to the inlet velocities is replicated on the
surface of the media. This is shown in Figure 64. The range of velocities on the surface of the
media is 0.90 - 1.39 m.s. Once inside the media, the flow becomes quite homogeneous as
shown in Figure 65. The range at this distance is 1.12 -1.15 m.s™. The flow is still homogeneous

when it exits the media as shown in Figure 66 and has a range of 0.98 - 1.00 m.s™.
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Figure 64 : Velocity contour showing flow behavior on the surface of the photocatalytic
media for the plane configuration
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Figure 65 : Velocity contour showing flow behavior 8mm distance in media for the plane
configuration
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Figure 66 : Velocity contour showing flow behavior on the outlet of the media for the plane
configuration

The streamlines were then studied and the results are shown in Figure 67. It shows that
the flow is parallel with some small recirculation zones behind the lamps but these are not
significant enough to affect entire flow. The streamlines within the media showed that the flow

was orthogonal as it moved through the media.

Figure 67 : Streamlines through the photocatalytic module in plane media configuration
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To verify the simulation results, the velocity distribution along the height of the reactor at
a distance of 8 cm on the x-axis and 6 cm before the media surface was measured
experimentally. A Veloport 20 portable air velocity meter was placed in the reactor and the
velocity at several distances along the height of the reactor was recorded. As observed in Figure
68, the simulated and experimental results were quite similar signaling that the simulation was

quite representative of what was occurring in real conditions.
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Figure 68 : Comparison between simulated and experimental velocity values along the
height of reactor at a distance of 6 cm before media.

The average velocity that is received on the media surface and also within the media is
calculated to be 1.14 m.s™. This value is about 14 % higher than the inlet velocity of 1 m.s. For
fluid flow through a porous medium, the superficial velocity (vo) is the flow rate Q (mi.s?)
divided by the cross-sectional area A (m?). In our case, the presence of SiO; fibers and TiO>
particles within the photocatalytic media reduces the area available for fluid flow i.e. to conserve
fluid continuity with the entering superficial flow, the fluid has to move through a smaller area;
hence the velocity within the photocatalytic media (v) is greater than that of the superficial
velocity. The interstitial velocity (v) is related to the superficial velocity by the following

expression [5]:
v= =2 Equation 35

where ¢ is the porosity.
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In knowing the local average velocity within the media and the path length, the contact time (t)

was then calculated as 15.3 ms using the equation:

e
T= -
v

Where e is the path length which is equal to the thickness of the media (m) and v is the average

Equation 36

true velocity in media (m.s™).

Pleated configuration

The behavior of the flow as it moves across the photocatalytic module for the pleated
configuration at an inlet velocity of 1m.s? is shown in Figure 69. Similarly to the plane
configuration, the flow in the pleated configuration is homogeneous until it encounters the
lamps. At this point, the presence of the lamps and the pleats causes the flow to lose its

homogeneity. Additionally, as a result of the influence of the presence of the pleats, the flow

exiting the media is quite heterogeneous.

" 4.492e-003
[m s*-1]

Figure 69 : Velocity contour showing flow behavior through the reactor in the pleated
configuration
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Figure 70 shows the velocity profile received on the media surface. It can be observed
that the flow was heterogeneously distributed on the surface with the maximum velocities at the
regions surrounding the pleat joints. The range on the surface was found to be 0.07 - 2.03 m.s™.
Unlike the plane configuration, the flow did not homogenize within the media as shown in
Figure 71. The range was found to be 0.17- 0.72 m.s™’. At the exit of the media the minimum
velocities were found at the pleat joints as shown in Figure 72 and the range of velocities for the

entire surface was 0.0098 - 0.7 m.sL.

Figure 70 : Velocity contour showing flow behavior on the surface of the photocatalytic

media for the pleated configuration

Figure 71 : Velocity contour showing flow behavior 8 mm distance in media for the pleated

configuration
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Figure 72 : Velocity contour showing flow behavior on the outlet of the media for the

pleated configuration

The streamlines showed that the flow is parallel but once it enters the media becomes
orthogonal as shown in Figure 73. A closer look at the media shows that the flow enters
perpendicularly into the media but at a distance of about 3 mm within the media the flow
becomes orthogonal and remains orthogonal at the exit of the media. This meant that the local
distance travelled within the media could be assumed to be equal to the thickness of the media.
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Figure 73 : Streamlines through the photocatalytic module and media in pleated media
configuration

At the inlet surface of the media, the average velocity received is about 1.5 m.s™ and is
32 % higher than what is received averagely by the plane configuration. This increase could
probably be explained by the fact that presence of the pleats creates a canal effect (which means
that area reduces) such that the velocity increases in order to maintain the same flow-rate.
However once inside the media the increase in the surface area causes the velocity to be reduced
to an average of about 0.65 m.s which is about 43 % lower than the average velocity within
plane configuration. Since the distance travelled (path length) was equivalent to the thickness of

the media, the contact time within the pleated media is calculated as 26.9 ms.
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Conclusions on the fluid dynamics simulation

The flow behavior in the reactor for both media configurations was studied. The results
showed that the flow distribution received on the surface of the media was heterogeneous for
both configurations but even more heterogeneous for the pleated media than for the plane media.
The flow becomes homogenous within the plane media but remains heterogeneous in the pleated

media.

