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Résumé étendu en francais 
Cette thèse vise à apporter une meilleure compréhension des mécanismes de piégeage du CO2 dans 

les réservoirs souterrains pour les procédés de stockage géologique du carbone. Pour cela nous 

avons développé une approche expérimentale à l’échelle des pores pour étudier les mécanismes de 

déplacement et d’interactions entre le CO2 et l’eau en milieux poreux.  

La thèse est structurée en 6 chapitres, chacun abordant une question scientifique clé.  

Le premier chapitre introductif (1) présente les principes fondamentaux du stockage souterrain 

du CO2, en soulignant l'importance des propriétés de mouillabilité des milieux dans les mécanismes 

de transfert d’espèces et de piégeage du CO2. Dans ce chapitre, nous soulignons les limites des 

capacités prédictives actuelles qui viennent de la variabilité des données et de la rareté des 

ensembles de données complets. Nous soulevons la nécessité d’études expérimentales à l'échelle 

du pore, ce qui constitue la principale motivation de cette thèse.  

Plus précisément, comprendre les relations entre les propriétés de mouillabilité, et les 

comportements fluide-fluide, fluide-solide est essentielle pour une bonne prédiction du processus 

de stockage géologique du CO2. Pour y parvenir, nous donnons une définition des propriétés de 

mouillabilité, nous identifions les paramètres qui l'influencent et comment quantifier leurs effets. 

Au cours des dernières décennies, des efforts considérables ont été déployés pour caractériser la 

mouillabilité des minéraux de subsurface dans les systèmes CO2-saumure. Les données disponibles 

indiquent que la plupart des minéraux et des roches de subsurface présentent un comportement 

mouillant vis à vis de l’'eau, avec quelques exceptions présentant des caractéristiques de 

mouillabilité intermédiaire. Cependant, la variabilité substantielle des données rapportées suggère 

que la mouillabilité est influencée par de multiples facteurs, ce qui nécessite des recherches 

supplémentaires pour réduire les incertitudes expérimentales et améliorer notre compréhension de 

son rôle dans les mécanismes de piégeage du CO2, en particulier le piégeage capillaire et le 

piégeage par solubilité.   

Si la solubilité du CO2 dans l'eau ou la saumure dans des conditions thermodynamiques d'équilibre 

est bien comprise, la cinétique du transfert de masse dans des environnements influencés par la 

mouillabilité reste moins étudiée. Il existe notamment une boucle de rétroaction dans laquelle la 

mouillabilité affecte la dissolution du CO2, tandis que le CO2 dissous peut, à son tour, modifier la 

mouillabilité des minéraux. En outre, l'interaction entre les différents mécanismes de piégeage et 

les complexités inhérentes aux échelles spatiales et temporelles dans les milieux poreux naturels 

rendent compliquées les capacités de prédiction pour la modélisation du stockage du CO2. Les 

implications de la mouillabilité pour le stockage du CO2 sont importantes, car elle influence 

directement la capacité d'étanchéité des roches, détermine le potentiel de stockage et régit la 

distribution du CO2 stocké entre les différents mécanismes de piégeage. En outre, la mouillabilité 

joue un rôle essentiel dans l'optimisation des stratégies d'injection et dans la garantie de la sécurité 
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du confinement à long terme. Pour améliorer la fiabilité des simulations numériques à grande 

échelle, des études fondamentales à l'échelle du pore, à la fois expérimentales et numériques, 

doivent être intégrées afin d'incorporer avec précision des paramètres physicochimiques clés tels 

que la mouillabilité. Les techniques expérimentales telles que la microfluidique offrent un outil 

puissant pour relever ces défis en isolant des effets spécifiques qui sont difficiles à distinguer dans 

les études à l'échelle du réservoir et qui ne sont pas pris en compte dans les simulations. Nous 

terminons ce chapitre en annonçant les objectifs de la thèse qui sont (i) évaluer si le plasma peut 

être propagé et utilisé pour le traitement de surface in situ des dispositifs microfluidiques en verre, 

(ii) déterminer comment la mouillabilité influence le piégeage capillaire et le transfert de masse 

interfacial à l'échelle des pores, et (iii) suivre le processus de transfert de masse interfacial fluide-

fluide en suivant l'évolution des espèces chimiques à l'aide de la spectroscopie Raman. 

 Le chapitre (2) détaille le dispositif expérimental général, les techniques de mesure communes et 

les outils utilisés tout au long de la thèse, détaillant en particulier la conception de dispositifs 

microfluidiques. Comme son nom l'indique, la microfluidique est la technologie qui permet de 

manipuler de petits volumes de fluides dans un espace confiné de dimensions micrométriques. Par 

rapport aux études sur des échantillons naturels centrimétiques, les dispositifs microfluidiques 

offrent plusieurs avantages clés, notamment l'observation visuelle en temps réel des processus 

dynamiques et la compatibilité avec diverses techniques d'analyse in situ.  

Parmi les différentes géométries que nous avons conçues pour imiter les milieux poreux de la roche, 

cette étude se concentre sur deux géométries distinctes : la géométrie à poche unique et la géométrie 

à pores en L. Ces deux géométries contiennent un microcanal rectangulaire de 4 cm de long et de 

profondeur uniforme de 100 µm. Un motif géométrique est conçu pour piéger un fluide alors qu’un 

autre s’écoule dans le canal. La poche unique est une géométrie carrée avec une longueur de côté 

de 500 μm. Comme son nom l'indique, la géométrie à pores en L est attachée au microcanal 

principal, formant une forme de L. La réalisation d'expériences sur plusieurs géométries nous 

permet d'analyser l'effet d'une complexité géométrique croissante et d'évaluer l'influence directe de 

la mouillabilité sur les résultats expérimentaux.  

Dans le chapitre (3), nous nous sommes concentrés sur le développement d'une nouvelle méthode 

de modification de la mouillabilité. Notre principale question scientifique était de savoir si un 

plasma pouvait être propagé et utilisé pour le traitement in situ de la mouillabilité de dispositifs 

microfluidiques en verre fermés.  

Sur la base de l'analyse de la littérature, nous avons justifié l'utilisation du plasma à pression 

atmosphérique en tant qu'outil prometteur pour la modification de la mouillabilité et nous avons 

mis au point un dispositif adapté aux dispositifs microfluidiques en verre fermés. Nous avons choisi 

un plasma à pression atmosphérique d'hélium kHz dans une configuration de type DBD en raison 

de sa capacité à pénétrer et à se propager dans les microcanaux, de sa nature froide et non thermique 

et de la chimie réactive du plasma, qui permet de modifier la surface in situ tout en préservant le 

matériau. 
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Nous avons démontré que notre installation produit effectivement un plasma froid (< 100° C) d'une 

puissance de plusieurs centaines de mW qui se propage avec succès dans des microcanaux de 4 cm 

de long et de largeur variable. L'analyse de la propagation du plasma indique que la configuration 

des électrodes joue un rôle majeur dans la manipulation de la propagation du plasma, en particulier 

sur les modèles géométriques plus complexes. Une analyse des espèces du plasma par 

spectrométrie à émission optique (OES) indique une chimie du plasma riche allant bien au-delà de 

l'hélium, qui est le gaz dominant.   

La section centrale de ce chapitre se concentre sur les performances en matière de mouillabilité. 

Pour cela l’angle de contact entre l’eau et le CO2 est mesuré l’intérieur de nos canaux, avant et 

après traitement plasma. Nous avons obtenu un traitement de surface rapide en une minute environ, 

les performances de vieillissement dépendant du milieu de stockage. Les dispositifs stockés dans 

l'air ont présenté une stabilité de l'angle de contact la plus faible d’une durée de un jour, qui s'est 

prolongée jusqu'à environ trois jours lorsqu'ils ont été stockés dans l'eau. Les dispositifs 

microfluidiques stockés dans l'air ont retrouvé leur état initial de mouillabilité. Les micromodèles 

stockés dans l’eau garde un état hydrophile pendant plusieurs semaines. Le retraitement a montré 

des résultats de mouillabilité reproductifs, soulignant la possibilité de réutiliser des dispositifs 

microfluidiques en verre conçus avec précision et difficiles à fabriquer, ce qui est avantageux 

compte tenu de leur coût de production élevé.  

Des analyses OES et des analyses de spectroscopie Raman ont permis de mieux comprendre les 

mécanismes sous-jacents à l'altération de la mouillabilité. Des recherches plus approfondies à l'aide 

de la méthode XPS (Spectrométrie photoélectronique X) ont attribué les changements de 

mouillabilité au nettoyage et à la fonctionnalisation des surfaces du verre. Le traitement au plasma 

réduit la contamination de la surface par le carbone en exposant la couche de verre naturellement 

hydrophile et en attachant divers groupes fonctionnels hydrophiles (carboxyles, aminés, etc.), la 

stabilité de ces groupes dépend du milieu de stockage.   

Ce traitement in situ de la mouillabilité facilite le traitement des dispositifs microfluidiques fermés 

couramment achetés auprès des fabricants, permettant le traitement de toutes les parois des 

microcanaux tout en minimisant la dégradation des propriétés de surface qui peut se produire 

pendant le collage. Dans l'ensemble, l'application du plasma à pression atmosphérique en tant que 

traitement in situ représente une méthode nouvelle et efficace pour modifier la mouillabilité, 

particulièrement adaptée aux systèmes microfluidiques fermés.  

Avec une procédure établie pour contrôler la mouillabilité, nous avons étudié dans le chapitre 4 la 

question centrale de cette thèse, à savoir l'influence de la mouillabilité sur le piégeage capillaire et 

le transfert de masse interfacial à l'échelle des pores.  

Après une introduction sur les quelques données disponibles dans la littérature sur l’influence de 

la mouillabilité sur le piégeage résiduel et le piégeage capillaire, nous présentons nos procédures 

expérimentales. Les expériences ont été réalisées sur deux géométries microfluidiques mentionnées 

précédemment, en utilisant du CO2 et de l'eau comme analogues des fluides injectés lors du 
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stockage de CO2. Dans chaque géométrie, nous avons effectué des drainages et des imbibitions. 

Pendant le drainage, l'objectif était de piéger l'eau et d'étudier l'évaporation, tandis que pendant 

l'imbibition, nous avons cherché à immobiliser le CO2 et à évaluer les processus de dissolution. Les 

résultats de chaque géométrie sont évalués sur deux conditions de mouillabilité distinctes sur la 

gamme des différences de pression imposées, simulant différentes conditions d'écoulement.   

Avant les expériences principales, nous avons cherché à caractériser les écoulements dans nos 

géométries en monophasique et en diphasique à l'aide de la méthode de PIV (Vélocimétrie par 

Images de Particules). L'analyse des écoulements d’eau a révélé que l'apparition des premières 

recirculations se produit autour de 65 mbar (entre l’entrée et la sortie du canal). Dans cette plage 

de différence de pression, le nombre de Reynolds est resté inférieur à 20, tandis que le nombre 

capillaire correspondant pendant l'écoulement diphasique était d'environ 10-3, ces deux valeurs sont 

typiques des conditions de stockage de CO2. Pendant le drainage (CO2 déplaçant l’eau), l’eau 

piégée montre un mouvement advectif entraîné par le transfert de quantité de mouvement à 

l'interface CO2-eau. En outre, sur les surfaces traitées au plasma, le drainage était caractérisé par 

une forte présence et un fort écoulement de films. Ces deux observations se sont révélées cruciales 

pour l'interprétation du comportement du transfert de masse par la suite.  

La suite de ce chapitre se consacre à la caractérisation de l’influence de la mouillabilité sur le 

piégeage capillaire, puis sur le transfert de masse aux interfaces.  

Nous nous intéressons dans un premier temps au piégeage capillaire du CO2 lors d’une imbibition. 

La bulle initiale de CO2 piégée présente une large gamme de formes différentes influencées par la 

géométrie des pores et la mouillabilité. À des angles de contact faibles, l'interface de la bulle reste 

plus arrondie et courbée, principalement guidée par la tension interfaciale plutôt que par la 

géométrie de l'élément de piégeage. Dans la géométrie à poche unique, la bulle reste constamment 

en contact avec la surface solide, tandis que dans la géométrie à pores en L dans des conditions 

superhydrophiles (0°), la bulle n'entre pas en contact avec les surfaces en verre.  

La mouillabilité ne semble pas affecter de manière significative la taille initiale des bulles dans la 

géométrie à poche unique. De même, la taille initiale des bulles dans la géométrie à pores en L ne 

dépend pas de la mouillabilité ou de l'anisotropie de l'écoulement. Toutefois, dans la géométrie à 

pores en L, les bulles de CO2 ne restent pas piégées pour des conditions superhydrophiles (0°) 

lorsque la différence de pression imposée dépasse 35 mbar. Nos résultats suggèrent que l'effet 

combiné de l'anisotropie de l'écoulement et de la mouillabilité peut influencer le potentiel de 

piégeage capillaire du CO2.  

Lors d’un drainage, c’est l’eau qui se retrouve immobilisée dans l’élément de piégeage. En raison 

de la nature hydrophile des surfaces en verre, d'importants volumes d'eau restent piégés après le 

déplacement initial par le CO2. Ces volumes piégés sont présents sous forme de films d'eau, de 

gouttelettes et de films de coins le long des microcanaux, en plus du volume principal à l'intérieur 

de l'élément de piégeage.   
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Lorsque l'on évalue la quantité d'eau initialement piégée dans la géométrie à poche unique, des 

volumes significativement plus importants sont retenus pour un angle de contact de 23° par rapport 

à 53°. De manière surprenante, dans la géométrie à pores en L, les surfaces modérément mouillantes 

(angle de contact de 59°) retiennent en moyenne plus d'eau que les surfaces superhydrophiles (0°). 

Bien que l'influence exacte de la mouillabilité ne soit pas claire, son effet est évident, ce qui suggère 

qu'un facteur supplémentaire peut contribuer au comportement de piégeage observé. En outre, 

aucune différence significative dans le piégeage de l'eau n'a été observée dans la géométrie des 

pores L lors de la modification de la direction de l'écoulement.  

Finalement, si l'on considère les deux géométries et les deux fluides, les effets de la mouillabilité 

sont les plus prononcés dans le piégeage capillaire de l'eau pendant le drainage, alors qu'ils 

semblent négligeables pour le piégeage du CO2. Cette différence s'explique probablement par le 

fait que toutes les surfaces testées étaient hydrophiles, assurant un contact constant avec l'eau, alors 

que le CO2, en tant que phase non mouillante, reste largement insensible aux variations de la 

mouillabilité des solides.  

En comparant les volumes piégés des différents fluides dans la même géométrie, la géométrie à 

poche unique retient plus d'eau que de CO2, alors que dans la géométrie à pores en L, aucune 

différence significative n'est observée entre les deux fluides. Alors que les milieux hydrophiles 

devraient favoriser une plus grande rétention d'eau, la complexité géométrique accrue de nos 

milieux semble atténuer cet effet, ce qui se traduit par un comportement de piégeage comparable 

pour les deux fluides dans la géométrie à pores en L.   

En testant à la fois le piégeage résiduel de l'eau et du CO2 pour des géométries simples et en 

conditions contrôlées, nous montrons pour la première fois que la mouillabilité régit fortement la 

rétention de l'eau mais pas le piégeage du CO2 - un résultat rendu possible par l'élimination de 

l'hétérogénéité de la géométrie, contrairement à la plupart des expériences multi-pores antérieures.  

Dans un second temps, nous nous sommes intéressés au tranferts de masse aux interfaces fluide-

fluide et à l’impact de la mouillabilité. Tout d’abord, lors du piégeage du CO2 dans la géométrie à 

poche unique, la dissolution du CO2 dans l’eau présente deux phases distinctes : une période initiale 

de dissolution rapide dominée par l'advection et une phase ultérieure plus lente contrôlée par la 

diffusion. Alors que la mouillabilité n'influence pas de manière significative la phase de dissolution 

rapide, la phase lente et les valeurs du coefficient de transfert de masse montrent une tendance 

claire, avec des taux de dissolution plus élevés observés à un angle de contact plus faible (23°). Les 

taux de transfert de masse moyens sont de l'ordre de quelques μm/s, ce qui correspond bien aux 

résultats d'études antérieures. Une comparaison des formulations de transfert de masse avec et sans 

normalisation à l'aire interfaciale révèle que la mouillabilité influence la dissolution non seulement 

en augmentant l'aire interfaciale, mais aussi en modifiant la courbure interfaciale, ce qui modifie 

la pression capillaire.   

Par ailleurs, une expérience statique, pour laquelle une bulle de CO2 est piégée dans le pore et l’eau 

dans le canal ne s’écoule pas, a démontré que la dissolution du CO2 dans de telles conditions 
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prendrait des mois, alors qu’en conditions d’écoulement la dissolution totale de la bulle prend 100 

to 250 sec. Cela souligne l'importance d'assurer le confinement du CO2 au cours de la période 

initiale par des mécanismes de piégeage physique, tels que le piégeage structurel et capillaire, avant 

que des mécanismes chimiques tels que la dissolution et la minéralisation ne puissent assurer la 

sécurité du stockage à long terme.  

Dans le cas de la géométrie à pores en L, nous avons rencontré une grande variabilité des résultats 

due au déplacement des bulles initialement piégées ou lors de la dissolution. Cela met en évidence 

l'instabilité potentielle du piégeage capillaire, mais limite également la robustesse statistique de nos 

données de transfert de masse. En outre, la croissance des bulles de CO2 a été observée sur des 

surfaces à mouillabilité intermédiaire, ce qui suggère un processus d'exsolution plutôt que de 

dissolution.  

Malgré la diversité des données expérimentales et l'impact significatif de la mouillabilité, de la 

géométrie de l'élément de piégeage et de son anisotropie sur les mécanismes de dissolution, les 

périodes caractéristiques de dissolution rapide et lente restent distinctes. Comme dans le cas de la 

géométrie à poche unique, la phase initiale de dissolution rapide ne dépend pas de la mouillabilité, 

alors que la phase lente et les taux de transfert de masse globaux présentent une tendance claire en 

faveur d'une dissolution plus rapide à des angles de contact plus faibles (0°). Sur les surfaces 

modérément hydrophiles (59°), les taux de dissolution globaux sont de l'ordre de 10-1 μm/s, tandis 

que sur les surfaces superhydrophiles (0°), les taux varient entre 100 et 101 μm/s. La direction de 

l'écoulement ne semble pas affecter les taux de transfert de masse globaux.  

Lorsque l’eau est piégée dans la géométrie à pore unique, celle-ci s’évapore dans le CO2. 

L'évaporation de l'eau pendant le drainage suit un comportement biphasé, composé d'une période 

humide et d'une période sèche. Pendant la période humide, d'importants volumes d'eau sous forme 

de films, de petites gouttelettes et de films de coins restent sur les surfaces des microcanaux. 

Pendant la période sèche, seul le volume principal des gouttelettes à l'intérieur de l'élément de 

piégeage persiste. Les conditions de mouillabilité ont un impact important sur l'évaporation en 

modifiant le type et la quantité des volumes d’eau pendant la période humide. Sur les surfaces à 

angle de contact de 53°, une pente plus forte est observée pendant la période sèche, indiquant que 

les taux d'évaporation sont plus élevés lorsque le flux de CO2 n'est pas saturé en vapeur d'eau. 

Contrairement aux volumes d’eau immobilisés sur les surfaces à 53°, les volumes d'eau sur les 

surfaces à angle de contact de 23° se déplacent, entrant et sortant de l'élément de piégeage de façon 

imprévisible, créant de multiples tendances non linéaires au cours de la période humide.  

Par conséquent, les données expérimentales des taux de transfert de masse sur des surfaces d’angle 

de contact de 53° montrent moins de dispersion, avec une tendance claire à l'augmentation du 

transfert de masse global avec de la différence de pression appliquée entre l’entrée et la sortie du 

canal. À des différences de pression appliquées plus faibles, les deux conditions de mouillabilité 

présentent des taux d'évaporation globaux similaires. Cependant, lorsque les différences de 

pression augmentent, les taux d'évaporation divergent, favorisant la surface à angle de contact plus 
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faible (23°). Les taux d'évaporation globaux sont de l'ordre de 10-1 μm/s, ce qui est un ordre de 

grandeur inférieur aux taux de dissolution du CO2.  

Nos résultats comblent un manque de données expérimentales sur l’évaporation de l’eau dans le 

CO2 en conditions contrôlées. Ces données pourront servir à la comparaison aux modèles 

numériques en développements. De plus, nos mesures rapportent des taux d'évaporation globaux 

de l'ordre de 10-1 μm/s, offrant de nouveaux repères expérimentaux pour les futurs efforts de 

modélisation dans le contexte du stockage géologique du CO2.  

Le comportement d'évaporation dans la géométrie à pores en L est plus difficile à analyser car nous 

observons un drainage progressif mais rapide de l'eau de l'élément de piégeage par les films aux 

parois et aux coins des canaux.  Le drainage presque complet de la gouttelette piégée se produit en 

15 secondes environ sur les surfaces à angle de contact de 59° et en 6 secondes seulement sur les 

surfaces à 0°, ce qui correspond à des taux de vidange élevés de l’ordre de 105 μm2/s. Ainsi, le 

drainage est un processus prévalent par rapport au transfert de masse interfacial que nous attribuons 

à la présence de rugosité aux parois des canaux qui favorise l’écoulement par les films. Par 

conséquent, la comparaison directe entre les taux d'évaporation des deux géométries, ainsi que la 

comparaison entre les taux de dissolution et d'évaporation sur cette géométrie n’est pas pertinente.  

Dans l'ensemble, cette recherche révèle que la mouillabilité, la géométrie des pores et les 

différences de pression appliquées influencent la complexité du comportement du transfert de 

masse aux interfaces. Malgré des variations dans les mécanismes, un comportement à deux 

périodes est observé pour toutes nos configurations. La mouillabilité devient un facteur ominant 

pour une des périodes avec des mécanismes sous-jacents différents. Lors de l'imbibition et la 

dissolution du CO2, la mouillabilité influence le transfert de masse pendant la période dominée par 

un régime diffusif. Au cours du drainage et de l'évaporation de l'eau, la mouillabilité joue un rôle 

plus critique dans la période humide initiale, où les surfaces hydrophiles favorisent la formation et 

l'advection de films d'eau et de volumes de coin.  

Dans l'ensemble, le transfert de masse, que ce soit par dissolution ou par évaporation, tend à être 

plus efficace dans des conditions hydrophiles. Cette amélioration est due à de multiples 

mécanismes, notamment l'augmentation de la surface interfaciale, l'augmentation de la pression 

capillaire due à une plus grande courbure interfaciale et la présence de films et de volumes de coins, 

qui non seulement étendent la surface interfaciale disponible mais régulent également le volume 

piégé par une dynamique directe.  

Les résultats de cette étude ont des implications significatives pour la réduction des incertitudes et 

l'amélioration des modèles de prévision liés au stockage géologique du CO2 dans les aquifères 

salins. En particulier, l'influence observée de la mouillabilité sur le piégeage par capillarité et par 

solubilité souligne la nécessité d'incorporer les effets de la mouillabilité dans les modèles prédictifs, 

surtout si l'on considère que ces effets deviennent dominants au cours des étapes ultérieures dans 

des conditions contrôlées par la diffusion. En élucidant les mécanismes fondamentaux de transfert 

de masse basés sur les premiers principes de la physique dans le contexte du stockage du CO2, ces 
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connaissances peuvent également être étendues à une large gamme de systèmes biphasés dans des 

environnements poreux.  

Alors que dans le chapitre 4 l’analyse du transfert de masse aux interfaces est faite à partir de 

données optiques de visualisation directe, le chapitre suivant (5) s’intéresse au développement 

d’une méthode pour suivre les espèces dissoutes et leur répartition lors de la dissolution. Pour cela 

nous évaluons la faisabilité de mesures de spectroscopie Raman in situ. Comme dans les chapitres 

précédents, nous commençons par présenter un état des lieux du processus de dissolution du CO2 

et de l'application de la spectroscopie Raman à la microfluidique. Sur la base d'un examen de l'état 

actuel des connaissances, nous avons justifié l'utilisation de la spectroscopie Raman, en particulier 

sa capacité à détecter les espèces chimiques gazeuses et dissoutes. Notre objectif était non 

seulement de valider la faisabilité des mesures dans les environnements microfluidiques, mais aussi 

de développer un dispositif expérimental optimisé capable de capturer des signatures chimiques 

clés dans des conditions dynamiques à basse pression. Pour atteindre cet objectif, nous avons conçu 

une procédure adaptée aux dispositifs microfluidiques en verre, en tenant compte des défis 

spécifiques rencontrés lors de l'acquisition du signal. Une attention particulière a été accordée à la 

suppression des effets de fluorescence, qui apparaissent au-dessus de 2000 cm-1 et interfèrent avec 

le signal d'étirement OH de l'eau. Heureusement, le principal signal du CO2, la résonance de Fermi, 

apparaît dans une région faiblement affectée par la fluorescence, ce qui nous a permis de nous 

concentrer sur le comportement du CO2 à la fois en phase gazeuse et en solution.   

Pour le CO2 gazeux, une échelle linéaire de l'intensité du pic d’une résonance de Fermi avec la 

pression a été observée, ce qui est cohérent avec les études précédentes et confirme la sensibilité 

des spectres Raman aux variations de pression. Lors de la dissolution du CO2 dans l'eau, les pics 

de la résonance de Fermi se sont élargis et déplacés vers des nombres d'ondes plus faibles, ce qui 

est cohérent avec les résultats de la littérature. Le but ultime était de suivre la cinétique de la 

réaction in situ en surveillant l'évolution des espèces chimiques pendant la dissolution du CO2 dans 

des conditions de drainage dynamique. Le mode drainage a été préféré à l'imbibition en raison de 

son mouvement interfacial plus lent, ce qui a permis des temps d'acquisition plus longs et donc un 

meilleur rapport signal sur bruit à basse pression (< 1 bar). Il s'agit là d'une différence significative 

par rapport à la plupart des études de la littérature, qui opèrent généralement sous une pression plus 

élevée et bénéficient donc de signaux Raman plus forts. Malgré ces conditions moins favorables, 

des intensités de signal relativement stables ont été obtenues sur la géométrie à poche unique, ce 

qui suggère une dissolution rapide et un quasi-équilibre entre les phases CO2 et eau pendant le 

temps d'acquisition. Des variations mineures de l'intensité Raman ont été observées entre les 

différents états de mouillabilité et les gradients de pression, mais elles n'étaient pas suffisamment 

significatives pour modifier la tendance générale ou l'interprétation du signal. Cependant, nous 

avons pu observer qualitativement l'influence des différents états de mouillabilité et des gradients 

de pression imposés au moment où l'interface gaz-liquide a traversé le spot laser (positionné à 100 

μm de la paroi la plus éloignée de la géométrie), marqué par un changement distinct du signal 

Raman de CO2(aq) à CO2(g). La complexité géométrique accrue des dispositifs à pores en L a entraîné 
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une évolution plus progressive de l'intensité du signal Raman au fil du temps, probablement en 

raison de la plus grande distance du spot laser par rapport à l'interface gaz-liquide.   

Ces résultats confirment que la spectroscopie Raman permet de suivre qualitativement et semi-

quantitativement l'évolution chimique pendant le transfert de masse dans des géométries confinées, 

même dans des conditions de basse pression. Toutefois, l'interprétation quantitative complète reste 

limitée par l'absence de corrélation directe entre le signal Raman et la concentration réelle des 

espèces dissoutes. Les travaux futurs viseront à remédier à cette limitation par un étalonnage par 

rapport à des normes connues ou à des modèles thermodynamiques. En outre, les améliorations 

apportées au système, telles que l'incorporation de lasers avec d'autres longueurs d'onde pour 

atténuer la fluorescence, l'utilisation de détecteurs plus rapides pour capturer la dynamique 

transitoire et la mise en œuvre de techniques de cartographie spatiale, devraient permettre d'élargir 

l'applicabilité de la méthode. Des systèmes réagissant plus lentement, tels que le méthane et l'eau, 

pourraient également être étudiés afin de sonder davantage la cinétique du transfert de masse de 

manière plus contrôlée et d'étendre la recherche à d'autres paires de fluides.  

Ensemble, ces améliorations ouvriront la voie à une analyse Raman robuste, résolue dans l'espace 

et quantitative des processus interfaciaux en microfluidique.  

Enfin, le dernier chapitre (6) avait pour objectif de résumer notre travail, de mettre en évidence 

les principales conclusions et d'esquisser les perspectives de recherche future. Ainsi, avec notre 

approche expérimentale multidisciplinaire à l'échelle du pore, déployant la microfluidique, le 

plasma et la spectroscopie Raman, nous démontrons l'importance de la mouillabilité sur le stockage 

géologique du CO2 principalement en évaluant le piégeage capillaire et le piégeage par solubilité. 

Nous soulignons l'importance des données expérimentales à l'échelle du pore pour évaluer la 

cinétique et les principes fondamentaux du transfert de masse influencé par la mouillabilité afin de 

développer, valider et/ou calibrer des modèles à l'échelle du pore, puis d'extrapoler ces modèles et 

d'améliorer les capacités prédictives des simulations à l'échelle des réservoirs.  
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Abstract 
This PhD thesis is part of the INTER-AQ project within CNRS, an interdisciplinary research 

initiative aiming to unravel the complex and coupled dynamics of mass transfer and fluid 

redistribution at fluid-fluid interfaces within porous media. The project combines experimental 

microfluidics to replicate subsurface environments, vibrational spectroscopy for in situ chemical 

quantification, and novel plasma-based techniques to tailor pore surface properties. These 

integrated approaches target key environmental and energy challenges, such as geological CO2 

storage. Within this framework, the PhD research contributes to a pore-scale perspective, 

advancing experimental methods to investigate how interfacial phenomena influence fluid 

behavior in porous systems. 

The objective of this thesis is to address a fundamental gap in our understanding of mass transfer 

at the pore scale, specifically how wettability affects fluid/fluid interfacial mass transfer processes 

and fluid trapping in geological porous media. The research focuses on the development of an 

experimental platform that integrates microfluidics and μRaman spectroscopy to track CO2-water 

interfacial mass transfer in real time. Microfluidic devices are transparent pore networks made of 

channels of rectangular cross-sections, mimicking subsurface porous environments and allowing 

direct visualization of fluid behaviors. Crucially, the study introduces in situ atmospheric pressure 

plasma treatment as a new tool for modifying wettability within closed glass microfluidic devices. 

This allows precise control over surface characteristics, enabling systematic investigation of 

wettability impacts on interfacial dynamics. The insights of wettability influenced interfacial mass 

transfer gained in this study are expected to improve the calibration of both pore- and field-scale 

models, increasing the accuracy of predictions for carbon storage in geological reservoirs. 

Three core research questions structure the investigation. First, the feasibility of propagating 

atmospheric plasma within closed microfluidic channels is explored to determine whether in situ 

wettability tuning is technically viable. The work demonstrates that plasma jets can be successfully 

introduced and controlled within the devices, enabling reliable alteration of surface wettability. 

Results obtained by in situ contact angle measurement on images indicate uniform wettability 

treatment with increased hydrophilic properties after only 1 min of plasma treatment. The 

wettability achieved on glass with our setup offers stability for up to 70 days, depending on the 

plasma treatment and storage parameters. Second, the study examines how wettability conditions 

affect capillary trapping and interfacial mass transfer. By employing microfluidic devices with 

increasing geometrical complexity, the experiments reveal how surface wettability indeed 

influences fluid displacement/ retention, water evaporation and CO2 dissolution under a range of 

flow conditions. Our results demonstrate the influence of wettability on fluid-fluid displacement 

and mass transfer processes. Third, the potential of μRaman spectroscopy for in situ, semi-

quantitative analysis of CO2 dissolution is assessed. Raman analysis is able to capture the temporal 

evolution of dissolved species, providing complementary chemical data to visual flow observations 

and enabling the quantification of interfacial mass transfer rates. 
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In summary, this research establishes an integrated atmospheric-plasma-microfluidic-μRaman 

experimental framework that allows for the systematic study of pore-scale interfacial mass transfer 

under controlled wettability conditions. By leveraging plasma technology for surface modification 

and spectroscopic techniques for chemical analysis on microfluidic devices, the thesis delivers new 

insights into the mechanisms that govern CO2 trapping in porous media and that are critical for the 

design and optimization of carbon sequestration strategies. 
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Chapter 1 - The role of wettability for underground 

carbon storage 
In this chapter, we introduce the principles and challenges of carbon capture, utilization and storage 

(CCUS), with a focus on underground carbon storage. We point out the importance of experimental 

pore-scale investigations and thus introduce microfluidics as a technique suitable for such research.  

Then we describe wettability characterization, measurements and its role for carbon storage, with 

an emphasis on capillary and solubility trapping. Finally, we outline the objectives and the scope 

of the thesis. 
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I. Carbon storage in geological formations  

Understanding the mechanisms of carbon dioxide (CO2) storage (Iglauer et al., 2011; Ringrose, 

2020; Sifuentes et al., 2009; Taheri et al., 2012) in geological porous media, as a part of the carbon 

capture, utilization and storage (CCUS) framework (IEA, 2021a; IPCC, 2005) (see Figure 1), is 

becoming increasingly important to combat accelerating climate changes (IEA, 2021b). The 

principle of CO2 storage is injecting CO2 in supercritical conditions (scCO2 - above the critical 

temperature of 31 °C, and critical pressure 7.4 MPa) through drilled wells into the geological 

reservoir. The reason for supercritical injection is due to increased density and relatively low 

viscosity, which favors storage capacity. Once injected, supercritical CO2 displaces the fluid in the 

porous system and interacts with its environment (pore fluid and rock matrix). Injection of CO2 

into geological formations initiates a multicomponent, multiphase flow system under highly non-

equilibrium conditions. 

 

Figure 1 CCUS schematics. Taken from IEA (2021a). 

Numerous geological structures and reservoirs have been considered for storage. Injection into the 

oil wells is already common under the terms enhanced oil recovery (EOR) or improved oil recovery 

(IOR). Brown natural gas reservoirs (Khan et al., 2013), coal seams (Liu et al., 2019) and even gas 

hydrate depositions (Liu et al., 2023) are also some of the explored options. Yet, saline aquifers are 

perceived as the best potential due to their abundance and largest identified storage capacity overall 

(Celia et al., 2015; IPCC, 2005) (Figure 2). Aquifers are geological formations that store water 

within the pores and fractures of the rock. Also, the water found in these geological reservoirs at 

great depths is usually salty and it is referred to as brine. Besides geological storage, the marine 

environment offers enormous storage capacity, however it is beyond the scope of this thesis. 
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Figure 2 Carbon dioxide storage in saline aquifers with representations on the field and pore 

scale. 

Several physicochemical mechanisms are responsible for the trapping of CO2 with evolving 

contribution over time (see Figure 3). At first, injected CO2 tends to rise to an impermeable layer 

called caprock due to buoyancy, being structurally or stratigraphically trapped (Hesse et al., 2008; 

Iglauer et al., 2015). On its migration pathway, part of the CO2 will be left behind, isolated and 

immobile in the pore network, through a mechanism called residual or capillary trapping (Juanes 

et al., 2006; Saadatpoor et al., 2010). During the entire time, CO2 will be in contact with reservoir 

fluid (brine), allowing for continuous mass transfer, which contributes to dissolution trapping 

(Bachu and Adams, 2003; Riaz et al., 2006) and mineral trapping (Gaus, 2010; Xu et al., 2003). 

The general concern associated with the geological storage of CO2 is the potential of CO2 to escape 

into the atmosphere through natural pathways such as faults and fractures or man-made channels 

such as wells.   
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Figure 3 The relative contribution of trapping mechanisms over time. Taken from IPCC (2005). 

As the storage processes transpire hundreds or thousands of meters below the surface without our 

direct view and control, many questions associated with the storage remain to be fully answered. 

How effective is CCUS in reducing greenhouse gas emissions? What are the potential risks and 

environmental impacts of CCUS? Are there and what are the possible remediation methods in case 

of uncontrolled underground migration and leakage? What are the best options for capturing carbon 

dioxide (technically and economically)? Which geological structures are the best storage option 

and why? How can we accurately measure, monitor and predict the amount of carbon dioxide that 

can be stored underground? How can we improve the efficiency of CCUS technology to make it 

more economically feasible? What are the long-term effects of storing carbon dioxide 

underground? What is the actual timescale of trapping mechanisms? How well do we understand 

trapping? These and many more are questions of great importance before starting large-scale CCUS 

operations. 

Focus of current CCUS models (Ajayi et al., 2019; Furre et al., 2020; Mishra et al., 2015; Saraf 

and Bera, 2021; Sifuentes et al., 2009; Tatomir et al., 2019) and field-scale engineering projects 

(like Sleipner CO2 storage, Orca and Silverstone to mention a few) is generally related to capacity 

assessment, injection rates, and later control and forecast of the flow and storage dynamics (Agada 

et al., 2017; Munkejord et al., 2021). Besides technical/operational parameters imposed from the 

surface at the injection site, intrinsic properties of geological structures play an influential role in 

reducing uncertainty, increasing efficiency and enhancing the financial viability of the CCUS 

projects. Geometry and volume of the reservoir, pressure and temperature, absolute and effective 

porosity, absolute and relative permeability, capillary pressure (Busch and Müller, 2011; Fleury et 

al., 2010; Saraf and Bera, 2021; Worden, 2023); and heterogeneity and anisotropy of all mentioned 

properties (Bouquet et al., 2013; Rasheed et al., 2020; Taheri et al., 2012; Worden, 2023) are just 

some of the entry-level parameters to consider. 
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On a large scale, Darcy’s law, originally formulated for single-phase flow, is used to describe fluid 

movement through porous media. It establishes a proportional relationship between the volumetric 

flow rate (Q) over a certain cross section (A) and the pressure gradient (∇p), modulated by the 

medium’s permeability (k) and the fluid’s viscosity (μ), according to the equation below 

 
𝑄 =

𝑘𝐴∇𝑝

𝜇
 . 

(1) 

This law is valid at the Representative Elementary Volume (REV) scale, a sufficiently large volume 

where macroscopic properties such as porosity and permeability are statistically homogeneous. In 

a multiphase system, we consider an extension of Darcy’s law that takes into account relative 

permeability. Relative permeability quantifies the ability of each fluid phase to move through the 

porous matrix, depending on its saturation and interactions with other phases. When two fluids are 

in contact, we also consider capillary pressure. Capillary pressure, governed by the Young-Laplace 

law, represents the pressure difference across the interface between the wetting (pw) and non-

wetting phase (pnw). This pressure difference is influenced by interfacial tension (σ), contact angle 

(θ), and the radius of the capillary (r) as shown in the equation below.  

 
𝑝𝑐 = 𝑝𝑛𝑤 − 𝑝𝑤 =

2𝜎 cos 𝜃

𝑟
 

(2) 

Both relative permeability and capillary pressure define fluid distribution in porous media and are 

thus typically expressed as functions of saturation. Fluid saturation represents the fraction of pore 

volume occupied by a given phase, while residual saturation is the irreducible saturation at which 

a fluid becomes immobile due to capillary forces. Overall, a fluid saturation distribution following 

the injection is defined through sweep and displacement efficiency. Sweep efficiency describes the 

fraction of the total reservoir volume contacted by the injected fluid, whereas displacement 

efficiency refers to the effectiveness of one fluid in mobilizing and displacing another in a contacted 

sweep zone. Understanding these parameters is crucial for optimizing reservoir performance and 

designing efficient injection strategies.  

All of those parameters are already being implemented across the existing core (Roels et al., 2014; 

Worden, 2023) and field-scale models and projects (Leetaru et al., 2012; Shariati Pour et al., 2012). 

To apply constitutive relationships like capillary pressure and relative permeabilities into large-

scale models, traditional core-scale experimental methods (Akbarabadi and Piri, 2013; Busch and 

Müller, 2011; Müller, 2011; Williams et al., 2018) have been used as an information input. Core 

acquisition and experiments are however expensive, sample-dependent, time-consuming, and often 

yield uncertain measurements. By performing core-scale two-phase experiments, Aryana and 

Kovscek (2012) have shown that flow processes are not adequately described by generalized 

Darcy’s law. Thus, these models still fail to fully explain the phenomena of flow, trapping, 

dissolution, mineralization and other physicochemical processes in complex and heterogeneous 

multi-phase systems. 
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Understanding large-scale phenomena in CO2 storage requires investigating the fundamental 

processes occurring at the pore scale, where fluid-fluid and fluid-solid interactions take place, thus 

permitting the underlying physics to be explicitly captured, rather than expressed through averaged 

or lumped parameters as in continuum-scale models. Consequently, pore-scale research has 

become a key approach in studying storage mechanisms in saline aquifers, using two 

complementary methods: numerical simulations and experimental investigations. In recent years, 

pore-scale simulations have gained significant popularity. These models allow researchers to 

explore phase behavior and predict CO2 migration and trapping under different conditions (see 

Figure 4), exploiting parameters such as pressure, temperature, porous media and fluid properties. 

Common dimensionless numbers used to describe fluid-fluid-solid behavior are: the mobility ratio 

(M), which compares the viscosities of displacing and displaced fluids; the capillary number (Ca), 

the ratio of viscous to capillary forces; the Bond number, which relates gravitational to capillary 

forces; the Reynolds number (Re), expressing the ratio of inertial to viscous forces; the Damköhler 

number (Da), comparing the rate of chemical reaction to that of convective or diffusive transport; 

and the Peclet number (Pe), which compares advective and diffusive transport. These parameters 

play a crucial role in controlling capillary and solubility trapping in porous media (Iglauer et al., 

2015; Oliveira et al., 2023; Primkulov et al., 2021; Tokunaga and Wan, 2013; Wan et al., 2023).  

