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Résumé

Contexte :

Les modeles physico-chimiques sont de plus en plus utilisés en hygiéne du travail pour
estimer 1’exposition aux contaminants chimiques de I’air. Ils prédisent 1’exposition a 1’aide
d’équations mathématiques qui relient les caractéristiques de 1'émission des contaminants et leur
dispersion dans l'air aux concentrations qui en résultent. La mise en ceuvre de ces modéles est
rapide, moins coliteuse que 1’échantillonnage de Dair, et particuliecrement indiquée pour les
évaluations d'expositions passées et/ou futures. Les estimations de ces modeles, quoique
généralement satisfaisantes, peuvent étre, dans certains cas, biaisées du fait des incertitudes
associées a I’estimation des paramétres d'entrée, notamment, le taux d'émission des contaminants,

qui peut étre particuliérement difficile a estimer.
Objectifs :

L’objectif principal de cette theése était de proposer des améliorations aux modeles physico-
chimiques utilisés en hygiéne du travail afin de permettre des estimations plus fiables des
concentrations de solvants dans 1’air des milieux de travail. Trois objectifs spécifiques étaient
définis pour I’étude : (1) effectuer une revue critique de la littérature existante sur le modele a deux
compartiments ; (2) améliorer I’estimation du taux d’émission des contaminants en situations de
petits déversements de solvants organiques purs ou de mélanges idéaux de solvants ; (3) améliorer
I’estimation du taux d’émission des contaminants en situations de petits déversements de mélanges

non-idéaux de solvants organiques.



Méthodes :

Pour le premier objectif, une revue documentaire des publications scientifiques ayant utilisé
le modéle a deux compartiments pour évaluer 1'exposition aux vapeurs de solvants a été effectuée.
Les données d’exposition (scénarios, solvants, conditions d’études), de modélisation (parametres
d’entrée, résultats) et d’évaluation des performances prédictives du modele ont été compilées et

analysées afin d’identifier les forces et les facteurs potentiels d’amélioration du modele.

Pour le deuxiéme objectif, trois équations d’estimation des constantes de taux d'évaporation
de contaminants alphas (&) ont été développées, en se basant sur des modeles de régression
statistiques mettant en relation des alphas expérimentaux mesurés pour cinq solvants purs lors de
183 tests d’évaporation simulant des petits déversements de solvants, et divers déterminants de
alpha étudiés. La capacité prédictive des trois équations a été évaluée en comparant les alphas

estimés avec des données expérimentales internes et externes a 1’étude.

Pour le troisiéme objectif, deux équations dérivées de la Loi de Raoult ont été proposées
pour estimer les constantes de taux d'évaporation alphas lors de petits déversements de 12 mélanges
aqueux binaires non-idéaux de solvants, en corrigeant ou non, pour la non-idéalit¢ des mélanges.
Les concentrations atmosphériques de contaminants, corrigées ou non, ont été prédites a 1’aide d’un
modele de petit déversement proposé par le logiciel IHMOD. La qualité des estimations du modele
a été évaluée en comparant, graphiquement et numériquement, les concentrations prédites corrigées

ou non, avec des mesures de concentrations réelles.

Résultats :



Pour le premier objectif, la revue de littérature a démontré 1’efficacité du modéle a deux
compartiments pour I’évaluation des expositions chimiques sur la base de ses performances de
prédiction qui étaient globalement dans un facteur de 0,3 a 3,7 fois les concentrations réelles avec
93 % des valeurs comprises entre 0,5 et 2. Le mod¢le surestimait les concentrations réelles dans
63 % des évaluations, ce qui témoigne de son utilité a faire prendre, généralement, des décisions
conservatrices au profit des travailleurs. L’estimation adéquate des paramétres d’entrée,
notamment, du taux d’émission des contaminants, et I’inclusion d’autres facteurs influents tels que
la géométrie de la source d’émission, le type et la position du systéme de ventilation, la présence
et D’orientation du travailleur dans une piéce, ont été identifiés parmi les points majeurs

d’amélioration du modéle.

Pour le deuxiéme objectif, les alphas expérimentaux mesurés pour les cing solvants purs
variaient entre 0,002 et 0,448 min™! avec une moyenne de 0,076 min™'. Les principaux déterminants
de alpha identifiés étaient la pression de vapeur du solvant, le volume de solvant déversé, la surface
de déversement, le ratio de surface de déversement/volume de déversement, la vitesse d’air au-
dessus du déversement et la forme du récipient de déversement. Les trois équations développées
dans notre étude ont prédit les alphas expérimentaux externes avec un degré ¢levé d'exactitude et
de précision. Les pourcentages moyens d'erreur étaient de —32,9, -32,0 et —25,5 %, respectivement,
avec des écarts-types associés aux pourcentages moyens d'erreur de 17,7, 33,3 et 26,0 %,

respectivement, et des R? de 0,92, 0,65 et 0,87, respectivement.

Pour le troisiéme objectif, concernant 1’évaluation des mélanges de solvants, les alphas
estimés corrigés pour la non-idéalité des mélanges (médiane = 0,0318 min™') étaient supérieurs a
ceux non corrigés (médiane = 0,00632 min'). Les concentrations modélisées en utilisant les alphas

corrigés concordaient raisonnablement avec les concentrations mesurées, avec un ratio médian des



concentrations maximales prédites/mesurées de 0,92 (0,81 a 1,32) et une différence médiane entre
les temps d’atteinte des concentrations maximales prédites et mesurées de —5 min. Sans correction
pour la non-idéalité, le ratio médian des concentrations maximales prédites/mesurées était de 0,31
(0,08 a 0,75) et la différence médiane entre les temps d’atteinte des concentrations maximales
prédites et mesurées €tait de +33 min, ce qui démontre I’importance de considérer la non-idéalité

des mélanges lors du processus d’estimation des expositions aux mélanges non-idéaux de solvants.

Conclusion :

Cette these a permis de développer une base de données de scénarios d'exposition et de
valeurs des parametres d'entrée du modele a deux compartiments, de méme que, des équations
pratiques et performantes pour estimer des taux d’émission de contaminants en situations de petits
déversements de solvants purs ou de mélanges de solvants. En cela, nos résultats constituent un
renforcement quantitatif et qualitatif des outils de modélisation existants et une avancée dans
'amélioration des modeles physico-chimiques utilisés en hygiéne du travail pour estimer les

expositions chimiques.

Mots-clés : évaluation de I'exposition professionnelle; modélisation mathématique; modele a deux
compartiments; IHMOD; émission décroissante; taux d'évaporation; mélange aqueux; non-idéalite;

petits déversements; solvant.



Abstract

Context :

Physico-chemical models are increasingly used in occupational hygiene to estimate
airborne contaminant concentrations. They predict exposure concentrations through mathematical
equations that relate the characteristics of the contaminants’ mass emission and their dispersion in
the air to the resulting concentrations. These models are quick to use, low cost, and exclusively
indicated for past and/or future exposure assessments. Their estimates have been shown to be,
generally, in a good agreement with actual air contaminant concentrations. But, sometimes, these
models’ outcomes can be substantially biased due to the uncertainty associated with the estimation
of the input parameters, notably, the contaminant mass emission rate, which can be particularly

challenging to estimate.
Objectives :

The main objective of this thesis was to propose some improvements to the physico-
chemical models used in occupational hygiene in order to allow for more reliable estimates of
solvents’ concentrations in the air of the workplaces. Three specific objectives were defined for the
study : (1) to perform a critical review of the existing literature on the two-zone model; (2) to
improve the estimation of the contaminants’ mass emission rate in exposure scenarios involving
small spills of pure organic solvents or ideal solvent mixtures; (3) to improve the estimation of the
contaminants’ mass emission rate in exposure scenarios involving small spills of non-ideal organic

solvent mixtures.



Methods :

For the first objective, a literature review based on scientific publications that used the two-
zone model to assess exposures to solvent vapours was performed. Data on the exposures
(scenarios, solvents, study conditions), the modeling processes (input parameters, results) and on
the predictive performance of the model were compiled and analyzed to identify the strengths and

the potential areas for the improvement of the model.

For the second objective, three equations for estimating the contaminants evaporation rate
constants alphas (a) were developed, based on statistical regression models, relating experimental
alphas measured for five pure organic solvents during 183 evaporation tests simulating small spills
of solvents, and various determinants of alpha. The predictive ability of the three equations was
assessed by comparing the estimated alphas with both internal and external experimental measured

alphas.

For the third objective, two equations derived from Raoult's Law were proposed to estimate
the contaminants evaporation rate constants alphas during small spills of 12 non-ideal binary
aqueous mixtures, correcting or not for the non-ideality of the mixtures. Corrected and non-
corrected air contaminants concentrations were predicted using a small spill model proposed by
the IHMOD modeling tool. The quality of the model estimates was assessed by comparing,
graphically and numerically, the corrected and non-corrected predicted contaminants

concentrations to measured contaminants concentrations.

Results :

For the first objective, the literature review demonstrated the effectiveness of the two-zone

model for assessing chemical exposures based on its predictive performance which was globally



within a factor of 0.3 to 3.7 times the actual concentrations, with 93 % of the values being between
0.5 and 2. The model overestimated the actual concentrations in 63 % of the evaluations, which
underlines the usefulness of the model for, generally, leading to make conservative decisions that
would be beneficial to the workers. The adequate estimation of input parameters, notably, the
contaminant mass emission rate, and inclusion of other influential factors such as the geometry of
the emission source, the type and position of the ventilation system, the presence and orientation

of a worker in a room were the major avenues identified for the improvement of the model.

For the second objective, the measured experimental alpha values varied from 0.002 to
0.448 min™! with an average value of 0.076 min™'. The main determinants identified for alpha were
the vapor pressure of the solvent, the spill volume, the spill surface area, the spill surface area-to-
spill volume ratio, the air speed above the spill, and the shape of the spill container. The three
equations developed in our study predicted the external experimental alphas with a high degree of
accuracy and precision. The mean percentages of error were —32.9, —32.0 and -25.5 %,
respectively, with associated standard deviations of the percentages of error of 17.7, 33.3 and

26.0 %, respectively, and associated R? of 0.92, 0.65 and 0.87, respectively.

For the third objective, regarding the evaluations of the solvent mixtures, the estimated
alpha values which were corrected for the non-ideality of the mixtures (median = 0.0318 min™)
were higher than those which were not corrected (median = 0.00632 min'). Modeled
concentrations using the corrected alphas reasonably agreed with measured concentrations, with a
median predicted peak concentrations-to-measured peak concentrations ratio of 0.92 (0.81 to 1.32)
and a median difference between the predicted and the measured peak times of —5 min. Without
correction for non-ideality, the median predicted peak concentrations-to-measured peak

concentrations ratio was 0.31 (0.08 to 0.75) and the median difference between the predicted and



the measured peak times was +33 min, which demonstrates the importance of accounting for the

non-ideality effect during the process of estimating exposures related to non-ideal solvent mixtures.

Conclusion :

In this thesis, we developed a database of exposure scenarios and values for the input
parameters of the two-zone model, as well as, new practical and efficiently robust equations for
estimating contaminants’ mass emission rates in exposure scenarios involving small spills of pure
and mixed volatile liquids. Our results constitute a quantitative and qualitative reinforcement of
the existing modeling tools and a step further in the improvement of the physico-chemical models

used in occupational hygiene to estimate chemical exposure levels.

Keywords : occupational exposure assessment, mathematical modeling; two-zone model;
IHMOD; decreasing emission; evaporation rate; aqueous mixture; non-ideality; small spills;

solvent.
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Chapitre 1 — Introduction Générale

1.1 Mise en contexte

L’utilisation de solvants organiques est trés répandue en milieu industriel. Dans les pays
occidentaux industrialisés, environ 8 a 15 % des travailleurs sont exposées aux solvants organiques
sur les lieux de travail (Arnaudo et al., 2004; Coutrot et al., 2006; Dick, 2006; Schroeder, 2011;
Vézina et al., 2011), notamment, a travers la fabrication et/ou I’utilisation des produits tels que les
peintures, les adhésifs, les colles, les colorants, les encres d'imprimerie, les agents de dégraissage

et de nettoyage ou dans la production de produits agricoles, pharmaceutiques et cosmétiques.

Les risques pour la santé associés a 1'exposition aux solvants sont multiples et de gravité
variable en fonction de la nature du solvant, de la voie d’exposition, de la quantité ou de la dose
d’exposition, de la durée d’exposition, de I'adéquation de la ventilation et/ou de I'équipement de
protection individuelle utilisé. Les effets sur la santé dus a I'exposition aux solvants comprennent
les irritations oculaires et cutanéo-muqueuses, les atteintes hépatiques, rénales, cardio-vasculaires,
hématologiques, neurologiques, les effets sur la reproduction et le développement du feetus et les

cancers de divers organes (Gérin, 2002; INRS, 2017).

L’évaluation de I’exposition est une phase importante de 1’évaluation des risques. Elle
informe les professionnels de la santé au travail (par exemple 1’hygiéniste du travail) sur les
niveaux des expositions professionnelles, ce qui permet de s'assurer que les travailleurs ne sont pas
surexposés aux contaminants chimiques dangereux et d’implémenter les mesures correctives

appropriées le cas échéant.



Traditionnellement, I’évaluation de I’exposition professionnelle était fondée sur la mesure
des concentrations des substances toxiques présentes dans la zone respiratoire du travailleur ou

dans I’environnement de travail (Keil & Murphy, 2006; Nicas, 2003b; Spencer & Plisko, 2007).

Cependant, la mesure des concentrations atmosphériques de contaminants peut étre
colteuse en temps et en ressources, et parfois, impossible & mettre en ceuvre, notamment, dans le
cadre de I’évaluation des scénarios d'exposition passés ou futurs ou dans des situations d’exposition
impliquant des substances chimiques pour lesquelles il n’existe pas de méthodes de mesure valides

(Bertrand & Vincent, 2010; Drolet et al., 2010; Lennert et al., 1997; Persoons, 2011).

Pour pallier ces limites, des modeles mathématiques de type physico-chimique ont été
proposés (Keil et al., 2009; Nicas, 2003b). Ces mod¢les, basés sur le principe de la conservation
de la masse, utilisent des paramétres tels que le taux de génération ou d’émission de contaminant,
la pression de vapeur du contaminant, le volume de la piéce, le débit de ventilation de la picce, etc.
pour prédire le comportement des contaminants dans l'air de la piece de travail (Burton, 2004;

Elliott, 2008; Keil, 2000b; Nicas, 2003b).

Plusieurs modeles physico-chimiques sont disponibles en fonction des hypothéses sous-
jacentes a la nature de I'émission (émission constante ou variable dans le temps) et a la dispersion
des contaminants (mode¢le a un compartiment avec air uniformément mélangé (Well-Mixed Room
model), modele a deux compartiments avec air uniformément mélangé dans les deux
compartiments (Two-Zone model), modéles de diffusion turbulente (Diffusion models), ou
modeles plus complexes basés sur la mécanique des fluides numérique (Computational Fluid

Dynamics (CFD)) (Keil et al., 2009).
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Les modéles physico-chimiques offrent I’avantage d’étre rapides, flexibles, moins coliteux,
et sont capables d’estimer les niveaux d’exposition dans diverses conditions environnementales

(Arnold et al., 2017a, 2017b; Drolet et al., 2010).

Toutefois, les estimations issues de ces modeles peuvent, dans certains cas, étre biaisées et
ne pas refléter exactement les concentrations réelles des contaminants en raison, notamment, des
incertitudes associées a I’estimation des parameétres d’entrée des modeles (Keil, 2000b; Nicas &
Neuhaus, 2008; Nicas et al., 2006; Persoons et al., 2012; Spencer & Plisko, 2007; Waters et al.,

2015).

Une bonne caractérisation des parametres d’entrée des modéles, notamment, du taux de
génération ou d’émission des contaminants, est cruciale pour la qualité des estimations fournies
par les modeles physico-chimiques (Jayjock, Logan, et al., 2011a; Persoons et al., 2011, 2012).

Ceci fait I’objet du présent projet de recherche.

1.2 Organisation de la these

Cette these porte sur I’amélioration des modeles physico-chimiques utilisés en hygiene de
travail pour estimer les expositions professionnelles aux vapeurs de solvants, a travers
I’amélioration de I’estimation des taux de génération ou d’émission des contaminants. Elle est
organisée autour de la présentation de trois manuscrits d’articles scientifiques dont les résultats
soulignent les principales contributions au domaine de [’évaluation des expositions
professionnelles en hygiene du travail. Le chapitre 1 présente le contexte général qui justifie la
réalisation de ce travail et la description des €tapes qui sous-tendent I’organisation de la these. Le
chapitre 2 fait le point de 1’état actuel des connaissances sur le sujet a travers une revue de la

littérature portant sur 1’utilisation des solvants organiques en milieu professionnel, les

38



caractéristiques des expositions associées et 1’utilisation de la modélisation mathématique de type
physico-chimique en tant qu’approche d’intérét pour évaluer les expositions professionnelles aux
solvants. Le chapitre 3 énonce les objectifs généraux et spécifiques de la thése et le chapitre 4 décrit
les méthodes utilisées tout au long de cette thése pour répondre aux objectifs de recherche. Le
chapitre 5 est consacré au premier article de cette thése, publié¢ dans le journal de 1’American
Industrial Hygiene association (AIHA) intitulé Journal of Occupational and Environmental
Hygiene (JOEH). L’article présente une revue critique de la littérature scientifique disponible sur
le modéle a deux compartiments, un des modeles physico-chimiques les plus utilisés en hygiéne
du travail pour estimer les expositions professionnelles aux vapeurs de solvants. Le chapitre 6
présente le deuxiéme article scientifique, publié dans le Journal of Occupational and Environmental
Hygiene (JOEH), portant sur I’amélioration de I’estimation du taux d’émission des contaminants
en situations de petits déversements de solvants organiques purs. Le chapitre 7 présente le troisieme
article scientifique, publié dans le Journal of Occupational and Environmental Hygiene (JOEH),
proposant des améliorations dans le processus d’estimation du taux d’émission de contaminants et
dans la modélisation des concentrations atmosphériques de contaminants résultant de petits
déversements de mélanges non-idéaux de solvants organiques. Le chapitre 8 présente la discussion

générale des résultats de recherche et le chapitre 9 présente la conclusion générale de la these.
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Chapitre 2 — Etat des connaissances

2.1 Exposition professionnelle aux solvants organiques

2.1.1 Utilisation des solvants organiques

A T'échelle mondiale, les fabricants de produits chimiques produisent chaque année vingt
millions de tonnes de solvants organiques, dont le quart provient de la production européenne
(Bégin et al., 2020; Clark et al., 2015). En France, fin 2004, la consommation globale de solvants
était de 550 000 tonnes reparties entre les solvants oxygénés (52 %), les solvants hydrocarbonés
(41 %), les solvants halogénés (5 %), et les autres solvants (2 %) (Lafon et al., 2006). De 1995 a
1999, aux Etats-Unis et au Canada, la consommation annuelle de 12 solvants organiques
d’utilisation fréquente (xylénes, toluéne, éthanol, isopropanol, acétone, dichlorométhane, 2-
butanone, perchloroéthyléne, n-hexane, n-butanol, trichloréthyléne, méthylisobutylcétone) variait

entre 2,2 kilotonnes et 404 kilotonnes en fonction du solvant (Bégin & Gérin, 2002).

Les solvants organiques sont fréquemment utilisés en tant qu’agents dégraissants,
adjuvants, purifiants, diluants et décapants pour peinture, intermédiaires dans la synthese d’autres
composés chimiques, agents de nettoyage a sec, extracteurs, et agents de revétements industriels.
De nombreux solvants organiques sont impliqués dans des applications de 1'industrie chimique
telles que la production de cires, de peintures, de vernis, de laques, d’encres, de colorants, de
plastiques, de pesticides, d'adhésifs, de cirage a chaussures, de nettoyants pour sols, de textiles
synthétiques, d'articles en caoutchouc, de produits pharmaceutiques, de produits cosmétiques tels
que les parfums, de produits agricoles, et de nombreux autres produits d’utilisation quotidienne

(Bruckner et al., 2013; Dahlstrom & Snawderand, 2014; NIOSH, 1987).



L’utilisation de solvants organiques purs (solvants a un composant) en milieu professionnel
est trés rare (Bruckner et al., 2013). En général, les solvants industriels sont des mélanges
commerciaux de plusieurs composés chimiques (ex : Stoddard®, Varsol®, Mineral spirit®, White
spirit®), ou des mélanges de solvants délibérément réalisés sur les sites de travail en fonction des
procédés industriels (Bishop et al., 1982; NIOSH, 1987; Parrish, 1983; WHO, 1985). 1l existe de
nombreuses formulations de mélanges dont certaines peuvent contenir des centaines de substances

chimiques (Bruckner et al., 2013).

2.1.2 Portrait des expositions professionnelles aux solvants

Selon OSHA (Occupational Safety and Health Administration), en 2006, environ 10
millions de personnes étaient potentiellement exposées aux solvants organiques en milieu de travail
(Bruckner et al., 2013). En France, I’enquéte SUMER (Surveillance Médicale des Expositions des
salariés aux Risques professionnels) réalisée en 2003 indiquait que 15% des salariés déclaraient
étre exposés a au moins un solvant (Arnaudo et al., 2004; Coutrot et al., 2006; Lafon et al., 2006;
Schroeder, 2011). Au Québec (Canada), environ 312 000 travailleurs (8,8 %) se déclaraient
exposés en 2011 a des vapeurs de solvants a I’occasion de leur emploi principal, soit 11,2 % des

hommes et 6,0 % des femmes (Vézina et al., 2011).

Les activités professionnelles susceptibles d’exposer les travailleurs aux solvants
organiques sont nombreuses, impliquant des taches telles que le nettoyage de vernis a ongles dans
un salon de manucure (Arnold et al., 2017b), les opérations de décantations et d’extractions dans
un laboratoire hospitalo-universitaire de pathologie humaine (Persoons et al., 2011, 2012), le
nettoyage de vétements dans des centres commerciaux de lavage a sec (von Grote et al., 2006), le

remplissage de réservoirs de stockage d'essence pouvant contenir un millier de gallons d'essence
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(Nicas, 2003b), ou des opérations plus complexes consistant, par exemple, a fabriquer, dans une

fonderie de fer, des moules a base de sable en utilisant une résine phénolique (Arnold et al., 2017b).

L’intensité de 1’exposition varie en fonction de la profession ou de la tache réalisée par le
travailleur. Selon Dick (2006), des niveaux d’exposition élevés sont associés aux activités
professionnelles telles que le nettoyage a sec, la sérigraphie, I’impression par héliogravure ou
rotogravure, la peinture industrielle, la fabrication de plastique renforcé de verre, la pose de
carrelage. Pour les activités comme la peinture domestique, la réparation mécanique, les procédés
d'assemblage nécessitant 1’utilisation de solvants, la fabrication de peinture, le dégraissage
industriel, les niveaux d’exposition sont modérés. Pour les professions de pompiste de station
d’essence ou de pétrole, de menuisier/charpentier, d’opérateur de procédés chimiques, de
technicien de laboratoire, de nettoyeur utilisant des produits a base de cirages, 1’intensité

d’exposition est faible (Dick, 2006).

2.2 Evaluation de I’exposition professionnelle aux vapeurs de solvants

L’¢évaluation de I’exposition est une composante fondamentale de la démarche de
prévention (INRS, 2017), et par ce fait, une tiche importante pour les hygiénistes du travail dont
le rdle essentiel est d’anticiper, identifier, évaluer et maitriser les risques professionnels pouvant

nuire a la santé et au bien-étre des travailleurs.

Selon le National Research Council (NRC), I’évaluation de I’exposition est le processus qui
consiste a mesurer ou estimer l'intensité, la fréquence et la durée des expositions humaines a un
contaminant réel ou supposé présent dans I'environnement (NRC, 1983). Dans sa forme la plus
complete, 1’évaluation de I’exposition décrit, non seulement, I'ampleur, la durée, la périodicité et

la voie d'exposition, mais aussi la taille, la nature et les classes des populations exposées, ainsi que
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les incertitudes associées a I’estimation de chacun de ces paramétres (NRC, 1983). Elle occupe une
place prépondérante dans le processus d’évaluation de risque en ce qu’elle fournit des données
objectives ou estimées sur les niveaux d’exposition qui sont comparés aux valeurs de référence a

des fins de caractérisation du risque et de mise en ceuvre éventuelle de mesures correctives.

Selon l'objectif de I'évaluation de I'exposition et le niveau de certitude souhaité, des
approches basées sur la mesure des expositions et celles ne nécessitant pas la mesure directe des
expositions ont été développées afin d’évaluer I’exposition des travailleurs aux substances

chimiques (Drolet et al., 2010).

L'échantillonnage quantitatif de l'air est la méthode de référence pour évaluer les
expositions professionnelles aux contaminants en suspension dans l'air (Keil & Murphy, 2006;
Nicas, 2003b). Elle consiste a mesurer la concentration de substances chimiques potentiellement
toxiques présentes dans 1’air de la zone respiratoire d’un travailleur, a 1’aide d’un instrument a
lecture directe (ex : détecteurs a photoionisation (PID), dispositifs colorimétriques), ou a prélever
I’air contaminé sur des supports (ex : tubes adsorbants, dosimeétres passifs) qui sont analysés dans
un laboratoire pour déterminer la concentration de contaminants dans l'air (Elliott, 2008; Huey,

1996).

Cependant, dans de nombreuses situations, la mesure des concentrations atmosphériques de
contaminants n’est pas toujours possible a réaliser en raison des cofts parfois €levés en ressources
humaines, financieres, matérielles et en temps. De plus, cette approche est irréalisable dans le cadre
de I’évaluation des expositions passées ou futures ou en cas d’absence de méthodes/protocoles de

mesure valides pour certaines substances chimiques.
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Pour remédier a ces limites, des approches sans prise de mesures ont été proposées pour
estimer les niveaux d’exposition aux contaminants chimiques présents dans l'air des milieux de
travail. Il s’agit notamment des approches basées sur la gestion graduée des risques (ou « control
banding » en anglais) (Money, 2003) et de celles basées sur la modélisation mathématique de

I’exposition (Keil et al., 2009).

La gestion graduée des risques permet d’évaluer objectivement le risque chimique et de
déterminer les moyens de maitrise ou de prévention du risque sans recourir a des mesures
d’exposition. Elle se déploie en trois étapes principales : la classification des substances selon leur
danger, I’estimation de I’exposition et du risque associé, la sélection de 1I’approche de maitrise et/ou
de prévention du risque (Drolet et al., 2010; Money, 2003; Zalk & Nelson, 2008). La classification
des substances selon leur danger tient compte des propriétés physico-chimiques des substances (ex
: volatilité, capacité de passage transcutané, etc.), des données toxicologiques des substances (ex :
toxicité aigu€, sub-chronique, chronique) et des données fournies par les fiches de sécurité des
produits (ex : données du systéme général harmonisé de classification et d'étiquetage des produits
chimiques (SGH) (Québec), phrases de risque R (Europe), valeurs d’exposition admissibles, etc.)
(Drolet et al., 2010). L’estimation de I’exposition du travailleur consiste a intégrer les informations
concernant la quantité de substance utilisée (en poids, en volume ou en rapport de consommation)
et la fréquence d’utilisation (jour, semaine, mois ou année) pour déterminer la classe d’exposition
potentielle a laquelle appartient la substance. L’estimation du niveau du risque est alors réalisée en
combinant les informations fournies par les données physico-chimiques (ex : volatilité, capacité
d’empoussieérement), la classe de danger, et la classe d’exposition potentielle. Les moyens de
maitrise et de prévention sont déterminés en fonction du niveau de risque évalué (Drolet et al.,

2010).
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La modélisation mathématique de I’exposition permet d’exprimer 1’exposition en fonction
de différents paramétres appelés déterminants de I’exposition. Il existe plusieurs approches de
modélisation de I’exposition professionnelle parmi lesquelles celles basées sur 1’utilisation des

modeles physico-chimiques. Ces modeles sont étudiés en détail dans la section suivante.

2.3 Modélisation physico-chimique de I’exposition professionnelle aux

solvants

Les modeles physico-chimiques encore appelés modeles physiques mécanistiques sont
basés sur le principe selon lequel un contaminant est généré dans 1’air d’une picce, puis est dispersé
dans I’environnement de la piece par les mouvements d'air, avant d’étre évacué hors de la piéce
par divers mécanismes d'élimination dont la ventilation générale (Drolet et al., 2010; Keil, 2009a).
Ces modeles utilisent des paramétres tels que le taux de génération du contaminant, le volume de
la piece, le débit de ventilation générale de la piece et autres parametres d’intérét, pour décrire le
systeme physico-chimique qui produit 1’exposition, prédire le comportement des contaminants
dans l'air et estimer la concentration de contaminants a laquelle est exposé¢ le travailleur (Elliott,
2008; Keil, 2000b). De facon générale, la conception des modeles physico-chimiques repose sur
une combinaison de deux types de modeles : les modeles d’émission de contaminants qui
permettent d’estimer la quantité de contaminants émise dans ’air et les modeles de dispersion de
contaminants qui prédisent le mode de transport et de dissémination des contaminants dans 1’air

(Keil & Miller, 2020).
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2.3.1 Modé¢les d’émission de contaminants

Plusieurs modéles d’émission ont ét¢ développés pour estimer les taux d'émission de
contaminants. Le principe fondamental sur lequel se base ces modéles est celui de la conservation
de la masse. Les principaux mode¢les d’émission de contaminants sont présentés ci-dessous (Drolet

et al., 2010; Keil, 2009b) :

2.3.1.1 Facteurs d’émission

Les facteurs d’émission estiment les taux d’émission de contaminants en fonction des
caractéristiques du procédé. Ainsi, lorsqu’au cours du procédé de fabrication d’un produit, des
informations sont disponibles sur la quantité de contaminants émise par produit et sur le nombre
de produits fabriqués par unité de temps, il est possible de déterminer le taux d’émission du procédé

en multipliant les deux parametres (Keil, 2009b).

US-EPA a défini des facteurs d’émission pour estimer les taux d’émission de contaminants
dans plusieurs activités professionnelles. Un exemple de scénario d’application de facteur
d’émission propos€¢ par US-EPA concerne I’estimation du taux d’émission de monoxyde de
carbone (CO) provenant de la combustion d'huile distillée a partir d’une chaudiere industrielle qui
briile 90 000 litres d'huile distillée par jour. Selon US-EPA, le facteur d'émission de CO pour les
chaudiéres industrielles brilant du mazout distillé est de 0,6 kg de CO par 1000 litres de mazout
brilé. Le taux d’émission de CO est alors calculé en multipliant le facteur d'émission de CO (0,6
kg/1000 litres) par la quantité de pétrole distillé bralé par jour (90 000 litres/jour), ce qui équivaut

a 54 kg de CO/jour (US-EPA, 1995).

Des facteurs d'émission ont ¢ét¢ également développés pour diverses sources de

contaminants spécifiques en milieu de travail (Conroy, Lindsay, et al., 1995; Franke & Wadden,
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1987; Keil, 1998; Keil et al., 2001; Scheff et al., 1992; Wadden et al., 1994; Wadden et al., 1991;
Wadden et al., 1989; Wadden, Scheff, Franke, Conroy, & Keil, 1995). Ces facteurs d'émission
décrivent, par exemple, les émissions en termes de milligrammes (mg) de chrome (Cr) par bac de
picces galvanisées (Wadden et al., 1991), de grammes (g) de trichloroéthyléne par panier de piéces
dégraissées (Wadden et al., 1989), de grammes (g) de Fréon® par métre carré de pieces dégraissées
(Scheff et al., 1992), de grammes (g) d'éthanol par lot de bonbons glacés (Wadden et al., 1994), de
grammes (g) de composés organiques volatils (COV) par nettoyage de presse a imprimer (Wadden,
Scheff, Franke, Conroy, & Keil, 1995) et de milligrammes (mg) de formaldéhyde par minute par

table de dissection (Keil et al., 2001).

2.3.1.2 Approche basée sur la modélisation du bilan massique

Cette approche consiste a mesurer les concentrations de contaminants dans 1’air ainsi que
les conditions de ventilation, puis @ combiner ces données dans un modéle de dispersion classique
(par exemple un modé¢le a un compartiment). Le taux d'émission des contaminants est alors calculé
a rebours par ajustement du modele sur les données mesurées (Lacey et al., 2006). Cette
méthodologie a été utilisée pour estimer des taux d’émission de contaminants dans plusieurs études
(Arnold et al., 2020; Conroy, Wadden, et al., 1995; Franke & Wadden, 1987; Keil et al., 2001;
Lacey et al., 2006; Raisanen et al., 2001; Selway et al., 1980; Wadden, Scheff, Franke, Conroy,

Javor, et al., 1995).

2.3.1.3 Modele de pression de vapeur saturante dans une picece étanche sans ventilation

La pression de vapeur saturante d’une substance pure liquide ou solide est la pression a

laquelle la phase gazeuse est en équilibre avec la phase liquide ou solide. Dans ces conditions, la
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concentration de vapeur saturante du contaminant peut étre calculée, a 1’aide du modéle de pression

de vapeur saturante, selon I’équation 1 (Bertrand & Vincent, 2010) :
Psa
Csar (ppm) = ﬁ x 10° (1

Avec : Cy = Concentration de vapeur saturante de la substance (ppm), Py = Pression de vapeur

saturante de la substance (mmHg), Pusm = Pression atmosphérique (mmHg).

Ce modele suppose que : 1) le liquide peut s'évaporer pendant une longue période de temps
et qu'il y a suffisamment de liquide pour permettre a toute la piéce d'atteindre une concentration
d'équilibre, ii) la picce est totalement fermée et sans systéme de ventilation ou d’extraction des
contaminants hors de la piéce, iii) il n’y a pas de perte de contaminants par les mécanismes
d’adsorption des contaminants aux surfaces et/ou d’absorption des contaminants par
transformations chimiques (Drolet et al., 2010; Elliott, 2008; Persoons, 2011). Les concentrations
ainsi calculées représentent le « pire scénario ». Elles surestimeraient les concentrations réelles

dans un facteur 10 a 10 000 (Drolet et al., 2010).

Le modele de pression de vapeur saturante est utilisé pour estimer les concentrations de
contaminants dans 1’air des contenants ou endroits fermés et pour les scénarios d’exposition

impliquant une évaporation incompléte du liquide.

2.3.1.4 Modele d’évaporation totale dans une piece étanche sans ventilation

Ce mode¢le est indiqué dans le cadre des scénarios d’exposition impliquant une évaporation
complete du liquide avec une dispersion uniforme de la vapeur dans la piece. La concentration de

contaminants dans la piece peut étre calculée en utilisant 1’équation 2 (Drolet et al., 2010) :

Vlin DXRXT
M X Pgtm X Vp

C (ppm) = x 10° 2)
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Avec : C = Concentration du contaminant (ppm), Viiq = Volume de liquide évaporé (m®), D =
Densité du liquide (g/m?), R = Constante des gaz parfaits (m*atmK'mol!), T = Température (K),
M = Masse moléculaire du contaminant (g/mol), Pam = Pression atmosphérique (atm), V, =

Volume de la piece (m?).

L’utilisation de ce modele, conjointement avec celui de la pression de vapeur saturante,

peut s’avérer utile dans le processus de diagnostic du pire scénario.

2.3.1.5 Taux d’évaporation des sources a surfaces ouvertes

De nombreux mode¢les ont été proposés pour estimer les taux d'évaporation (émission) de
contaminants a partir des sources d’émission ouvertes a ’air libre (Arnold & Engel, 2001;
Fehrenbacher & Hummel, 1996; Gray, 1974; Guo et al., 2008; Hummel et al., 1996; Jayjock, 1994;
Lennert et al., 1997; Mackay & Matsugu, 1973; Reinke & Brosseau, 1997). Ces modeles intégrent,
pour la plupart, les caractéristiques physico-chimiques de la substance (pression de vapeur, poids
moléculaire, viscosité, coefficient de diffusion moléculaire, etc.) ainsi que les parameétres physiques
en lien avec I’environnement ou le procédé (vitesse d’air, pression atmosphérique, température,
surface du liquide, etc.). Des études d’évaluation de la performance de prédiction de certains de
ces modeles sont accessibles dans diverses publications scientifiques (Bubbico & Mazzarotta,
2016; Lennert et al., 1997). Ces modeles sont particulierement indiqués pour estimer 1’exposition

dans les situations d’évaporation stable (Persoons, 2011).

2.3.1.6 Méthodes par gaz traceur

Cette méthode consiste a générer un gaz traceur a un taux d'émission constant connu (Er),
a proximité d’une source d'émission d’un contaminant, puis a mesurer simultanément les

concentrations du gaz traceur (Cr) et celles du contaminant (Cc) & un méme point de la piece. En
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supposant que les schémas de dispersion pour le gaz traceur et le contaminant sont similaires, et en
considérant le coefficient de transfert du gaz traceur (Kr), le taux d'émission du contaminant (Ec)
peut étre déduit du comportement du gaz traceur en utilisant 1’équation 3 (Bémer et al., 1999;

Bémer et al., 2002; Lecler et al., 2007) :

C C
EC — C.moy — C.moy X ET (3)
Kt Cr

Avec : Ec = Taux d'émission du contaminant (mg/sec), Ccmoy = Concentration moyenne du
contaminant (mg/m?), Kt = Coefficient de transfert du gaz traceur (m*/sec!), Cr = Concentration

du gaz traceur (mg/m?), Er = Taux d’émission du gaz traceur (mg/sec).

La méthode par gaz traceur est plus souvent utilisée en hygiene industrielle pour déterminer
les taux d'échange d'air ou pour évaluer I'efficacité des systémes de ventilation locale (Batterman
et al., 2006; Gaftney et al., 2008; Hofstetter et al., 2013; Keil & Murphy, 2006; Nicas & Neuhaus,
2008; Persoons et al., 2011; Robbins et al., 2012; Shaw, 1993). Elle est peu utilisée pour évaluer

ou caractériser les sources d'émission de contaminants (Bémer et al., 1999; Bémer et al., 2002).