The quantitative information on the flow behavior for both geometries is summarized in
Table 25. The average velocity received on the media surface was 32 % higher on the pleated
media than the plane due to the canal effect caused by the presence of the pleats. However the
average velocity within the media was 43 % lower in the pleated due to the increase in surface
area. The contact time was calculated based on the average local velocities within the media and
the distance travelled within the media. It was found to be 76 % higher for the pleated than for

the plane media geometry.

Inlet velocity Average velocity on  Average velocity Contact time

Media Geometry (m.s) media surface within media (ms)
' (ms?) (ms?)

Plane 1 1.14 1.14 15.3

Pleated 1 1.50 0.65 26.9

Table 25 : Results obtained from the hydrodynamic simulation of plane and pleated
geometries

IVV.2.5.2 Radiation field modeling

The objective of this section is to evaluate and compare the distribution of irradiance
received within the reactor and media for the two geometry configurations. The simulation

results are discussed first for the plane configuration then for the pleated configuration.
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Plane configuration

The irradiation behavior through the reactor was firstly studied. Figure 74 shows the
irradiance contour through the reactor. It can be seen that the irradiance was the highest around
the lamps but rapidly decays as the distance from the lamps increases. This is attributed to the
effect of geometric attenuation which is explained as the reduction in the radiation quantity due
to the distance between the point of interest and the source and excludes absorption by any

matter present.
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Figure 74 : Irradiance contours showing irradiance distribution through reactor for plane

media configuration

The irradiance distribution on the surface of the media was also investigated of which the
results are shown in Figure 75. The irradiance was not homogeneously distributed on the surface,
it was highest in the areas found directly behind the lamps but as the distance from the lamps was

increased, the light irradiance decreased.
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Figure 75: Irradiance distribution on the plane media surface for the simulation

measurements

This behavior was similar to what was observed from the experimental measurements as

shown in Figure 76.
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Figure 76 : Irradiance distribution on the plane media surface for the experimental

measurements
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The emissive power of the lamps is a necessary input parameter that helps to attain the
desired results during the simulation. It is not known and has to be set with reference
experimental measurements. Thus to verify the accuracy of the simulation results, the emissive
power of the lamps was iteratively changed until the irradiance values that were experimentally
measured along the height of the media surface at a distance of 10 cm on the x-axis matched the

simulation values. The results are presented in Figure 77.
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Figure 77 : Comparison between simulated and experimental irradiance values along the
height of the plane media at a distance of 10 cm along the media length (y-axis)

It can be observed that the irradiance values increase up to a point then decrease and start
to increase again. The highest irradiance values represent the areas on the media directly behind
the lamp whilst the lowest values represent the area between the two lamps. From the graph, it is
seen that the simulation values were quite similar to the experimental values at highest values or
in areas directly behind the lamp. However for the values that represented the region between the
two lamps, the simulation values were higher than what was measured experimentally. This
difference between the simulated and experimental values could be attributed to the influence of

the sensor that was used for the experimental measurements.
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The Lambert cosine law of incidence is one of the laws of illumination which states that
the irradiance received by a surface varies proportionally to the cosine of the incident angle (the

angle 6 between the direction of the incident light and the surface normal) [19]. It is given as:

E= IC;SQ Equation 37

where E is the irradiance received by surface, | is the light intensity from the source, @ is the
incident angle and d is the distance from the source.

If a detector receives irradiance from a distant source the amount of this flux will
decrease with the cosine of incident angle and is called the cosine response. For a radiometer to
accurately measure irradiance, it is necessary that it preserve this ideal cosine response. UV
radiometers are therefore developed to replicate this ideal cosine response. However some of
these radiometers may have angular responses that deviate from the ideal cosine response
[20-22]. When the sensor is located directly in line with the light source a more accurate reading
is obtained but once the angle of incidence is increased the error between the ideal cosine
response and the detector reading increases and the sensor underestimates the irradiance that is
received at that point [23,24].

Consequently, it could be assumed that Ansys gives a more accurate representation of
what is received in this region between the lamps than the detector. Therefore, the average
irradiance received on the surface obtained by the simulation was 60 W.m which is 33 % more
than what was calculated experimentally (45 W.m 2).

With the simulation it was also possible to calculate the average irradiance within the

media volume and this value is given as 21.5 W.m™.

Pleated configuration

For the pleated configuration, when the lamp emissive power was maintained at the same
level as for the plane configuration, the average irradiance received on the surface was calculated
as 100 W.m2. This clearly brought into light the fact that at similar lamp emissive power, light

intensity was better utilized in the pleated configuration than for the plane. This is because, in the
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plane configuration, the distance between the lamp and the media at any distance is 3 cm but the

distance between the pleats and the lamp differed with the closest point being at 1.4 cm.