 

Figure 4 Lenormand diagram depicting fluid behavior as a function of capillary number (Ca) 

and mobility (viscosity) ratio (M). Taken from Sinha and Wang (2007). 

Despite significant progress, numerical modelling of multiphase flow remains a complex 

challenge. The difficulties are twofold: on one side, numerical models require further refinement 

including dynamic calculation of interface curvature, fluid composition tracking and faster 

simulation times. On the other hand, the physical description of interfacial properties remains 

incomplete, particularly regarding the wettability conditions and thin film behavior. Ongoing 

research aims to tackle these challenges by developing reliable and efficient pore-scale simulators 

for multiphase flow (Soulaine et al., 2021). In addition, high-resolution experimental research is 

needed to augment these models by providing data to verify predictions and by analyzing the 

physico-chemical processes behind the interfacial properties. 
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In this context, the present thesis contributes to the advancement of pore-scale experimental 

studies, specifically by investigating the role of wettability in CO2 storage processes. The work is 

conducted as part of the INTER-AQ project (“Mass transfer at fluid/fluid interfaces in geological 

porous media: aquifer-on-a-chip” funded by CNRS MITI Prime), which focuses on CO2 storage in 

saline aquifers and the parameters influencing capillary trapping and solubility of CO2 in resident 

fluids. To uncover the physics behind these mechanisms, the study downscales from the traditional 

REV, i.e., Darcy-scale (m - cm), to the pore-scale (mm - μm - nm). Rather than using actual rock 

samples, we utilize synthetic porous media that allow for controlled geometries, the elimination of 

rock-fluid chemical interactions, and the visual tracking of key processes. A parameter of particular 

interest in this project is wettability, which this thesis explores in relation to its influence on both 

capillary trapping and interfacial mass transfer during CO2 injection and storage. Further details on 

the specific goals and methodology of this thesis are presented in Section V, while Chapter 4 

provides an in-depth discussion of pore-scale investigations into capillary trapping and mass 

transfer in the context of CO2 storage, with a particular emphasis on wettability. 

II. Microfluidics to mimic subsurface environments 

As the name suggests, microfluidics is the technology where small volumes of fluids are 

manipulated in a contained space of micrometer dimensions. A microfluidic device, microfluidic 

chip or micromodel is the core part of our setup. It consists of an inlet and outlet (one or multiple) 

between which there is a geometry of interest etched in the material of choice (Tang et al., 2021). 

Geometries vary from simple straight microchannels to complex 3D shapes. The technology is also 

famous under the term “ (geological) lab on a chip” (Jahanbakhsh et al., 2020; Morais et al., 2016). 

In geosciences, devices frequently feature 2D geometries of heterogeneous pore networks, derived 

from real rock pore structures captured via CT imaging (e.g., from Digital Rock Portal by 

Prodanovic et al. (2015)).  

There are several major advantages to microfluidics over core samples as a porous media 

representative. Microfluidic devices offer real-time visual observation of dynamic processes and 

compatibility with various in situ analytical techniques. Great flexibility is reflected in 

customizable designs with controlled properties that ensure a reproducible process environment of 

micro dimensions and facilitate low-volume consumable usage for faster, more efficient studies 

(Zhu and Wang, 2022). Even elevated pressure and temperature requirements are no longer a 

significant limitation, as advancements in materials and fabrication techniques now allow for 

robust designs that withstand subsurface-relevant conditions (Marre et al., 2009). Many single-use 

and reusable designs are also readily accessible and cost-effective compared to core samples 

sourced from deep boreholes (Qi et al., 2018).  
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III. Wettability of porous materials and importance for carbon storage 

1. Wettability characterization and measurement 

a) Wettability theory 

Wettability is a characteristic of a fluid-fluid-solid system, where one fluid preferentially adheres 

to the surface of a specific material more than the other fluid (Craig, 1971). Wettability is 

commonly described using the water-air contact angle (WCA), unless specified otherwise. 

Accordingly, surfaces are usually classified as hydrophilic (water-wet) or hydrophobic (non-water-

wet), depending on their attraction or repulsion of water. Further divisions may include terms such 

as super-, strongly, moderately and weakly (-wet/hydrophilic/hydrophobic). One such example is 

given in Figure 5. Although the contact angle range (0 - 180°) does not have a fixed division, it is 

generally considered that 0° represents an ideal wetting condition, where the surface fully attracts 

one fluid. A contact angle around 90° indicates a neutral surface, interacting equally with both 

fluids in the system. Angles greater than 90° suggest that the surface is more readily wetted by the 

other fluid. In nature and on a larger scale, some surfaces can also be considered mixed-wet or 

amphiphilic, meaning some parts of the domain are wetted by one fluid while others are wetted by 

another fluid. As a rule of thumb, liquids have stronger preferential wetting to surfaces compared 

to gases.  

 

Figure 5 A classification of wettability characteristics in a water-air fluid system. 

A foundation work by Young (1805), Wenzel (1936, 1949) and Cassie and Baxter (1944) 

established the dependency of wettability on both surface chemistry and surface topography of 

materials. Owing to them, today we distinguish between wettability measured on a smooth surface 

and surfaces that are considered rough. The wettability of a smooth flat surface is defined through 

a contact angle given by Young’s equation (3): 

 

 cos 𝜃𝑌 =
𝛾𝑠𝑔 − 𝛾𝑠𝑙

𝛾𝑙𝑔
 , (3) 
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where θY is Young's angle, γ stands for interfacial tension, while subscripts s, l and g denote solid, 

liquid and gas phase, respectively. 

In cases where the surface is considered rough, two different models exist. Depending on whether 

the droplet placed on the surface is filling surface asperities or not, the condition may be described 

as either a Wenzel, Cassie-Baxter or in between wetting state (see Figure 6). Wenzel's wetting state 

is characterized by a complete adjustment of fluid to the surface topology. Contrary, in Cassie-

Baxter’s wetting state, the liquid drop does not fill the voids of surface roughness and instead stays 

on top of the surface.  

 

Figure 6 Base models to describe the wettability of a topologically rough surface. In the Wenzel 

model (a), a fluid fills the asperities of surface roughness. In the Cassie-Baxter model (b), a fluid 

floats on top of the topology, while in the transition model (c), fluid partially enters the voids. 

Taken from Ma et al. (2023). 

It is generally accepted that the Cassie state is associated with higher phase mobility, while droplets 

in the Wenzel state are more “sticky” and pinned to the surface in contact, however, new discoveries 

are challenging this notion (Dai et al., 2015). Important to note is also that in Wenzel state, 

increasing surface irregularities make already hydrophilic surfaces more hydrophilic and 

hydrophobic surfaces more hydrophobic (Zhu and Wang, 2022). Understanding how surface 

roughness influences wetting conditions within the same geological formation is thus crucial for 

assessing the performance of capillary and solubility trapping mechanisms. Rough surfaces in the 

Wenzel state can increase resistance to water flow, thereby promoting capillary trapping of CO2. In 

contrast, rough surfaces in the Cassie wetting state may offer more surface area for CO2 dissolution.  

There are several terminology issues regarding contact angles that can be confusing. Different 

terms usually indicate different conditions or different notions of measurement. Apparent contact 

angles are the ones that are routinely measured on the macroscopic scale, and they can be different 

from the actual (local) ones which can be better seen on the micro and nanoscale (see Figure 7).  
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Figure 7 Apparent vs. actual (local) contact angle. Taken from Marmur et al. (2017). 

The next misconception /confusion is related to contact angle hysteresis. Hysteresis is defined as 

the difference between advancing and receding contact angles (Kwok and Neumann, 1999). The 

advancing contact angle is produced during the wetting process, in contrast to the static contact 

angle, which is measured without altering the contact area between the liquid and solid. The 

receding contact angle occurs in the course of dewetting. Furthermore, advancing and receding 

contact angles are defined as the highest and the lowest metastable angles that can be measured. 

The most stable contact angle, usually referred to as the static contact angle, is located between the 

two, where Gibbs' potential energy (Morrow, 1970) is the lowest (see Figure 8). The most stable 

contact angle on a rough but chemically homogeneous surface is predicted by the Wenzel model. 

On the contrary, the most stable contact angle on a smooth but chemically heterogeneous surface 

is predicted by Cassie’s model. The general model for chemically heterogeneous and rough 

surfaces is the Cassie-Baxter model. 

 

Figure 8 Contact angle dependency on Gibbs potential energy and the notion of contact angles 

that comes from different scenarios. Taken from Marmur et al. (2017). 

According to Marmur et al. (2017), it is quite common to find advancing and receding contact 

angles encompassed under the term “dynamic” contact angle. Advancing and receding contact 
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angles are typically used terms for describing equilibrium wettability states under metastable 

conditions, differing from dynamic contact angles. Dynamic contact angles do not characterize 

equilibrium wettability as their value is affected by the velocity (Butt et al., 2022) and therefore 

depends on the capillary number. To make a distinction between dynamic and metastable 

conditions, Chiquet et al. (2007), Hansen et al., (2000), Huh and Scriven (1971) and many before 

them, started to differentiate between the terms “advancing” vs “advanced” and “receding” vs 

“receded” (see Figure 9). The terms “advanced” and “receded” are employed in literature to refer 

to what is commonly known as “advancing” and “receding”. These alterations in terminology serve 

to emphasize that the angles being described and measured are static metastable contact angles, 

rather than dynamic contact angles, which may be erroneously suggested by the use of “advancing” 

and “receding”. Advancing and receding contact angles then rightfully become dynamic contact 

angles. This terminology is however not widely accepted, and many studies still deviate from the 

notion. 

 

Figure 9 Distinction between "static" and "dynamic" contact angles. Adapted from Huh and 

Scriven (1971). 

Chiquet et al. (2007) also reported two different scenarios of bubbles swelling. Figure 10a indicates 

bubble/drop expansion with a fixed contact point when swelling/growing occurs slowly, while 

Figure 10b depicts rapid swelling, which is characterized by a change of interfacial radius and 

movement of the contact point. Due to the planarity effect, Chiquet et al. (2007) emphasize that in 

both cases, the reference plane (frontier) for measuring the contact angle should be positioned 

slightly above the substrate plane with the actual triple contact point (line in 3D). While both cases 

a) and b) can occur during contact angle measurements on open surfaces, case a) is predominantly 

expected in confined spaces such as capillaries and microchannels. Regardless, these effects must 

be considered during measurement. Moreover, as evident from Figure 10, the contact angle also 

depends on the bubble/droplet size. 

v ≠ 0 

v = 0 

v ≠ 0 
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Figure 10 Interface behavior during swelling with fixed (a) and displaced triple line (b), where d 

is the diameter of the drop measured at the frontier. Taken from Chiquet et al. (2007). 

Although surface roughness and heterogeneity are often cited as causes of contact angle hysteresis, 

recent research has shown that this phenomenon can also occur on smooth and chemically 

homogeneous surfaces. The most compelling evidence for this is the presence of contact angle 

hysteresis on free liquid films (not attached to a droplet), where there is no roughness or 

heterogeneity to explain the phenomenon (Kuchin and Starov, 2015). Norouzisadeh et al. (2024) 

state that for very thin films at the nanometer scale, the disjoining pressure, arising from the 

intermolecular interactions at the interfaces, significantly influences stability and spreading. 

Increasing film thickness beyond a critical point reduces the dominance of intermolecular forces, 

stabilizing the contact angle. The presence of a lubricating film minimizes interface pinning which 

results in a decrease of contact angle hysteresis. Consequently, measurements conducted on dry 

and prewetted surfaces may exhibit variations in contact angle hysteresis (van Rooijen et al., 2022). 

Another very important observation is the dependency of the contact angle on the confinement. For 

example, in the paper of van Rooijen et al. (2022), they measured for hydrogen, nitrogen and 

carbon dioxide in the presence of water, advancing and receding contact angles reported in the 

paper indicate general inversely proportional behavior of contact angle with respect to channel 

width (see Figure 11). In natural porous media and microfluidic devices, fluid interfaces are 

confined within pores, where dimensions can vary widely across orders of magnitude. As a result, 

contact angles measured on free surfaces provide only a rough estimate and do not fully capture 

the in situ wettability conditions. Additionally, accounting for confinement is crucial to ensure valid 

comparisons between natural samples and synthetic environments, such as in microfluidic devices. 

In the case of CO2, confinement beyond approximately 100 µm appears to have no significant effect 

on contact angle measurements. 
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Figure 11 Dependency of in-situ measured advancing (ACA) and receding contact angles (RCA) 

on the confinement in microfluidic channels. Taken from van Rooijen et al. (2022). 

b) Wettability measurement methods and tools 

The nature of measuring contact angle and wettability in general is a far more complex task than 

what idealized models like Young’s suggest. Numerous techniques for determining the wettability 

of porous media have been developed for various needs/applications. The list of some available 

methods with associated assets and liabilities is displayed in Table 1. Many available measurement 

methods are indirect and more suitable for engineering applications; therefore, this study focuses 

on contact angle-based methods, which offer a more direct approach. 
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Table 1  Wettability measurement methods. The acronyms AH and USBM refer to Amott-Harvey 

and U.S. Bureau of Mines wettability indices, respectively. Taken from Sagbana et al. (2022). 

 

Contact angle measurements on substrates represent the sole category of methods capable of 

directly assessing wettability (see Table 2). These measurements are typically conducted using two 

techniques: the sessile drop method and the captive bubble method. Both approaches employ a 

telescopic goniometer setup (Bigelow et al., 1946), which can be integrated with a high-pressure, 

high-temperature cell (Iglauer et al., 2015). These techniques are widely regarded in the literature 

as the most effective for obtaining direct, quantitative evaluations of rock surface wettability across 

a broad range of operational conditions. These conditions include variations in pressure, 

temperature, brine chemistry, and surface roughness, all of which influence wettability. Both 

measurement approaches should give comparable but not necessarily identical values of contact 

angle. 

The primary distinction between the sessile drop and captive bubble methods lies in the placement 

of the droplet or bubble. For systems involving water and CO2, the sessile drop method positions 

a water droplet on the surface of a substrate surrounded by a CO2 atmosphere. Conversely, the 

captive bubble method involves placing a CO2 bubble beneath the substrate, surrounded by water 

(see Table 2). The specific configurations of these methods are dictated by the density differences 

between the fluids in the system. Following the selection of the experimental setup, the contact 
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angle is determined from image acquisition, either manually or automatically. Uncertainties arise 

from the need to identify the contact (triple) point and the reference plane.  

A tilting plate configuration offers a valuable modification to these methods, enabling simultaneous 

measurement of advancing and receding contact angles. The advancing angle (θa) is measured at 

the leading edge of the droplet, while the receding angle (θr) is determined at the trailing edge.  

Table 2 A summary of direct contact angle measuring techniques. Taken from Arif et al. (2019). 

 

The current landscape of open-source investigations of contact angle measurements on images has 

been significantly shaped by advancements in camera technologies and the development of user-

friendly software tools. Notable examples of software tools include CAMTIA, developed in Matlab 

by Nežerka et al. (2018); Dropen also in Matlab, by Akbari and Antonini (2021); DropToolKit in 

Python by Favier et al. (2017); SessileDropAnalysis tool in Python by Van Gorcum (2019); PyDSA 

in Python by Launay (2018); DropSnake and LBADSA as ImageJ plugins by Stalder and 

colleagues (2010, 2006), and some others.  
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Recommendations provided by Krüss, a leading company in contact angle measurement tools, are 

summarized in Table 3. For instance, the choice of algorithm depends on the range of contact angles 

being measured. Lamour et al. (2010) demonstrated that for contact angles greater than 40°, the 

drop profile is more accurately approximated using an ellipse, whereas for angles below this 

threshold, circular algorithms yield better results. 

Table 3 Recommended range of applicability for different algorithms used for contact angle 

measurement. Taken from Williams et al. (2010). 

 

For example, DropToolKit and LBADSA (Figure 12a) utilize the fitting of the Young-Laplace 

equation to image data, whereas DropSnake (Figure 12b) employs B-spline snakes (active 

contours) to define the droplet shape, subsequently fitting it with a polynomial function. Since 

droplet interfaces are seldom perfectly axisymmetric, global models such as LBADSA face 

inherent limitations in accurately determining contact angles. In contrast, local models using 

polynomial fitting are well-suited for handling non-axisymmetric droplets. However, the accuracy 

of contact angle measurements in these models is highly sensitive to the chosen polynomial degree 

and the number of fixed points. DropSnake addresses these challenges by applying an elasticity 

constraint to the active contours, enabling it to maintain a cohesive global shape while offering 

localized contact angle measurements influenced by finite-range forces. 
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a) 

 

b) 

 

Figure 12 Contact angle tools: a) LBADSA, b) DropSnake. Measurements for both tools are 

taken on the same image, with the reference plane (0°/180°) being a horizontal line in contact 

points. Light gray represents the gaseous phase (CO2) and the darker gray water phase.  

The DropSnake tool can be operated in manual or semi-automatic mode. Both approaches leave 

room for subjective input of the points (knots) from the user, thus introducing uncertainty. The 

reported standard deviation can be as low as 0.2°, however, authors emphasize the importance of 

knot numbers and inter-knot distance. The number of knots and the inter-knot distance are two 

inverse factors. The recommendation from the authors is to have approximately 10 knots to have 

sufficient data to describe the interface in manual mode or 20 pixels as inter-knot distance (see 
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Figure 13). With very low inter-knot distance, the user runs into error due to discrete properties of 

images (e.g., due to contrast, subpixel interpolation, etc), while at too high inter-knot distance, an 

interfacial contour is not represented correctly. 

 

Figure 13 Dependency between contact angle variation and inter-knot distance. Adapted from 

Stalder et al. (2006). 

The DropSnake tool was applied in a microfluidics study by Kovalev et al. (2020).  They studied 

the influence of hydrodynamic conditions on dynamic contact angles in partially wet 

microchannels with a rectangular cross-section. To determine contact angles, three different 

algorithms were deployed. Out of the three, the DropSnake B-spline-based algorithm was selected 

as the most precise one, as it best described the interface contour near the triple point as visible 

from their analysis in Figure 14. 

 

Figure 14 Testing of three different algorithms for meniscus approximation: a) circle/ellipse 

fitting, b) LBADSA with Young-Laplace solution and c) DropSnake B-spline fitting. Taken from 

Kovalev et al. (2020). 
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Despite the wide range of available methods for assessing wettability via contact angle 

measurements, each approach presents specific challenges and limitations. In microfluidic 

applications, in situ measurements are particularly complex, as they must be performed within 

confined geometries where surface curvature and channel dimensions can influence the results. In 

our study, contact angle measurements were performed through image-based analysis using the 

DropSnake tool, which calculates average apparent static contact angles from fluid interface 

profiles. This method proved well-suited for confined microfluidic environments, offering reliable 

and reproducible data under experimental conditions. 

2. The role of wettability in carbon storage in geological reservoirs 

The direct quantification of wettability in underground structures poses significant challenges due 

to the complex interplay of numerous parameters across multiple length scales. Nevertheless, 

heterogeneity in wettability within such structures is a well-documented phenomenon. The 

wettability of rocks is predominantly determined by the wettability characteristics of the mineral 

fractions comprising them. Since most mineral fractions exhibit water-wet (hydrophilic) behavior, 

the majority of rocks tend to be water-wet as well. However, beyond the intrinsic chemical 

properties of the material, surface topology, i.e., surface roughness, also plays a critical role in 

influencing wettability. Alterations of surface chemistry and topology can lead to wettability 

alteration. 

With two soluble fluids coming into contact, mass transfer across the common interface is initiated, 

creating a concentration gradient in both fluid faces, resulting in dissolution trapping. The rate of 

dissolution trapping is influenced by factors such as fluid distribution, surface contact, fluid 

compositions, thermodynamic conditions, and potential chemical reactions at the interface. In the 

case of CO2 dissolution in water, this process can alter the wettability of minerals, thereby 

modifying the system's dynamics. These changes can initiate a feedback loop, where altered 

wettability affects fluid distribution and trapping mechanisms, which in turn influence further 

dissolution and overall system behavior. 

The following sections provide a detailed exploration of wettability alteration, fluid behavior in 

porous media, and implications of wettability for CO2 storage mechanisms, with a particular focus 

on capillary and dissolution trapping. 

a) Wettability alteration of reservoir rocks 

As mentioned earlier, the wettability of rocks is primarily determined by their mineral composition, 

which dictates their affinity for water or oil. Rocks such as sandstones and carbonates, dominated 

by quartz or calcite, are generally water-wet due to their strong interactions with polar water 

molecules, making them common hosts for aquifers. In contrast, hydrophobic rocks - such as 

certain shales rich in organic matter, oil-wet carbonates coated with hydrocarbons, or coal beds -

tend to attract non-polar fluids like oil and CO2. The inherent wettability of rocks can also be 

influenced by factors such as surface roughness and the adsorption of substances like clay minerals 

or organic coatings. Additionally, natural rock wettability is not fixed and can change upon 
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exposure to different fluids. For instance, carbonate rocks are particularly susceptible to wettability 

alteration when interacting with various petroleum compounds, often becoming intermediate or 

oil-wet (Arif et al., 2017; Deng et al., 2020; Ivanova et al., 2019; Sagbana et al., 2022). Similarly, 

studies indicate that exposure to CO2 can alter the natural wettability of rocks (Arif et al., 2016; 

Chiquet et al., 2007; Jafari and Jung, 2018; Wan et al., 2014). Furthermore, efforts have also been 

made to understand and model the wettability and alteration processes numerically (Maes and 

Geiger, 2018; Norouzisadeh et al., 2024). 

The following paragraphs present experimental studies that investigate the wettability of various 

minerals under CO2 exposure. 

Chiquet et al. (2007) observed that the contact angle on mica increased from approximately 10 - 

30° at 1 MPa to 60° at 11 MPa, and on quartz from 10 - 30° to 35°, suggesting a loss of 

hydrophilicity. The proposed mechanism involves CO2 dissolution, reducing pH, which shifts 

interfacial forces and decreases electrostatic repulsion between phases. 

Arif et al. (2017) further demonstrated that increasing CO2 pressure up to 20 MPa and lowering 

temperature to 35 °C resulted in calcite becoming CO2-wet, with advancing and receding contact 

angles reaching 122° and 108°, respectively. Salinity also plays a role: contact angles remain stable 

up to 5 wt% NaCl but increase significantly at 20 wt%. Additionally, surface roughness (RMS from 

7.5 to 140 nm) was shown to decrease contact angles by about 10°, which may explain 

discrepancies in literature data. 

While many studies confirm CO2-induced wettability alteration (e.g., Broseta et al., 2012; Iglauer 

et al., 2014; Saraji et al., 2013), others report little or no change. Espinoza and Santamarina (2010) 

observed no significant variation on quartz and calcite surfaces transitioning from gaseous to liquid 

CO2. Wang et al. (2013) similarly found stable contact angles across multiple minerals (e.g., quartz, 

calcite, kaolinite, illite) when changing pressure and temperature. They concluded that pH and ionic 

strength, rather than pressure alone, control wettability by influencing the surface charge of 

minerals relative to their point of zero charge. 

Iglauer et al. (2015) reviewed contact angle behavior across diverse minerals and found 

inconsistencies, likely due to factors such as surface contamination, roughness, or mineralogical 

heterogeneity. 

Beyond natural alteration, wettability can also be intentionally modified, often in enhanced oil 

recovery. Techniques include injecting surfactants, alkaline solutions, smart water, or nanoparticles 

(Delshad et al., 2009; Deng et al., 2020; Gong et al., 2016; Kassa et al., 2020; Vledder et al., 2010). 

In summary, wettability alteration is a frequent occurrence, influenced by the presence of CO2, 

petroleum compounds, and various chemicals. These changes are not necessarily permanent (e.g., 

when caused by CO2) and are highly dependent on factors such as pH, pressure, temperature, and 

salinity. However, the impact of these parameters can sometimes be ambiguous. Factors like 

surface roughness, contamination, and ionic strength - often overlooked in studies - warrant more 
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detailed investigation, as a more advanced approach is needed to fully understand their influence 

(Anderson, 1986; Liu et al., 2018; Wan et al., 2014). 

b) Implications of wettability on fluid-fluid displacement in porous media 

Wettability in geological porous media has traditionally been interpreted using representative 

elementary volume (REV) concepts such as relative permeability, capillary pressure, and residual 

saturation (Anderson, 1987a, 1987b; Iglauer, 2017; Kassa et al., 2020; Masalmeh, 2003). This 

approach remains relevant and is still widely used in reservoir characterization as wettability is one 

of the most influential parameters governing these properties. The limitation of this 

characterization lies in the fact that such approaches inherently lump together the effects of multiple 

parameters, making it difficult to isolate and explicitly quantify the influence of wettability. 

In two-phase flow through porous media, the injection process can be classified as either drainage 

or imbibition, depending on the order of fluid injection and the wetting characteristics of the solid 

surfaces (see Figure 15). Drainage refers to an invasion of non-wetting fluid into the porous media 

and displacement of wetting fluid. Imbibition refers to the invasion of wetting fluid that displaces 

the non-wetting fluid from the porous domain. In the context of CO2 storage within water-wet 

geological formations, drainage corresponds to the injection of CO2 into a water-saturated porous 

medium, leading to the displacement of water. Conversely, imbibition occurs when water is 

injected into a CO2-saturated zone, displacing the CO2 from the pore space. 

 

Figure 15 General schematics of the drainage and imbibition process. 

Drainage and imbibition are however not perfectly reversible displacement processes. This leads 

to dissimilar behavior reflected in saturation differences between the two processes and their 

successive cycles. Hysteresis arises from factors such as pore size distribution and media 

anisotropy, wettability alteration, and trapping mechanisms. These complexities make capillary 

pressure and relative permeability insufficient for fully predicting fluid behavior in reservoirs with 

varying wettability conditions. A more comprehensive understanding requires incorporating 

dynamic wettability effects, pore-scale displacement mechanisms, and hysteresis-dependent 

modeling approaches. 
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In porous media research, fluid flow is often characterized in terms of the capillary number, the 

viscosity ratio and the Bond number. These parameters provide a generalized framework for 

analyzing multiphase flow behavior under different wettability conditions. The range of values for 

capillary number and viscosity ratio during CO2 storage is dependent on the injection dynamics, 

distance from the well and reservoir properties. Two end‐member scenarios can be identified: high‐

velocity viscosity‐controlled flow (near injection wells) and quasi‐static capillarity-controlled 

storage (far field and during long‐term storage). A range of expected values is depicted in Figure 

16.  

 

Figure 16 Range of capillary number (Ca) and viscosity ratio (M) during CO2 storage. Taken 

from Zheng et al. (2017). 

In that direction, a contribution was made by Primkulov and colleagues (2021). They have 

expanded Lenormand’s diagram (Figure 4) where fluid behavior in porous media is governed by 

different hydrodynamic conditions (Ca), fluid properties (Ca, M) and now wettability of porous 

environment (θ). The produced graph (see Figure 17) is the result of 7560 fluid-fluid displacement 

simulations under dynamic and quasi-static conditions using a pore-network model reconstructed 

from a Hele-Shaw cell. Influenced by different magnitudes of capillary number, viscosity ratio and 

wettability conditions, 5 regions indicating different displacement patterns were identified. These 

include: stable displacement, viscous fingering, invasion-percolation regime, cooperative pore 

filling and corner flow regime. The significance of this study lies in its ability to visualize flow 

patterns as a function of dimensionless numbers during drainage and imbibition, providing insight 

into the regions where wettability exerts a notable influence. As illustrated in the graph, for a fixed 

viscosity ratio, wettability has a pronounced effect at lower capillary numbers. Under these 

conditions, capillary forces dominate fluid displacement, making interactions with the solid matrix 

particularly significant. Such conditions are generally considered more favorable for effective CO2 

trapping (Bandara et al., 2011). 

log Ca 
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Figure 17 Extended Lenormand's diagram. The red surface is the border region between 

compact and non-compact displacement patterns while the gray surface separates capillary and 

viscous-dominated regions. Taken from Primkulov et al. (2021). 

Understanding the natural or modified wettability and its spatial distribution within geological 

formations is essential for accurately predicting fluid behavior and localization (Sagbana et al., 

2022). This knowledge facilitates the assessment of storage mechanisms by determining their 

overall potential and relative contributions. The total storage potential is governed by three key 

parameters: capacity (reflected in effective porosity, sweep and displacement efficiency, residual 

saturations), injectivity (reflected in relative permeability, capillary pressure), and long-term 

containment/safety (reflected in capillary entry pressure of the caprock, fracture stability, temporal 

scales of storage mechanisms) (Celia et al., 2015). Wettability plays a fundamental role in 

influencing these parameters. Specifically, it directly affects structural and capillary trapping while 

indirectly influencing dissolution and mineral trapping via interactions at liquid-liquid and liquid-

mineral interfaces (Yekeen et al., 2020). In this thesis, we will focus on the two mechanisms, 

capillary and dissolution trapping. 
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c) Capillary trapping and impact of wettability 

Capillary trapping is characterized by the saturation of the immobilized phase. To clearly 

differentiate from structural trapping, where CO2 remains a continuous phase capable of free flow, 

capillary-trapped CO2 is confined within pore spaces and immobilized due to capillary forces, 

preventing its movement unless these forces are exceeded (Zhong et al., 2025). Capillary trapping 

in porous media occurs through two primary mechanisms (see Figure 18): (1) bypassing of bubbles 

or ganglia by the advancing fluid stream and (2) snap-off, which results from the formation of a 

wetting-phase capillary bridge between adjacent grains. Both mechanisms contribute to the 

sequestration of the non-wetting phase. Bypassing-induced entrapment is closely linked to invasion 

dynamics, whereas snap-off is governed by fluid film flow. Snap-off is the key mechanism that 

breaks continuous CO2 into isolated droplets/ganglia within the pore space (Zhong et al., 2025). 

On a large scale, the effectiveness of both mechanisms is quantified by sweep efficiency and 

displacement efficiency, measuring residual saturation. Further details of capillary trapping at the 

pore scale will be given in Chapter 4. 

 

Figure 18 Schematics of bypass and snap-off mechanisms. Grains are depicted in black while two 

distinct fluid phases are in blue and orange. 

The occurrence of both invasion patterns and film flow formation is highly sensitive to wettability. 

Thus, wettability alteration during the CO2 sequestration process, as demonstrated in section a), 

could reduce capillary forces and facilitate the remobilization of the trapped phase. In addition to 

wettability, capillary trapping mechanisms are influenced by factors such as pore size distribution, 

flow intensity, and the viscosity ratio of the interacting fluids.  

Namely, there are two groups of studies that are interested in determining the implications of 

wettability on capillary trapping of CO2 in porous media (Hu et al., 2017). The first group suggests 

that a medium that is more water-wet traps more CO2 than an oil-wet or CO2-wet medium 

(Chaudhary et al., 2013; Herring et al., 2016; Zhao et al., 2016). This is because of the mechanism 

called corner flow. Domination of corner flow in largely water-wet media leads to encapsulation, 

i.e., entrapment of larger volumes of CO2. The mechanism has been observed in both core-flooding 

and microfluidic experiments. 
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The second group of studies suggests that the dominant mechanism under strongly hydrophilic 

conditions is cooperative pore-filling, which leads to wider brine fingers resulting in less CO2 

bypassing (Holtzman and Segre, 2015; Jung et al., 2016; Plug and Bruining, 2007; Tokunaga and 

Wan, 2013). Consequently, less CO2 is trapped. Cooperative pore-filling mechanisms permit the 

fluid to advance as a flat front, i.e., multiple pores at once which leads to full displacement (Berg 

et al., 2014; Blunt and Scher, 1995). The statements of this group are backed up both 

experimentally and numerically. To combine the two, the competition between corner flow and 

cooperative pore-filling mechanisms likely determines the overall amount of CO2 trapping.  

The following paragraphs provide summaries of selected studies that have investigated the 

potential effects of wettability on capillary trapping and consequently on key storage parameters.  

In a microfluidic study by Chalbaud et al. (2009), the partial (i.e., intermediate) wetting behavior 

of CO2 at reservoir conditions was investigated. The outcome of the study concluded that partially 

wetting conditions are expected to have a negative impact on the reservoir's capacity but improve 

displacement efficiency compared to strongly water-wet porous media. In an earlier study 

(Chalbaud et al., 2007), which also included core and reservoir scale pore network modeling, it 

was stated that different wettability scenarios could also affect the spatial extent of injected CO2 

and injectivity index. Namely, in lower permeability formations, less water-wet conditions 

facilitate lower injection pressure which can be interpreted as higher injection rates (each 0,1 MPa 

of injecting pressure can correspond to 75 tons per day of CO2) or lower energy consumption of 

surface facilities (compressors). Spatial extent seems to be also positively affected by less water-

wetting conditions. A greater area covered by a migrating plume within a reservoir may indicate a 

requirement for fewer injection wells. Fewer wells mean decreased overall expenses and a lower 

likelihood of CO2 escaping to the surface through potential well integrity failures, which can act as 

a pathway for CO2 escape. 

Espinoza and Santamarina (2010) had a similar scope of the study, focusing on the implications of 

CO2 injectability and sealing capacity of the geological formation. In theoretical discussion, they 

emphasized the importance of both interfacial tension and contact angle in the formulation of the 

capillary number. In conjunction with the viscosity ratio, they presented anticipated scenarios for 

the previously mentioned problems of CO2 storage. In the vicinity of a well where the capillary 

number is high (i.e., higher fluid velocity) and the viscosity ratio is relatively low, liquid CO2 is 

expected to take over larger pores with susceptibility of the front to instabilities like viscous 

fingering. Deeper in the reservoir, fluid velocity will drop (Ca is low), thus capillary forces will 

govern CO2 propagation in the porous medium. This implies that capillary fingering might occur. 

Both mentioned scenarios suggest that formation fluid (brine) will stay in small pores, leading to a 

finite residual saturation of capillary-trapped CO2. The favorable aspect of formation fluid trapped 

in small pores is in the cap rock, as the cap rock’s function is to keep fluids from escaping by means 

of high capillary entry pressure and low permeability.  
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Another interesting finding in a microfluidic study by Hu et al. (2017) indicates that when the flow 

rate is increased, the impact of wettability on capillary trapping is reduced. This is due to the 

increased influence of viscous forces at higher Ca values, which causes the displacement pattern 

to shift from capillary fingering to viscous-dominated stable displacement (Lenormand, 1990). 

This shift occurs regardless of whether the system is water-wet or intermediate-wet. Consequently, 

as Ca values increase, the contrast in capillary trapping between the two wettability conditions is 

lowered. In addition, it is generally observed that increasing flow rates lead to enhanced 

mobilization of the trapped phase (Datta et al., 2014). 

In summary, capillary trapping, reflected in the distribution of residual fluid saturation within 

porous media, is governed by the balance between trapping and mobilizing forces. Wettability is 

one of the key parameters influencing capillary forces, which are central to this balance. A stronger 

affinity between a fluid and the solid surface leads to stronger capillary forces and a greater 

likelihood of trapping that fluid phase. However, these processes are not well described in large-

scale models. 

d) Solubility trapping and impact of wettability 

Solubility trapping is an interfacial mass transfer process (see Figure 19) in which a fluid phase 

gradually dissolves into a surrounding, more dominant phase, leading to immobilization of the 

dissolved compound. This mechanism enhances storage security by reducing the mobility of the 

trapped phase and promoting its dispersion within the host fluid. Dissolution trapping potential is 

usually expressed through the amount/concentration of the dissolved phase. It is however crucial 

to recognize that mass transfer in carbon storage is a bidirectional process, involving CO2 

dissolution into water and water evaporation into dry CO2. Further details of solubility trapping at 

the pore scale evaluated through interfacial mass transfer will be given in Chapter 4. 

 

Figure 19 Schematics of mass transfer. Grains are depicted in black while two distinct fluid 

phases are in blue and orange. Variations in fluid phase colors reflect differences in species 

concentrations within respective phases.  
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Before proceeding with further discussion, it is essential to distinguish between solubility and 

miscibility. Concepts of solubility and miscibility both relate to the ability of one substance to 

dissolve in another, but they differ in scope and application. Solubility refers to the extent to which 

a solute (e.g., gas or liquid) can dissolve in a solvent under specific conditions of temperature and 

pressure. It is typically quantified as the maximum concentration of the solute that can be dissolved 

in the solvent before reaching saturation. Beyond this limit, the excess solute will form a separate 

phase. Miscibility describes the ability of two liquids to completely mix in all proportions without 

forming separate phases. If two liquids are fully miscible, they form a single homogeneous phase 

regardless of the mixing ratio. This is the case with chemically similar molecules (e.g., ethanol and 

water). If they are partially miscible, they mix only within certain composition limits, beyond 

which phase separation occurs (e.g., water and diethyl ether). Since CO2 and water are chemically 

different molecules (water is polar and CO2 non-polar), full miscibility cannot be achieved under 

typical geological conditions.  Namely, at ambient pressure and temperature, CO2 remains as a gas 

with relatively low solubility in pure water is expected to be below 0.1wt% (Lee and Lee, 2017; 

Perkins, 2003). At high pressures (e.g., in deep saline aquifers, >10 MPa) and moderate 

temperatures (30 - 60 °C), CO2 solubility increases, but it still does not reach full miscibility. 

Supercritical CO2 (> 7.4 MPa and > 31.1 °C) then forms a dense phase but remains immiscible 

with water, leading to two distinct phases (CO2-rich and water-rich). However, in extreme 

conditions (e.g., > 300 °C and very high pressures on the order of 102 MPa), CO2 can become 

highly soluble, approaching near-miscible behavior, but not full miscibility. 

Dissolution is often studied under equilibrium conditions dictated by Henry’s law, while the 

kinetics of the dissolution process receives less attention in research. According to Henry’s law, 

dissolution continues until the fugacity of CO2 is equilibrated between the gas and liquid phases. 

At equilibrium, the amount of dissolved gas in a liquid (xi
aq) is directly proportional to its partial 

pressure in the gas phase (pi
sat) related over the Henry constant (kH, unit: Pa.m3/mol) as given in 

the equation below,  

 𝑥𝑖
𝑎𝑞

= 𝑘𝐻 × 𝑝𝑖
𝑠𝑎𝑡. (4) 

 

Building on this principle, numerous semi-empirical thermodynamic models have been developed 

and optimized for various fluid pairs. Consequently, the effects of pressure, temperature, and 

salinity on CO2 solubility in aqueous solutions at equilibrium are well-documented (Iglauer, 2011). 

One of the most influential models was proposed by Duan and Sun (2003) and (2006), which 

employs a modified Redlich-Kwong equation of state and refines Henry’s law by incorporating 

activity coefficients to account for non-ideal behavior. Their model is applicable over a wide range 

of pressures (up to 200 MPa), temperatures (0 – 260 °C), and salinities (up to 4.5 salt molality with 

a variety of different ions), making it highly versatile for geochemical and engineering applications. 

Such models are particularly valuable for predicting pH variations and carbonate equilibria in 

geochemical simulators, aiding in the assessment of long-term CO2 storage stability.  
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a) 

 
b) 

       
c) 

      
Figure 20 The CO2 solubility with pressure (a), temperature (b) and NaCl salinity (c)  according 

to Duan and Sun (2003) and (2006) model (solid line) and comparison to experimental data 

points. Blue rectangles represent conditions expected for the Sleipner project (Eiken, 2019). 

Adapted from Iglauer (2011). 

 

50 °C & 10 MPa 

10 MPa & 6 wt% NaCl 

50 °C & 6 wt% NaCl 
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In general (see Figure 20), increasing pressure enhances CO2 solubility, while temperature and 

salinity scale inversely with CO2 solubility. Above approximately 40 MPa and 65 °C, the solubility 

of CO2 increases with temperature (Perkins, 2003). Based on the conditions from the Sleipner 

CCUS project (highlighted by blue rectangles in Figure 20), the expected CO2 solubility is around 

1 mol, equivalent to 44 g of CO2 per kg of brine or around 4 wt%. Depending on the depth of 

injection projects (typically 1 – 3 km) and temperature gradient (25 – 45 °C/km), CO2 solubility 

normally stays between 4 and 6 wt% (Celia et al., 2015; Dodds et al., 1956; Nordbotten et al., 

2005). 

CO2 migration into the water phase leads to the formation of dissolved or aqueous CO2 – CO2 (aq) 

but also carbonic acid (H2CO3), resulting in a pH reduction (Figure 21). This decrease in pH 

augments mineral reactions, which can influence the storage safety either positively or negatively. 

The impact depends on whether the reactions promote mineral dissolution or precipitation and 

whether they occur within the reservoir or the caprock. 

 

Figure 21 Carbonate species evolution as a function of pH during CO2 dissolution in water. 

H2CO3 is carbonic acid, HCO3
- is bicarbonate ion CO3

2- is carbonate ion. Taken from 

Fioravante et al. (2019). 

The Clausius–Clapeyron relation can be utilized to predict the vapor pressure of water under 

equilibrium conditions (Koutsoyiannis, 2012). Taking into consideration Raoult’s Law, the 

dissolution of CO2 in water lowers the water vapor pressure, decreasing evaporation. According to 

Sabirzyanov et al. (2002), the solubility of water in supercritical CO2 is up to 1 mole percent, while 

Celia et al. (2015) similarly limit the amount of water in the CO2 phase to less than 1 % by volume. 