2.3.1.7 Modeles d’émission variable dans le temps

Tous les modéeles d’émission ci-dessus décrits, supposent que I’émission est un phénomene
constant dans le temps. Mais dans la réalité, les taux d’émission de contaminants peuvent varier
considérablement du fait : 1) de la variabilit¢ des conditions environnementales (température
ambiante, pression atmosphérique, humidité relative, mouvements d’air au-dessus de la source
d’émission, etc.); i) des changements dans les procédés ou dans les mécanismes des émissions; iii)
des modifications dans 1’environnement de travail (débit de ventilation générale, nombre et
position des travailleurs vis-a-vis de la source d’émission) (Keil & Murphy, 2006; Nicas, 2003b;

Spencer & Plisko, 2007). Pour répondre a cette problématique, des fonctions d’émissions variables
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dans le temps ont été proposées, soit pour prédire la diminution du taux d’émission de contaminants
dans des scénarios de petits déversements accidentels de liquides volatils (fonctions d’émissions a
décroissance exponentielle) (Arnold et al., 2020; Jayjock, Logan, et al., 2011a, 2011b; Keil &
Nicas, 2003; LeBlanc et al., 2018; Nicas, 2016; Nicas & Neuhaus, 2008; Nicas et al., 2006) ou
pour décrire des émissions instables (fonctions d’émissions sinusoidales) (Nicas & Armstrong,
2003) ou encore pour caractériser des émissions intermittentes ou cycliques (fonctions d’émissions

pulsées ou « par bouffées ») (Persoons et al., 2011, 2012).

2.3.1.8 Modeles d’émission pour les mélanges de solvants

Les taux d’émission de contaminants provenant des mélanges de substances chimiques
volatiles peuvent étre estimés a ’aide de trois approches basées sur la pression de vapeur des
substances composant les mélanges : la Loi de Raoult (conditions idéales), la Loi de Raoult
modifiée (conditions non idéales) et la Loi de Henry (mélanges aqueux ou mélanges avec dilution

infinie) (Popendorf, 2006, 2019).

La Loi de Raoult est utilisée dans le cadre des mélanges dits idéaux, c’est-a-dire, des
mélanges composés de substances chimiques structurellement similaires et dans lesquels les
interactions moléculaires sont faibles (Popendorf, 2006, 2019). Selon la Loi de Raoult, la pression
de vapeur partielle d'une substance chimique i d’un mélange (Pvapeur,i) €st fonction de sa fraction
molaire (X;) et de la pression de vapeur de la forme pure de la substance chimique i (Pvapeur). La
pression de vapeur partielle et la concentration de vapeur saturante de chaque substance chimique

constituant le mélange peuvent étre calculées selon les équations 4 et 5 (Popendorf, 2006, 2019) :

Pvapeur,i =X; X Pvapeur “4)

Xi X Pygpeur (mmHg) X 10°
760 mmHg

Csat,i (ppm) = (5)
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Avec : Pygpeur,i = Pression de vapeur de la substance chimique i dans le mélange; X; = Fraction
molaire de la substance chimique i dans le mélange; Pyqpeur = Pression de vapeur de la substance
chimique i a I’état pur, Cs,i = Concentration de vapeur saturante de la substance chimique 7 dans

le mélange.

Quant a la Loi de Raoult modifiée, elle est indiquée pour les mélanges non-idéaux c¢’est-a-
dire les mélanges composés de substances chimiques structurellement différents, présentant de
fortes interactions moléculaires, et dont les comportements dévient par rapport a I’idéalité en raison
des coefficients d'activité des substances chimiques impliquées. Dans ce contexte, il est nécessaire
de corriger ou d’ajuster la Loi de Raoult par les coefficients d'activité (y;) des composants des
mélanges. La pression de vapeur partielle et la concentration de vapeur saturante de chaque
substance constituant le mélange non-idéal peuvent étre calculées selon les équations 6 et 7

(Popendorf, 2006, 2019) :

Pvapeur,i =Y X X; X Pvapeur (6)

Vi X Xi X Pygpeur (MmHg) X 106

Csat,i (ppm) = (7

760 mmHg

Avec : Pygpeur,i = Pression de vapeur de la substance chimique i dans le mélange; y; = Coefficient
d’activité de la substance chimique i dans le mélange; X; = Fraction molaire de la substance
chimique i dans le mélange; Py4peur = Pression de vapeur de la substance chimique 7 a 1’état pur,

Csari = Concentration de vapeur saturante de la substance chimique i dans le mélange.

Il faut noter que le coefficient d’activité est fonction des propriétés physico-chimiques, des
concentrations et des interactions qui existent entre les différentes substances constituant le

mélange. Son utilisation permet de corriger les erreurs significatives qui pourraient se produire
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lorsque I’on prédit I’exposition aux mélanges non-idéaux par la Loi de Raoult (Bishop et al., 1982).
Il varie de 1 (mélange idéal) a des valeurs extrémement élevées (en cas de dilution infinie) (Bishop
et al., 1982; Popendorf, 2006, 2019). Les valeurs du coefficient d’activité peuvent étre déterminées
a partir de tableaux publiés (Grain, 1990; Popendorf, 2006, 2019) ou en utilisant différents outils
d’estimation (Tischer & Roitzsch, 2022) dont le plus courant est le modéle UNIFAC (UNIquac
Fonctional group Activity Coefficient) (Fredenslund et al., 1975; Guo, 2002; Tischer & Roitzsch,

2022).

La Loi de Henry est applicable seulement pour les mélanges dilués. Elle indique que la
pression de vapeur partielle d'une substance chimique i du mélange (Pyapeur,i) €st proportionnelle a
sa fraction molaire (X;) via un seul coefficient empirique appelé « constante de la Loi de Henry »
ou « coefficient de la Loi de Henry » généralement représenté par le symbole H, selon I’équation

8 (Popendorf, 2006, 2019) :

Pvapeur,i = H; X X; (8)

Avec : Pyapeur,i= Pression de vapeur de la substance chimique i dans le mélange; H; = Constante de
la Loi de Henry de la substance chimique i dans le mélange; X; = Fraction molaire de la substance

chimique 7 dans le mélange.

De nombreuses valeurs pour la constante de la Loi de Henry sont disponibles dans la

littérature (Popendorf, 2006, 2019).

Ces trois approches ont été utilisées pour estimer des taux d’émission de contaminants pour
des mélanges de solvants dans plusieurs études : la Loi de Raoult (Nicas, 2003b), la Loi de Raoult
modifiée par les coefficients d’activité¢ des substances (Nielsen & Olsen, 1995; Okamoto et al.,

2010; Smith, 2001; Tischer & Roitzsch, 2022) et la Loi de Henry (Earnest & Corsi, 2013). Pour

53



d’autres scénarios d’exposition aux mélanges de solvants, les taux d’émission des contaminants
ont ét¢ estimés, soit en calculant les quantités totales des substances émises par unité de temps,
dans le cadre d’émissions supposées constantes (Hofstetter et al., 2013; Robbins et al., 2012), soit
en estimant les constantes des taux d’évaporation de contaminants alphas et les masses initiales de
substances disponibles pour 1’évaporation, dans le cadre d’émissions a décroissance exponentielle

(Arnold et al., 2020; LeBlanc et al., 2018; Nicas, 2016; Nicas & Neuhaus, 2008; Nicas et al., 2006).

2.3.2 Modzéles de dispersion de contaminants

Différents modeles de dispersion sont disponibles : le mod¢le de ventilation nulle ou « zéro
ventilation », le modéle a un compartiment, le modéle a deux compartiments, les modeles de

diffusion turbulente et les mod¢les basés sur la mécanique des fluides numérique.

2.3.2.1 Modéele de ventilation nulle ou « zéro ventilation »

Le modele de ventilation nulle permet de prédire la concentration de contaminants dans un
environnement de travail, dans lequel, toute la masse d’un produit chimique disponible pour
évaporation, est supposée étre instantanément libérée et dispersée de fagon homogene dans I’air,
en |’absence de toute ventilation de la piece. La concentration de contaminants prédite est calculée

selon 1’équation 9 (Keil & Murphy, 2006) :

Masse disponible pour évaporation

Concentration = )

Volume de la piece

La masse de contaminants évaporée est exprimée en milligrammes (mg), le volume de la
piéce (V) est en métres cubes (m?) et la concentration de contaminants est en milligrammes par

métres cube (mg/m?).
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Le modele de ventilation nulle surestime généralement les expositions, en particulier, dans

les pieces ventilées.

2.3.2.2 Modg¢le a un compartiment

Dans ce mode¢le, encore appelé « modele de piéce avec air uniformément mélangé » ou «
Well-Mixed Room/Box Model » (Reinke & Keil, 2009), la piece de travail est considérée comme
une grande boite de volume (V), dans laquelle une source d’émission libére des contaminants dans
I’air a un taux (G). Cette boite est dotée d’un systéme de ventilation dont le débit d’air entrant et
sortant (Q) permet d’éliminer les contaminants hors de la piece. Ce modéle suppose un mélange
instantanément uniforme des contaminants avec l’air de la piece, ce qui implique que les
concentrations de contaminants sont a tout point identiques dans I’environnement de travail (Drolet
et al., 2010; Reinke & Keil, 2009).

Le concept du modele est présenté dans la Figure 2-1.

ENTREE SORTIE
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Figure 2-1. Schéma conceptuel du modéele a un compartiment.
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Les principaux parameétres d’entrée de ce modele sont: le taux de génération du
contaminant G (mg/min), le débit de ventilation de la piéce Q (m>*/min), le volume de la piéce V

(m?) et le temps écoulé t (min).

L’évolution des concentrations en fonction du temps jusqu’a I’équilibre est modélisée par

I’équation 10 (Drolet et al., 2010; Reinke & Keil, 2009) :

G ~Q(t=to)
C(piéce,t) = 0 X (1 —e Vv )

(10)
Avec : Cpicce, 1y = Concentration du contaminant en fonction du temps (mg/m?®), G = Taux de

génération du contaminant (mg/min), Q = Débit de ventilation de la piéce (m*/min), t = Temps

écoulé (min), to = Temps au début de 1’émission (min), V = Volume de la piece (m?).

A la phase d’équilibre, les concentrations de contaminants dans 1’air peuvent étre calculées

en utilisant I’équation 11 (Reinke & Keil, 2009) :

G
C(piéce),équilibre = 0 (11)

Dans son fonctionnement de base, le modele suppose un taux d’émission constant et une
homogénéité des concentrations dans 1’air de la piece de travail. Mais en situations réelles de
travail, les taux d’émission sont rarement constants et le mélange des contaminants dans 1’air est
souvent hétérogéne. Pour résoudre ces problématiques, des approches de raffinement du modele
ont ét¢ proposées, par exemple, en substituant le taux d’émission supposé constant par des taux
d’émission variables dans le temps (ex : émission a décroissance exponentielle, émission
intermittente ou cyclique, etc.) et/ou en utilisant un facteur de correction (appelé facteur de
mélange) pour prendre en compte la déviation par rapport & 1’homogénéité supposée des

concentrations dans 1’air (Drolet et al., 2010; Reinke & Keil, 2009). Il importe de noter que, les
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critéres de sélection des valeurs attribuables au facteur de mélange, de méme que, I’incertitude
et/ou la variabilité associées a ce facteur ne sont pas bien établis (Keil, 2000b). De plus, les facteurs
de mélange ne peuvent étre ni prédits avec précision ni généralisés et leur application défie les
principes de la conservation de la masse. Pour ces raisons, certains experts déconseillent leur
utilisation (Bruzzi, 2007; Heinsohn, 1991; Reinke & Keil, 2009). Des ajustements sont aussi
possibles pour prendre en compte les variations dans le débit de ventilation générale de la piéce de

travail (Reinke & Keil, 2009).

Le modéle de piece avec air uniformément mélangé est I’'un des premiers outils utilisés, en
hygiéne du travail, pour estimer les niveaux d’exposition aux contaminants chimiques de I’air (Keil
& Murphy, 2006; Keil et al., 2001) ou pour faire une évaluation préliminaire de 1’exposition a de
nouvelles substances chimiques (Fehrenbacher & Hummel, 1996; Persoons, 2011). I fournit
généralement une estimation adéquate des expositions loin de la source d’émission, mais sous-
estime ’intensité de I’exposition a proximité de la source (Drolet et al., 2010; Keil & Murphy,

2006; Nicas, 2009a).

2.3.2.3 Modele a deux compartiments

Le modéle a deux compartiments encore appelé « Two-Zone/Box Model » ou « Near-
Field/Far-Field Model » prend en compte la variabilité spatiale des concentrations en divisant
conceptuellement la piece de travail en deux zones : une zone dite rapprochée (Near-Field) et une
zone dite ¢éloignée (Far-Field) (Furtaw et al., 1996; Hemeon, 1955, 1963; Nicas, 1996). La zone
rapprochée contient la source d’émission des contaminants et est dimensionnée pour inclure la zone
respiratoire du travailleur. La zone éloignée correspond au reste de la piece. La théorie derricre ce
modele est que la personne qui travaille dans la zone rapprochée est exposée a des concentrations

plus ¢élevées que la personne qui travaille dans la zone éloignée (Furtaw et al., 1996; Nicas, 2009a;
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Robbins et al., 2012). Ce modéle intégre plusieurs parametres d’entrée tels que le volume de la
zone rapprochée (Vnr), le volume de la zone ¢éloignée (Vrr), le taux de génération ou d’émission
des contaminants (G), le débit d’écoulement d’air entre les deux zones (f) (qui correspond au débit
d’air qui transporte les contaminants d’une zone a une autre) et le débit de ventilation générale de
la piece (Q) (qui évacue les contaminants de la piece vers 1’extérieur) (Drolet et al., 2010; Nicas,
2009a). Le débit d’écoulement d’air entre les deux zones (f) est calculé en fonction de la surface
libre de la zone rapprochée et de la vitesse aléatoire moyenne d’écoulement d’air (s) a proximité

de la zone rapprochée selon I’équation 12 (Nicas, 1996, 2009a) :
B =>XFSAXs (12)

Avec : B = débit d’écoulement d’air entre les deux zones (m*/min), FSA = Free Surface Area =
surface libre de la zone rapprochée (m?), s = vitesse aléatoire moyenne de I’air a proximité de la
zone rapprochée (m/min).

Le concept de ce modele est présenté a la Figure 2-2.
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Figure 2-2. Schéma conceptuel du modele a deux compartiments.
Cnr = Concentration de contaminants dans la zone rapprochée, Crr = Concentration de

contaminants dans la zone €loignée.

Ce modele se fonde sur les hypothéeses suivantes : les parametres G (taux de génération des
contaminants), £ (débit d’écoulement d’air entre les deux zones) et Q (débit de ventilation générale
de la piece) sont connus et constants, le mélange des contaminants avec 1’air est instantanément
uniforme dans chacune des deux zones (homogénéité des concentrations de contaminants dans
chaque zone), il n’y a pas de phénoménes physiques de piégeage des contaminants c’est-a-dire
qu’il n’y a pas d’adsorption (adhérence) des contaminants aux surfaces de la piece de travail (murs,
meubles, instruments, etc.), et il n’y a pas de phénomenes de transformations chimiques
(absorption) des contaminants ; ce qui implique que toute la quantit¢ de contaminants émise se

retrouve en intégralité dans 1’air de la piece de travail (Nicas, 2000, 2009a).
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L’évolution des concentrations en fonction du temps jusqu’a I’équilibre pour les zones

rapprochée et éloignée est modélisée par les équations 13 et 14 (Nicas, 2009a) :

e Zone rapprochée (Near-Field)

BXQ+ A2 XVNE(B+Q)
BXQ XVNp(A1—42)

CNF(t)=Q£+§+Gx[ X exp(A4 X t) — G X

[BXQ+ A xXVNF(B+Q)

BxQ xVyp(d1-22) x exp(dz X 1) (13)

e Zone ¢loignée (Far-Field)

Crp(t) = g+ G x [AlvaF"'B] % [ﬁXQ+ A2 XVNFE(B+Q)

X X _
B BXQ xVNr(A1—Ap) exp(4; X t)

G x [AszNF+B] % [ﬁXQ+ A XVNE(B+Q)

B BXQ XVyr(A1—12) ] X exp(4z X t) (14)

Avec :

2 —os |- [Bprp+VNF(ﬂ+Q)] N \/{ﬁxvm va(ﬁ+Q)]2_ YT _ (15)
1 ’ | VNFXVFF VNFXVFF VNFXVFF

2—os |- [exver va(ﬁ+Q>] _ \/[ﬁxVFF+ Var(B+Q1 s L _ 16)
2 ’ VNFXVFEF VNFEXVFEF VNFXVFF

A la phase d’équilibre, les concentrations de contaminants dans I’air peuvent étre
calculées pour les zones rapprochée et ¢loignée en utilisant les équations 17 et 18 (Nicas,

2009a) :

e Zone rapprochée (Near-Field)

Cyp(équilibre) = < + g (17)

Q|
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e Zone ¢loignée (Far-Field)
Crr(équilibre) = Qﬁ (18)

Le modéle a deux compartiments est une approche d’estimation de I’exposition aux
contaminants de 1’air plus réaliste que le modele a un compartiment par la prise en compte de la
variabilité spatiale des concentrations. Bien que simplifiant la variabilité spatiale de la
concentration en seulement deux compartiments, 1’utilisation de ce modele est recommandée en
hygiéne du travail en raison de sa capacité a estimer de fagon séparée 1’exposition personnelle
d’un travailleur (Nicas, 1996) et a cause de ses bons résultats en matiere de prédiction des
niveaux d’exposition a différents contaminants de I’air dans une multitude de scénarios
d’exposition évalués (Arnold et al., 2017b; Jayjock, Armstrong, et al., 2011; Jones et al., 2011b;

Ribalta et al., 2021).

2.3.2.4 Modéles de diffusion turbulente

Tous les modeles de dispersion de contaminants décrits plus haut sont basés sur
I’hypothese de mélange parfaitement uniforme des contaminants dans 1’air des espaces de travail
de types mono ou multi-compartimentaux, occultant, de ce fait, le gradient continu décroissant
de concentrations qui existe au fur et a mesure que 1'on s'¢loigne de la source d'émission des
contaminants (Drolet et al., 2010; Nicas, 2009b). Les mode¢les de diffusion turbulente ou «
Turbulent Eddy Diffusion Models » ont été congus pour tenir compte, spécifiquement, de ce

phénomene (Nicas, 2009b).

Dans ces modeles, le principal mécanisme de dispersion des contaminants dans 1’air est
la diffusion turbulente, caractérisée par des tourbillons qui transportent des « parcelles » de

contaminants d’un point & un autre dans I’environnement de travail (Nicas, 2009b). Ces
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tourbillons peuvent étre causés par divers facteurs tels que les mouvements des occupants de la
picce de travail, les variations du flux d'air provenant des diffuseurs d'air, la mécanique méme
du procédé industriel, c’est-a-dire, les turbulences dans les phénomeénes d'émission de

contaminants (Drolet et al., 2010; Keil, 2000a).

Il existe plusieurs types de mode¢les de diffusion en fonction : i) de la nature de I’émission
(émission sous forme d’impulsion ou « pulse release », émission constante dans le temps); ii)
du mode de diffusion (sphérique, hémisphérique, etc.); iii) de I’existence ou non de courant d’air

a proximité de la source d’émission.

Les mode¢les de diffusion turbulente sont appropriés pour modéliser les expositions proches
de la source d’émission. Ils ont été utilisés, avec des résultats satisfaisants, dans diverses études
(Drivas et al., 1996; Keil, 2000b; Nicas, 2001; Persoons et al., 2011; Shao et al., 2017). La difficulté
dans ces modgles est de déterminer le coefficient de diffusion turbulente, dont I’estimation peut se
faire, soit de facon expérimentale (au prix de gros efforts techniques et d’un coft élevé en temps
(Elliott, 2008)) ou sur la base des données de la littérature; les rares valeurs expérimentales
disponibles dans la littérature pour ce parameétre étant de I’ordre de 0,1 a 10 m?/min (Nicas, 2009b;

Persoons, 2011).

2.3.2.5 Modeles basés sur la mécanique des fluides numérique

La modélisation basée sur la mécanique des fluides numérique ou « Computational fluid
dynamic (CFD) modeling » est une approche de modélisation physico-chimique complexe, fondée
sur la résolution simultanée d’un systéme d’équations non linéaires de conservation de la masse,

de la quantité de mouvement et de 1'énergie (équations de Navier-Stokes), en des milliers de points
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(nceuds) d’un maillage trés serré, préalablement établi, dans une représentation informatique du

volume de la piece de travail étudiée (Anthony, 2009; Furtaw et al., 1996).

Cette méthode sophistiquée de modélisation des expositions permet de prédire les profils
d’écoulement d'air et les concentrations de contaminants en tout point d’une pi¢ce de travail, une
fois que les paramétres d’intérét (ex : taux de génération des contaminants, géométrie des conduits
d'entrée et de sortie d’air, débit de ventilation de la piéce, conditions thermiques, etc.) sont spécifiés

(Anthony, 2009; Bruzzi, 2007; Persoons, 2011).

Les modéles CFD ont été, par exemple, utilisés pour étudier 'influence de divers
parametres (ex : type, position et efficacité du systeme de ventilation, variation du débit de
ventilation, variation de température, densité de gaz, configuration des locaux de travail, présence,
position et orientation du travailleur vis-a-vis de la source d’émission, habitudes de travail, etc.)
sur la dispersion des contaminants dans I’air et/ou sur les concentrations atmosphériques de
contaminants chimiques (Bruzzi, 2007; Chang et al., 2006; Chern & Ma, 2007; Feigley et al., 2002;
Flynn & Sills, 2000; Jayaraman et al., 2006; Khan et al., 2006; Lee et al., 2002; Lee, Khan, et al.,
2007; Rota et al., 2001). Dans d’autres études, ils ont été utilisés en tant qu’alternatives aux mesures
expérimentales dans 1'évaluation des performances de prédiction de différents modeles physico-

chimiques (Bennett et al., 2000, 2003; Bruzzi, 2007; Feigley et al., 2002).

L'application des modeles CFD requiert des ressources humaines spécialisées et
expérimentées en la maticre, des outils informatiques a la fine pointe de la technologie, des calculs
informatiques complexes, des efforts considérables pour analyser les résultats du modele, des
ressources financiéres importantes et du temps (Anthony, 2009; Bruzzi, 2007; Bubbico &

Mazzarotta, 2016; Furtaw et al., 1996).

63



2.3.3 Avantages et limites des modeles physico-chimiques

Les avantages des modeles physico-chimiques résident, en général, dans leur simplicité
d'utilisation, leur rapidité, leur flexibilité, leur faible colit et leur capacité a estimer adéquatement
I’exposition dans de nombreuses situations d’exposition professionnelles. Ils sont applicables a
tous les contaminants chimiques de I’air y compris ceux pour lesquels les valeurs de référence ou
les protocoles de prélevement et d’analyse de 1’exposition ne sont pas établis. Ils sont
particulierement utiles dans le cadre de 1’évaluation de I’exposition pour des activités passées
(évaluation rétrospective) ou futures (évaluation prospective) (Drolet et al., 2010). Ils informent
les utilisateurs des modéeles sur les mécanismes physiques et chimiques qui favorisent 1’émission
et la dispersion des contaminants dans 1’air, et ils facilitent la compréhension des effets de certains
déterminants (ex : taux d’émission de contaminants, caractéristiques de la source d’émission
(emplacement, taille, forme de la source), conditions de ventilation, conditions environnementales,
etc.) sur les niveaux d’exposition (Persoons, 2011). Associés aux approches classiques
d’évaluation de I’exposition en hygiene du travail, ils permettent d’optimiser les protocoles de
mesure et d’analyse des expositions, de réduire ’incertitude sur les expositions mesurées et de
limiter les biais de jugement (Bertrand & Vincent, 2010). Ils permettent de prioriser les actions de

prévention et de contrdle des expositions en milieu professionnel.

De plus, des études de validation réalisées en comparant les estimations des deux modeles
physico-chimiques les plus courants (modele a un et a deux compartiments), avec des
concentrations mesurées aussi bien en environnements contrélés qu’en conditions réelles de travail,
ont montré une bonne concordance entre les prédictions et les mesures (Arnold et al., 2017a, 2017b;

Jayjock, Armstrong, et al., 2011; Jensen et al., 2018; Koivisto et al., 2015; Ribalta et al., 2019;
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Ribalta et al., 2021), avec une précision suffisante pour guider une prise de décision appropriée en

matiere de gestion des expositions et des risques (Arnold et al., 2017b).

Du fait de ces avantages, les modeles physico-chimiques sont de plus en plus utilisés en
hygiene du travail pour estimer les niveaux d’exposition professionnelle a divers contaminants de
I’air, que ce soit les gaz et les vapeurs, les particules en suspension dans 1’air, les bioaérosols ou
les rayonnements thermiques (Armstrong & Haas, 2007; Arnold et al., 2020; Arnold et al., 2017a,
2017b; Boelter et al., 2009; Jones et al., 2011a; Munoz et al., 2007; Nicas, 2003a; Nicas et al.,
2005; Ribalta et al., 2019; Ribalta et al., 2021; Sahmel et al., 2009; Zare Sakhvidi et al., 2013;

Zhang et al., 2009).

Leur utilisation est aussi favorisée par certaines réglementations telles que le reglement
REACH (Registration, Evaluation and Authorization of Chemicals) qui impose aux acteurs de
I’industrie chimique européenne (manufacturiers, fournisseurs, importateurs) d’effectuer des
évaluations quantitatives de l'exposition aux produits chimiques fabriqués ou commercialisés, a
l'aide de modeles mathématiques, a travers des scénarios d’exposition correspondant a tous les
usages possibles de ces produits, en vue de caractériser et anticiper les risques potentiels associés
a I’utilisation de ces produits chimiques en situations réelles (Cherrie et al., 2020; Hofstetter et al.,
2013; Ogden, 2010; Parlement Européen et Conseil de 1’Union Européenne, 2006). En Australie,
la modélisation mathématique est reconnue comme une méthode pouvant étre utilisée pour estimer
les niveaux d’exposition dans une démarche générale d’évaluation des expositions professionnelles
(Safe Work Australia, 2013). Au Québec, un rapport publi¢ par I’Institut de recherche Robert-
Sauvé en santé et en sécurité du travail (IRSST) souligne la pertinence et la place importante des
modeles d’estimation de I’exposition au sein des stratégies de diagnostic de 1’exposition des

travailleurs aux substances chimiques (Drolet et al., 2010).
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De plus, le développement, ces dernieres années, d’outils informatiques de modélisation de
I’exposition professionnelle a contribué a populariser 1’utilisation des modéles physico-chimiques
en hygiéne du travail (AIHA®, 2023). L’un des principaux outils disponibles est le logiciel
IHMOD qui propose 11 modeles d’évaluation de I’exposition incorporant différents modéles

d’émission et de dispersion des contaminants dans 1’air (Drolet & Armstrong, 2018).

Quant aux limites, les modeles physico-chimiques exigent une bonne connaissance des
propriétés physico-chimiques des contaminants, des caractéristiques de la source d’émission et des
facteurs physiques et/ou environnementaux. Certains mod¢les plus complexes comme les modéles
CFD requicrent des ressources humaines et informatiques hautement spécialisées et peuvent étre
couteux en temps et en ressources financieres (Drolet et al., 2010). Les mode¢les physico-chimiques
peuvent présenter des sources d’erreurs pouvant étre a 1’origine de biais importants associés aux
résultats des modeles. Les sources d’erreur peuvent provenir des hypothéses simplificatrices sous-
jacentes a la conception de certains modeles, notamment, les modeles a un ou a deux
compartiments (ex : supposition de mélange instantanément uniforme des contaminants dans 1’air
(Keil & Murphy, 2006; Nicas, 2003b), absence de certains parametres influents dans la
construction des modeles tels que le type, la taille et la position du systeme de ventilation dans la
piece ou encore la position et les mouvements du travailleur (Lee, Feigley, et al., 2007; Lee, Khan,
etal., 2007). Elles peuvent aussi étre liées au déficit de connaissances ou a la difficulté a déterminer
précisément certains parametres d’entrée des modeles (ex : taux d’émission des contaminants, non
idéalité de certains mélanges, coefficient de diffusion turbulente, géométrie et dimensions de la
zone dite rapprochée, débit d’écoulement d’air inter-zones (f), débit de ventilation de la piece de
travail, etc.) (Keil, 2000b; Nicas & Neuhaus, 2008; Nicas et al., 2006; Persoons et al., 2011, 2012;

Robbins et al., 2012; Spencer & Plisko, 2007; Waters et al., 2015). Elles peuvent enfin étre causées
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par la variabilité des parameétres d’entrée. Les modéles, dans leur fonctionnement déterministe a la
base, autorisent une valeur fixe pour chaque paramétre d’entrée, ignorant ainsi la variation naturelle
de la valeur des parametres en fonction du temps sous I’effet de la variation des conditions
environnementales ou des changements au niveau du procédé (Cherrie et al., 2004; Jayjock et al.,
2009; Keil, 2000b; Persoons et al., 2011, 2012; Robbins et al., 2012; Spencer & Plisko, 2007;
Waters et al., 2015). Dans la littérature, différentes études ont été réalisées pour prendre en compte
les effets des incertitudes et/ou de la variabilité associées aux paramétres d’entrée en utilisant des
approches probabilistes basées sur la simulation Monte Carlo (Hofstetter et al., 2013; Nicas, 2003b;
Nicas & Neuhaus, 2008; Nicas et al., 2006; Persoons et al., 2012; Robbins et al., 2012; Spencer &
Plisko, 2007; von Grote et al., 2006) ou sur 1’analyse bayésienne (Sottas et al., 2009; Zhang et al.,

2009).

2.3.4 Identification des lacunes dans la littérature existante et des avenues

d’amélioration des modéles physico-chimiques

Bien que les modéles de diffusion turbulente (Nicas, 2009b) et surtout ceux basés sur la
mécanique des fluides numérique (Anthony, 2009) constituent des approches de modélisation
d’exposition dont la qualité des estimations est plus affinée, ils sont néanmoins plus complexes et
lourds a utiliser en pratique pour I’évaluation des expositions professionnelles (Furtaw et al., 1996;
Persoons, 2011). Il est donc d’intérét d’améliorer les modeles simples, qui sont accessibles a la
plupart des hygiénistes du travail, afin de les rendre plus performants dans le cadre de 1’estimation
des expositions professionnelles aux contaminants chimiques de I’air. Cette amélioration passe
principalement par une meilleure caractérisation des parametres d’entrée des modeles, notamment,
le taux de génération ou d’émission des contaminants dont 1’influence est déterminante pour la

qualité des estimations fournies (Jayjock, Logan, et al., 2011a; Persoons et al., 2011, 2012). C’est
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a juste titre, que Arnold et al. (2017b) soulignaient dans leurs récents travaux, la nécessité
d’effectuer des recherches afin de développer des approches pratiques et flexibles pour estimer les
taux de génération ou d’émission de contaminants pour une gamme variée de scénarios

d’exposition (Arnold et al., 2017b).

Les scénarios d’exposition impliquant des sources d’émission a décroissance exponentielle
(ex : petits déversements de liquides volatils, application ou pulvérisation de solvants sur des
surfaces) sont des exemples de situations d’exposition trés fréquentes en milieu de travail (Jayjock,
Logan, et al., 2011a) au cours desquelles les incertitudes associées a I’estimation des taux
d’émission peuvent étre significatives. Dans la littérature, il existe peu de travaux ayant étudié
I’émission des contaminants dans ces types de scénarios d’exposition (Arnold et al., 2020; Hewett
& Ganser, 2017; Jayjock, Logan, et al., 2011a; Keil & Nicas, 2003). Les approches pouvant
permettre d’estimer les taux d’émission de contaminants dans ces scénarios sont également rares
(Arnold et al., 2020; Hewett & Ganser, 2017; Jayjock, Logan, et al., 2011a; Keil & Nicas, 2003).
La seule approche disponible, ne nécessitant pas une métrologie des contaminants et/ou une
instrumentation lourde, repose sur une équation prédictive établie a partir de données
expérimentales limitées (Keil & Nicas, 2003). De plus, I’effet de la non-idéalité sur 1’émission de
contaminants provenant de sources d’émission a décroissance exponentielle impliquant des
mélanges non-idéaux de liquides volatils est aussi peu étudié. Ces différentes limites constituent
des pistes de réflexion ayant fait 1’objet des travaux de recherche présentés dans cette thése de

doctorat.
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Chapitre 3 — Objectifs de la thése

3.1 Objectif général

L’objectif général de ce travail de theése est de proposer des améliorations aux modeles
physico-chimiques utilisés en hygiéne du travail afin de permettre des estimations plus fiables des

concentrations de solvants dans 1’air des milieux de travail.
3.2 Objectifs spécifiques
Trois objectifs spécifiques ont été ¢laborés pour répondre a I’objectif général de cette these.

3.2.1 Effectuer une revue critique de la littérature existante sur le modéle

a deux compartiments

Ce travail consiste a faire une synthése bibliographique des données disponibles sur le
modele a deux compartiments, un des modeles physico-chimiques les plus utilisés en hygiene du
travail, afin d’examiner et mettre a jour les connaissances accumulées sur ce modele, et surtout,

identifier le manque potentiel de données pouvant motiver les études d'amélioration du modele.



3.2.2 Améliorer I’estimation du taux d’émission des contaminants en
situation de petits déversements de solvants organiques purs ou de

meélanges idéaux de solvants

Ce travail vise a proposer des méthodes pour estimer la constante du taux d’évaporation des
contaminants alpha, principal parametre qui gouverne 1’émission dans les scénarios d’exposition

impliquant de petits déversements de solvants organiques.

3.2.3 Améliorer I’estimation du taux d’émission des contaminants en

situation de petits déversements de mélanges non-idéaux de solvants

organiques

Ce travail consiste a ¢€largir les travaux d’amélioration conduits au niveau du deuxi¢me
objectif par I’intégration et la validation de la notion de non-idéalit¢ dans I’estimation de la

constante du taux d’évaporation des contaminants alpha pour des scénarios d’exposition impliquant

de petits déversements de mélanges non-idéaux de solvants organiques.
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Chapitre 4 — Méthodologie de recherche

Ce chapitre résume la méthodologie de recherche qui s’articule autour de trois volets
correspondant respectivement a chacun des objectifs spécifiques. Les aspects méthodologiques
relatifs aux trois volets de recherche sont décrits en détail dans les sections « méthodes » des
chapitres 5, 6 et 7 dédiés respectivement a la présentation des trois articles scientifiques publiés

dans le cadre de cette these de doctorat.

4.1 Apercu des méthodes

Dans le premier volet de recherche, une revue systématique de la littérature, basée sur 16
bases de données bibliographiques et couvrant la période 1955-2020, a été réalisée pour identifier
les articles scientifiques publiés sur le modele a deux compartiments (Two-Zone model) utilisé en
tant qu’outil d’évaluation de I’exposition professionnelle aux vapeurs de solvants. Des données sur
les scénarios d'exposition, les solvants utilis€s, les méthodes d'estimation des parametres d'entrée
(taux de génération/d'émission de contaminants, zones rapprochée et ¢loignée, débit d’air inter-
zones f, débit de ventilation générale), les approches et les résultats d’évaluation de la performance
de prédiction du modele ont été collectées et analysées. L’évaluation de la performance de
prédiction du modele a été réalisée en se basant essentiellement sur le calcul des ratios de
concentrations prédites sur mesurées pour chacune des études impliquées dans 1’évaluation et pour
les différentes conditions testées. La capacité de prédiction du modele a été évaluée en comparant
les ratios de concentrations prédites sur mesurées a un. La prédiction est jugée parfaite lorsque le
ratio de concentration prédite sur mesurée est €égal a un. Un ratio supérieur a un signifie que le

modele a surestimé la concentration réelle et un ratio inferieur a un signifie que le modele a sous-



estimé la concentration réelle. Des analyses comparatives de ratios entre les différentes conditions
testées ont permis d’évaluer I'impact de divers paramétres d’études sur la qualité de prédiction du

modéle.

Dans le deuxiéme volet de recherche, une approche a été proposée pour estimer le taux
d’émission des contaminants pour les scénarios d’exposition impliquant de petits déversements de
solvants. Ce type de scénario est caractérisé par un taux d’émission exponentiellement décroissant,
principalement gouverné par la constante du taux d'évaporation des contaminants alpha. L'étude a
consisté & mesurer, en utilisant une approche gravimétrique, les constantes de taux d'évaporation
alpha pour cinq solvants purs couvrant une large gamme de pressions de vapeur (acétone, n-hexane,
2-butanone, 2-propanol et toluéne), lors de tests d'évaporation congus pour simuler de petits
déversements de solvants. Les tests ont été réalisés, en environnement contrdlé, sous différentes
conditions expérimentales. Les effets de plusieurs facteurs potentiellement influents sur alpha ont
¢été étudiés (pression de vapeur, volume de solvant déversé, forme du récipient ayant regu le solvant
déversé, vitesse d’air au-dessus du déversement, surface de déversement, ratio de surface de
déversement/volume de déversement, poids moléculaire du solvant, tension de surface du solvant).
Trois équations prédictives, basées sur des modeles de régression obtenus a partir des données
expérimentales, ont été proposées pour estimer alpha. Les capacités de prédiction des trois
équations ont été évaluées en comparant les valeurs de alphas estimées avec des alphas
expérimentaux internes et externes a 1’étude. Les biais (pourcentages moyens d'erreur) et les
précisions (€cart-types associés aux pourcentages moyens d'erreur) ont €té calculés afin d’évaluer

et comparer la qualité de prédiction des équations.