However, since the experimental goal was to highlight the possible influence of the
contact time, the emissive power in the simulation was changed until the average irradiance
received on the pleated media surface was similar to that received on the plane media surface
(60 W.m?),

Once this was done, the irradiance distribution was then studied. Figure 78 shows the
irradiance distribution within the reactor. The results presented show that similarly to the plane
configuration the irradiance was highest around the lamps and decreased as the distance from the

lamps increased due to the effect of geometric attenuation.
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Figure 78 : Irradiance contours showing irradiance distribution through reactor for

pleated media configuration

The distribution received on the surface of the media was also studied. First of all, Figure
79 shows that the irradiance was not homogeneously distributed on the surface and secondly that
the highest irradiance was found in the areas directly behind the lamps and decreased as the
distance from the lamps increased. It was also observed that the region around pleat joints was
the lowest illuminated region. A trend that was replicated through the media as shown in Figure
80 and Figure 81.
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Figure 79 : Irradiance contour showing behavior on the surface of the photocatalytic
media for the pleated configuration

Figure 80 : Irradiance contour showing behavior 8 mm distance in media for the pleated
configuration
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Figure 81 : Irradiance contour showing behavior at the outlet of the media for the pleated
configuration

As stated in chapter Il, the desired average irradiance on the surface of the media is
obtained by controlling the power of the lamp using a variable voltage supply. Thus in order to
obtain an average intensity on the pleated media surface that was similar to that of the plane
media for the experiments, the variable voltage was adjusted until the highest experimental value
corresponded to the highest simulated value. For the simulation, the measurements were taken
from across the length of the media at a distance of 10 cm on the height for only one pleat. The
highest value was taken as the reference value because this was the value directly in line with the
lamp and the plane media results showed that the measurements were most accurate when the

sensor was directly in line with the light.

The decision was also taken to verify the simulation results only on one pleat due to the
difficulty to experimentally measure the irradiance on the entire surface of the pleated media as
was done for the plane. The result of the comparison between the simulated and experimental
values is shown in Figure 82. Here it was observed that the experimental and simulated values
are quite similar. This could be probably explained by the fact that the angle created by the pleats
led to a decrease in incident angles which subsequently led to a decrease in the measurements

error.
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Figure 82 : Comparison between simulated and experimental irradiance values along the
length of the one pleat at a distance of 10 cm along the media height

I1V.2.5.2.1 Light distribution within the photocatalytic media

Monolith reactors are known to offer low-pressure drop and high catalyst surface area
however the light intensity is known to quickly decline through the monoliths [25,26]. Figure 82
shows the irradiance profile through the photocatalytic media for both configurations. The
irradiance is highest at the media inlet but decreases sharply to 23 % at 50 % distance within the
media for both configurations. At 85 % media distance it drops below 1 % for the plane media
and 3 % for the pleated configuration. Beyond this distance the media is not sufficiently

illuminated and is subjected to operate under dark conditions.

Wang et al.[10] found similar results when they simulated the irradiance profile through a
cordierite ceramic monolithic media with a thickness of 25.4 mm. In plotting a graph of the
dimensionless UV flux to distance they found that at a distance of 3.2 mm the UV light intensity

decreased to 30 % of the incoming flux and to 1 % at a distance of 9.5 mm.
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These results suggest that a shorter media width would be preferable to reduce the dark
zones or the provision of lamps on both sides of the photocatalytic media to allow a better

utilization of the media.
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Figure 83: Irradiance profile within photocatalytic media for plane and pleated

configurations

Conclusion on radiation field modeling

The light distribution in the reactor was studied for plane and pleated configurations. For
both configurations, the irradiance was highest around the lamps and decreased rapidly when the
distance to the lamps was increased due to geometric attenuation. The study of the media surface
showed that the radiation was highest in the regions directly behind the lamps and decreased as
the distance to the lamps was increased. The average irradiance received on the surface and
within the media was calculated at around 60 and 22 W.m respectively for both media

geometries as shown in Table 26.
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Average irradiance on Average irradiance
Media Geometry media surface within media volume
(W.m?) (W.m?)
Plane 60.3 21.5
Pleated 60.3 22.3

Table 26 : Simulation results for radiation modeling of photocatalytic module

It was also observed that even though the average light intensity received at the inlet of
the media and within the media was similar for both media, the distribution of irradiance was
different and that the light intensity was more heterogeneous (bigger range in values) in the

pleated than in the plane. Table 27 shows the range in values depending on location in media.

Variable Geometry Mediainlet 8 mm in media Media outlet

_ Plane 13.22-94.41  4.38-33.47 0.06 -1.03
Irradiance (W.m?)

Pleated 5.80-112.90 0.33 -24.50 0.05-6.74

Table 27 : Range of irradiance on different sections within the media

Simulation results also showed that for both media geometry there were regions where
the irradiation was quiet low. It could be assumed that the degradation in these regions would be
less effective. For the plane media geometry, the lowest irradiated regions were the corners of
the media irrespective of the location (inlet, 8 mm within media and outlet) in the media. In the
case of the pleated media, the lowest illuminated region was the region around pleat joints.
Depending on the location in the media the irradiance changed. Therefore using a criterion range
of 0.06 W.m™ to 13 W.m, it represented 1.5 % of the total surface of the plane media and 18 %

of the total pleated media surface.

A study of the irradiance profile within the media also showed that the irradiance
decreased rapidly to about 23 % halfway into the media and that beyond 85 % distance the media
was subjected to operate under near dark conditions.
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IVV.3 Confirmation of experimental results

In chapter Ill, the single-pass removal efficiencies (o) for acrylonitrile and isoflurane
were calculated as 0.012 and 0.00082 respectively for the plane media and 0.027 and 0.00185 for
the pleated media. In order to eliminate the possible influence of the increase in the amount of
TiO2 when the media is changed from plane to pleated, the single-pass removal efficiencies were
corrected by dividing by the surface areas. In so doing, the surface corrected single-pass removal
efficiencies (a/m?) were found to be 27 % higher for the pleated geometry than for the plane

geometry. Quantitative results are presented in Table 28.