A continuous injection of dry CO2 can however lead to dry-out and salt precipitation in the near 

wellbore region, reducing the permeability and hence injectivity (Celia et al., 2015; Martynov, 

2022; Zhong et al., 2025). 

To achieve concentration equilibrium between the CO2 and water phases, solute distribution is 

governed by steady or unsteady-state diffusive flux, described by Fick’s laws. The equilibration 

process can be accelerated by advection, which enhances mass transfer by reducing concentration 
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gradients. The relative significance of diffusion and advection in mixing is typically quantified 

using the Péclet number, providing insight into the dominant transport mechanism.  

If thermodynamic equilibrium conditions change (such as a pressure drop due to a reservoir leak), 

exsolution (the reverse of dissolution) of gas from the solution can occur (Xu et al., 2017). Ostwald 

ripening is one such phenomenon, where gas first dissolves in the liquid and then re-exsolves due 

to pressure differences between bubbles (De Chalendar et al., 2018). Smaller bubbles, having 

higher curvature, experience greater capillary pressure, causing gas to diffuse toward larger bubbles 

with lower pressure. As a result, larger bubbles grow while smaller ones shrink, eventually 

coalescing into a mobile gas phase that may enhance CO2 migration and leakage risks. 

Although very useful and significant, the thermodynamic approach disregards the influence of 

porous media. In fact, many experimental studies were conducted without considering the effects 

of porous media (see Table 4). 

Table 4 A list of studies looking into the dissolution of CO2. Taken from Amarasinghe et al. 

(2019). 

 

So far, we have established that wettability is affected by the dissolution but not the other way 

around (effects of wettability on the dissolution of CO2). To our knowledge, the effects of 

wettability on dissolution in porous media are not extensively studied by experimental means, and 
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even less on a pore scale. The reasons for this scarcity are twofold. Firstly, scCO2 dissolution has 

historically been considered at the equilibrium of the process. As a result, the researchers have 

mainly focused on multiphase flow processes without scCO2 dissolution, that is, immiscible 

experiments where scCO2 and water are equilibrated prior to injection. Secondly, scCO2 dissolution 

entails several physicochemical processes such as phase interface evolution, fluid-fluid interfacial 

chemical reaction, multicomponent mass transport, and reactions at the fluid-solid interface. These 

processes are quite complex, and it is difficult for experimental techniques to capture all the 

physical fields involved, such as velocity, concentration, and phase interface, within the limited 

space of porous media.  

Despite these challenges, some studies (predominantly numerical) have explored CO2 dissolution 

under different wettability conditions. Al-Khdheeawi et al. (2017) and (2018) investigated the 

influence of wettability on CO2 migration and trapping capacity at the reservoir scale. They 

employed the nonisothermal, multicomponent, multiphase flow simulator TOUGH2 and the 

ECO2M equation of state to model the thermodynamic and thermophysical properties of the 

system. In an earlier study (2017), they defined five uniform wettability scenarios (see Table 5) and 

simulated one year of CO2 injection followed by 10 years of plume migration without injection. 

The effect of wettability was implemented in the simulation through adjusted relative permeability 

and capillary pressure curves. The results, visible in Table 5, demonstrate a significant impact of 

wettability on overall (solubility and residual) CO2 trapping. Specifically, the strongly CO2-wet 

case retained the highest proportion of the free CO2 phase, as the injected gas remained continuous 

and was not effectively trapped by capillary forces. Conversely, dissolution trapping was most 

effective in strongly CO2-wet rock, where 29% of the total injected CO2 dissolved into the 

formation brine, compared to only 18% in strongly water-wet rock. This difference arises from the 

faster migration and broader spread of the CO2 plume in CO2-wet reservoirs, which increases the 

CO2-brine contact area and enhances dissolution trapping. Overall, while CO2-wet reservoirs 

promote dissolution trapping, this occurs at the expense of residual and total trapping efficiency, 

thus affecting the safety of short-term storage. 

Table 5 Results of CO2 plume migration simulation on a reservoir scale after 10 years without 

injection. Adapted from Al-Khdheeawi et al. (2017). 

Wettability Mobile 

CO2 (%) 

Dissolved 

CO2 (%) 

Residual 

CO2 (%) 

strongly water-wet 

(0°) 
0.5 18.3 81.2 

weakly water-wet 

(70°) 
3.9 18.5 77.6 

intermediate-wet 

(110°) 
6.0 18.7 75.3 

weakly CO2-wet (130°) 13.8 23.2 63.0 

strongly CO2-wet 

(170°) 
20.7 28.6 50.7 
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The following study, Al-Khdheeawi et al. (2018) aimed to simulate more realistic, non-uniform 

wettability conditions over an extended period of 500 years. A heterogeneous wettability model, 

comprised of 5% strongly water-wet, 30% weakly water-wet, 45% intermediate-wet, 15% weakly 

CO2-wet, and 5% strongly CO2-wet grid cells, was compared to an equivalent homogeneous 

intermediate-wet model. Simulation results indicate that wettability heterogeneity leads to a more 

pronounced upward migration of the CO2 plume compared to the homogeneous wettability case. 

This effect arises due to variations in fluid flow dynamics and a more favorable pressure 

distribution, which facilitate plume migration along low-resistance wettability pathways. The 

increased mobility of the CO2 plume enhances the contact area for dissolution into the fresh brine, 

leading to an increase in dissolution efficiency by approximately 2 -3 % in the heterogeneous 

reservoir. However, these same conditions appear to have a detrimental effect on residual trapping 

and thus overall trapping potential.  

These findings highlight the inherent challenge of isolating the dynamics of solubility trapping 

from residual trapping when evaluating CO2 storage efficiency. Since wettability directly 

influences fluid phase distribution, any change in wettability alters both capillary trapping and the 

amount of CO2 available for dissolution. As a result, assessing solubility trapping efficiency in 

isolation remains difficult, as phase distribution and dissolution capacity are fundamentally 

interdependent.  

An additional motivation to downscale to the pore scale is to experimentally isolate key porous 

media parameters such as wettability, while avoiding the complexities present at the reservoir scale 

that give rise to long timescales. These long timescales, spanning years to centuries or even more, 

are typically only accessible through numerical simulations, highlighting the need for simplified, 

representative experiments that can validate and inform such models. However, experimental 

studies are still relatively scarce, and numerical models require comparison with experimental and 

field data to ensure they accurately capture the full effects of wettability.  
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IV. Conclusion on the role of wettability for CO2 storage 

In summary, understanding the cause-and-effect relationship between wettability and fluid-fluid 

behavior is essential for the geological storage of CO2. To achieve this, it is first necessary to 

comprehensively define wettability, identify the parameters influencing it, and quantify their 

effects. Over the past decades, significant efforts have been made to characterize the wettability of 

subsurface minerals in CO2-brine systems. Available data indicate that most subsurface minerals 

and rocks exhibit water-wet behavior, with a few exceptions displaying intermediate-wet 

characteristics. However, substantial variability in reported data suggests that wettability is 

influenced by multiple factors, necessitating further research to reduce experimental uncertainties 

and improve our understanding of its role in CO2 trapping mechanisms, particularly capillary and 

solubility trapping. While CO2 solubility in water or brine under equilibrium thermodynamic 

conditions is well understood, the kinetics of mass transfer in wettability-influenced environments 

remains less explored. Notably, there exists a feedback loop wherein wettability affects CO2 

dissolution, while dissolved CO2 can, in turn, alter mineral wettability. Additionally, the interplay 

between different trapping mechanisms and the inherent complexities across spatial and temporal 

scales in natural porous media further complicates the predictive capabilities for modeling CO2 

storage. The implications of wettability for CCUS are significant, as it directly influences rock 

sealing capacity, determines storage potential, and governs the distribution of stored CO2 across 

different trapping mechanisms. Furthermore, wettability plays a critical role in optimizing injection 

strategies and ensuring long-term containment security. To improve the reliability of large-scale 

numerical simulations, fundamental pore-scale investigations, both experimental and 

computational, must be integrated to accurately incorporate key physico-chemical parameters like 

wettability. Experimental techniques like microfluidics offer a powerful tool to overcome these 

challenges by isolating specific effects that are difficult to distinguish in core-scale studies and not 

accounted for in simulations. However, to execute our research, we need a robust tool adapted to 

microfluidics to achieve reliable in situ wettability alteration. 
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V. Research objectives and thesis structure 

The objective of this thesis is to address the existing gap in fundamental knowledge of mass transfer 

at the pore scale. Namely, this study aims to enhance the understanding of wettability-influenced 

fluid/fluid displacement and interfacial mass transfer processes within geological porous media. 

The findings will contribute to the calibration of both pore and reservoir-scale models, enabling 

more accurate predictive capabilities and facilitating the interpretation of field-scale phenomena in 

the context of carbon storage in geological reservoirs.  

The specific scientific questions we will address are: 

1. Can plasma be propagated and utilized for in situ wettability treatment of closed glass 

microfluidic devices? 

2. How does wettability influence capillary trapping and interfacial mass transfer at the pore 

scale? 

3. Can we follow the fluid-fluid interfacial mass transfer process by tracking chemical species 

evolution using Raman spectroscopy? 

The research focuses on identifying patterns of mass transfer in porous media by observing the 

dissolution or evaporation of a trapped fluid within another. To isolate fundamental processes, the 

study employs: 

1. Synthetic porous media - controlled geometries made in materials that ensure chemically 

inert fluid containment, enable tunable wettability, allow real-time visual observation, and 

replicate simplified natural porous media environments. 

2. Analog fluids - pure CO2 and water, to isolate the dissolution mechanism  

3. Room pressure and temperature conditions - reduced thermodynamic conditions that 

facilitate straightforward identification of mass transfer patterns before extending findings 

to more realistic carbon storage environments. 

By employing 2D glass microfluidic devices, we create a platform suitable for wettability 

alteration, thus capturing the effects of wettability diversity representative of natural porous media. 

To modify wettability, a novel atmospheric plasma-based technique is developed and specially 

adapted for in situ treatment of closed glass microfluidic devices. Various glass microfluidic 

devices were designed featuring rectangular trapping elements with various levels of geometrical 

complexity. Studying fluid trapping and interfacial mass transfer dynamics is achieved through 

advanced image acquisition and processing techniques. Visual observations are further 

complemented with micro-Raman spectroscopy, enabling in situ tracing of chemical species 

evolution during mass transfer, to achieve (semi-)quantitative process analysis. 

In short, the research integrates a microfluidic platform with μRaman spectroscopy to track CO2-

water interfacial mass transfer and investigate the impact of wettability modifications that are 

generated by in situ atmospheric pressure plasma treatment.  
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The thesis is structured as a compilation of successive self-contained chapters, with each chapter 

addressing a key scientific question: 

1. Introduction 

The introductory chapter presents the foundational principles of CO2 storage, highlighting the 

significance of wettability in governing interfacial mass transfer and CO2 trapping mechanisms. It 

underscores the limitations arising from data variability and the scarcity of comprehensive datasets, 

which necessitate pore-scale experimental investigations. This gap in empirical research serves as 

the primary motivation for this thesis. 

2. Experimental Framework 

A subsequent chapter details the general experimental setup, common measurement techniques and 

tools used throughout the thesis, with a particular focus on the design of microfluidic devices. 

3. Development of a Novel Wettability Modification Method 

Key question: Can plasma be propagated and utilized for in situ wettability treatment of closed 

glass microfluidic devices? 

Following an extensive state-of-the-art review, this chapter presents the technical advancements 

required to develop a robust wettability alteration technique based on atmospheric pressure plasma. 

We initiate by characterization of plasma propagation via light emission imaging under various 

electrode configurations, followed by analysis of plasma species by optical emission spectroscopy 

(OES) and measurements of plasma power and gas temperatures. The effects of treatment duration 

on wettability and aging behavior in different fluids (air and water) are systematically studied. A 

discussion on surface chemistry modifications is provided through X-ray photoelectron 

spectroscopy (XPS), unraveling the mechanisms underlying wettability alteration and its stability 

over time. Overall, we demonstrate that plasma can be successfully propagated in microfluidic 

devices, enabling appropriate wettability control for mass transfer experiments. The chapter is 

finished with a conclusive summary of the work, some preliminary results and perspectives. 

4. Effect of Wettability on Capillary Trapping and Interfacial Mass Transfer 

Key question: How does wettability influence capillary trapping and interfacial mass transfer at the 

pore scale? 

Following a short introduction on scarce state-of-the-art data, we introduce our experimental 

procedures. Particle Image Velocimetry (PIV) is initially employed to extract fluid dynamics within 

different microfluidic geometries under single- and two-phase flow conditions. We determine a 

range of hydrodynamic conditions to be used in further experiments focusing on creeping flow. 

Then we briefly address the impact of wettability on capillary trapping potential which is a 

prerequisite for successful interfacial mass transfer experiments. Our results indicate that 

wettability is more important during drainage processes, influencing capillary trapping of water. 

Mass transfer experiments are conducted in microfluidic devices of increasing geometrical 

complexity, using both native and plasma-modified wettability surfaces under drainage and 
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imbibition injection modes. Acquired images of the mass transfer process are then analyzed and 

the results are presented with a comparative discussion of key parameters and their effects. Namely, 

we show that both CO2 dissolution rates and water evaporation rates are increased on more 

hydrophilic surfaces, implying faster overall mass transfer and more rapid storage. Challenges, 

conclusions and perspectives are outlined at the end of the chapter. 

5. In situ Raman Spectroscopy for Quantitative Dissolution Analysis 

Key question: Can we follow the fluid-fluid interfacial mass transfer process by tracking chemical 

species evolution using Raman spectroscopy? 

While the previous chapter is based on optical observation of mass transfer by following the fluid-

fluid interface, no information is given about species transfer. To gain insight into the dissolution 

process, we propose to combine microfluidics experiments with Raman spectroscopy. Thus, this 

chapter initiates with a brief state-of-the-art on the CO2 dissolution process and application of 

Raman spectroscopy to microfluidics. Next, we introduce the setup and optimization of parameters 

to acquire the signal of species in a microchannel. Experimental limitations and challenges 

encountered during the optimization are outlined. With the analysis of the in situ-acquired signal 

of dissolved CO2 species, dissolution dynamics is examined both qualitatively and quantitatively. 

The mass transfer process is interpreted in conjunction with findings from PIV, capillary trapping, 

and previous dissolution experiments. Thus, we demonstrate a qualitative description of the process 

through species identification and a semiquantitative description of the dissolution process through 

analysis of Raman signal intensity. 

6. Summary, Conclusion and Future Outlook 

The final chapter presents a conclusive summary of the overall research findings. The practical 

spatio-temporal implications of wettability effects on mass transfer in the context of carbon storage 

are pointed out. Future research directions are proposed, emphasizing the need for further 

integration of microfluidic experiments with small and large-scale models to refine predictive 

capabilities for CO2 storage. 
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Chapter 2 - Experimental microfluidic setup 
The core technique of this study is glass microfluidics devices exploited over two laboratory 

platforms: (1) the main microfluidic platform coupled with a Raman spectrometer through a 

microscope depicted in Figure 22a, and (2) the atmospheric pressure kHz plasma station adapted 

for microfluidic applications depicted in Figure 22b). This chapter aims to introduce the basics of 

the microfluidic platforms with an emphasis on microfluidic devices, designed and utilized 

throughout this study on both platforms. Further specifics about each platform will be given in the 

designated chapters – plasma in Chapter 3, microfluidics in Chapter 4, and Raman spectroscopy in 

Chapter 5.  

a) 

 

b) 

 

Figure 22 The main microfluidic platforms coupled with a Raman spectrometer through a 

microscope, featuring a green laser focused on the microfluidic device (a) and the atmospheric 

pressure plasma platform during plasma propagation in the microchannel (b). 
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I. Microfluidic platform 

The microfluidic laboratory is comprised of two main microscopes providing a basis for optical 

investigations on microfluidic devices. An upright microscope (Nikon Eclipse Ni-U), equipped 

with a motorized stage (Prior Scientific PS3J100), is capable of operating in both transmission 

(utilizing internal light) and reflection mode (via mercury lamp Nikon Intensilight C-HGFI). To 

acquire high-resolution images, the microscope is paired with a camera (Andor Neo, sCMOS 5.50 

Megapixel) operated by a designated Nikon software (NIS Elements). The upright microscope is 

coupled with a Raman spectrometer. The technical details of this µRaman setup will be presented 

in Chapter 5. The inverted microscope (Nikon Eclipse Ti2-U), equipped with a manually operated 

stage, is also well suited for investigations in both transmission and reflection modes. When paired 

with a high-speed Fastec camera (HS7), the setup can capture 2500 frames per second at 1080p 

resolution. This setup is primarily utilized to track rapid dynamic processes (e.g., fluid-fluid 

interface displacement, particle flow, etc). The microscope objectives are shared between the two 

stations and the list of their specifications is available in Table 6. 

Table 6 A list of Nikon microscope objectives. 

Configuration Magnification Numerical 
aperture (NA) 

Working 
distance 

(mm) 

Plan Apo 2x 0.1 8.5 

LU Plan Fluor EPI P 5x 0.15 23.5 

TU Plan Fluor 10x 0.3 17.5 

CFI S Plan Fluor EL WD 20x 0.45 8.2 – 6.9 

CFI S Plan Fluor EL WD 40x 0.6 3.6 – 2.8 

CFI L Plan EPI CR 50x 0.7 3.9 – 3.0 

CFI TU Plan EPI EL WD 100x 0.8 4.5 

 

Details about pumps, tubing, and other auxiliary components are provided in Chapter 4. Image 

processing and procedures for contact angle determination are explained in Chapter 3, while image-

based mass transfer analysis is covered in Chapter 4.  
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II. Microfluidic devices 

To begin with, the terms “microfluidic device”, “micromodel”, and “microfluidic chip” are often 

used as synonyms. All our microfluidic devices are designed with the idea to trap one fluid and 

study interfacial mass transfer while continuous fluid flows. To that particular part of the 

microchannel, we refer to as the “main geometrical feature” or “trapping element”. The 

consumables for two-phase microfluidic experiments include ultrapure MilliQ water (resistivity = 

18.2 Ωcm) and CO2 gas (99,995 % purity). Different geometry designs are made to imitate a range 

of complexities found in natural porous systems. We designed two batches of microfluidic devices 

that were manufactured by specialized companies – one batch by Micronit from the Netherlands 

and the other by Klearia from France. Both batches are manufactured in borosilicate glass (D263) 

with the aim of having a rigid, inert and optically transparent porous media structure compatible 

with Raman spectroscopy and CO2 utilization. Both companies manufactured devices of 

standardized dimensions (length × width × thickness = 45 × 15 × 1.8 or 2 mm) to fit in Micronit’s 

sample holder which is used to make the connection to tubing. Each device contains either 3 or 5 

individual microchannels with particular geometry/ies. See the example in Figure 23.  

 

Figure 23 General dimensions of Micronit and Klearia devices. The dimensions are given in mm. 

Rectangular microchannels are manufactured with a uniform nominal depth of 100 μm and a 

tolerance of up to 10%. Since the wet etching technique is applied in the production of both batches, 

microchannels have tapered walls with depth (see examples in Figure 24). Micronit devices are 

double etched, meaning that both top and bottom glass substrate have etched geometry with half 

depth (Figure 24a). On the contrary, Klearia’s devices are single-etched, meaning only one glass 

substrate is etched with a full-depth geometry (Figure 24b) and covered with a flat non-etched glass 

slab. The nominal width of the main channel starts at 500 μm, narrowing down to 250 μm before 

the main geometrical feature, just as shown in Figure 23. 
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a) 

 

b) 

 

Figure 24 Schematics a) depicts a cross-section of Micronit’s 250 μm wide channel made by 

utilizing double etched bonding. Graph b) depicts the measured depth profile from one 250 μm 

wide channel on Klearia’s device. The maximum measured depth is 107.3 μm, within 10 % of 

tolerance. Both graphics are provided by the respective manufacturing companies.  

To ensure redundancy for testing, especially in the case of plasma treatments, several devices with 

the same geometry are manufactured. The dimensions of each geometry are further elaborated in 

the following sections 1 and 2.  

1. Micromodel geometries produced by Micronit 

Nominal geometry designs produced in the first batch by Micronit, feature rectangular dead-end 

pores which will further be referred to as “pockets”. The simplest geometry features just one single 

pocket (Figure 25a) which is also the most utilized geometry in the thesis. More complex designs 

feature two or six pockets attached in series, Figure 25b and Figure 25c, respectively. The nominal 

capacity of each 500 × 500 μm trapping element is 247 000 μm2. Stacking multiple trapping 

elements in series aims to study their interaction during mass transfer and to better mimic parts of 
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complex natural systems. The round corners are common to all geometries, which comes down to 

the manufacturing process. The radius of curvature in corners is about 50 μm. 

a) “Single pocket” 

 

 

 

b) “Two pockets” 

 

 

 

c) “Six pockets” 

 

 

 

Figure 25 Nominal geometry designs produced by Micronit. Unit length W = 500 μm. 

2. Micromodel geometries produced by Klearia 

Microfluidic devices produced by Klearia feature another three trapping element designs with the 

aim of imitating more complex pore architecture. “Deep pocket” shown in Figure 26a, is equivalent 

to the “single pocket” in the previous figure with the goal of reducing the effects of advection from 

the main channel with the flowing fluid. The “L-pore” shown in Figure 26b features a bent dead-

end pore and it is the most utilized geometry in the thesis from this batch.  The nominal capacity 

of the L-pore trapping element (without underlying microchannel) is 572 000 μm2. The “L-pore” 

geometry is designed to further increase the tortuosity of flowlines and create anisotropy depending 

on the flow direction. Lastly, the “pore doublet” shown in Figure 26c consists of two identical 
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simple rectangular pores connected in parallel. The goal of parallel geometry is to determine the 

influence of trapping elements on each other. The radius of curvature at the corners is larger 

compared to Micronit, measuring approximately 120 µm. 

a) “Deep pocket” 

 

 
 

b) “L-pore” 

 

 
 

c) “Pore doublet” 

 

 
 

Figure 26 Nominal geometry designs produced by Klearia. Unit length W = 500 μm. 

  

W
/2

 
W

/2
 

W
/2

 

W 

2 x W 

W 

2
 x

 W
 

W
 

W
 



43 

 

III. Conclusion 

In this chapter, we introduced our research setup, composed of two platforms. A microfluidic 

platform coupled with a Raman spectrometer through a microscope is used for visual and chemical 

in situ analysis of mass transfer on a pore scale. An atmospheric pressure plasma platform is 

deployed with the objective of altering and controlling surface wettability by the injection of 

plasma into the closed microfluidic devices. The emphasis of the chapter is to define the design of 

glass microfluidic devices which are used throughout the thesis. The geometry of every 

microfluidic device is custom design by Sophie Roman and Viktor Gredicak. The idea behind our 

design was to generate simple pore representations and pore assemblies adapted to study processes 

of interest – interfacial mass transfer and capillary trapping. By designing devices with various 

geometrical complexities, we aimed to represent basic features of porous media like sharper or 

smoother edges, anisotropic pore geometry, parallel and serial connections between the pores, etc. 

The focus of this thesis are two geometries – single pocket and L-pore. The aim is to start with 

simple geometries, find the patterns of processes, and then gradually increase the complexity of 

pore structures to compare them and determine the effect of geometrical features, interference and 

upscaling as a part of future research. 
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Chapter 3 - Altering the wettability of closed glass 

microfluidic devices with in situ atmospheric pressure 

plasma 
The objective of this chapter is to present our development that resulted in a novel, flexible and 

practical wettability alteration method for in situ treatment of closed glass microfluidic devices 

based on atmospheric pressure plasma. First, we will justify the need for a new wettability alteration 

of microfluidic devices. Then we present the state of the art concerning plasma propagation in 

confined spaces and its wettability alteration potential. Following is the methodological part of the 

development, characterization of plasma within glass microfluidic devices, wettability 

performance results, and finishing with a discussion about the mechanisms of alteration and aging 

supported by chemical analysis of surfaces. 

  



45 

 

I. Wettability alteration methods 

In our context, customizable surface properties are essential. These properties are primarily 

influenced by the material, fabrication process, and additional treatments, but can also evolve 

during experiments. Among surface properties, wettability control has gained increasing attention, 

as it plays a crucial role in microfluidic studies (Zhu and Wang, 2022). To meet specific research 

requirements, the wettability of patterns engraved in micromodels must be carefully adjusted. 

The most straightforward approach to adapt wettability is through the selection of manufacturing 

materials with inherent surface properties. For instance, microfluidic devices made in borosilicate 

glass (Nordin and Ahmad, 2015) and glass in general (Iglauer et al., 2014), exhibit strong to 

moderate water-wet behavior. The wetting properties of silicon depend on surface cleaning 

methods and storage conditions. Silicon with a native oxide layer exhibits strong water wettability, 

whereas hydrofluoric acid treatment removes the oxide layer, rendering the surface intermediately 

wet (Yang et al., 2014). Polymers such as PMMA (polymethyl methacrylate) tend to display weak 

water-wet characteristics (Bae et al., 2022). Interestingly, the polymer NOA 81 exhibits weak water 

wettability in terms of its static and advancing contact angles, while its receding contact angle 

indicates a moderate affinity for water (Wägli et al., 2010). SU-8 (Gao et al., 2008) and untreated 

PDMS (poly-dimethyl-siloxane) exhibit intermediate to non-water wetting properties(Chuah et al., 

2015).  

If the material choice is constrained due to experimental requirements or financial limitations, the 

wettability of microfluidic devices can be adjusted through surface treatments. In microfluidics, 

surface modifications are commonly achieved through chemical cleaning and coatings, pure 

plasma or plasma-assisted treatments, UV exposure, and other specialized methods (Glass et al., 

2011; Shakeri et al., 2021). 

Chemical coatings are usually accomplished through liquid chemical injection or by vapor 

deposition. Both approaches have their own perks and flaws which typically boil down to film 

thickness and uniformity, wear-resistance, temperature requirement and resistance, environmental 

friendliness/safety, equipment availability, cost, etc (Glass et al., 2011; Goncalves Canane, 2019; 

Holmberg and Matthews, 2009; Musbah et al., 2022). Chemical treatments can also be plasma-

assisted or UV-aided which gives better control and speeds up the deposition process. 

Silanization is arguably the most common chemical deposition process in microfluidics (Ansari 

and Imoukhuede, 2018; Glass et al., 2011; Vukovic et al., 2023). It is an inexpensive and efficient 

covalent coating method for the functionalization of material surfaces. For liquid chemical 

silanization, solvents like toluene, benzene, hexane, acetone and others can be incompatible with 

materials besides being flammable and toxic (Goncalves Canane, 2019). Some byproducts of 

reactions like methanol and hydrochloric acid can also be toxic and affect materials in their 

surroundings (Glass et al., 2011; Menawat et al., 1984). Silane reagents are predominantly used to 

turn surfaces hydrophobic, however, depending on the reagent, hydrophobic surfaces can be 

rendered hydrophilic as well (Arkles, 2011). For example, 3-aminopropyltriethoxysilane (APTES), 
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3-aminopropyltrimethoxysilane (APTMS) and 2-

[methoxy(polyethyleneoxy)propyl]trimethoxysilane (PEG-silane) create hydrophilic surfaces 

(Kovach et al., 2014; Nguyen et al., 2014; Zeng et al., 2011), while hexamethyldisilazane (HMDS) 

silane, polytetrafluoroethylene organosilanes (PFS) and many other silane reagents make surfaces 

hydrophobic (Arkles, 2011; Glass et al., 2011; Goncalves Canane, 2019). 

Besides silane compounds, other chemicals for surface treatments exist and are in use. For example, 

in a study by Yirijor et al. (2022), PDMS substrates were coated with sodium alginate, 

polyethylene-glycol (PEG) and poly(lactide-co-glycolic acid) (PLGA) after which measured water 

contact angles had values of 12, 25 and 42.2 ° respectively. Trantidou et al. (2017) measured the 

25 - 37 ° water-air contact angle on PDMS after polyvinyl alcohol (PVA) treatment. An extensive 

overview of PDMS surface treatments and functionalization with chemicals is provided in a paper 

by Shakeri et al. (2021). 

To avoid the challenges associated with using various microfluidic device materials and multiple 

chemical treatments; many of which can be toxic, expensive, or require specialized handling, 

equipment and protocols; we sought an alternative approach. Therefore, we opted for glass devices 

with inherent water-wetting properties imitating natural rocks, compatible with gas-phase 

applications (CO2 injection), and resilient to significant mechanical and thermal stress.  

Due to these challenges, we turn to plasma as a promising, straightforward yet robust method for 

tuning wettability, particularly well-suited for closed microfluidic systems. Plasma offers a clean, 

dry, and controllable alternative to chemical treatments, with fewer concerns regarding toxicity, 

solvent compatibility, and material degradation. Moreover, plasma treatments can be spatially 

selective, allowing fine control over wettability in patterned microenvironments. As a result of the 

material limitations, chemical handling constraints, and the need for precise surface modification, 

we explore the potential of plasma-based treatments as a versatile alternative. Compared to 

traditional methods, plasma offers the added benefit of compatibility with microfluidic geometries 

and experimental conditions relevant to subsurface studies, making it a compelling candidate for 

wettability control in porous media research. The fundamentals of plasma, its behavior in confined 

spaces, and its suitability for wettability modification will be presented and justified for our use in 

the following section (Section II).  
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II. State of the art: plasma and application to microfluidics as a 

wettability alteration method 

This section is divided into several subsections with the aim of presenting basic characteristics of 

plasma in use, followed by the state of the art on plasma propagation in confined spaces like 

capillaries and finally presenting achievable wettability performance in terms of contact angle, 

treatment and aging time. All information is presented with the idea to make decision, support and 

justify the design of our setup to successfully propagate plasma in closed microfluidic devices and 

perform the wettability alteration on glass surfaces with improved performance. 

1. Plasma basics 

 Plasma is usually referred to as the “fourth state of matter”. Essentially, it is an ionized gas, 

electrically quasi-neutral, exhibiting collective behavior. Due to quasi-neutrality, fluctuations in 

charge densities occur over a characteristic distance known as the Debye length (λDebye), but the 

plasma remains neutral because the densities of ions and electrons are nearly equal (Goebel and 

Katz, 2008). This neutrality holds at larger scales, beyond the plasma length (λplasma), which is much 

greater than the Debye length (λplasma >> λDebye). Collective behavior in plasma means that the 

movement of charged particles creates disturbances in the local charge balance, generating an 

electromagnetic field that influences the plasma as a whole through long-range Coulomb forces. 

Unlike thermal plasma found in the sun or lightning, plasma used for surface modification is a non-

equilibrium plasma, where electrons are at high temperatures (in 10s of thousands of Kelvin) while 

the background gas particles, ions and neutral species, keep the overall plasma temperature low 

(typically below 500 K) (Turkoglu Sasmazel et al., 2021). Highly energetic electrons facilitate 

chemical reactions while relatively low overall temperature prevents thermal degradation. Hence, 

it is non-destructive to bulk materials and sometimes even safe to touch, finding its use in 

biotechnology, medicine, agriculture, clean energy and many other applications. For example, non-

thermal plasma has been demonstrated to kill tumor cells, deactivate certain pathogens and promote 

wound healing without damaging healthy tissue (Choi et al., 2021; Chung et al., 2020; Maho et al., 

2021). In the field of agriculture, researchers are investigating its potential for enhancing seed 

germination (Da Silva et al., 2017; Guragain et al., 2022). Again, here we want to explore the use 

of non-thermal plasma for surface modification of microfluidic devices without damaging them. 

The most common way to ignite the plasma for the aforementioned purposes is to expose gas to a 

strong electric field as a source of energy. Hence, these plasma sources are classified according to 

the ascending frequency range in the following manner. At the lowest end, there is a single-shot, 

followed by the kHz region, then micro and radio waves going up to the GHz region, and finally, 

continuous emission (Laroussi and Akan, 2007; Mackie et al., 1997; Shao et al., 2018). The type 

of signal can be AC (sinus) or DC pulsed. Regardless of the source, three principal reactions that 

take place in plasma generation are excitation, dissociation and ionization (Turkoglu Sasmazel et 

al., 2021). In the beginning, electrons are being accelerated in the electric field, drifting between 
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the heavier gas particles (atoms/molecules) and causing mostly elastic collisions where energy 

losses are minimal. This process increases the energy of both free electrons and ionic particles. 

After sufficient energy is accumulated in the drifting process, electrons finally collide with 

atoms/molecules in an inelastic manner, transferring much of the gained energy. In the case of 

molecular gases, intermolecular bonds can absorb energy which can cause electronic, vibrational 

or rotational excitation but the molecules (M) can also ionize, dissociate or attach the electron and 

form a new bond (e.g., O2 + O + M → O3 + M) depending on provided energy. Atoms have fewer 

interaction outcomes which include electronic excitation, ionization and electron attachment (the 

latter is not in the case of noble gases). 

At a certain field strength, the applied voltage will exceed the threshold of a gas (dielectric 

material). If there are no pre-discharges, plasma will ignite, and the voltage will drop due to the 

existence of a lower resistance pathway created by electrons and ions. This moment is called 

ignition or breakdown voltage. The dependency of the breakdown voltage (VB) on pressure (p) and 

distance between electrodes (d), i.e., pd characteristic, is very well known as Paschen’s law (Figure 

27). The shape of the Paschen curve and thus breakdown voltage is very much influenced by the 

atomic/molecular nature of a gas, characteristic ionization energy and different mean free paths 

(Encyclopedia Britannica, 2012; Yadav et al., 2008). The molecular nature of gas is responsible for 

energy dissipation through molecular vibrations. Higher characteristic ionization energy implies a 

stronger electric field required to strip an electron from the outer shell of an atom/molecule. A 

longer mean-free path enables free electrons to be more accelerated in the electric field, i.e., gain 

more energy. Despite high ionization energy, the breakdown voltage is lower in noble gases due to 

their atomic nature and a larger mean free path, allowing them to use energy more efficiently on 

ionization. Helium, argon, neon and their mixtures are thus frequently used noble gases in 

atmospheric pressure cold plasma, depending on the specific application. Helium's characteristic 

is particularly attractive near atmospheric pressure conditions (760 Torr), offering lower ignition 

voltages for the same electrode distance. In general, breakdown voltage is also dependent on a 

multitude of other parameters like shape, material and temperature of electrodes, frequency of the 

source, etc (Babich and Loiko, 2016; Radmilovic-Radjenovic et al., 2013; Yamasaki et al., 2013). 
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Figure 27 Paschen curves for He, Ne, Ar, H2 and N2 showing the dependency of breakdown 

voltage (VB) on pd characteristic. Taken from Lieberman and Lichtenberg (2005). 

At atmospheric pressure and higher, the breakdown behavior is better explained through the 

streamer mechanism. Streamers are defined as self-organized, ramified ionization fronts whose 

propagation in ambient air depends on the ratio of gas density (Nijdam et al., 2020). The theory 

was first introduced by Loeb and Kip (1939), Meek (1940) and Raether (1939) to support 

experimental observations of the breakdown in these conditions. The theory predicts that when the 

impact ionization avalanche reaches a certain size (Meek’s criterion), electrons which have higher 

mobility than ions, will propagate faster and accumulate at the spherical head, while slower ions 

will create a tail (Lehtinen, 2021). This charge separation increases local electric field strength, 

comparable to the external field. Due to the locally increased electric field strength and UV photons 

emitted in the de-excitation process, other atoms further away can be ionized and create new 

avalanches through photoionization and electron impact ionization (Lehtinen, 2021). The result is 

a very fast event with propagation speeds on the order of 105 - 106 m/s (Luque et al., 2008; Raizer 

et al., 2010). With the streamer breakdown, a highly conductive channel is created. Based on their 

polarity, streamers may be characterized as positive or negative. A positive streamer (illustrated in 

Figure 28a) has a region of net positive charge at its head due to charge distribution. As a result, it 

propagates toward the negatively charged cathode, moving against the electron drift but in the 

direction of the electric field (Lu et al., 2014; Nijdam et al., 2020). On the contrary, the negative 

streamer shown in Figure 28b) propagates in the direction of the electron drift, i.e., from the cathode 
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towards the positively charged anode (Lu et al., 2014; Nijdam et al., 2020). Although propagation 

in the direction of electron drift appears to be a more natural movement, positive streamers in the 

air are observed to initiate more readily and travel faster and farther (Luque et al., 2008; Nijdam et 

al., 2020). 

 

Figure 28 The mechanisms of streamer propagation. The direction of the electric field E0 and 

electron drift with velocity ue are denoted with an arrow, secondary electric field E’ is depicted 

with dashed equipotential lines, while emitted plasma photons carrying certain energy (hv) are 

depicted with a wavy blue line. 

To clarify, for plasma ignition, two electrodes are generally needed, although one may be ambient 

air or ground. Electrodes are typically called cathode (negative) and anode (positive) if their 

polarity is to be emphasized; or discharge (active) and ground (reference) electrode to describe 

their function. Several standard electrode configurations are relevant to surface treatment 

applications (Turkoglu Sasmazel et al., 2021; Yamasaki et al., 2013). The electrode configuration, 

together with applied voltage, defines the type of electrical discharge that can be attained.  

Dielectric barrier discharge (DBD) is a type of plasma created between two electrodes separated 

by a dielectric, i.e., insulating material (see Figure 28a). The reason for introducing a dielectric 

barrier is to limit current and prevent arc formation, a type of thermal plasma. Countless variations 

of electrode configurations exist, but at least one is always covered with a dielectric material and 

thus not in direct contact with a gas. DBD-induced plasma produces filamentary or diffuse 

discharges which both appear uniform to the naked eye (Booth et al., 2022; Brandenburg, 2017). 

Compared to corona discharges, DBDs have lower operational costs due to lower energy 

consumption and more uniform discharge, yet they are dependent on the discharge gap and 

electrode polarity (Wu et al., 2018). DBDs are widely used in plasma-assisted chemical deposition 

for surface modification, as well as in applications such as biomedicine and biotechnology. The 

key advantage of the DBD configuration is its reduced risk of arcing, which is particularly crucial 

when working with living tissues to prevent damage or cell death. For a more in-depth review of 

DBD, the reader is advised to consult a paper by Brandenburg (2017).  
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a) DBD jet 

 
b) DBD-like jet 

 
c) Single bare metal electrode 

 
d) Dielectric-free electrode configuration 

 
Figure 29 Four different APPJ electrode configurations are displayed as setup cross sections. 

Taken from Lu et al. (2012). 

Atmospheric pressure plasma jet (APPJ) is a type of plasma that can propagate beyond electrode 

confinement (Winter et al., 2015) which can be especially advantageous for microfluidic 

applications. Plasma jet discharges produced by kHz sources are often called “guided streamers” 

as their repeatable propagation is guided by the gas flow and not by itself, like in the case of classic 
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streamers. Streamers are also considered precursors to plasma jet (Jiang et al., 2009; Nijdam et al., 

2020). The primary interest here is the plasma jet produced in the kHz frequency region.  

According to Lu et al. (2012), there are four predominant electrode configuration groups for APPJ 

and these are (i) DBD jets, (ii) DBD-like jets and (iii) single bare metal electrode (SE) jets, (iv) 

dielectric-free electrode (DFE) jets, visible in Figure 29. Each configuration could be advantageous 

in certain applications, however single bare metal electrode propagates a plasma jet to comparable 

lengths as other configurations, yet under reduced applied voltage (Jiang et al., 2009). Therefore, 

the strengths of APPJ produced by a single bare metal electrode configuration are found in a 

flexible, reproducible and cost-effective generation of plasma, suitable for applications in 

microfluidic devices, just like ours. 

In addition to the setup configuration, the choice of plasma gas is equally critical, as it governs 

both the fundamental plasma characteristics and its interactions with the surface. When the effects 

of gas on plasma are considered, observations can be made in breakdown voltage, plasma power, 

and propagation length of a jet inside and outside of the feeding tube. It is also common to look at 

optical emission spectra (OES) for detailed qualitative analysis of plasma species. The basis for 

plasma jets are noble gases which provide a low breakdown voltage. Molecular gas impurities are 

typically present and/or introduced in concentrations of less than a few percent for surface 

treatment to increase the production of reactive species (Lu et al., 2012; Schmidt-Bleker et al., 

2015), while studies that look into plasma propagation look at all ratios. To achieve propagation of 

plasma plume beyond the electrode and tubing confinement, it is crucial to use noble gases with or 

without a minor amount of molecular gas impurities. Some commonly used gases for atmospheric 

pressure plasma are He, Ar and Ne, typically being the carrier gases, with the addition of O2, N2, 

H2, Cl2, CH4, CO2, CO, NH3 and their mixtures as impurities (Ma et al., 2023).  

The presence of impurities changes the behavior of the breakdown voltage in a nonlinear way. 

When two gases are mixed, a metastable state of one gas can assist the ionization of another gas 

by providing "seed" electrons. This process is called Penning ionization and it helps to initiate a 

breakdown at lower electric fields. The effect is only possible if the ionization energy of impurity 

molecules is lower than the excited levels of the noble gas. For example, metastable helium can 

ionize nitrogen atoms (N2 to N2
+) while argon cannot (E(He*)= 20.0 eV ⩾ E(ionization of N2) = 

15.5 eV > E(Ar*) = 11.9-15 eV) (Jitsomboonmit et al., 2012; Kitsara et al., 2022). This phenomenon 

is particularly significant in the context of surface modification, as it can influence 

functionalization reactions. 