Dans le troisieme volet de recherche, une approche a été proposée pour estimer le taux

d’émission de contaminants ainsi que les concentrations de contaminants dans ’air résultant de
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petits déversements de mélanges non-idéaux de solvants organiques. Dans ces scénarios,
I’émission des contaminants est exponentiellement décroissante, sous 1’effet de la constante du
taux d’évaporation des contaminants alpha. Dans un premier temps, les constantes de taux
d'évaporation alphas ont ét¢ mesurées expérimentalement pour cinq solvants purs (acétone, butan-
2-one, méthanol, propan-2-ol, et toluéne) en utilisant la méme approche gravimétrique et les mémes
conditions environnementales que 1’étude conduite a la deuxiéme phase du projet de recherche.
Dans un deuxiéme temps, deux équations prédictives, dérivées de la Loi de Raoult, ont été
développées pour estimer les taux d'émission de contaminants provenant de divers mélanges de
solvants, en supposant un comportement idéal ou non-idéal pour les mélanges, et en se basant sur
les alphas mesurés pour les solvants purs impliqués dans les mélanges. Dans un troisi¢éme temps,
un mod¢le de petit déversement, notamment, le modele a un compartiment combiné avec un taux
d'émission a décroissance exponentielle proposé par le logiciel IHMOD, a été utilisé pour prédire
les concentrations de contaminants dans l'air lors de petits déversements de mélanges aqueux
binaires de solvants organiques, en intégrant dans le mod¢le, les taux d’émission estimeés par les
deux équations prédictives (taux d’émission avec ou sans correction pour la non-idéalité¢ des
mélanges). Les modélisations des concentrations de contaminants dans I’air ont été réalisées dans
une boite expérimentale de 0,085 m® de volume, spécialement construite pour I’étude. Dans un
quatrieme temps, la performance prédictive du modele de petit déversement a été évaluée en
comparant, graphiquement et numériquement, les estimations du modele (avec ou sans correction

pour la non-idéalité) aux concentrations réellement mesurées dans la boite expérimentale.
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4.2 Description des outils de modélisation utilisés dans I’étude

4.2.1 Le logiciel IHMOD

Le logiciel IHMOD (Industrial Hygiene MODeling) est I'un des principaux outils
informatiques utilisés pour la modélisation des expositions professionnelles. Il est disponible en
ligne sous la forme d’un tableur Excel gratuit publié par ' American Industrial Hygiene Association
(AIHA) (Drolet & Armstrong, 2018). Il propose 11 mode¢les d’évaluation de I’exposition dont les
fondements scientifiques sont décrits dans le document de référence intitulé « Mathematical
Models for Estimating Occupational Exposure to Chemicals » (Keil et al., 2009) également publié
par I’AIHA. Ce logiciel donne le choix a l'utilisateur d’appliquer soit la version déterministe des
mode¢les en utilisant des valeurs uniques (estimations ponctuelles) comme données d'entrée dans
les modeles d'exposition (IHMOD 1.0), soit la version probabiliste des modeles en utilisant des
distributions statistiques pour les parameétres d'entrée afin de mieux décrire l'incertitude et la
variabilité associées a ces parametres (IHMOD 2.0). La version probabiliste repose essentiellement
sur I’utilisation de la simulation Monte Carlo (SMC) dans les calculs. Les résultats des modeles
sont alors exprimés, non pas sous la forme d’une estimation ponctuelle théorique fixe, mais plutot
sous la forme de distributions pour lesquelles les paramétres de tendance centrale (ex : les
moyennes) et de dispersion (ex : les écart-types) peuvent €tre déterminés. La Figure 4-1 montre
l'interface graphique du logiciel IHMOD présentant les différents modeles d’évaluation de
I’exposition ainsi que les deux approches de modélisation qui y sont intégrés (Drolet & Armstrong,

2018).
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Figure 4-1. Interface graphique du logiciel IHMOD présentant les modeles d’évaluation de

I’exposition et les approches de modélisation disponibles.

Dans cette these, le modele a un compartiments combiné avec un taux d’émission a
décroissance exponentielle (modele 4 du logiciel IHMOD) a été utilisé, dans sa version
déterministe, afin d’estimer les concentrations atmosphériques de contaminants issues de petits
déversements de divers mélanges binaires de solvants organiques (Chapitre 7). Les parameétres
d’entrée du mod¢le ainsi que I’évolution temporelle des concentrations de contaminants prédites
pour un des scénarios d’exposition étudiés (déversement d’un mélange aqueux binaire d’acétone

(10 %) et d’eau (90 %), Tableau 7-S1) sont présentés dans la Figure 4-2.
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Figure 4-2. Paramétres d’entrée du modele d’exposition et courbes des concentrations prédites

pour 1’acétone dans le cadre du déversement d’un mélange aqueux binaire d’acétone (10 %) et

d’eau (90 %).

Dans la Figure 4-2, les parametres d’entrée du modele sont présentés a gauche, les courbes des

concentrations de contaminants prédites en fonction du temps a droite et I’équation de prédiction

des concentrations de contaminants en bas.

4.2.2 Le modele UNIFAC

Le modéle UNIFAC (UNIquac Fonctional group Activity Coefficient) (Fredenslund et al.,

1975) est une méthode de prédiction des coefficients d'activité pour des substances en mélanges,

dérivée du modele UNIQUAC, et basée sur le concept de contribution de groupe. Le concept de

contribution de groupe est fondé sur 1’idée que les propriétés physico-chimiques des molécules
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organiques peuvent étre raisonnablement bien représentées en segmentant une molécule en
différents groupes fonctionnels et en considérant les propriétés spécifiques de ces groupes. Le
mélange liquide est alors décrit comme une « solution de groupes fonctionnels » plutot qu’une «
solution de molécules » (Tischer & Roitzsch, 2022). Ainsi, avec le modéle UNIFAC, les
prédictions des coefficients d’activité se basent, non pas sur les molécules enti¢res, mais sur les
groupes fonctionnels spécifiques qui composent chaque molécule organique. Le coefficient
d'activité de chaque substance du mélange est exprimé sous la forme d’une somme de deux termes
: le terme combinatoire (y°) et le terme résiduel (yR) selon I’équation 19 (Fredenslund et al., 1975;

Ishidao et al., 2016) :
Iny; =Inyf + Inyf (19)

Le terme combinatoire (y) fournit la contribution due aux différences de taille et de forme des
molécules dans le mélange tandis que le terme résiduel (y?) représente la contribution due aux

interactions énergétiques entre les différents groupes formant la molécule.

Le modele UNIFAC est en général un bon outil d’approximation du comportement réel des
mélanges de solvants organiques, et il s'est avéré utile, pour estimer les coefficients d'activité pour

une large gamme de mélanges non-idéaux de substances chimiques (Tischer & Roitzsch, 2022).

Dans cette these, nous avons utilisé le calculateur UNIFAC développé par Choy et Reible
(Choy & Reible, 1996) pour estimer les coefficients d’activité des composants des mélanges.
L’interface graphique ainsi que les parameétres d’entrée du calculateur pour un des mélanges étudiés
(mélange binaire idéal de toluene (46 %) et de butan-2-one (54 %), Tableau 7-4) sont présentés

dans la Figure 4-3.
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Figure 4-3. Interface graphique du calculateur UNIFAC proposé par Choy et Reible (1996)
montrant le calcul des coefficients d’activité pour les composants du mélange binaire idéal de

toluéne (46 %) et de butan-2-one (54 %).

Pour calculer les coefficients d’activité, il faut sélectionner, a partir de 1’interface du
calculateur UNIFAC, les différents composants chimiques du mélange d’intérét, puis introduire les
valeurs de température ambiante et de fractions molaires des composants du mélange dans les cases
appropriées. Des valeurs de coefficients d’activité sont alors automatiquement générées pour
chacun des composants chimiques présents dans le mélange. Il faut noter que, lorsque les
composants chimiques du mélange d’intérét ne sont pas disponibles pour €tre sélectionnés, il est
nécessaire d’intégrer, dans la base de données du calculateur UNIFAC, les substances chimiques
absentes et les différents groupes fonctionnels qui les constituent, avant de procéder a la sélection
des composants du mélange. Dans cette these, les coefficients d’activité calculés ont été utilisés

pour corriger les parametres d’émission de contaminants, notamment, les constantes de taux
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d’évaporation de contaminants alphas associées aux scénarios de petits déversements de mélanges

non-idéaux de solvants étudiés.

79



Chapitre 5 — Revue de la littérature portant sur la
modélisation de 1'exposition professionnelle aux vapeurs de

solvants a I'aide du modele a deux compartiments
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5.1 Abstract

The Two-Zone model is used in occupational hygiene to predict both near-field and far-

field airborne contaminant concentrations.

A literature review was carried out on 21 scientific publications in which the Two-Zone
model was used to assess occupational exposure to solvent vapors. Data on exposure scenarios,
solvents, generation/emission rates, near- and far-field parameters, and model performance were

collected and analyzed.

Over the 24 exposure scenarios identified, 18 were evaluated under controlled conditions,
5 under normal workplace activities, and 1 was reported based on literature data. The scenarios
involved a variety of tasks which consisted, mostly, of cleaning metal parts, spraying solvents onto
surfaces, spilling liquids, and filling containers with volatile substances. Twenty-eight different
solvents were modeled and the most commonly tested were benzene, toluene, and acetone.
Emission rates were considered constant in 16 scenarios, exponentially decreasing in 6 scenarios,
and intermittent in 2 scenarios. Four-hundred-and-forty-six (446) predicted-to-measured
concentration ratios were calculated across the 21 studies; 441 were obtained in controlled
conditions, 4 under normal workplace activities, and 1 was calculated based on the literature data.
For controlled studies, the Two-Zone model predictive performance was within a factor of 0.3-3.7
times the measured concentrations with 93 % of the values between 0.5 and 2. The model
overestimated the measured concentrations in 63 % of the evaluations. The median predicted

concentration for the near-field was 1.38 vs. 1.02 for the far-field.

Results suggest that the model might be a useful tool for predicting occupational exposure

to vapors of solvents by providing a conservative approach. Harmonization in model testing
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strategies and data presentation is needed in future studies to improve the assessment of the
predictability of the Two-Zone model. Moreover, this review has provided a database of exposure
scenarios, input parameter values, and model predictive performances which can be useful to

occupational hygienists in their future modeling activities.

Keywords : Exposure assessment; mathematical modeling; model performance testing;

occupational exposure; solvent vapors; Two-Box model; Two-Zone model.

5.2 Introduction

Exposure assessment is an important step in occupational risk analysis. It is commonly
based on measuring the concentrations of a toxic substance in the air that a worker is exposed to.
But measuring exposure can be expensive, time consuming, or impossible to carry out especially
in the case of past or anticipated exposure scenarios. Therefore, physical-chemical and other types
of exposure models have been proposed to address these limitations (Cherrie and Schneider 1999;

Nicas 2003; Tielemans et al. 2008; Schinkel et al. 2011; Spinazze et al. 2017; LeBlanc et al. 2018).

These models assume that the contaminants enter the room air (from an emission source or
in the provision air), move throughout the room, and leave the room air through several
mechanisms (local or general ventilation, degradation or adhesion to surfaces) (Keil 2009). They
predict exposure concentrations as functions of the contaminant mass emission rate, ventilation
characteristics and mass transport parameters, based on the physical relationships between these
parameters and the principle of conservation of mass (Keil 1998; Cherrie and Schneider 1999; Keil
2000; Nicas 2003; Tielemans et al. 2008; Schinkel et al. 2011; Spinazze et al. 2017; LeBlanc et al.

2018).
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Several physical-chemical models are available depending on the assumptions made about
the nature of the emission (constant or time-varying emission) and the complexity of the
contaminant transport pattern (Well-Mixed Room model, Two-Zone model, Diffusion models,

Computational Fluid Dynamics models (CFD)) (Keil et al. 2009).

The Two-Zone model has been extensively used in occupational hygiene (Jayjock et al.
2011) to assess exposure to different air contaminants (gases, vapors, particles, and bioaerosols)
(Armstrong and Haas 2007; Boelter et al. 2009; Sahmel et al. 2009) and for a wide range of
scenarios including, but not limited to, the cleaning of metal parts (Nicas et al. 2006; Plisko and
Spencer 2008), spilling of solvent (Keil and Nicas 2003), and filling containers with volatile
substances (Nicas 2003). Despite its use for more than two decades, few studies have reviewed the
scientific literature available on the Two-Zone model (Sahmel et al. 2009; Jayjock et al. 2011).
Sahmel et al. (2009) reported a list of 17 scientific publications that involved the use of the Two-
Zone model, in a wide range of exposure scenarios and described some of the basic input
parameters (i.e. near-field geometry, flow rate between near-field and far-field and far-field air
change rate) and their values (Sahmel et al. 2009). Jayjock et al. (2011) evaluated the reliability of
the Two-Zone model as an exposure assessment tool to be considered in legal proceedings (Jayjock

etal. 2011).

Although these two review studies provided valuable insights on the flexibility, versatility,
potential accuracy, and reliability of the Two-Zone model, data collected by them are limited,
lacking new data emerging from recent Two-Zone model evaluation studies. Moreover, a
comprehensive database that can guide the selection of appropriate or possible values for the model

input parameters for the variety of exposure scenarios observed in workplaces is still lacking.
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The objectives of this work were to review and summarize the data available on the Two-
Zone model when used for estimating occupational exposures to solvent vapors in order to : (1)
provide an updated database on exposure scenarios, input parameters estimation and model
performance estimation; (2) evaluate the overall predictive performance of the model; and (3)

identify the potential areas for future research and workplace testing of the model.

The Two-Zone model

The Two-Zone model (also known as Two-Box model or Near-Field/Far-Field model) was
initially described by Hemeon in 1955 to improve upon the well-mixed room model which assumes
that the same exposure occurs in all locations in the room, regardless of how far the workers are
from the source (Hemeon 1955). Furtaw et al. (1996) and Nicas (1996) further refined the concepts
of Hemeon (1955) for estimating exposure intensity near an emission source by conceptually
dividing the workroom into two-zones : a near-field zone and a far-field zone (Furtaw et al. 1996;
Nicas 1996). The near-field contains the contaminant emission source and encompasses the
worker’s breathing zone whose exposure is to be estimated. The far-field represents the rest of the

room (Nicas 1996). The construct of the model is depicted in Figure 5-1.

The input parameters of the model are : near-field and far-field volumes, contaminant mass
emission, or generation rate G (t), usually defined by the mass of contaminants emitted per unit of
time, the interzonal air flow rate (f) which transports the contaminants from one zone to the other,
and the general ventilation rate (Q) that dilutes and extracts the contaminants out of the room (Nicas

1996).

The air within each zone is assumed to be instantaneously and perfectly mixed (Nicas 1996;

Persoons et al. 2011; Earnest and Corsi 2013).
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The concentrations in the two zones can be estimated using different mass balance
equations that either provide the concentrations at a time t (instantaneous concentrations) after the
beginning of the emission (transient equations) or estimate the maximum and steady concentrations
that occur after a long period of emission at a constant emission rate (steady-state equations) (see

Supplemental Materials).

Recently, some modifications have been proposed for the standard Two-Zone model to
account for various forms of a local exhaust ventilation or recirculation of a filtered fraction of the

general ventilation (Ganser and Hewett 2017).

Over the past two decades, model performance testing (comparing model estimates with
actual measurements) has provided insights into model accuracy and input parameter uncertainty
(e.g., contaminant emission rates and indoor air speeds) (Keil 1998; Keil and Murphy 2006; Nicas
et al. 2006; Gaffney et al. 2008; Nicas and Neuhaus 2008; Plisko and Spencer 2008; Persoons et
al. 2011, 2012; Robbins et al. 2012; Earnest and Corsi 2013; Hofstetter et al. 2013; Nicas 2016;

Arnold et al. 2017a, 2017b).

Two-Zone model predictive ability is constrained by what is known about the true values
of the input parameters (notably the contaminant emission rates and the air speeds) which are hard
to know or estimate especially in workplace settings where the degree of uncertainty and variability

can be significant.

Studies have shown that there is a natural variability in measured exposure data (Kromhout
et al. 1987; Spear et al. 1987; Rappaport et al. 1988; Nicas et al. 1991; Kromhout et al. 1993;
Rappaport et al. 1993; Waters et al. 2015), which cannot be captured by a single measurement.

Therefore, during model testing, exposure estimates should be compared against not a single
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measurement but against the mean of repeated measurements with consideration of the confidence

interval for the estimated mean (Nicas et al. 2006; Nicas 2009).

5.3 Methods

A systematic review of the literature, based on 16 bibliographic databases and covering the
period from 1955-2020, was conducted to identify the scientific articles that had been published
on the Two-Zone model used as a tool for estimating airborne concentrations in the context of
occupational exposures to solvent vapors. The databases included all of the PubMed repositories
as well as Embase, EBM Reviews-Cochrane Database of Systematic Reviews, EBM Reviews-
Cochrane Central Register of Controlled Trials, All Ovid Medline, Ovid Medline In-Process &
Other, Non-Indexed Quotations and Medline Ovid, Compendex, Current Contents Connect,

HSELINE, Scopus, Scirus, Toxline, Web of Science, and Google scholar.

5.3.1 Research strategy and data collection

The keywords used to identify the scientific publications available on the model were :
Two-Zone model, Two-Box model, Near-Field, Far-Field model, mathematical, theoretical, model,
modeling, estimating, evaluation, assessment, occupational, workplace, professional, exposure,
solvent, and chemical. In addition, we consulted the bibliographies of the articles that have been

identified to check for other potentially relevant publications.

5.3.2 Selection of publications

After a first selection based on the titles and abstracts of the articles, a second selection was
performed considering all the articles that have reported the use of the Two-Zone model for

estimating occupational exposures to solvent vapors. The third step consisted in selecting only the
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articles in which : (1) actual studies were carried out (as opposed to hypothetical studies in which
“what-if” assumptions were made about the exposure scenarios or the inputs parameters or
fictitious examples were presented to explain the Two-Zone modeling); (2) original data have been
used (published duplicate data were not considered); and (3) exposure monitoring strategies were
conducted to allow direct evaluations of exposure levels (i.e., calibration of the exposure
measurement devices against the specific contaminants of interest) when model performance

testing studies were carried out.

5.4 Results

5.4.1 Data analysis

Data were analyzed according to exposure scenarios, solvent modeled, input parameters
estimation methods, model testing approaches, and the exposure estimates. We evaluated the
overall predictive performance of the Two-Zone model for estimating occupational exposures and

identified the limits or knowledge gaps for further research.

5.4.2 Exposure scenarios

Sixty-two publications were identified based on the titles and abstracts and 21 were selected

for data analysis according to the criteria presented in the methods section.

The 21 publications covered 24 exposure scenarios among which 18 were evaluated under
controlled conditions, 5 under normal workplace activities, and 1 was reported based on literature
data. Scenarios involved a wide variety of tasks consisting, for the most part, in cleaning or washing
metal parts, spraying solvent onto surfaces or substrates, spilling liquids and filling containers with

volatile substances.
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Twenty-eight different solvents were modeled, pure or in mixture, across these 24 exposure
scenarios (Table 5-S1). Note that seven exposure scenarios involved more than one solvent (Keil
and Nicas 2003; von Grote et al. 2003; Keil and Murphy 2006; Jayjock et al. 2011; Robbins et al.
2012; Earnest and Corsi 2013; Arnold et al. 2017a). Chemicals and exposure scenarios are

summarized in Table 5-1.

5.4.3 Input parameters of the model

5.4.3.1 Emission rate

Over the 24 exposure scenarios that were evaluated, emission rates were considered

constant in 16 scenarios, exponentially decreasing in 6 scenarios and intermittent in 2 scenarios.

Emission rates were either calculated from the ratio of the total mass of contaminants
released over the total duration of time (mass/time) or estimated by using more or less complex
emission models depending on the mechanisms underlying the emission (i.e., exponential decay,

intermittent or repetitive emission, emission from solvent mixtures).

For controlled studies, constant emission rates ranged from 0.015 mg/min for the cleaning
of metal surfaces using 10 mL of toluene solution spiked with 0.1 % benzene (Robbins et al. 2012)
to 13,600 mg/min for spraying paint containing 16 % (w/w) of toluene on 2.9 m? of surface area
(Hofstetter et al. 2013). For workplace studies, they were reported to be lognormally distributed
with geometric means ranging from 13.1-1,600 mg/min (Arnold et al. 2017b). Table 5-S2 in

supplemental materials shows the constant emission rates reported in the studies.

First-order loss rate constants alpha (&), characterizing the exponentially decreasing

emissions, ranged from 2.1 x 107 min™! for the cleaning of metal parts in basins using scrub brush
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appliance and petroleum distillate solvent containing benzene (Nicas et al. 2006), to 3.45 min™! for
the spilling of 1 L of fluorinated solvents (Jayjock et al. 2011). All the o values were determined
experimentally (in controlled studies) except for one value (2.3 x 10~ min™') which was taken from
literature data (LeBlanc et al. 2018). Table 5-S3 in supplemental materials shows the values for a

reported in the studies.

For solvent mixtures, emission rates were estimated using first-order loss rate constants for
exponentially decreasing emission rates (n = 4) (Nicas et al. 2006; Nicas and Neuhaus 2008; Nicas
2016; LeBlanc et al. 2018). Constant emission rates (mass emitted per time) were used in a few
cases (n =2) (Robbins et al. 2012; Hofstetter et al. 2013). Henry’s Law (n = 1) (Earnest and Corsi
2013) and Raoult’s Law (n = 1) (Nicas 2003) were sometimes employed to derive these emission

rates.

Intermittent emission rates were estimated for cyclic process or repetitive emissions, using
complex emission functions that accounted for the number, amplitude, periodicity, and duration of
the emissions (Persoons et al. 2011, 2012). Table 5-2 summarizes the types of emission and

methods used for determining them.

5.4.3.2 Near-field : Geometry, dimensions, and volumes

The geometry and dimensions of the near-field reported in the studies were the hemisphere,
rectangular box, cube, and cylinder (Table 5-S4). For controlled studies, near-field volumes ranged
from 0.1 m® (Arnold et al. 2017a) to 100 m* (von Grote et al. 2003, 2006). For the volume of 0.1
m?, the scenarios involved evaporation of solvents from syringes of 30 and 50 mL in an
experimental chamber of 11.9 m® (Arnold et al. 2017a). For the volume of 100 m?, the scenarios

involved large clothing washing machines with loading capacities of up to 32 kg (von Grote et al.

90



2006) and large metal degreasing machines with loading capacities of up to 1,000 kg (von Grote et
al. 2003). In these two studies, the workroom volumes ranged from 400—600 m*(von Grote et al.
2003, 2006). For workplace studies, near-field volumes ranged from 1-2.1 m? (Arnold et al. 2017b)

(Table 5-S5).

5.4.3.3 Far-field

The volume of the far-field was calculated by subtracting the near-field volume from the
total volume of the room. For controlled studies, far-field volumes reported in the studies ranged
from 11.8 m> for evaluations conducted in an experimental chamber of 11.9 m® (Arnold et al.
2017a) to 5,600 m® for evaluations conducted in a large warehouse room (Nicas et al. 2006). For

workplace studies, far-field volumes ranged from 29.9-378.3 m? (Arnold et al. 2017b).

5.4.3.4 Interzonal air flow rate (f)

Eighteen out of 21 publications estimated S using the method described by Nicas (1996)
that accounts for the free surface area (FSA) of the near-field and the average random air speed (s)

at the boundary of the two zones (Nicas 1996).

Three out of 21 publications reported values for the interzonal air flow rate f without

specifying the method of determination (Keil 1998; von Grote et al. 2003, 2006).

Of the 18 publications, 15 reported values for air speeds. The air speeds were either selected
from literature data (n = 6) (Keil 2000; Keil and Murphy 2006; Gaffney et al. 2008; Nicas and
Neuhaus 2008; Hofstetter et al. 2013; LeBlanc et al. 2018), measured (n = 5) (Keil and Nicas 2003;
Jayjock et al. 2011; Persoons et al. 2011; Earnest and Corsi 2013; Arnold et al. 2017b), or estimated
based on expert judgment (n =4) (Nicas 2003; Nicas et al. 2006; Spencer and Plisko 2007; Robbins

et al. 2012). The air speeds reported in the studies ranged from 0.9 m/min (Jayjock et al. 2011) to
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60.8 m/min (Spencer and Plisko 2007) (controlled studies) vs. 3 to 30 m/min (Arnold et al. 2017b)
(workplace studies), with, respectively, 70 % and 75 % of the values being greater than or equal to
3.6 m/min (0.06 m/sec) which corresponds to the geometric mean of a distribution of air speed

measurements reported by Baldwin and Maynard in a survey of 55 indoor workplaces (Baldwin

and Maynard 1998).

The reported interzonal air flow rates § ranged from 0.24 m*/min (Arnold et al. 2017a) to
190.9 m*/min (Spencer and Plisko 2007) (controlled studies) vs. 3.5 to 94 m*/min (Arnold et al.
2017b) (workplace studies), with respectively 90 % and 80 % of the values ranging from 1 to 30
m>/min. Note that the interzonal air flow rate of 190.9 m*/min represents a particularly well-
ventilated environment that the authors described as a “semi-outdoor” work environment (Spencer
and Plisko 2007). Table 5-S6 in the supplemental materials shows the interzonal air flow rates £

and the air speeds reported in the studies.

5.4.3.5 General ventilation rate (Q)

Twenty publications reported general ventilation rates (Q), of which 16 specified the
methods of determination. The ventilation rates were estimated using tracer gas concentration
decay test method as described in ASTM method E741-00 (n = 8) (Keil and Murphy 2006; Gaftney
et al. 2008; Nicas and Neuhaus 2008; Persoons et al. 2011; Robbins et al. 2012; Hofstetter et al.
2013; Arnold et al. 2017a, 2017b), expert judgment (n = 5) (von Grote et al. 2003; Nicas et al.
2006; von Grote et al. 2006; Persoons et al. 2012; Earnest and Corsi 2013), local air speed
measurement data (multiplying the average of the air speeds measured at the hood/exhaust duct
face by the cross-sectional area of the hood/duct) (n = 3) (Keil 1998; Keil and Nicas 2003; Arnold
et al. 2017b) or literature data (n = 1) (LeBlanc et al. 2018). Note that one publication reported the

use of two of the methods described above (Arnold et al. 2017b).
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The general ventilation rates (Q) reported in the studies ranged from 0.04 m*/min (Arnold
et al. 2017a) to 187 m*/min (Nicas et al. 2006) (controlled studies) vs. 6.2 m*/min (Arnold et al.
2017b) to 832 m*/min (Keil 1998) (workplace studies). In terms of air changes per hour (ACH),
the general ventilation rates ranged from 0.3 (Arnold et al. 2017a) to 63 ACH (Nicas and Neuhaus
2008) (controlled studies) vs. 4 to 22 ACH (Arnold et al. 2017b) (workplace studies). The 63 ACH
was measured in a particularly well-ventilated environment; in this case, a garage with operating
portable fans, opened doors and windows (Williams et al. 2007; Nicas and Neuhaus 2008). Table

5-S7 in Supplemental Materials shows the general ventilation rates Q reported in the studies.

5.4.4 Two-Zone model predictive performance testing

Seventeen publications reported predictive performance studies for the model (Table 5-1).
The main approach used was based on the calculation of predicted-to-measured concentrations
ratios (n =13). The evaluations were made under controlled conditions (n = 11), normal workplace
activities (n = 1) (Arnold et al. 2017b), and based on literature data (n = 1) (LeBlanc et al. 2018).
Note that measured concentrations were time weighted average (TWA) exposure levels collected
or estimated over different sampling durations. Table 5-3 summarizes the ratios and the test

conditions.

For the controlled studies, 441 predicted-to-measured concentration ratios were calculated
for both the near-fields (n = 162) and the far-fields (n = 279). Near-field ratios ranged from 0.32—
3.41 with a median ratio (50th percentile) of 1.38. Far-field ratios ranged from 0.65-3.66 with a
median ratio of 1.02. The overall median ratio was 1.15. Tables 5-S8 and 5-S9 in the supplemental

materials show the details for the near-fields and the far-fields.
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Sixty-three percent of the ratios (278 out of 441) were greater than one (131 out of 162
ratios for near-fields and 147 out of 279 ratios for far-fields) vs. 36 % of the ratios (160 out of 441)
which were lower than one (30 out of 162 ratios for near-fields and 130 out of 279 ratios for far-

fields).

Eighty percent of the ratios (353 out of 441) were obtained using the means of replicate
measurements as decision metrics against which model estimates were compared (77 out of 162
ratios for near-fields and 276 out of 279 ratios for far-fields) vs. 20 % of the ratios (88 out of 441)
for which single measurements were used (85 out of 162 ratios for near-fields and 3 out of 279
ratios for far-fields). For replicate measurements, the overall median ratio was 1.04 (1.16 for near-
fields vs. 1.02 for far-fields). For single measurements, the overall median ratio was 1.43 (1.44 for

near-fields vs. 1.28 for far-fields).

For replicate measurements, 95 % confidence intervals on the means were reported in only
18 % of the cases (62 out of 353). Model estimates fell within the 95 % confidence intervals in 27
cases, exceeded the upper bounds of the confidence intervals in 26 cases and were lower to the

lower bounds of the confidence intervals in 9 cases.

For workplace studies, four predicted-to-measured concentration ratios were calculated
only for the near-fields. The ratios were 0.82, 1.27, 1.39, and 8.26 with a median of 1.33. All 4
ratios were calculated using the means of replicate measurements, but no 95 % confidence intervals

on the means were reported.

The only ratio calculated based on the literature data was 0.66 (Table 5-3).

For controlled studies, the effects of several parameters on the predicted-to-measured

concentration ratios were evaluated. Parameters such as emission rate, general ventilation rate,
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interzonal air flow rate f, and room volume had little impacts on the predictive performance of the
Two-Zone model (Table 5-4). Even after stratifying the parameters, all median predicted-to-
measured concentration ratios were between 0.73 and 1.41 for strata (categories) that had more
than 10 data (strata with less than 10 data were not considered as relevant for the analysis). For

workplace studies, the evaluation was not carried out due to limited data.

Other model testing approaches were used, either alone or in combination with the
predicted-to-measured concentration ratios described above. These approaches consisted of : (1)
graphical comparison of model estimates and measured data using bar plots, time series
concentration profiles, and scatter plots; (2) ASTM D5157-97 guidelines; (3) AIHA exposure
assessment framework; (4) linear regression analysis of the predicted against the measured
concentrations; (5) paired t-test of the differences between predicted and measured concentrations;
and (6) non-parametric Wilcoxon signed rank tests of the measured vs. predicted concentrations

(Table 5-S10).

The ASTM D5157-97 guidelines assess model performance based on five criteria, which
must all be met for the performance to be judged adequate (ASTM 1997) (Table 5-S10). Two
publications have used this approach under controlled conditions. The first publication evaluated
324 pairs of predicted and measured concentrations (81 pairs for near-field, 243 pairs for far-field)
collected during the evaporation of three different solvents. The performance was adequate in 11—
33 % of the near-field tests and in 69-96 % of the far-field tests (Arnold et al. 2017a). The second
publication evaluated a pair of predicted and measured concentrations collected for each zone
during the evaporation of a solvent. The performance was adequate only for the far-field tests (Keil

and Nicas 2003).
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The AIHA exposure assessment framework evaluates whether a model predicts correctly
the exposure control category, which is indispensable for an appropriate decision regarding the
implementation of exposure controls (Arnold et al. 2017a) (Table 5-S10). Two publications have
used this approach. In the first publication, 27 tests were carried out for each zone under controlled
conditions. The Two-Zone model correctly predicted the exposure categories in 21 tests (78 %) for
the near-field and in 26 tests (96 %) for the far-field (Arnold et al. 2017a). In the second publication,
four tests were conducted for each zone under normal workplace activities. The model correctly
predicted the exposure categories in 3 tests (75 %) for both the near and far-fields (Arnold et al.
2017b). When the model misjudged the categories, it overestimated the exposure by one to two

categories.
Further information about the ASTM and ATHA approaches and results can be found in the

cited references.

5.5 Discussion

5.5.1 Input parameters

5.5.1.1 The emission rate

Three types of emission have been identified in the studies : constant, exponentially

decreasing, and intermittent emissions.

Constant emission rates were determined based on primarily the judgment of the authors,
the nature of the task, and the exposure scenario. Spencer and Plisko (2007) reported, in their study
performed in a controlled environment, that solvents were consistently applied to the valves to

obtain constant emission rates during the test period (Spencer and Plisko 2007). According to
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Jayjock et al. (2011), scenarios involving large evaporation sources with constant surface areas are
more representative of the conditions that generate constant emission rates (Jayjock et al. 2011).
For mathematical simplicity, emission rates are assumed constant in the basic form of physical-
chemical models (Keil and Nicas 2003; Nicas and Armstrong 2003; Persoons et al. 2011). But
emission rates can be highly variable due to : (1) the fluctuation of ambient temperature,
atmospheric pressure, relative humidity, and air movement above the emission source; (2) variation
in the process or in the mechanisms that govern the emissions (exponentially decreasing or
intermittent emissions); and (3) variation in the work environment (general ventilation rate, number
of workers) (Nicas 2003; Keil and Murphy 2006; Spencer and Plisko 2007). Therefore, assuming
a constant emission rate when/where the rate is variable can lead to an inaccurate prediction of
exposure levels or an erroneous time series concentration profile, which may pose a health concern

(Nicas 2003; Nicas and Armstrong 2003).

Two previously published studies have shown the impact of estimating emission rates on
model estimates (Nicas and Neuhaus 2008; Nicas 2016). In one case, it was assumed that the
solvent (Liquid Wrench) was applied as a one-time bolus at the beginning of the exposure
monitoring and 88 % of the applied benzene mass evaporated during the monitoring period (Nicas
and Neuhaus 2008). In the other case, it was assumed that the Liquid Wrench was continuously
applied throughout the exposure monitoring period and 58 % of the applied benzene mass
evaporated during the monitoring period (Nicas 2016). In both studies, the nature of the emission
was assumed to be exponentially decreasing, but the emission rate functions G (t) were different.
Near-field estimates using the emission rate function proposed in the Nicas (2016) study were, on

average, 36 % lower than those obtained using the emission rate function proposed in the Nicas
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and Neuhaus (2008) study (Nicas 2016). These results emphasized the importance of appropriately

estimating emission rates.

5.5.1.2 Near-field

The geometric shapes of the near-field were defined theoretically based on the judgment of
the authors. The most common shapes reported in the studies were the hemisphere, the rectangular
box, the cube and the cylinder (Table 5-S4). Ganser and Hewett (2017) proposed a hemisphere as
the default shape with a quarter of a sphere when the source is against a wall and an eighth of a
sphere when the process is positioned in a corner (Ganser and Hewett 2017). The dimensions of
the near-fields were defined according to the scenario and the task being performed. The larger the
emission source was, the greater was the volume of the near-field. Fourteen out of 18 (controlled
studies) and 4 out of 4 (workplace studies) reported near-field volumes ranging from 0.1-2.1 m?
(Table 5-S5). This range of volumes can serve as a guideline for occupational hygienists when they
face the challenge of defining the volume of the near-field in exposure scenarios that are similar to
those identified in this review. However, it must be noted that modeling the near-field (geometry
and dimensions) should be scenario-dependent and the near-field should be large enough to include

the breathing zone of a worker and the emission source.

5.5.1.3 Interzonal air flow rate (f)

The common approach for estimating the interzonal air flow rate uses the free surface of
the near-field and the random air speed at the boundary of the near- and far-field zones : to calculate
the air flow rate through that surface area. The free surface area depends on the geometry and
dimensions of the near-fields as discussed above. As for the air speed, it can be measured or

estimated from literature data. Measuring air speed poses two challenges. The first is the need to
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use an omnidirectional airflow meter that the industrial hygienists may not have access to (Keil
and Zhao 2017). The hot-wire anemometer commonly used for air speed measurement may lack
the low resolution and the sensitivity that are needed for measurement of the air speeds typically
observed in indoor environments (Keil and Zhao 2017). The second challenge is related to the
validity of the air speed measurement as a measure of random air speed. For example, there may
be directional air flows from a variety of conditions, e.g., fans, worker’s movement, position and
body heat, and temperature (heat) produced by a warm or hot process (Spencer and Plisko 2007;

Plisko and Spencer 2008; Ganser and Hewett 2017).

5.5.2 Two-Zone model predictive performance

For normal workplace studies, the 4 predicted-to-measured concentration ratios were 0.82,
1.27, 1.39, and 8.26. The extreme ratio of 8.26 was obtained in an exposure scenario with a high
degree of uncertainty in the emission rate estimate according to the authors (Arnold et al. 2017b).
Data collected for workplace studies were scarce and all came from the same publication (Arnold

et al. 2017b), which prevents us from drawing any generalized conclusions.

For controlled studies, 441 predicted-to-measured concentration ratios were reported.
Median near-field ratio and median far-field ratio were 1.38 (0.32-3.41) and 1.02 (0.65-3.66),
respectively. Using the median ratio of predicted-to-measured concentrations, the near-field
estimates appeared to be slightly less accurate than the far-field estimates, which could be a result
of the higher concentration gradients that occur in the near-field (Lee et al. 2007), the low spatial
resolution of the Two-Zone model (its inability to correctly capture the concentration gradients

especially in the near-field (von Grote et al. 2006)), and the sensitivity of the near-field to
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environmental parameters such as air speed around the emission source (Gaffney et al. 2008),

among other factors.

Two-hundred seventy-eight out of 441 ratios (63 %) were greater than one (ratio values
ranging from 1.01-3.66). Model estimates appeared to be generally higher than measured values,
which suggest that the Two-Zone model would generally lead to conservative exposure decisions,
but not systematically so. Note that this conclusion is drawn only based on the controlled studies

data and cannot be generalized beyond.

Predicted-to-measured concentration ratios were calculated using the arithmetic means of
replicate measurements in 99 % of far-field evaluations vs. 47 % of near-field evaluations. These
results show that, in most cases, replicate measurements were not used as recommended in a proper
model performance testing strategy (Nicas et al. 2006; Nicas 2009). Using replicate measurements
allows to account for the random variability that is inherent to exposure measurement data and
failing to do so may result in potentially faulty model performance outcomes. Confidence intervals
were reported for the means of replicate measurements in only 18 % of the cases, which prevented
us from concluding in 82 % of the cases if model estimates were significantly higher or lower than
the measured means. Harmonization in both model testing strategy (use of replicate measurements
for comparison purpose) and data presentation (calculation of 95 % confidence intervals for the
means of replicate measurements) in future publications would help adequately evaluate the

predictive performance of the Two-Zone model.