Acrylonitrile Isoflurane
Geometry | S (m?) a a/S (m?) a a/S (m?)
Plane 0.040 0.01203 +0.00011 0.300 +0.003 0.00082 £+ 0.00008 0.020 + 0.002

Pleated 0.072 0.02742 +0.00074 0.38 +0.01 0.00185 + 0.00006 0.026 + 0.003

Table 28 : Single-pass removal efficiencies (o) of acrylonitrile and isoflurane calculated for

the plane and pleated configurations and the surface areas (S) for each configuration

The simulations however showed a 76 % increase in contact time by using the pleated
media geometry. Thus under ideal conditions it is expected that the surface corrected single-pass
removal efficiencies (0/m?) obtained from the experiments would be similar to this number but
the experiments showed a much lower improvement of 27 %. Two hypotheses could be

proposed to explain this performance:

(i) It was observed that the lowest region of illumination where the media would be
operating under near dark conditions and would not be very effective represented 18% of
the total media surface compared to the 1.5 % in the plane media. This subsequently
meant that effective surface of the pleated media was further decreased. If the surface
corrected single-pass removal efficiencies (a/m?) is calculated considering the new
“efficient surface” for both plane and pleated media, it was observed that they were 48 %
higher for the pleated geometry than for the plane geometry. Quantitative results are

presented in Table 29.
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Acrylonitrile Isoflurane

Geometry | S’ (m?) a a/S’ (M) a a/S’ (M)
Plane 0.039  0.01203 £0.00011 0.308 £ 0.003 0.00082 +0.00008 0.021 £0.002
Pleated 0.059 0.02742 £ 0.00074 0.46 £0.01 0.00185 + 0.00006 0.031 +0.003

Table 29 : Surface corrected single-pass removal efficiencies (a/m?) of acrylonitrile and
isoflurane calculated for the plane and pleated configurations and the corrected surface
areas (S’) for each configuration

(i) 1t was also shown in the simulation that the flow and irradiance distribution within the
pleated geometry was more heterogeneous (bigger range in values) than the plane
geometry (Table 30). This means that even though the global average velocity was
decreased and the contact time was higher within the pleated media, the higher level of
heterogeneity could explain why the a values were lower than expected for the pleated

configuration.

Variable Geometry Mediainlet 8 mmin media Media outlet
Plane 0.9-1.39 1.12-1.15 0.98-1.0
Pleated 0.07 - 2.03 0.17-0.72 0.0098 - 0.7

Velocity (m.s™?)

] Plane 13.22 -94.41  4.38 -33.47 0.06 -1.03
Irradiance (W.m?)

Pleated 5.80-112.90 0.33 -24.50 0.05-6.74

Table 30 : Range of velocities and irradiance on different sections within the media

Conclusively, the use of pleated media geometry improves the degradation efficiency by
decreasing the velocity of pollutants within the media and consequently increasing the contact
time between the pollutants and the media. However, the more heterogeneous distribution of the
velocity in the pleated media counteracts the influence of the contact time. Additionally, even
though the average light intensity on the media is the same for both media, the more
heterogeneous distribution in the pleated geometry also partially hinders the effect of increase in

contact time.
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The CFD model that was presented in the previous sections was useful for predicting the
contact time and average irradiance and distribution of irradiance in the media, parameters that
are important to the efficiency of a single-pass system. The results showed that simulations could
be useful in designing configurations that could improve the efficiency of commercial systems.

IV.4 Application of CFD modeling to a commercial system to help improve
degradation efficiency

The knowledge that was obtained from simulating the experimental setup was employed
to design a preliminary pleated geometry system to improve the efficiency of a commercial

photocatalytic system.

In this work, the commercial photocatalytic system that is studied is the Room DOPair. It
is a mobile unit which aims to purify and decontaminate air in hospital risk areas. It is produced
by ATA medical, a French company that has expertise in providing air treatment solutions to
various sectors including the medical sector. The unit utilizes filtration and photocatalytic
oxidation as cleaning techniques. The air is pre filtered first using a G4 filter to remove any
coarse dust particles (> 10 um), then it passes through a M7 filter to remove fine dust particles
(> 1 um). The filtered air then passes through a photocatalytic unit where organic compounds are
degraded and microorganisms are destroyed. Finally, it passes through a HEPA (H14) filter with
an efficiency of 99.995 % most penetrating particle size (MPPS) to remove any remaining

particles [27].