Effects of gas composition on plasma jet propagation in ambient air have been researched as well. 

Wu et al. (2018) and Clement et al. (2011) observed that a small amount of impurities in the carrier 

noble gas can be beneficial, however, an increase beyond approximately 2% tends to hinder 

propagation. 

Besides gas composition and earlier discussed electrode configuration; Xiong et al. (2009), 

Javanmard and Pouryoussefi (2023), and Jiang et al. (2009) report a positive influence of applied 
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voltage, gas flow rate, pulse width and the diameter of the nozzle on the length of plasma 

propagation; obviously to a certain degree. The effect of confinement will be further explained in 

the following section (2) as it represents a challenge for the application of microfluidic devices. 

2. Plasma propagation in capillaries 

One of the largest challenges to overcome for the successful application of plasma to microfluidics 

is the propagation in micrometer-sized channels. Covering all surfaces is a prerequisite for good 

wettability treatment with plasma. Hence, it is essential that the propagation of plasma is achieved 

through the desired length of a micromodel. Low-pressure plasmas are already utilized in 

microfluidics for the treatment of open flat surfaces of polymeric materials before bonding in the 

chamber/oven-type reactors. At low pressure however, the Debye length is commonly higher than 

100 μm (Lieberman and Lichtenberg, 2005), posing a limiting factor for propagation in 

microchannels of similar dimensions and hindering its use as a wettability-alteration tool. The non-

equilibrium atmospheric pressure plasma has the Debye length in the range of a couple of tens of 

μm (Brahme et al., 2018; Wu et al., 2023) and could potentially be used in microchannels. 

Propagation length could also be reduced as a consequence of the pressure buildup at high flow 

rates by reducing the mean free path of electrons.  Therefore, a good balance in pressure needs to 

be found.  

The second challenge is the manipulation of plasma propagation in complex microchannel 

geometry reflected in structural features like bends, branching, variations of cross-sectional 

dimensions, and elements (nearly) without flow, like dead-end channels. Thus, the uniformity of 

plasma propagation and variations of contact with surfaces might pose an issue if homogeneous 

treatment is needed. To gain a clearer understanding of plasma potential in microfluidic devices, 

we present a literature review, focusing primarily on work conducted on capillaries as the nearest 

analog and an initial feasibility reference. 

Firstly, many researchers have realized the difference between plasma propagation in confined 

environments and free discharges in ambient air, which was mentioned in the previous subsection. 

Results of a comparative study by Xiong et al. (2009) indicate that the propagation length of 

atmospheric pressure helium plasma is reduced when propagated directly into the surrounding air 

compared to propagation in the tube, as illustrated in Figure 30. The reason for that is the diffusion 

of surrounding air into the helium gas stream compared to a controlled environment shielded by 

the glass tube. As the environment found in thin capillaries is the nearest analog to microfluidic 

systems, this result favors the idea of using plasma jets for surface treatment of microfluidic 

devices. 
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Figure 30 The propagation length of helium atmospheric plasma in confined and non-confined 

environment. The glass tube has an inner diameter of 800 µm. Taken from Xiong et al. (2009). 

In the microfluidic study, Lepoetre et al. (2021) explored a new catalyst-free, atmospheric-pressure 

plasma-enhanced process of cyclohexane amination with ammonia. A gas-liquid microfluidic 

reactor was designed as a long winding channel, as illustrated in Figure 31a, with integrated 

electrodes placed above and below the channel, shown in Figure 31b. In the mentioned geometry, 

researchers successfully ignited plasma in ammonia and successfully performed an amination 

reaction. Therefore, this study reinforces the feasibility of igniting and propagating plasma in long 

micromodel channels with similar cross-section dimensions. 
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Figure 31 The top plane view of microreactor (a) and a cross-section of a channel (b). Taken 

from Lepoetre et al. (2021). 

Wu et al. (2016) reported the dependency of atmospheric pressure plasma jet length on the diameter 

of a straight propagation tube. In the tested range of tube inner diameter (0.6 – 4.0 mm), helium 

plume propagation length indicates proportional behavior (see Figure 32). With a channel length 

of 4 cm and varying cross-section down to 250 × 100 μm, plasma propagation through the entire 

length of microfluidic devices might be challenging. 
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Figure 32 Scaling of plume length produced under constant electric conditions (pulsed DC 

voltage of 6 kV and 5 kHz) and gas flow rate (1 l/min). Aspect taken from Wu et al. (2016). 

In an experimental study by Brahme et al. (2018), an atmospheric pressure plasma jet was ignited 

with a radio-frequency source with the aim of studying plasma propagation in Pyrex capillaries. 

The capillaries ranged in inner diameter between 100 μm and 1.5 mm. By utilizing helium and 

argon, they first calculated the Debye length from typical literature data relevant to their work. As 

seen from Table 7, both Debye lengths are smaller than the smallest inner diameter of a capillary, 

granting a possibility for both gases to propagate plasma in micrometer-sized capillaries. With 

slightly different input data, Jain and Bruggeman (2023) calculated the Debye length for a positive 

streamer made in helium to be between 1 and 2.5 μm, indicating the expected range. The 

propagation results from Brahme et al. (2018) indicate that both argon and helium jets can penetrate 

500 μm diameter capillaries. With further adjustments of capillary position and utilization of 

ground electrode, the argon jet was able to penetrate a 250 μm diameter capillary while there was 

no penetration observed in the case of the helium jet. No plasma could propagate in a capillary with 

a diameter of 150 μm. Overall, the results show that the type of gas dictates the minimum 

confinement required for plasma propagation, with penetration typically occurring in dimensions 

one to two orders of magnitude larger than the Debye length. 

Table 7 The Debye length in argon and helium atmospheric pressure plasma. Adapted from 

Brahme et al. (2018). 

 Argon jet Helium jet 

Electron temperature (eV) 2 2 

Electron density (m-3) 1019 - 1020 5x1017 – 5-1018 

Debye length (μm) 1 - 3 5 - 15 
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A numerical study by Xiong and Kushner (2012) demonstrated that plasma can propagate even 

through very narrow tubes with multiple bends between the inlet and outlet. A capillary-bounded 

atmospheric pressure plasma jet was created in a 600 μm wide and 15 cm long channel filled with 

Ne/Xe = 99,9/0,1 mixture (see Figure 33). They concluded that streamer heads created by the high 

voltage (+/- 50 kV) can be propagated by tens of cm from the source to the target. Moreover, in the 

case of tortuous pathways, the streamer head tends to switch to the opposite side of the wall when 

the channel curvature changes (see selected time frames zoomed in the middle portion of Figure 

33). This behavior is due to the relative orientation between the electric field in the wavefront and 

the local capillary channel. Overall, the results of this study indicate that propagation of plasma in 

complex tortuous geometries in microfluidic devices should not be an issue, although surfaces 

might not get uniform treatment.  

 

Figure 33 Plasma propagation in a tortuous capillary with certain timeframes showed zoomed-in 

and equipotent lines of electric field for 180 ns into the simulation. Taken from Xiong and 

Kushner (2012). 

The last presented study, by Xiong et al. (2012), investigated splitting and merging of plasma (see 

Figure 34). A DBD-like generation setup was designed to produce atmospheric pressure fast 

streamer heads in neon. The generation setup was attached to the circular loop 5 cm in diameter, 

made of borosilicate glass tubes with a 4 mm of inner diameter. Experiments were backed up with 

a numerical model which provided additional information for the study. The results from both 

sources indicate that the propagation wave tends to be in wall-hugging mode, not necessarily the 
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same wall side (inner or outer) during the entire propagation. The splitting and merging ability of 

plasma may also be of great benefit for treatment in complex micromodel geometries like pore 

doublet. 

  

Figure 34 The splitting and merging of the fast streamer head. Taken from Xiong et al. (2012). 

A summary of other relevant studies is presented in the table below. We included experimental and 

numerical studies utilizing different gases and capillary/tube materials, primarily targeting glass 

capillaries of micrometer size. Overall, studies show that plasma jets can achieve millimeter to 

centimeter length scales in which seems to be appropriate for our research. 

Table 8 Review of plasma capabilities in capillaries. All reviewed plasmas are atmospheric 

pressure plasma jets sorted with increasing confinement. “Exp.”, “Num.”, “PTFE”, “PE” and 

“ID” stand for “experimental”, “numerical”, “Teflon”, “polyethylene” and “inner diameter”, 

respectively. 

Author Approach and 
plasma gas 

Confinement and 
material 

Propagation length 

Johnson et al. (2011) Exp. He 1.6 - 9.5 mm PTFE tube @ ID 4.8 mm -> 20 cm 

Robert et al. (2013) Exp. Ne 4 mm borosilicate 
capillary 

1 m 

Xu et al. (2015) Exp. He/Ar + O2 4 mm PVC tube Not mentioned 

Onyshchenko et al. (2015) Exp. Ar 0.28 - 3 mm PE tubes @ ID 0.28 mm -> 10 cm 

Wang et al. (2020) Exp. He + O2 2 mm PTFE tube 30 cm 

Jain and Bruggeman (2023) Exp. He 75 - 500 μm Pyrex 
capillaries 

Not mentioned 

Wu et al. (2023) Num. He 0.05 - 1 mm quartz tubes Not mentioned 

Wu et al. (2019) Exp. Ar 4 - 100 μm quartz tubes @ ID 100 μm -> 59 mm 

Kakei et al. (2010) Exp. He 0.1 - 5 μm glass capillaries Not mentioned 
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All things considered, controlling plasma propagation in confined spaces like capillary tubes is a 

challenge, especially in complex geometries, but not an impossible task. The length of plasma jet 

propagation is dependent on confinement parameters like channel cross-section dimensions and 

tortuosity of a pathway, but also on setup and operational parameters like the type of gas used and 

its flow rate, applied voltage, electrode configuration, etc. Hence, the ability to influence plasma 

propagation means controlling the spatial extent and uniformity of wettability treatment, which is 

paramount within microfluidic devices. 

3. Effect of plasma on surface wettability 

To study the plasma effects on surfaces, several analytical techniques remain at our disposal. Since 

impact depth generally does not surpass 10 - 40 nm (Abou Rich et al., 2014; Gerhard et al., 2013; 

König et al., 2002) due to the constrained diffusion of radicals, plasma treatment does not affect 

the bulk properties of the materials. Thus, to characterize the material changes, several analysis 

techniques can be utilized depending on the desired penetration depth and nature of quantification. 

Wettability measurement through surface free energy or water contact angle (WCA) typically gives 

information about the very top layer i.e., to a depth of 1 nm or less. The same can be said for atomic 

force microscopy (AFM), which is used to detect changes in surface roughness (Wang et al., 2020; 

Xu et al., 2015).  Film thickness can be measured by interferometry, confocal microscopy or 

ellipsometry/reflectometry (Park et al., 2019). Scanning electron microscopes (SEMs), usually 

equipped with X-ray microanalysis, can probe the elemental composition to a depth of about 1 μm 

(Wang et al., 2020). Arguably the most common technique for the evaluation of surface chemistry 

after plasma treatments is X-ray photoelectron spectroscopy (XPS) (Onyshchenko et al., 2015; 

Wang et al., 2020; Xu et al., 2015). Except for helium and hydrogen, all elements can be detected 

with a probing depth of up to 10 nm (Booth et al., 2022). To complement the detection of difficult-

to-distinguish functional groups like amino, amido and imino, analysis can be supported with 

attenuated total reflectance Fourier transform infrared spectroscopy (ATR - FTIR) (Wang et al., 

2020; Xu et al., 2015) or surface-enhanced Raman spectroscopy (Chevalier and Dwyer, 2021; 

Sabbatini and De Giglio, 2022).  

The type and magnitude of plasma effect on the surface depends on the material, propagation 

uniformity, plasma power, gas type and treatment time which will all be covered in the following 

paragraphs. Note, here we refer to basic plasma treatments, not plasma-assisted depositions which 

require the utilization of specific chemicals. 

The effect of different plasma gases on materials in the service of surface treatment is a result of 

different mechanisms. One of the mechanisms is the removal of surface contaminants by either 

chemical or physical interaction. Physical decontamination is also referred to as sputtering (Ma et 

al., 2023; Macgregor-Ramiasa and Vasilev, 2016). Physical decontamination is predominantly 

achieved with noble gases, while reactive molecular gases are largely responsible for chemical 

decontamination (Turkoglu Sasmazel et al., 2021). The schematics of both chemical and physical 

decontamination are depicted in Figure 35. 
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Figure 35 The mechanisms of chemical (a) and physical (b) removal of organic contaminants. 

Taken from Turkoglu Sasmazel et al. (2021). 

Plasma etching is a mechanism where the surface of a material is changed by ablation and it 

encompasses both chemical and physical interaction with a surface (Ma et al., 2023). The effects 

of etching are typically seen in increased surface roughness. The final results are dependent on 

surface material, power and the duration of plasma treatment (Turkoglu Sasmazel et al., 2021). The 

last and most frequently discussed mechanism is the functionalization of surfaces with certain 

chemical groups. Functionalization reactions are dependent on the gas, ranging from oxidation, 

nitration, carbonation, and hydrogenation, to sulphuration, chlorination, polymerization, etc (Lin 

et al., 2022). Surface functionalization is generally used to (i) increase surface energy (activation), 

(ii) decrease surface energy (passivation), and/or (iii) functional group substitution (ketones, 

amines, alcohols, etc). 

Surface activation by plasma (decrease of contact angle) is typically performed by inert gases like 

He, Ar, Ne, and Xe or with reactive gases like O2, N2, CO2, and H2O (Booth et al., 2022). For 

example, plasma treatment with the admixtures of carbon dioxide or oxygen will deposit hydroxyl, 

carbonyl and/or carboxylic groups while ammonia or mixtures of nitrogen and hydrogen will 

deposit amino, amido and/or imino functions (Booth et al., 2022; Ferreira et al., 2015; Li et al., 

2023). The wettability effects of different activating gases on different surfaces are listed in          

Table 9. Overall, it is evident that a combination of treated material and plasma gas composition 

uniquely affects surface wettability. 

 

 

 

 

 

a) b) 
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Table 9 A review of plasma activation wettability treatments in a variety of gases on different 

materials. PE stands for polyethylene, PVDF for polyvinylidene fluoride and PCL for poly(ε-

caprolactone). 

Author Plasma 
treatment 

Duration Gas Surface 
material 

WCA ° 
(before/after) 

 

 

Lin et al. (2021) 

 

 

Atmospheric 

DBD, 6.2 W 

 

30 s 

 PE 92 / 41 

CO2 PVDF 128 / 59 
 plexiglass 74 / 28 

 PE 92 / 51 

N2 PVDF 128 / 79 

 plexiglass 74 / 49 

 

Kitsara et al. (2022) 

 

Atmospheric 

DBD, 1.3 W 

 

600 s 

Ar  

PVFD 

132 / 116 

Ar + N2 132 / 52 

He 132 / 44 

He + N2 132 / 17 

Lim and Lee (2004) 0.1 Torr, 100 W 180 s O2 glass 26 / 17 

 

Yakimov et al. (2023) 

 

DBD, 5 kPa 

(water boiling) 

400 s Humid air PDMS A: 120 /10 

R: 70 / <1 

60 s Humid air  glass A: 80 / 10 

R: 55 / <1 

Bhattacharya et al. 

(2005) 

600 mTorr 30 s O2 PDMS 109 / 5 

   glass 20 / 5 

Li et al. (2020) Low pressure, 

100 W 

60 s O2 glass 21 / 3 

Berndt et al. (2013) 0.3 mbar, 3 W 10 s O2 modified 

silicon 

 

60 s Ar 160 / 5 

220 s N2   

(Ozkan and Turkoglu 

Sasmazel, 2018) 

Atmospheric 

DBD 

360 s Ar + O2 PCL / 

chitosan 

69 / 31 

Ar + N2 69 / 59 

 

Terpilowski and 

Rymuszka (2016) 

 

 

0.2 mbar, 160 W 

 

 

30s 

Air  

 

glass 

 

 

A: 31 / 0 

O2 

N2 
Ar 

 

Surface passivation (increase of contact angle) is rather performed by using chlorinated and 

fluorinated hydrocarbons within carrier gas (see Table 10). Arguably the most famous hydrophobic 

coating using fluorinated hydrocarbons is Teflon, polytetrafluoroethylene (PTFE).  
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Table 10 A review of plasma passivation wettability treatments in a variety of gases on different 

materials. Abbreviations WCA, HDPE, PET, PA 6, PEEK and PMMA refer to water contact 

angle, high-density polyethylene, polyethylene terephthalate, polyamide 6, poly(ether-

etherketone) and polymethyl-methacrylate, respectively. 

Author Plasma 

treatment 

Duration Gas Surface 

material 
WCA° 

(before/after) 

 

 

Han and Moon (2015) 

 

Atmospheric, 

 270 W 

 

 

50 s 

He + CH4  

 

glass 

30 / 90 

He + 

CH4+ 
C4F8 

 

30 / 176 

Berndt et al. (2013) 0.6 mbar, 5 W 200 cycles 

× (4 - 8) s 

Ar + C2H2 silicon 70 / 160 

 
 

 

Borcia and Brown 

(2007) 

 
 

 

Atmospheric 

DBD, 400 W 

 
 

 

 

 
1 s 

N2 + 
CHCl3 

PET 85 / 121 

HDPE 98 /126 

N2 + 

C2HCl3 

PA 6 69 / 109 

HDPE 98 / 111 

N2 + 

C2Cl3F3 

PEEK 88 / 120 

PMMA 82 / 121 

HDPE 98 / 122 

 

A significant advantage of plasma treatments lies in their ability to operate without solvents and 

other liquid chemicals, making them a more eco-friendly and cost-effective technique (Turkoglu 

Sasmazel et al., 2021). Nevertheless, further flexibility and improvements can undoubtedly be 

gained by adding solvents and other desired chemicals (Booth et al., 2022; Macgregor-Ramiasa 

and Vasilev, 2016). This primarily refers to the improvement of aging phenomena which will be 

discussed in an upcoming subsection. Overall, a range of wettability environments, from 

hydrophilic to hydrophobic, can easily be achieved by substituting one gas for another.  

The following parameter to discuss is treatment (exposure) time. Treatment time can vary 

depending on the gas composition and flow, treated material, plasma type and wettability condition 

of interest (see also Table 9 andTable 10). Based on the study by Ozkan and Turkoglu Sasmazel 

(2018), treatment time and flow rate seem to be interchangeable – e.g., treatment of 60 s with a gas 

flow rate of 100 sccm closely matches wettability results achieved with 120 s treatment under a 

flow rate of 50 sccm. As already indicated in previously mentioned studies, plasma treatment time 

is usually in the order of minutes, some going up to an hour and some even under a second. The 

detailed behavior of the contact angle as a function of treatment time is given in the further text 

through example studies. 

In a study by Li et al. (2020), low-pressure oxygen plasma was deployed on glass surfaces. As 

visible in Figure 36,  after just 60 s (1 minute) of treatment with a gas flow of 40 sccm, surface 

wettability has reached its minimum of 2.6° from the initial 21.1° non-treated surface. The principle 

of wettability alteration was attributed to the formation of functional groups like carboxyl and 

hydroxyl, concluded through molecular dynamics simulations and XPS analysis of glass samples.  
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A slight increase in contact angle after 60 s was attributed to plasma etching which exposed fewer 

wetting layers. Similar behavior of the contact angle with treatment time was found by Aziz et al. 

(2017) who activated PE substrates with helium plasma and preceded the deposition of allylamine 

in a mixture with helium through a DBD setup.  

 

Figure 36 Contact angle as a function of treatment (modification) time. Taken from Li et al. 

(2020). 

Lin et al. (2021) utilized atmospheric pressure CO2 plasma in a DBD configuration to treat PTFE 

surfaces. After 60 s of treatment (see Figure 37), the water contact angle dropped to 48.6° from an 

initial 140.9°. Interestingly, further exposure time resulted in degradation of created surface 

properties, i.e., return of the contact angle to non-treated values at the 300-second mark. Reasons 

for surface degradation could potentially be attributed to etching due to ion bombardment 

(Vandenbossche and Hegemann, 2018) or due to polymer degradation towards monomeric 

compounds (Morent et al., 2010).  
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Figure 37 Tracking the evolution of the contact angle on PTFE surfaces after the treatment of 

pure CO2 plasma for different exposure times. Taken from Lin et al. (2021). 

The study by Zanini et al. (2014) primarily focused on the influence of plasma power in a low-

pressure chamber reactor used to generate oxygen plasma for treating PTFE surfaces. Plasma 

power was shown to affect the contact angle, surface roughness, and elemental composition, as 

analyzed by XPS and ATR-FTIR. However, the study concluded that the contact angle behavior 

does not follow a monotonic relationship with plasma power. Additionally, the product of plasma 

power and treatment time (i.e., energy delivered) cannot reliably interpret wettability results, as 

energy is delivered differently.  

A review in Table 9Table 10 reveals that the range of plasma power for wettability treatment is 

broad. It is adjusted based on the desired contact angle for a given material, optimized for an 

efficient treatment duration, and influenced by the specific plasma setup. 

The influence of plasma type on wettability and treatment time is evident in the study by Wagner 

et al. (2003), which investigated the effects of various gases on polypropylene surfaces in a DBD 

configuration at atmospheric pressure. As shown in Figure 38, treatment times varied depending 

on the gas and plasma type. Glowing nitrogen plasma (data sets 3 and 5) achieved the lowest 

contact angle in the shortest time, whereas helium filamentary discharge (data set 1) had the 

weakest effect, even after 180 s. XPS surface analysis was conducted to explain these wettability 

differences, revealing that lower carbon content and a higher O/N ratio generally correspond to 

lower contact angles. A detailed analysis further showed that oxygen-containing plasmas generated 

carbonyl, carboxyl, and hydroxyl groups, while nitrogen and helium glow discharges primarily 

produced amine, amide, and nitrile groups. The study concluded that glow discharges were more 

effective due to their superior production of reactive species near the substrate compared to 

filamentary discharges. These findings highlight the need to carefully select plasma type based on 

the desired surface modifications, as different plasmas vary significantly in their effectiveness and 

required treatment time. 
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Case Plasma type (O/N) surface C surface (%) 

1 He, filamentary 8 90 

2 air, filamentary 9 93 

3 N2 + 175 ppm O2, glow 1.7 87 

4 He, glow 0.45 87 

5 N2, glow 0.16 71 

Figure 38 Contact angle evolution with treatment time for different plasma types and a legend 

table with results of XPS analyses. Taken and adapted from Wagner et al. (2003). 

Overall, the unique plasma effect on wettability results from the interplay between material, gas, 

power, flow, duration, and plasma type. On average, a 1-minute treatment and flow rate in the order 

of tens or hundreds of sccm (DBD configurations), under relatively low plasma power, seems to 

be a good starting point for testing. 

4. Aging performance of plasma altered surfaces and comparison with other 

wettability alteration methods 

Once the plasma treatment is successfully performed, ensuring the comparability and reliability of 

experiments performed on treated surfaces becomes crucial. Additionally, researchers without 

access to plasma equipment might want to treat multiple surfaces at once and perform experiments 

after a period of waiting. Hence, the stability of newly created wettability conditions needs to be 

evaluated beforehand. Basic plasma treatments (not in service of assisting other methods like 

chemical coatings) are especially known to be prone to aging (Ma et al., 2023). Aging, i.e., 

wettability deterioration, hydrophobic or hydrophilic recovery, is a loss of wettability properties 

created after plasma treatment. The effects of plasma treatment are not permanent as a high 

concentration of polar functional groups is against the rules of thermodynamics - the entropy of all 

systems tends to increase until equilibrium is reached (Primc and Mozetič, 2022; Vandenbossche 
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and Hegemann, 2018). It is known that aging mechanisms are dependent on material, plasma 

treatment operational parameters (already mentioned before), storage conditions (storage medium, 

light exposure, temperature, humidity), reactants in the experiments to which the surface is exposed 

(pH, mechanical abrasion) and many other factors, yet limited research has been conducted at the 

atomic or molecular level to understand them. The proposed mechanisms of aging, mostly 

described on polymer surfaces, are summarized by Primc and Mozetič (2022). These include (1) 

segmental mobility of various sequences, (2) oxidation and desorption of the low-molecular-weight 

fragments, (3) reorientation and migration of polymer chains, (4) hydrolysis and dissolution of 

oligomeric fragments, (5) surface contamination with adsorbed organic molecules, and (6) 

neutralization of trapped charges; amongst others. To get a sense of stability time frame, we present 

several research examples featuring different treated materials, different plasma gases and other 

contrasted parameters. However, it is essential to recognize that the criteria for stable or acceptable 

wettability oscillations can differ widely between applications, driven by the unique demands of 

each research context. 

Tan et al. (2010) performed treatment on PDMS in a low-pressure oven-type plasma reactor with 

oxygen gas. For treatments longer than 300s, the surfaces remained hydrophilic for more than 6 

hours if left in ambient air (Figure 39). However, notable deterioration of wettability conditions 

can be observed, somewhat less for longer treatment times. When stored in deionized water, the 

authors stated that contact angles between 50 and 60° could be prolonged up to several weeks, 

providing sufficient stability for microfluidic experiments. A similar evolution of wettability on 

PDMS surfaces was observed by Mansouri-Boroujeni (2022). The treatment was performed in the 

same type of reactor utilizing air as gas instead. His results indicate that for 5 and 7-minute 

treatments contact angle drops to around 20° and then rises to around 45° after 4 h of aging in air 

at room conditions. The results on PDMS are particularly significant, as it is one of the most 

commonly used materials for microfluidic devices, which is the case in the previously mentioned 

studies. 
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Figure 39 Evolution of contact angle inside of PDMS microfluidic channel that has a width of 

150 μm and a height of 100 μm. The oxygen plasma treatment was performed at various exposure 

times indicated in the legend of the chart. Taken from Tan et al. (2010). 

Furthermore, Massey et al. (2012) also analyzed the wetting behavior of PDMS with applications 

to microfluidics. PDMS slabs were exposed to low-pressure oxygen plasma for 45 s under 30 W 

of power in the chamber-type reactor. The contact angle dropped from an initial 115° to only 4° 

immediately after treatment, which was even better than PPAA chemical coatings. When left in 

ambient air (Figure 40a), a parabolic increase of contact angle was observed, resulting in a final 

contact angle of 95° at the end of the 14-day test. When stored in distilled water (Figure 40b), the 

contact angle increased linearly for the first 5 days and then stabilized around 65°. The decay of 

wettability in both cases was attributed to the reorientation of created hydrophilic groups on top of 

polymer chains and was greater than in the case of chemical coating. 
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Figure 40 Aging performance of plasma-treated PDMS in air (a) and water (b). The results are 

shown in comparison to the non-treated (native) PDMS wettability and PPAA chemical coating. 

Taken from Massey et al. (2012). 

Morent et al. (2010) looked at the aging behavior of polylactic acid surfaces after treatment with 

different gases in a DBD plasma setup. By varying treatment time between different gases, the goal 

was to ensure constant deposited energy density. Note that the type of plasma produced is not equal 

between the treatments (see Figure 41a), yet the authors argue that it should not cause the difference 

since the same energy is delivered. Unfortunately, this had been disputed in the study of Zanini et 

al. (2014), presented in the previous subsection. As visible in Figure 41b, wettability degradation 

in the air is rapid on the first day for helium, nitrogen and air, but not for argon plasma treatment. 

Looking at longer storage times, the contact angle increases less rapidly and tends to stabilize, yet 

the values do not return to levels prior to the treatment of the tested time frame. Looking at the 

relative loss of wettability, nitrogen plasma treatment lost 76 %, air 64,1 %, argon 35.8 % and 

helium 35 % of its wettability potential. The cause of this loss was attributed to different levels of 

cross-linking in the polymer surface. Less cross-linked polymer surfaces leave a higher proportion 

of mobile groups which can then diffuse and reorient themselves, resulting in less stable surfaces 

prone to aging. As air and nitrogen plasma induce low-level cross-linking, the stability of these 

treatments is not as good as in the case of argon and helium. Namely, most of the power in air and 

nitrogen plasma is used for ionizing nitrogen and oxygen species which then get incorporated into 

the polymer. Conversely, argon and helium plasma tend to utilize more energy in interaction with 

polymer bonds which leads to firmly cross-linked polymer. 

 

 

Aging time (days) Aging time (days) 

a) b) 
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Figure 41 Effects of different gases and plasma characteristics (a) on aging performance of 

polylactic acid surfaces (b). Taken from Morent et al. (2010). 

The effect of the storage medium on plasma-treated acrylic resin photoresist was researched in a 

study by Dou et al. (2021). Although not explicitly mentioned in the study, a low-pressure chamber-

type reactor with oxygen as a gas was utilized for plasma generation. This conclusion was 

presumed since the application was mentioned to be in microfluidics. In addition to oxygen plasma, 

aging results for UV/O3 treatment are presented, indicating a weaker wettability effect and will not 

be discussed in greater detail. In the case of air storage (Figure 42a), mostly linear decay in 

hydrophilicity was observed over the tested time. On the contrary, surfaces stored in water (see 

Figure 42b) had stable contact angles after the initial increase that was observed on the second day 

after the treatment. Interestingly, with increasing treatment time, both storage media exhibited 

milder aging effects. The behavior of aging was also tracked through XPS analysis indicating the 

increase of carbon content with the onset of aging. Preserving effects of water on wettability 

compared to air were therefore explained through the formation of hydrogen bonds which 

prevented reorientation and migration of species between the surface and the bulk of the material. 

Aging time (days) 

C
o

n
ta

ct
 a

n
g

le
 (

°)
 



70 

 

 

Figure 42 Aging behavior of acrylic resin over the course of 15 days when stored in air (a) and 

water (b). Taken from Dou et al. (2021). 

The pH is also a factor to consider, especially where surfaces are used in experiments that create 

far from neutral conditions. This primarily affects the deposited functional group which may be 

more or less stable at certain pH conditions (Vandenbossche and Hegemann, 2018). Thus, the acidic 

environment coming from CO2 dissolution in our experiments may also be somewhat detrimental.  

As seen from previous studies, aging is a challenge that needs to be addressed. So, is there a way 

to prevent aging? – The simple answer is no, however, there are ways to reduce the rate of decay, 

i.e., slow it down. Vandenbossche and Hegemann (2018) claim that plasma-assisted chemical 

depositions (2) are more stable than basic plasma treatments (1), yet still far from the ideal case 

(3). All cases are schematically shown in Figure 43. The reason for that is the high level of cross-

linking which provides stability of deposited layers. 
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Figure 43 Aging behavior for different versions of plasma treatments on polymers. (1) plasma-

activated polymer surfaces, (2) plasma-assisted polymer deposition with desired functional 

groups, and (3) ideal plasma-assisted polymer coating with reduced aging. Taken from 

Vandenbossche and Hegemann (2018). 

To conclude, plasma treatment is a promising method for modifying wettability in microfluidic 

devices, but its effectiveness and stability depend on multiple factors, including material type, 

plasma power, gas composition, and treatment configuration. While low-pressure plasma is 

commonly used, especially for treating open PDMS slabs before bonding, achieving uniform and 

stable wettability inside closed glass-based devices remains challenging due to limited penetration 

and complex geometries. Although plasma can propagate into confined spaces, its reach and 

consistency are still limited, making the optimization of treatment conditions and long-term 

stability an important area for continued research.  
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III. Experimental setup for in situ plasma treatment 

Based on the literature review of state-of-the-art plasma systems, we adapted a DBD-like electrode 

configuration for microfluidic devices. Our design features a bare metallic tube electrode in direct 

contact with the gas and a second electrode placed outside a dielectric glass barrier. This 

configuration (see Figure 29c) aims to generate homogeneous, arc-free plasma and enhance its 

propagation. 

We selected kHz plasma jets due to their unique ability to produce self-sustained ionization waves, 

which can propagate several centimeters beyond the electrode confinement. These jets can be 

ignited at atmospheric pressure in various gases, producing cold plasma with low gas temperatures 

- a crucial factor for modifying surface properties without damaging the bulk material. Despite the 

borosilicate glass transition temperature being above 500 °C (Avramov et al., 2005), we prefer to 

stay below 200 °C to be able to extend the work to polymers like PDMS (Al-Harbi et al., 2018). 

Additionally, kHz jets offer high energy efficiency, as their microsecond-pulsed operation reduces 

overall power consumption. 

Helium was chosen as the working gas due to its low breakdown voltage, which facilitates plasma 

ignition and sustains propagation in confined spaces. Moreover, helium produces a uniform 

glowing discharge, ensuring better coverage compared to the filamentary discharges typically 

observed in air. Since wettability alterations often rely on reactive impurities (e.g., functionalization 

processes), helium is particularly advantageous due to its ability to induce Penning ionization of 

such impurities. To establish a fundamental understanding of plasma-induced wettability changes, 

the idea is to use pure helium initially before introducing other gases and gas mixtures in future 

experiments, further expanding the flexibility and potential of our setup. 

The plasma propagation within microfluidic channels is highly sensitive to gas flow rate, requiring 

an optimal balance. Excessively high flow rates can cause pressure buildup and shorten the mean 

free path, hindering plasma sustainment. Based on literature and previous laboratory experience, 

we identified a flow rate of several dozen sccm as an appropriate starting point. 

Using these design principles, we constructed the experimental setup, which is detailed in the 

following section. The setup’s performance was evaluated through various parameters, and the 

corresponding results are presented in the next section (0). 

Further text and graphics are based on our article Gredicak et al. (2025) published in the 

Microfluidics and Nanofluidics journal. 

1. Materials and equipment 

Our in-house-developed setup, shown in Figure 44, is based on a kHz power source unit with 

tunable voltage and frequency. The power source unit creates voltage pulses up to 20 kV and a 

frequency from 0 to 30 kHz. The unit is also equipped with two electric probes (Tektronix P6015A 

probe:    75 MHz with 1000:1 division ratio and Elditest GE3121 probe: 150 MHz and 100:1 



73 

 

division ratio). One probe is used to measure the applied voltage on the high voltage electrode 

while the other serves to measure voltage across the resistor and evaluate the current. Both probes 

are connected to a 200 MHz bandwidth digital oscilloscope (LeCroy WaveRunner 6050) to record 

the electrical measurements. The produced voltage is supplied via cables to a stainless-steel needle 

(gauge 20 from Nordson) serving both as a power electrode (anode) and a gas conduit to the 

microfluidic device.  

Helium gas of 99.999 % purity is flown through this high-voltage electrode in a 10 - 50 standard 

cubic centimeters per minute (sccm) range regulated by a calibrated mass flow controller (EL-

FLOW Prestige from Bronkhorst). A gas-tight connection from Teflon tubing is established by 

using rubber/plastic fitters typically used in microfluidics. The connection between the stainless-

steel needle and the microfluidic device is secured via a custom-made 3D-printed plastic clamp 

which also serves as a device holder, just as shown in the image above schematics (Figure 44). A 

clamp is mounted on a x-y-z linear translation stage, allowing position adjustments for imaging 

over a length of 25 mm and with a precision of 2 μm. Close to the outlet of a microchannel, a 

grounded copper foil electrode (cathode) is glued to enhance the plasma propagation. The setup is 

thus assembled as a dielectric barrier discharge-like jet creating a positive streamer plasma. Note 

that the electrode position described in the text and shown in Figure 44 is of an illustrative nature, 

as various electrode positions were tested in this thesis to optimize plasma propagation within the 

specific microchannel geometry. As a safety measure, the core part of a setup is located within an 

insulating box with transparent doors to provide visual observations.  
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Figure 44 The setup for the generation and analysis of atmospheric pressure plasma. 

Optical analysis of plasma propagation inside the microfluidics devices during treatment is 

performed with a fast CCD camera (pco.pixelfly usb) and an objective 10x with NA of 0.28 

(Edmund optics). To acquire information about created plasma species, an optical fiber is deployed 

to collect the light from the plasma coming through the glass of a microfluidic device. The signal 

is analyzed by a spectrometer AvaSpec-ULS4096CL. To measure plasma power a resistor (R = 1 

kΩ) is added to the ground and connected to the ground and back to the oscilloscope. Measurements 

of the glass outer temperature are performed with the help of a temperature sensor (GaAs Optocon). 

The storage of microfluidic devices after plasma treatments is achieved in either air or water. In an 

AC-equipped microfluidic laboratory, air storage implies room temperature ranging from 19 to     

22 °C and relative humidity typically ranging from 50 to 70 %. MilliQ water is used both as a 

storage fluid, but also, for contact angle determination together with CO2 gas. The images of the 

Powered electrode 

 

Gas inlet 

 

Grounded electrode 
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contact angle are acquired on the upright microscope in reflection mode with a 20x objective 

(further details are in Table 6). Image processing is performed with Image J software and a contact 

angle measurement tool DropSnake (Stalder et al., 2006).  

Due to the inability to effectively open glass microfluidic devices without damaging them, the 

treatment for chemical surface analysis with XPS is performed in a modified plasma setup 

configuration as shown in Figure 45. Namely, plasma is ignited with the same stainless-steel 

electrode connected to a glass tube which serves as a conduit for plasma to the top surface of the 

microfluidic device. The glass tube creates a circular treatment spot 5 mm in diameter. Underneath 

the microfluidic device, a copper foil electrode connected to the ground is placed to help with 

plasma propagation and thus enhance the glass surface treatment. 

 

Figure 45 Modified plasma setup for XPS analysis. 

To characterize chemical changes to the surface of microfluidic devices made by the plasma, XPS 

analysis was performed in the ICMN laboratory (France) (Figure 46). XPS measurements are 

performed using an ESCALAB Xi+ X-ray photoelectron spectrometer (Thermo Fisher Scientific) 

employing a monochromated Al Kα X-ray source (hv = 1486.6 eV). The carbon C(1s) level (284.8 

eV) is used as the reference binding energy. All spectra are collected using an analysis area of 650 

× 650 μm and a 20 eV pass energy. The charge neutralizer is used for data collection, being 

monitored using the C(1s) signal corresponding to adventitious carbon (Biesinger, 2021). All 

spectra are collected and fitted using the Avantage software (Thermo Fischer Scientific). 

The optical tensiometer Theta Flex (Biolin Scientific) is utilized for the measurement of the contact 

angle on the top surface of microfluidic devices.  
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Figure 46 Microfluidic device loaded in the vacuum chamber for the XPS analysis. 

2. Procedures 

a) Plasma treatment in microchannels and on a top glass surface 

To minimize impurity levels by tubing outgassing and ensure reproducible conditions, helium is 

flowed at 50 sccm for at least 30 minutes prior to any plasma treatment. The plasma is then ignited, 

and its propagation length increases with the applied voltage magnitude. The high voltage is 

adjusted to fill the entire length of a microchannel with plasma, typically requiring a voltage 

between 10 and 15 kV. After a brief testing of the frequency range (1-30 kHz), it was observed that 

changing frequency doesn’t significantly affect plasma propagation, therefore frequency of 8 kHz 

was chosen from previous experience as a good value. Since the microchannel outlet is open to the 

atmosphere, the plasma propagates further into the air along the helium channel, occasionally 

forming a short, faint plasma plume (see the schema of Figure 44). For the XPS analysis, the 

procedure is similar, ensuring that the plasma fills the glass tube and makes contact with the top 

surface of the microfluidic device. After the treatment, which lasts between 30 seconds and              

10 minutes, the plasma is turned off. The devices intended for air storage are kept in a small plastic 

box, while those intended for water storage are first saturated with water and then stored in a 

container filled with MilliQ water. The day of plasma treatment is designated as day 0. 

b) Plasma properties measurement 

While the plasma is on, real-time data is collected, including images of plasma propagation, optical 

emission spectra (OES), plasma power measurements, and temperature readings. Plasma 

propagation images captured using a 10x objective to balance resolution and field of view, illustrate 

only representative sections of the microchannel geometry, as shown in Figure 47. Depending on 

the size of the principal geometrical feature located in the middle of a microchannel, several images 
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may be stitched together. The stitching is performed with the ImageJ plugins (Preibisch et al., 

2009). Helium flow is always kept from left to right in images to make further analysis easier. 

 

Figure 47 Schematics of representative locations shown on plasma propagation images. 

Optical emission spectra are collected by positioning an optical fiber directly against the glass at 

the desired location along the microchannel. Optimal acquisition times are selected to balance the 

maximum visibility of all species at a given voltage, yet avoid detector saturation. Furthermore, all 

spectra are normalized to the intensity of the helium line at 706.5 nm. 

c) Power measurement 

Plasma power is determined by measuring the voltage at the power electrode and the current at the 

ground electrode after a resistor (Mestre et al., 2024). Initially, a voltage (Va) is applied to 

microchannels filled with air to prevent plasma ignition and measure the capacitive current (Icapa) 

which serves as the background signal. When the same voltage is applied to microchannels filled 

with helium, plasma is ignited, and a total current (Itot) is recorded. The discharge current (Idisch), 

which originates solely from the plasma is then obtained by subtracting the capacitive current from 

the total current. The energy delivered to the plasma during a single pulse (Ep) is thus calculated 

using the following equation: 

 
𝐸𝑝 = ∫ 𝑃(𝑡)𝑑𝑡 = ∫ 𝑉𝑎 (𝑡)𝐼𝑑𝑖𝑠𝑐ℎ(𝑡)𝑑𝑡

𝑇

0

𝑇

0

 (5) 

Since the frequency (f) is kept constant, the average power input can be easily obtained by 

multiplying energy per pulse and frequency, as seen in equation (6). 