Overall, evaluations of the Two-Zone model have found that, 93 % of the predicted-to-
measured concentration ratios (379 out of 406 ratios) were within a factor of 0.5-2, which was

consistent with Nicas (2009) statement (Nicas 2009). Note that our results were based on a
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subsample of the ratio values collected from the controlled studies after excluding data provided

by the Nicas (2009) study.

The uncertainty in the Two-Zone model estimates (within a factor of 2) appears to be
acceptable when compared to the uncertainty associated with estimating mean exposure from
limited air monitoring. For example, given a sample of six data points randomly generated from a
lognormal distribution with a typical geometric standard deviation (GSD) of 2.5, the ratio of the
upper to the lower bounds of a 95 % confidence interval for the geometric mean is around 5. Our
findings are in line with Nicas and Jayjock’s work which showed, using a hypothetical set of air
samples and Monte Carlo analysis on hypothetical inputs, that modeling can provide more accurate
estimates than monitoring when the sample size is small (n < 3) and the GSD for the distribution

is greater than 2.3 (Nicas and Jayjock 2002).

Moreover, an evaluation of the impact of the model input parameters on the quality of the
prediction (using the controlled studies data) was made by stratifying the parameters (Table 5-4).
No major effect was identified suggesting that the Two-Zone model can be carried out in a variety

of environmental conditions.

5.5.3 Limitations

5.5.3.1 The Two-Zone model

Several parameters have been identified as potential factors that can influence the
predictions but which are not necessarily accounted for in the Two-Zone model : geometry and
size of the emission source (Spencer and Plisko 2007; Plisko and Spencer 2008), type, and location
of the ventilation system (local exhaust ventilation, laminar flow systems, air currents/ventilation

patterns within each zone, type and location of supply and exhaust inlets/outlets), presence,
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orientation and movement of workers (Lee et al. 2007; Persoons et al. 2011). Lee et al. (2007)
reported in their study that exposure levels were 15-25 % higher when the worker faced toward
the emission source compared to when the worker faced away, 14-51 % higher when the worker
was moving compared to a stationary position, 14-26 % lower when a worker was present in the
evaluation room compared to a room without workers, and 20—40 % higher when the room air was

supplied by a wall jet inlet compared to a ceiling diffuser inlet (Lee et al. 2007).

Probabilistic modeling (using Monte Carlo analysis) was proposed to quantify and account
for the uncertainty associated with the input parameters estimation (Plisko and Spencer 2008;
Persoons et al. 2012; Robbins et al. 2012). The Monte Carlo analysis consists in assigning to the
input parameters the distribution of possible values for each parameter, rather than fixed values (as
in the deterministic form of the model) in order to predict a distribution of possible outputs rather
than a fixed estimate. Robbins et al. (2012) used this technique to analyze the impact of uncertainty
in input parameters such as solvent emission rate, near-field volume and interzonal air flow rate
(p) on a Two-Zone model outputs (Robbins et al. 2012). The Monte Carlo simulation has recently
been integrated into the computer modeling software IHMOD (a freeware spreadsheet available

online), but no study reported its use.

5.5.3.2 The review

In the data analysis process, two problems have emerged. First, two controlled studies
provided far more ratio values than others (Robbins et al. 2012; Arnold et al. 2017a) (Table 5-3).
So, it is possible that the aggregation of the ratios across studies would be biased toward the values
in those two studies. To evaluate this problem, data were divided in three groups : one for the study
that provided the largest number of ratios (n =323) (Arnold et al. 2017a), one for the second largest

study (n = 48) (Robbins et al. 2012) and one for the remaining studies (n = 70). Boxplots were
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made to graphically compare data in the three groups of studies (Figures 5-S1, 5-S2, 5-S3). The
results showed that there was little difference between the Arnold et al. (2017a) study and the group
of the remaining studies. However, the Robbins et al. (2012) study exhibited a slightly higher
median ratio value (1.40) comparatively to the two competing groups (1.15 for the Arnold et al.
study and 1.08 for the group of the remaining studies) (Figure 5-S1). Eliminating this study from
the calculations shown in Table 5-4 did not however impact the conclusions drawn from that table
(Table 5-S11 in the supplemental materials). Second, very few ratio values (4 out of 446 ratios)
were provided by actual workplace studies. Model performance obtained in this review (with 99 %
of the evaluations conducted under controlled conditions) represented the best-case scenario
because the environment was controlled and uncertainty and variability in input parameters
estimates were minimized (Spencer and Plisko 2007; Arnold et al. 2017a). More field studies, over
a broad range of workplace conditions, are needed to provide more data in order to assess the
accuracy and reliability of the Two-Zone model for estimating occupational exposures in actual

work environments.

5.6 Conclusion

The Two-Zone model has been used for estimating airborne contaminant concentrations for
a diverse range of exposure scenarios. Ninety-nine percent of the evaluation studies have been
conducted under controlled conditions, which represent the best-case scenario, suggesting a

potential bias in the predictive performance reported in this review.

For controlled studies, the model performance ratios ranged from 0.32-3.66, a factor of 10.

For the four workplace samples, they ranged from 0.82-8.26, another factor of 10.
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The Two-Zone model does not account for certain factors which influence the estimates
such as the geometry and size of the emission source, the type and location of the ventilation system
(local exhaust ventilation, laminar flow systems, air currents/ventilation patterns within each zone,
type and location of supply and exhaust inlets/outlets), the presence, orientation, and movements
of the workers. More research aiming at evaluating the importance of these parameters should be

done.

Overall, despite the limitations, the use of the Two-Zone model should be encouraged in
workplaces served by the occupational hygiene community, and the Two-Zone model should be
considered as a potentially useful tool in regulatory settings for estimating occupational exposures.
Moreover, this review has provided a database of exposure scenarios, input parameter values and
model predictive performances which can be useful to occupational hygienists in their future

modeling activities.
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5.9 Figures and Tables
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Figure 5-1. Concept of the Two-Zone model.

(G : Contaminant mass emission or generation rate. f : Interzonal air flow rate in m*/min. Q :
General ventilation rate in m®/min. Vgr : Far-field volume. Vxr : Near-field volume. Crr : Far-field

concentration. Cnr : Near-field concentration.)
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Table 5-1. List of scientific publications that used the Two-Zone model for estimating occupational exposure to solvent vapors.

References

Scenarios/Tasks

Chemicals

Type of model

Model performance

testing / conditions

(LeBlanc et al. | Cleaning metal parts in basins with | Benzene mixed in an oil distillate | TZM: exponentially | Yes / Literature
2018) scrub brush appliance (mineral spirits) decreasing emission | data

rate

REACH model: ART
(Amnold et al. | Evaporation tests of solvents in a | Pure solvents: toluene, 2-|TZM: constant | Yes / Controlled

2017a)

controlled environment

butanone and acetone

emission rate

WMR
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References Scenarios/Tasks Chemicals Type of model Model performance
testing / conditions
(Arnold et al. | Collecting a liquid sample from | Methylene Chloride TZM: constant | Yes / Workplace
2017b) manufacturing vessel emission rate
WMR

Making sand mold in iron foundry | Phenol

using a phenolic resin

Removing nail polish and cleaning | Acetone

nails in a nail salon

Cleaning Morehouse mixer in clean | Acetone

room environment
*(Nicas 2016) | Continuous application of a liquid | Benzene mixed in a solvent | TZM: exponentially | Yes / Controlled

penetrant on equipment parts on a

work table

(Liquid Wrench)

decreasing emission

rate
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References Scenarios/Tasks Chemicals Type of model Model performance
testing / conditions
(Earnest and | Floor surface cleaning in Ethanol in mixture (95 % | TZM: constant | Yes / Controlled
Corsi 2013) controlled environment ethanol, 5 % isopropanol) and | emission rate
aqueous  mixture of  2-| WMR
butoxyethanol and d-limonene
(Hofstetter et | Spraying paint on a surface area Toluene mixed in the paint: 16 % | TZM: constant | Yes / Controlled
al. 2013) (W/w) emission rate
REACH models:
ART and TRA
(Robbins et al. | Cleaning metal surfaces Pure toluene and xylene, then | TZM: constant | Yes / Controlled

2012)

mixed with benzene

emission rate
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References Scenarios/Tasks Chemicals Type of model Model performance
testing / conditions

(Persoons et al. | Decanting operations consisting in | Pure solvents: toluene and | TZM: intermittent | Yes / Controlled
2012) manually emptying and filling tissue | formalin emission

processor  reagent  reservoirs

(capacity of 5 L) at a teaching

hospital pathology laboratory
(Persoons et al. | Decanting operations consisting in | Pure solvents: toluene and | TZM: intermittent | Yes / Controlled
2011) manually emptying and filling tissue | formalin emission

processor reagent reservoirs WMR

(capacity of 5 L) at a teaching Diffusion model

hospital pathology laboratory
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References

Scenarios/Tasks

Chemicals

Type of model

Model performance

testing / conditions

(Jayjock et al. | Spilling 1 L of solvents in a room 5 fluorinated solvents among | TZM: exponentially | No / Controlled
2011) which 2 solvents are mixtures of | decresaing emission

two inseparable isomers acting | rate

and having been analyzed as

single-component solvents
(Gaffney et al. | Cleaning of semiconductor wafers | Methanol TZM: constant | Yes / Controlled
2008) in a manufacturing setting emission rate

WMR

*(Nicas  and | Application as a one-time bolus of a | Benzene mixed in a solvent | TZM: exponentially | Yes / Controlled

Neuhaus 2008)

liquid penetrant on equipment parts

on a work table

(Liquid Wrench)

decreasing emission

rate
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References Scenarios/Tasks Chemicals Type of model Model performance
testing / conditions
(Spencer and | Loosening of rusted nuts and bolts | Cyclohexane TZM: constant | Yes / Controlled
Plisko 2007) from pipe flanges during the emission rate
disassembly of solvent-coated metal
parts
(Keil and | Distillation and extraction | Pure solvents: ethyl ether, n- | TZM: constant | Yes / Controlled
Murphy 2006) | experiments in an organic chemistry | hexane, methylene chloride emission rate
laboratory WMR
Zero ventilation
model
(Nicas et al. | Cleaning metal parts in basins with | Benzene mixed in a petroleum | TZM: exponentially | Yes / Controlled
2006) scrub brush appliance distillate solvent decreasing emission
rate
(von Grote et | Dry cleaning in commercial and | Perchloroethylene TZM: constant | Yes / Controlled

al. 2006)

industrial shops and facilities

emission rate
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References Scenarios/Tasks Chemicals Type of model Model performance
testing / conditions
(von Grote et | Metal degreasing in industrial | Pure Solvents: perchlorethylene | TZM: constant | No / Controlled
al. 2003) machines and trichlorethylene emission rate
(Keil and Nicas | Spilling of small volumes of | 13 pure solvents: ethyl ether, n- | TZM: exponentially | Yes (only for n-
2003) solvents pentane, acetone, n-hexane, | decreasing emission | pentane) /
methyl alcohol, MEK, 2- |rate Controlled
propanol,  toluene,  n-butyl | WMR
acetate,  1-butanol, = methyl
chloride, chloroform, carbon
disulfide
(Nicas 2003) Filling a tank with gasoline Benzene mixed in gasoline TZM: constant | No / Controlled

emission rate
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References Scenarios/Tasks Chemicals Type of model Model performance

testing / conditions

(Keil 2000) Solvent evaporation test Unspecified generic solvent TZM: constant | No / Controlled

emission rate

WMR
Diffusion model
(Keil 1998) Cleaning of metal parts Toluene TZM: constant | Yes / Workplace

emission rate

TZM = Two-Zone Model, WMR = Well-Mixed Room, ART = Advanced REACH Tool, TRA = Targeted Risk Assessment.
* Nicas (2016) and Nicas and Neuhaus (2008) studies involved the same simulation exposure data but different emission rate functions

in relation to the exposure scenarios or tasks evaluated.
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Table 5-2. Types of emission and methods of determination.

Type

Methods

References

Constant

Total amount of contaminant (mg) / total duration of the emission (min)

(Keil 2000; Keil and Murphy
2006; Spencer and Plisko 2007;
Robbins et al. 2012; Hofstetter et

al. 2013)

E =k; (HCiqg—Cj) A

E = emission rate, ke, = mass transfer coefficient, H = Henry’s law constant =
Cgaz/Clig,Cgaz =concentration of contaminant in the gaseous phase , Ciiq =
concentration of contaminant in the liquid phase, Cj= near-field concentration, A

= area of the solution film

(Earnest and Corsi 2013)

Volumetric rate of solvent (ml/min) x density (g/ml)

Air flow rate entering and exiting the room (m*/min) x concentration measured in
the room (mg/m?)

Interzonal air flow rate A (m®/min) x concentration measured in the near-field

(mg/m?)

(Gaffney et al. 2008; Arnold et al.

2017a, 2017b)

121




Type

Methods

References

G=F x C; and C = [(Xm Py MW x 1000)/0.0623Tx )]

G = emission rate, F = volumetric fill rate of solvent (m*/min), C = concentration
measured in headspace air (mg/m?), Xm Py = Raoult’s Law, Xm= mole fraction of
the contaminant, Py = contaminant vapor pressure, MW = molecular weight of the

contaminant, Tk = temperature in Kelvin

(Nicas 2003)

Emission factors based on the characteristics of the process:
¢ Emissions during the opening of the machines (loading and unloading)
¢ Emissions due to leakage of contaminants through machine covers

e FEmissions from the cleaned materials outside the machines

(von Grote et al. 2003, 2006)

Emission factors based on two types of emissions:
e (Captured emission = air flow rate in the exhaust vent x concentration
measured in the exhaust vent
e Uncaptured emission = ventilation rate of the room x ambient average

concentration

(Keil 1998)
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Type Methods References
Exponentially | G,= aMye(~*t) (Keil and Nicas 2003; Nicas et al.
Decreasing G, = Emission rate at a time t, M, = initial contaminant mass, o = First order loss | 2006; Nicas and Neuhaus 2008;
rate constant, t = time Jayjock M et al. 2011; Nicas 2016;
LeBlanc et al. 2018)
Intermittent | S(t) = YN_, grap(t — ti)e Tk Et} Ht-t)), t, =YL At; (Persoons et al. 2011, 2012)

S(t) = Source emission function
tk = onset time of the k-th emission event, gk = amplitude of the k-th emission
event,

ox = decay rate of the k-th emission event ; N= total number of emissions
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Table 5-3. Two-Zone model performance testing using Predicted-to-Measured concentration ratios.

References Number of Means Min 10t 25t 50t 75t 90th Max |(Zone |Test
[P]/[M] ratios conditions

(LeBlanc et al. 1 NA 0.66 NF Literature

2018) data

(Arnold et al. 79 1.49 0.72 1.13 1.26 1.43 1.59 1.97 3.41 NF Controlled

2017a) 244 1.09 0.74 0.86 0.93 1.02 1.27 1.36 1.87 FF

(Arnold et al. 4 2.93 0.82; 1.27; 1.39; 8.26 NF Workplace

2017b)

(Nicas 2016) 20 1.33 0.32 0.55 0.80 1.23 1.72 2.25 3.28 NF Controlled

(Earnest and 6 1.09 0.76; 0.90; 1.01; 1.16; 1.23; 1.47 NF Controlled

Corsi 2013)

(Hofstetter etal. |2 1.51 1.06; 1.96 NF Controlled

2013)

(Robbins et al. 32 1.48 0.42 0.76 0.90 1.24 2.01 2.93 3.17 NF Controlled

2012) 16 1.70 0.69 0.82 1.22 1.58 1.92 2.88 3.66 FF
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References Number of Means Min 10t 25t 50t 75t 90th Max |Zone |Test
[P]/[M] ratios conditions

(Persoons etal. |1 NA 1.21 NF Controlled

2012)

(Nicas and 10 1.61 0.48;0.86; 1.11; 1.26;1.28; 1.38; 1.90; 2.12; 2.50; 3.27 NF Controlled

Neuhaus 2008) 10 1.24 0.65;0.77; 0.84; 0.87; 0.95; 1.05; 1.30; 1.37; 1.38; 3.2 FF

(Spencer and 6 0.92 0.71; 0.71; 1.01; 1.01 1.03; 1.04 NF Controlled

Plisko 2007) 6 0.75 0.66; 0.67; 0.79; 0.79; 0.79; 0.79 FF

(Keil and 2 1.82 1.78; 1.85 NF Controlled

Murphy 2006) 2 1.23 1.02; 1.44 FF

(Nicas et al. 3 1.23 0.6;1;2.08 NF Controlled

20006)

(Keil and Nicas |1 NA 1.47 NF Controlled

2003) 1 NA 1.28 FF

[P] = Predicted concentration, [M] = Measured concentration; Min = minimum, Max = Maximum, NF = Near-field; FF = Far-field; NA

= not applicable.
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Table 5-4. Predicted-to-Measured concentration ratios according to different parameters for controlled studies.

Far-field Near-field
Sample size | RatioPM | RatioPM Sample size | RatioPM | RatioPM
Variables Modality (Median) | (IQR) (Median) | (IQR)
Zone 279 1.02 0.92-1.28 | 162 1.38 1.07 - 1.65
Geometry of the Near- | Rectangle NA NA NA 112 1.39 1.19-1.65
field Hemisphere NA NA NA 42 1.09 0.91-1.83
Cylinder NA NA NA 6 1.08 0.92-1.21
Cube NA NA NA 2 1.51 1.28-1.73
Volume of the Near- Small: < 0.5 m? NA NA NA 144 1.39 1.11-1.67
field Medium: 0.5 — 2.5 m’ NA NA NA 16 1.02 0.86—-1.21
Large: > 2.5 m’ NA NA NA 2 1.51 1.28 -1.73
Room volume Small: < 100 m? 261 1.03 0.93 -1.28 | 121 1.40 1.14-1.62
Medium: 100 — 1000 m* | 18 0.85 0.79-1.23 | 38 1.23 0.86 —1.83
Large: > 1000 m’ 0 NA NA 3 1.00 0.80 —1.54
Interzonal airflow rate 8 | Low: <3 m*/min 260 1.03 0.93-1.28 | 111 1.41 1.15-1.65
Moderate: 3 — 30 m*/min | 15 1.02 0.81-1.33 |45 1.23 0.86 -1.78
High: > 30 m*/min 4 0.73 0.66—-0.79 | 6 1.01 0.78 — 1.04
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Far-field Near-field
Sample size | RatioPM | RatioPM Sample size | RatioPM RatioPM

Variables Modality (Median) | (IQR) (Median) | (IQR)
General ventilation (Q) | Low: <3 m*/min 260 1.03 0.93-1.28 | 117 1.40 1.14-1.62

Moderate: 3 — 30 m*/min | 15 0.84 0.79-1.16 | 38 1.15 0.86 —1.45

High: > 30 m*/min 4 1.16 092-133 |7 1.85 1.39-2.29
General ventilation (Q) | Low: <3 ACH 262 1.03 0.93 -1.28 | 124 1.39 1.11-1.62
(ACH) Moderate: 3 — 10 ACH 11 0.79 0.78 - 0.85 | 31 1.11 0.83 -1.38

High: > 10 ACH 6 1.15 096-129 |7 1.85 1.62 -2.31
Emission rate Constant 268 1.02 0.93-1.28 | 127 1.39 1.10 - 1.63

Variable 11 1.05 0.85-1.33 |35 1.27 0.86 —1.90
Emission rate Measured 244 1.02 0.93-1.27 | 85 1.41 1.23-1.56

Estimated 35 1.28 0.79-1.58 | 77 1.21 0.87-1.90

RatioPM = Predicted-to-Measured concentration ratios, ACH = Air change per hour, IQR = Interquartile range, NA = not applicable.
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5.10 Supplemental Materials

5.10.1 Equations for Two-Zone Model

o Near-field
BXQ+ A X Vye(B+ Q)
B XQ XVyp(ds —43)

BXxQ+ A xVye(B+Q)
B XQ XVypr(d: —Az)

cC G
Cur (D) = —+—+G><[ x exp(A, X £)

Q B

X exp(4, X t)
o Far-field

G

[AlXIZVF-i_B]X[ﬁXQ-I_ Ay X Vyp(B + Q) exp(d, X £)

B XQ XVyp(41 —A3)

X[AZXVNF+,3]X[,3XQ+ A X Vyp(B + Q)
p B XQ XVyp(dy —A3)

exp(1, X t)

Where :
BXVeg+ Vy(B+Q) B XVe+ Vy(B + Q)? B xQ
A, =0.5— —4
! Ve X Vpp l+\/ [ Ve X Vpp VNFXVFF]]
And
/1:05_'8XVF+VN(B+Q)_ ﬁXVF+VN(ﬁ+Q)2_4 B xQ ]
2 . Ve X Vip Ve X Vep Ve X Vip
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Steady-state :

e Near-field

Cyr(SS) = G + G
NF 0 B
e Far-field
G
Crr(SS) = a
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5.10.2 Figures and Tables

Predicted-to-Measured concentration ratios per Study
Kruskal-Wallis, 12(2) =612, p =0.047, n = 441

(8]

Dunntest, p=0.017

I I
Dunntest, p=04

I
Dunn test, p = 0.03
I

4- median = 1.15 median = 1.4 median = 1.08
i: -
3

RatioPM

Arnold2017a Robbins2012 Others
(n= 323) (n=48) (n=70)
Study

Kruskal-Wallis, effect size - eta2[H] = 0.00940, magnitude (small)

Figure 5-S1. Predicted-to-Measured concentration ratios per group of studies using the overall

controlled studies data.
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Predicted-to-Measured concentration ratios per Study
Kruskal-Wallis, 12(2) =892 p=0011,n=162

Dunn test, p=0.4

I I
Dunn test, p = 0.003

(8]

Dunn test, p=0.11
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median = 1.43 median = 1.24 median = 1.2
-
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L ]
Arnold2017a Robbins2012 Others
(n=79) (n= 32) (n=51)
Study

Kruskal-Wallis, effect size - eta2[H] = 0.0435, magnitude (small)
Figure 5-S2. Predicted-to-Measured concentration ratios per group of studies using the Near-

field controlled studies data.
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Predicted-to-Measured concentration ratios per Study
Kruskal-Wallis, y(2) = 14.89, p = 0.00058, n = 279

m

Dunn test, p = 0.00016
I I
Dunn test, p = 0.063
I |
Dunn test, p = 0.0012
I I

4- median = 1.02 median = 1.58 median = 0.87

a2
'

RatioPM (Far-Field)

M2
-

] \\\ .........

o
Arnold2017a Robbins2012 Others
(n= 244) (n= 16} (n=19}

Study
Kruskal-Wallis, effect size - efa2[H] = 0.0467  magnitude (smalf)

Figure 5-S3. Predicted-to-Measured concentration ratios per group of studies using the Far-field

controlled studies data.
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Table 5-S1. List of the tested solvents and number of exposure scenarios in which the solvents were used.

Solvents Number of exposure scenarios
Benzene 6
Toluene 6
Acetone 4
Methyl chloride 3
Ethyl ether 2
n-hexane 2
2-butanone 2
Perchloroethylene 2
Isopropanol 2
Trichloroethylene 1
Phenol 1
Methanol 1
Ethanol 1
2-butoxyethanol 1
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Solvents

Number of exposure scenarios

d-limonene 1
Xylene 1
Cyclohexane 1
n-pentane 1
Methyl alcohol 1
1-butanol 1
n-butyl acetate 1
Chloroform 1
Carbon disulfide 1
1,1,2,2-tetrafluoroethyl 2,2,2-trifluoroethyl ether 1
Methyl nonafluorobutyl ether 1
Ethyl nonafluorobutyl ether 1
1,1,1,2,2,3,4,5,5,5-decafluoro-3-methoxy-4-(trifluoromethyl) pentane 1

1,1,1,2,3,4,4,5,5,5-decafluoropentane
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Table 5-S2. Constant emission rates or models reported in the scientific publications.

References Types of Rates (mg/min) or models Test conditions
emission
(Arnold et al. 2017a) Constant 39.6t0 129.6 Controlled
(Arnold et al. 2017b) Constant LN (220, 4)*, exposure scenario 1 ; LN (13.1, 2.3), exposure scenario | Workplace
2 ; LN (16.3, 2.68), exposure scenario 3 ; LN (1600, 1.37), exposure
scenario 4
(Earnest and Corsi 2013) Constant 520 Controlled
(Hofstetter et al. 2013) Constant 13 600 Controlled
(Robbins et al. 2012) Constant 0.015 t0 2.92 Controlled
(Gaftney et al. 2008) Constant 563 to 683 Controlled
(Spencer and Plisko 2007) | Constant 1283.3 Controlled
(Keil C. and Murphy Constant N (4400, 370)**, exposure 1; N (1300, 243), exposure 2 Controlled

2006)

135




References Types of Rates (mg/min) or models Test conditions
emission
(von Grote et al. 2006) Constant Emission factors based on: 1) emissions during the opening of the Controlled
machines, ii) leaking emissions through the covers of the machines,
ii1) emissions from the cleaned materials outside the machines
(von Grote et al. 2003) Constant Emission factors based on: i) emissions during the opening of the Controlled
machines (loading and unloading), ii) leaking emissions through the
covers of the machines, iii) emissions from the cleaned materials
outside the machines
(Nicas 2003) Constant 954 Controlled
(Keil CB. 2000) Constant 100 Controlled
(Keil CB. 1998) Constant Emission factors based on: 1) captured emission = air flow rate in the | Workplace

exhaust vent x concentration measured in the exhaust vent, i1)
uncaptured emission = ventilation rate of the room x ambient average

concentration

*LN = lognormal distribution, **N = normal distribution.
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Table 5-S3. First order loss rate constants (a) reported in the scientific publications.

References Types of emission First order loss rate constants (&) (min™') Test conditions
(LeBlanc et al. 2018) Exponentially decreasing 2.3 %107 Literature data
(Nicas 2016) Exponentially decreasing 0.139 Controlled
(Jayjock et al. 2011) Exponentially decreasing 0.32 to 3.45 Controlled
(Nicas and Neuhaus 2008) | Exponentially decreasing 0.139 Controlled
(Nicas et al. 2006) Exponentially decreasing 2.1x10%t03.7 %107 Controlled
(Keil CB. and Nicas 2003) | Exponentially decreasing 0.27 Controlled
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Table 5-S4. Geometries and dimensions of the Near-fields.

References Geometry and dimensions Test conditions
(Arnold et al. 2017b) Hemispheres: *r=0.7to I m Workplace
(Robbins et al. 2012) Hemisphere: r = 0.4572 m Controlled
(Persoons et al. 2012) Hemisphere: r=1m Controlled
(Persoons et al. 2011) Hemisphere: r=1m Controlled
(Gaftney et al. 2008) Hemisphere: r=1m Controlled
(Spencer and Plisko 2007) Hemisphere: r=1 m Controlled
(Keil C. and Murphy 2006) Hemisphere: r=1m Controlled
(Keil CB. and Nicas 2003) Hemisphere: r = 0.5 m Controlled
(Nicas 2003) Hemisphere: r = 0.76 m Controlled
(Keil CB. 2000) Hemisphere: r=1m Controlled
(Keil CB. 1998) Hemisphere: r=1m Workplace

(LeBlanc et al. 2018)

Rectangular box: 1.09 x 0.58 x 0.84 m

Literature data

(Arnold et al. 2017a)

Rectangular box: 0.5 x 0.51 x 0.41 m

Controlled

(Nicas 2016)

Rectangular box: 1.22 x 0.53 x 0.76 m

Controlled
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References

Geometry and dimensions

Test conditions

(Nicas and Neuhaus 2008) Rectangular box: 1.22 x 0.53 X 0.76 m Controlled
(Nicas et al. 2006) Rectangular boxes: (1.09 % 0.58 x 0.84 m) and (0.79 x 0.52 x 0.62 m) | Controlled
(Hofstetter et al. 2013) Cube: side=2 m Controlled
(von Grote et al. 2006) Cube: unspecified dimensions Controlled
(von Grote et al. 2003) Cube: unspecified dimensions Controlled
(Earnest and Corsi 2013) Cylinder: **h = 2 m, surface of the base = 0.5 m? Controlled
(Jayjock et al. 2011) Cylinder: h=2m,r=2m Controlled

*r = radius, **h = height.
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Table 5-S5. Volumes of the Near-fields and corresponding tasks.

References Volume Near- | Tasks Test conditions
field (m%)
(LeBlanc et al. 2018) 0.54 Cleaning metal parts in basins with scrub brush appliance Literature data
(Arnold et al. 2017a) 0.1 Evaporation of solvents from syringes of 30 and 50 ml in a highly Controlled
controlled environment
(Arnold et al. 2017b) 1.1 Collecting a liquid sample from manufacturing vessel Workplace
2.1 Making sand mold in iron foundry using a phenolic resin
1.0 Removing nail polish and cleaning nails in a nail salon
1.1 Cleaning Morehouse mixer in clean room environment
(Nicas 2016) 0.5 Continuous application of a liquid penetrant on equipment parts on | Controlled
a work table
(Earnest and Corsi 2013) 1 Floor surface cleaning using a broom previously dipped in a bucket | Controlled
containing cleaning products
(Hofstetter et al. 2013) 8 Spraying paint on a surface area of 2.9 m? Controlled
(Robbins et al. 2012) 0.2 Cleaning metal surfaces using cotton pads Controlled
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References Volume Near- | Tasks Test conditions
field (m?)

(Persoons et al. 2012) 2.09 Decanting operations consisting in manually emptying and filling | Controlled
tissue processor reagent reservoirs (capacity of 5 L) at a teaching
hospital pathology laboratory

(Persoons et al. 2011) 2.1 Decanting operations consisting in manually emptying and filling | Controlled
tissue processor reagent reservoirs (capacity of 5 L) at a teaching
hospital pathology laboratory

(Jayjock et al. 2011) 25.1 Spilling 1 L of solvents in a room Controlled

(Gaftney et al. 2008) 2.1 Cleaning of semiconductor wafers in a manufacturing setting Controlled

(Nicas and Neuhaus 2008) | 0.5 Application as a one-time bolus of a liquid penetrant on equipment | Controlled
parts on a work table

(Spencer and Plisko 2007) | 2.1 Loosening of rusted nuts and bolts from pipe flanges during the Controlled
disassembly of solvent-coated metal parts

(Keil C. and Murphy 2.1 Distillation and extraction experiments in an organic chemistry Controlled

2006)

laboratory
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References Volume Near- | Tasks Test conditions
field (m?)

(Nicas et al. 2006) 0.54 and 0.26 | Cleaning metal parts in basins with scrub brush appliance Controlled

(von Grote et al. 2006) 100 Dry cleaning in commercial facilities with large clothes washing Controlled
machines which loading capacity was up to 32 kg

(von Grote et al. 2003) 100 Metal parts degreasing with large degreasing machines which Controlled
loading capacity was up to 1,000 kg

(Keil CB. and Nicas 2003) | 0.26 Spilling of small volumes of solvents Controlled

(Nicas 2003) 0.92 Filling a tank with gasoline using a pipe equipped with a nozzle at Controlled
its end

(Keil CB. 2000) 2.1 Solvent evaporation test from an emission source disposed on a Controlled

work surface
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Table 5-S6. Interzonal air flow rates (f) and air speeds (s) reported in the scientific publications.

References Interzonal air flow rates () (m*/min) Air speeds (s) (m/min) Test conditions
(LeBlanc et al. 2018) 7.05 and 11.6 9.1 Literature data
(Arnold et al. 2017a) 0.24 to 1.24 Not available Controlled
(Arnold et al. 2017b) 3.5t0 94 3to0 30 Workplace
(Nicas 2016) 25.2 Not available Controlled
(Earnest and Corsi 2013) 6 12 Controlled
(Hofstetter et al. 2013) 90 9 Controlled
(Robbins et al. 2012) 2.46 3.75 Controlled
(Persoons et al. 2012) 11.1 Not available Controlled
(Persoons et al. 2011) 5.7 1.8 Controlled
(Jayjock et al. 2011) 17 0.9 Controlled
(Gaftney et al. 2008) 11.31 3.6 Controlled
(Nicas and Neuhaus 2008) 25.2 15.2 Controlled
(Spencer and Plisko 2007) 10.34 to 190.9 3.3t060.8 Controlled
(Keil C. and Murphy 2006) 11.3 3.6 Controlled
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References Interzonal air flow rates () (m>/min) Air speeds (s) (m/min) Test conditions
(Nicas et al. 2006) 7.05and 11.6 9.1 Controlled
(von Grote et al. 2006) 13 and 20 Not available Controlled
(von Grote et al. 2003) 10to 12.5 Not available Controlled
(Keil CB. and Nicas 2003) 2.7 3.4 Controlled
(Nicas 2003) 13.9 7.6 Controlled
(Keil CB. 2000) 5.76 to 22.1 LN (3.6, 1.96) Controlled
(Keil CB. 1998) 6.7 Not available Workplace

*LN = lognormal distribution.
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Table 5-S7. General ventilation rates (Q) reported in the scientific publications.

References General ventilation rates (Q) Test conditions
(m>/min) (ACH)
(LeBlanc et al. 2018) 165 and 187 2 and 3 Literature data
(Arnold et al. 2017a) 0.04 to 0.77 0.3t03 Controlled
(Arnold et al. 2017b) 6.2 to 140 4 to 22 Workplace
(Nicas 2016) 15.9 7 Controlled
(Earnest and Corsi 2013) | 0.93 0.84 Controlled
(Hofstetter et al. 2013) 3.9 3 Controlled
(Robbins et al. 2012) 0.286 0.429 Controlled
(Persoons et al. 2012) 10.5 10 Controlled
(Persoons et al. 2011) 10.5 10 Controlled
(Jayjock et al. 2011) 9.17 6 Controlled
(Gaffney et al. 2008) 9and 16 5and 9,5 Controlled
(Nicas and Neuhaus 2008) | 12 to 142.8 5.3t0 63 Controlled
(Spencer and Plisko 2007) | 8.1 4.3 Controlled
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References

General ventilation rates (Q)

Test conditions

(m3/min) (ACH)
(Keil C. and Murphy 2006) | 89 18 Controlled
(Nicas et al. 2006) 165 and 187 2 and 3 Controlled
(von Grote et al. 2006) 40 to 100 6to 10 Controlled
(von Grote et al. 2003) 37 to 65 5.5t06.5 Controlled
(Keil CB. and Nicas 2003) | 18.6 49 Controlled
(Keil CB. 2000) 20 2.4 Controlled
(Keil CB. 1998) 766 to 832 Not available Workplace
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Table 5-S8. Two-Zone model performance testing using the Near-field Predicted-to-Measured concentration ratios (controlled studies).

References Number |[P]/[M] Means |5 1o 25t {50t |75t 9ot |95t Test
of ratios |ratios conditions

values
(Arnold et al. 79 0.72-3.41 |1.49 1.06 |1.13 1.26 1.43 1.59 1.97 ]2.26 Controlled
2017a)
(Nicas 2016) 20 0.32-3.28 |1.33 0.48 10.55 0.80 1.23 1.72 2.25 2.54 Controlled
(Earnest and 6 0.76;0.90 |1.09 NA NA NA 1.09 NA NA NA Controlled
Corsi 2013) 1.01; 1.16

1.23;1.47
(Hofstetter et al. |2 1.06; 1.96 |1.51 NA NA NA 1.51 NA NA NA Controlled
2013)
(Robbins et al. 32 0.42-3.17 148 0.58 |0.76 0.90 1.24  12.01 2.93 3.06 Controlled
2012)
(Persoons et al. 1 1.21 NA NA NA NA NA NA NA NA Controlled

2012)
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References Number |[P]/[M] Means |5 1o 25t 50t |75t 9ot |95t Test
of ratios |ratios conditions

values
(Nicas and 10 0.48-3.27 |1.61 0.65 ]0.82 1.15 1.33 206 [2.57 [292 Controlled
Neuhaus 2008)
(Spencer and 6 0.71;0.71 [0.92 NA NA NA 1.01 NA NA NA Controlled
Plisko 2007) 1.01; 1.01

1.03; 1.04
(Keil C. and 2 1.78; 1.85 |1.82 NA NA NA 1.82 NA NA NA Controlled
Murphy 2006)
(Nicas et al. 2006) | 3 0.6;1;2.08 |1.23 NA NA NA 1 NA NA NA Controlled
(Keil CB. and 1 1.47 NA NA NA NA NA NA NA NA Controlled
Nicas 2003)
Total 162 0.32 -3.41 | Mean: Mean:

1.39 1.29

NA: not applicable.
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Table 5-S9. Two-Zone model performance testing using the Far-field Predicted-to-Measured concentration ratios (controlled studies).

References Number |[P]/[M] Means |5 [10% |25t |50t |75t 90t | 9s5th Test
of ratios |ratios conditions

values
(Arnold et al. 244 0.74 - 1.87 | 1.09 0.83 [0.86 [0.93 1.02 1.27 1.36 1.44 Controlled
2017a)
(Robbins et al. 16 0.69 —3.66 | 1.70 0.73 ]0.82 1.22 1.58 1.92 |2.88 3.66 Controlled
2012)
(Nicas and 10 0.65-32 |1.24 0.70 |0.76 0.85 | 1.35 1.56 2.38 Controlled
Neuhaus 2008)
(Spencer and 6 0.66; 0.67 |0.75 NA |NA NA 0.79 NA NA NA Controlled
Plisko 2007) 0.79; 0.79

0.79; 0.79
(Keil C. and 2 1.44;1.02 |1.23 NA |NA NA 1.23 NA NA NA Controlled
Murphy 2006)
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References Number | [P])/[M] Means | 5™ o |25t |50t |75t 9ot |95t Test
of ratios |ratios conditions
values
(Keil CB. and 1 1.28 NA NA |NA NA NA NA NA NA Controlled
Nicas 2003)
Total 279 0.65 —3.66 | Mean: Mean:
1.20 1.12

NA: not applicable.
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Table 5-S10. Two-Zone model performance testing using other approaches.