For the simulation, the geometry that was chosen was the photocatalytic module
represented by the green section as shown in Figure 84. The current configuration of the module
consists of two plane photocatalytic media each with a surface of 0.235 m? and irradiated by two
Philips TUV PL-L 95W UVC lamps. In the photocatalytic module, the air first passes through a
plane photocatalytic media, encounters the lamps upon exit from the first media then passes
through a second media before finally exiting the photocatalytic module. For the proposed
configuration, the plane media are replaced by two pleated media each made up of four pleats

creating two triangles at 120°.
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Figure 84 : Representation of Room DOPair showing the air flow and the various air
cleaning stages [27]

The surface for each media was calculated as 0.275 m2 The geometries of both
configurations as designed with Ansys design modeler are shown in Figure 85.
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Figure 85 : (a) Current plane media geometry (b) Proposed pleated media geometry

The study of the behavior of the flow through the module for both configurations showed
that the flow was homogenous at the inlet and in the first media but lost its homogeneity when it
encountered the lamps consequently leading to a replication of the heterogeneity on the surface
of the second media. The results for plane configuration are shown in Figure 86 and 87 whilst

those for the pleated configuration are shown in Figure 88 and 89.

Figure 86 : Flow distribution through the module for the plane configuration of Room
DOPair
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Figure 87 : Flow distribution on the downstream media surface for the plane configuration
of Room DOPair

Figure 88 : Flow distribution through the module for the pleated configuration of Room
DOPair
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Figure 89: Flow distribution on the downstream media surface for the pleated
configuration of Room DOPair

The quantitative results presented in Table 31 showed that the pleated configurations had
a lower average velocity in the media which translated to a higher contact time. The use of the

pleated configuration led to a 19 % increase in the contact time.

Geometr Inlet Velocity Average on media Average in media  Contact time
y (m.s?) surface (m.s?) (m.s?) (ms)
Plane 0.90 1.03 1.03 17.8
Pleated 0.90 0.98 0.87 21.1

Table 31 : Velocities and contact time obtained from the fluid dynamic simulation of plane
and pleated geometries for the Room DOPair device

The irradiance distribution within the reactor and also on the surface of the media was
simulated and results are presented in Figure 90 and Figure 91 for the plane and the pleated
configurations respectively. For both configurations, the distribution through the module showed
that the irradiance was highest around the lamps and decreased as the distance from the lamps

increased due to the effect of geometric attenuation.
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Figure 90 : Irradiance profile through the module for the plane configuration of Room
DOPair
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Figure 91: Irradiance profile through the module for the pleated configuration of Room
DOPair

The study of the irradiance profile on the surface of both media for both configurations

showed that the highest illumination was found on the regions directly behind the lamps. And
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that the irradiation received on the media surface decreased when the distance from the lamp was
increased. The results are shown in Figure 92 for the plane configuration and Figure 93 for the

pleated configuration

Figure 92 : Irradiance profile on media surface for the plane configuration of Room
DOPair

Figure 93 : Irradiance profile on media surface for the pleated configuration of Room
DOPair
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The average irradiance that was received on both media surface was higher for the
pleated media than for the plane media. There was also a 12 % increase in the average irradiance
received in the pleated media compared to the plane media. These results are summarized in
Table 32.

Average on Average in
Geometry media surface  media volume
(W.m?) (W.m?)
Plane 74 44
Pleated 83 51

Table 32 : Irradiance obtained from the radiation field simulation of plane and pleated
geometries for Room DOPair

Conclusively for Room DOPair, the simulations enabled us to confirm that the pleated
geometry would allow an improvement in the degradation efficiency because (i) higher amount
of catalyst (ii) lower average velocities within media translated to higher contact time in the

media (iii) better utilization of light due to the higher average irradiance.

IV.5 Conclusions on the use of CFD as a tool to understand the performance of the
photocatalytic reactor

The modeling of fluid dynamics and radiation in the photocatalytic module of the multi-
pass laboratory closed loop reactor was conducted in this chapter. The simulations were done for
both plane and pleated media geometry to be able to bring into evidence the influence of the
change in geometry on the flow and radiation distribution within the reactor as a whole and

specifically within the media.

CFD simulations of the fluid dynamics in the experimental set-up indicated that within the
media the flow was more heterogeneous in the pleated geometry than in the plane. Also due to
the canal effect created by the pleats the average velocity received on the surface of the media
was higher by 32 % for the pleated media than for the plane. However due to the increase in the
surface area of the pleated configuration, the average velocity in the media was 43 % lower

which led to a 76 % increase in the contact time.
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For the radiation simulation, it brought into light the possible deviation of the radiometer
from the ideal cosine response which led to the probable underestimation of the irradiance
received on the media at the region in between the two lamps. Due to the fact that the
experimental aim was to highlight the possible influence of the contact time, the CFD model
enabled an approximate fixing of the variable voltage supply in the experimental set-up to have
similar average irradiance on the pleated media surface and within the media as for the plane
media geometry. The simulations also showed a rapid decrease of irradiance within the media, a
problem that is common to monolith systems. For both configurations, the irradiance decreased
to about 23 % halfway into the media and the media would be operating under near dark
conditions beyond 85 % distance the media. Consequently a shorter width of the media would be
preferable for photocatalytic degradation. CFD could be useful to help predict the thickness that
would reduce the dark zones for better utilization of media.

A comparison of the percentage improvement in contact time obtained from the simulation
when the pleated geometry is used to the experimental improvement of the surface corrected
single-pass removal efficiency (o/m?) was done. It was found that the efficiency for the pleated
geometry is not increased as much as expected when considering the increase in the contact time.
Based on the study of the irradiance and flow profiles in the media, two hypotheses were
proposed to explain this; firstly, the effective surface of the pleated media was reduced due to the
presence of a significant dark zone (18 %) around the pleat joints and secondly higher level of
heterogeneity of the velocity and irradiance distribution could lead to a reduction in the expected

global efficiency of the pleated configuration.