 
𝑃 = 𝐸𝑝 × 𝑓 

(6) 

d) Temperature measurement 

To estimate the thermal load on the material, an optical fiber temperature sensor is pressed against 

the outer glass surface of the microfluidic device, directly above a 500 μm-wide microchannel. 

Temperature measurements are performed at two distinct locations: Location 1, situated near the 

inlet, i.e., powered electrode, and Location 2, near the outlet, i.e., grounded electrode. Temperature 

acquisition is performed over a period of several minutes, waiting for the stabilization period to 

start. The goal is to get an estimation of the temperature range.  

The plasma gas temperatures are then back-calculated from the thermal Ohm’s law with two 

assumptions. The first assumption states that all discharged energy is converted to heat without any 
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losses to other mechanisms. The second assumption refers to the calculation of thermal resistivity. 

Thermal resistivity is calculated based on heat conduction from the microchannel (thermal source) 

to the external glass surface (sink to the environment). For the calculation to remain valid, the 

microchannel's width and length must always exceed the thickness of the glass through which heat 

conduction occurs. While these assumptions are not entirely applicable in our case, they provide a 

first-level estimation of thermal behavior. With these assumptions in mind, thermal resistivity (R) 

is obtained using the following equation: 

 

𝑅 =
𝑒

𝜆 × 𝑆
 

(7) 

where e is the thickness of the glass (700 μm), λ is the thermal conductivity (1.2 W/m K) and S is 

the plain conduction area of the glass (approximated as a straight channel with a width of 500 μm 

and a length of 40 mm). To estimate the temperature loss through the glass (ΔT) we utilized the 

following equation: 

 
∆𝑇 = 𝑅 × Φ 

(8) 

where thermal flow (Φ) is equal to the dissipated plasma power. By summing the measured 

temperature (Tglass) and the calculated temperature loss (ΔT), the plasma gas temperature at the 

walls of the microchannel can be determined.  

e) Contact angle measurement 

The wettability of microchannels is checked before and periodically after plasma treatment by 

measuring the contact angle. Utilizing an upright microscope setup with an objective of 20x, the 

procedure for image acquisition is performed as follows (see Figure 48). Using a ⊥-junction to 

ensure a closed system at the inlet side, water and CO2 are injected into the tubing one at a time, 

forming a small volume of CO2 sandwiched between two larger slugs of water. By delicate manual 

injection of water from a syringe, the CO2-water interface is brought from the tubing to the inlet 

side of the 500 μm channel. When the interface between CO2 and water is made quasi-static within 

the camera window, image acquisitions are made. Stabilizing the interface after plasma treatment 

was a tedious task due to the existence of lubricating water films over which the interface is easily 

sliding.  
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Figure 48 Fluid injection sequence for in situ contact angle measurement. A small amount of 

CO2, stabilized and sandwiched between two water sections, creates a fluid-fluid interface in a 

wider part of the microchannel. 

Acquired images are first pre-processed with ImageJ software. To enhance the visibility of the 

interface and contact points, images are first converted to an 8-bit grayscale format and basic 

adjustments of brightness and contrast are performed. The DropSnake plugin, developed by Stalder 

et al. (2006) and based on the snake algorithm, is chosen as the optimal tool to measure the contact 

angle. The principle of the DropSnake plugin is to fit points around the interface which are then 

interpolated by the algorithm (see Figure 49). The first and the last points are considered the triple 

contact points. On average, 12 points have been manually placed to describe the outer edge of the 

interface which is above 10 recommended by the creators of the tool. Two contact angle readings 

(θ1 and θ2) are obtained for each image (see Figure 49). For statistical significance, no fewer than     

5 images are utilized to determine one wettability condition. The dispersion of measured values is 

expressed through standard deviation (error bars graphically) and it is attributed to the contact angle 

hysteresis (Hansen et al., 2000; Huh and Scriven, 1971; Marmur et al., 2017b), manual input of 

points affected by the visibility of interface and contact points, and to the accuracy of the tool itself. 

Overall, readings typically oscillate ± 5° which is in agreement with the accuracy of contact angle 

measurements in microfluidic devices (van Rooijen et al., 2022).   
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Figure 49 The principle of the contact angle measurement with the DropSnake plugin. Image a) 

depicts the CO2-water interface before plasma treatment and image b) after plasma treatment. 

Two contact angle readings θ1 and θ2 are acquired for every picture. 
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IV. Results and discussion 

This section introduces firstly plasma propagation in different microfluidic devices, followed by 

the identification of plasma species and measurements of plasma temperature and power. The 

principal part then focused on evaluating wettability through contact angle for different treatment 

times and compares the aging performance of new and reused devices stored in air and water. 

Finally, we discuss the mechanisms of alteration and aging through chemical surface analysis. 

1. Analysis of plasma properties 

a) Plasma propagation 

By optimizing the voltage to prevent arcing between the electrodes, plasma is successfully ignited 

and propagated through the entire length of the microchannel. Unlike many previous studies that 

focus on plasma propagation in simple tubes, our microchannels highlight specific geometrical 

features with varying rectangular cross-sections, presenting greater geometric complexity and thus 

a greater challenge for plasma propagation. With stable plasma propagation from the inlet to the 

outlet, close-up images are captured to provide detailed insights at the microscale. In addition to 

the primary electrode configuration, where the power electrode is positioned at the inlet and the 

ground electrode near the outlet (shown in Figure 44 & Figure 50a), alternative configurations are 

tested to enhance the homogeneity of plasma propagation. The initial analysis focuses on the 

simplest geometry, a single pocket, to establish a baseline understanding. 

Single pocket geometry 

A simple electrode position along the axis of the microchannel, just as shown in Figure 50a) and 

b), produces a plasma light distribution that is generally brighter along the central axis and 

decreases towards the walls of the microchannel. This contrasts with previous studies (Douat et al., 

2016; Leiweke et al., 2011; Mericam-Bourdet et al., 2009), where the light distribution in plasma 

plumes typically exhibits a ring shape, with more intense emission at the edges. Numerical models 

(Boeuf et al., 2013; Breden et al., 2012) have explained this annular structure as a result of charge 

accumulation on the dielectric surface, forming a surface discharge. Wu et al. (2023) noted that 

central column plasma propagation, similar to our observations, vanishes below 100 μm due to 

strong shielding effects, transitioning to a ring-shaped configuration. At atmospheric pressure, the 

width of the streamer head is on the order of a few hundred micrometers (Xiong and Kushner, 

2012). To form a ring structure, the confinement radius must exceed the streamer's width. In our 

setup, the channel has a rectangular cross-section of 100 × 500 μm, where the width is smaller than 

the streamer width, preventing observation of surface discharge. 
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Figure 50 Plasma propagation followed through light intensity in single pocket geometry for 

various electrode configurations: a) "simple normal", b) "simple reverse", c) "pocket powered 

electrode", d) "normal + pocket ground", and e) "reverse + pocket ground". Images captured 

with 100 ms exposure. Voltage is 12 kV for all except c), where 15 kV is used. 
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Between the two electrode configurations, the overall light intensity is higher in the simple normal 

(Figure 50a) compared to the simple reverse configuration (Figure 50b). In the simple reverse 

electrode configuration, the absence of a grounded electrode on the opposite side of the 

microchannel results in a diminished electric field enhancement, which directly affects the light 

intensity. 

Additionally, we observed a decrease in light intensity with increasing distance from the power 

electrode and an increase with greater confinement. The statement is true not only for a) and b), 

but for all electrode configurations. These findings align with Wu et al. (2023), who recently 

demonstrated in their 2D numerical model that the electric field and electron density decrease due 

to continuous charge losses to the sidewalls but increase with a reduced tube diameter. 

Examining the impact of gas flow relative to electrode positioning reveals that plasma consistently 

propagates from the powered electrode toward the opposite side of the channel, regardless of the 

flow direction (see Figure 50). Given that the characteristic plasma propagation time is on the order 

of hundreds of nanoseconds (Xiong and Kushner, 2012), while the gas flow time through the length 

of the microfluidic device is in the millisecond range, the gas can be considered static during plasma 

propagation. This explains why the direction of plasma propagation is unaffected by the gas flow 

direction. 

Within the pocket, the plasma light intensity is weaker than in the underlying channel and forms 

irregular shapes depending on the electrode configuration. For simple normal and reverse 

configurations (Figure 50 a) and b)), plasma seems to be anchored to one side near the wall opposite 

the powered electrode. As previously noted, plasma propagation is independent of the gas flow 

direction. Studies have shown that the electron distribution of the streamer head tends to cling to 

the wall, typically on the side with a smaller radius of curvature, and is influenced by the local 

instantaneous electric field (Xiong and Kushner, 2012). In our case, this suggests that the electric 

field parallel to the channel axis is stronger than the perpendicular electric field. 

When a ground electrode is placed close to the pocket (Figure 50 d and e), the plasma light 

distribution changes. Compared to the previous two configurations (a and b), plasma propagates 

further into the pocket. This observation is consistent with the behavior in microchannels where 

the emitted light is more intense, closer to the wall where the ground electrode is located. 

Consequently, placing a ground electrode near the geometric feature of particular interest, enhances 

plasma propagation, suggesting a better wettability treatment. 

A single powered electrode located above the pocket, as shown in Figure 50c, results likewise in 

increased light intensity, indicating enhanced plasma propagation within the pocket. With no 

designated ground placed in this configuration, plasma within the microchannels is located away 

from the powered electrode, closer to the opposite wall. This is consistent with the observations in 

the pocket in simple normal and reverse electrode configurations, where the light intensity tends to 

be stronger on the wall opposite the power electrode. Among all the electrode configurations, this 



84 

 

is the only one with a complete dielectric barrier to the powered electrode, necessitating a higher 

voltage,15 kV or more, to ignite the plasma. 

Taking all the information into account, the simple normal and reverse electrode configurations are 

the most suitable for treating straight channels, as the plasma extends symmetrically along the main 

(long) channel axis. Normal and reverse electrode configurations with the ground placed close to 

the pocket, demonstrate enhanced propagation within the pocket thus being perspective for good 

surface treatment of the main geometric feature. Additionally, all reverse configurations had lower 

ignition voltages and achieved full propagation at lower applied voltages. This difference is 

attributed to the positioning of the powered electrode. Namely, in reverse configurations, the 

powered electrode is located within the outlet of the microfluidic device, whereas in normal 

configurations, it is positioned just outside the inlet. In contrast, the pocket-powered electrode 

configuration is the least suitable due to high ignition voltage and risk of arcing with nearby metal 

components. Overall, this highlights an important implication: by strategic electrode positioning in 

targeted areas, we can manipulate plasma propagation, enabling spatial control of wettability 

alteration. This approach proves particularly useful for treating more complex geometries. Since 

the propagation within the microchannel is thoroughly covered, further analysis in more complex 

geometries will focus solely on the main geometrical feature of the microfluidic device. 

Deep pocket geometry 

Here we present three other geometries that gradually add geometrical complexity, further 

challenging plasma propagation. Compared to the “single pocket”, “deep pocket” geometry offers 

more pore volume extending laterally from the underlying channel. In Figure 51, we observe that 

plasma enters well in the first part of the pore, while further away it tends to stick more to the wall 

opposite the power electrode. The observation that plasma propagates to the end of the deep pore 

suggests its potential for treating geometries with substantial volumes distant from the main 

channel. While further improvements in plasma propagation through alternative electrode 

arrangements are possible, propagation patterns in this specific microfluidic geometry will not be 

explored further within the scope of this thesis. 
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Figure 51 Plasma propagation in deep pore geometry. Plasma is ignited in the simple reverse 

electrode configuration (Figure 50b) under 11 kV. The image is captured with a 500 ms 

acquisition time. 

The next element of complexity examined is branching/splitting. It is a frequent element in natural 

porous media (e.g., blood vessels, soil and rock structure, etc) which microfluidic devices are trying 

to replicate. Compared to the study by Xiong et al. (2012) presented before, the channel size is 

significantly smaller (250 × 100 μm vs 4 mm tube inner diameter), implying more challenging 

conditions for plasma propagation. As visible from Figure 52, plasma propagates symmetrically in 

both channels after branching with almost identical light distribution in both pockets. Again, with 

different electrode configurations, the spatial extent of the treatment could be diverse. For instance, 

plasma could potentially be steered to propagate exclusively in one branch, enabling the creation 

of heterogeneous wettability conditions that are frequent in geological porous media. This presents 

a promising avenue for advancing plasma-based wettability treatments on microfluidic devices. 
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Figure 52 Plasma propagation in pore doublet geometry. Plasma is ignited in the simple reverse 

electrode configuration (Figure 50b) under 11 kV. All images are captured with a 500 ms 

acquisition time. Red dashed lines approximate the part of the geometry that is not captured in 

schematics. 

L-pore geometry 

The last considered feature is anisotropy of geometrical structure, also a frequent element in porous 

media (e.g., Tesla valve). To investigate this, we utilized our L-pore geometry. Two strategies are 

available to study the differences in plasma propagation within anisotropic geometries: rotating the 

micromodel or reversing the electrode positions. We opted to modify the electrode positions but 

also examined the effects of altering the orientation of the microfluidic device. The modified 

electrode configurations for this geometry are shown in Figure 53. In configuration (a), plasma 

penetration into the geometric feature is minimal and primarily occurs along the wall opposite the 

powered electrode. This behavior is consistent with observations from other geometries and aligns 

with expectations. Conversely, configuration (b) exhibits significantly stronger light emission 

across the entire volume. This occurs because the L-feature extends away from the powered 

electrode, aligning with the direction of plasma propagation, while the plasma is further attracted 

to the nearby ground electrode. Comparing these propagation patterns reinforces the critical 

importance of electrode positioning for achieving optimal plasma propagation. To counteract the 

effects of anisotropy during treatments in microfluidic devices, we suggest double-side treatments 

as an effective solution. 
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Figure 53 Plasma propagation in L-pore geometry. Plasma is ignited with the two similar 

electrode configurations depicted in the schematics (a & b). A ground electrode (metal clamp) is 

placed at roughly 45° with respect to the main channel and a few mm from the geometry. The 

applied voltage in configuration a) is 12 kV and 10 kV in configuration b). Both images are 

captured with a 500 ms acquisition time. Note: square features or straight lines in image a) are 

artifacts from image stitching. 

In summary, we demonstrated plasma propagation in microfluidic devices with various geometric 

features treated using different electrode configurations. Features such as deeper sections, 

branching structures, and anisotropic geometries provide a fundamental structural basis for many 

microfluidic devices. Our findings highlight the critical importance of electrode positioning in 

manipulating plasma propagation, enabling effective plasma-based wettability treatments. 

Looking ahead, we aim to adapt our setup to treat complex microfluidic devices that mimic the 

realistic pore structures of rocks, such as the Enhanced Oil Recovery chip commercially available 

from Micronit, a complex porous media pattern with various pore sizes. 

b) Analysis of plasma species 

The first visual observation of our helium plasma propagating within the microchannel is its bright 

purple-pink-whitish color which serves as a preliminary indicator of the gas composition        

(Figure 54a). For comparison, low-pressure air plasma created in the chamber-type reactor in our 

lab has a distinct pink color (Figure 54b). Jitsomboonmit et al. (2012) describe the color of helium 

and air plasmas as “violet-blue” and nitrogen plasma as “blue.” Other sources may offer different 

descriptions, as the perception of color can be subjective and may also vary objectively due to 

factors such as composition, pressure, temperature, applied power, camera color profile, and other 

conditions. 
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a) 

 

b) 

 

Figure 54 Plasma color appearance for atmospheric pressure helium plasma propagating within 

a glass microchannel (a) and low-pressure air plasma within a chamber reactor. 

To get a better insight into plasma composition, we ran a spectral analysis of plasma species with 

optical emission spectroscopy (see Figure 55). The lines at 587.6 nm and 706.5 nm are attributed 

to helium, the primary gas in the system. To facilitate comparison, the entire spectrum is normalized 

to the intensity of the most intense helium line, which is at 706.5 nm. In addition to helium, the 

spectrum prominently features the second positive system of nitrogen, N₂ (C-B), ranging from 315 

to 486 nm (Pearse and Gaydon, 1976). Within this range, the presence of N₂⁺ (B-X) species is 

indicated by the line at 391.4 nm, while the cyano radical or nitrile group (CN (B-A)) is identified 

by bands with heads at 386.1 and 388.3 nm (Nemes et al., 2000; Pearse and Gaydon, 1976). 

The CN band is observed only when the applied voltage exceeds 10 kV, regardless of whether the 

needle power electrode is positioned at the inlet or the outlet. This suggests that energetic electrons 

are necessary for CN molecule formation. When the microfluidic device is removed, the needle 

power electrode produces a thin plasma jet propagating in air, and no CN bands are detected in the 

emission spectrum. This indicates that CN formation is not due to the presence of CO₂ in the air. 

Since the CN band appears exclusively with the microfluidic device, it can be concluded that the 

carbon originates from the interaction of plasma with the borosilicate glass. Furthermore, the 

Raman spectrum of plasma-treated microfluidic devices also reveals the presence of a new band 

around 2260 cm-1 that is attributed to a nitrile group (-C≡N) (Mojica et al., 2018; Quinet et al., 

2006). This implies that CN bands are created in plasma and then deposited on the surfaces. 

The presence of N2⁺ (B-X) and CN (B-A) species suggests Penning ionization involving metastable 

helium atoms and potential plasma-enhanced chemical reactions, respectively. Strong lines 

attributed to hydrogen (Hα at 656.3 nm) and an oxygen triplet (777.2 - 777.5 nm) are also observed. 

Raman spectrum on ignited plasma in gas-feeding Teflon tube further indicates the presence of 

hydroxyl ions (-OH) at 3563, 3635 and 3826 cm-1 and C=O bond at 1783 cm-1. These were difficult 

to observe inside the microfluidic device with OES due to the opaqueness of glass in the region 

around 300 nm. The presence of nitrogen, oxygen, hydrogen, C=O and -OH bonds is likely due to 

trace impurities from air introduced by tubing outgassing, minor leaks, or bottle impurities. 
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Figure 55 The optical emission spectrum is recorded at the inlet of a 500-µm channel of a 

microfluidic device produced by Micronit. Plasma is ignited with a 14 kV voltage, using the 

electrode configuration shown in Figure 20. The spectrum is obtained with an acquisition time of 

500 ms and it is normalized to the intensity of the helium line at 706.5 nm, highlighted in red on 

the graph. The notations “C-B,” “B-A,” and “B-X” represent de-excitation processes occurring 

between specific molecular energy states. 

The intensity of spectral lines and bands decreases with distance and increases with the 

confinement of the microchannel which is consistent with the plasma imaging results shown in 

Figure 50. Overall, in terms of plasma propagation, the treatments are expected to achieve uniform 

wettability alteration within the channel and main geometric feature with an appropriate electrode 

position. Based on the plasma composition revealed by the OES and Raman analysis, we expect 

rich plasma chemistry to be the driver of wettability alteration. In-depth chemical surface analysis 

is discussed in subsection 3. 

c) Estimation of plasma power and temperature distribution 

To estimate the impact of plasma on the material, we ran power and temperature measurements.  

Plasma power 

To measure plasma power, we first acquired the applied voltage (Va) and current waveforms as 

shown in Figure 56. The initial measurement was conducted in an air-saturated microchannel to 

prevent plasma ignition, allowing us to measure capacitive current (Icapa), shown as a blue curve. 

As expected, the dielectric properties of air limited current flow. In contrast, when the microchannel 

was filled with helium and plasma ignited, a conductive pathway formed, enabling higher current 

flow (Itot) (red curve). Subtracting the background capacitive current yielded the pure plasma 
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discharge current (Idisch) (green curve). The discharge current waveform exhibited a strong positive 

amplitude followed by a ≈ 50 % weaker negative amplitude, suggesting bidirectional plasma pulse 

propagation within the microchannel. 

 

Figure 56 Waveforms of applied voltage (Va), capacitive current (Icapa), total current (Itot) and 

discharge current (Idisch). The measurements are acquired at 12 kV and 8 kHz as representative of 

typical plasma treatment. 

Across the range of applied voltages and corresponding discharge currents, we determined the 

energy per pulse. Given the constant frequency of 8 kHz, the average plasma power was readily 

calculated. As shown in Figure 57, both energy per pulse and average plasma power increase with 

applied voltage, though the relationship is not strictly linear. For typical wettability treatment, 

plasma power reaches the order of hundreds of milliwatts. 

 

Figure 57 Energy per pulse and discharge power over the range of applied voltages. 
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Glass and gas temperature 

As earlier described in the Procedures, temperature measurements are conducted on the external 

surface of the microfluidic device by placing the measurement probe directly onto the glass surface. 

The measurements are taken at two distinct locations: Location 1, near the inlet and powered 

electrode, and Location 2, near the outlet and grounded electrode, along a 500 μm-wide 

microchannel. 

 

Figure 58 The temperature evolution of the microfluidic device during plasma treatment on two 

distinct locations. The measurements are performed under 12 kV of applied voltage. 

   The results of typical treatment performed at 12 kV, presented in Figure 58, indicate that 

temperature reaches a constant value after 5 minutes, with distinct values depending on the 

measurement location. At Location 1 (near the powered electrode), the temperature stabilized at 

approximately 55 °C, while at Location 2 (near the grounded electrode), it stabilized at around 

43 °C.  

With the measurement of glass temperature, we estimated gas temperatures at respective locations 

(1 and 2) within the microchannels to be around 70 and 60 °C. These values align well with those 

reported in the literature for helium atmospheric pressure jets, further validating the accuracy of 

the measurement and estimation methods (Chang et al., 2012; Douat et al., 2016; Jõgi et al., 2014; 

Mestre et al., 2024). 

Overall, these findings highlight the extent and rate of material heating during plasma wettability 

treatment. With the maximum temperature remaining well below 100 °C, we can conclude that our 

plasma treatment is suitable for microfluidic devices fabricated from polymeric materials such as 

PDMS. Moreover, given the short treatment duration (approximately 1 minute – see Figure 59), 

the thermal load on the device can be further minimized. 

Location 2 

Location 1 
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2. Wettability performance 

a) Treatment time 

After achieving successful plasma propagation, the next objective is to evaluate its impact on 

surface wettability. Several single-pocket microchannels (Micronit) are treated with varying 

plasma exposure times, and the contact angle is measured shortly after treatment (within 2 hours). 

The electrode configuration for this treatment is just as depicted in Figure 44 and Figure 25a, with 

the powered electrode at the inlet and the ground at the outlet. The CO2-water contact angle is 

measured at the inlet side of the 500 µm channel, just as shown in Figure 48. 

As shown in Figure 59, the contact angle decreased from 53 ± 7° to 23 ± 5° within the first                  

60 seconds of treatment, resulting in an average reduction of 30°. Beyond 60 seconds of exposure, 

even with extended treatment times of up to 600 seconds, the contact angle remained stable. The 

maximum effect of the treatment is thus achieved within the initial 60 seconds. Based on these 

findings, an optimized treatment time of at least 120 seconds is selected.  

 

Figure 59 The dependency of in situ measured contact angle on plasma treatment time with 

illustrated with hand-drawn guide lines to emphasize the trend. Measurement on never-before-

used Micronit devices. 

To ensure the validity of further analysis, contact angles are also measured on the L-pore geometry, 

representing a batch of microfluidic devices manufactured by Klearia. In situ measurements of 

contact angles at the same location on untreated devices yielded a wettability of 59 ± 12°. While 

this result is comparable to previous findings, it has a larger error margin, likely due to more 

pronounced surface morphology and roughness variations in Klearia devices (see Figure 60) 

compared to Micronit devices (see Figure 49). 
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A single plasma treatment was conducted on the Klearia device for 120 seconds using the same 

electrode configuration as for the Micronit devices. As shown in Figure 60, the contact angle could 

not be measured, as a continuous water film formed along the microchannel walls, preventing the 

formation of a contact point at the channel edge between all three phases (glass, water and CO2). 

This observation indicates that a perfectly hydrophilic condition, equivalent to a 0° contact angle, 

is achieved. 

 

 

Figure 60 The interface between CO2 and water in the Klearia device after plasma treatment. 

To compare the wettability of confined and free surfaces, contact angle measurements were 

performed using the sessile drop method, a standard approach in the literature. Plasma treatment is 

applied to the top glass surface of the microfluidic devices using the XPS setup configuration 

shown in Figure 45. The setup was modified by incorporating a larger-diameter glass tube to 

accommodate droplet spreading. Measurements were conducted on both untreated and plasma-

treated surfaces, with two replicates for each condition. 

As depicted in Figure 61a, the air-water contact angle measure on the untreated surface is 52°, with 

a subsequent measurement at a nearby location yielding 55°. These values are consistent with the 

in situ CO2-water contact angles observed in both microfluidic device batches. Following a 90-

second plasma treatment, the first measurement recorded a contact angle of approximately 3°, while 

the second measurement at a different treated location exhibited rapid droplet spreading, precluding 

accurate contact angle determination. The observed reduction in contact angle, from approximately 

50° to a superhydrophilic state, underscores the efficacy of plasma treatments as a robust method 

for inducing significant wettability alterations on glass surfaces. 

CO2 H2O 

Glass 

Water films 
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a) Non-treated surface 

 

b) Plasma-treated surface 

 

Figure 61 Sessile drop measurement results. Note, the contact angle measured here is between 

air and water on the Micronit device. 

To summarize, atmospheric pressure plasma demonstrates major potential as a rapid and effective 

method for altering wettability on glass surfaces. Wettability values are influenced not only by the 

material's intrinsic properties but also by surface characteristics, including confinement and 

morphology. Overall, atmospheric pressure plasmas represent a promising tool for in situ 

wettability modification in enclosed glass microfluidic devices. 

The potential for microfluidics extends well beyond the scope of this thesis, offering remarkable 

versatility. This includes compatibility with various materials, the use of different working gases, 

adjustable treatment durations for precise wettability control, and applicability to complex 

geometries, including three-dimensional microfluidic systems. In the next section, we evaluate the 

aging performance of the treated devices.  

b) Aging performance 

Given that wettability treatments are not permanent (Mansouri-Boroujeni, 2022; Primc and 

Mozetič, 2022; Tan et al., 2010), we chose to monitor the evolution of contact angles over time 

when microfluidic devices are stored in air and water. Additionally, we investigated the potential 

for re-treating previously used microfluidic devices. 

The hypothesis is that longer treatment times may enhance the durability of surface modifications, 

resulting in more stable wetting conditions. Additionally, storing devices in water rather than 

ambient air is proposed as a more effective storage method. Ultra-pure MilliQ water is chosen as 

the storage medium to minimize potential reactions and thus protect against wettability 

degradation. All our tests are performed on Micronit devices. 

Air storage 

For air storage, three brand new microchannels are treated by plasma during 2, 5 and 10 minutes 

and comparison is made with one previously plasma-treated device. The contact angle is measured 

at the inlet side of the 500 μm channel where the plasma indicates a stronger light intensity. The 

evolution of the contact angle is evaluated for 23 days. As illustrated in Figure 62,  the variations 

52.2 ° 

2.6 ° 
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between different treatment durations (2-, 5- and 10-min treatments on new microchannels) all fall 

within the margin of error. Consequently, the hypothesis that treatment time affects the aging 

performance of wettability is disproven and a 2-minute treatment appears more than sufficient for 

proper plasma treatment. 

To maximize the utility of costly glass microfluidic devices (300 - 600 € per device), the feasibility 

of re-treatment is investigated. As shown in Figure 62, the initial contact angle after retreatment 

exhibits slightly lower and less dispersed average values; however, well within the range observed 

in new microfluidic devices. Full hydrophobic recovery is also consistently achieved within 

approximately two weeks. These findings indicate that retreating previously treated devices after 

their hydrophobic recovery does not significantly alter their wetting behavior. To date, up to five 

retreatments have been successfully applied to a single microchannel. Given the robust and inert 

nature of glass, combined with the fact that plasma treatments do not affect the bulk properties of 

the material, it is reasonable to assume that many additional retreatments are feasible. This 

durability offers a distinct advantage over certain polymer materials which are typically intended 

for single use; as such, retreatments are unnecessary and could potentially degrade the material.  

Since the results obtained on new and retreated surfaces closely match (Figure 62), we can 

confidently state that strongly hydrophilic conditions with our plasma treatment within 

microchannel glass surfaces stay stable for at least 1 day in air storage.  

 

Figure 62 The evolution of contact angle in air storage after treatment with a simple normal 

electrode configuration (Figure 50a) for 2, 5 and 10 minutes. A hand-drawn guideline is used to 

emphasize the trend. Note: day “0” represents the contact angle just before plasma treatment. 

To assess the uniformity of plasma treatment, contact angles were further measured near the outlet 

of a 500 μm channel. As shown in Figure 63, the average values between the inlet and outlet differ 

by approximately 3 to 4°. Slightly lower average values are consistently observed near the inlet, 

where the plasma intensity is higher. However, given the fact that all measurements fall within the 

margin of error, the treatment can be deemed uniform overall. 
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Figure 63 The uniformity of plasma treatment, checked by comparing the wettability of the inlet 

and outlet 500 μm channel in air storage.  

Water storage 

The same plasma treatment methodology and wettability measurements were extended to samples 

stored in water. As depicted in Figure 64, highly hydrophilic conditions remained stable for at least 

three days post-treatment. During this period, up to 17 contact angle measurements were 

conducted, wherein CO2 was introduced for each measurement (approximately 5 minutes to fully 

saturate the microchannel with CO2 and evaporate water). These results demonstrate good overall 

stability of the induced wettability, making it suitable for two-phase microfluidic experiments 

involving these consumables. 

Beyond three days, the wettability gradually increased, reaching 31 ± 8° by day four. Long-term 

observations revealed that the wettability remained stable for at least 70 days, regardless of the 

initial plasma treatment duration. This behavior contrasts sharply with that observed under air 

storage conditions. 

The evolution of wettability aligns with the initial hypothesis and corroborates findings from the 

literature on plasma treatment effects on other materials (Dou et al., 2021; Vizireanu et al., 2017). 

Consequently, water storage presents a promising solution for long-term storage or experiments 

conducted in pure water, provided that a moderate increase in contact angle is acceptable. 
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Figure 64 The evolution of contact angle in water storage after treatment with a simple normal 

electrode configuration (Figure 50a) for 2, 5 and 10 minutes. Hand-drawn guidelines are used to 

emphasize the trend. Note: day “0” represents the contact angle just before plasma treatment. 

3. Surface chemical characterization with XPS 

To investigate the mechanisms behind wettability alteration and aging, we performed chemical 

analysis on the glass surfaces of microfluidic devices using XPS. In addition to analyzing a non-

treated reference sample, four other conditions were evaluated. To validate the immediate effect of 

plasma on surface wettability without aging influences (day 0) and to assess potential differences 

in applied voltages during plasma treatment (10 kV and 15 kV), two samples were prepared for 

comparison. The remaining two samples were prepared to explore the distinct aging mechanisms 

in air and water storage. Our findings are presented as (1) a comparison of elemental composition 

based on normalized areas under the curve for oxygen, carbon, and nitrogen, as summarized in 

Table 11 and (2) processed XPS general survey and high-resolution spectra shown in Figure 65.  

Table 11 Elemental composition of glass surfaces for five samples, with corresponding treatment 

parameters and wettability. Values are based on the area under high-resolution XPS peaks, 

normalized to a reference for each element. These areas reflect the surface elemental quantities. 

Sample 1 2 3 4 5 

Plasma (Yes/No) No Yes Yes Yes Yes 
Voltage (kV) / 10 15 15 15 

Aging (Yes/No) / No No Yes Yes 
Storage medium / / / Air Water 
Contact angle (°) 53 23 23 42 31 

Carbon 1.00 0.53 0.53 0.59 0.61 

Oxygen 1.00 1.39 1.37 1.32 1.28 
Nitrogen 1.00 0.65 1.26 0.74 0.39 
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Figure 65 The XPS spectra for five tested samples: Column a) shows general survey spectra (5 

scans/sample, 1 eV resolution), while b) and c) display high-resolution carbon and nitrogen 

spectra (50 scans/sample, 0.1 eV resolution). Dashed lines mark reference sub-bands, 

highlighting binding energy shifts in plasma-treated samples. 
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a) Mechanisms of wettability alteration 

In the general survey spectrum of the reference (non-treated) sample (Figure 65a), the presence of 

principal and minor glass elements is evident. These include silicon (103 eV), oxygen (532 eV), 

carbon (285 eV), boron (192 eV), zinc (1022 and 1045 eV), aluminum (74 eV), sodium (1073 eV), 

and nitrogen (399 eV). Notably, hydrogen and helium remain undetectable by XPS analysis. 

Comparing the reference spectrum to any plasma-treated sample (Figure 65a) reveals 

predominantly quantitative changes in the elemental composition of the glass surface. 

As oxygen, carbon, and nitrogen were previously identified by OES as components of plasma (see 

Figure 55) and drivers of wettability alteration (Vandenbossche and Hegemann, 2018), further 

analysis focuses on these elements using high-resolution spectra. The untreated sample surface 

consists primarily of oxygen (84.2%), with some carbon (14.9%) and a small amount of nitrogen 

(0.9%). Referring to Table 11, the initial XPS analysis indicates an increase in oxygen and a 

decrease in carbon and nitrogen content on all plasma-treated surfaces, irrespective of treatment or 

aging conditions. High-resolution spectra decomposition confirms oxygen's presence in the bulk 

glass structure (Si-O and B-O bonds), while most carbon and nitrogen appear as removable surface 

contaminants (see Figures 9b and 9c). This observation suggests that plasma cleaning exposes a 

fresh, uncontaminated glass surface rich in oxygen while physically and chemically removing 

carbon and nitrogen contaminants. Consequently, the exposure of oxygen groups increases the 

surface's hydrophilicity. Since oxygen and carbon dominate the surface's elemental composition, 

plasma cleaning is considered to be a key driver of wettability alteration. The treatment's 

effectiveness appears independent of applied voltage, as oxygen and carbon levels between 10 kV 

and 15 kV treatments show minimal differences (Table 11). 

Nitrogen levels in all plasma-treated samples are lower than in the reference (Table 11), indicating 

nitrogen's association with surface contaminants removed by plasma. For day 0 samples, the 15 kV 

treatment results in slightly higher nitrogen levels than the 10 kV treatment, consistent with OES 

findings that show increased nitrile/cyanogen groups due to interactions between ionized nitrogen 

and surface carbon. As earlier mentioned, following the plasma treatment, the nitrile group was 

also identified in the Raman spectrum. Overall, it appears that surface nitrogen and carbon 

contaminants are transformed into functionalized groups under plasma exposure. 

High-resolution spectral analysis (Figure 65b and Figure 65c) further investigates potential binding 

energy shifts indicative of new chemical bond formation. Carbon peak analysis (Figure 65b) 

reveals a small increase in the O-C=O bonding sub-band at 288.9 eV after plasma treatment, with 

a stronger effect at 15 kV. This sub-band corresponds to carboxyl group (COOH) formation (Egghe 

et al., 2022), suggesting a functionalization mechanism contributing to wettability alteration. Other 

sub-bands show a significant decrease, confirming their role as surface carbon contamination and 

warranting no further analysis. 

Nitrogen peak analysis (Figure 65c) demonstrates qualitative (binding energy shifts) and 

quantitative (intensity/area-under-the-curve changes) alterations across conditions. The sub-band 
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at 398 eV, associated with strong nitrogen bonding to silicon and/or boron in the glass, is present 

in all spectra with minimal binding energy shifts (up to 0.3 eV). The reference spectrum's sub-band 

at 401.2 eV disappears in plasma-treated samples, while the 403.9 eV sub-band shifts to lower 

binding energies with changes in the area under the curve. The entire region between 392 and 405 

eV, linked to organic nitrile, amino, or similar groups (Aziz et al., 2017; Egghe et al., 2022; Jansen 

and Van Bekkum, 1995), shows shifts and area changes. This suggests a dual plasma effect: some 

organic compounds are transformed into functionalized groups (evidenced by broader nitrogen 

bands in treated samples), while others are etched away, reducing less hydrophilic surface 

contaminants. 

b) Mechanisms of aging in air and water 

Further analysis of the nitrogen spectra (Figure 65c) reveals that the highest energy sub-band, 

around 407 eV, is present exclusively in plasma-treated samples, except for those stored in water. 

According to Thermo Fisher and other XPS databases, this sub-band is associated with the 

formation of nitrates. Its absence in water-stored samples is attributed to the solubilization of 

nitrates in water. 

The reduced aging effects observed in water storage compared to air storage can be explained by a 

synergistic interplay of several mechanisms. As noted, the hydrolysis of certain nitrogen 

compounds by water is the primary cause of partial wettability loss. However, the presence of ultra-

pure MilliQ water covering the glass surfaces prevents the reintroduction of hydrophobic 

contaminants from the surrounding environment (air). Additionally, hydroxyl groups, essential 

components of carboxyl groups, are present in water but absent in air. This results in a preserving 

effect on the carboxyl groups, contributing to sustained wettability after the initial increase in 

contact angle. 

These XPS findings align with the observed wettability behavior, supporting the initial decrease in 

contact angle following plasma treatment and the subsequent increase over time during aging in 

both storage fluids. 
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V. Conclusion 

Based on the literature review, we opted for atmospheric pressure plasma as a promising tool for 

wettability alteration and developed a setup tailored for closed glass microfluidic devices. We 

selected a kHz helium atmospheric pressure plasma in a DBD-like configuration due to its ability 

to penetrate and propagate within microchannels, its cold, non-thermal nature, and its reactive 

plasma chemistry, enabling in situ surface modification while preserving the bulk material.  

We demonstrated that our setup indeed produces cold plasma (< 100 °C) with a power of several 

hundred mW that successfully propagates through 4 cm long microchannels of variable width. 

Analysis of plasma propagation indicates that electrode configuration plays a major role in the 

manipulation of plasma propagation, which is especially in more complex geometrical patterns. A 

quick overview of plasma species by OES indicates rich plasma chemistry extending far beyond 

helium, which is the dominant gas.  

The core section of this chapter focuses on wettability performance. We achieved rapid surface 

treatment in approximately one minute, with aging performance dependent on the storage medium. 

Devices stored in air exhibited one day of the lowest contact angle stability, extended to 

approximately three days when stored in water. Microfluidic devices stored in the air experienced 

complete hydrophobic recovery to their initial state prior to plasma treatment. Re-treatment 

demonstrated consistent wettability results, highlighting the possibility of reusing precision-

engineered, difficult-to-manufacture glass microfluidic devices, which is advantageous given their 

high production cost. 

Initial insights into the mechanisms underlying wettability alteration were derived from OES and 

preliminary Raman spectroscopy analyses. Further investigation using XPS attributed wettability 

changes to surface cleaning and functionalization of the glass surfaces. Namely, plasma treatment 

reduces carbon surface contamination by exposing a natively hydrophilic glass layer and attaches 

various hydrophilic functional groups (carboxyl, amino, etc) whose stability depends on the storage 

medium.  

This in situ wettability treatment facilitates the processing of pre-bonded microfluidic devices 

commonly purchased from manufacturers, enabling the treatment of all microchannel walls while 

minimizing wettability degradation that may occur during bonding. Overall, the application of 

atmospheric pressure plasma as an in situ, post-bonding treatment represents a novel and effective 

method for wettability alteration, particularly suitable for closed microfluidic systems. 

  



102 

 

VI. Preliminary work/perspectives 

Here are some of the preliminary results and perspectives to continue work on our plasma platform. 

1. Improving stability by optimizing plasma composition  

For some of our experiments, the gas tubing was not adequately flushed with helium, resulting in 

increased concentrations of air impurities within the gas. We observed that the presence of these 

impurities extended the stability of wetting conditions for up to 85 days in air storage (refer to 

Figure 66). This is a massive improvement compared to the previous 1-day stability. Therefore, it 

would be interesting to further investigate the influence of air as a composite mixture, as well as 

the individual effects of its components - nitrogen, oxygen, carbon dioxide, and water vapor. The 

concentration of these admixtures should be kept low. According to the literature, higher impurity 

concentrations could lead to issues such as ignition difficulties, hindered plume propagation, and 

the generation of arc discharges, resulting in less uniform surface effects, which are undesirable. 

 

Figure 66 The in situ contact angle evolution with aging time in air storage. Plasma is ignited in 

helium with an unknown amount of impurities. 

2. The addition of CO2 impurities 

In addition to "pure" helium plasma, CO2 was introduced into the helium stream to investigate its 

potential effect on the wettability of glass surfaces. CO2 was selected due to its known ability to 

deposit hydrophilic functional groups, such as carboxyl groups, which could enhance the stability 

of treated surfaces. This choice is particularly relevant given the presence of CO2 in microfluidic 

experiments. To the best of our knowledge, no prior studies have examined the influence of CO2 

admixture in helium plasma or pure CO2 plasma on the wettability of borosilicate glass. The most 

comparable study, conducted by Lin et al. (2021), utilized up to 100% CO2 in atmospheric-pressure 

dielectric barrier discharge (DBD) plasma for the treatment of PTFE surfaces. They found that 
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increasing the CO2 to N2 ratio in favor of CO2 results in lower contact angle values due to 

functionalization with carboxyl groups. 