References

Model testing approaches

Test conditions

(LeBlanc et al. 2018)

Barplot comparing model estimate against a horizontal line representing the measured

mean value

*Literature data

(Arnold et al. 2017a)

ASTM D5157-97 guidelines based on 5 criteria:

Correlation coefficient r > 0.9

e Slope of the regression line b =0.75 - 1.25

e Intercept of the regression line a < (0.25 x average predicted concentrations)
e Normalized Mean Square Error (NMSE) < 0.25

e Normalized bias (Fractional Bias or FB) < 0.25

Model performance is considered adequate when the five criteria are simultaneously met.

AIHA exposure assessment framework:
e Category 1: Highly Controlled exposure: Xos< 0.10 **OEL
e (ategory 2: Well Controlled: 0.10 OEL < Xo5 <050 OEL
e Category 3: Controlled: 0.50 OEL < Xos5 < OEL

e (ategory 4: Poorly Controlled: OEL < Xos

Controlled
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ATHA exposure assessment framework assesses if the model predicts correctly the

exposure control category to which actual exposures belong.

(Arnold et al. 2017b) AIHA exposure assessment framework Workplace
(Earnest and Corsi 2013) Time-varying concentration profiles for model estimates and measurements Controlled
(Persoons et al. 2011) Time series concentration profiles for model estimates and observed values Controlled
(Gaffney et al. 2008) Barplot comparing model estimates to measured values Controlled
(Nicas and Neuhaus 2008) | Linear regression analysis of the predicted against the measured values Controlled

Pair t-test of the differences between predicted and measured concentrations

Non-parametric Wilcoxon signed rank tests of the measured versus predicted

concentrations
(Spencer and Plisko 2007) | Barplots comparing predicted air concentrations to measured air concentrations Controlled
(von Grote et al. 2006) Scatterplots comparing model estimates to measured data Controlled
(Keil CB. and Nicas 2003) | ASTM D5157-97 guidelines Controlled
(Keil CB. 1998) Linear regression analysis of the predicted against the observed concentrations Workplace

*Original data were taken from Nicas et al. 2006 (model estimate) and Fedoruk et al. 2003 (measured mean concentration).

**OEL: Occupational Exposure Limit.
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Table 5-S11. Predicted-to-Measured concentration ratios according to different parameters for controlled studies (without the Robbins

et al. 2012 study data).

Far-field Near-field
Sample RatioPM RatioPM Sample | RatioPM | RatioPM

Variables Modality size (Median) (IQR) size (Median) | (IQR)
Zone 263 1.02 0.92-1.27 | 130 1.38 1.13-1.62
Geometry of the Rectangle NA NA NA 112 1.39 1.19 - 1.65
Near-field Hemisphere NA NA NA 10 1.03 1.01 -1.40

Cylinder NA NA NA 6 1.08 0.92-1.21

Cube NA NA NA 2 1.51 1.28-1.73
Volume of the Small: < 0.5 m* NA NA NA 112 1.39 1.20 - 1.65
Near-field Medium: 0.5 — 2.5 m? NA NA NA 16 1.02 0.86—1.21

Large: > 2.5 m? NA NA NA 2 1.51 1.28 -1.73
Room volume Small: < 100 m? 245 1.02 0.93-1.27 | 89 1.41 1.22 -1.56

Medium: 100 — 1000 m* | 18 0.85 0.79-1.23 |38 1.23 0.86 —1.83

Large: > 1000 m’ 0 NA NA 3 1.00 0.80 —1.54
Interzonal airflow | Low: <3 m*/min 244 1.02 0.93-1.27 |79 1.43 1.26 - 1.59
rate f§ Moderate: 3 — 30 m*/min | 15 1.02 0.81-1.33 |45 1.23 0.86—1.78
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Far-field Near-field
Sample RatioPM RatioPM Sample | RatioPM | RatioPM

Variables Modality size (Median) (IQR) size (Median) | (IQR)

High: > 30 m?*/min 4 0.73 0.66-0.79 |6 1.01 0.78 — 1.04
General ventilation | Low: < 3 m*/min 244 1.02 093-1.27 |85 1.41 1.23-1.56
(Q) Moderate: 3 — 30 m*/min | 15 0.84 0.79-1.16 |38 1.15 0.86 —1.45

High: > 30 m*/min 4 1.16 092-133 |7 1.85 1.39-2.29
General ventilation | Low: <3 ACH 246 1.02 093-127 |92 1.40 1.20-1.56
(Q) (ACH) Moderate: 3 — 10 ACH 11 0.79 0.78-0.85 |31 1.11 0.83-1.38

High: > 10 ACH 6 1.15 096-129 |7 1.85 1.62 -2.31
Emission rate Constant 252 1.02 0.93-1.27 |95 1.40 1.17-1.56

Variable 11 1.05 0.85-1.33 |35 1.27 0.86 —1.90
Emission rate Measured 244 1.02 0.93-1.27 |85 1.41 1.23 -1.56

Estimated 19 0.87 0.79-1.29 |45 1.21 0.86 — 1.85

RatioPM = Predicted-to-Measured concentration ratios, ACH = Air change per hour, IQR = Interquartile range, NA = not applicable.
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6.1 Abstract

Exposures to vapors generated by small spills of organic solvents are common in the
occupational hygiene practice. In these scenarios, contaminant mass release is exponentially
decreasing, driven by an evaporation rate constant alpha (a). Knowing « is fundamental for
adequately modeling peak concentrations and/or short-term exposures that occur and for achieving

efficient occupational risk analysis and management.

The purpose of this study was to measure alpha experimentally using a gravimetric
approach in a controlled environment during solvent evaporation tests designed to simulate small
spills of solvents. The effects of several factors on a were evaluated. Equations based on regression
models derived from the experimental data were proposed for predicting a. Predictions were

externally validated against experimental data.

A total of 183 tests was performed. Data analyses found that alpha (a) values increased with
vapor pressure, spill surface area-to-spill volume ratio, and air speed across the spill. Larger o were
associated with petri dish containers compared to watch glasses. Three regression models were
created for predicting a. They had four variables in common, namely vapor pressure, molecular
weight, air speed above the liquid, and surface tension of the liquid. The fifth variable was either
spill volume, spill surface area, or spill surface area-to-spill volume ratio. The R? of the regression
models were equal to 0.98. External validation showed mean relative errors of —32.9, —32.0 and —
25.5 %, respectively, with associated standard deviations of the relative errors of 17.7, 33.3, and

26.0 %, respectively, and associated R? of 0.92, 0.65, and 0.87, respectively.
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The proposed equations can be used for estimating a in exposure scenarios similar to those
evaluated in this study. Moreover, these models constitute a step further in the improvement of

knowledge on estimating evaporation rates for small spills of organic solvents.

Keywords : Decreasing emission models; evaporation rate; exposure assessment; model validation;

small spills; solvents.

6.2 Introduction

Physical-chemical models are increasingly used in the workplace to assess contamination
of workplaces and estimate exposure levels to different air contaminants (Sahmel et al. 2009;

Jayjock et al. 2011; Abattan et al. 2021).

These models combine various contaminant dispersion constructs (well-mixed room model,
two-zone model, diffusion models, Computational Fluid Dynamics models (CFD)) with different
contaminant mass emission rate functions to estimate contaminant air concentrations in various
occupational exposure scenarios (Keil et al. 2009). Therefore, knowing contaminant mass emission
rate functions is an important and critical step in the process of modeling occupational exposures

(Jayjock et al. 2011a; Persoons et al. 2012).

Two main contaminant mass emission scenarios are frequently described in occupational
hygiene : constant mass emission scenarios and decreasing mass emission scenarios (Jayjock et al.
2011a). Constant mass emission scenarios involve evaporation from open vessels or large spills of
volatile liquids with constant surface areas. Decreasing contaminant mass emission occurs when
the spilled liquid surface area decreases over time during evaporation (Jayjock et al. 2011a). The
associated model assumes an exponential decay process in which the emission rate G can be

calculated using the following equation (Keil and Nicas 2003) :
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G, = aM, eV (1)

where G; is the instantaneous mass emission rate (mg/min), a the evaporation rate
parameter/constant (min™'), My the initial mass of the spilled solvent (mg), and ¢ the elapsed time

(min) since the spill.

Decreasing contaminant mass emission models have been applied to exposure scenarios
such as the application or spraying of a volatile substance onto a substrate (Nicas et al. 2006; Nicas
and Neuhaus 2008; Plisko and Spencer 2008; Nicas 2016), the off-gassing of sorbed contaminants
(Nicas 2003; Reinke et al. 2009) and the small uncontained spills of organic solvents (Keil and

Nicas 2003; Jayjock et al. 2011a).

Several approaches have been proposed for estimating the evaporation rate constant o (Keil
and Nicas 2003; Jayjock et al. 2011a, 2011b; Hewett and Ganser 2017). These approaches require
to determine alpha («) experimentally using either the gravimetric measurement of the solvent mass
loss over time, or the curve of the gas phase concentration of the solvent measured over time within
a well-mixed test chamber (Jayjock et al. 2011b). However, the chamber method needs important
resources which may not be accessible to all occupational hygienists in the field (Jayjock et al.

2011a).

To help estimating o rapidly, a prediction equation (derived from laboratory
experimentation) has been proposed (Keil and Nicas 2003). This study showed a linear relationship
between alpha (a), the vapor pressure of the chemical, and the spill surface area-to-spill volume

ratio (Keil and Nicas 2003) according to Equation 2 :

a (min~1) = 0.000524 VP + 0.0108 SA/VOL )
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where VP = vapor pressure of the chemical (mmHg); SA/VOL = spill surface area-to-spill volume

ratio (cm™).

This method requires only three parameters relatively easily accessible to occupational
hygienists. The authors reported that including both vapor pressure and the spill surface area-to-
spill volume ratio in a predictive model (Equation 2) significantly improved the prediction of alpha
compared to a model that involved just one variable (i.e., the vapor pressure). But they recognized

that data were too limited to draw any generalized conclusion (Keil and Nicas 2003).

Moreover, Equation 2 was obtained in a specific laboratory setting. It may not be valid for
modeling concentration profiles in all exponentially decreasing emission scenarios as alpha (a) can
be influenced by several other factors including ambient temperature, atmospheric pressure,
relative humidity, air movement/speed over the solvent surface, shape of the container, and nature
of the substrate (smooth surface vs. porous surface) (Keil and Nicas 2003; Plisko and Spencer

2008; Jayjock et al. 2011a; Hewett and Ganser 2017).

Several studies have identified air speed as a major influential parameter on evaporation
rate (Hummel et al. 1996; Lennert et al. 1997). For example, in Hummel et al. (1996), measured
evaporation rates were 2 to 18 times higher when air speeds increased from 51 to 508 cm/s,
depending on the tested chemical (Hummel et al. 1996). In Lennert et al. (1997), an analysis of
variance on experimental data showed that air speed was a significant parameter for the evaporation
rate (Lennert et al. 1997). A number of different published algorithms recognized the influence of
molecular weight (MW) on evaporation rate (Mackay and Matsugu 1973; Gray 1974; Hummel et
al. 1996). A recent publication has identified surface tension of the spilled liquid and spill surface

area among the factors that influence organic solvent evaporation (Keil and Miller 2020).
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All factors that influence alpha (a) are not fully understood and well-described. For
example, Keil and Nicas highlighted the need for continuing researches on the effects of spill size

and surface geometry on the evaporation rate constant a (Keil and Nicas 2003).

The aims of this study were : (i) to investigate the evaporation rate constant o and its
potential influencing parameters in the case of small spills of five organic solvents and (ii) to

propose equations for estimating a.

6.3 Methods

The study consisted in determining experimentally first-order evaporation rate constants
(@), using a gravimetric approach, during solvent evaporation tests which were representative of
decreasing contaminant mass emission scenarios. The tests were performed under different
experimental conditions. Several influencing factors on alpha (a) were studied and predictive
equations (based on regression models obtained from the experimental data) were proposed for

estimating a.

6.3.1 Experimental design

The tests were conducted under controlled environment with air temperature ranging from
20 to 22 °C, atmospheric pressure ranging from 735 to 765 mmHg, and relative humidity ranging
from 24 to 34 %. To determine the evaporation rate constants a, scenarios of small spills were
carried out with five volumes (1 mL, 3 mL, 6 mL, 10 mL, 20 mL) of five solvents (acetone, n-
hexane, 2-butanone, 2-propanol, toluene). Solvents were transferred to two types of containers
(watch glasses of 12.4 cm of diameter and petri dishes of 10 cm of diameter). The containers were

placed on top of an analytical balance connected to a computer that automatically recorded, every
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25 sec, the change in the solvent mass until complete evaporation occurred. The recorded masses
were directly imported into an Excel file from which evaporation rate constants (a) were estimated
using the approach proposed by Keil and Nicas (2003). This approach consists in graphically

determining the slope of the mass decay curve established according to the time (t) and the natural

logarithm of the remaining mass to the initial mass ratio (In (%)). The estimate of the evaporation
0

rate constant a corresponds to the absolute value of the slope for the least-squares regression line

fitted to the data covering the loss of the first 75 % of mass.

A Sartorius CPA423S analytical balance was used for the gravimetric measurement of the
mass loss related to the evaporation of the solvents. Spills diameters were immediately measured
after the solvents were transferred to the containers using a standard marked ruler placed on the
analytical balance underneath the containers. Note that spill diameters were not measured in the
petri dish tests due to the irregularity/complexity in the shape of the liquid pool in the petri dish. A
VelociCalc Plus (TSI, Inc., Shoreview, MN) was used to measure environmental parameters such
as ambient temperature, atmospheric pressure, relative humidity and air speed above the emission

source.

The five tested organic solvents were selected based on representativeness of substances
often used in the workplace and coverage of a wide range of vapor pressures. The main properties
of the five solvents are summarized in Table 6-1. All the values were taken from CNESST chemical
substances toxicological repository (CNESST 2021), except for the surface tensions which came
from online database (DataPhysics-Instruments 2021) and the TLV®-TWA (Threshold Limit

Values-Time Weighted Average) taken from the 2020 ACGIH® booklet (ACGIH 2020).
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Three conditions of ventilation were tested to evaluate the effect of the air speed across the
liquid pool on the evaporation rate constant. In the first condition (termed without ventilation), the
tests were carried out on a laboratory bench with measured air speeds approximately around 0.025
m/sec. In the second condition (termed with ventilation), the tests were carried out under a
laboratory hood where measured air speeds were between 0.2 and 0.28 m/sec. In the third condition,
a stand fan was used with measured air speeds set at 0.5, 1, and 2 m/sec. Air speeds were measured

at 1 cm over the liquid pool.

Overall, five solvents, five volumes, two types of containers, and three conditions of
ventilation were considered for evaluations. The initial goal of the research was to measure the
evaporation rate constants alpha (&) in exposure scenarios involving all possible combinations of
these variables. But, in practice, we were not able to carry out the tests for all the combinations.

Table 6-2 shows the final experimental design.

Each exposure scenario was run in triplicate to verify the reproducibility of the results.
Variability in the results was assessed by calculating the relative standard deviations (coefficients

of variation) for alphas across the triplicates.

Finally, due to the imbalance in the experimental data (i.e., incomplete assessment for air
speed, spill volume, and spill container) (Table 6-2), different subsets of the experimental database
were used for the analyses depending on the objectives. Note that data subsetting was carried out
on the purpose of making sure that the datasets being used for the analyses were as balanced as

possible. The full experimental database was also used when indicated.
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6.3.2 Data analysis

A multiple regression procedure was performed to evaluate the association of different
parameters with the evaporation rate constant a and select the best model for predicting a given the
experimental data at hand. Seven explanatory variables were considered (vapor pressure (VP), spill
volume (Vol), spill surface area (SA), spill surface area-to-spill volume ratio (SA/Vol), molecular
weight (MW), air speed (Speed), and surface tension (ST)). The response variable was the
evaporation rate constant a. Correlation analysis was run to check for the association between two
or more variables (multicollinearity). For this analysis, all the variables were standardized using a
z-score transformation procedure so that each standardized variable has a mean of zero and a
standard deviation of one. Note that the standardization of the variables, the correlation tests and
the regression analyses were conducted using the watch glass dataset, the largest subset of balanced

data taken from the present experimental study’s data (Table 6-S1 in supplemental materials).

A list of plausible models was defined using the approach described by Burnham and
Anderson (Burnham and Anderson 2002; Burnham and Anderson 2004). Given that we had seven
explanatory variables at hand, the number of all possible models was N = 27 = 128. But, based on
the Keil and Nicas study that showed a relationship between alpha (), VP, SA, and Vol (Keil and
Nicas 2003), we considered, as candidate models for the analyses, the models that necessarily
included the following pairs of variables : VP and Vol, VP and SA, and VP and SA/Vol ratio,

which led us to a total set of 24 plausible models (Table 6-S2 in supplemental materials).

The modeling process was performed considering a logarithmic relationship between alpha
(o) and the tested explanatory variables (log (alpha) = f(log(predictors))) (Figures 6-S1 and 6-S2
in supplemental materials show the rationale for this choice based on the comparison of the residual

analyses using different linear and logarithmic models).
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Akaike Information Criterion (AIC) was calculated for each model to support the model
selection analysis. AIC quantify information loss when a model is used to approximate the truth.

The “best” model over a set of models is the one with the lowest AIC.

Model validation was carried out through a two-steps process. First, an internal validation
using a subset of the experimental data from the present study (n = 60) in order to confirm the
robustness of the predictive equations when restricted to a balanced dataset (Table 6-S3 in
supplemental materials). Second, an external validation using experimental data from Keil and
Nicas (2003) study (n = 60) (Table 6-S4 in supplemental materials). Note that the air speed of

0.057m/sec reported by Keil and Nicas (2003) was used during the external validation process.

For the validation processes, the predicted alphas from our models were compared against
the measured alphas (experimental alpha values). Equation 3 was used in the back transformation
step in order to provide unbiased predicted values for alphas from our models (Baskerville 1972;

Cox et al. 2008; Zeng and Tang 2011).
Alpha = exp() = exp(0.5 52) 3)

where y = alpha predicted in log scale, o = residual standard error of the model in log scale, and

exp (0.5 62) = lognormal bias correction factor (Cox et al. 2008; Zeng and Tang 2011).

According to Beauchamp and Olson (1973), the log-transformation of raw data generates a
distortion in the logarithmic regression model estimates as it “compresses’ the largest values of the
distribution which tend to have less “leverage” than smaller values in creating the estimates
(Beauchamp and Olson 1973). The lognormal bias correction factor adjusts for this distortion

(Beauchamp and Olson 1973; Miller 1984; Cox et al. 2008; Zeng and Tang 2011).
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The quality of the predictions was evaluated using an approach based on the predicted-
measured differences, which allowed to calculate the percentages of error (PE) (also referred to as
relative errors) according to Equation 4. Then prediction bias (defined as mean percentage of error
(MPE)) and prediction precision (defined as standard deviation of the percentages of error (SdPE))

were calculated using Equations 5 and 6, respectively.

PEi _ (Predic;leecfli;uid:;isuredi) « 100 (4)
, Y-, PE;
Bias = MPE = ==— %)

n (pE,— 2
Precision = SAPE = \/@ ©)

All the analyses were performed using the software program R (version 4.1.0, R Core Team,

Vienna).

6.4 Results

6.4.1 Determination of the evaporation rate constant alpha (a)

Figure 6-1 shows an example of evaporation data plots for the five solvents using a spill
volume of 1 mL in a watch glass of 12.4 cm diameter. Contaminant mass emission is exponentially

decreasing over time.
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6.4.2 General descriptive data analysis

Sixty-four exposure scenarios were evaluated among which 58 were tested in triplicates
(174 tests), three in duplicates (six tests) and three were single tests, resulting in a total of 183 tests.

Overall, alpha () values ranged from 0.002 to 0.448 min™' with an average value of 0.076 min'.

For the 61 groups of repeated measurements (58 triplicates and three duplicates), relative
standard deviations for alphas varied from 0 to 24.8 % (mean = 5.4 %, 25th percentile = 2.5 %,

50th percentile = 4.2 %, 75th percentile = 7 %).

Table 6-3 presents an overview of the alpha values for the five solvents and for the full

experimental database.

6.4.3 Bivariate analyses

6.4.3.1 Vapor pressure, spill volume, spill surface area, and spill surface area-to-spill

volume ratio

The values of the parameter “vapor pressure” were available for all the tests. Therefore, the
full experimental database (n = 183) was used for the analysis. For spill volume, spill surface area
and spill surface area-to-spill volume ratio, a balanced dataset for these variables (watch glass tests

for “without ventilation” condition, n = 74) was used for the analyses.

Figure 6-2 shows the relationships between vapor pressure (A), spill volume (B), spill

surface area (C), spill surface area-to-spill volume ratio (D), and alpha () for the five solvents.

A larger vapor pressure was associated with a larger o (A). As spill volume and spill surface
area increased, a decreased (B and C). The larger was the spill surface area-to-spill volume ratio,

the larger was o (D).
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6.4.3.2 Air speed across the liquid pool

The effect of air speeds was mainly evaluated for watch glass tests. Two air speed levels
were tested using spill volumes of 1 and 3 mL of all solvents. Four air speed levels were tested
using spill volumes of 10 and 20 mL of acetone (Table 6-2). The analyses were performed using

data related to each type of these experimentations.

Figure 6-3 shows the relationships between ventilation and alpha («) for spill volumes of 1
and 3 mL of all five solvents tested for two air speed levels (A), and for spill volumes of 10 and 20

mL of acetone tested for four air speed levels (B).

For (A), larger alphas (o) were observed for ventilated conditions compared to unventilated
conditions. For spill volume of 1 mL, a were 70 to 150 % higher for ventilated conditions. For spill

volume of 3 mL, a were 53 to 124 % higher for ventilated conditions.

For (B), a significant increase in a values was observed for spills of 10 and 20 mL of acetone
when the air speeds increased from 0.025 to 2 m/sec. Alphas (a) were 180 to 900 % higher

depending on the tested conditions.

6.4.3.3 Shape of the containers

Two types of containers were used to evaluate the effect of the geometry of emission source
on evaporation rate constants : watch glass of 12.4 cm diameter and petri dish of 10 cm diameter.
All spill volumes were tested only for three solvents (Acetone, n-Hexane, and MEK) for “without
ventilation” condition (Table 6-2). The analyses were performed using data related to each type of

these experimentations.
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Figure 6-4 shows the relationships between shape of container and alpha () for acetone, n-

hexane, and MEK.

For acetone, o were, on average, 83 % and 22 % higher for petri dish vs. watch glass tests
for 1 mL and 3 mL spills, respectively. For larger volumes (6 mL, 10 mL, and 20 mL), there was

no notable difference between alphas regardless of the shape of the containers.

For n-hexane, a were, on average, 45 % and 19 % higher for petri dish vs. watch glass tests
for I mL and 3 mL spills, respectively. For larger volumes (6 mL, 10 mL), there was no notable
difference between alphas regardless of the shape of the containers. For spills of 20 mL, a were

lower for petri dish vs. watch glass tests.

For MEK, a were, on average, 86 % and 37 % higher for petri dish vs. watch glass tests for
1 mL and 3 mL spills, respectively. For larger volumes (6 mL), there was no notable difference

between alphas regardless of the shape of the containers.

6.4.4 Predicting the evaporation rate constant alpha («)

Twenty-four regression models were identified as candidate models for predicting alphas.
Table 6-S5 in supplemental materials presents the models and their corresponding AIC values. All
models within 10 AIC units from the best model were considered as all plausible models for
predicting alphas according to the guidelines proposed by Burnham and Anderson (Burnham and
Anderson 2002), which led to the selection of models 24-24, 8-24, and 16-24 (supplemental
materials, Table 6-S5). These models had four variables in common (vapor pressure (VP),
molecular weight (MW), air speed above the liquid (Speed), surface tension of the liquid (ST)) and
a fifth variable which was either spill surface area (SA), spill volume (Vol), or spill surface area-

to-spill volume ratio (SA/Vol).
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Equations for predicting alphas, using regression models 24-24, 824, and 16-24 were

presented as followed :

e For model 24-24 with spill surface area (SA)

Alpha = exp[—3.30 + 091 X log (VP) — 1.40 X log (SA) + 0.74 X log (MW) + 0.37 X

log (Speed) — 0.40 X log (ST)] (7)
e For model 8-24 with spill volume (Vol)

Alpha = exp[—7.17 + 091 x log (VP) — 0.63 x log (Vol) + 0.74 x log (MW) + 0.37 X

log (Speed) —0.39 x log (ST)] (8)

e For model 16-24 with spill surface area-to-spill volume ratio (SA/Vol)

Alpha = exp |—10.38 + 0.91 x log (VP) + 1.16 X log 24) +0.73 x log (MW) + 0.37 X
9 Vol

log (Speed) —0.39 x log (ST)] 9)

To obtain unbiased predicted values for alphas, Equations 7-9 were multiplied by the
lognormal bias correction factor (Equation 3 in the methods section). The calculated lognormal
bias correction factor was equal to 1.01 in all cases (leading to an increase of 1 % in the alpha

values), which was judged negligible. Therefore, it was not considered in the presentation of the

predictive equations.

6.4.5 Validation of the predictive models

Comparisons of the predicted and measured alpha values using equations based on

regression models 24-24, 8-24, and 16-24 are presented in Figure 6-5.

For internal validation, predicted alphas using Equations 7 (model 24-24), 8 (model 8§-24),

and 9 (model 16-24) closely matched the measured alphas, with R? equal to 0.98, and the slopes
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of the regression lines close to 1. For external validation, predicted alphas were slightly lower than
measured alphas regardless of the equations. However, predictions were better for Equations 8
(model 8-24) and 9 (model 16-24) with R? of 0.92 and 0.87 respectively, vs. Equation 7 (model

24-24) for which the R? was 0.65.

For internal validation, the mean percentages of error were less than 2 % and the standard
deviations of the percentages of error were less than 12 %. For external validation, the mean
percentages of error were —32.0, —32.9, and -25.5 %, respectively, with associated standard

deviations of the percentages of error of 33.3, 17.7, and 26.0 %, respectively (Table 6-4).

6.5 Discussion

The present study is one of the few, along with Keil and Nicas’ 2003 study (Keil and Nicas
2003), that investigated contaminant mass emission rates for small spills of organic solvents. Small
spills of solvents can pose serious health risk (notably acute toxic effects) for workers during the
clean-up and/or emergency response activities because high concentrations of toxic substances can
be reached rapidly, especially at the beginning of the spill, followed by a decreasing emission phase
(Keil and Nicas 2003; Jayjock et al. 2011a). Therefore, understanding evaporation process during
small spills of solvents and its driving factors is essential as it allows occupational health
professionals to adequately estimate peak concentrations and/or short-term exposures, and

appropriately manage risks that are inherent to these exposure scenarios.
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6.5.1 Determinants of the evaporation rate constant alpha («)

Data analyses showed that evaporation rate constant alpha («) is influenced by factors such
as vapor pressure of the chemical, spill volume, spill surface area, spill surface area-to-spill volume

ratio, air speed across the spill, and to a lesser degree, shape of the container.

Thus, larger vapor pressure was associated with larger evaporation rate constant (a) (Figure
6-2A). Vapor pressure of a liquid chemical relates to the pressure that the liquid exerts as it moves
to vapor phase (tendency of molecules and atoms to escape from the liquid chemical) (Keil 2009).
The higher the pressure, the weaker the intermolecular forces between molecules in the liquid, the
faster the liquid evaporates, which consequently implies higher a for decreasing contaminant mass
emission scenarios. This observation is consistent with Keil and Nicas (2003) who also reported a

strong positive linear relationship between vapor pressure and a (Keil and Nicas 2003).

The larger the spill volume was, the smaller was o (Figure 6-2B). This observation is
explained by the fact that, for the same substance (exhibiting the same physical-chemical
characteristics), smaller spill volume would probably evaporate faster than larger spill volume (all
other factors that affect the rate of evaporation held identical), which would result in larger a for
decreasing mass emission scenarios. Note that the inverse relationship observed between spill
volume and alpha (&) appeared to be nonlinear, as for larger spill volumes (10 and 20 mL), there
was little change in alpha values, regardless of the tested solvent (and therefore, regardless of the

vapor pressure of the tested solvent).

A negative association was observed between spill surface area and a. As spill surface area
increased, o decreased (Figure 6-2C). Spill surface area is related to spill volume given that it was

calculated based on the diameter of the spill. Therefore, increasing spill volume would
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automatically increase spill surface area in the context of unconstrained spill, which would be

associated to smaller a as described above (see effect of spill volume section).

A positive association was observed between spill surface area-to-spill volume ratio (also
referred to as spill size by Keil and Nicas (2003)) and a. The larger was spill surface area-to-spill
volume ratio, the larger was a (Figure 6-2D). The reason resides in the fact that larger spill surface
area-to-spill volume ratios were associated to smaller spill volumes which were associated to larger

a. Keil and Nicas (2003) also found a similar relationship in their study.

Highest a were observed as air speeds across the spills increased. Evaluations made using
watch glass data, after stratifying the parameters, showed that alphas (a) were 53 to 900 % higher
for ventilated tests vs. unventilated tests depending on the tested conditions (Figure 6-3). These
results illustrate how significant the impact of air speed on a can be. A greater movement of air
above the liquid pool carries off more vapor (high mass transfer coefficient), resulting in the
increase of evaporation rate, and higher a for decreasing mass emission scenarios. Lennert et al.
(1997) mentioned that increasing air speed/velocity reduces the thickness of the boundary layers
that exist at the surface of a liquid pool (emission source), which reduces the resistance to

evaporation and therefore increases the evaporation rate (Lennert et al. 1997).

Larger o were observed when spill containers were petri dishes compared to watch glasses
but only for small spills. Evaluations showed that alphas («) were, on average, 19 to 86 % higher
for petri dish vs. watch glass depending on the tested conditions. However, these results were
obtained for smaller spill volumes of solvents; for larger spill volumes (6 mL, 10 mL, and 20 mL),
there was no notable difference between alphas regardless of the shape of the containers (Figure 6-

4). Differences between alphas (a) according to the shape of the container (notably for smaller
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spills) may be explained by the spill sizes, probably larger in petri dishes compared to watch

glasses. The larger the spill size, the greater the evaporation rate.

6.5.2 Predicting the evaporation rate constant alpha (a)

Three equations were derived based on the three best plausible regression models identified
for predicting a. The internal validation of these equations, using a balanced subset of the present
experimental data, was excellent with R? = 0.98, a prediction bias (mean percentage of error) equal
to 1.52 % at maximum and a prediction precision (standard deviation of the percentages of error)
equal to 11.2 % at maximum, which confirm the robustness of the equations for predicting a. The
external validation using Keil and Nicas (2003) experimental data showed that the three equations
slightly underestimated Keil and Nicas experimental values with R? =0.65 —0.92, a prediction bias
equal to —32.9 % at maximum and a prediction precision equal to 33.3 % at maximum. The results
from the external validation were lower compared to those from the internal validation, but the
quality of the predictions was still high, which allow to posit that Equations 7 (model 24-24 with
spill surface area), 8 (model 8-24 with spill volume), and 9 (model 16-24 with spill surface area-
to-spill volume ratio) were reasonably good predictors for a. It is worth mentioning that presenting
external validation results is quite rare, which reinforces the real-world usefulness of the proposed

equations and emphasizes the scientific contribution of the present study.

Despite the similarity in the prediction errors (in terms of underestimation) for the three
equations during the external validation (Table 6-4), it appears that the best equations for predicting
a were Equations 8 (model 8-24 with spill volume : better precision) and 9 (model 16-24 with
spill surface area-to-spill volume ratio : smaller bias). Equation 7 (model 24-24 with spill surface

area) was less favored. The underestimation of the alpha («) values by the equations can be

177



explained by several factors, including variations in environmental conditions during the tests. Keil
and Nicas, reported temperatures of 21 to 25 °C, and atmospheric pressures of 745 to 780 mmHg
vs. this study’s tests which were carried out at temperatures of 20 to 22 °C and atmospheric
pressures of 735 to 765 mmHg. Alphas («) are expected to be higher in the Keil and Nicas study
as temperatures were possibly higher with the maximum temperature at 25 °C. While Keil and
Nicas reported a geometric mean air speed over the evaporation zone of 0.057 m/sec, in this study,
the measured air speed for unventilated tests were lower (0.025 m/sec). When ventilation was used,
a varied in a linear relationship with air speed, being, on average, 53 to 900 % higher as air speeds
increased from 0.025 to 2 m/sec depending on the test (Figure 6-3). Air speed is therefore an
important explanatory parameter for estimating a. The shape of the container is also a determinant
which has been shown to be influential on alpha (&) based on results from this study (Figure 6-4).
Keil and Nicas used watch glasses (as spill containers), which dimensions were not mentioned in
the publication. In this study, watch glasses of 12.4 cm of diameter were used. In addition, it must
be noted that spill surface area depends on several other factors such as the surface tension of the
liquid, the volume and mass of the liquid, the effect of gravity on the liquid, the height from which
the spill occurs, and the interaction between the liquid and the surface on which it is spilled (Keil
and Miller 2020). Each of these factors could have contributed to the variations observed between

Keil and Nicas’ experimental data and this study’s predictions data.

Applicability of the models is also important to take into account in our recommendations.
As for the application of the equations, it is reasonable to assert that spill volume and nature of the
contaminant would be, in general, accessible parameters to the occupational hygienists in small
spills exposure scenarios. In this case, Equation 8 can be used for predicting a. In situations where

spill volume is hard to know or is not known, spill surface area presents all its interest as a predictor
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(Equation 7). For this matter, Keil and Miller have recently developed a modeling approach for
estimating spill surface areas in the context of small spills of pure volatile liquids. The proposed
model accounts for the spill volume and the depth of the puddle formed by the spill which is a
function of the surface tension of the liquid, the contact angle between the liquid and surface, the
acceleration of gravity and the liquid density (Keil and Miller 2020). Equation 9 would also be

indicated when both spill volume and spill surface area are known.

Note that the three equations provided similar predictive performances and are expected to
reasonably predict a values within the range of the values tested in this study. Therefore,
occupational hygienists can use the one they find practical depending on the information and/or
the inputs available for the modeling activity, notably, the accessibility to variables of interest such
as spill volume and/or spill surface area. Moreover, these equations provide an opportunity for

sensitivity analysis for those who would want to go that far.

6.5.3 Limitations

Data collection was limited (incomplete testing for air speed, spill volume, and spill
container) (Table 6-2), resulting in an imbalance in the final experimental database. Therefore, all
possible combinations of the variables of interest could not be investigated and all possible

circumstances could not be included in the modeling.

This research was conducted in a specific laboratory setting. Results may not be applicable
or may need adjustments to real-world conditions as spills of volatile liquids in workplace settings
may be significantly different in terms of volume, nature of the surface covered (smooth or porous

surface, concrete floors, metal surfaces, stone or laminated tabletops) (Keil and Miller 2020), shape

179



and size of the container (flat disk, flask, vial, bottle, tank, etc.), nature of the chemical (pure

compounds, mixtures), etc.

Only unconstrained spills (spreading of the liquid without physical boundaries) were
studied. Therefore, contaminant evaporation rate from constrained spills (spills onto surfaces that
have containment curbs, open vessels containing volatile substances) may not be adequately

estimated by the predictive models developed in this study.

Predictive equations proposed in this study only apply to organic solvents composed of
carbon, hydrogen, and oxygen (as evaluations were carried out for these chemical compounds).
Organic solvents such as chlorinated hydrocarbons (or other halogenated hydrocarbons) may
require different models for estimating o (and mass emission rates) in the context of small spills,

as suggested by Keil and Nicas in their study (Keil and Nicas 2003).

These limitations could be potential areas for future researches.

6.6 Conclusion

Investigation of mass emission rate for small spills of organic solvents showed that
evaporation rate constant (o) was strongly associated with parameters such as vapor pressure of the
chemical, spill volume (and collaterals, namely spill surface area and spill surface area-to-spill
volume ratio), air speed across the liquid pool, and shape of the container (representing the

geometry of emission source).

Three predictive equations, based on regression models, derived from the experimental
data, were proposed for estimating a. While the equations generally underestimated the true values

of the external validation dataset with mean percentages of error of —32.9, —32.0, and -25.5 %,
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respectively, they constitute a step further in the improvement of knowledge on estimating
evaporation rates for small spills of organic solvents by considering new parameters such as
ventilation conditions. The identified influential parameters on alpha (a) can potentially be

incorporated in future versions of decreasing contaminant mass emission models.
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6.11 Figures and Tables
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Figure 6-1. Evaporation data for the five solvents using a spill volume of 1 mL in a watch glass

of 12.4 cm diameter.
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Relation between Alpha and Vapor Pressure, Spill Volume,
Spill Surface Area and Spill Surface Area-to-Spill Volume Ratio
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Figure 6-2. Evaporation rate constants o according to vapor pressure, spill volume, spill surface

area, and spill surface area-to-spill volume ratio for the five solvents.
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Relation between Alpha and Air Speed across the liquid pool
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Figure 6-3. Evaporation rate constants a according to air speed across the liquid pool.
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Relation between Alpha and Shape of Container
Data : Acetone (n = 29), n-Hexane (n = 29) and MEK (n = 23)
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Figure 6-4. Evaporation rate constants o for acetone, n-hexane, and MEK according to spill

volume and shape of containers.
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Model validation
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Figure 6-5. Comparison of the predicted and measured alpha values using equations based on

regression models 24-24, 8-24, and 1624 (blue line represents the perfect agreement line).
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Table 6-1. Physico-chemical characteristics of the five solvents used in the study.

Liquid Acetone n-Hexane | 2-butanone (MEK) | 2-propanol (IPA) | Toluene
Formula C3HeO CesHi4 C4H30 C3HsO C7Hg
Molecular weight (g.mol™) 58.08 86.18 72.11 60.10 92.15
Density at 20°C (g/mL) 0.788 0.659 0.806 0.785 0.866
Vapor pressure at 20°C (mmHg) | 185 124 71 33 22
Surface tension at 20°C (mN/m) | 25.20 18.43 24.60 23.00 28.40
Flash point (°C) -20.0 -22.0 -8.9 11.7 4.4
Lower Explosive Limit (%) 2.5 1.1 1.8 2.0 1.1
TLV-TWA (ppm) 250 50 200 200 20
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Table 6-2. Final experimental design.