The CFD approach that was developed and used for the experimental set-up was applied to
a commercial unit to help investigate the improvement in the system by proposing a pleated
configuration. Although experimental confirmation could not be done, the simulations showed
that by only changing the configuration of the pleats the degradation efficiency of the system
could be improved because there was an increase in the contact time and the average irradiance

received in the media.

CFD simulations helped to highlight important behavior with respect to flow and the

irradiance in a photocatalytic unit and could be useful to help investigate configurations that
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could improve the contact time and irradiance but also better homogeneity of these variables in

the media.
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Hospitals are contaminated with several chemical pollutants due to the variety of activities
that are performed there. Continuous exposure of hospital occupants to these pollutants leads
to undesirable effects on their health. Major concern when it comes to IAQ has been with
respect to reducing the microbial contamination. Consequently, indoor air treatment devices
that use techniques such as photocatalytic oxidation are mostly implemented to reduce
microbial load. However since chemical pollutants are also present in the indoor air in
hospitals it is necessary to evaluate the fate of these compounds when they pass through a
PCO treatment unit. The aim of this PhD was therefore to evaluate the efficiency of PCO
devices in removing some specific chemical pollutants found in hospitals and subsequently to

investigate whether PCO is a safe technology for the occupants of the hospital.

In the first chapter, a literature review was done to provide a state of the art on the
chemical pollutants that were present in the hospital and that could be interesting for study.
The choice of the target compounds was limited to the OR. In the OR, the air is polluted with
anesthetic gases, surgical smoke and sterilants. Based on this, two target pollutants isoflurane
and acrylonitrile were chosen. These two compounds were generally selected because they
belong to two of the main pollutants types that are found in ORs; anesthetic gases (isoflurane)
and surgical smoke (acrylonitrile). They also belonged to two different chemical families
which would also allow the evaluation of the behavior of two different compounds to
degradation by PCO. Additionally, they are complex compounds and thus could potentially be
important sources of intermediates. Then PCO was discussed with a specific focus on the
influence of parameters on the efficiency of PCO and performance indicators of which some
were retained for this study. The experimental objectives of this PhD work were then defined
as:

1. Perform a parametric evaluation on the degradation of isoflurane and acrylonitrile by
studying the influence of air velocity, light intensity, the change in media geometry,
initial pollutant concentration, presence of chemical co-pollutants, presence of

particles (bioaerosols) and relative humidity on their degradation efficiencies.
2. Evaluate the safety of the use of PCO for the degradation of isoflurane and

acrylonitrile through the identification of possible intermediates formed during their

degradation.
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After having defined the experimental objectives, the materials and methods that would be
utilized were then described in the second chapter. The experiments were carried out in a
420-L closed-loop reactor operating in multi-pass mode. The reactor is equipped with a
variable speed fan that controlled the flow of air and allowed a flow rate from 28 to
300 Nmi.ht. A tranquilization chamber where a honeycomb is installed enables a
homogeneous flow distribution and allows for the injection and sampling of isoflurane. The
photocatalytic media and the lamps were housed in the photocatalytic module. The media was
irradiated with two 18-W UVC fluorescent tubes (Phillips PL-L series). During the
degradation, samples were collected onto CarboPack B and DNPH cartridges and were
analyzed using TD/GC/MS/FID and HPLC respectively. The photocatalytic media that was
used was a commercial one produced by Saint-Gobain Quartz (QUARTZEL®). It consisted of
SiO> fibers coated with TiO2 deposited through a sol-gel method and pressed into a felt. A
characterization of the media was done and quantitative information on properties like
porosity and UV transmittance were determined to serve as inputs during the numerical
simulation. In order to extract the performance indicators that would allow the evaluation of
the influence of the parameters on the degradation of PCO, a model developed by Dumont

and Héquet would be used and thus was also described.

In the third chapter, a study of the degradation profiles of acrylonitrile and isoflurane
showed that acrylonitrile was degraded faster than isoflurane: the latter is a halogenated
molecule and it is more difficult to degrade. It was also observed that acrylonitrile followed
an apparent first order degradation whilst isoflurane showed a two phase degradation. A first
phase where the degradation is slow and not very efficient attributed to possible isoflurane
reactions with OH® and a second phase where the degradation accelerated due to a possible
chain reaction mechanism involving ClI°. This second phase of degradation is represented by a
first-order decay. The model developed by Dumont and Héquet was applied to the
experimental degradation points of both pollutants and allowed the calculation of one
indicator (single-pass removal efficiency) for acrylonitrile and two indicators (induction
period and single-pass removal efficiency) for isoflurane. Then, the influence of the air
velocity, light intensity, the change in media geometry, initial pollutant concentration,
presence of chemical co-pollutants, presence of particles (bioaerosols) and relative humidity
had on the performance of photocatalytic oxidation in removing acrylonitrile and isoflurane
was presented. The results showed that parameters had a similar influence on both compounds