In our experiments (Figure 67), CO2 was added to helium plasma as an admixture ranging from 0.1 

to 10.7 vol%. The treatment duration was fixed at 2 minutes, while all other plasma parameters 

remained constant (50 sccm helium flow rate, voltage sufficient for full propagation, and an 

operating frequency of 8 kHz). At a CO2 flow rate of 0.3 sccm (0.6 vol%), the plasma treatment 

achieved a minimum average contact angle of 21.3°, comparable to that obtained with pure helium 

plasma. Contact angles remained stable across higher CO2 concentrations, showing no significant 

variation. However, at CO2 flow rates exceeding 1 sccm (2 vol%), the voltage required for plasma 

ignition and propagation across the entire microchannel increased. This higher voltage occasionally 

caused arc discharges, which are undesirable due to their adverse effects on surface treatment 

uniformity. 

From the perspective of altering wettability, the addition of CO2 did not produce notable 

differences. Nevertheless, its potential effects on treatment duration and stability warrant further 

investigation. Similar experiments could be extended to molecular gases such as oxygen and 

nitrogen, given prior observations that higher air content in plasma treatments enhances the stability 

of hydrophilic surfaces stored in air. 

 

Figure 67 The impact of CO2 impurities into helium plasma on the in situ contact angle. 

Our plasma treatments so far have focused primarily on enhancing surface hydrophilicity, as most 

unaltered rocks are typically water-wet. However, as suggested in the literature review (Table 10), 

exploring chloro-fluoro-hydrocarbons may offer a pathway for achieving hydrophobic wettability 

characteristics on glass microfluidic devices. 
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3. Propagation in a complex porous system 

The final set of preliminary results focuses on plasma propagation within highly complex 

microfluidic designs, such as those found in the enhanced oil recovery (EOR) device from 

Micronit. This device features a uniform depth of only 20 µm and various grain and pore sizes 

ranging in width from 50 to 130 µm. 

At a helium flow rate of 50 sccm, a notable pressure buildup was observed. Elevated pressure 

conditions presented significant challenges for plasma ignition, as the reduced mean free path 

between gas molecules at higher pressures hindered the process. 

Despite these obstacles, plasma propagation was successfully achieved in a portion of the geometry 

(see Figure 68).  Thus, to enhance the propagation, a vacuum pump at the outlet could be used to 

partially offset the pressure buildup. 

 

Figure 68 Plasma propagation in the EOR microfluidic device. The plasma is ignited with 16 kV 

by placing a power electrode at the outlet and a ground copper foil at the inlet of the geometry. 

4. PDMS and other typical microfluidic systems 

Extending the application of atmospheric pressure plasma treatments to polymeric materials like 

PDMS, a widely used material in microfluidics, offers significant potential for advancing device 

functionality. PDMS is valued for its flexibility, transparency, and ease of fabrication, but its 

inherent hydrophobicity presents challenges in applications requiring enhanced wettability or 

specific surface properties. Thus, our powerful yet non-destructive atmospheric pressure plasma 

treatment could effectively modify PDMS surfaces by introducing polar functional groups, 

improving wettability, and enabling better adhesion for biofunctionalization or bonding. The 

versatility of this treatment could address challenges related to hydrophobic recovery, as plasma-

induced modifications can be tuned for durability through storage medium optimization and/or 

supplementary coating strategies. Furthermore, the ability to process fully assembled PDMS 

devices using atmospheric plasma allows for to treatment of all the inner walls of the device and 

ensures a uniform wettability alteration. In that direction, some preliminary work was performed 

in GREMI (France) on PDMS-glass microfluidic devices. Neon plasma was successfully 
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propagated in rectangular straight channels with 200 × 200 μm. Following the treatment, the 

increase in interface curvature between air and water indicated that the microchannel became more 

hydrophilic, however, further research is needed to systematically evaluate treatment time and 

aging performance. 
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Chapter 4 - Influence of wettability on residual and 

solubility trapping 
The aim of this chapter is to utilize microfluidic devices to evaluate the effect of porous media 

wettability on interfacial mass transfer in the CO2-water system, emulating a solubility storage 

mechanism within the scope of CCUS. Following the state-of-the-art research overview on 

capillary trapping and fluid/fluid interfacial mass transfer, we introduce our setup and procedures. 

Glass microfluidic devices with various geometries are deployed with the purpose of trapping one 

fluid phase at a time while the other is flowing, thus performing drainage or imbibition. At first, 

basic flow properties are determined and adjusted to be representative of CO2 underground 

processes. The wettability of microfluidic devices is controlled by plasma treatments as described 

in      Chapter 3 and it is kept within a hydrophilic range which is representative of most underground 

rocks. The core of the results and discussion is focused on evaluating capillary trapping and mass 

transfer for two distinctive geometries and two wettability conditions. The main results are outlined 

in the conclusion, together with perspectives for future research. 
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I. Introduction 

In this section, we introduce the current pore-scale state of the art on wettability-influenced 

capillary trapping and fluid-fluid interfacial mass transfer.  

1. Capillary trapping at the pore scale 

Percolation theory provides a statistical framework for understanding capillary trapping by 

modeling fluid invasion in porous media as a network of connected pathways (Larson et al., 1977). 

During fluid displacement within a porous structure, the invading phase can either percolate 

through continuous flow channels or become immobilized in isolated clusters due to capillary 

barriers. At low capillary numbers, displacement follows an invasion percolation regime, where 

the movement of the non-wetting phase is governed by the largest pore-throat capillary entry 

pressures. However, significant discrepancies in numerous experimental data (Figure 69) suggest 

that capillary trapping in natural porous media is influenced by additional parameters beyond those 

accounted for in traditional percolation models. 

 

Figure 69 Experimental data on trapping efficiency of non-wetting (NW) phase over a range of 

capillary numbers. Taken from Geistlinger et al. (2015). 

A more comprehensive description of capillary trapping requires incorporating pore-scale 

mechanisms that directly influence fluid retention or displacement. Snap-off and bypassing are 

critical processes that control the distribution of trapped non-wetting fluids across the porous 

medium during displacement. Capillary storage of wetting fluids during drainage is typically 

measured in volumes present in thin films and corners adhering to the solid fraction of porous 

media. All these mechanisms are strongly dependent on fluid properties, flow conditions, and 
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porous media characteristics, which collectively govern the balance between capillary and 

mobilizing forces (Chatzis et al., 1983; Geistlinger et al., 2015; Mansouri-Boroujeni et al., 2023; 

Primkulov et al., 2021). The lack of a complete physics description of the process in large-scale 

models limits the accuracy of macroscopic flow predictions, underscoring the need for a multiscale 

approach to capillary trapping. 

Key factors governing capillary trapping mechanisms have been extensively investigated through 

experimental studies. Niu et al. (2015) demonstrated that CO2 capillary trapping is governed by 

key dimensionless parameters such as the viscosity ratio and capillary number, rather than directly 

by reservoir pressure and temperature. This allows for the use of analog fluids, such as air, to 

reproduce the relevant flow conditions and study capillary trapping mechanisms under ambient 

experimental settings. This finding endorses the use of controlled laboratory platforms, such as 

microfluidic experiments, to systematically isolate and analyze pore-scale trapping mechanisms 

under well-defined and reproducible conditions.  

The influence of flow conditions on capillary trapping is largely governed by the capillary number, 

which dictates the balance between viscous and capillary forces. At higher capillary numbers (i.e., 

higher flow velocities), viscous forces typically dominate, leaving a lower saturation of non-

wetting fluid (see Figure 69).  At lower capillary numbers (i.e., lower flow velocities), the 

variability of fluid (e.g., viscosity ratio) and porous media properties (e.g., wettability) becomes 

important and creating discrepancies in capillary trapping (Mansouri-Boroujeni et al., 2023; 

Primkulov et al., 2021).  For example, Mansouri-Boroujeni et al. (2023) demonstrated in a pore 

doublet microfluidic experiments that a fast-moving interface in the viscous flow regime improves 

sweep efficiency by penetrating both branches but reduces displacement efficiency, leaving a 

significant amount of wetting phase behind. Conversely, a slower-moving front in the cross-over 

and especially capillary flow regime, enhances displacement efficiency, but leads to higher overall 

residual saturation of the wetting phase.  

Surface roughness is another less accounted parameter, especially at large scale, that plays a role 

in capillary trapping by promoting wetting film and corner flow, which enhances snap-off events 

ahead of bulk fluid displacement. In smoother pore structures, displacement tends to follow a 

piston-like filling pattern, resulting in a more uniform gas-liquid distribution. In contrast, rougher 

surfaces facilitate the formation of pendular rings and capillary pinning, where liquid becomes 

immobilized at pore throats or edges, restricting its movement. These surface irregularities create 

anchoring sites and increase surface area, enhancing the retention of the wetting fluid and 

promoting the formation of suspended structures that facilitate the trapping of the non-wetting 

fluid. Mehmani et al. (2019) and Sun et al. (2021) demonstrated in microfluidic experiments that 

when the hillock height to pore depth ratio approaches 0.1, capillary trapping becomes highly 

sensitive to surface roughness.  

Wettability inherently implies surface roughness; however, surface roughness can create irregular 

interfaces that cannot be described by a single contact angle due to contact line pinning at random 
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surface asperities. In rough channels, the interface advances dynamically and unstably, whereas in 

smooth channels, it moves in a piston-like manner (Sun et al., 2021). Wettability influences phase 

distribution across different pore sizes, determining flow patterns and fluid-fluid displacement, 

which can occur as either drainage or imbibition depending on the solid surface properties. 

A significant experimental contribution to wettability studies on microfluidics during two-phase 

flow was made by Zhao et al. (2016). They saturated microfluidic devices with silicone oil and 

injected water at varying flow rates. For a fixed fluid injection order, they modified the wettability 

of the porous media, characterizing injections as either drainage or imbibition. The resulting 

observations of fluid distribution and flow pattern are shown in Figure 70. Regardless of wettability 

conditions, a decrease in the capillary number was found to increase the displacement efficiency 

of the defending fluid (silicone oil) and the saturation of the invading fluid (water). This highlights 

the growing significance of porous media surface properties as flow forces diminish. Furthermore, 

they found that the effect of porous media wettability is not linear due to variations in governing 

displacement mechanisms. Transitioning from strong drainage (150°) to weak imbibition (60°) 

increases the invading fluid saturation and enhances displacement efficiency via cooperative pore-

filling. At strongly wetting conditions (7°), spontaneous imbibition directs invading fluid flow 

along solid surfaces, leading to corner flow in microfluidic devices with rectangular cross-sections. 

The onset of corner flow in right-angle microfluidic channels occurs at approximately 45° of 

contact angle, as described by the relation θ < (180 – α) / 2, where α is the corner angle (Concus 

and Finn, 1969). For CCUS applications, this suggests that the displacement during CO2 injection 

should be most efficient under weak imbibition conditions, implying slightly CO2-wet reservoir 

rocks. However, efficient displacement in a CO2-wet environment implies that the phase is still 

connected and mobile possibly favoring structural trapping on a large scale. In contrast, significant 

capillary trapping is more likely in water-wet environments, where spontaneous imbibition into 

CO2-saturated zones can occur when injection ceases and/or in regions further from the injection 

point, where the capillary number remains low.  
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Figure 70 The displacement patterns in microfluidic devices using silicon oil and deionized water 

(M = 340). Respective contact angles going from left to right are: 150°, 120°, 90°, 60 and 7°. 
Capillary numbers going from the bottom to the top are 3 × 10−3, 3 × 10−2, 3 × 10−1. The color 

bar shows the average saturation of the invading water. Taken from Zhao et al. (2016). 

Pore geometry, wettability, and surface roughness collectively dictate two-phase flow behavior and 

fluid trapping through well-established displacement mechanisms. Furthermore, increased system 

disorder - characterized by broader grain size distributions, heterogeneous coordination numbers 

(the number of throats connected to a single pore), and wettability variations - has been generally 

associated with enhanced fluid trapping.  

Once capillary-bound to the solid and isolated by a continuous fluid phase, the trapped fluid is not 

necessarily fully immobilized. Microfluidic PIV experiments by Roman et al. (2016 and 2020) 

reveal four distinct viscous dissipation mechanisms, observed through the recirculation of trapped 

wetting fluid during drainage. These dissipation mechanisms are influenced by capillary number, 

viscosity ratio, trapped fluid geometry, and lubrication effects. Since these mechanisms depend on 

the attraction of fluid to solid surfaces and the fluid-fluid interfacial area, the wettability of solid 

surfaces is expected to directly influence the occurrence and distribution of different dissipating 

regimes across porous media. 

These pore-scale phenomena underscore the critical role of experimental pore-scale research in 

addressing discrepancies in understanding capillary trapping at larger scales that deviate from the 

standard multiphase Darcy model. Furthermore, such observations enhance the understanding of 
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other trapping mechanisms, including dissolution trapping, i.e., interfacial mass transfer in porous 

media. 

2. Fluid-fluid interfacial mass transfer at a pore scale 

Despite the recognized importance of wettability in multiphase flow and mass transfer (Agaoglu et 

al., 2015), most models describing mass transfer at fluid-fluid interfaces in porous media neglect 

its effects due to the lack of reliable quantitative data. High-resolution experimental studies under 

controlled conditions remain scarce, limiting our ability to quantify the role of wettability in key 

sequestration processes. As emphasized by Aminu et al. (2017), CO2 sequestration is inherently 

dynamic, yet existing research still lacks quantitative pore-scale investigations that capture the 

temporal evolution of individual trapping mechanisms. Solubility trapping is the crucial link 

between capillary trapping on one side and mineral trapping on the other side, bridging time and 

safety scales of CO2 storage. Capillary trapping immobilizes CO2 within the pore structure, while 

dissolution facilitates its transfer into the aqueous phase, reducing mobility and minimizing leakage 

risks. Wettability strongly affects capillary trapping behavior and consequently, the extent and 

efficiency of CO2 dissolution. However, the coupling mechanisms between these processes remain 

poorly understood, necessitating further experimental research to improve predictive models and 

optimize sequestration strategies. Pore architecture, together with capillary trapping, can alter 

preferential pathways and create stagnation zones, making the dynamics of mass transfer more 

affected by advection or diffusion (Gao et al., 2023). Given that different phase entrapment 

arrangements lead to distinct mass transfer scenarios, a better understanding of their influence on 

storage dynamics and capacity is critical (Agaoglu et al., 2015). Adapted to the CO2 storage in 

saline aquifers, 4 base mass transfer scenarios for different phase entrapment arrangements can be 

identified (see Table 12). 

Table 12 Interfacial mass transfer in systems with different mobile and trapped phases. 

Trapping situation 

 

Interface mass transfer direction 

Water to CO2 (evaporation) CO2 to water (dissolution) 

Mobile water / trapped CO2 (1) CO2 has a limited volume, 

limiting the capacity for the 

evaporation of water 

(2) Trapped CO2 could be 

completely dissolved by an 

incoming stream of fresh 

water 

Mobile CO2 / trapped water (3) Trapped water could 

completely evaporate into the 

stream of dry CO2 

(4) Water has limited volume, 

limiting the capacity for CO2 

dissolution 

 

During the injection of CO2 into the reservoir filled with water (usually drainage), besides pure 

advection transport (displacement), the moving plume of CO2 promotes both dissolution of CO2 in 

water and water evaporation in the dry stream of CO2. This happens at the main front, where both 

phases can be considered mobile, and in the sweep zone, where water tends to remain trapped 

(cases 3 and 4). Further away from the injection wells and especially after the injection has finished, 
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buoyancy-driven segregation will force brine recirculation within the reservoir (usually 

imbibition). This redistribution of fluid phases promotes mixing and dissolution between the 

phases. Over the decades, potentially centuries, significant portions of CO2 will be bypassed and 

capillary trapped by snap-off. Following the redistribution of fluids, the ongoing mass transfer 

(cases 1 and 2) will be a function of concentration potential between the two phases until 

thermodynamic equilibrium is achieved or either fluid phase is consumed. If, however, 

thermodynamic conditions change, the dynamics of the process can also include liquid (water) 

condensation and or gas (CO2) exsolution. A change in local thermodynamic conditions can lead 

to a phenomenon named Ostwald ripening, where the mass transfer first facilitates the dissolution 

of gas in a liquid phase and then the exsolution of the gas from supersaturated liquid back into a 

gaseous phase. In all scenarios, the velocity of the mobile phase dictates the magnitude of 

interphase mass transfer until the onset of diffusive conditions. It is worth noting that not all 

configurations from Table 12 have been (extensively) studied (Agaoglu et al., 2015). 

On a pore scale, interfacial mass transfer investigations are generally divided between three 

domains of investigation: meniscus, fluid film, and grain surface roughness (see Figure 71). The 

meniscus is the region where two bulk volumes of fluid phases meet while fluid films and surface 

roughness are investigated when saturation of the wetting phase is at residual values. Here, we will 

primarily focus on the main meniscus, keeping in mind that fluid films and surface roughness also 

contribute to the overall mass transfer. 

 

Figure 71 The three investigation domains, depicted in schematics of porous media. Taken from 

Agaoglu et al. (2015). 

The solubility, diffusivity, and mass transfer coefficient are fundamental parameters governing the 

transport and dissolution of CO2 in brine. Solubility defines the equilibrium concentration of CO2 

in brine at saturation, while diffusivity (D, unit: m2/s) characterizes the rate at which CO2 molecules 
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migrate through the liquid phase. The mass transfer coefficient quantifies the rate at which CO2 is 

transferred across phase boundaries, particularly from the gas phase into brine. There are two 

common mass transfer coefficient formulations, i.e., the liquid-side (kL, unit: m/s) and volumetric 

or lumped (kLa, unit: s-1), related through normalized interfacial area (a, unit: m-1). The lumped 

mass transfer coefficient arose due to the complex nature of multiphase flow in porous media and 

the difficulty of measuring the interfacial area on a pore scale (Agaoglu et al., 2015). The values 

of diffusivity found in literature for the CO2-water system are around 10-7 - 10-9 m2/s (Farajzadeh 

et al., 2009; Lefortier et al., 2012; Zarghami et al., 2017), kL oscillates between 10-8 and 10-4 m/s 

(Han et al., 2013; Patmonoaji and Suekane, 2017; Teng and Yamasaki, 1998) while kLa values are 

typically between 10-6  and 10-1 s-1 (Ndiaye et al., 2018; Patmonoaji and Suekane, 2017; Vandu et 

al., 2005). Traditionally, these values are derived from PVT cell measurements, which emulate 

macro-scale environmental conditions such as pressure, temperature, and brine composition 

between the bulk fluid phases (Sell et al., 2013). However, more and more research is nowadays 

performed on natural (core experiments) and synthetic porous media (e.g., microfluidics) which 

makes the results applicable across the scales (Chang et al., 2017). The important difference 

between fluids contained in porous media vs in bulk is a high fluid-fluid interfacial surface-to-

volume ratio which has been shown to deviate from bulk-phase behavior due to altered fluid 

properties near interfaces (Mozhdehei et al., 2024). Moreover, the dissolution kinetics assessment 

through mass transfer coefficient at the pore scale is particularly complex due to its dependence on 

multiple factors, including thermodynamic, flow and physicochemical properties but also the 

magnitude of concentration of already dissolved species, porous media properties governing 

interfacial geometry, etc (Agaoglu et al., 2015; Chang et al., 2017; Patmonoaji and Suekane, 2017; 

Sell et al., 2013; Seo et al., 2019; Vandu et al., 2005; Xu et al., 2017; Yang and Tsai, 2024; Zhong 

et al., 2025). 

The theoretical foundation for modeling mass transfer processes is rooted in the Maxwell-Stefan 

equations, which describe multi-component diffusion based on the interactions between species 

(Taylor and Krishna, 1993). Nowadays, the prediction of mass transfer coefficients is based on 

various theoretical models that describe mass transfer at the gas-liquid interface. Some of these 

include: the two-film theory by Lewis and Whitman (1924), Higbie’s penetration theory (1935), 

Danckwerts (1951) proposed the surface renewal theory, Levich (1962) developed boundary layer 

theory, etc (Lefortier et al., 2012; Vandu et al., 2005).  

Overall, accurate prediction of mass transfer coefficients in CO2-brine systems is crucial for 

understanding CO2 dissolution in subsurface environments. Classical models, including the two-

film, penetration, and surface renewal theories, offer fundamental insights but vary in applicability 

based on flow regime, turbulence, and chemical interactions. These models often neglect the 

influence of porous media, and recent research lacks explicit consideration of wettability (Zhong 

et al., 2025). Experimental studies remain essential to identify porous media effects, develop new 

or calibrate existing numerical models for accurate prediction of dissolution and storage dynamics 

(Maes and Soulaine, 2018). Available experimental approaches utilized for pore scale mass transfer 
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research include tracking of saturation, i.e., volume (e.g., microfluidic imaging (Yang and Tsai, 

2024) and X-ray μCT core imaging), pressure response evaluation, pH evolution assessment 

(Chang et al., 2017) or in situ methods for concentration estimation (e.g., Raman spectroscopy (Liu 

et al., 2012)). 

There are very few examples in literature addressing pore-scale wettability effects on fluid-fluid 

interfacial mass transfer, particularly from an experimental perspective. To provide some insight 

into the problematics, we present two numerical studies. 

In a 2D numerical study by Chen et al. (2018), pore-scale dissolution of scCO2 in water was 

investigated. The study examined the impact of different initial scCO2 saturations in porous media 

and the role of wettability conditions on mass transfer between the two phases. The process was 

monitored through the evolution of saturation, dissolved CO2 concentration, pH, and interfacial 

area.  

a) 

 

b) 

 
c) 

 

d) 

 
Figure 72 Numerical results of scCO2 dissolution tracked through saturation (a), concentration 

(b), pH (c) and specific interfacial area evolution (d). Taken from Chen et al. (2018). 

As expected (see Figure 72), in an enclosed system without imposed flow, the concentration of 

CO2 (aq) in water increased over time (b), leading to a corresponding decrease in scCO2 saturation 
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(a). As a consequence of dissolution, pH expectedly dropped due to the dissociation of carbonic 

acid (c). Based on the data from Figure 72, the effective mass transfer/dissolution rate was found 

to slow down (note - time is in log scale) as the solution becomes more saturated. The dissolution 

process terminates when there is no more volume to dissolve (cases with Sa = 0.1 and 0.2) or the 

aqueous solution reaches saturation (cases with Sa = 0.3 and 0.4). Additionally, the specific 

interfacial area (d) evolved as a function of dissolution in time. The authors also found two distinct 

power-law slopes as a function of saturation, possibly coming from the position of the interface 

within the pore (body vs throat). Chang et al. (2017) also experimentally confirmed the connection 

between dissolution dynamics and the morphology of the capillary trapped phase through the 

interfacial area. 

Besides being a function of porous media morphology and dissolution process itself, interfacial 

area is also directly linked to wettability (see Figure 73). In a sensitivity analysis of wettability, 

interfacial length was found to render a parabolic “U” shape with respect to contact angle (see 

Figure 73). The minimum of the function is around 90° (intermediate wetting), whereas going to 

either end of the spectrum (0° or 180°) interfacial area increases. 

 

Figure 73 The specific scCO2-water interfacial area as a function of scCO2 contact angle (note: 

it is the inverse of the contact angle measure through the water phase). Taken from Chen et al. 

(2018). 

If analyzing the cause-effect relationship of the system, wettability has a direct influence on the 

interfacial area, which in turn positively scales with the dissolution dynamics as mentioned before. 

Going by the logic of Figure 73, the most efficient trapping of CO2 by the dissolution mechanism 

is expected to happen in a strongly water-wet or strongly CO2-wet system which has been 

confirmed in the aforementioned study.  

Sun et al. (2024) utilized the lattice Boltzmann method to simulate scCO2 dissolution in 3D natural 

porous media (Berea sandstone) and examine wettability effects in greater detail. Initially, they 

analyzed the dependence of capillary-trapped scCO2 morphology on wettability and found results 
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consistent with those of Chang et al. (2017) and Chen et al. (2018). The study further revealed a 

strong linear relationship between scCO2 saturation and overall specific interfacial area (Figure 

74). Specifically, in strongly water-wet media (low contact angle), the contact area between the 

two fluid phases was greater despite less dispersed phase (fewer bubbles and clusters), whereas in 

weakly water-wet or neutrally wet conditions, scCO2 bubbles also had significant contact with the 

rock matrix. These observations highlight the influence of wettability on phase morphology and, 

consequently, on the interfacial area between fluids, which is essential for predicting the magnitude 

of interfacial mass transfer. 

 

Figure 74 The dependency of specific interfacial area on scCO2 saturation. Taken from Sun et al. 

(2024). 

Upon initial contact between the two phases, the concentration of dissolved CO2 at the interface 

rapidly reaches saturation (3.4 M). However, the overall dissolution process, governed by the 

diffusion of dissolved CO2, proceeds relatively slowly, indicating a nonequilibrium process (Figure 

75a). Although the averaged pH and averaged CO2 (aq) concentration exhibit an inverse relationship, 

their dependence is nonlinear (compare function shapes in Figure 75) (Clingerman et al., 2007). 

This nonlinearity arises from the logarithmic pH scale and the rapid dissociation of carbonic acid, 

which causes a sharp initial pH drop, followed by a slower decline due to buffering from 

bicarbonate and carbonate species. Thus, pH does not directly reflect the mass transfer dynamics 

in the system. 
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a) b) 

 
Figure 75 The evolution of average CO2 (aq) (a) and pH (b) in aqueous solution over time for 

different wettability conditions. Taken from Sun et al. (2024). 

Finally, it has been shown that the mass transfer coefficient evolves over time as a function of 

wettability conditions. During the initial dissolution period (see Figure 76), it is highly sensitive to 

wettability, but this effect diminishes later and even reverses. As saturation is reached in the near-

interfacial region, the concentration gradient decreases, and dissolution becomes governed by the 

slow diffusion of CO2 (aq) in water. Moreover, Sun et al. (2024) confirmed that dissolution rates are 

influenced not only by wettability but also by pore structure heterogeneity, pore space 

interconnectivity (coordination number), the shape of scCO2 bubbles, and changes in fluid 

properties during dissolution (e.g., interfacial tension). These factors significantly impact the 

interfacial area, which is strongly reflected in the lumped mass transfer coefficient. 

 

Figure 76 The evolution of lumped mass transfer coefficient over time for different wettability 

conditions. Taken from Sun et al. (2024). 
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Both simulation studies offer valuable insight into the mechanisms of interfacial mass transfer, 

particularly emphasizing the critical role of wettability in controlling interfacial area. However, 

there is a lack of benchmarking against experimental data or real-world observations. This 

underscores the ongoing need for experimental studies to validate and complement numerical 

models.  
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II. Setup and procedures 

1. Setup, consumables and conditions 

In addition to the microfluidic devices discussed in Chapter 2, the experimental microfluidic setup 

used in this study consists of pressure pumps (Fluigent, model: LineUp Push-Pull), fluid reservoirs 

(Fisherbrand glass bottles, 100 mL), chip holder (Micronit), tubing (ETFE, 1/16”), ferules for 

sealing the connections, various valves and connectors, etc. Optical visualization and image 

acquisition are achieved through microscope platforms equipped with high-resolution cameras (for 

further details, refer to Chapter 2). The essential part of our setup is shown in Figure 77. For the 

observation of the physical phenomena during the trapping and dissolution processes, a microscope 

objective with 10x magnification and a numerical aperture of 0.3 is selected as the best fit to the 

dimensions of the dead-end pore of the micromodel. The upright microscope's transmission and 

reflection mode are used for microfluidics experiments. Transmission mode offers better sharpness 

and visibility and it is thus prevalently used. Reflection mode offers better contrast, enhancing the 

detail clarity. 

 

 

Figure 77 Microfluidic setup for research of capillary trapping and fluid-fluid interfacial mass 

transfer. 

All the microfluidic experiments are performed using ultrapure MilliQ water with a resistivity of 

18.2 MΩ-cm and 99.995 % pure CO2 from Air Liquide. Ultrapure water is selected to prevent any 

unwanted mineral reactions. All experiments and storage of devices are performed under ambient 

conditions. The temperature is kept around 293 K (20 °C) with an air conditioning unit, while 

humidity is not controlled (typically around 60 %). The imposed relative pressure and the 
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maximum pressure difference across the microchannels remain below 0.1 MPa (1 bar) in all 

experiments, as this is the upper limit achievable by the pumps used. 

2. Trapping and mass transfer experimental procedure 

To study pore-scale mass transfer, we performed classic two-phase drainage and imbibition 

microfluidic experiments. In imbibition, we track the dissolution of a CO2 bubble in water, while 

in drainage, the evaporation of a water droplet into the stream of CO2. Unlike the plasma-based 

wettability measurements discussed in Chapter 3, the primary focus here is on the main geometrical 

feature of the microfluidic device, which is specifically designed to trap one fluid at a time. This 

configuration provides a stable and well-defined location for imaging and monitoring interfacial 

mass transfer. 

The preparation of a typical experiment begins by saturating the dry microchannel with a stream 

of CO2 for a few minutes to displace any air. The T-valve is then switched to water injection until 

all gas phase is dissolved and/or displaced, thereby making the microchannel fully saturated in 

water. Note, water is being pushed out of its reservoir by injecting air to avoid pre-saturation with 

a significant amount of CO2. Once the microchannel is saturated, the CO2 pump pressure is set, 

waiting for the T-valve opening to initiate the first drainage experiment. The outlet of the 

microchannel is directed towards a collection cup, which is controlled by the ambient pressure. 

Image recording begins at the moment the T-valve is switched to CO2 injection. Upon complete 

water evaporation in the system at the end of the experiment, the setup is simply switched for the 

injection of water in the CO2-saturated microchannel and the recording of the imbibition process 

is started. Drainage and imbibition are alternated over the range of the imposed pressure differences 

until all water is used up. Alongside the dynamic experiments, a prolonged static experiment 

looking at CO2 dissolution was also conducted. In the anisotropic L-pore geometry, flow reversal 

is achieved by rotating the microfluidic device by 180°, thereby switching the inlet and outlet 

positions.  This approach produces images with a flipped geometry orientation while maintaining 

the flow direction consistently from left to right. 

Before each experiment, the camera speed is adjusted depending on the injection type 

(drainage/imbibition), wettability conditions, imposed pressure and forecasted experiment 

duration. In imbibition experiments, the interval between images is set between 0.2 and 2 seconds, 

while in drainage, due to a slower process, it is between 10 and 30 seconds, defining the resolution 

of the recorded data. The average experiment duration is typically less than 30 minutes. 

Following the experiments, the recorded gray-scale image sequences undergo processing to extract 

valuable data. The image-processing software, developed in MATLAB by Sophie Roman, forms 

the foundation of this analysis. The software employs binary image analysis to track the volume 

and interfacial area of the trapped phase (see Figure 78). In 2D image analysis, the volume of a 

bubble or droplet is roughly associated with the top-view area (white), whereas the fluid-fluid 

interfacial area is represented as length, i.e. perimeter (red). A fluid-fluid interfacial area is assumed 
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to be uniform in the z-direction following the top plane view. In reality, the interface also exhibits 

curvature in the z-direction. 
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Figure 78 The processing of the raw gray-scale images recorded in transmission mode into a 

binary format. 

Capillary trapping potential is thus assessed only through the initial volume of trapped phase, i.e., 

the initial top-view area (A1). Interfacial mass transfer analysis based on the top-view area (A) and 

perimeter (P) evolution in time which are further normalized to their respective initial values (A1 

and P1). To facilitate comparative analysis of mass transfer process over the unit of interfacial 

length (perimeter) and eliminate the influence of varying capillary trapping potentials, the top-view 

area is normalized to the perimeter (Ap) and further to the initial conditions (Ap/Ap1). To obtain the 

interval mass transfer rate (dAp/dt) evolution in time, we utilized the difference in perimeter 

normalized top-view area (dAp) over one time interval (dt).  In graphical depictions where time is 

not the primary analyzed variable, time is normalized to the end time (tEND) that corresponds with 

the end of the mass transfer process (A = 0, i.e., below the detection limit). For simplicity in the 

result section, the “top-view area” will be referred to as just the “area”. 

CO2 
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3. PIV procedure 

Micro-PIV is a complementary technique to microfluidics used to assess fluid dynamics. Namely, 

small interrogation windows are employed to track particle displacement between two time-steps, 

as illustrated in Figure 79. Since particles are designed to closely follow fluid motion, these 

measurements enable the determination of fluid velocity profiles and fluid streamlines (fluid 

pathways). This information provides valuable insight for the interpretation of capillary trapping 

and interfacial mass transfer dynamics.  

 

Figure 79 The principle of PIV. Taken from Roman et al. (2016). 

Our PIV experiments are performed by creating a diluted solution of particles in water and injecting 

it into a microchannel with constant pressure imposed by the pressure pump. The diluted solution 

with 0.12% vol concentration of particle is prepared by mixing 0.55 g of commercially available 

concentrated solution (Polysciences) and 10 g of water. Polystyrene particles with carboxylate 

cover, 1 µm in diameter, were chosen as they fit the fluid properties and therefore do not affect the 

flow behavior.  

The experiment preparation closely follows the mass transfer procedure, beginning with the 

injection of CO2. The microchannel is then manually saturated with MilliQ water using a syringe 

to dissolve and/or displace any remaining gas phase. Subsequently, the water injection is replaced 

with a particle solution until it fully saturates the microchannel and becomes visible at the outlet. 

To reduce interface moving due to dissolution, the CO2 in the two-phase flow particle experiments 

is replaced with compressed air.   

To establish the initial pressure difference with no-flow conditions in the microchannel, the pump 

pressure is carefully adjusted and the stabilized pressure reading is recorded. It can be noted that 

even minor pressure differences arising from variations in fluid levels within the reservoir (due to 

gravitational potential) can induce significant flow velocities within the microchannel without any 
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pressure applied from the pressure pump. The desired pressure differences (5-100 mbar) are then 

applied, and image acquisition is performed at an appropriate frame rate (fps) and shutter speed to 

ensure sharp images with well-resolved particles. In the narrow sections of the microchannel, 

capturing high-velocity flow may require frame rates of up to 5 000 fps at a maximum imposed 

pressure difference of 50 mbar (the upper limit of our measurement range). To achieve optimal 

particle visibility relative to the size of geometric features, all particle experiments are conducted 

using a 20x magnification objective with a numerical aperture of 0.45. 

After a successful acquisition of image sequence with a high-speed camera attached to the inverted 

microscope, sets of 100 images are binarized in a way that makes the background black and the 

particles white. Binarization preprocessing is performed with ImageJ after which images are 

exported to PIVlab software (Thielicke and Stamhuis, 2014). A mask is first applied to block all 

the areas of an image where particles are not actually present and therefore speed up the analysis. 

We use three passes with progressively smaller interrogation windows (128, 64 and 32 pixels). 

These are chosen to optimize between performance (analysis time) and spatial resolution of results 

based on Roman et al. (2016). After images have been analyzed, calibration is performed by 

inputting the timestep between images and setting up the reference distance.  
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III. Results 

The results section is divided into three parts. First, we present the characterization of flow 

properties in selected microchannel geometries using PIV on single and two-phase flow 

experimental data. Next, we assess the CO2 and water capillary trapping potential under varying 

pressure differences for two wettability conditions, defined by static contact angles in Chapter 3 

(see also Table 13). Finally, we look into the interfacial mass transfer on the very same selected 

microchannel geometries. For each geometry, CO2 dissolution and water evaporation potential are 

separately analyzed. The discussion in each section is based on evaluating mass transfer behavior 

across the range of pressure differences for the two aforementioned wettability conditions. To 

enhance clarity and consistency in result interpretation, the flow direction in all images is 

consistently presented from left to right. 

The varying geometrical complexity of microfluidic devices is designed to replicate the diverse 

pore shapes and sizes found in natural porous media. Adjusting the imposed pressure difference 

simulates different regions within the reservoir, where pressure gradients and consequently flow 

rates may vary. Higher pressure gradients are typically found near the injection well during CO2 

injection, whereas lower gradients occur farther from the well and after injection ceases. Spatially 

and temporally, low-pressure gradients and low-flow conditions dominate during CO2 storage, 

making them a relevant focus for our microfluidic experiments. Our experiments are specifically 

designed to evaluate capillary trapping and track mass transfer mechanisms separately. Capillary 

trapping and evaporation of water are considered during drainage, while CO2 trapping and 

dissolution potential are the primary focus during imbibition. While the two mass transfer processes 

occur simultaneously in porous media, in our experiments, we assume Stefan diffusion, meaning 

that only one fluid at a time diffuses through the interface (Taylor and Krishna, 1993). This 

assumption simplifies the investigation by neglecting counter-diffusion effects, making it more 

applicable to our experimental approach. While dissolution and evaporation are the dominant mass 

transfer processes, we acknowledge that other mechanisms also contribute to long-term CO2 

storage behavior. Finally, modifying the contact angle, which represents wettability conditions, 

aims to mimic the diversity of mineral compositions and their associated surface properties. Since 

our focus is on CO2 storage in aquifers, where most rocks are hydrophilic, our experiments replicate 

this environment using glass microfluidic surfaces and altering them using plasma treatment 

presented in Chapter 3. Table 13 is given as a reminder of the wettability conditions analyzed in 

this study. 

Table 13 An overview of wettability conditions on microfluidic devices. 

Wettability condition/Device Single pocket 

(Micronit) 

L-pore 

 (Klearia) 

Native 53 ± 7° 59 ± 12° 
Plasma altered 23 ± 5° ≈ 0° 
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1. Characterization of flow properties 

Characterizing flow patterns, capillary (Ca) and Reynolds number (Re) is of the essence for fluid 

flow analysis in porous media as they determine which forces have a prevalent influence in the 

system. The microchannel geometry features a variable width, and the presence or absence of a 

trapped phase can alter the effective flow cross-section. Additionally, fluid properties such as 

viscosity and the imposed pressure difference, which influence velocity, depend on the imposed 

experimental conditions. The dimensionless numbers in this study are calculated on a large channel 

(cross-section of 500×100 μm) and the implications will be extrapolated to the key geometric 

features relevant to this study. Additionally, pore-scale analysis provides valuable insight into flow 

patterns and velocity distributions, contributing to a deeper understanding of dynamic phenomena. 

a) Single-phase flow 

Following the earlier described PIV procedure, we injected particles in a microfluidic device with 

a single pocket geometry and acquired an image sequence. After processing the data in PIVlab 

software, we extracted velocity distribution maps and corresponding velocity profiles. One 

representative case acquired at 20 mbar of pressure difference is visible in Figure 80. Both the map 

and profile representations clearly show that the velocity profile is flat in the central region of the 

microchannel, where the maximum values occur. As visible from the streamlines, the velocity 

layers stay parallel to each other at all times, indicating a laminar flow even at pressure differences 

in excess of 100 mbar. 

 

Figure 80 Velocity distribution in a 500 μm-wide channel for a single-phase water particle 

experiment under 20 mbar of pressure difference. White lines are streamlines. 

From integrals of the velocity magnitude (indicated on flow profiles, see Figure 80) and taking into 

account the constant depth of 100 μm, we obtained the average volumetric flow rate. The range of 
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volumetric flow rates obtained on a 5 to 50 mbar pressure difference is between 0.5 and 3.8 μL/s. 

The average fluid velocity in this microchannel is obtained by multiplying the integrals of the 

velocity magnitude by its width (500 μm). The scaling of average fluid velocity with imposed 

pressure difference is depicted in Figure 81. As expected for the laminar flow, velocity scales 

linearly with the imposed pressure difference which is in accordance with Darcy’s law. Thus, the 

permeability of the 4 cm microchannel saturated with water (1 mPas) is estimated to be on the 

order of 6 × 10-8 m2. 

 

 

Figure 81 Scaling of average fluid velocity (v) with the imposed pressure difference (dp). 

Now, with the acquired pressure-velocity relationship (see the equation in Figure 81), one can 

calculate the capillary and Reynolds numbers using the following equations (9 and (10, 

respectively): 

 𝐶𝑎 =
µ𝑣
𝜎
 

 

 

(9) 

 
𝑅𝑒 =

𝜌𝑣𝑙

𝜇
 

 

(10) 

where μ, 𝑣, σ, 𝜃, ρ, and 𝑙 are viscosity, velocity, interfacial tension, contact angle, density and 

characteristic length, respectively. Taken from Espinoza and Santamarina (2010), the CO2-water 

interfacial tension at 295 K and 0.1 MPa is around 72 mN/m. Since dimensionless numbers are 

determined in water, the density used in the calculation is 1000 kg/m3 and the viscosity 1 mPas. 

The characteristic length is the microchannel depth, i.e., 100 μm. 

 

v = 0.0015 dp  

R2 = 0.989 



127 

 

 

Figure 82 Scaling of Reynolds and capillary number with imposed pressure difference. 

As shown in Figure 82, capillary number is on the order of 10-3 while the Reynolds number remains 

below 20. These dimensionless numbers characterize the expected flow conditions in the reservoir 

during the CO2 injection process. Although the Reynolds number is always above unity, it remains 

well below the turbulence transition threshold (Lienhard et al., 1966). Since there are no obstacles 

in the straight channel, the flow remains streamlined and unseparated. To confirm this behavior 

across the microchannel, we shift our focus from the 500 μm channel to the key geometric features. 

Specifically, we analyze single pocket and L-pore geometry. 