Air speed (m/sec)
Volume solvent (mL) | 0.025 0.20-0.28 0.5 1 2
Watch glass tests
1 v v x x x
3 v v x x x
6 v v (AHM) x x x
10 v x V(@A) ZSERERS
20 V(AHM**PT) |x v (A) v (A) v (A)
Petri dish tests
1 v (AHMP) v (A) x x x
3 v (AHMP) v (A) x x x
6 v (A HM P¥*) x x x x
10 v (A HP*) x x x x
20 v (A** H** p¥) | x x x <

v' = Tests (triplicate) run for the 5 solvents.

v (AH M P T) = Tests (triplicate) run for : A = Acetone, H = n-Hexane, M = MEK, P = 2-

Propanol, T = Toluene.

* = Single test, ** = Duplicate tests.

x = No test.

192




Table 6-3. Overview of the alpha values for the five solvents and for the full experimental database.

Alpha (min™)
Solvents Number | Mean Min 25 50" 75t Max
of tests percentile | percentile | percentile
Acetone 62 0.119 0.014 0.044 0.083 0.147 0.448
n-Hexane 38 0.097 0.015 0.033 0.073 0.124 0.320
MEK 32 0.052 0.009 0.020 0.040 0.064 0.137
2-Propanol 30 0.024 0.002 0.008 0.017 0.031 0.073
Toluene 21 0.020 0.003 0.006 0.013 0.027 0.063
Full Database | 183 0.076 0.002 0.021 0.046 0.091 0.448
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Table 6-4. Predictive performance metrics using predicted-measured differences.

MPE (%) (Bias) SdPE (%) (Precision)

Internal validation dataset (n = 60)

Equation 7 (Model 24-24 (SA)) 1.52 10.8

Equation 8 (Model 8-24 (Vol)) 1.40 11.0

Equation 9 (Model 16-24 (SA/Vol)) | 1.29 11.2

External validation: Keil and Nicas 2003 dataset (n = 60)

Equation 7 (Model 24-24 (SA)) -32.0 333

Equation 8 (Model 8-24 (Vol)) -32.9 17.7

Equation 9 (Model 16-24 (SA/Vol)) | -25.5 26.0

PE = Percentage of Error = ((Predicted — Measured)/Measured) X 100.

MPE = Mean Percentage of Error = Bias.

SdPE = Standard deviation of the Percentages of Error = Precision.
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6.12 Supplemental Materials

6.12.1 Figures and Tables
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Figure 6-S1. Residual plots for the full model 16-24 (linear model).
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Like Keil and Nicas (Keil CB. and Nicas 2003), we assumed a linear relationship between
the response variable alpha (a) and the tested explanatory variables, as a starting point for our own
modeling efforts. Figure 6-S1 shows an example of residual analysis for the full model 16-24 which
involves variables VP, SA/Vol, MW, Speed and ST. The Residual vs Fitted Chart shows a U-
shaped (curve) pattern instead of the expected horizontal line without a distinct pattern. This
indicate that the linear relationship assumption is not valid. The Normal Q-Q Chart shows that
residuals points do not follow the straight dashed line till the extremities, which denotes that the
normality of residuals assumption is not met. The Scale-Location Chart shows that the residuals
are not equally (randomly) spread along an expected horizontal line. This means that the
assumption of homogeneity of variance of the residuals (homoscedasticity) is not met. This

residuals analysis suggested that linear model (alpha = f(predictors)) may not be the best to describe

the data at hand.

Several transformations were performed on the dependent and/or independent variables
such as : 1) linear-log (alpha = f(log(predictors))), i1) log-linear (log(alpha) = f(predictors)), ii1) log-

log (log(alpha) = f(log(predictors))) among others. Only the log-log transformation provided the

best results for the residual analyses (Figure 6-S2 for the example of the full model 16-24).
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Figure 6-S2. Residual plots for the full model 16-24 (log-log model).

These results suggested that a log-log regression model may be better for predicting the

evaporation rate constant (o) given the data at hand.
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Table 6-S1. Evaporation rate constant a (min™') and test conditions (full experimental database, n = 183).

No Test | Solvent Alpha VP Vol | SA SA/Vol | MW Speed | ST Ventilation condition | Container

1 Acetone 0.136 185 1 15.9 15.9 58.08 |0.025 |252 Without ventilation *Watch glass
2 Acetone 0.142 185 1 15.9 15.9 58.08 | 0.025 |252 Without ventilation Watch glass
3 Acetone 0.149 185 1 15.9 15.9 58.08 |0.025 |252 Without ventilation Watch glass
1 Acetone 0.2358 185 1 **NA | NA 58.08 |0.025 |252 Without ventilation Petri dish

2 Acetone 0.2691 185 1 NA NA 58.08 | 0.025 25.2 Without ventilation Petri dish

3 Acetone 0.2751 185 1 NA NA 58.08 | 0.025 |25.2 Without ventilation Petri dish

1 Acetone 0.2474 185 1 15.9 15.9 58.08 | 0.21 25.2 With ventilation Watch glass
2 Acetone 0.2932 185 1 15.9 15.9 58.08 | 0.25 25.2 With ventilation Watch glass
3 Acetone 0.253 185 1 15.9 15.9 58.08 |0.22 25.2 With ventilation Watch glass
1 Acetone 0.4486 185 1 NA NA 58.08 | 0.23 25.2 With ventilation Petri dish

2 Acetone 0.4066 185 1 NA NA 58.08 0.22 25.2 With ventilation Petri dish

3 Acetone 0.3978 185 1 NA NA 58.08 | 0.21 25.2 With ventilation Petri dish

1 Acetone 0.066 185 3 26.4 8.8 58.08 |0.025 |25.2 Without ventilation Watch glass
2 Acetone 0.069 185 3 26.4 8.8 58.08 |0.025 |25.2 Without ventilation Watch glass
3 Acetone 0.07 185 3 26.4 8.8 58.08 |0.025 |252 Without ventilation Watch glass
1 Acetone 0.0782 185 3 NA NA 58.08 0.025 25.2 Without ventilation Petri dish
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No Test | Solvent Alpha VP Vol | SA SA/Vol | MW Speed | ST Ventilation condition | Container
2 Acetone 0.0835 185 3 NA NA 58.08 |0.025 |25.2 Without ventilation Petri dish
3 Acetone 0.0876 185 3 NA NA 58.08 | 0.025 25.2 Without ventilation Petri dish
1 Acetone 0.1278 185 3 26.4 8.8 58.08 | 0.25 25.2 With ventilation Watch glass
2 Acetone 0.1222 185 3 26.4 8.8 58.08 |0.22 25.2 With ventilation Watch glass
3 Acetone 0.1274 185 3 26.4 8.8 58.08 | 0.23 25.2 With ventilation Watch glass
1 Acetone 0.169 185 3 NA NA 58.08 | 0.2 25.2 With ventilation Petri dish
2 Acetone 0.1704 185 3 NA NA 58.08 |0.22 25.2 With ventilation Petri dish
3 Acetone 0.1719 185 3 NA NA 58.08 | 0.24 25.2 With ventilation Petri dish
1 Acetone 0.039 185 6 36.6 6.1 58.08 |0.025 |25.2 Without ventilation Watch glass
2 Acetone 0.04 185 6 36.6 6.1 58.08 |0.025 |252 Without ventilation Watch glass
3 Acetone 0.04 185 6 36.6 6.1 58.08 |0.025 |25.2 Without ventilation Watch glass
1 Acetone 0.044 185 6 NA NA 58.08 | 0.025 |25.2 Without ventilation Petri dish
2 Acetone 0.0445 185 6 NA NA 58.08 0.025 25.2 Without ventilation Petri dish
3 Acetone 0.0455 185 6 NA NA 58.08 | 0.025 |252 Without ventilation Petri dish
1 Acetone 0.0746 185 6 36.6 6.1 58.08 |0.2 25.2 With ventilation Watch glass
2 Acetone 0.0921 185 6 36.6 6.1 58.08 | 0.23 25.2 With ventilation Watch glass
3 Acetone 0.0856 185 6 36.6 6.1 58.08 |0.22 25.2 With ventilation Watch glass
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No Test | Solvent Alpha VP Vol | SA SA/Vol | MW Speed | ST Ventilation condition | Container

1 Acetone 0.026 185 10 45 4.5 58.08 | 0.025 |25.2 Without ventilation Watch glass
2 Acetone 0.025 185 10 45 4.5 58.08 |0.025 |252 Without ventilation Watch glass
3 Acetone 0.026 185 10 45 4.5 58.08 | 0.025 |252 Without ventilation Watch glass
1 Acetone 0.0724 185 10 45 4.5 58.08 |0.5 25.2 Fan ventilation Watch glass
2 Acetone 0.0833 185 10 45 4.5 58.08 | 0.5 25.2 Fan ventilation Watch glass
3 Acetone 0.0746 185 10 45 4.5 58.08 |0.5 25.2 Fan ventilation Watch glass
1 Acetone 0.1364 185 10 45 4.5 58.08 1 25.2 Fan ventilation Watch glass
2 Acetone 0.1187 185 10 45 4.5 58.08 1 25.2 Fan ventilation Watch glass
3 Acetone 0.1309 185 10 45 4.5 58.08 1 25.2 Fan ventilation Watch glass
1 Acetone 0.2536 185 10 45 4.5 58.08 |2 25.2 Fan ventilation Watch glass
2 Acetone 0.2478 185 10 45 4.5 58.08 |2 25.2 Fan ventilation Watch glass
3 Acetone 0.2029 185 10 45 4.5 58.08 |2 25.2 Fan ventilation Watch glass
1 Acetone 0.0278 185 10 NA NA 58.08 0.025 25.2 Without ventilation Petri dish

2 Acetone 0.0279 185 10 NA NA 58.08 | 0.025 |252 Without ventilation Petri dish

3 Acetone 0.0291 185 10 NA NA 58.08 0.025 25.2 Without ventilation Petri dish

1 Acetone 0.018 185 20 62 3.1 58.08 | 0.025 |252 Without ventilation Watch glass
2 Acetone 0.018 185 20 62 3.1 58.08 |0.025 |25.2 Without ventilation Watch glass
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No Test | Solvent Alpha VP Vol | SA SA/Vol | MW Speed | ST Ventilation condition | Container

3 Acetone 0.018 185 20 62 3.1 58.08 | 0.025 |25.2 Without ventilation Watch glass
1 Acetone 0.056 185 20 62 3.1 58.08 | 0.5 25.2 Fan ventilation Watch glass
2 Acetone 0.053 185 20 62 3.1 58.08 |0.5 25.2 Fan ventilation Watch glass
3 Acetone 0.0515 185 20 62 3.1 58.08 |0.5 25.2 Fan ventilation Watch glass
1 Acetone 0.0753 185 20 62 3.1 58.08 1 25.2 Fan ventilation Watch glass
2 Acetone 0.0739 185 20 62 3.1 58.08 1 25.2 Fan ventilation Watch glass
3 Acetone 0.076 185 20 62 3.1 58.08 1 25.2 Fan ventilation Watch glass
1 Acetone 0.1269 185 20 62 3.1 58.08 |2 25.2 Fan ventilation Watch glass
2 Acetone 0.1278 185 20 62 3.1 58.08 |2 25.2 Fan ventilation Watch glass
3 Acetone 0.1254 185 20 62 3.1 58.08 |2 25.2 Fan ventilation Watch glass
1 Acetone 0.0152 185 20 NA NA 58.08 0.025 25.2 Without ventilation Petri dish

2 Acetone 0.0145 185 20 NA NA 58.08 | 0.025 |25.2 Without ventilation Petri dish

1 n-Hexane 0.1579 124 1 15.9 15.9 86.18 | 0.025 18.43 | Without ventilation Watch glass
2 n-Hexane 0.1584 124 1 15.9 15.9 86.18 | 0.025 18.43 | Without ventilation Watch glass
3 n-Hexane 0.1496 124 1 15.9 15.9 86.18 | 0.025 18.43 | Without ventilation Watch glass
1 n-Hexane 0.3015 124 1 15.9 15.9 86.18 | 0.22 18.43 | With ventilation Watch glass
2 n-Hexane 0.276 124 1 15.9 15.9 86.18 0.21 18.43 | With ventilation Watch glass
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No Test | Solvent Alpha VP Vol | SA SA/Vol | MW Speed | ST Ventilation condition | Container
3 n-Hexane 0.3205 124 1 15.9 15.9 86.18 | 0.25 18.43 | With ventilation Watch glass
1 n-Hexane 0.1934 124 1 NA NA 86.18 0.025 18.43 | Without ventilation Petri dish
2 n-Hexane 0.2329 124 1 NA NA 86.18 0.025 18.43 | Without ventilation Petri dish
3 n-Hexane 0.248 124 1 NA NA 86.18 0.025 18.43 | Without ventilation Petri dish
1 n-Hexane 0.0706 124 3 26.4 8.8 86.18 | 0.025 18.43 | Without ventilation Watch glass
2 n-Hexane 0.0807 124 3 26.4 8.8 86.18 | 0.025 18.43 | Without ventilation Watch glass
3 n-Hexane 0.0721 124 3 26.4 8.8 86.18 | 0.025 18.43 | Without ventilation Watch glass
1 n-Hexane 0.1252 124 3 26.4 8.8 86.18 | 0.23 18.43 | With ventilation Watch glass
2 n-Hexane 0.1235 124 3 26.4 8.8 86.18 | 0.22 18.43 | With ventilation Watch glass
3 n-Hexane 0.1239 124 3 26.4 8.8 86.18 | 0.22 18.43 | With ventilation Watch glass
1 n-Hexane 0.0846 124 3 NA NA 86.18 0.025 18.43 | Without ventilation Petri dish
2 n-Hexane 0.0897 124 3 NA NA 86.18 | 0.025 18.43 | Without ventilation Petri dish
3 n-Hexane 0.0918 124 3 NA NA 86.18 0.025 18.43 | Without ventilation Petri dish
1 n-Hexane 0.0449 124 6 36.6 6.1 86.18 | 0.025 18.43 | Without ventilation Watch glass
2 n-Hexane 0.0458 124 6 36.6 6.1 86.18 0.025 18.43 | Without ventilation Watch glass
3 n-Hexane 0.046 124 6 36.6 6.1 86.18 | 0.025 18.43 | Without ventilation Watch glass
1 n-Hexane 0.0771 124 6 36.6 6.1 86.18 0.26 18.43 | With ventilation Watch glass
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No Test | Solvent Alpha VP Vol | SA SA/Vol | MW Speed | ST Ventilation condition | Container
2 n-Hexane 0.0819 124 6 36.6 6.1 86.18 | 0.28 18.43 | With ventilation Watch glass
3 n-Hexane 0.0747 124 6 36.6 6.1 86.18 | 0.25 18.43 | With ventilation Watch glass
1 n-Hexane 0.0489 124 6 NA NA 86.18 0.025 18.43 | Without ventilation Petri dish
2 n-Hexane 0.0491 124 6 NA NA 86.18 0.025 18.43 | Without ventilation Petri dish
3 n-Hexane 0.0499 124 6 NA NA 86.18 0.025 18.43 | Without ventilation Petri dish
1 n-Hexane 0.0336 124 10 45 4.5 86.18 | 0.025 18.43 | Without ventilation Watch glass
2 n-Hexane 0.0335 124 10 45 4.5 86.18 | 0.025 18.43 | Without ventilation Watch glass
3 n-Hexane 0.031 124 10 45 4.5 86.18 | 0.025 18.43 | Without ventilation Watch glass
1 n-Hexane 0.0304 124 10 NA NA 86.18 0.025 18.43 | Without ventilation Petri dish
2 n-Hexane 0.0289 124 10 NA NA 86.18 | 0.025 18.43 | Without ventilation Petri dish
3 n-Hexane 0.0293 124 10 NA NA 86.18 0.025 18.43 | Without ventilation Petri dish
1 n-Hexane 0.0275 124 20 62 3.1 86.18 | 0.025 18.43 | Without ventilation Watch glass
2 n-Hexane 0.0222 124 20 62 3.1 86.18 | 0.025 18.43 | Without ventilation Watch glass
3 n-Hexane 0.0274 124 20 62 3.1 86.18 | 0.025 18.43 | Without ventilation Watch glass
1 n-Hexane 0.0158 124 20 NA NA 86.18 0.025 18.43 | Without ventilation Petri dish
2 n-Hexane 0.0152 124 20 NA NA 86.18 | 0.025 18.43 | Without ventilation Petri dish
1 MEK 0.0678 71 1 15.9 15.9 72.11 0.025 24.6 Without ventilation Watch glass
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No Test | Solvent Alpha VP Vol | SA SA/Vol | MW Speed | ST Ventilation condition | Container
2 MEK 0.0648 71 1 15.9 15.9 72.11 0.025 | 24.6 Without ventilation Watch glass
3 MEK 0.0631 71 1 15.9 15.9 72.11 0.025 | 24.6 Without ventilation Watch glass
1 MEK 0.1291 71 1 15.9 15.9 72.11 0.22 24.6 With ventilation Watch glass
2 MEK 0.1379 71 1 15.9 15.9 72.11 0.24 24.6 With ventilation Watch glass
3 MEK 0.1152 71 1 15.9 15.9 72.11 0.2 24.6 | With ventilation Watch glass
1 MEK 0.1161 71 1 NA NA 72.11 0.025 | 24.6 Without ventilation Petri dish
2 MEK 0.1278 71 1 NA NA 72.11 0.025 | 24.6 | Without ventilation Petri dish
3 MEK 0.1203 71 1 NA NA 72.11 0.025 | 24.6 Without ventilation Petri dish
1 MEK 0.0332 71 3 26.4 8.8 72.11 0.025 | 24.6 Without ventilation Watch glass
2 MEK 0.0347 71 3 26.4 8.8 72.11 0.025 | 24.6 Without ventilation Watch glass
3 MEK 0.031 71 3 26.4 8.8 72.11 0.025 | 24.6 Without ventilation Watch glass
1 MEK 0.0625 71 3 26.4 8.8 72.11 0.23 24.6 With ventilation Watch glass
2 MEK 0.065 71 3 26.4 8.8 72.11 0.24 24.6 With ventilation Watch glass
3 MEK 0.0619 71 3 26.4 8.8 72.11 0.22 24.6 With ventilation Watch glass
1 MEK 0.0458 71 3 NA NA 72.11 1 0.025 | 24.6 Without ventilation Petri dish
2 MEK 0.0468 71 3 NA NA 72.11 0.025 | 24.6 Without ventilation Petri dish
3 MEK 0.0427 71 3 NA NA 72.11 1 0.025 | 24.6 Without ventilation Petri dish
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No Test | Solvent Alpha VP Vol | SA SA/Vol | MW Speed | ST Ventilation condition | Container

1 MEK 0.0205 71 6 36.6 6.1 72.11 0.025 | 24.6 Without ventilation Watch glass
2 MEK 0.0194 71 6 36.6 6.1 72.11 0.025 | 24.6 Without ventilation Watch glass
3 MEK 0.0209 71 6 36.6 6.1 72.11 0.025 | 24.6 Without ventilation Watch glass
1 MEK 0.0398 71 6 36.6 6.1 72.11 0.22 24.6 With ventilation Watch glass
2 MEK 0.039 71 6 36.6 6.1 72.11 0.2 24.6 With ventilation Watch glass
3 MEK 0.0409 71 6 36.6 6.1 72.11 0.23 24.6 With ventilation Watch glass
1 MEK 0.022 71 6 NA NA 72.11 1 0.025 | 24.6 | Without ventilation Petri dish

2 MEK 0.0211 71 6 NA NA 72.11 0.025 | 24.6 Without ventilation Petri dish

3 MEK 0.0206 71 6 NA NA 72.11 1 0.025 | 24.6 | Without ventilation Petri dish

1 MEK 0.0146 71 10 45 4.5 72.11 0.025 | 24.6 Without ventilation Watch glass
2 MEK 0.0149 71 10 45 4.5 72.11 0.025 | 24.6 Without ventilation Watch glass
3 MEK 0.0162 71 10 45 4.5 72.11 0.025 | 24.6 Without ventilation Watch glass
1 MEK 0.0103 71 20 62 3.1 72.11 0.025 | 24.6 Without ventilation Watch glass
2 MEK 0.0096 71 20 62 3.1 72.11 0.025 | 24.6 Without ventilation Watch glass
1 2-Propanol | 0.0293 33 1 15.9 15.9 60.1 0.025 |23 Without ventilation Watch glass
2 2-Propanol | 0.0301 33 1 15.9 15.9 60.1 0.025 |23 Without ventilation Watch glass
3 2-Propanol | 0.0314 33 1 15.9 15.9 60.1 0.025 |23 Without ventilation Watch glass
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No Test | Solvent Alpha VP Vol | SA SA/Vol | MW Speed | ST Ventilation condition | Container
1 2-Propanol | 0.0731 33 1 15.9 15.9 60.1 0.24 23 With ventilation Watch glass
2 2-Propanol | 0.0622 33 1 15.9 15.9 60.1 0.23 23 With ventilation Watch glass
3 2-Propanol | 0.058 33 1 15.9 15.9 60.1 0.21 23 With ventilation Watch glass
1 2-Propanol | 0.0626 33 1 NA NA 60.1 0.025 23 Without ventilation Petri dish
2 2-Propanol | 0.0621 33 1 NA NA 60.1 0.025 |23 Without ventilation Petri dish
3 2-Propanol | 0.059 33 1 NA NA 60.1 0.025 |23 Without ventilation Petri dish
1 2-Propanol | 0.0161 33 3 26.4 8.8 60.1 0.025 |23 Without ventilation Watch glass
2 2-Propanol | 0.016 33 3 26.4 8.8 60.1 0.025 |23 Without ventilation Watch glass
3 2-Propanol | 0.016 33 3 26.4 8.8 60.1 0.025 |23 Without ventilation Watch glass
1 2-Propanol | 0.0282 33 3 26.4 8.8 60.1 0.22 23 With ventilation Watch glass
2 2-Propanol | 0.0335 33 3 26.4 8.8 60.1 0.23 23 With ventilation Watch glass
3 2-Propanol | 0.0282 33 3 26.4 8.8 60.1 0.22 23 With ventilation Watch glass
1 2-Propanol | 0.02 33 3 NA NA 60.1 0.025 |23 Without ventilation Petri dish
2 2-Propanol | 0.0203 33 3 NA NA 60.1 0.025 |23 Without ventilation Petri dish
3 2-Propanol | 0.0197 33 3 NA NA 60.1 0.025 23 Without ventilation Petri dish
1 2-Propanol | 0.0093 33 6 36.6 6.1 60.1 0.025 |23 Without ventilation Watch glass
2 2-Propanol | 0.0093 33 6 36.6 6.1 60.1 0.025 |23 Without ventilation Watch glass
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No Test | Solvent Alpha VP Vol | SA SA/Vol | MW Speed | ST Ventilation condition | Container

3 2-Propanol | 0.0096 33 6 36.6 6.1 60.1 0.025 |23 Without ventilation Watch glass
1 2-Propanol | 0.012 33 6 NA NA 60.1 0.025 23 Without ventilation Petri dish

1 2-Propanol | 0.0077 33 10 45 4.5 60.1 0.025 |23 Without ventilation Watch glass
2 2-Propanol | 0.0068 33 10 45 4.5 60.1 0.025 |23 Without ventilation Watch glass
3 2-Propanol | 0.005 33 10 45 4.5 60.1 0.025 |23 Without ventilation Watch glass
1 2-Propanol | 0.0065 33 10 NA NA 60.1 0.025 |23 Without ventilation Petri dish

1 2-Propanol | 0.0041 33 20 62 3.1 60.1 0.025 |23 Without ventilation Watch glass
2 2-Propanol | 0.003 33 20 62 3.1 60.1 0.025 |23 Without ventilation Watch glass
3 2-Propanol | 0.005 33 20 62 3.1 60.1 0.025 |23 Without ventilation Watch glass
1 2-Propanol | 0.0021 33 20 NA NA 60.1 0.025 |23 Without ventilation Petri dish

1 Toluene 0.0282 22 1 15.9 15.9 92.15 |0.025 |28.4 Without ventilation Watch glass
2 Toluene 0.0248 22 1 15.9 15.9 92.15 |0.025 |28.4 Without ventilation Watch glass
3 Toluene 0.0274 22 1 15.9 15.9 92.15 |0.025 |28.4 Without ventilation Watch glass
1 Toluene 0.0636 22 1 15.9 15.9 92.15 |0.23 28.4 With ventilation Watch glass
2 Toluene 0.0588 22 1 15.9 15.9 92.15 0.21 28.4 With ventilation Watch glass
3 Toluene 0.0618 22 1 15.9 15.9 92.15 |0.22 28.4 With ventilation Watch glass
1 Toluene 0.0139 22 3 26.4 8.8 92.15 0.025 28.4 Without ventilation Watch glass
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No Test | Solvent Alpha VP Vol | SA SA/Vol | MW Speed | ST Ventilation condition | Container

2 Toluene 0.0121 22 3 26.4 8.8 92.15 |0.025 |28.4 Without ventilation Watch glass
3 Toluene 0.0132 22 3 26.4 8.8 92.15 |0.025 |28.4 Without ventilation Watch glass
1 Toluene 0.0256 22 3 26.4 8.8 92.15 |0.21 28.4 With ventilation Watch glass
2 Toluene 0.0271 22 3 26.4 8.8 92.15 |0.23 28.4 With ventilation Watch glass
3 Toluene 0.0258 22 3 26.4 8.8 92.15 |0.22 28.4 With ventilation Watch glass
1 Toluene 0.0086 22 6 36.6 6.1 92.15 |0.025 |28.4 Without ventilation Watch glass
2 Toluene 0.0085 22 6 36.6 6.1 92.15 |0.025 |28.4 Without ventilation Watch glass
3 Toluene 0.0071 22 6 36.6 6.1 92.15 |0.025 |28.4 Without ventilation Watch glass
1 Toluene 0.0062 22 10 45 4.5 92.15 |0.025 |28.4 Without ventilation Watch glass
2 Toluene 0.0061 22 10 45 4.5 92.15 |0.025 |28.4 Without ventilation Watch glass
3 Toluene 0.0056 22 10 45 4.5 92.15 |0.025 |28.4 Without ventilation Watch glass
1 Toluene 0.0031 22 20 62 3.1 92.15 |0.025 |28.4 Without ventilation Watch glass
2 Toluene 0.0032 22 20 62 3.1 92.15 |0.025 |28.4 Without ventilation Watch glass
3 Toluene 0.0035 22 20 62 3.1 92.15 |0.025 |28.4 Without ventilation Watch glass

*Watch glass : a restricted dataset composed of all watch glass data (n = 131) was used for regression (training dataset) and other

analyses.
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**NA = Not applicable : note that there were missing data regarding variables SA and SA/Vol for petri dish tests. We were not able to
measure the diameters of the spills or estimate the spill surface areas (and therefore calculate the spill surface area-to-spill volume

ratios) due to the irregularity (complexity) in the shape of the liquid pool in the petri dish.
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Table 6-S2. List of the 24 plausible models showing the different explanatory variables.

Variables
Models VP Vol |SA | SA/Vol | MW | Speed ST
1-24 v v
2-24 v v 4
3-24 v v v
4-24 v v v
524 v v v v
6-24 v 4 v v
7-24 v v v v
824 v v v v v
9-24 v v
10-24 v v v
11-24 v 4 v
12-24 v v v
13-24 v 4 v v
14-24 v v v v
15-24 v v v v
16-24 4 v v v v
17-24 v v
18-24 v v v
19-24 v v v
20-24 v 4 v
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Variables

Models VP Vol SA | SA/Vol | MW | Speed ST
21-24 v 4 v v

22-24 v 4 v v
23-24 v 4 v v
24-24 v v v v v
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Table 6-S3. Internal validation dataset (subset of experimental data from the present study, n =

60).

Solvents Alpha VP Vol SA SA/Vol | MW | Speed | ST

Acetone 0.136 185 1 15.9 15.9 58.08 | 0.025 25.2
0.142 185 1 15.9 15.9 58.08 | 0.025 25.2
0.149 185 1 15.9 15.9 58.08 | 0.025 25.2
0.2474 185 1 15.9 15.9 58.08 | 0.21 25.2
0.2932 185 1 15.9 15.9 58.08 | 0.25 25.2
0.253 185 1 15.9 15.9 58.08 | 0.22 25.2
0.066 185 3 26.4 8.8 58.08 | 0.025 25.2
0.069 185 3 26.4 8.8 58.08 | 0.025 25.2
0.07 185 3 26.4 8.8 58.08 | 0.025 25.2
0.1278 185 3 26.4 8.8 58.08 | 0.25 25.2
0.1222 185 3 26.4 8.8 58.08 | 0.22 25.2
0.1274 185 3 26.4 8.8 58.08 |0.23 25.2

n-Hexane 0.1579 124 1 15.9 15.9 86.18 | 0.025 18.43
0.1584 124 1 15.9 15.9 86.18 | 0.025 18.43
0.1496 124 1 15.9 15.9 86.18 | 0.025 18.43
0.3015 124 1 15.9 15.9 86.18 | 0.22 18.43
0.276 124 1 15.9 15.9 86.18 | 0.21 18.43
0.3205 124 1 15.9 15.9 86.18 | 0.25 18.43
0.0706 124 3 26.4 8.8 86.18 | 0.025 18.43
0.0807 124 3 26.4 8.8 86.18 | 0.025 18.43
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Solvents Alpha VP Vol SA SA/Vol | MW | Speed | ST
0.0721 124 3 264 |88 86.18 | 0.025 18.43
0.1252 124 3 264 |88 86.18 | 0.23 18.43
0.1235 124 3 264 | 8.8 86.18 | 0.22 18.43
0.1239 124 3 264 |88 86.18 | 0.22 18.43

MEK 0.0678 71 1 159 | 159 72.11 | 0.025 24.6
0.0648 71 1 159 | 159 72.11 | 0.025 24.6
0.0631 71 1 15.9 15.9 72.11 | 0.025 24.6
0.1291 71 1 15.9 15.9 72.11 | 0.22 24.6
0.1379 71 1 15.9 15.9 72.11 | 0.24 24.6
0.1152 71 1 15.9 15.9 72.11 | 0.2 24.6
0.0332 71 3 264 | 8.8 72.11 | 0.025 24.6
0.0347 71 3 264 | 8.8 72.11 |0.025 24.6
0.031 71 3 264 | 8.8 72.11 |0.025 24.6
0.0625 71 3 264 | 8.8 72.11 |0.23 24.6
0.065 71 3 264 | 8.8 72.11 | 0.24 24.6
0.0619 71 3 264 | 8.8 72.11 |0.22 24.6

2-Propanol 0.0293 33 1 159 | 159 60.1 0.025 23
0.0301 33 1 159 | 159 60.1 0.025 23
0.0314 33 1 159 | 159 60.1 0.025 23
0.0731 33 1 159 | 159 60.1 |0.24 23
0.0622 33 1 159 | 159 60.1 |0.23 23
0.058 33 1 159 | 159 60.1 |0.21 23
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Solvents Alpha VP Vol SA SA/Vol | MW | Speed | ST
0.0161 33 3 264 |88 60.1 | 0.025 23
0.016 33 3 264 |88 60.1 | 0.025 23
0.016 33 3 264 | 8.8 60.1 | 0.025 23
0.0282 33 3 264 |88 60.1 |0.22 23
0.0335 33 3 264 |88 60.1 |0.23 23
0.0282 33 3 264 | 8.8 60.1 |0.22 23

Toluene 0.0282 22 1 15.9 15.9 92.15 | 0.025 28.4
0.0248 22 1 15.9 15.9 92.15 | 0.025 28.4
0.0274 22 1 15.9 15.9 92.15 | 0.025 28.4
0.0636 22 1 15.9 15.9 92.15 |0.23 28.4
0.0588 22 1 15.9 15.9 92.15 | 0.21 28.4
0.0618 22 1 15.9 15.9 92.15 10.22 28.4
0.0139 22 3 264 | 8.8 92.15 ]0.025 28.4
0.0121 22 3 264 | 8.8 92.15 | 0.025 28.4
0.0132 22 3 264 | 8.8 92.15 | 0.025 28.4
0.0256 22 3 264 | 8.8 92.15 |0.21 28.4
0.0271 22 3 264 | 8.8 92.15 |0.23 28.4
0.0258 22 3 264 | 8.8 92.15 |0.22 28.4
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Table 6-S4. External validation dataset (experimental data from Keil and Nicas (2003), n = 60).

Solvents Alpha VP Vol SA SA/Vol | MW* | Speed ** | ST*

Ethyl Ether 0.41 440 2.683521 | 22.8906 | 8.530061 | 74.1 0.057 17
0.39 440 3.154507 | 22.8906 | 7.256475 | 74.1 0.057 17
0.31 440 3.10493 | 22.8906 | 7.372341 | 74.1 0.057 17
0.15 440 15.18817 | 78.5 5.168497 | 74.1 0.057 17
0.13 440 15.36056 | 78.5 5.11049 | 74.1 0.057 17
0.13 440 14.59845 | 78.5 5.377283 | 74.1 0.057 17
0.71 440 1.822254 | 23.74625 | 13.03125 | 74.1 0.057 17
0.68 440 2.063239 | 23.74625 | 11.50921 | 74.1 0.057 17
0.69 440 2.140423 | 23.74625 | 11.09419 | 74.1 0.057 17
0.43 440 3.939155 | 55.3896 | 14.06129 | 74.1 0.057 17
0.62 440 4.010563 | 55.3896 | 13.81093 | 74.1 0.057 17
0.52 440 3.939296 | 55.3896 | 14.06079 | 74.1 0.057 17
0.27 440 7.930423 | 73.86065 | 9.313583 | 74.1 0.057 17
0.24 440 8.812817 | 73.86065 | 8.381049 | 74.1 0.057 17
0.26 440 8.875211 | 73.86065 | 8.322129 | 74.1 0.057 17
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Solvents Alpha VP Vol SA SA/Vol | MW* | Speed ** | ST*
0.14 440 16.8307 | 94.985 5.643555 | 74.1 0.057 17
0.16 440 16.78577 | 94.985 5.658661 | 74.1 0.057 17
0.17 440 16.84845 | 94.985 5.63761 | 74.1 0.057 17
0.082 440 31.54845 | 113.04 3.58306 | 74.1 0.057 17
0.09 440 29.91789 | 113.04 3.778342 | 74.1 0.057 17
0.09 440 31.71225 | 113.04 3.564553 | 74.1 0.057 17

Acetone 0.19 180 2.801241 | 22.8906 | 8.171594 | 58.1 0.057 252
0.13 180 3.423978 | 22.8906 | 6.685382 | 58.1 0.057 252
0.17 180 3.07406 |22.8906 | 7.446374 | 58.1 0.057 252
0.16 180 3.434865 | 22.8906 | 6.664192 | 58.1 0.057 25.2
0.043 180 15.43778 | 78.5 5.084929 | 58.1 0.057 25.2
0.036 180 15.36802 | 78.5 5.10801 | 58.1 0.057 25.2
0.036 180 15.35435 | 78.5 5.112558 | 58.1 0.057 25.2

Toluene 0.025 21 3.034598 | 22.8906 | 7.543207 | 92.1 0.057 28.4
0.024 21 3.167816 | 22.8906 | 7.225988 | 92.1 0.057 28.4
0.027 21 3.236207 | 22.8906 | 7.073281 | 92.1 0.057 28.4

216




Solvents Alpha VP Vol SA SA/Vol | MW* | Speed ** | ST*
0.024 21 3.338851 | 22.8906 | 6.855832 | 92.1 0.057 28.4
0.013 21 15.33034 | 78.5 5.120563 | 92.1 0.057 28.4
0.013 21 15.50011 | 78.5 5.064479 | 92.1 0.057 28.4
0.013 21 15.48126 | 78.5 5.070645 | 92.1 0.057 28.4
n-Pentane 0.39 400 2.61381 |22.8906 | 8.757562 | 72.2 0.057 15
0.37 400 2.495238 | 22.8906 |9.173714 | 72.2 0.057 15
0.43 400 2.737778 | 22.8906 | 8.361015 | 72.2 0.057 15
0.35 400 3.448889 | 22.8906 | 6.637094 | 72.2 0.057 15
n-Hexane 0.12 124 3.325606 | 22.8906 | 6.883136 | 86.2 0.057 18.43
0.14 124 2.265758 | 22.8906 | 10.10285 | 86.2 0.057 18.43
0.16 124 3.163939 | 22.8906 | 7.234841 | 86.2 0.057 18.43
0.14 124 3.101212 | 22.8906 | 7.381178 | 86.2 0.057 18.43
Methanol 0.058 96 2.886203 | 22.8906 | 7.931044 | 32.1 0.057 22
0.042 96 3.617468 | 22.8906 | 6.327796 | 32.1 0.057 22
0.076 96 2.500127 | 22.8906 | 9.155776 | 32.1 0.057 22
0.042 96 3.687215 | 22.8906 | 6.2081 32.1 0.057 22
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Solvents Alpha VP Vol SA SA/Vol | MW* | Speed ** | ST*
MEK 0.063 78 2.649491 | 22.8906 | 8.639622 | 72.1 0.057 24.6
0.049 78 3.768562 | 22.8906 | 6.074094 | 72.1 0.057 24.6
0.06 78 3.217035 | 22.8906 | 7.115434 | 72.1 0.057 24.6
0.048 78 4.108518 | 22.8906 | 5.571499 | 72.1 0.057 24.6
Isopropanol 0.033 33 2.704304 | 22.8906 | 8.464508 | 60.1 0.057 23
0.028 33 3.666329 | 22.8906 | 6.243466 | 60.1 0.057 23
0.024 33 3.751139 | 22.8906 | 6.102306 | 60.1 0.057 23
n-Butylactate | 0.012 10 3.29125 |22.8906 |6.954987 | 116.2 | 0.057 25
0.009 10 3.732955 | 22.8906 | 6.132033 | 116.2 | 0.057 25
1-Butanol 0.0048 6 3.247778 | 22.8906 | 7.048081 | 74.1 0.057 25
0.004 6 2.978889 | 22.8906 | 7.684275 | 74.1 0.057 25
0.0057 6 2.923333 | 22.8906 | 7.830308 | 74.1 0.057 25
0.0037 6 2.571235 | 22.8906 | 8.902572 | 74.1 0.057 25

* Variables MW and ST were added and documented by us; ** Variable Speed was taken from the Keil and Nicas

(2003) publication.
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Table 6-S5. List of the 24 models and their information criteria values.