when they were varied. Decreasing the air velocity resulted in longer one-pass contact time
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which then led to shorter induction periods and higher removal efficiencies. Increasing the
light intensity led to a decrease in induction period and increase in the single-pass removal
efficiencies at higher average light intensities. The relationship between light intensity and
removal efficiency was seen to follow a half-order regime for both compounds. This meant
that for the range of studied light intensities, the electron-hole recombination was dominant.
In this regime, further increment in the light intensity would not significantly improve the
removal efficiencies but would only impose unnecessary energy costs. Higher initial
concentrations of acrylonitrile and isoflurane led to a decrease in their degradation
efficiencies attributed to competition for limited active sites. Due to competitive adsorption
for active sites an increase in relative humidity inhibited the degradation of both target
compounds. The presence of other gaseous pollutants also inhibited the degradation of the
target compounds again due to competition for adsorption unto active sites. It was also shown
that the presence of particles on the photocatalytic media surface could block active sites and
may also cause a screening effect which in turn decreased the degradation efficiencies of the
target compounds. The results of the parametric evaluation showed that in order to improve
the PCO performance in removing acrylonitrile and isoflurane it would be recommended to
work at low velocities as this would improve the contact time between the pollutants and
active species. Higher light intensities would generally give better performance but according
to the range studied light intensity beyond 5 mW.cm2 would only cause much more energy
waste instead of much more degradation of VOCs. PCO performance would also be improved
at low relative humidity however since the recommended RH levels in the OR is between 30
and 60 %, it would be recommended not operate beyond 60 %. The introduction of filters
upstream the photocatalytic media would also be necessary to reduce the particle load
received on the media. The PCO performance would also be better at low pollutant
concentrations. However, due to the fact that the concentrations of pollutants (target and co-
pollutants) vary over time, the use of multiple photocatalytic banks would help to maximize
removal efficiencies of pollutants. This would also be beneficial in reducing concentrations of
intermediates and keeping them at levels that would not pose health risks. The intermediate
compounds that were identified during the degradation of isoflurane include
pentafluoropropanal, chlorodifluoroacetaldehyde, formaldehyde, acetaldehyde, formic acid
and acetic acid. Their concentrations were not found to be high enough to present a significant
risk. In the case of acrylonitrile, no organic intermediates were identified however a study of
the mineralization rate versus conversion rate showed that acrylonitrile was first transformed

to intermediates which were then mineralized to CO». It was therefore concluded that the
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sampling and analytical methods were probably not suitable enough for them to be effectively
trapped and detected. Finally, the influence of the change in media geometry was also studied.
Experiments at reference conditions for both acrylonitrile and isoflurane were carried out with
a plane media configuration and pleated media configuration. The experimental objective here
was to highlight the possible influence of the contact time thus the average light intensity
received on the media was kept constant for both media configurations. The results showed
that the degradation efficiencies for both compounds were 2.3 times higher for the pleated
configuration than for the plane configuration. This increase was attributed to an increase in
the amount of catalyst; longer contact time between pollutant and media and better irradiance
distribution. To eliminate the influence of the increase in the amount of catalyst, the surface
corrected single-pass removal efficiencies were corrected by dividing the values by the
respective surface areas of the plane and pleated configurations. The results showed that the
pleated media configuration improved the degradation by 27 % compared to the plane which
was attributed to higher contact time and better irradiance distribution. In the literature, at
least two authors were in agreement with the fact that the contact time was increased in the
pleated media but one was of the view that it was due to a decrease in the velocity whilst the
other was of the view that the path length was increased. Both of these are difficult to evaluate
experimentally. Additionally, even though the light intensity received was the same for both
media, the distribution of irradiance on and within the media could also influence the
efficiency. In order to better understand the role of the media geometry in improving the
removal efficiencies numerical simulations would be required to study the behavior of air

flow and light irradiance in the photocatalytic reactor for both configurations.

In chapter four, numerical simulations of fluid dynamics and radiation field were
performed on both plane and pleated media geometries using ANSYS 14.5. The results
showed that the path length travelled by the air within the media was equal to the media
thickness which was the same for both plane and pleated media configurations. However, the
velocity was 43 % lower in the pleated media than in the plane media. Consequently the
contact time would be longer in the pleated than in the plane media. By calculating the contact
time as the path length (thickness of the media) divided by the local velocity within the media,
it was found that the contact time was increased by 76 % for the pleated media. It was also
observed that the irradiance distribution was more heterogeneous on the pleated media than
on the plane media. A comparison of the percentage improvement in contact time obtained

from the simulation when the pleated geometry is used to the experimental improvement of
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the surface corrected single-pass removal efficiency (a/m?) showed that the experimental
value was lower than the expected value given by the simulation. Based on the study of the
irradiance and flow profiles in the media, two hypotheses could be proposed to explain this;
firstly, the effective surface of the pleated media was reduced due to the presence of a
significant dark zone (18 %) around the pleat joints and secondly higher level of
heterogeneity of the velocity and irradiance distribution could hinder the effect of the contact
time and lead to a reduction in the expected global efficiency of the pleated configuration.