By looking at the results in Figure 83, at low pressure differences (e.g., 20 mbar), the streamlines 

coming from the channel are parallel and follow the geometry.  At higher pressure differences (see 

100 mbar example) we start noticing the occurrence of a recirculation vortex. It first appears near 

the inlet wall of the pocket and starts transitioning towards the middle (300 mbar) and the outlet 

side of the pocket at higher values (500 mbar) of imposed pressure difference. The pressure 

difference at which the first recirculation is noticed is 65 mbar. Hence, to stay in creeping flow, our 

experiments will mostly be performed under this value. 
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Figure 83 Fluid velocity patterns for single pocket geometry. Flow direction is indicated with 

black arrows, while streamlines are colored in white. Note: the results of velocity magnitude in 

the overlaying microchannel and around the entrance are not correct at higher imposed pressure 

differences (e.g., 100 mbar) due to imaging limitations. 

The same experiments are performed on the L-pore geometry with similar results since the L-pore 

geometry is built on top of the single pocket design. As visible in Figure 84, velocities near the 

feeding underlying channel are higher and rapidly decrease towards the dead-end part of it. At 

lower imposed pressure differences (e.g., 20 mbar), streamline analysis once more indicates a 

creeping flow. At higher pressure differences (e.g., 100 mbar), there is a fully developed vortex and 

separation of the flow in two opposite directions. 
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Figure 84 Fluid velocity patterns for L-pore geometry. Flow direction is indicated with black 

arrows, while streamlines are colored in white. Note: the results of velocity magnitude in the 

overlaying microchannel and around the entrance are not correct at higher imposed pressure 

differences (e.g., 100 mbar) due to imaging limitations. 

Overall, for the upcoming two-phase dissolution experiments, it is important to note that velocity 

magnitude decreases significantly further from the feeding channel, with streamlines indicating 

stagnation zones near the end corners, especially in the deeper L-pore geometry. These findings are 

crucial for interpreting dissolution dynamics, as the interface progressively shifts away from the 

main channel due to dissolution. 

b) Two-phase 

In our two-phase flow particle experiments, we focused on the behavior of the trapped phase. To 

investigate this, we trapped a particle suspension droplet and observed its response across a range 

of imposed pressure differences.  

Native surfaces 

The results for a single pocket in drainage injection mode on native surfaces (53°) are presented in 

Figure 85. 
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Figure 85 Fluid velocity patterns in drainage mode for single pocket geometry. Flow direction in 

the main underlying microchannel is from left to right to be consistent with single-phase flow 

experiments. Streamlines are depicted in white. 

At first, it is visible that velocity values are 2-3 orders of magnitude lower compared to single-

phase experiments as only a part of the kinetic flow energy is transferred from the interface onto 

the trapped phase. However, even at very low imposed pressure differences (e.g., 10 mbar), the gas 

phase provides sufficient momentum across the interface to initiate a detectable recirculation 

process. The center of the resulting recirculating vortex is located near the middle of the single 

pocket geometry, closer to the interface. Based on the earlier-presented classification by Roman et 
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al. (2020), this flow regime corresponds to a lid-cavity-driven mechanism. As the imposed pressure 

difference increases (e.g., 35 mbar), the vortex center shifts in the direction of the underlying gas 

flow, moving toward the outlet pocket wall. This shift occurs because the higher gas velocity in the 

microchannel enhances momentum transfer from the interface to the trapped liquid phase. The 

increased momentum transfer also affects the volume distribution inside the pocket, leading to an 

asymmetric shape where more liquid accumulates along the outlet wall (see 20 and 100 mbar 

examples). For imposed pressure differences of 50 mbar and above (see 100 mbar example), the 

recirculation vortex splits into two distinct vortices, indicating a more complex flow structure at 

higher driving pressures. Since the wettability is comparable and the opening to the trapping 

element is identical, similar results with even lower overall velocity are expected in L-pore 

geometry. 

Plasma treated surfaces 

During the drainage experiments in microfluidic devices with more hydrophilic surfaces (plasma 

treated), particle fluid films are found to be flowing all along the microchannel corners, going in 

and out of the main particle volume (Figure 86). Due to differences in surface properties, films are 

much thinner in single pore geometry (not shown here) compared to L-pore geometry (see Figure 

86). The recirculation patterns in L-pore geometry are not present, instead particle fluid steadily 

drains from the microchannels and trapping element towards the outlet. This is contrary to single 

pore geometry, where fluid patterns of plasma altered surfaces nearly resemble native ones. 

Depending on the wettability (23° or ≈ 0°) and applied pressure difference, the magnitude of the 

outflow of wetting (particle + water) fluid from the trapping element can lead to displacement 

occurring within seconds or even instantaneously. Due to highly hydrophilic surfaces in this case, 

near instantaneous fluid displacement of non-wetting fluid (air) is observed during imbibition 

(particle fluid injection into air-saturated device), resulting in 100 % displacement efficiency.  
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Figure 86 Fluid velocity patterns in drainage mode for a plasma-treated single pocket geometry. 

Flow direction in the main underlying microchannel is from left to right to be consistent with 

single phase flow experiments. Streamlines are depicted in white. 

All in all, understanding the fluid advection patterns in two-phase flow experiments is essential to 

explain the capillary trapping phenomena and dissolution dynamics. In our single-phase liquid 
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experiments, we found creeping flow without recirculation patterns until 65 mbar of imposed 

pressure difference, which corresponds to Re number of 10. The recirculation of trapped water in 

two-phase drainage experiments occurs due to viscous force transfer from the underlying flow to 

the trapped fluid via the common interface. Detectable recirculation is observed from the very 

lowest applied pressures (5 mbar in our case) and the recirculation pattern evolves with the 

increasing pressure difference. Overall, the recirculation enhances advective species transport 

within the trapped volume. Thus, recirculation is expected to facilitate rapid CO2 concentration 

equilibration in water leading to uniform concentration for the pores near the main CO2 flow 

pathways. Finally, we show that wettability has a significant impact on fluid flow patterns in 

trapped volumes through film and corner flows. While the implication of wettability for capillary 

trapping may depend on pore geometry and the scale of investigation, solubility trapping is 

expected to benefit from more hydrophilic conditions due to increased surface area found in fluid 

films. 
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2. Capillary trapping and mass transfer 

This section presents the results of capillary trapping and mass transfer experiments in the 

following manner. The two microfluidic geometries introduced in the previous section, the single 

pocket and L-pore, are individually analyzed. For each geometry, results are separately examined 

under imbibition and drainage conditions. 

• In imbibition, the focus is on evaluating the capillary trapping potential of the CO2 

bubble, followed by an analysis of the dissolution-driven mass transfer. 

• In drainage, the capillary trapping potential is assessed for the water droplet, along with 

its evaporation dynamics. 

The results are tracked across the pressure difference range established in the previous section to 

ensure purely laminar flow conditions. The discussion emphasizes the role of wettability in 

capillary trapping and interfacial mass transfer, highlighting its impact on fluid retention and 

transport.  

a) Imbibition - water injection experiments 

As a reminder, within hydrophilic surfaces, as is the case here, imbibition refers to injecting water 

into a CO2-saturated microchannel. The goal is to trap CO2 in the trapping element while allowing 

water to continue flowing through the microchannel, thus enabling the study of CO2 dissolution 

dynamics. 

Capillary trapping potential of CO2 

Results on “single pocket” geometry 

Owing to the water-wet nature of the glass, water injection results in a complete CO2 displacement 

from the microchannel, encapsulating a small CO2 bubble in the pocket. The CO2-water interface 

during imbibition is expected to take on a convex shape, by observing from the water to the CO2 

phase. However, after conducting multiple experiments, it has become evident that the interface 

does not always form a perfectly smooth, circular shape as one might expect (see Figure 87). 

Instead, various deviations from the ideal convex shape are commonly observed. These interface 

distortions are particularly noticeable on native microchannel surfaces, though they are not 

exclusive to them. Interestingly, interface distortions remain stable across experiments, consistently 

appearing in the same locations unless the surface is modified. After the plasma treatment, 

interfaces seem to glide on freshly cleaned surfaces being guided by interfacial tension to minimize 

their potential energy. This suggests that physical and chemical surface heterogeneity influences 

local wettability, leading to variations in interface curvature. On more hydrophilic surfaces (contact 

angle 23°), the initial CO2 bubble is often observed to be positioned in one of the corners of the 

trapping element, as demonstrated in the 25-mbar example (Figure 87). Having a CO2 bubble shape 

covering the full width of the trapping element (e.g., at 50 mbar & 23°) or just being attached to 

one corner appears to be random, i.e., independent of imposed pressure difference. 
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Figure 87 Variations of initial CO2 bubble shape and size for two pressure differences and 

wettability conditions. 

When looking at the size of trapped volume (refer to Figure 88), CO2 bubbles vary considerably in 

their initial size between experiments under the same experimental conditions. This possibly occurs 

due to small perturbations in the flow patterns which are beyond experimental control.  Moreover, 

the bubble size data analysis (Figure 88) indicates a positive correlation between the initial bubble 

size and the imposed pressure difference, independent of surface wettability. The proportional 

relationship can be attributed to fundamental fluid dynamics. At higher fluid velocities, the 

increased inertia of water in the underlying channel limits its penetration into the pocket, thereby 

reducing the extent of CO2 gas displacement. On average, a more hydrophilic environment (contact 

angle of 23°) appears to slightly enhance the CO2 capillary trapping potential. 
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Figure 88 The initial CO2 bubble size (A1) scaling with the imposed pressure differences for the 

two wettability conditions. Nominal capacity denotes the measured area of a 500 × 500 μm 

trapping element. 

Results on “L-pore” geometry 

Similar to the single pocket geometry, the L-pore configuration in imbibition mode traps a CO2 

bubble. The bubble interface exhibits variations in convexity influenced by the microchannel 

surface properties and flow conditions (see Figure 89). A major distinction from the single-pocket 

geometry arises after plasma treatment, which reduces the contact angle to approximately 0°, 

rendering the surfaces superhydrophilic. As evident from the images, the CO2 bubble remains 

suspended between the water-covered surfaces, with no significant adhesion to the solid surface. 

Bubble displacement is thus frequently observed as its size decreases during the dissolution 

process. Additionally, when the pressure difference exceeds 35 mbar, viscous forces become 

sufficiently strong to displace the bubble immediately from the trapping element. Due to the 

anisotropic nature of the trapping element geometry, this observation is present only in the normal 

direction of the flow compared to the geometry direction (refer to Figure 89). In the native 

moderately water-wet surfaces, no significant change in initial bubble shape or size was observed. 

This is likely because the bubble is in contact with the trapping element surface while the entrance 

to the L-pore is essentially the same, maintaining a uniform width of 500 µm and at a substantial 

depth of 140 µm.  

 

 

 

Nominal capacity = 247 000 μm2 
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Figure 89 Variations of initial CO2 bubble shape and size at 25 mbar of pressure difference for 

the two wettability conditions and the two flow directions (achieved by re-orienting the 

microfluidic device for consistent flow direction from left to right).  

The variation of initial bubble size over the range of pressure differences for two flow directions 

to account for anisotropy and two wettability conditions is featured in Figure 90.  As previously 

discussed, despite the anisotropic geometry, altering the flow direction does not significantly affect 

the initial bubble size under moderately water-wet conditions within the reference pressure 

difference range (compare fully black squares with black squares marked with orange x). In highly 

water-wet conditions (represented by diamond-shaped data points), the capillary trapping potential 

of CO2 decreases progressively. For the normal flow direction, capillary trapping remains effective 

up to a pressure difference of 35 mbar (blue diamonds), whereas in the reverse flow direction, 

trapping persists across the entire tested pressure difference range. This behavior is likely attributed 

to the preferential water flow patterns in the normal direction, which penetrate the L-pore geometry 

more effectively. In contrast, under reverse flow conditions, the flow from the underlying channel 

does not reach the terminal region of the L-pore, thereby maintaining capillary trapping. Overall, 

there is no clear difference in initial bubble size between the tested wettability conditions. 
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Figure 90 Initial CO2 bubble size (A1) scaling with the imposed pressure differences for the two 

wettability conditions and the two flow directions. “Norm” and “rev” stand for normal and 

reverse flow directions, respectively. Nominal capacity denotes the measured area of the L-pore 

trapping element. 

Discussion on the capillary trapping potential of CO2 during imbibition 

When comparing the overall performance of two geometries in terms of saturation, we find that 

single pocket traps up to 60 % of CO2 while L-pore up to 85 %, relative to their respective nominal 

capacities. This suggests that more complex dead-end geometries tend to trap more non-wetting 

fluid. Such geometries isolate the non-wetting fluid from the main advection zones, thus shielding 

it from viscous forces that could otherwise displace it. 

It is however important to note that our observations are based on a single dead-end trapping 

element in the referenced geometries. This differs significantly from previous studies such as 

Mansouri-Boroujeni (2022) and  Zhao et al. (2016), where geometries consisted of multiple 

trapping elements in which the fluid was capable of flowing through the middle of the trapping 

element. In such complex porous media, capillary trapping (i.e., the saturation of the defending 

phase) is reflected in both displacement and sweep efficiency. In contrast, our study focuses on a 

scale of one pore, i.e., single trapping element, where only displacement efficiency is relevant. Our 

findings show that increasing the pressure difference, corresponding to a higher capillary number, 

leads to greater CO2 trapping. This aligns with observations by Mansouri-Boroujeni (2022), where 

displacement efficiency decreases, and  Zhao et al. (2016), where overall saturation of the 

defending phase increases.  

 

Nominal capacity = 572 000 μm2 
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Regarding the effect of anisotropy, the L-pore geometry did not show a substantial change in 

capillary trapping capacity under most explored conditions. However, under high pressure 

differences and superhydrophilic surface conditions, displacement increased to the extent where 

the capillary trapping is no longer effective, thus compromising the security of CO2 storage. 

Notably, the referenced studies did not address the influence of anisotropy.  

Additionally, previous studies highlighted that porous media characteristics such as wettability 

have a more pronounced effect at lower capillary numbers, which correspond to lower imposed 

pressure differences. In our experiments, the range of applied pressure differences, and therefore 

capillary numbers, may have been insufficiently broad or the overall values may have been too 

high. This could explain the limited observable effect of wettability in most cases. However, in the 

earlier-mentioned exception, a synergistic effect of low contact angles, specific trapping element 

orientation and elevated pressure differences may have led to complete elimination of capillary 

trapping. 

Finally, while differences in mobility ratio may also contribute to discrepancies between our results 

and those in other studies, the influence of mobility ratio was not explored here and remains outside 

the scope of this thesis. 

CO2 dissolution dynamics 

Results on “single pocket” geometry 

During imbibition, we track interfacial mass transfer through the dissolution of trapped CO2 

volume. The onset of mass transfer is as soon as two fluids are in contact (T-valve) however we 

track it only following the initial displacement in the microchannel leading to the entrapment of a 

CO2 bubble in the pocket. This part of the process following initial displacement and entrapment 

(t0) is visually depicted in Figure 91, showcasing representative examples for native and plasma 

treated surfaces at 25 mbar. 
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Figure 91 CO2 dissolution evolution during imbibition under 25 mbar acquired in reflection 

mode.  The arrow points to water droplets. 

At time t0, the initial entrapment phase is characterized, serving as a reference for evaluating 

capillary trapping potential, as discussed in the previous section. Since the bubble often spans the 

entire width of the pocket (see example on native surfaces at t0), a key event in the mass transfer 

process is its detachment to one of the pocket’s end corners (t1). As the bubble undergoes 

dissolution, interfacial tension forces act to minimize its surface potential energy by reshaping it 

into a more spherical form. Once detachment occurs, the bubble remains in the corner until 

CO2 

H2O 
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complete dissolution. As dissolution progresses, the bubble continues to shrink to a fraction of its 

initial volume, reducing its interfacial area and gradually migrating away from the primary 

advection regions into more stagnant, diffusion-dominated zones. Time t2 marks the onset of a 

significantly slower dissolution phase. 

An intriguing observation is spotted during the mass transfer process on plasma-altered glass 

surfaces (see time t1). Within the bubble, a tightly packed cluster of micrometer-sized water 

droplets occurs immediately following the displacement. These droplets are hypothesized to form 

due to condensation, indicating that during displacement within the tubing, water evaporates into 

the CO2.  

Mass transfer dynamics 

In addition to purely visual observations, patterns of bubble dissolution behavior are also tracked 

and analyzed through normalized perimeter (P/P1), normalized area (A/A1), normalized perimeter 

area (Ap/Ap1) and normalized dissolution rate ((
𝑑𝐴𝑝

𝑑𝑡
) / (

𝑑𝐴𝑝

𝑑𝑡
)

𝑀𝐴𝑋
). These metrics of the 

representative case are shown in Figure 92 and evaluated for both wettability conditions (53° and 

23°). Note, the perimeter-area parameter represents the bubble volume-to-interfacial area ratio (in 

3D), normalized to its initial state.  

The initial period of the mass transfer process is characterized by a rapid CO2 dissolution, 

showcased in all 4 parameters. In cases where a CO2 bubble covers the full pocket width (see the 

example with native surfaces at 53°), the progress of dissolution will eventually result in bubble 

detachment to one of the end pocket corners. During the detachment, the redistribution of the 

bubble volume in 3D results in an alteration of its shape. In 2D, this may be observed as a small 

temporary apparent increase in bubble size, or more often, a comparably smaller apparent decrease 

in bubble size deviating from the existing trend. Most pronounced changes are visible in the 

perimeter and dissolution rate behavior. The perimeter (see Figure 92a) stays constant during the 

translatory movement of the interface and only starts dropping when the bubble detaches (marked 

with an orange arrow). The dissolution rate (see Figure 92d) will experience a sudden, significant 

drop (marked with an orange arrow) that may even produce negative values if the bubble increases 

in size (not shown here). In cases where a bubble is attached to one of the corners from the 

beginning (see the example with plasma-treated surfaces at 23°), all 4 parameters decrease 

smoothly as the bubble gradually shrinks during dissolution.  

When the bubble size decreases to less than 5 % of its initial volume (see A/A1 ratio in Figure 92b), 

the average bubble volume-to-interfacial area ratio (Ap) falls below 32 μm at 53° and 38 μm at 23°. 

At this stage, dissolution rates significantly decrease (refer to Figure 92d and the dashed lines), 

marking the onset of the slow diffusion-dominated period. In addition to the bubble position 

shifting away from the primary flow pathways, the reduced interfacial area leads to a lower mass 

transfer rate, prolonging the dissolution process.  



141 

 

No significant difference in mass transfer patterns is observed between the two wettability states. 

Both exhibit a rapid dissolution phase during the initial period, followed by a prolonged phase of 

slow dissolution. 

a) 

 

b) 

 
c) 

 

d) 

 

 

Figure 92 The representative example of the bubble dissolution process, given for a 25 mbar of 

pressure difference. The process is tracked through the normalized perimeter – P/P1 (a), 

normalized area - A/A1 (b), normalized perimeter area – Ap/Ap1 (c) and normalized interval 

dissolution rate - (dAp/dt) / (dAp/dt)MAX (d). Dashed lines indicate the separation between fast and 

slow period for respective wettability conditions. Orange arrows mark the moment of bubble 

detachment. 

Mass transfer rates 

Each period can be approximated using a linear function, allowing for the extraction of average 

mass transfer rates specific to the respective periods. Overall and period-dependent CO2 dissolution 

mass transfer rates are shown in Figure 93.  

Since the first period (Figure 93a) is advection dependent, the magnitude of dissolution scales 

proportionally with imposed pressure difference. Specifically, the increase is observed up to 65 

mbar while a further increase (up to 75 mbar) had no effect. The reason for this is likely the 

appearance of a vortex that dissipates kinetic energy through circular motion, limiting the 
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concentration potential. The second period (Figure 93b) is diffusion-dependent, hence, the imposed 

pressure difference does not have a significant effect on mass transfer rates. The values are thus 

also two orders of magnitude lower compared to the first period. When comparing performance in 

different wettability conditions, the results indicate no significant wettability effect on mass transfer 

rates in the first period. Namely, the dominant factor governing dissolution in this period is 

advection while wettability is only a secondary factor. On the contrary, in the second period, there 

is a clear distinction between the two wettability states. Namely, wettability greatly influences the 

slower diffusion-governed period. A discussion on the observed behavior is provided in the 

following section. 

Overall mass transfer rates (Figure 93c) are thus a superposition of the two separate periods, 

proportionate to their respective magnitude and duration. The first period is very short, thus its 

impact compared to the significantly longer, slower period is minor. Therefore, in overall behavior 

there is only a minor dependency of the imposed pressure differences and a clear distinction 

between the two wettability states. Namely, mass transfer rates are meaningfully higher at a contact 

angle of 23° compared to 53°. Since the effect of the interfacial area is accounted for by perimeter 

normalization, the mechanism by which wettability impacts mass transfer rates remains to be 

answered. The average mass transfer values are on the order of a few μm/s (=10-6 m/s) which is 

comparable and consistent with other research findings presented in the Introduction section (Han 

et al., 2013; Patmonoaji and Suekane, 2017; Teng and Yamasaki, 1998). 
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a) 

 
b) 

 
c) 

 
Figure 93 The average perimeter-normalized dissolution rates (ΔAp/Δt) during fast period (a), 

slow period (b) and for the entire duration of the experiment (c) presented as a function of an 

imposed pressure difference for two wettability conditions. 

 



144 

 

Discussion on the wettability effects 

To investigate the mechanisms by which wettability influences mass transfer, in Figure 94 we 

present the overall mass transfer coefficient lumped with the perimeter (interfacial area in 3D). 

This mass transfer formulation complements the previous one (Figure 93c), where the interfacial 

area was excluded from the analysis by normalizing to the perimeter. By comparing both mass 

transfer formulations, we observe that the effect of wettability persists regardless of interfacial area. 

While existing literature suggests that variations in the interfacial area under different wettability 

conditions are the primary mechanism influencing mass transfer (Agaoglu et al., 2015), our 

comparison indicates the presence of an additional unaccounted mechanism. We hypothesize that 

differences in curvature (1/r) between wettability states lead to variations in capillary pressure, 

which in turn affects the mass transfer driving force at the interface. The increased curvature at a 

lower contact angle increases capillary pressure and thus overall pressure inside the bubble 

resulting in increased mass transfer rates. Another possibility are film and corner flows which 

would also increase the interfacial area available to facilitate mass transfer. 

 

Figure 94 The overall non-normalized dissolution rate (A1/tEND) presented as a function of an 

imposed pressure difference for two wettability conditions. 

To summarize, we identified two regimes of dissolution – the fast mass transfer in the initial period 

is governed by advection, while the slower period mass transfer in the second period is governed 

by diffusion. Overall, we demonstrated that wettability plays a critical role in governing dissolution 

dynamics, which is a key mass transfer process during CO2 storage. While the influence of 

wettability is secondary in high-advection zones, it becomes significant in low-advection 

environments, aligning with numerical findings by Primkulov et al. (2021) (discussed in        

Chapter 1). Within the tested wettability range (23 - 53°), more hydrophilic surfaces are found to 

facilitate faster CO2 dissolution. We hypothesize that, in addition to the increased interfacial area, 
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differences in curvature and the resulting capillary pressure may contribute to variations in 

wettability-influenced mass transfer rates.  

Since capillary trapping does not differ significantly between the two wettability conditions, the 

shorter overall dissolution time observed on more hydrophilic surfaces (not shown) can be 

attributed to enhanced mass transfer rates. This promotes more effective solubility trapping, 

contributing to safer long-term CO2 storage. 

This highlights the importance of comprehensive wettability characterization when selecting 

reservoir rocks and suggests the potential for surface engineering strategies to optimize long-term 

CO2 sequestration efficiency.   

Static CO2 dissolution 

Before moving to drainage experiments, one static experiment was conducted to characterize what 

happens to capillary-trapped CO2 bubbles located far away from advection zones. In large-scale 

projects, near-static conditions are assumed to occur in the reservoir after stopping the injection 

and after the gravity-induced segregation processes have diminished. The bubble dissolution would 

thus be governed by (Fickian) diffusion-dominated conditions where the concentration gradient 

decreases with time, slowing down the interfacial mass transfer.  

By starting the static experiment as an imbibition process, a small quantity of CO2 is trapped in the 

pocket. The main idea behind static conditions is to determine the possible time scale for full bubble 

dissolution when there is no advection to supply fresh water. The results of our single static 

experiment on native surfaces are shown in Figure 95. During the 3.5-day-long experiment, the 

CO2 bubble did not manage to dissolve entirely into the surrounding water. To determine the 

possible time scale needed for complete dissolution in static conditions, we fitted the experimental 

points and extrapolated the behavior. The extrapolation is performed assuming an infinite reservoir 

and results indicate that a bubble would nearly dissolve (less than 1 % of the initial size) after 117 

days. Such a timescale is more representative of actual subsurface CO2 dissolution processes 

compared to the rapid dissolution within minutes observed in our laboratory experiments. 

Looking at the overall dissolution process, the pattern follows previously shown imbibition 

experiments, however, the behavior seems to be stretched over a longer time frame. The dissolution 

is significantly higher at early times which is in accordance with expected behavior due to contact 

with unsaturated water. As the water in the vicinity of a bubble becomes more and more saturated 

in CO2 with time, dissolution rates are being retarded. Since the spreading of dissolved CO2 within 

the liquid (water) phase is governed by a concentration gradient (Fick’s law), bubble dissolution 

continues in later periods as a lot of liquid volume remains in the microchannels and connecting 

tubes. With time, unsaturated water is located further and further away making the system enter a 

quasi-static dissolution regime.  
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Figure 95 A static experiment showing the evolution of a CO2 bubble under no-flow conditions. 

The 3.5 days of experimental data are fitted with a two-parameter exponential function, corrected 

for basic artifacts and extrapolated to 125 days. 

Results on “L-pore” geometry 

The dissolution process in L-pore geometry is visually depicted in Figure 96. The initial 

displacement in the presented cases resulted in bubble entrapment (t0). In the native wettability 

with the average static contact angle of 59°, the interface is initially pinned in the convex corner 

(see orange arrow mark at t0). As the dissolution starts, the interface moves by adjusting itself to 

the geometry contours revolving around the convex corner as shown in t1. When the bubble reduces 

its size significantly (t2), it detaches to one of the concave corners where it stays until it completely 

dissolves. Similar to the single pocket geometry, the bubble remains in contact with the glass 

surfaces throughout the process. 

For plasma-altered surfaces, where the contact angle is nearly 0°, the bubble is never in direct 

contact with the glass. Instead, it is surrounded by a continuous water film, contrasting with the 

behavior observed in single-pocket geometries, where the bubble is still attached to the glass 

surfaces due to a significantly higher contact angle (23°). Despite the absence of direct solid 

contact, the bubble remains geometrically constrained near the same convex corner. As dissolution 

progresses, the bubble settles within the widest section of the L-pore (see dashed orange double 

arrow line at t1) where it adopts a circular shape as interfacial tension minimizes surface energy. 

Under highly water-wet conditions (0°), the bubble is positioned significantly closer to the 

underlying microchannel and primary fluid pathways compared to the moderately water-wet case 

(59°). Thus, wettability and pore structure geometry conjointly influence dissolution kinetics and 

mass transfer efficiency.  

 

3.5 days <1% @ 117 days 
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Figure 96 CO2 dissolution evolution during imbibition under 50 mbar. “Norm” and “rev” stand 

for normal and reverse flow directions, respectively. The thick arrow points to the location of 

pinning in the corner, the curved arrow shows the direction of interface movement in geometry 

and the double arrow indicates the widest part of the geometry. 
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Mass transfer dynamics 

A more detailed analysis of the dissolution process is provided through the previously defined 

parameters (P/P1, A/A1, Ap/Ap1 and (
𝑑𝐴𝑝

𝑑𝑡
) / (

𝑑𝐴𝑝

𝑑𝑡
)

𝑀𝐴𝑋
). Unlike single pocket geometry, identifying 

a representative dissolution pattern in the L-pore configuration presents greater challenges. 

Multiple displacement events occurring at the initial stages of the process complicate the analysis 

of mass transfer dynamics with greater statistical significance. Out of all tested conditions and with 

current experimental data availability, we chose only two with representative behavior for the 

whole pressure difference range. 

Thus, in Figure 97, we showcase dissolution patterns at 50 mbar of imposed pressure difference. 

Since L-pore geometry is more complex having the potential to trap more volume, the experiments 

on native surfaces lasted significantly longer compared to single pocket geometry. Therefore, to 

highlight important events featured at the beginning of the dissolution process we configured these 

graphs to a log scale. Looking at the P/P1 graph (Figure 97a), we observe two major increases in 

the interfacial area compared to initial conditions (marked by orange arrows). The first corresponds 

to the interface passing through the widest part of the L-pore geometry (t1 in Figure 96) while the 

second marks bubble detachment (t2 in Figure 96). Due to proximity to the underlying 

microchannel, the first increase in interfacial area corresponds to a maximum observed dissolution 

rate (see orange arrow mark in Figure 97d). Following another increase during the detachment, the 

dissolution rate decreases to minimum values, marking the onset of a slow diffusion-dominated 

period (marked by the dashed line in all graphs). Up to this point, the behavior observed in the 

normal flow direction has also been representative of the reverse injection direction. However, 

shortly after the onset of the slow dissolution period, bubble growth was observed in the case of 

reverse flow, persisting for several hours.  

A hypothesis is that this process could potentially refill the trapping element with exsolved gas, 

returning the bubble to its initial size or even exceeding it. When the entire system was subjected 

to an additional 100 mbar of confining pressure while maintaining the same pressure difference, 

the exsolution phenomenon was no longer observed. This suggests that the water in the inlet 

reservoir became saturated with air, while the remaining trapped bubble acted as a nucleation site, 

initiating the exsolution process. However, the reason this phenomenon occurs exclusively on 

native surfaces in one flow direction remains an open question. A hypothesis is that a particular 

mixing occurs, leading to an increase in concentration gradient and consequently exsolution. With 

fluid recirculation and pressure oscillations, this phenomenon is also likely to occur on a large 

scale, reducing the potential for solubility trapping and potentially mobilizing the capillary-trapped 

CO2 phase.  
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 59 ° (native) norm ≈ 0 ° (plasma treated) rev 

a) 

  
b) 

  
c) 

  
d) 

  
Figure 97 The representative example of the bubble dissolution process, given for a 50 mbar of 

pressure difference. The process is tracked through the normalized perimeter – P/P1 (a), area - 

A/A1 (b), perimeter area – Ap/Ap1 (c) and interval dissolution rate - (dAp/dt) / (dAp/dt)MAX (d). 

Dashed lines indicate the separation between fast and slow period for respective wettability 

conditions. Orange arrows in a) and d) point to bubble detachment, while in b) it indicates a 

period of bubble size increase during reverse flow. Note, a logarithmic scale is used to make 

crucial events more visible, particularly in the case of native wettability conditions. 
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On superhydrophilic surfaces with 0° contact angle, dissolution patterns are simplified and closely 

resemble those observed in the single pocket geometry results. By observing the interfacial area 

evolution in the P/P1 graph (Figure 97a) stays relatively constant for a few seconds while the bubble 

rapidly shrinks down (Figure 97b). With a round bubble confined to the widest part of the L-pore 

(time t1 in Figure 96 corresponding to a moment denoted with an orange arrow mark in Figure 

97b), the interfacial area gradually decreases over time as dissolution progresses, maintaining a 

relatively high dissolution rate (Figure 97d). The reach of the critical Ap value of around 43 μm 

marks the onset of a long and slow diffusion-dominated indicated with blue dashed lines in all 

graphs of Figure 97. The corresponding critical Ap value on the native (59°) surface at the moment 

of detachment is rather high, averaging 188 μm. Compared to the values obtained in the single-

pocket geometry (32 and 38 μm), the measurements of Ap in the L-pore geometry are consistently 

higher. No significant oscillations in the critical Ap values were observed with imposed pressure 

differences or changes in flow direction within either geometry or wettability state. Therefore, these 

differences primarily arise from the bubble’s exposure to advective conditions, which are 

influenced by the interplay between geometrical features and wettability. 

Overall, it can be concluded that both wettability and the complexity and anisotropy of geometrical 

features play a crucial role in influencing the dissolution patterns. 

Mass transfer rates 

Given the significantly different dissolution patterns indicating exsolution and the limited 

availability of complete experimental data on native surfaces, together with the occurrence of 

bubble displacements at higher imposed pressure differences on plasma-altered surfaces, we 

present the period-dependent and overall dissolution rates in Figure 98. On the whole, the 

dissolution patterns are consistent with those observed in the single-pocket geometry, where 

dissolution occurs rapidly in the initial period, followed by a significantly slower second phase. 
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a) 

 
b) 

 
c) 

 

Figure 98 Average dissolution rates (ΔAp/Δt) during fast period (a), slow period (b) and for the 

entire duration of the experiment (c) presented as a function of pressure for two wettability 

conditions. 
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During the first period (Figure 98a), the dissolution rates range from 101 to 102 μm/s, with only the 

results produced on 0° contact angle surfaces in normal flow direction exhibiting a clear 

dependence on the imposed pressure difference. The 0° and normal flow direction is also the only 

case where we systematically observe bubble displacement from the trapping element right from 

the beginning of the process, occurring for pressure differences exceeding 35 mbar. Generally, 

higher average dissolution rates and bubble displacements at higher pressure differences stem from 

the bubble’s exposure to the advection zones which is a synergic effect of trapping element 

geometry, flow direction and surface wettability. When comparing the two wettability conditions, 

the lower contact angle data points are on average associated with higher dissolution rates. 

However, the limited experimental data on native surfaces prevents drawing strong conclusions, 

restricting further analysis. 

In the second, diffusion-governed period (Figure 98b), dissolution rates are two to three orders of 

magnitude lower compared to the initial advection-governed period as the interface shrinks and 

moves further away from the primary advection zones reducing concentration potential. The 

available data suggest that native surfaces (59°) exhibit dissolution rates on the order of 10-2 μm/s, 

approximately one order of magnitude lower than their superhydrophilic counterparts (0°).  

The overall dissolution rates are once again the superposition of the distinctive periods, weighted 

by their respective magnitudes and durations. On moderately hydrophilic surfaces (59°), overall 

dissolution rates are on the order of 10-1 μm/s, whereas on superhydrophilic surfaces (0°) they range 

from 100 to 101 μm/s. 

Discussion and conclusion 

In L-pore geometry, two dissolution regimes are identified with dissolution rates being higher on 

more hydrophilic surfaces (0°) which is consistent with observations on single pocket geometry. 

Though some tendencies are visible in the first period, the wettability effect on mass transfer rates 

is dominant in the second period. This contrasts with the observations by Sun et al. (2024) 

presented in section I.2., where they numerically acquired results suggesting that wettability plays 

a more important role in the initial period of dissolution. 

When comparing the performance between geometries, the CO2 dissolution mass transfer rates on 

native surfaces are higher in the single pocket geometry, whereas plasma-altered surfaces exhibit 

higher rates in the L-pore geometry. While the difference in geometric complexity between the two 

microfluidic designs explains the performance on native surfaces, favoring more simplistic single 

pocket geometry, the difference in performance observed on plasma-altered surfaces can be 

attributed to a meaningful contrast in contact angle, favoring the lower contact angle found on        

L-pore geometry. Although geometric anisotropy strongly affects capillary trapping, its influence 

on mass transfer rates appears to be minimal as the diffusion regime prevails. Thus, it can be 

concluded that geometric complexity and the wettability conditions together play a role in 

governing pass transfer rates related to CO2 dissolution. 
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b) Drainage - CO2 injection experiments 

To remind the reader, drainage in our hydrophilic microfluidic devices refers to the injection of 

CO2 in the water-saturated microchannels. The objective is to achieve water entrapment and 

investigate water evaporation dynamics. Large-scale operations such as natural gas storage, 

injection of CO2 for enhanced oil recovery (EOR) and improved oil recovery (IOR), CO2-based 

geothermal projects, and underground CO2 injection and storage in water-wet porous media are all 

inherently drainage processes. 

Capillary trapping potential of water 

Results on “single pocket” geometry 

Following the water displacement in our hydrophilic microfluidic devices, the CO2 flows in the 

middle of the microchannels while water remains attached all along the walls. Depending on the 

surface wettability, water is present in the form of dispersed droplets (see Figure 78 and             

Figure 100) when the contact angle is high, or in the form of fluid films and corner flow (see Figure 

99) when the contact angle is low.   
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Figure 99 The fluid film patterns acquired on top and bottom of microchannel surfaces. The 

images are acquired under no-flow conditions following the displacement of water with CO2 in 

plasma treated 500 μm channels under 5x magnification in reflection mode.  

Besides wettability, the thickness and the shape of the film patterns depend on the displacement 

velocity (Bretherton, 1961) as indicated in Figure 99. Water films along the microchannels 
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destabilize rapidly (within seconds) due to the flow. They form small droplets which move along 

the microchannel surfaces being propelled by the flow of CO2. 

The shape of the droplet interface during drainage experiments is always concave, looking from 

the CO2 into the water phase (see Figure 100). The shape of the interface in contact with glass 

surfaces with the native wettability conditions is not smooth just like demonstrated in the imbibition 

section. Interestingly, after the plasma treatment, the interface often lies flush with the upper edge 

of the microchannel attached at the corners (see 23° conditions in Figure 100). With barely any 

curvature, it traps nearly the full capacity of the pocket.  
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Figure 100 Variations of initial water droplet shape and size for two pressure differences and 

wettability conditions. 

Overall, water droplets occupy a relatively larger portion of the pore, and their initial size is more 

stable with respect to the imposed pressure difference compared to gas bubbles during imbibition 

experiments (see Figure 101). This behavior is primarily due to the hydrophilic nature of glass 

surfaces, which have a higher affinity for water, allowing them to retain the droplet more 

effectively. Additionally, the higher density and viscosity of water increase its inertia, making it 

less susceptible to the viscous drag force exerted by the flowing gas phase.  Thus, during drainage 

H2O 

CO2 
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on the 23° surface, nearly the full capacity of the trapping element is utilized for water retention, 

whereas during imbibition, typically only around 50% of the volume is filled with CO2. 

By looking at Figure 101, we can observe that in native moderately water-wet surfaces (53°), 

capillary trapping of water slightly increases with the imposed pressure difference. This behavior 

closely resembles CO2 trapping during imbibition on the same native wettability surfaces. In 

contrast, on more hydrophilic surfaces (23°), the capillary trapping potential of water appears to 

decrease as the pressure difference increases. Namely, as the pressure difference increases, viscous 

forces begin to dominate over capillary forces, pulling a small portion of the trapped water out of 

the pocket into the microchannel. The contact angle is however not sufficiently low to create stable 

films and corner flows to drain the whole trapped volume out of the pocket. 

 

Figure 101 Initial water droplet size (A1) scaling with the imposed pressure differences for the 

two wettability conditions. Nominal capacity denotes the measured area of a 500 × 500 μm 

trapping element. 

Results on “L-pore” geometry 

Displacement of water by a stream of CO2 gas leaves behind residual water in the form of disrupted 

thin films and accumulated volumes along the corners of the microchannel geometry (see Figure 

102). Despite comparable wettability to single pocket microfluidic devices (Micronit), the amount 

of trapped water in devices with L-pore geometry (Klearia) seems to be far superior, before and 

after the plasma treatment. By looking at the edges along the entire microchannel, it is visible that 

surface topology portrays far more striations, indicating a rougher surface finish. This implies that 

the glass surface in this microfluidic device resembles the Wenzel model (refer to Chapter 1), 

capable of retaining more of the wetting phase onto its surfaces. Supporting this statement is the 

Nominal capacity = 247 000 μm2 
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observation that droplet interfaces exhibit significantly less distortion when gliding over lubricating 

water films. In this case, the interface can smoothly adjust its shape to minimize surface energy, 

rather than becoming pinned and distorted by surface heterogeneities on a mostly dry substrate. 

While the concavity of the interface in the native moderately water-set state is comparable to the 

results on a single pocket device, the initial droplet of plasma altered surfaces indicates a highly 

curved interface. A possible explanation could be thick water films which could result in an outflow 

of the fluid through the corners of the microchannel, as shown in the PIV results.  
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Figure 102 Variations of initial water droplet shape and size at 25 mbar of pressure difference 

for the two wettability conditions and the two flow directions (achieved by re-orienting the 

microfluidic device for consistent flow direction from left to right). 

The initial droplet size, shown in Figure 103, increases with the imposed pressure difference across 

all cases, except for native surfaces under the normal flow direction. This deviation may be 

attributed to the limited number of data points, which may not fully capture the natural data 

dispersion statistics. The observed proportional behavior of droplet size with imposed pressure 

difference can be explained by the Wenzel wetting state, as discussed earlier, and is further 

amplified under highly hydrophilic conditions following plasma treatment. Specifically, after the 

initial displacement, thicker liquid films tend to form at higher displacement velocities, consistent 
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with Bretherton’s law. In the moments following displacement, these films rapidly break and part 

of them retracts into the primary trapped volume to minimize surface free energy. Consequently, at 

higher pressure differences, thicker films contribute to the trapped water volume, leading to an 

increase in the initial droplet size. 

Another key observation from Figure 103 are larger initial trapped volumes in the native, 

moderately water-wet environment compared to the highly water-wet conditions induced by 

plasma treatment, particularly at the lower pressure differences. However, at higher imposed 

pressure differences, this distinction becomes less pronounced. This behavior contrasts with the 

single-pocket geometry, where a larger volume was trapped on plasma-treated surfaces. However, 

it is important to note that the contact angles in these cases are not identical. 

 

Figure 103 The initial water droplet size (A1) scaling with the imposed pressure differences for 

the two wettability conditions and the two flow directions. “Norm” and “rev” stand for normal 

and reverse flow directions, respectively. Nominal capacity denotes the measured area of the L-

pore trapping element. 