Log of variables

Models VP | Vol |SA |SA/Vol | MW | Velocity | ST R? AIC
24-24 v v v 4 4 0.98 -129.99*
8-24 v v v v v 0.98 -125.46**
16-24 v v v v v 0.98 -120.50**
21-24 v v v v 0.98 -118.66
5.24 v v 4 4 0.98 -114.96
13-24 v v v v 0.98 -110.75
2324 v v v v 0.97 -65.76
724 v v v v 0.97 -63.62
15-24 v v v v 0.97 -61.04
19-24 v v 4 0.97 -36.68
3-24 v v v 0.97 -35.65
11-24 v v 4 0.97 -34.09
18-24 v v 4 0.80 196.90
17-24 v v 0.80 197.22
2204 v v v v 0.80 197.64
204 v v v 0.80 197.83
1-24 v v 0.80 198.05
6-24 v v 4 4 0.80 198.52
10-24 v v v 0.80 198.71
424 v v v 0.80 199.83
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Log of variables

Models | VP | Vol |SA |SA/Vol | MW | Velocity | ST R? AIC

9-24 4 v 0.79 198.85
20-24 v v 4 0.79 199.03
14-24 v v v v 0.80 199.37
12-24 v 4 v 0.79 200.61

*Model with the lowest (minimal) AIC.

** Models within a delta (AIC; — AICmin) of 10.
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7.1 Abstract

Although small spills of non-ideal organic solvent mixtures are ubiquitous undesirable
events in occupational settings, the potential risk of exposure associated with such scenarios

remains insufficiently investigated.

This study aimed to examine the impact of non-ideality on evaporation rates and

contaminant air concentrations resulting from small spills of organic solvent mixtures.

Evaporation rate constants alphas (a) were experimentally measured for five pure solvents
using a gravimetric approach during solvent evaporation tests designed to simulate small spills of
solvents. Two equations were used for estimating contaminants’ evaporation rates from aqueous
mixtures assuming either ideal or non-ideal behavior based on the pure-chemical alpha values. A
spill model also known as the well-mixed room model with exponentially decreasing emission rate
was used to predict air concentrations during various spill scenarios based on the two sets of
estimated evaporation rates. Model predictive performance was evaluated by comparing the

estimates against real-time concentrations measured for the same scenarios.

Evaluations for 12 binary non-ideal aqueous mixtures found that the estimated evaporation
rates accounting for the correction by the activity coefficients of the solvents (median = 0.0318
min!) were higher than the evaporation rates estimated without the correction factor (median =
0.00632 min'). Model estimates using the corrected evaporation rates reasonably agreed with the
measured values, with a median predicted peak concentrations-to-measured peak concentrations
ratio of 0.92 (0.81 to 1.32) and a median difference between the predicted and the measured peak

times of —5 min. By contrast, when the non-corrected evaporation rates were used, the median
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predicted peak concentrations-to-measured peak concentrations ratio was 0.31 (0.08 to 0.75) and

the median difference between the predicted and the measured peak times was +33 min.

Results from this study demonstrate the importance of considering the non-ideality effect
for accurately estimating evaporation rates and contaminant air concentrations generated by solvent
mixtures. Moreover, this study is a step further in improving knowledge of modeling exposures

related to small spills of organic solvent mixtures.

Keywords : Aqueous mixture; decreasing emission model; evaporation rate; exposure assessment;

IHMOD; non-ideality; small spills; solvent.

7.2 Introduction

Organic solvent mixtures are widely used in industrial settings. During their application,
undesirable events such as accidental leaks or small spills of solvents can occur, generating
possibly unacceptable or high exposure levels to airborne contaminants, which can threaten the
workers’ health and safety. Small spillages of volatile liquid chemicals are important in
occupational hygiene as they are representative of exposure scenarios in which contaminant mass
emissions are exponentially decreasing during the evaporation process, with peak concentrations
occurring shortly after the beginning of the emission (Keil and Nicas 2003; Jayjock et al. 2011a;

Hewett and Ganser 2017; Abattan et al. 2022).

Moreover, exposure scenarios involving chemical mixtures require meticulous attention
since multicomponent volatile liquids are known to behave differently in terms of vapor generation,
especially when the components of the mixtures are structurally different or are strongly diluted
(Popendorf 2006; Debia et al. 2009; Popendorf 2019). This phenomenon, referred to as non-

ideality, is commonly observed with water-based mixtures (Nielsen and Olsen 1995; Popendorf
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2019) which are increasingly used as substitutes for conventional solvent mixtures due to
workplace and environmental legal restrictions (Wolf et al. 1991; Lavoue et al. 2003; Kikuchi et
al. 2011). In general, deviation from ideality occurs in a positive direction, causing the chemical
compounds of such mixtures to become more volatile than what is expected assuming ideal

conditions (Popendorf 2006, 2019).

Exposure assessment in small spills of chemical mixture scenarios using air sampling
methods can be time and resource-consuming and/or particularly challenging, such as a lack of
valid sampling protocol for new or complex mixtures (Bishop et al. 1982) or transient and rapid
occurrence of peak concentrations that could be missed before the measurements are carried out
(Jayjock et al. 2011a; Keil and Miller 2020). Mathematical modeling is often the only available
approach for estimating vapor concentrations from these particular exposure scenarios. Several
evaporation models have been developed for estimating airborne contaminant levels from solvent
mixtures (Nielsen and Olsen 1995; Smith 2001; Nicas 2003; Nicas et al. 2006; Guo et al. 2008;
Nicas and Neuhaus 2008; Okamoto et al. 2010; Robbins et al. 2012; Earnest and Corsi 2013;
Hofstetter et al. 2013; Maier et al. 2015; Nicas 2016; LeBlanc et al. 2018; Arnold et al. 2020;
Tischer and Roitzsch 2022). Some of them addressed non-ideality (Nielsen and Olsen 1995; Smith
2001; Okamoto et al. 2010; Hofstetter et al. 2013; LeBlanc et al. 2018) and increasing/decreasing
emission rates in combination with non-ideality (Tischer and Roitzsch 2022); but only the present
study used exponentially decreasing emission for the released contaminants in the context of non-

ideality.

The current study expands on previous research by examining the impact of the non-ideality
of solvent mixtures on vapor generation during small spills of non-ideal organic solvent mixtures.

The aims of this study were specifically to : (1) estimate contaminants evaporation rates in situations
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of small spills of organic solvent mixtures, correcting or not for non-ideality; (ii) predict the
resulting contaminants air concentrations using a small spill model (i.e., the well-mixed room
model with exponentially decreasing emission rate); and (iii) evaluate the model’s predictive
performance by comparing the estimates made with or without correction for non-ideality against

measured concentrations.

7.3 Methods

7.3.1 Overview of the study

Evaporation rate constants alphas (a) were determined for five pure solvents using a
gravimetric approach, during solvent evaporation tests designed to simulate small spills of solvents.
Two equations were used for estimating contaminants’ evaporation rates from aqueous mixtures
assuming either ideal or non-ideal behavior based on the pure-chemical alpha values. A spill model
also known as the well-mixed room model with exponentially decreasing emission rate was used
to predict air concentrations during various spill scenarios based on the two sets of estimated
values. Model predictive accuracy, assuming or not ideal behavior, was evaluated by comparing
the estimates against real-time air monitoring data obtained for the same scenarios. All tests were

performed under controlled environmental conditions in a university teaching laboratory.

7.3.2 Theoretical background

7.3.2.1 Emission rates from small spills of solvents

Small spills of volatile liquids are representative of exposure scenarios in which emission
rates are shown to be exponentially decreasing over time due to the evaporative cooling of the

spilled liquids, the decrease in the surface areas of the spills during the evaporation process, and
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the decrease in the masses of contaminants as evaporation occurs (Keil and Nicas 2003; Abattan et
al. 2022). In such exposure scenarios, emission rates (G¢) can be calculated using the following

equation (Keil and Nicas 2003) :
Gr= a X My x e(z&%9 (1)

where G; is the instantaneous or time-varying mass emission rate (mg/min), a the evaporation rate
parameter/constant (min'!), My is the initial solvent mass spilled (mg), and ¢ the elapsed time (min)

since the spill occurred.

The evaporation rate constant (a) is often determined experimentally using either the
gravimetric measurement of the solvent mass loss over time or the curve of the gas phase
concentration of the solvent measured over time within a well-mixed test chamber (Keil and Nicas
2003; Jayjock et al. 2011b, 201 1a; Hewett and Ganser 2017). Alpha () can also be estimated using
approximation equations (derived from laboratory experimentation) (Keil and Nicas 2003; Abattan

et al. 2022).

7.3.2.2 Estimation of emission rates from solvent mixtures

In general, the volatility of a liquid chemical depends on its saturated vapor pressure
(Ishidao et al. 2016). The vapor pressure of the chemical corresponds to the pressure that the liquid
exerts as it moves to the vapor phase (tendency of molecules and atoms to escape from the liquid
chemical) (Keil 2009). The higher the pressure, the faster the liquid evaporates. For solvent
mixtures, the equilibrium vapor pressures of the chemicals that constitute the solution are different
from those of pure compounds. Therefore, estimating the partial vapor pressures of the constituents

of the mixture is of great interest for predicting emission rates (Reinke 2009). Three approaches
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are available for estimating partial vapor pressures for solvent mixtures : Raoult’s Law, Raoult’s

Law adjusted by the activity coefficient, and Henry’s Law (Popendorf 2006, 2019).

Raoult’s Law applies to ideal mixtures, which are composed of structurally similar chemical
components, with presence of weak molecular interactions (e.g., nonpolar-nonpolar organic
solvents). This law also applies when there is no electrolyte in the mixture (Popendorf 2006, 2019).
Raoult’s Law indicates that the partial vapor pressure of a chemical i of the mixture (Pyapori) is a
function of its molar fraction (X;) and the vapor pressure of the pure form of the chemical i (Pygpor)

(Popendorf 2006; Debia et al. 2009; Popendorf 2019), as shown in Equation (2) :

Pvapor,i = X; X Pvapor (2)

where Pyqp0r,i = the vapor pressure of each component within a mixture; X; = the molar fraction of
each component of the mixture; and Pyqpor = the vapor pressure of each component as a pure

chemical.

Contrariwise, liquid mixtures composed of chemical compounds that are structurally
different generally tend to deviate from ideality as the chemicals involved exhibit strong molecular
interactions due to their activity coefficients (e.g., isopropyl alcohol diluted in water). This
phenomenon (termed non-ideality), required Raoult’s Law to be corrected or adjusted by the

activity coefficients (y;) of the components of the mixture as shown in Equation (3) :

Pvapor,i =Y XX; X Pvapor (3)

where Pyqpor,i = the vapor pressure of each component within a mixture; y; = the activity coefficient
of each component of the mixture; X; = the molar fraction of each component of the mixture; and

Pyapor = the vapor pressure of each component as a pure chemical.
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Note that for an ideal solution, the activity coefficient equals one (Raoult’s Law). The more

the activity coefficient deviates from one, the more the system moves away from ideality.

The values of (y) can be obtained from published tables (Grain 1990; Popendorf 2006,
2019) or can be calculated using the UNIFAC (Universal Quasichemical Functional Group Activity

Coefficient) model (Fredenslund et al. 1975).

Estimating evaporation rates for the exposure scenarios evaluated in this study require
accounting for two factors : (i) the exponentially decreasing emission pattern that characterizes
small spills and (i1) the non-ideality of the liquid mixtures which takes into account the activity
coefficients when indicated. To do so, we used the information provided by Equation (1), relating
the time-varying contaminant mass emission rate (G;) to the evaporation rate constant alpha (a),
which itself linearly depends on the parameter “vapor pressure” (Pygpor) as shown in previously
published studies (Keil and Nicas 2003; Abattan et al. 2022). As alpha (a) is related to both the
vapor pressure and the emission rate G;, we replaced vapor pressure (Pyqpor) with alpha in Equations
(2) (Raoult’s Law) and (3) (Raoult’s Law adjusted by the activity coefficients) to approximate

evaporation rates for the chemicals involved in the mixtures used in this study.

Thus, two equations were proposed for estimating evaporation rates for the exposure
scenarios evaluated in this study : the first, assuming ideal conditions as presented in Equation (4),

and the second assuming non-ideal behavior for the tested chemicals, as shown in Equation (5) :

ai=XiXa (4)

a =y XX;Xa (5)

where a; = the estimated evaporation rate constant alpha of component i within a mixture; X; =

the molar fraction of component i within the mixture, y; = the activity coefficient of the
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component i within the mixture; and a = the measured evaporation rate constant alpha of the

component i as a pure chemical.

7.3.3 Experimental design

A four-part study was designed to evaluate the impact of the non-ideality of liquid mixtures
on contaminant evaporation rates as well as on contaminant air concentrations due to small spills
of non-ideal organic solvent mixtures. Figure 7-1 presents the major steps of the study’s

experimental process.

7.3.3.1 Estimating contaminant evaporation rates from small spills of non-ideal solvent

mixtures

7.3.3.1.1 Determining the evaporation rate constant alpha (o) for five organic solvents
Solvents used

The solvents of interest were acetone (ACE), butan-2-one (MEK), methanol (MeOH),
propan-2-ol (IPA), and toluene (TOL). These solvents were selected because they cover a wide
range of vapor pressures and they are often found in commercial mixtures used in workplaces such
as the International Thinner (mixture of butan-2-one and toluene), the Lacquer Thinner (mixture
of toluene, methanol, acetone and butan-2-one), and a Global Tech Company aqueous mixture
(propan-2-ol and water). Table 7-1 shows the physical-chemical properties of the solvents. All the
values were taken from CNESST chemical substances toxicological repository (CNESST 2022),
as several TLV®-TWA (Threshold Limit Values — Time Weighted Average) were taken from the
ACGIH booklet (ACGIH® 2021). Note that the five solvents used in the study were laboratory

grades : ACS grade or optima grade.
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Gravimetric measurement of evaporation rate constant alpha («)

Evaporation rate constants alphas (a) were measured for the five organic solvents, during
solvent evaporation tests, designed to represent various small spill exposure scenarios, using the

gravimetric approach proposed by Keil and Nicas (2003).

Evaporation tests were carried out under a controlled environment with air temperature
ranging from 20 to 22 °C, atmospheric pressure ranging from 735 to 765 mmHg, relative humidity
ranging from 24 to 34 %, and measured air speeds across the liquid pool approximately around
0.025 m/sec. A petri dish of 10 cm in diameter was used as the solvent’s container. 0.5 mL of the
solvent of interest was transferred in the petri-dish that was placed on top of an analytical balance
which was connected to a computer that recorded the contaminant mass evaporation until seventy-
five percent (75 %) of the initial contaminant mass had evaporated. Graphs of mass decay curves
were plotted according to the time (t) and the natural logarithm (In) of the remaining mass to the

initial mass ratios using Equation (6) :

In(Zy =-axt (6)
My
where M, is the remaining solvent mass at time ¢ (mg); Mp 1s the initial solvent mass spilled (mg);

o is the evaporation rate constant (min™'); and ¢ is the elapsed time (min) since the spill.

Alpha (a) corresponds to the absolute value of the slope of the natural logarithm of the mass

decay curve covering the loss of the first 75 % of mass.

A Sartorius CPA423S analytical balance was used for the gravimetric measurement of the
solvent’s mass losses over time. A VelociCalc Plus (TSI, Inc., Shoreview, MN) was used to
quantify the environmental conditions (i.e., ambient temperature, atmospheric pressure, relative

humidity, and airspeed above the emission source).
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7.3.3.1.2 Estimating evaporation rates for the solvents released from selected mixtures

Solvent mixtures used

Various solvent mixtures were prepared using the aforementioned five solvents : (i) one
binary ideal solvent mixture composed of toluene (46 %) and butan-2-one (54 %); and (i1) 12 binary
non-ideal water-based (aqueous) solvent mixtures with dilute chemicals (methanol, butan-2-one,
propan-2-ol and acetone) at molar fractions of 1 %, 5 %, and 10 %. The tested solvent mixtures are

outlined in Table 7-2.

Evaporation rates for the chemicals released from the mixtures

Equations (4) and (5) were used to estimate the contaminant evaporation rates for the
exposure scenarios evaluated. For simplicity, the estimated alpha (a;) using Equation (4) will be
referred to as the non-corrected alpha while the one obtained using Equation (5) will be referred to

as the corrected alpha.

7.3.3.2 Modeling contaminant air concentrations from the solvent mixtures

Vapor concentrations of the chemical compounds composing the mixtures were estimated
using the AIHA THMOD2.0 well-mixed room model with an exponentially decreasing emission
rate (Drolet and Armstrong 2018) also referred to as the Small Spill Model (Arnold et al. 2020).
The construct of the well-mixed box model is presented in Figure 7-S1 in the supplemental
materials. The model input parameters are : the initial contaminant mass (M), the evaporation rate
constant alpha («), the general ventilation rate (Q), and the volume of the room (V), as shown in
Figure 7-S2 in the supplemental materials. Time-varying vapor concentrations provided by the

model can be calculated using Equation (7) :
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axMg

axV-Q

C(t) = [exp(—%Xt)—exp(—aXt)]+C0Xexp(—%xt) (7

where C(#) is the time-varying concentration (mg/m?), « is the evaporation rate constant (min'),
My is the initial solvent mass spilled (mg), ¥ is the room volume (m?), Q is the general ventilation
rate of the room (m*/min), Cy is the concentration at = 0, and ¢ is the elapsed time (min) since the

spill.

To represent the well-mixed room, an experimental test chamber of 0.085 m? in volume
(0.42 m x 0.44 m X 0.46 m) was constructed using antistatic polycarbonate. A petri dish containing
1 to 10.5 mL of solvent mixtures (Table 7-4) was placed into the chamber, serving as the emission

source (Figure 7-2A).

For the modeling process, evaporation rate constants alphas (a) estimated using Equation
(4) (the non-corrected alphas) and Equation (5) (the corrected alphas) were used as emission rates
in the model for each test. To estimate the corrected alphas, activity coefficients (y;) for each
component of the mixtures were calculated using the UNIFAC calculator proposed by Choy and
Reible (Choy and Reible 1996), as shown in Figure 7-S3 in the supplemental materials. The room
volume (V) was the volume of the experimental chamber (0.085 m?), the general ventilation rate
(Q) was set to 2.5 L/min (0.0025 m*/min) (Figure 7-2B), the values for the initial contaminant
masses (Mo) were provided by the solvents evaporation tests described in the section dedicated to
the gravimetric measurement of the evaporation rate constants, the initial concentration (Co) in the
box was always set to zero, and the maximum simulation time was 400 minutes. The values for the
model input parameters for all the exposure scenarios evaluated are summarized in Table 7-S1 in

the supplemental materials.
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For each test, two model estimates were provided : the non-corrected predicted
concentrations (using the non-corrected alphas), and the corrected predicted concentrations (using

the corrected alphas).

7.3.3.3 Real-time contaminant air concentrations in the experimental chamber

To measure the solvent concentrations in the experimental chamber, we used a gas
chromatography (GC) technique equipped with a thermal conductivity detector (TCD). The GC
system was composed of a gas chromatograph (GC) (Variant CP2003-P), a carrier gas (mobile
phase, Helium), an injector, a 10-m column (CP-Sil-5 containing a 100 % dimethylpolysiloxane
stationary phase), a detector (TCD), and a recorder (Personal Computer with “stars” software
preinstalled). The GC was connected to a sampling pump that removed the solvent vapors from the
box via a Teflon tubing (Saint-Gobain Chemfluor 367 Scientific Grade Natural Tubing) at a rate
0f 0.04 L/min. The inlet of the Teflon tubing was located 20 cm above the petri dish (i.e., emission
source) (Figure 7-2B). The removed air (i.e., carrying the solvent vapors) was directly exhausted
into the GC system via the sampling pump, and thereafter was processed for the separation,
identification, and quantification of the components of the solvent mixtures, depending on the

retention characteristics of the chemical compounds to be analyzed.

Before the measurements, the GC was calibrated for all the tested solvents, for several
concentrations (250, 500, 750, 1,000, and 1,500 ppm) using Tedlar calibration bags. Figure 7-S4

in the supplemental materials shows the calibration curve obtained for toluene.

Analytical methods were also developed for each solvent and the binary mixtures to

optimize the detection parameters. The common chromatographic conditions under which all the
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tests were carried out were : injection time (255 msec), sampling time (10 sec), and sensitivity

(high).

7.3.3.4 Model performance evaluations and data analysis

Model estimates were compared against the measured concentrations using both graphical
and numerical approaches. Before the evaluations were carried out, the IHMOD predicted
concentrations initially estimated in mg/m? were converted to ppm (parts per million) to harmonize

with the GC concentrations.

The model performance evaluation approach consisted of evaluating how close the time-
varying predicted concentration profiles were to the measured concentration profiles in terms of

the values for the peak concentrations (ppm) and the time (min) to reach the peak concentrations.

Both parameters were determined for each scenario and for each concentration profile (non-
corrected predicted, corrected predicted and GC measured). Ratios between the predicted and the
measured values were then calculated for the peak concentrations. Differences between the

predicted and the measured peak times were also calculated for evaluations.

All the analyses were performed using the software program R (version 4.1.2, R Core Team,

Vienna).
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7.4 Results

7.4.1 Estimating contaminant evaporation rates from small spills of non-

ideal solvent mixtures

7.4.1.1 Determining the evaporation rate constant alpha («) for the five organic solvents

Figure 7-3 shows an example of the evaporation data plot for methanol using a spill volume

of 0.5 mL in a petri dish of 10 cm in diameter.

The values for alpha for each solvent evaporation test are presented in Table 7-3.

7.4.1.2 Estimating evaporation rates for the solvents released from the mixtures

Evaporation rate constants alphas (o) for the chemicals used in the mixtures were estimated
based on the experimental alphas (Table 7-3), the molar fractions, and the activity coefficients of
the constituents of the mixtures (according to Equations (4) and (5)). The values for the molar
fractions, activity coefficients, and estimated alphas for each exposure scenario are summarized in

Table 7-4.

The activity coefficients varied from 1 to 20. The activity coefficient equaled one for
chemicals used in the ideal mixture (toluene and butan-2-one) while being greater than one for
chemicals involved in the non-ideal mixtures. As molar fractions of the components of the mixtures
decreased, the activity coefficients increased. The largest activity coefficients were observed for
the binary non-ideal aqueous mixtures of butan-2-one and propan-2-ol at 1 % of molar fractions

(activity coefficients being 20 and 19.9, respectively).
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For the binary ideal mixture of toluene (46 %) and butan-2-one (54 %), the estimated
corrected alphas were the same as the estimated non-corrected alphas (0.0229 min™! for toluene and

0.0860 min™!' for butan-2-one), as for each substance, the activity coefficient was equal to one.

For the 12 binary non-ideal aqueous mixtures, the estimated corrected alphas ranged from
0.00457 min™' to 0.214 min™!, with an average value of 0.0646 min™! and a median value of 0.0318
min™!, while the estimated non-corrected alphas varied from 0.00044 min™' to 0.0429 min™!, with

an average value of 0.0111 min™' and a median value of 0.00632 min™.

7.4.2 Modeling contaminant air concentrations and model performance

evaluations

The evolution of vapor concentrations in the test chamber predicted by the IHMOD well-
mixed room model combined with the exponentially decreasing emission rate using both the non-

corrected and the corrected alphas are presented as follows.

7.4.2.1 For the binary ideal mixture

Figure 7-4 presents the concentration profiles of each solvent involved in the ideal mixture
of toluene (46 %) and butan-2-ol (54 %). The IHMOD model predicted the measured
concentrations well in terms of the values for the peak concentrations and the timing for the peak
concentrations. However, the predicted peak concentrations were slightly lower for both chemical
compounds compared to measured values (the lowest values being observed for the toluene

evaluations).

The peak concentrations and the peak times measured for butan-2-one were 1,122 ppm (19

min) while being 583 ppm (40 min) for toluene. The peak concentrations and peak times estimated
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by the IHMOD model for butan-2-one were 901 ppm (20 min) while being 432 ppm (40 min) for
toluene. The predicted peak concentrations-to-measured peak concentrations ratios were 0.80 for
butan-2-one and 0.74 for toluene. Differences between the predicted and the measured peak time

values were +1 min for butan-2-one and zero min for toluene (Tables 7-5 and 7-6).

7.4.2.2 For the 12 binary non-ideal aqueous mixtures

Figure 7-5 presents the measured concentrations as well as the concentration profiles
estimated by the IHMOD model considering the corrected evaporation rates (i.e., evaporation rates
corrected by the activity coefficients of the solvents) and the non-corrected evaporation rates, for
all the solvents, and for all the evaluations. The concentrations modeled using the corrected
evaporation rates were closer to the experimental measurements than those obtained using the non-
corrected evaporation rates in all evaluations. The median measured peak concentrations were
493.5 ppm (248 to 764), 805.5 ppm (602 to 1076), and 979 ppm (811 to 1,209), respectively, for
the 1 %, 5 %, and 10 % mixtures. The median peak concentrations estimated by the modeling
accounting for the correction factor were 430.5 ppm (234 to 891), 747 ppm (543 to 1,311), and 909
ppm (697 to 1,394), respectively, for the 1 %, 5 %, and 10 % mixtures. The median peak
concentrations estimated by the modeling without accounting for the correction factor were 99 ppm
(26 t0 219), 338.5 ppm (105 to 619), and 513.5 ppm (194 to 846), respectively, for the 1 %, 5 %,
and 10 % mixtures. The predicted peak concentrations-to-measured peak concentrations ratios
obtained using the corrected evaporation rates ranged from 0.81 to 1.32 (Table 7-5), with an
average value of 0.98 and a median value of 0.92, while those obtained using the non-corrected
evaporation rates varied from 0.08 to 0.75 (Table 7-5), with an average value of 0.40 and a median

value 0of 0.31.
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The median measured peak times were 46 min (35 to 88), 31.5 min (15 to 61), and 27 min
(18 to 40), respectively, for the 1 %, 5 %, and 10 % mixtures. The median peak times estimated by
the modeling taking into account the correction factor were 46 min (28 to 76), 32 min (12 to 44),
and 24 min (12 to 32), respectively, for the 1 %, 5 %, and 10 % mixtures. The median peak times
estimated by the modeling without taking into account the correction factor were 100.5 min (76 to
160), 58 min (40 to 96), and 44 min (28 to 80), respectively, for the 1 %, 5 %, and 10 % mixtures.
The differences between the predicted and the measured peak time values obtained using the
corrected evaporation rates ranged from —28 min to +41 min (Table 7-6), with an average value of
—4.8 min and a median value of —5 min, while those obtained using the non-corrected evaporation
rates varied from +10 min to +72 min (Table 7-6), with an average value of +34.92 min and a

median value of +33 min.

7.5 Discussion

7.5.1 Estimating contaminant evaporation rates from small spills of non-

ideal solvent mixtures

For the ideal solvents mixture of toluene (46 %) and butan-2-one (54 %), there was no
difference between the estimated corrected and non-corrected alphas, as for each substance, the

activity coefficient was set equal to one.

For the 12 binary non-ideal aqueous mixtures, the estimated corrected alphas were higher
than the estimated non-corrected alphas in all evaluations (with the median values of 0.0318 min!
versus 0.00632 min™'), which suggests that wrongfully assuming ideal behavior for non-ideal liquid

mixtures can lead to significant errors in the estimation of evaporation rates. These results are in
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line with those obtained by Nielsen and Olsen, who used a theoretical evaporation model to predict
evaporation rates for eight binary and strongly non-ideal aqueous mixtures in which the molar
fractions of the dilute chemicals ranged from 8.5 X 107 to 5.1 X 10. They found that predicted
evaporation rates using non-ideal calculations were significantly higher in all cases (median =
6,650 X 10* mmol m™ s™') compared to the evaporation rates predicted using ideal calculations
(median =7 X 10 mmol m? s!). Moreover, when comparisons were made against experimentally
measured evaporation rates, results showed a satisfactory agreement between the predicted
evaporation rates using non-ideal calculations and the measured values (median predicted-to-
measured evaporation rate ratio = 1.14 (0.84 to 1.57)). Calculations that did not take into account
the non-ideality were found to be meaningless as the resulting predicted evaporation rates
drastically underestimated the measured values in most cases (median predicted-to-measured
evaporation rate ratio = 0.002 (0.0002 to 0.08)) (Nielsen and Olsen 1995). These results emphasize
the importance of accounting for non-ideality in the process of estimating evaporation rates from

solvent mixtures.

7.5.2 Modeling contaminant air concentrations and model performance
evaluations
Solvent vapor concentrations in the test chamber were estimated by applying the IHMOD

small spill model (well-mixed room model combined with the exponentially decreasing emission

rate) using both the corrected and the non-corrected alphas.

For the ideal solvent mixture of toluene (46 %) and butan-2-one (54 %), the modeled
concentrations were in excellent agreement with the measured concentrations, with model

estimates within a factor of 0.74 to 0.80 the measured values. Differences between the modeled
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and the measured peak times were zero min and +1 min for the toluene and butan-2-one
evaluations, respectively. These observations highlighted the ability of the equation adapted from

Raoult’s Law to reasonably estimate evaporation rate constants alphas for ideal mixtures.

For the 12 binary non-ideal aqueous mixtures, the modeled concentrations using the
corrected evaporation rates closely matched the measured concentrations in all evaluations, with
the predicted peak concentrations-to-measured peak concentrations ratios ranging from 0.81 to
1.32, and a median value of 0.92. By contrast, when the non-corrected evaporation rates were used,
the predicted peak concentrations-to-measured peak concentrations ratios varied from 0.08 to 0.75,
with a median value of 0.31. Moreover, the median difference between the modeled and the
measured peak times was —5 min (with a maximum value of +41 min) when evaporation rates were
corrected versus a median value of +33 min (with a maximum value of +72 min) when evaporation
rates were not corrected. Thus, ignoring the correction by the activity coefficients for non-ideal
systems can result in considerably underestimating the peak levels and misjudging the timing of
the peaks. This could be especially important to consider when workers would be assigned to the
clean-up and/or emergency response activities in a supposedly “safe time period” during which
peak concentrations would actually occur. These results underline the effectiveness of the
equations proposed in this study for estimating evaporation rates in exposure scenarios involving
small spills of non-ideal organic solvent mixtures. Finally, the UNIFAC model has been proven
useful for estimating the activity coefficients (y) of the solvents involved in the liquid mixtures

evaluated in this study.

To our knowledge, the current study is the first of its kind to have considered the non-
ideality of chemical substances in the estimation of an exponentially decreasing evaporation rate

and the modeling of vapor concentrations resulting from small spills of organic non-ideal solvent
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mixtures using a physical-chemical model (notably the IHMOD spill model also known as the well-

mixed room model with exponentially decreasing emission rate).

It is also among the rare studies that have used the gas chromatography technique with
direct reading of the emitted solvent vapors to measure the real-time concentrations generated by
the solvents evaluated. In reviewed scientific literature, studies either used multigas detection
monitors with different types of detectors (photoionization detectors (PID), flame ionization
detector (FID), photoacoustic infrared detectors) for solvent vapors measurement (Nielsen et al.
1995; Nielsen and Olsen 1995; Reinke and Brosseau 1997; Guo et al. 2008; Earnest and Corsi
2013; Keil 2015; Keil and Zhao 2017; Arnold et al. 2017a, 2017b), portable Fourier Transform
Infrared (FTIR) spectrophotometers (Arnold et al. 2020), or gas chromatography systems in which
solvent vapors were secondarily injected after being manually collected using materials such as
syringes and septum-sealed glass flasks (Bishop et al. 1982; Keil and Nicas 2003). The direct
reading procedure may have the advantage of reducing, to some extent, the measurement errors
due to sampling and analysis methods (for example, errors associated with air sampling using

charcoal tubes, syringes, etc.).

There are also a few limitations to this study.

First, the evaporation tests were not carried out in replicates. However, a previously
published study, conducted in identical experimental and environmental conditions as this study,
showed little variability in alpha values when alphas were measured in triplicates (the average
coefficient of variation for alphas was equal to 5.4 %) (Abattan et al. 2022). Therefore, the absence
of replicate measurements for alpha in this study is expected to have had only minor impacts on

the results.
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Second, evaluations were carried out only for binary non-ideal aqueous mixtures. Although
results from this study are innovative, they should be regarded as preliminary, pending future
studies which may cover a variety of more complex mixtures (including for example ternary non-

ideal aqueous mixtures) with a broader range of concentration dilutions (i.e., molar fractions).

Finally, this research was conducted in a specific laboratory setting and greater variations
are expected in the real world as the workplace environmental conditions may significantly differ
from the ones observed in the laboratory. However, in any case, the consideration of non-ideality

would bring the estimate closer to reality.

7.6 Conclusion

Two equations derived from Raoult’s Law were proposed to estimate evaporation rate
constants alphas (a) resulting from various small spills of organic solvent mixtures. For the 12
binary non-ideal aqueous mixtures evaluated, the estimated alphas accounting for the correction by
the activity coefficients of the solvents were higher than the alphas estimated without the

correction.

Time-varying solvent concentrations measured in a small-scale experimental chamber were
close to those estimated by the IHMOD small spill model (well-mixed room model combined with
the exponentially decreasing emission rate) using corrected alphas. When the non-corrected alphas

were used, peak concentrations were underestimated and peak times were overestimated.

Occupational health professionals should be aware of the non-ideality effect, as failing to
do so can influence both the magnitude and the kinetics of exposures by significantly
underestimating contaminant airborne concentrations and causing the professionals to misjudge the

time required to reach peak concentrations. The consideration of non-ideality in the estimates of
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evaporation rate constants alphas constitutes an improvement in the accuracy of the exposure

models used to estimate occupational exposures to solvent mixtures.
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7.10 Figures and Tables

4 N

Part 1

Estimating evaporation rates from the mixtures:

e (Gravimetric measurements of evaporation rate constant alphas («) for five pure solvents
e UNIFAC calculations of the activity coefficients of the solvents involved in the mixtures
e  Correction or not of the alphas (&) for non-ideality

\ /

Part 2

Modeling contaminants air concentrations generated by solvent mixtures using the IHMOD small spill
model considering the corrected and non-corrected alphas («)

Chromatography (GC) system

Model performance evaluations - Comparison between measured and estimated concentrations

Part 3
Real-time contaminants air concentrations measured in the experimental chamber using a Gas
[ Part 4 }

Figure 7-1. Process diagram presenting the major steps of the study’s experimental design.
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Ventilation Pump
2.5 L/min

Micro GC-TCD

Air Sampling Pump
0.04 L/min

Figure 7-2. Experimental test chamber viewed from the inside (A) and gas chromatography

system showing the GC, the air sampling pump and the ventilation pump (B).
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Figure 7-3. Evaporation data for methanol (MeOH) using a spill volume of 0.5 mL in a petri dish

of 10 cm in diameter.
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Predicted (IHMOD) versus Real Time (GC) Concentrations
Binary ideal mixture : Toluene (46%) - Butan-2-one (54%)
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Figure 7-4. Time-varying concentrations predicted (IHMOD) and measured (GC) for toluene

(TOL) and butan-2-one (MEK) in an ideal mixture.

254



Predicted (IHMOD) versus Real Time (GC) Concentrations
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Figure 7-5. Time-varying concentrations predicted (IHMOD) and measured (GC) for methanol
(MeOH), butan-2-one (MEK), propan-2-ol (IPA), and acetone (ACE) for the 12 binary non-ideal

aqueous mixtures.
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Table 7-1. Physico-chemical characteristics of the five solvents used in the study.

Acetone Butan-2-one Methanol Propan-2-ol Toluene

Liquid (ACE) (MEK) (MeOH) (IPA) (TOL)
Formula C3HsO C4HsO CH3;0OH C3HsO C7Hg
Molecular weight, g.mol™! 58.08 72.11 32.04 60.10 92.15
Density at 20°C, g/mL 0.788 0.806 0.792 0.785 0.866
Vapor pressure at 20°C, mmHg | 185 71 92.3 33 22
Flash point, °C -20.0 -8.9 11.1 11.7 4.4
Lower Explosive Limit, % 2.5 1.8 5.5 2.0 1.1
TLV-TWA, ppm 250 200 200 200 20
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Table 7-2. Solvent mixtures used in the study.

Solvent mixture

Nature of the mixture

Toluene (46 %)-Butan-2-one (54 %) Ideal

Methanol-Water 1 % Non-ideal
Methanol-Water 5 % Non-ideal
Methanol-Water 10 % Non-ideal
Butan-2-one-Water 1 % Non-ideal
Butan-2-one-Water 5 % Non-ideal
Butan-2-one-Water 10 % Non-ideal
Propan-2-ol -Water 1 % Non-ideal
Propan-2-ol -Water 5 % Non-ideal
Propan-2-ol -Water 10 % Non-ideal
Acetone -Water 1 % Non-ideal
Acetone -Water 5 % Non-ideal
Acetone -Water 10 % Non-ideal
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Table 7-3. Alpha values for the five solvents according to the spill volumes.

Solvent Volume, mL *Alpha, min™!
Acetone 0.5 0.3934
Butan-2-one 0.5 0.1587
Methanol 0.5 0.1604
Propan-2-ol 0.5 0.0358
Toluene 0.5 0.0500

* The alpha values listed here are for the pure chemicals.
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Table 7-4. Values for the molar fractions, the activity coefficients, and the estimated alphas for each test (exposure scenario).