In conclusion, PCO could be used as a treatment technique to improve air quality in the
OR as the results show that it can degrade OR pollutants like isoflurane and acrylonitrile. This
work could contribute to extending the existing knowledge of the influence of parameters on
PCO unto two compounds that have never been studied (isoflurane) or rarely studied
(acrylonitrile) in the literature. It has been evidenced that adjusting the operating parameters is
useful to improve the PCO performance. However as also shown, a single-pass is not enough
to remove a substantial amount of these pollutants from the incoming air. It would be
recommended that for a treatment device, several photocatalytic banks are used in order to
maximize the removal of the target pollutants as well as their intermediates. Media geometry
like the pleated one will also further improve the removal efficiency of pollutants as they can
provide more catalyst amount and higher contact time. Additionally, CFD is a useful tool to
highlight the behavior of flow and irradiance in a photocatalytic media.

Based on the results of this PhD several perspectives can be envisaged. These

perspectives can be classified under several categories.

Firstly to continue to improve the efficiency and safety of the use of a photocatalytic
system in an OR:

a. It would be necessary to investigate the PCO performance for a system that has a
series of photocatalytic media and lamps. In so doing, it will help to provide
answers firstly on how much the removal efficiencies of pollutants are improved
and secondly what influence it would have on the intermediates found at the outlet

of the treatment device.

b. Studies should be done on the effect of the combination of several air treatment

techniques like filtration and adsorption with PCO on the removal efficiency of
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pollutants. As indoor air contains particles which have been shown to decrease the
efficiency of PCO the use of pre-treatment techniques like filtration could improve
efficiency. Introducing adsorption downstream of the photocatalytic step could be
useful in capturing the intermediates that are produced during the photocatalytic

degradation.

c. The safety of PCO process is important in completely characterizing the efficiency
of PCO and the safety can be evaluated by identifying and quantifying the
intermediates that are formed during degradation. Further work should be done on
the identification and quantification of intermediate compounds using more

sensitive sampling and analytical processes.

Secondly, by developing a more rigorous model that couples fluid dynamics with
radiation field modeling and Kinetic reaction modeling, CFD could be used to design,
optimize and predict the degradation efficiency of the photocatalytic system. The use of CFD
modeling would also provide some economic benefits as the reactor can be easily modified to
optimize the hydrodynamics and irradiance of the system without requiring different reactor

setups and experiments to determine the most efficient geometry.

Thirdly, once the system has been designed to include other air treatment techniques
like filtration and adsorption, it would be necessary to evaluate its performance in a real case
in order to validate the design and efficiency.
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Abstract : Photocatalytic oxidation (PCO) is an
advanced air cleaning technology that is used as
a means to improve air quality in indoor
environments and could potentially be used in
the operating rooms (OR). In hospitals,
operating rooms (ORs) are very demanding in
terms of the indoor air quality (IAQ) and require
systems that minimize the concentrations of
pollutants. In this work, the fate of two OR
pollutants acrylonitrile  (chemical found in
surgical smoke) and isoflurane (anesthetic gas)
when they go through a PCO device was
investigated. Firstly, a parametric evaluation on
the degradation of isoflurane and acrylonitrile by
studying the influence of air velocity, light
intensity, the change in media geometry,

initial  pollutant concentration, presence of
chemical co-pollutants, presence of particles
(bioaerosols) and relative humidity on their
degradation efficiencies is performed. Secondly
the safety of the use of PCO for the degradation
of isoflurane and acrylonitrile through the
identification of possible intermediates formed
during their degradation is evaluated. The
experiments were conducted in a closed loop
reactor which has been designed to study low
concentration air pollutants and has also been
recently modeled. Finally, to better understand
how the change in media geometry influenced
the degradation efficiency, simulations with
ANSYS 14.5 were performed and discussed.
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Résumé: La photocatalyse est une
technologie d’oxydation avancée qui peut étre
utilisée pour améliorer la qualité de l'air dans
les environnements intérieurs et pourrait étre
mise en ceuvre dans les milieux médicaux.
Dans les hoépitaux, les salles d'opération sont
trés exigeantes en matiére de qualité de l'air
intérieur et nécessitent des systemes qui
minimisent les concentrations des polluants
générés par les différentes activités. Dans ce
travail, le devenir de deux polluants spécifiques
des blocs opératoires, l'acrylonitrile (produit
chimique trouvé dans la fumée chirurgicale) et
l'isoflurane  (gaz anesthésique) lorsqu'ils
passent dans un dispositif de traitement d’air
photocatalytique est étudié. Tout d'abord, une
évaluation paramétrique de la dégradation de
l'isoflurane et de [lacrylonitrile en étudiant
l'influence de la vitesse de I'air, de l'intensité

lumineuse, de la géométrie du média
photocatalytique, de la concentration initiale en
polluants, de la présence de co-polluants
chimiques, de la présence de particules et
humidité relative sur leur efficacité de
dégradation est réalisée. En second lieu,
l'innocuité de I'utilisation de ce procédé pour la
dégradation de lisoflurane et de I'acrylonitrile
par l'identification des éventuels intermédiaires
formés au cours de leur dégradation est
étudiée. Les expériences sont menées dans un
réacteur dynamique en boucle fermée congu
pour étudier les polluants a faibles
concentrations.Enfin, pour mieux comprendre
comment le changement de géométrie du
média photocatalytique influence I'efficacité de
la dégradation, des simulations avec ANSYS
14.5 sont effectuées et discutées au regard
des résultats expérimentaux.
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