Chemical Alpha Alpha non-

compound Volume of | Volume of | Molar Activity corrected, corrected,
Solvent mixture targeted solvent, mL | water, mL | fraction coefficient | min™ min’!
Toluene (46 %)-Butan-2- | Toluene 0.5 — 0.4580 | 0.0229 0.0229
one (54 %) Butan-2-one 0.5 - 0.5420 1 0.0860 0.0860
Methanol-Water 1 % Methanol 0.5 1 0.0132 2.16 0.00457 0.00212
Methanol-Water 5 % Methanol 0.5 2 0.0624 1.90 0.0190 0.010
Methanol-Water 10 % Methanol 0.5 10 0.1182 1.69 0.0318 0.019
Butan-2-one-Water 1 % Butan-2-one 0.5 1 0.0100 20.0 0.0317 0.00159
Butan-2-one-Water 5 % Butan-2-one 0.5 2 0.0500 10.0 0.0794 0.00794
Butan-2-one-Water 10 % | Butan-2-one 0.5 10 0.1000 8.5 0.127 0.0159
Propan-2-ol-Water 1 % Propan-2-ol 0.5 1 0.0122 19.9 0.00859 0.00044
Propan-2-ol-Water 5 % Propan-2-ol 0.5 2 0.0563 9.4 0.019 0.00201
Propan-2-ol-Water 10 % Propan-2-ol 0.5 10 0.1180 7.2 0.0304 0.00422
Acetone-Water 1 % Acetone 0.5 1 0.0120 10.32 0.0487 0.0047
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Chemical Alpha Alpha non-

compound Volume of | Volume of | Molar Activity corrected, corrected,
Solvent mixture targeted solvent, mL | water, mL | fraction coefficient | min™! min™!
Acetone-Water 5 % Acetone 0.5 2 0.0574 7.15 0.161 0.0226
Acetone-Water 10 % Acetone 0.5 10 0.1090 4.99 0.214 0.0429

The values for the molar fractions, the activity coefficients, and the estimated alphas were calculated only for the targeted chemical

compounds.
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Table 7-5. Model performance evaluations using predicted peak concentrations-to-measured peak concentrations ratios.

Peak concentration, ppm

Chemical [HMOD Ratio IHMOD Ratio IHMOD

compound IHMOD non- corrected/ non-corrected/
Solvent Mixture targeted Measured corrected corrected Measured Measured
Toluene (46 %)-Butan-2-one | Toluene 583 432 432 0.74 0.74
(54 %) Butan-2-one 1122 901 901 0.80 0.80
Methanol-Water 1 % Methanol 248 234 125 0.94 0.50
Methanol-Water 5 % Methanol 618 615 413 0.99 0.67
Methanol-Water 10 % Methanol 811 806 612 0.99 0.75
Butan-2-one-Water 1 % Butan-2-one 676 587 73 0.87 0.11
Butan-2-one-Water 5 % Butan-2-one 1076 879 264 0.81 0.25
Butan-2-one-Water 10 % Butan-2-one 1209 1012 415 0.84 0.34
Propan-2-ol-Water 1 % Propan-2-ol 311 274 26 0.88 0.08
Propan-2-ol-Water 5 % Propan-2-ol 602 543 105 0.90 0.17
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Peak concentration, ppm

Chemical [HMOD Ratio [HMOD Ratio IHMOD

compound IHMOD non- corrected/ non-corrected/
Solvent Mixture targeted Measured corrected corrected Measured Measured
Propan-2-ol-Water 10 % Propan-2-ol 832 697 194 0.84 0.23
Acetone-Water 1 % Acetone 764 891 219 1.17 0.29
Acetone-Water 5 % Acetone 993 1311 619 1.32 0.62
Acetone-Water 10 % Acetone 1126 1394 846 1.24 0.75
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Table 7-6. Model performance evaluations using the differences between the predicted and the measured peak times.

Peak time ?, min
Difference Difference
between between
IHMOD IHMOD non-
Chemical [HMOD corrected corrected
compound IHMOD non- Versus versus
Solvent Mixture targeted Measured corrected corrected Measured Measured
Toluene (46 %)-Butan-2- | Toluene 40 40 40 0 0
one (54 %) Butan-2-one 19 20 20 +1 +1
Methanol-Water 1 % Methanol 35 76 96 +41 +61
Methanol-Water 5 % Methanol 44 44 56 0 +12
Methanol-Water 10 % Methanol 34 32 44 -2 +10
Butan-2-one-Water 1 % Butan-2-one 47 32 105 -15 +58
Butan-2-one-Water 5 % Butan-2-one 19 20 60 +1 +41
Butan-2-one-Water 10 % Butan-2-one 20 16 44 -4 +24
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Peak time ?, min

Difference Difference
between between
IHMOD IHMOD non-
Chemical [HMOD corrected corrected
compound IHMOD non- versus versus
Solvent Mixture targeted Measured corrected corrected Measured Measured
Propan-2-ol-Water 1 % Propan-2-ol 88 60 160 -28 +72
Propan-2-ol-Water 5 % Propan-2-ol 61 44 96 -17 +35
Propan-2-ol-Water 10 % Propan-2-ol 40 32 80 -8 +40
Acetone-Water 1 % Acetone 45 28 76 -17 +31
Acetone-Water 5 % Acetone 15 12 40 -3 +25
Acetone-Water 10 % Acetone 18 12 28 —6 +10

?Peak time: time required to reach the peak concentration.
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7.11 Supplemental Materials

7.11.1 Figures and Tables
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Figure 7-S1. Concept of the Well-Mixed Room Model (Reinke and Keil 2009).
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Figure 7-S2. IHMOD interface for the Well Mixed Room Model with Exponentially Decreasing Emission Rate.

266




@ UNIFAC Activity Coefficient Calculator X

208 & % o9

Calculate| Clear |Clipboard| Define | Database| About Exit

- System Conditions

Temperature |22| I C ;I
UNIFAC Activity
Component Maole Fraction Coefficient
1 |toluene fod | 1.0741E00
2 |butan-2-one B | 1.0867E00
3 |<< empty >> d
4 |<< empty >> ;I
5 |<< empty »» v
B |<< empty »> .

Figure 7-S3. Calculation of the activity coefficients for the components of the binary ideal
mixture of Toluene (46 %) and Butan-2-one (54 %) using the UNIFAC calculator proposed by

Choy and Reible, 1996 (Choy and Reible 1996).
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Figure 7-S4. Calibration curve for Toluene (TOL).
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Table 7-S1. Input parameters used for the IHMOD spill model (also known as the well-mixed room model with exponentially decreasing

emission rate).

General Alpha (o)
Chemical Initial ventilation | Room Alpha (o) | non-

Nature of compound mass My | rate Q volume | corrected | corrected | Simulation
Solvent mixture the mixture | targeted (mg) (m*/min) | V (m%) (min™) (min™) time (min)
Toluene (46 %)-Butan-2- | Ideal Toluene 431 0.0025 0.085 0.0229 0.0229 400
one (54 %) Butan-2-one | 400 0.0025 0.085 0.0860 0.0860 400
Methanol-Water 1 % Non-ideal | Methanol 237 0.0025 0.085 0.00457 0.00212 400
Methanol-Water 5 % Non-ideal Methanol 237 0.0025 0.085 0.0190 0.010 400
Methanol-Water 10 % Non-ideal | Methanol 237 0.0025 0.085 0.0318 0.019 400
Butan-2-one-Water 1 % | Non-ideal Butan-2-one | 400 0.0025 0.085 0.0317 0.00159 400
Butan-2-one-Water 5 % | Non-ideal Butan-2-one | 400 0.0025 0.085 0.0794 0.00794 400
Butan-2-one-Water 10 % | Non-ideal Butan-2-one | 400 0.0025 0.085 0.127 0.0159 400
Propan-2-ol-Water 1 % | Non-ideal | Propan-2-ol | 393 0.0025 0.085 0.00859 0.00044 400
Propan-2-ol-Water 5 % Non-ideal Propan-2-ol | 393 0.0025 0.085 0.019 0.00201 400
Propan-2-ol-Water 10 % | Non-ideal Propan-2-ol | 393 0.0025 0.085 0.0304 0.00422 400
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General Alpha ()
Chemical Initial ventilation | Room Alpha (a) | non-
Nature of compound mass My | rate Q volume | corrected | corrected | Simulation
Solvent mixture the mixture | targeted (mg) (m*/min) | V (m%) (min™) (min™) time (min)
Acetone-Water 1 % Non-ideal | Acetone 393 0.0025 0.085 0.0487 0.0047 400
Acetone-Water 5 % Non-ideal | Acetone 393 0.0025 0.085 0.161 0.0226 400
Acetone-Water 10 % Non-ideal | Acetone 393 0.0025 0.085 0.214 0.0429 400
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Chapitre 8 — Synthése et discussion générale des résultats

Les modeles physico-chimiques constituent une alternative rapide, flexible et peu coliteuse
pour estimer les expositions aux contaminants chimiques de ’air. Leur potentiel théorique pour
évaluer avec précision les expositions est élevé du fait de la capacité de ces modeles a reproduire
le processus d’émission-transport des contaminants dans ’air et a relier mathématiquement les
déterminants fondamentaux du taux d’émission des contaminants et du débit d'air aux

concentrations ambiantes de contaminants (Flynn, 2004; Keil, 2009a; Persoons, 2011).

Cette theése visait a améliorer la justesse des modeles physico-chimiques utilisés pour
estimer 1’exposition professionnelle aux vapeurs de solvants. Elle a permis, a travers trois volets
de recherche, d’explorer et améliorer différents aspects de la modélisation des expositions aux

vapeurs de solvants, notamment, I’estimation des taux d’émission de contaminants.

La synthese des principaux résultats des travaux est présentée dans le Tableau §-1.



Tableau 8-1. Synthése des principaux résultats issus des travaux de recherche.

Travaux de Objectif Contributions

recherche

Volet I Revue de Ia littérature portant sur le Constitution d’une base de données concernant les valeurs des
(Article 1) mod¢le a deux compartiments parametres d’entrée du modele :

e Volume de la zone rapprochée
e Débit d’air inter-zones (f) (et vitesse d’air inter-zones (s))
e Débit de ventilation générale (Q)

e Taux d’émission des contaminants

Evaluation de la performance de prédiction globale du modéle

Identification des principales sources d’incertitudes et limites du
modele qui sont notamment relatives aux défis liés a :
e Estimation des taux d’émission de contaminants variables dans
le temps notamment le taux d’émission de contaminants a
décroissance exponentielle qui caractérise un des scénarios

d’exposition les plus courants en hygi¢ne du travail
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Travaux de

recherche

Objectif

Contributions

e Estimation des taux d’émission de contaminants en situations
d’exposition aux mélanges de solvants organiques : étude de la
non-idéalité des mélanges et de ses impacts sur les émissions
de vapeurs toxiques

e Estimation du débit d’air inter-zones (f)

e Détermination de I’emplacement, de la géométrie et des

dimensions de la zone rapprochée

Identification des facteurs potentiels d’amélioration du modele : ces
facteurs sont étroitement liés aux principales sources d’incertitude et

limites du modele décrites plus haut.

Volet 11

(Article 2)

Estimation du taux d’émission de
contaminants a décroissance exponentielle
pour des scénarios impliquant de petits

déversements de solvants organiques purs

Identification de divers déterminants du taux d’émission de

contaminants a décroissance exponentielle

Proposition de trois nouvelles équations d’estimation du taux

d’émission de contaminants a décroissance exponentielle a partir de
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Travaux de

recherche

Objectif

Contributions

modeles de régression dérivés des données expérimentales impliquant
différentes variables telles que la pression de vapeur du solvant, le
poids moléculaire du solvant, la vitesse d'air au-dessus du liquide
déversé, la tension superficielle du liquide déversé, le volume de
déversement, la surface de déversement et le ratio de surface de

déversement/volume de déversement

Volet 111

(Article 3)

Estimation du taux d’émission de
contaminants a décroissance exponentielle
pour des scénarios impliquant de petits
déversements de mélanges non-idéaux de

solvants organiques

Evaluation de I’impact de la non-idéalité¢ des mélanges de solvants sur
les taux d’émission de contaminants a décroissance exponentielle et
sur les concentrations de contaminants dans 1’air résultant de ces

émissions

Proposition de deux nouvelles équations d’estimation du taux
d’émission de contaminants a décroissance exponentielle pour les

mélanges binaires de solvants organiques
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8.1 Revue critique de la littérature sur le modéle a deux

compartiments

Dans ce premier volet de recherche, le modéle a deux compartiments a servi de modele
d’étude étant donné que c’est le principal modéele utilisé par les évaluateurs de risque pour estimer
I’exposition des travailleurs (Jayjock, Armstrong, et al., 2011). L’objectif était d’étudier de fagon
approfondie le modele, d’en identifier les forces et les points susceptibles de faire 1’objet de travaux

de recherche pour une amélioration du modéle.

L’analyse des données de la littérature a tout d’abord permis de décrire les parametres
d’entrée du modele en terme qualitatif ou quantitatif. Les parameétres d’entrée considérés étaient
les volumes des compartiments, les débits d’écoulement d’air entre les deux zones (f), les débits
de ventilation générale de la piece (Q) et les taux d’émission ou de génération (G) des contaminants.
Le Tableau 8-2 présente un résumé des valeurs rapportées dans les études pour les paramétres

d’entrée du modele a deux compartiments.
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Tableau 8-2. Synthése des valeurs des parametres d’entrée du modele a deux compartiments.

Parameétres d’entrée Plages de valeurs

Volume de la zone rapprochée 0,1 — 100 m?

Débit d'air inter-zones (f) 0,24 — 190,9 m*/min

Vitesse d'air utilisée pour le calcul de (5) 0,9 — 60,8 m/min

Débit de ventilation générale (Q) 0,04 — 832 m*/min
0,3—-63 CAH*

Taux de génération des contaminants (G) 0,015 a 13 600 mg/min

(Emissions constantes)

Constantes des taux d’évaporation de contaminants alphas (a) 2,1x107 — 3,45 min™!

(Emissions a décroissance exponentielle)

*CAH = Changement d’Air par Heure.

Cette description constitue a notre connaissance la plus compléte recension des valeurs des
parametres d’entrée du modele a deux compartiments. Ce travail permettra aux modélisateurs
d’estimer ces parametres dans des scénarios d’exposition similaires a ceux décrits dans la revue de

la littérature.

De plus, la base de données constituée (chapitre 5 : Tableaux 5-1, 5-S2 a 5-S7) répond a
une préoccupation formulée par certains praticiens ou utilisateurs des modeles qui considérent
I’absence de bases de données ou de critéres pouvant aider a déterminer les valeurs de certains
parameétres d’entrée comme un facteur limitant 1’utilisation de ce modele (Arnold et al., 2017a,
2017b; Keil, 2000b). Keil (2000) mentionnait ainsi qu’un inconvénient du modéle a deux
compartiments résidait dans la nécessité de développer des critéres pour définir la taille et la forme

de la zone rapprochée ou pour guider la fagon d'utiliser les informations concernant la vitesse de
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l'air dans la détermination des débits d'air inter-zones (f) (Keil, 2000b). Arnold et al. (2017), quant
a eux, insistaient, dans leurs récents travaux d’évaluation des capacités prédictives des modeles a
un et a deux compartiments, sur la nécessit¢ de développer des bases de données robustes
fournissant des valeurs pour les parametres d'entrée des deux modeles étudiés, et ce, pour un large
éventail de scénarios d’exposition (Arnold et al., 2017a, 2017b). Notre base de données provenant
d’une grande variété de scénarios d’exposition vient partiellement combler ce vide et s’inscrit

parmi les ressources mises a disposition des modélisateurs ou des hygiénistes du travail.

Afin de juger la qualité du modele, une synthése de la performance de prédiction du modele
a été réalisée a partir de 17 publications qui ont rapporté a la fois des valeurs estimées et mesurées.
La capacité prédictive du modele était dans un facteur de 0,3 a 3,7 fois les concentrations mesurées
avec 93 % des valeurs estimées comprises entre 0,5 et 2 fois les mesures. Le modéle a surestimé
les concentrations mesurées dans 63 % des évaluations. Le ratio médian de concentrations prédites
sur mesurées pour la zone rapprochée était de 1,38 contre 1,02 pour la zone éloignée. Cette
précision d’estimation du modele est satisfaisante dans une grande majorité des situations étudiées
pour porter un jugement professionnel sur I’exposition. Toutefois, des biais de publication sont
possiblement associés a la publication des résultats dans des revues avec comité de paires. De plus,
les estimations et 1’utilisation du mod¢le ont été faites, dans la plupart des cas, en environnements
controlés, par des experts et des chercheurs. Ces facteurs ont pu contribuer a atteindre les niveaux
de précision €levés observes dans les études. Néanmoins, la qualité généralement satisfaisante des
estimations obtenues dans la plupart des études de la revue de littérature fournit une preuve

théorique forte de 1’utilit¢ du modele a deux compartiments.

Bien que cette revue critique de la littérature ne concerne qu’un seul modéle physico-

chimique, soit le mod¢le a deux compartiments, certaines observations pourront étre généralisées
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a d’autres modeles physico-chimiques puisqu’ils sont tous basés sur les mémes principes
mécanistiques : émission des contaminants, dispersion des contaminants dans I’air, liens entre les
propriétés d’émission des contaminants, leur dispersion dans une piece et les concentrations qui en
découlent. Dans la méme idée, méme si le sujet de la revue s’est limité aux vapeurs de solvants,
les informations recueillies pour certains parametres pourront fournir des données utiles pour la
modélisation des expositions a d’autres contaminants tels que les gaz, les particules ultrafines, ou

encore les bioaérosols.

La revue se limite & une approche de modélisation déterministe, il existe toutefois des
approches de modélisation probabiliste qui utilisent la simulation Monte Carlo (Nicas et al., 2006;
Persoons et al., 2012; Robbins et al., 2012; Spencer & Plisko, 2007) ou 1’analyse statistique
bayésienne (Sottas et al., 2009; Zhang et al., 2009). Ces approches permettraient d’évaluer les
incertitudes associées aux estimations. Récemment, la simulation Monte Carlo a été intégrée au
logiciel informatique de modélisation IHMOD afin de permettre la prise en compte des incertitudes

associées aux modéeles.

8.2 Estimation du taux d’émission de contaminants en situation de

petits déversements de solvants organiques

Dans ce deuxieme volet de recherche, nous avons étudi¢ le processus d'évaporation de
contaminants lors de petits déversements de solvants ainsi que les facteurs susceptibles d’influencer
les taux d’évaporation dans ce type particulier de scénarios d’exposition a travers 183 tests
d'évaporation de solvants organiques purs effectués en laboratoire. Nos résultats ont montré que la
constante du taux d’évaporation des contaminants alpha était fortement associée a des parametres

tels que la pression de vapeur du solvant, le volume de solvant déversé (et ses collatéraux tels que
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la surface de déversement et le ratio de surface de déversement/volume de déversement), la vitesse

d'air au-dessus du déversement et la forme du récipient de déversement.

Les évaluations faites a partir des verres de montre ont montré que les valeurs de alpha
étaient 53 a 900 % plus élevées pour les tests avec ventilation (0,2 a 2 m/sec) par rapport aux tests
sans ventilation (< 0,025 m/sec). Quant a 'impact de la forme du récipient de déversement, les
alphas étaient, en moyenne, 19 a 86 % plus élevés lorsque le récipient utilisé était la plaque de Pétri
comparativement au verre de montre, pour les évaluations impliquant les déversements de 1 et 3
mL de solvants. Les résultats sur I’influence de la vitesse de I’air sont en accord avec les travaux
de Hummel et al. (1996) et de Lennert et al. (1997). Dans Lennert et al. (1997), les analyses ont
montré que ce parametre €tait hautement significatif pour estimer le taux d’évaporation des
contaminants. La vitesse d’air semble étre une variable explicative a fort intérét prédictif pour le
taux d’évaporation de contaminants (et donc pour la constante du taux d’évaporation des
contaminants alpha dans le cadre des scénarios d’exposition impliquant des sources d’émission a

décroissance exponentielle).

Trois nouvelles équations basées sur des modeles de régression dérivés des données
expérimentales ont été développées pour prédire alpha (voir chapitre 6). Ces équations avaient
quatre variables prédictives en commun (la pression de vapeur, le poids moléculaire, la vitesse de
l'air au-dessus du liquide déversé et la tension de surface du liquide déversé€). La cinquiéme variable
prédictive était soit le volume de déversement, la surface de déversement ou le ratio de surface de
déversement/volume de déversement selon les équations. Une validation externe des trois
€quations prédictives en utilisant les données expérimentales de Keil et Nicas (2003) a montré une
qualité de prédictions élevée pour toutes les équations avec des R? variant entre 0,65 et 0,92, un

biais maximal de —32,9 % et une précision maximale de 33,3 %. Considérant ces bons résultats,

280



ces équations constituent une avancée par rapport aux travaux de Keil et Nicas (2003). De plus, de
par leurs performances de prédiction similaires, les trois équations, offrent aux hygiénistes du
travail I’opportunité d’utiliser I’équation qu’ils jugent pratique en fonction des variables prédictives
disponibles (volume de déversement, surface de déversement ou ratio de surface de

déversement/volume de déversement).

Les petits déversements de solvants peuvent générer de graves risques pour la santé des
travailleurs (ex : effets toxiques aigus) notamment lors des activités de nettoyage des déversements
et/ou des interventions d'urgence au cours desquelles des concentrations maximales de substances
toxiques peuvent survenir rapidement (Jayjock, Logan, et al., 2011a; Keil & Nicas, 2003). Nos
travaux permettront aux hygiénistes du travail d’estimer adéquatement les pics de concentrations
et/ou les niveaux d’exposition a court terme, ce qui est crucial pour une évaluation et une gestion

efficaces des risques liés a ces scénarios d'exposition.

8.3 Estimation du taux d’émission de contaminants en situation de

petits déversements de mélanges de solvants organiques

Ce troisieme volet de recherche examinait I'impact de la non-idéalité sur les constantes des
taux d'évaporation de contaminants alphas et sur les concentrations atmosphériques de
contaminants résultant de petits déversements de mélanges aqueux non-idéaux de solvants

organiques.

Deux équations prédictives, basées sur les constantes de taux d'évaporation de contaminants
alphas expérimentalement mesurées pour les solvants purs impliqués dans les mélanges testés, ont
été développées pour estimer les taux d'évaporation de contaminants provenant des mélanges

¢tudiés en corrigeant ou non pour la non-idéalité de ces mélanges (chapitre 7). Les résultats ont
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montré que les constantes de taux d'évaporation de contaminants alphas estimées en tenant compte
des facteurs de correction pour la non-idéalité des mélanges (utilisation des coefficients d'activité
des solvants présents dans les mélanges) étaient supérieures a celles estimées sans les facteurs de
correction pour la non-idéalit¢ des mélanges. Le ratio médian des alphas prédits corrigés sur les
alphas prédits non-corrigés était égal a 7,60 (1,67 a 19,9). Ces résultats sont en accord avec les
travaux de Nielsen et Olsen (1995) qui rapportent des taux d'évaporation corrigés qui sont
significativement plus élevés que ceux sans correction, avec un ratio médian égal a 713 (16,4 a
3100) (Nielsen & Olsen, 1995). Ainsi, supposer un comportement idéal pour des mélanges de
solvants qui s’avereraient non-idéaux peut conduire a des erreurs significatives dans I'estimation

des taux d'évaporation des contaminants.

Pour évaluer I’impact de la non-idéalité sur les concentrations des vapeurs de solvants dans
I’air, des données expérimentales mesurées dans une chambre a petite échelle ont été comparées
aux estimations obtenues avec le modéle a un compartiment avec air uniformément mélangé. Les
estimations ont été faites en considérant les deux types de taux d'évaporation : corrigé avec
coefficient d’activité et non corrigé. Les concentrations maximales (Cmax) €t les temps requis pour
atteindre les concentrations maximales (Tmax) en utilisant les taux d'évaporation corrigés
concordaient raisonnablement bien avec les valeurs mesurées. Le ratio médian de concentrations
maximales prédites sur concentrations maximales mesurées était de 0,92 (0,81 a 1,32) et la
différence médiane entre les temps requis pour atteindre les concentrations maximales prédites et
mesurées était de —5 min (valeur maximale de +41 min). Lorsque les taux d'évaporation non
corrigés ont été utilisés, les concentrations maximales ont été systématiquement sous-estimeées et
les temps requis pour atteindre les concentrations maximales ont été surestimés. Le ratio médian

de concentrations maximales prédites sur concentrations maximales mesurées était de 0,31 (0,08 a
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0,75) et la différence médiane entre les temps requis pour atteindre les concentrations maximales
prédites et mesurées €tait de +33 min (valeur maximale de +72 min). La surestimation des temps
d’atteinte des concentrations maximales peut conduire a des prises de décisions erronées pouvant
menacer la santé et/ou la sécurité des travailleurs, par exemple, dans les cas ou les travailleurs
seraient assignés au nettoyage des déversements ou a la mise en ceuvre d’autres mesures correctives
d’urgence dans des périodes de temps supposément sécuritaires au cours desquelles des

concentrations maximales de vapeurs toxiques pourraient en réalité survenir.

Plusieurs études ont confirmé I’importance de 1’utilisation des coefficients d’activité dans
la caractérisation de différents parameétres d’évaporation pour différentes situations d’exposition
aux mélanges de produits chimiques volatils (Debia et al., 2009; Hofstetter et al., 2013; LeBlanc et
al., 2018; Nielsen & Olsen, 1995; Okamoto et al., 2010; Smith, 2001; Tischer & Roitzsch, 2022).
Les coefficients d’activité ont été utilisés, par exemple, pour corriger la composition des vapeurs
(Okamoto et al., 2010), les pressions de vapeurs (Okamoto et al., 2010; Smith, 2001), les temps
d’évaporation (Smith, 2001), les indices de potentiel de surexposition (Debia et al., 2009) ou les
taux d’émission spécifiques développés pour les produits chimiques étudiés (Nielsen & Olsen,
1995; Tischer & Roitzsch, 2022). Dans de rares cas, les coefficients d’activité ont été utilisés pour

estimer des taux d’émission de contaminants croissants ou décroissants (Tischer & Roitzsch, 2022).

La présente ¢tude est, a notre connaissance, la premicre a considérer la non-idéalité des
mélanges de solvants organiques dans l'estimation du taux d'évaporation a décroissance
exponentielle et a quantifier les biais de facon expérimentale. La prise en compte des coefficients
d’activité¢ dans I’estimation des constantes de taux d'évaporation alphas et des concentrations de
contaminants dans 1’air a permis de mieux comprendre I’importance de la non-idéalité, et surtout,

d’évaluer dans quelle mesure la correction permet de se rapprocher de la réalité. Ces travaux
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constituent une étape supplémentaire dans I’amélioration de la précision des mod¢les d'exposition

utilisés pour estimer les expositions professionnelles aux mélanges de solvants organiques.

8.4 Portée et contributions du projet de recherche

Le premier volet de recherche consacré a la revue de littérature (chapitre 5) a mis a jour les
connaissances développées sur le modéle a deux compartiments, I’un des modéeles physico-
chimiques les plus utilisés en hygieéne du travail, et a permis d’établir une base de données robuste
fournissant les valeurs possibles des paramétres d’entrée du modele pour un large éventail de
scénarios d’expositions professionnelles. Ce travail de synthese est une ressource importante mise
a disposition des hygiénistes du travail et des modélisateurs afin de faciliter leur compréhension
des modeles physico-chimiques et les encourager a utiliser ces modeles dans le cadre de

I’estimation de I’exposition professionnelle aux contaminants chimiques de I’air.

Les travaux du deuxiéme volet de recherche (chapitre 6) améliorent la compréhension et la
caractérisation du taux d’émission de contaminants pour les scénarios d’exposition impliquant des
sources d’émission a décroissance exponentielle, en proposant trois nouvelles équations
d’estimation de la constante du taux d’évaporation de contaminants alpha, dont les études de
validation interne et externe ont fourni des résultats plus que satisfaisants. Cette étude permet de
doter les hygiénistes de travail en outils performants pour estimer les taux d’émission de
contaminants associés a ce type d’exposition. Il faut également noter que la présentation de
résultats de validation externe est assez rare dans la littérature scientifique disponible sur la
modélisation mathématique des taux d’émission de contaminants, ce qui renforce la qualité et

l'utilité des équations proposées.
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Les travaux du troisieme volet de recherche (chapitre 7) sont, & notre connaissance, les
premiers a évaluer I’impact de la non-idéalité des mélanges de solvants sur les taux d’émission de
contaminants a décroissance exponentielle et sur les concentrations de contaminants dans 1’air
résultant de ces émissions mesurées en temps réelles par une technique de chromatographie en
phase gazeuse. De ce fait, les résultats de cette étude sont innovants et contribuent a I’amélioration
des connaissances dans le domaine de la modélisation. De plus, de par leurs excellentes
performances de prédiction, les deux nouvelles équations développées dans cette étude permettront

aux hygiénistes du travail d’améliorer les prédictions des concentrations de vapeurs de solvants.

Plus généralement, les résultats des travaux effectués dans ce projet recherche sont non
seulement valables pour les modéles d’émission et de dispersion étudiés dans cette thése mais leurs
portées peuvent s’étendre aux autres modeles physico-chimiques puisqu’ils reposent tous sur le

méme principe mécanistique.
8.5 Limites des travaux et perspectives de recherche

Les travaux de ce projet de recherche sont basés sur des études réalisées dans des
laboratoires de recherche dont les conditions environnementales étaient contrdlées. Les données de
ces ¢tudes controlées représentent donc les résultats des meilleurs scénarios car les incertitudes
et/ou variabilités pouvant biaiser les résultats étaient minimisées. Les conclusions issues des études
controlées peuvent nécessiter des ajustements aux conditions réelles de travail en raison des

variations plus importantes qui sont attendues dans le monde réel.

Dans les études, les taux d’émission de contaminants ont été examinés et estimés a partir
de I’évaporation spontanée de différents solvants déversés dans divers récipients (verres de montre,

plaques de pétri). L’¢largissement des travaux a des situations d’exposition impliquant des taches
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manuelles comme le nettoyage de piéces métalliques avec un chiffon, le nettoyage a jet de picces
métalliques, la pulvérisation continue de solvants sur des surfaces, ou le remplissage de contenants
avec des substances liquides volatiles serait utile pour approfondir ou améliorer les connaissances
sur les processus d’évaporation et de dispersion des contaminants dans 1’air. Des recherches visant
aussi a caractériser I’émission de contaminants provenant de déversements contraints comme un
¢pandage de liquides sur des surfaces et/ou dans des récipients dotés de bordures seraient aussi

nécessaires.

Pour les mélanges de solvants, les évaluations ont été¢ effectuées uniquement avec des
mélanges aqueux non-idéaux binaires. De futures recherches couvrant une variété de mélanges plus

complexes avec des gammes plus larges de dilutions sont nécessaires.

Dans cette thése, les taux d’émission de contaminants générés par les mélanges aqueux de
solvants ont été estimés en utilisant une équation prédictive basée sur la Loi de Raoult ajustée par
les coefficients d’activité des solvants testés. La Loi de Henry n’a pas été considérée compte tenu
du fait que cette approche est jugée performante seulement dans les situations d'exposition
impliquant des solutions a dilutions infinies. Il serait toutefois intéressant, dans le cas des mélanges
aqueux de solvants, de faire une évaluation comparative des pouvoirs de correction de la Loi de
Raoult ajustée et de la Loi de Henry afin d’identifier et documenter laquelle de ces deux approches
prend en compte le mieux la non-idéalité¢ des mélanges aqueux de solvants organiques. Dans cette
¢tude, les coefficients d’activité utilisés pour corriger les taux d’émission de contaminants ont été
estimés a 1’aide de la méthode UNIFAC. Les excellents résultats obtenus pour 1’estimation des
concentrations de contaminants dans D’air en utilisant les taux d’émission corrigés par les
coefficients d’activité démontrent I’efficacit¢ du modele UNIFAC pour estimer les coefficients

d'activité (y) des solvants impliqués dans les mélanges évalués. La méthode UNIFAC est
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considérée comme une approche d’estimation de coefficients d’activité robuste en raison de sa
capacité a prédire efficacement les coefficients d’activité pour des mélanges de solvants plus
complexes que les mélanges binaires (Popendorf, 2019). Cependant, des limites ont été rapportées
pour la méthode UINIFAC lorsqu'elle est utilisée pour estimer les coefficients d’activité dans
certains mélanges organiques aqueux (Nielsen & Olsen, 1995) ou dans des mélanges tres
complexes tels que les mélanges de substances chimiques inorganiques-organiques (Tischer &
Roitzsch, 2022; Zuend et al., 2011; Ziind, 2007). Pour pallier ces limites, plusieurs alternatives ont
¢été proposées. Il s’agit notamment de 1'équation de Margules (Grain, 1990), I'équation de van Laar
(Grain, 1990), I'équation de Wilson (Wilson, 1964), I'équation NRTL (Renon & Prausnitz, 1968),
'équation UNIQUAC (Abrams & Prausnitz, 1975) et du modele thermodynamique AIOMFAC
(Aerosol Inorganic-Organic Mixtures Functional groups Activity Coefficients) (Zuend et al., 2008;
Zuend et al., 2010; Ziind, 2007). L’évaluation comparative des capacités prédictives de ces
différents modeles d’estimation de coefficients d’activité serait d’un grand intérét pour les
hygiénistes du travail ou pour les modélisateurs des expositions aux mélanges non-idéaux de

substances chimiques volatiles.

Enfin, cette thése de doctorat a mis 1’accent sur 1’amélioration de I’estimation des taux
d’émission de contaminants dans divers contextes d’émissions a décroissance exponentielle et a
proposé une série de nouvelles équations pour prédire les taux d’émission de contaminants dans
ces types de scénarios d’exposition. Etant donné que les modéles physico-chimiques sont construits
sur la base d’une intégration mathématique de modéles d’émission de contaminants et de modeles
de dispersion de contaminants, il est important d’explorer également les possibilités d’amélioration
des modeles de dispersion de contaminants actuellement existants. Cela passe par une meilleure

compréhension des phénomenes de dispersion des contaminants et des facteurs qui les influencent.
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Dans la littérature, plusieurs études ont mentionné les roles influents de certains facteurs (ex :
géométrie et dimensions des locaux de travail, direction du courant d'air principal, débit de
ventilation générale, forme et emplacement du systéme de ventilation, gradient de température,
présence, orientation et mouvements d’un travailleur, position de la source d’émission de
contaminant par rapport au systétme de ventilation de la piece, etc.) sur la dispersion des
contaminants dans 1’air, et donc, sur les concentrations ambiantes de contaminants (Chang et al.,
2006; Cherrie, 1999 ; Cherrie et al., 2011; Cherrie & Schneider, 1999; Feigley et al., 2002; Flynn
et al., 1999; Flynn & Ljungqvist, 1995; Guftey et al., 2001; He et al., 2005; Khan et al., 2006; Kim
& Flynn, 1991; Lee et al., 2002; Lee, Feigley, et al., 2007; Lee et al., 2006; Lee, Khan, et al., 2007,
Welling et al., 2000; Whicker et al., 2002; Wu & Gebremedhin, 2001). Lee et al. (2007), ont par
exemple démontré, a travers une série d'expériences réalisées dans une petite piece, que les niveaux
d’exposition étaient : (i) 15 a 25 % plus élevés pour des travailleurs faisant face a une source
d’émission de contaminants comparativement a ceux n’y faisant pas face, (ii) 14 a 51 % plus €levés
pour un travailleur en mouvement comparativement a un travailleur stationnaire, (iii) et 20 a 40 %
plus élevés lorsque I’entrée d’air frais provenait d’un diffuseur a jet d’air positionné au mur
comparativement a un diffuseur placé au plafond (Lee, Feigley, et al., 2007). Or, les mode¢les
physico-chimiques actuels, notamment, les modeles a un et a deux compartiments, ne prennent pas
en compte ces paramétres dans leurs concepts et fonctionnements de base. Des recherches
approfondies, aussi bien en laboratoire qu’en conditions réelles de travail, sont donc nécessaires
afin d’étudier I’importance de ces parametres, quantifier leurs impacts, et étudier la possibilité de
les intégrer dans I’architecture conceptuelle des modéles, ou a défaut, proposer des facteurs de
correction proportionnels aux impacts de ces paramétres dans le but d’ajuster les estimations des

modeles actuels. Ainsi, les modeles physico-chimiques seraient améliorés dans leur globalité,
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permettant aux hygiénistes du travail et aux autres professionnels de la santé au travail d’assurer

de facto une évaluation et une gestion optimales des risques professionnels.
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Chapitre 9 — Conclusion Générale

Les travaux présentés dans cette thése ont permis d’évaluer les modéles utilisés pour estimer
les expositions professionnelles aux vapeurs de solvants. Les travaux ont mené a la création d’une
base de données fournissant les valeurs possibles des paramétres d’entrée des modeles pour un
large éventail de scénarios d’exposition professionnelle et a différentes équations prédictives des
taux d’évaporation de contaminants dans 1’air. Ces équations permettent de prendre en compte des
déterminants importants qui favorisent I’évaporation des solvants, notamment, la vitesse d’air au-
dessus du liquide déversé et le caracteére non-idéal des mélanges de solvants impliqués. Ensemble,
la considération de ces parameétres dans I’estimation des taux d’évaporation évite une sous-
estimation pouvant mener & une mauvaise appréciation des concentrations de contaminants dans

Iair.

Au total, les travaux présentés dans cette thése contribueront a ’amélioration de la justesse
des modéles d’hygiéne du travail utilisés pour estimer les expositions professionnelles aux vapeurs
de solvants, et leurs résultats pourraient étre incorporés dans les futures versions du logiciel de
modélisation américain IHMOD. Ces nouvelles informations et outils favoriseront I’utilisation des
modeles par différents intervenants pour une meilleure connaissance des niveaux potentiels

d’exposition et donc une meilleure prévention du risque chimique.
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