Water evaporation dynamics 

Results on “single pocket” geometry 

During drainage, water evaporation is a mass transfer process of interest. Like in the case of 

imbibition, the onset of mass exchange through the interface is as soon as two fluids are in contact 

(in the T-valve) however, we only follow it after the initial displacement in the microchannel, 

leading to the entrapment of a water droplet in the pocket.  

Before examining the specifics of water evaporation during drainage, it is important to note the 

variation in interface “thickness” (in 2D) across experiments conducted under different wettability 

Nominal capacity = 572 000 μm2 
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conditions. This difference is particularly pronounced in the single pocket geometry, as seen when 

comparing native and plasma-treated surfaces in Figure 104. Specifically, the interface on plasma-

treated surfaces appears thicker, indicating greater curvature in the z-direction (depth) of the 

microchannel. 

Within the scope of this thesis, direct measurements of curvature in the z-direction are not 

performed. Given that the microchannel depth (100 μm) is considerably smaller than its other 

dimensions (500 μm wide), we assume that the interface is a straight projection of the perimeter 

into the depth. Consequently, the absolute values of our results remain comparable to actual 

conditions.  

Mass transfer dynamics 

The characteristic events during the drainage following the initial displacement (t0) are illustrated 

in Figure 104. Due to the hydrophilic nature of the glass surfaces, the passage of the CO2 front 

leaves behind residual water in the form of corner volumes, thin films, and small droplets (see 

orange arrow markings at t0), with their distribution depending on the specific contact angle. While 

at 53° the water volumes will tend to stay in place, at 23° those volumes will be advected by the 

stream of flowing gas (CO2), resulting in the refilling events. These refilling events contribute to 

the growth of the main droplet within the trapping element, as observed at t1. 

While significant water volumes remain in the underlying microchannel, the movement of the main 

water droplet interface is slower on 53° surfaces. This is because the flowing CO2 becomes 

presaturated with water vapor due to upstream evaporation from these residual volumes, which 

reduces its capacity to further evaporate the main droplet. On the contrary, the interface movement 

on 23° surfaces seems to accelerate and decelerate with no particular patterns. Hence, corner inflow 

and outflow from the main trapping element are assumed to be the drivers of these changes.  

Once all residual water has evaporated (time t1 at 53° and t2 at 23°), the interface movement 

accelerates as dry CO2 directly contacts the main droplet. While the interface is symmetrical with 

respect to the central pocket axis throughout evaporation at 23°, at 53°, it starts off-centered to one 

side (t0) and then shifts toward the opposite sidewall of the pocket as visible at t2. With the interface 

reaching the end of the pocket, the main water droplet splits into two smaller droplets (see time t3). 

At 53°, the asymmetry of the interface results in two unequally sized droplets, whose complete 

evaporation times are proportional to their respective sizes. In contrast, at 23°, the droplets are 

equal in size and evaporate simultaneously. 
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Figure 104 Water evaporation evolution during drainage under 25 mbar. The central axis of the 

pocket is shown with the dashed lines. Locations marked by the orange arrows point to the 

residual water volumes (droplets) outside the main trapping element. 

From the images (Figure 104), data were extracted to characterize the evaporation behavior and 

patterns using four key parameters. A general description of the process is provided based on the 

results shown in Figure 105, which includes representative examples for both wettability 

conditions. The overall evaporation behavior during drainage can be categorized into two distinct 

phases: a “wet” period and a “dry” period. The wet period begins immediately after displacement, 

during which considerable volumes of water persist within the microchannels and tubing for both 

wettability conditions. 

At 53°, average evaporation rates (see Figure 105d) remain low as the CO2 stream is already 

presaturated with water vapor, limiting its capacity to evaporate the main droplet. Consequently, 

the main droplet experiences only a minor reduction in size (Figure 105b). The perimeter (see   

Figure 105a) stays stable as the evaporation is characterized predominantly by the translatory 

movement of the interface. Overall, the observed trends across all four parameters indicate smooth 

and continuous behavior, with no abrupt transitions. At this wettability condition, the water remains 

immobilized, resulting in neither inflow nor outflow from the primary trapping element. 

Consequently, the evaporation behavior is governed solely by the mass transfer process. 

At 23°, the presence of significant mobile water volumes along the microchannel and tubing leads 

to considerable variability in evaporation patterns, resulting in unpredictable behavior 

characterized by multiple trends and strong nonlinearity. Several co-occurring mechanisms are 

proposed to influence the evolution of the main droplet during this period. The most prominent of 

these is droplet inflow from the underlying channel, which results in refilling events. These distinct 

events are observable as increases in droplet volume (Figure 105b) and negative evaporation rates 

(Figure 105d), marked by blue arrows in the respective graphs. Additionally, less abrupt increases 

of droplet area could be attributed to water inflow into the trapping element (pocket) through films 

and corners. 
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In the continuation of the wet evaporation process at 23°, a slowdown or stalling of droplet area 

evolution is also frequently observed (Figure 105b), making this phase last a significant portion of 

the total evaporation time. Slowdown and stalling could be a result of gradual water film inflow, 

droplet swelling due to CO2 dissolution (not explicitly observed), or even interface pinning in the 

underlying microchannel. However, unlike the distinct refilling events with droplets, droplet 

swelling and water exchange through films and corners are difficult to detect due to the absence of 

flow indicators. Additionally, pinning in the underlying microchannel often occurs outside the 

observation camera’s field of view, however, it has been noticed on other geometries.  

The evaporation into the humid CO2 and possibly the outflow through films and corner volumes 

are assumed to be causing a reduction in droplet size. As a result of competition between various 

mechanisms, droplet area dynamics during the wet period is characterized by multiple evaporation 

trends.  

The displacement and/or evaporation of all the retained water volumes upstream from the trapping 

element marks the onset of the dry period (see dashed lines in all graphs). During the dry period, 

the perimeter of the main water droplet stays nearly constant (Figure 105a) while the area evolution 

in time follows an essentially linear trend (Figure 105b). The linear behavior lasts until the interface 

reaches the end of the pocket, causing the droplet to split into two parts. The asymmetric tilting on 

native (53°) surfaces before splitting (see time t2 in Figure 104) causes a slight increase in perimeter. 

During the dry period, the evaporation rates are elevated and stay relatively constant until the 

splitting (see Figure 105d after the respective dashed lines until the orange arrow markings). 
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a) 

 

b) 

 
c) 

 

d) 

 

 

Figure 105 The patterns of the droplet evaporation process, given for 25 mbar of pressure 

difference at two wettability conditions. The process is tracked through the normalized perimeter 

– P/P1 (a), normalized area - A/A1 (b), normalized perimeter area – Ap/Ap1 (c) and normalized 

interval dissolution rate - (dAp/dt) / (dAp/dt)MAX (d). Dashed lines indicate the transition between 

the fast and slow evaporation periods for each respective wettability condition. Orange arrows in 

graphs a) and d) mark the moment when the liquid interface contacts the far pocket wall, 

resulting in the division of the water body into two segments. Blue arrows in graphs b) and d) 

highlight abrupt refilling events. 

Mass transfer rates 

In Figure 106, we present the average evaporation rates as a function of the imposed pressure 

difference during the wet period, dry period, and across the entire experimental duration. The wet 

period values are calculated from the time following the last refilling event, while the dry period 

includes only the linear phase leading up to droplet splitting. The overall values account for both 

exclusions, specifically, incorporating the time interval from the last refilling event up to the 

moment of droplet splitting. 

During the wet period (Figure 106a), evaporation rates on 53° surfaces remain relatively constant 

and low, on the order of 10-2 μm/s. In contrast, on 23° surfaces, evaporation rates scale with applied 

pressure, reaching values on the order of 1 μm/s, highlighting a clear distinction in mass transfer 

stalling 
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behavior between the two wettability conditions. Notably, data dispersion increases with applied 

pressure difference, particularly on the 23° surface. 

During the dry period (Figure 106b), mass transfer rates on 53° surfaces exhibit a linear relationship 

with the imposed pressure difference. However, on 23° surfaces, mass transfer rates do not follow 

a straightforward linear trend with pressure, having no clear physical explanation. The average 

mass transfer rates during this period are on the order of 10-1 μm/s for both surfaces, indicating that 

wettability effects are not pronounced. In contrast to the wet period, data dispersion decreases with 

increasing pressure difference, particularly on 23° surfaces, highlighting the importance of 

advection for this period. 

When comparing these two periods, mass transfer rates on 53° surfaces tend to be higher during 

the dry period, whereas the wet period favors higher rates on 23° surfaces. This difference can be 

attributed to proximity to the underlying microchannel through distinct mechanisms. On 53° 

surfaces, the dry period begins with only a minor reduction in initial droplet size, maintaining close 

contact with the primary advection zones, thereby sustaining higher mass transfer rates. 

Conversely, on 23° surfaces, the same proximity of the interface to the underlying microchannel 

may facilitate water outflow through films and corners, contributing to elevated average rates 

during the wet period compared to the subsequent dry period. 

Finally, mass transfer rates over the entire experimental duration (Figure 106c) reflect a combined 

influence of both periods, weighted by their respective durations and magnitudes. Due to its longer 

duration, the wet period predominantly influences the overall values on 23° surfaces, whereas the 

dry period has a greater impact on 53° surfaces. At lower pressure differences, mass transfer rates 

are nearly identical for both wettability conditions, but they diverge as the pressure difference 

increases, with 23° surfaces again exhibiting a steeper rise. The values of normalized and lumped 

mass transfer coefficient (the latter is not shown here) remain predominantly within the order of 

10-1 μm/s and 102 μm2/s, respectively, with resembling trends over the pressure difference range.  

 

 



164 

 

a) 

 
b) 

 
c) 

 

Figure 106 The average perimeter-normalized evaporation rates during the wet period (a), dry 

period (b and overall (c) * taken without refilling events and before splitting. The results are 

presented as a function of an imposed pressure difference for two wettability conditions. 
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Discussion and conclusion 

By evaluating four key parameters extracted through image processing, characteristic evaporation 

patterns were identified, consistently exhibiting two distinct temporal regimes: a wet period 

followed by a dry period. During the wet period, significant volumes of water remain along the 

microchannel and tubing, presaturating the CO2 stream with water vapor and thereby limiting the 

evaporation of the main water droplet. The transition to the dry period is marked by the depletion 

of all residual water volumes except the main droplet, after which evaporation proceeds under drier 

gas conditions. 

Wettability predominantly governs the behavior of the water phase in the main trapping element 

during the initial wet period. Specifically, on more hydrophilic surfaces (23°), the water remains 

mobile and is thus more strongly influenced by pressure-driven advective forces. This results in 

increased water movement (into and) out of the trapping element (via corner flow), in addition to 

evaporation. Consequently, surfaces with a 23° contact angle exhibit higher mass transfer rates than 

those with a 53°. This behavior is also reflected in the overall mass transfer values. Additionally, 

both 23° and 53° surfaces show a positive scaling of mass transfer rates with pressure. At 23°, this 

scaling is primarily attributed to enhanced fluid advection during the wet phase, as previously 

discussed. In contrast, at 53°, advection maintains a steep concentration gradient in the gas phase 

by rapidly supplying dry CO2 during the dry phase. 

Furthermore, the agreement in behavior and trends between the normalized and lumped mass 

transfer coefficient formulations suggests that, beyond the enhancement of interfacial area, 

wettability influences mass transfer through additional mechanisms, potentially involving 

modifications in interface morphology or contact line dynamics. 

To relate this observation to capillary trapping, at higher hydrophilicity (23°), the system exhibits 

larger initial droplet volumes along with elevated evaporation rates. As a result, at the scale of a 

single pore, the overall dissolution times are comparable to those observed under less hydrophilic 

conditions (53°), where smaller trapped volumes evaporate at a slower rate. While water is 

generally not the targeted storage phase, if retention of the aqueous phase were of interest, such 

behavior would suggest enhanced storage security via a combination of capillary trapping and 

increased mass transfer efficiency under hydrophilic conditions. 

Finally, comparison between the magnitudes of water evaporation and CO2 dissolution reveals that 

water evaporates approximately one order of magnitude more slowly than CO2 dissolves into the 

aqueous phase. This expected observation stems from the inherent differences in intermolecular 

bonding, with water’s strong hydrogen bonding resulting in a lower vapor pressure and 

consequently slower phase transfer. This physical characteristic is mirrored in its relatively high 

capacity to dissolve CO2, reinforcing the aqueous phase as a favorable medium for solubility 

trapping in carbon storage applications. Moreover, while water evaporation rates increase with the 

applied pressure difference, CO2 dissolution appears to remain largely unaffected.  
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Results on “L-pore” geometry 

During drainage in the L-pore geometry, we observed a rapid decrease in droplet area over time. 

Consistent with the PIV results, the observations in Figure 107 show that water is drained from the 

trapping element primarily through film and corner flow (see arrow markings). On average, water 

drainage up to residual films takes 15s on native (59°) surfaces and 6s on plasma-treated (0°) 

surfaces.  
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Figure 107 Water evaporation evolution during drainage under 25 mbar. Blue arrow marks the 

existence of films, while orange arrows mark the existence of corner volumes. 

These observations are further quantified through overall water drainage rates shown in Figure 108. 

Across all experimental conditions, nearly all measured rates exceed 104 and even 105 μm2/s. 

Interfacial mass transfer is thus highly unlikely to be the responsible mechanism as values obtained 

on single pocket geometry contrast these results by at least two orders of magnitude. The results 

below 104 μm2/s, indicated with the orange arrow, could potentially have superimposed film and 

corner flow drainage (gradual displacement) with still influential fluid-fluid interfacial mass 

transfer. While the flow direction does not make a difference on 0° surfaces, 59° surfaces tend to 

exhibit higher drainage rates in the normal flow direction, likely due to the alignment of the 

trapping element geometry with the main flow. Water drainage rates in the L-pore initially start at 

comparable values across wettability conditions but diverge at higher pressure differences, favoring 
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increased drainage rates at 0° wettability. This behavior is similar to wettability-influenced 

evaporation rate trends observed on the single pocket geometry shown just earlier (Figure 106c). 

 

Figure 108 Overall water drainage rates (A1/tEND) presented as a function of pressure for two 

wettability conditions. A few selected points with the lowest observed rates are marked with an 

orange arrow. 

Consequently, the experimental data do not provide insight into interfacial mass transfer on L-pore 

geometry during the drainage but rather indicate two mechanisms of mass transfer - dominant 

physical advection through water films and corner flows, and less dominant evaporation. With the 

current setup we are unable to experimentally quantify the contribution of each mechanism. Despite 

this, the effect of wettability is still observable, favoring drainage rates on superhydrophilic 

surfaces. While the wettability itself explains the behavior on 0°surfaces, we hypothesize that the 

behavior on 59° surfaces can be attributed to surface roughness creating small channels within the 

geometry draining (advecting) the fluid from the main trapping element and increasing the 

interfacial area for mass transfer. Thus, the presence of significant water films and corner volumes 

is expected to enhance overall mass transfer by evaporation through the creation of an extensive 

interfacial area.  

The absence of direct measurements of evaporation limits our ability to compare with dissolution 

mass transfer rates within the L-pore geometry and further hinders a comprehensive comparison of 

mass transfer efficiency between the two geometries. We hypothesize that the observations made 

at the single-pore scale can be extrapolated, suggesting that evaporation would proceed more 

slowly than dissolution. Furthermore, if the same wettability conditions were compared between 

the two geometries, evaporation would likely be higher in the single-pocket configuration than in 
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the L-pore geometry. This is primarily due to the simpler geometry of the single pocket, which 

allows for better exposure of the interface to the flowing CO2 stream, resulting in locally higher 

Reynolds numbers. 
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IV. Conclusion 

The main objective of this chapter was to evaluate the impact of wettability on capillary trapping 

and interfacial mass transfer within the CCUS framework using a microfluidic approach. The 

experiments were performed on two microfluidic geometries using CO2 and water as proxies for 

injection and reservoir fluid. In each geometry, we performed drainage and imbibition. During the 

drainage, the goal was to trap water and study the evaporation as representative mass transfer while 

in imbibition we aimed to immobilize CO2 and evaluate dissolution patterns. Results from each 

geometry are evaluated on two distinct wettability conditions over the range of imposed pressure 

differences simulating different flow conditions.  

Prior to the main experiments, we aimed to characterize and constrain the range of flow properties 

in our geometry designs for single- and two-phase flow using particle experiments. Analysis of 

flow patterns in the primary geometrical features during single-phase water flow revealed that the 

onset of the first recirculation patterns occurs around 65 mbar, marking a deviation from the 

creeping flow regime. In this pressure difference range, the Reynolds number remained below 20 

while the corresponding capillary number during two-phase flow was approximately 10-3, both of 

which could be encountered during typical CCUS projects. During drainage, we observed 

advective motion with a trapped water droplet, driven by momentum transfer at the interface from 

the underlying gas flow. Additionally, on plasma-treated surfaces, drainage was characterized by a 

strong presence and flow of film and corner volumes. Both observations turned out to be crucial 

for the interpretation of mass transfer behavior. 

With the necessary flow testing completed, we now shift to the main research focus – capillary 

trapping and mass transfer. By providing an overview of the experimental conditions in Table 14 

and Table 15, we aim to achieve a clearer perspective on the results and their implications. 

1. Capillary trapping 

 

Table 14 The overview of the experimental conditions used to assess capillary trapping. The 

abbreviation dp stands for pressure difference. 

CAPILLARY 

TRAPPING 

CO2 trapping Water trapping 

Single pocket 53° vs 23° @ dp 15 – 75 mbar 53° vs 23° @ dp 15 – 75 mbar 

L-pore 53° vs 23° & flow direction 

@ dp 15 – 75 mbar 

53° vs 23° & flow direction 

@ dp 15 – 75 mbar 

a) CO2 trapping 

During imbibition, the initial CO₂ bubble exhibits a wide range of shapes influenced by both pore 

geometry and wettability. At lower contact angles, the bubble interface remains more rounded and 

curved, predominantly guided by interfacial tension rather than the geometry of the trapping 

element. In single pocket geometry, the bubble consistently remains in contact with the solid 
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surface, whereas in L-pore geometry under superhydrophilic conditions (0°), the bubble does not 

come into contact with the glass surfaces. 

Wettability does not appear to significantly affect the initial bubble size in single pocket geometry. 

Likewise, the initial bubble size on L-pore geometry does not show dependency on wettability or 

flow anisotropy. However, in L-pore geometry, CO2 bubble displacement is consistently observed 

under superhydrophilic conditions (0°) when the imposed pressure difference exceeds 35 mbar in 

the normal flow direction. This finding suggests that the combined effect of flow anisotropy and 

wettability can influence the capillary trapping potential of CO2. 

b) Water trapping 

Due to the hydrophilic nature of glass surfaces, significant water volumes remain trapped following 

the initial displacement during drainage. These trapped volumes are present as water films, 

droplets, and corner volumes along the microchannels and tubes, in addition to the principal volume 

within the trapping element.  

In single pocket geometry, the interface of the principal water droplet on 53° surfaces is asymmetric 

with respect to the central pocket axis. On 23° surfaces, it is pinned at the corners and aligns flat 

with the microchannel edges instead of being curved. The interface of the principal water droplet 

in L-pore geometry seems to be rounder regardless of the wettability, only showing a difference in 

the curvature (higher curvature at lower contact angle).  

When assessing the amount of trapped water in single pocket geometry following initial 

displacement, significantly larger volumes are retained at 23° compared to 53°. Surprisingly, in L-

pore geometry, comparable moderately water-wet surfaces (59°) retain on average more water than 

superhydrophilic surfaces (0°). While the exact influence of wettability remains unclear, its effect 

is evident, suggesting that an additional factor may contribute to the observed trapping behavior. 

Furthermore, no significant differences in water trapping were observed in L-pore geometry when 

altering flow direction. 

c) Comparative analysis and conclusion 

Considering both geometries and both fluids, wettability effects are most pronounced in capillary 

trapping of water during drainage, while they appear negligible for CO2 trapping. This discrepancy 

likely arises because all tested surfaces were hydrophilic, ensuring consistent contact with water, 

whereas CO2, as a non-wetting phase, remains largely unaffected by variations in solid wettability. 

When comparing trapped volumes of different fluids within the same geometry, the single pocket 

geometry retains more water than CO2, whereas in the L-pore geometry, no significant difference 

is observed between the two fluids. While hydrophilic media are expected to favor greater water 

retention, the increased complexity of porous media appears to mitigate this effect, resulting in 

comparable trapping behavior for both fluids in L-pore geometry.  
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Thus, compared to other studies, the novelty of our approach lies in using a single-pore microfluidic 

platform with engineered simple pockets and L-shaped pore geometries to uniquely isolate 

wettability as the controlled variable.  By testing both water and CO2 in the same controlled pore, 

we show for the first time that wettability strongly governs water retention but not CO2 entrapment 

- a finding made possible by eliminating geometry heterogeneity, unlike in most prior multi‐pore 

experiments (Massimiani et al., 2023). 

2. Mass transfer 

Table 15 The overview of the experimental conditions used to assess mass transfer. The 

abbreviation dp stands for pressure difference. 

MASS TRANSFER CO2 dissolution Water evaporation 

Single pocket 59° vs 0° @ dp 15 – 75 mbar 59° vs 0° @ dp 15 – 75 mbar 

L-pore 59° vs 0° & flow direction 

@ dp 15 – 75 mbar 

59° vs 0° & flow direction 

@ dp 15 – 75 mbar 

 

a) CO2 dissolution 

Single pocket geometry 

Dissolution patterns in single pocket geometry exhibit two distinct phases: an initial fast dissolution 

period dominated by advection and a subsequent slower phase controlled by diffusion. While 

wettability does not significantly influence the fast dissolution phase, both the slow phase and the 

overall mass transfer coefficient values show a clear trend, with higher dissolution rates observed 

at a lower contact angle (23°). The average mass transfer rates are on the order of a few μm/s, 

aligning well with findings from previous studies. A comparison of mass transfer formulations with 

and without normalization to the interfacial area (perimeter) reveals that wettability influences 

dissolution not only by increasing the interfacial area but also by modifying interfacial curvature, 

which alters capillary pressure.  

Furthermore, a static experiment demonstrated that CO2 dissolution in such conditions would take 

months. This underscores the importance of ensuring CO2 containment in the initial period through 

physical trapping mechanisms, such as structural and capillary trapping, before chemical 

mechanisms like dissolution and mineralization can ensure long-term storage security. 

L-pore geometry 

On L-pore geometry, we experience many challenges due to bubble displacement which occurred 

initially or later on during the experiments. This highlights the potential instability of capillary 

trapping but also limits the statistical robustness of our mass transfer data. Additionally, bubble 

growth was observed on native wettability surfaces when reversing flow direction, suggesting an 

exsolution process rather than dissolution. 

Despite the scarcity of experimental data and the significant impact of wettability, trapping element 

geometry, and its anisotropy on dissolution patterns, the characteristic fast and slow dissolution 
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periods remain distinguishable. Similar to single pocket geometry, the initial fast dissolution phase 

shows no major dependence on wettability, whereas the slow phase and overall mass transfer rates 

exhibit a clear trend favoring faster dissolution at lower contact angles (0°). On moderately 

hydrophilic surfaces (59°), overall dissolution rates are on the order of 10-1 μm/s, while on 

superhydrophilic surfaces (0°), rates range between 100 and 101 μm/s. Flow direction does not 

appear to substantially affect overall mass transfer rates. 

b) Water evaporation 

Single pocket geometry 

Water evaporation during drainage follows a two-phase behavior, consisting of a wet period and a 

dry period. During the wet period, significant water volumes in the form of films, small droplets, 

and corner volumes remain on microchannel surfaces. During the dry period, only the principal 

droplet volume within the trapping element persists. Thus, wettability conditions largely impact 

evaporation patterns by altering the type and amount of volumes during the wet period. On 53° 

surfaces, the main droplet size follows a linear trend in time, one in each period. The steeper slope 

observed during the dry period indicates that evaporation rates are higher when the CO2 stream is 

unsaturated with water vapor. In contrast to essentially immobilized volumes on 53° surfaces, water 

volumes on 23° surfaces are moving, flowing in and out of the trapping element at various 

unpredictable rates, creating multiple non-linear trends during the wet period. 

Hence, experimental data of mass transfer rates on 53° surfaces show less dispersion, with a clear 

rising trend in overall mass transfer with applied pressure difference. At lower applied pressure 

differences, both wettability conditions exhibit similar overall evaporation rates. However, as 

pressure differences increase, evaporation rates diverge, favoring the lower contact angle surface 

(23°). Overall evaporation rates are on the order of 10-1 μm/s, which is an order of magnitude lower 

than CO2 dissolution rates. 

Experimental studies on water evaporation into CO2 at the pore scale are extremely scarce, 

particularly using microfluidic platforms.  Some numerical studies have only touched upon this 

topic incidentally while investigating other phenomena (e.g., capillary-driven flow or salt 

precipitation) without focusing specifically on evaporation kinetics. As a result, experimental 

validation remains limited and is critically needed to calibrate and improve pore-scale models. Our 

study thus addresses this gap by providing direct experimental observations of water evaporation 

into CO2, identifying two distinct regimes (“wet” and “dry” periods) that describe the kinetics of 

evaporation. Additionally, our measurements report overall evaporation rates on the order of 10-1 

μm/s, offering rare experimental benchmarks for future modeling efforts in the context of 

geological CO2 storage. 

L-pore geometry 

Evaporation behavior in the L-pore geometry is more difficult to analyze as there is gradual but 

rapid water drainage from the trapping element through film and corner flow.  The near-complete 
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drainage of the principal droplet from the trapping element occurs within approximately 15 seconds 

on 59° surfaces and just 6 seconds on 0° surfaces, corresponding to drainage rates as high as 105 

μm2/s. Thus, drainage is a prevalent process compared to interfacial mass transfer. These results 

highlight a fundamental difference in the nature of a process occurring during drainage. Hence, 

direct comparison between evaporation rates of the two geometries, as well as the comparison 

between dissolution and evaporation rates on this geometry is unfeasible. 

Concluding remarks and implications 

Overall, this research reveals that wettability, pore geometry, and applied pressure differences 

collectively influence the complexity of mass transfer behavior. Despite variations in mechanisms, 

a two-period behavior is consistently observed, regardless of the mass transfer direction. 

Wettability becomes a more dominant factor typically in only one period, albeit for different 

reasons: 

- During imbibition and CO2 dissolution, wettability influences mass transfer primarily in 

the second period, when advection weakens, allowing its effects to become more 

pronounced. 

- During drainage and water evaporation, wettability plays a more critical role in the initial 

wet period, where hydrophilic surfaces promote the formation and advection of water 

films and corner volumes. This alters droplet size evolution patterns and modifies the 

mechanism of evaporation. 

Overall, mass transfer, whether through dissolution or evaporation, tends to be more efficient under 

hydrophilic conditions. This enhancement occurs through multiple mechanisms, including 

increased interfacial area, elevated capillary pressure due to higher interfacial curvature, and the 

presence of films and corner volumes, which not only expand the available interfacial area but also 

regulate the trapped volume through direct inflow and outflow dynamics. 

The findings of this study have meaningful implications for reducing uncertainties and improving 

forecasting models related to CO2 geological storage in saline aquifers. In particular, the observed 

influence of wettability on both capillary and solubility trapping underlines the necessity of 

incorporating wettability effects into predictive models, especially considering that these effects 

become dominant during later stages under diffusion-controlled conditions. By elucidating 

fundamental mass transfer mechanisms based on first principles of physics within the context of 

CO2 storage, these insights can also be extended to a broad range of two-phase systems in porous 

media environments. 
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Chapter 5 - In situ Raman Spectroscopy for Quantitative 

Dissolution Analysis 
Micro-Raman spectroscopy is introduced as the method of choice to complement the visual 

observations presented in Chapter 4, by enabling in situ monitoring of chemical species during 

interfacial mass transfer. The goal of this chapter is to develop an in situ method for qualitative and 

semi-quantitative analysis of species evolution during mass transfer, with a particular focus on 

tracking CO2 dissolution in water. We begin with a brief overview of the state of the art, followed 

by a description of our experimental setup and acquisition procedure with optimized parameters. 

The main part of the chapter presents results demonstrating the feasibility of detecting both water 

and CO2 species, as well as capturing the kinetics of the dissolution process. The chapter concludes 

with a short discussion and outlook on advancing the technique toward full quantitative analysis in 

future work. 
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I. Introduction 

Raman spectroscopy is a widely used, non-destructive technique for the qualitative and (semi-) 

quantitative analysis of species in gaseous, liquid, and solid states. It is based on the interaction of 

monochromatic light with molecules, as illustrated schematically in Figure 109. When the energy 

of an incident photon falls between vibrational and electronic transitions, the molecule is excited 

to a short-lived virtual energy state. The return to a lower energy state involves the emission of a 

photon. In elastic (Rayleigh) scattering, there is no energy exchange, and the emitted photon retains 

the same energy (frequency) as the incident light. However, inelastic scattering, i.e., the Raman 

effect, involves an energy shift in the emitted photons. If the molecule occupies its ground state 

and relaxes to a higher vibrational level, the emitted photon has lower energy (Stokes scattering). 

Conversely, if the molecule is initially in an excited vibrational state and returns to the ground state, 

the emitted photon has higher energy (anti-Stokes scattering). 

 

Figure 109 The scheme of infrared absorption (IR) versus elastic (Rayleigh) and inelastic Raman 

(Stokes/anti-Stokes) scattering of light. Taken from Ellis and Goodacre (2006). 

The Raman-scattered signal is inherently weak, with only about one in every 107 photons 

undergoing Raman scattering (Neuville et al., 2014). In contrast, Rayleigh scattering is several 

orders of magnitude stronger and must be removed before detection to prevent detector saturation 

(Neuville et al., 2014). The remaining signal consists of both Stokes and anti-Stokes components 

(see Figure 110), each providing a molecular fingerprint with intensities proportional to 

concentration in mixtures, and to density in gases. Under ambient conditions, Stokes scattering is 

typically more intense due to the lower population of molecules in excited vibrational states, 

making it the preferred signal for analysis. By referencing both the incident (λ0) and scattered (λS) 

wavelengths through the concept of wavenumber (∆𝜈 = 𝜆0 − 1/𝜆𝑆), the resulting Raman spectra 

are independent of the laser excitation wavelength.  
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Figure 110 Raman signal from Stokes and anti-Stokes scattering, shown in perspective of 

wavelength and wavenumber. Modified from Van Den Kerkhof (1988). 

There are six main types of molecular vibrational modes: two stretching modes - symmetric and 

asymmetric stretching; and four bending modes - rocking, scissoring, twisting, and wagging 

(Nasdala et al., 2004; Tuschel, 2014). The number of vibrational modes a molecule exhibits 

depends on its number of atoms (N) and the linearity of the molecule itself (3N-5 for linear and 

3N-6 for non-linear geometry), but it can also be predicted through bond stiffness and the masses 

of the atoms (Fayed, 2016). As molecular vibrations for a given molecule have a discrete energy, 

they serve as a molecular fingerprint, allowing for the identification of chemical species and 

structure.  

It is important to note that not all molecules are suitable for this technique, as species of interest 

need to be Raman active. The activity and magnitude of the Raman effect are largely linked to the 

polarizability of the bonds in the molecule. Due to a rule of mutual exclusion within 

centrosymmetric molecules, one can study substances that are not Raman active with 

complementary techniques like Fourier Transform Infra-Red (FTIR) spectroscopy or Inelastic 

Incoherent Neutron Scattering (IINS) (Larkin, 2011; Wikipedia, 2023). Water and CO2, for 

example, exhibit vibrational modes that are both Raman and infrared active. This means that their 

molecular vibrations can be detected using both Raman spectroscopy and infrared (IR) 

spectroscopy, as they involve changes in polarizability and dipole moment, respectively. One 

advantage of using Raman spectroscopy is that water generates a relatively weak Raman signal 

compared to other vibrational techniques such as FTIR. In FTIR, strong OH absorption may 

obscure the signals of other species. Raman spectroscopy reduces this challenge, enabling clearer 

detection and analysis of dissolved components like CO2 in aqueous systems (Chrimes et al., 2013). 

When combined with a microscope, the micro-Raman setup goes hand in hand with the scale of 

investigation of microfluidics to provide close-to-real-time in-situ tracking of the processes and 

analysis of the matter. Several studies have already demonstrated the added value of combining the 
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two techniques on the topic of multiphase flow, mass transfer on fluid/fluid interfaces, and similar 

(Liu et al., 2012; Panneerselvam et al., 2022; Pinho and Hartman, 2017; Poonoosamy et al., 2020).  

However, while microfluidic systems excel at controlling dynamic chemical processes, Raman 

detection often lags in space/time resolution. Confocal microscopes equipped with Raman 

spectroscopy can resolve ≈ 1 μm, but 2D and 3D mapping is slow, suitable mostly for non-evolving 

samples. Capturing transient events, millisecond-scale flow, and concentration gradients within 

microfluidic channels remains challenging due to the difficulty of combining high spectral 

sensitivity with rapid acquisition. Potential directions include parallelizing detection (e.g., 

multispot Raman) or opting for faster techniques like coherent Raman spectroscopy to enhance 

time resolution. 

Furthermore, natural samples, particularly within microfluidic devices, often result in numerous 

overlapping Raman bands. Multiple overlapping Raman bands together with presence of 

fluorescence can make the signal of targeted species can be obscured or distorted. Thus, analysis 

of multiple Raman active chemical species in microfluidic devices makes spectral analysis 

challenging. 

1. Raman signal of water and CO2 

In this section, we introduce the Raman signal of water and CO2.  

a) Water  

Raman spectrum of water, as one of the most studied and widespread substances on earth, is still 

the subject of research (Ito et al., 2016; Pattenaude et al., 2018). Interest in its Raman features dates 

back to the discovery of Raman scattering (Raman and Krishnan, 1928), with early work such as 

that by Cross et al. (1937) laying the foundation. The complexity of water’s Raman spectrum stems 

from its non-linear molecular geometry and hydrogen bonding which give rise to intra- and 

intermolecular vibrations. The general Raman signal of liquid water can be seen in several 

wavenumber regions, each associated with broad bands as shown in Figure 111. Of principal 

interest are the three fundamental vibrational modes: OH bending located around 1640 cm-1, and 

symmetric and asymmetric OH stretching located in the region around 2800 – 3800 cm-1. With 

Gaussian analysis, each band can be decomposed into several vibrational peaks, giving information 

about the water structure in a particular environment (Carey and Korenowski, 1998; He et al., 2024; 

Mozhdehei et al., 2024). The stretching band is particularly sensitive to pressure (Carey and 

Korenowski, 1998), temperature (Suzuki et al., 2012) and composition dependent (Terpstra et al., 

1990). On the contrary, the bending band seems to be more stable and thus more suitable for the 

function of a standard reference (Li et al., 2018). However, the details about deconvolution and 

interpretation of water spectra are not our direct interest at this stage of the study hence, they will 

not be further discussed.  
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Figure 111 The Raman spectrum of water bending and stretching. Adapted from Tian et al. 

(2020). 

b) CO2 (g) 

Due to its linear symmetry of three atoms in the CO2 molecule, there are four degrees of freedom, 

hence four vibrating modes. These are namely: symmetric in-phase stretching (ν1), symmetric 

bending (ν2 or also written as 2ν2) consisting of two sublevels (2ν2a and 2ν2b) with the same 

frequency but opposite vibration directions and asymmetric out-of-phase mode (ν3) (Herzberg, 

1945). The latter two vibration modes are infrared active while the first one is only Raman active 

(Herzberg, 1945). Thus, the Raman “fingerprint” of CO2 (see Figure 112) has two strong peaks 

located around 1285 cm-1 and 1388 cm-1 in ambient conditions (Hagiwara et al., 2018). These two 

peaks are famously known as the “Fermi diad” (Fermi, 1931). The Fermi diad is a consequence of 

the resonance effect, which is essentially an inharmonic mixing of the overtone of the symmetric 

bending mode 2ν2 with the symmetric stretching ν1. Since this 2a sublevel of the bending mode 

2ν2 has nearly the same frequency as the symmetric stretching ν1, they perturb each other in an 

excited state. Additionally, as shown in Figure 112, a part of the characteristic CO2 signal are also 

hot bands (1265 and 1409 cm-1) and a peak of carbon 13 isotope (1370 cm-1). 
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Figure 112 Raman signal of gaseous CO2. Adapted from Hagiwara et al. (2018). 

The exact position and intensity of the Fermi diad peaks are not fixed but vary with several 

parameters, primarily pressure (i.e., gas density), as well as temperature and fluid composition. 

Pressure-dependent divergence of Fermi diad peaks has been widely used in geosciences for non-

destructive in situ pressure estimation in fluid inclusions (Burke, 2001; Frezzotti et al., 2012; Wang 

et al., 2011). Studies have shown that while temperature has a minor effect, the diad splitting 

increases with CO2 density, often showing a linear correlation above the critical pressure (Le et al., 

2019; Fall et al., 2011). The addition of other gases, particularly nitrogen and methane (see Figure 

113), significantly alters the diad position and splitting (Hagiwara et al., 2020; Seitz et al., 1996).  

Fermi diad 
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Figure 113 The Fermi diad split in relation to pressure in different gas mixtures. Taken from 

Hagiwara et al. (2020). 

c) CO2 (aq)  

The dissolution of CO2 in water results in weak interaction with water molecules, therefore most 

CO2 in water is present in aqueous form (CO2(aq)) (Lam et al., 2015; Leung et al., 2007; Prasetyo 

and Hofer, 2018), while only a minor part gets converted into carbonic acid and further breaks 

down into ions (HCO3
- and CO3

2-) (Soli and Byrne, 2002). In other words, the dissolution of CO2 

in water is rather a physical process and not a chemical reaction (Hu et al., 2019). Hence, Raman 

spectra of CO2 in pure water will predominantly come from CO2 (aq) species (He et al., 2024). The 

characteristic spectrum of the CO2 (aq) species is presented in Figure 114. The signal closely 

resembles that of gaseous CO2, with the key difference being that the two peaks of the Fermi diad 

are broadened and shifted toward lower wavenumbers. The lower band is located around              

1276 cm-1 while the upper band is visible around 1383 cm-1 (Caumon et al., 2016). Since the Raman 

signal intensity is proportional to the amount of species undergoing scattering, under higher 

pressure, where there is more dissolved CO2 in the water, the signal becomes more intense, as 

shown in Figure 114. 
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Figure 114 Raman signal of CO2 (aq) species dissolved in water as a function of pressure. Adapted 

from (Sterpenich et al., 2017). 

2. Micro-Raman investigation of CO2 dissolution 

The following paragraphs present key studies on interfacial mass transfer at the micrometer scale 

between water and CO2, conducted in glass capillaries and microfluidic devices, where Raman 

spectroscopy was employed as a principal analytical tool. 

In a work of Deleau et al. (2020), mass transfer coefficients (kLa) between water and CO2 were 

experimentally determined with the help of Raman spectroscopy. Note: kL is the liquid mass 

transfer coefficient (m/s), while a is the specific surface normalized to the volume of the liquid 

slug. The principal component of a setup was a 297 μm diameter fused silica capillary through 

which co-injection of CO2 and water was established under elevated pressures (up to 10 MPa) and 

moderate temperature (303 K). The glass capillary was incorporated within the Raman setup with 

an optical fiber in the way shown in Figure 115. 
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Figure 115 Glass capillary incorporated in the Raman setup. Taken from Deleau et al. (2020). 

To calculate mass transfer coefficients, the peak area ratio between CO2 and water, obtained from 

Raman signal analysis, was first related to the respective molar fraction ratio via the modified 

Henry's law. The peak area for CO2 (aq) was taken in the range between 1200 and 1450 cm-1, while 

for water, between 2700 and 3900 cm-1. Molar fraction ratio together with the mixture density 

model served as an input for the determination of the dissolved CO2 concentration profile. The 

volumetric liquid mass transfer coefficient was then computed along the length of the capillary. 

Experimentally derived kLa values were in the range between 10-3 and 10-2 s-1. 

The study of Belgodere et al. (2015) had a very similar scope. The goal was to determine the CO2 

diffusion coefficient in aqueous solutions under pressure (4 MPa) and room temperature via Raman 

spectroscopy and highlight the effect of solution salinity (up to 6.0 molNaCl/kgH2O). A 100 μm 

internal diameter fused silica capillary with one closed end was placed under a micro-Raman setup 

and the signal of CO2 and water was recorded. A normalized peak area ratio was calculated with 

the CO2 (aq) band around 1383 cm-1 and the bending (v2) band of water (see Figure 116). The CO2 

diffusion coefficient in the aqueous solution was then determined by fitting the experimental data 

with a numerical solution of the second Fick’s law using the least squares method. The CO2 

diffusion coefficient in pure water came out at 1.7 × 10-9 m2/s, decreasing with salt concentration. 

The raw data showing the evolution of the Raman signal as a function of time is depicted in Figure 

116a) and as a function of distance from the gas inlet in Figure 116b). At a fixed position, we 

observe the signal of CO2 (aq) increasing with time as the concentration increases due to dissolution, 

while at the fixed point in time, the intensity falls with the distance from the interface increases. 
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Figure 116 The change of Raman spectra with time (a) and distance from the CO2 interface (b). 

Taken from Belgodere et al. (2015). 

In a microfluidic study by Liu et al. (2012), confocal Raman microscopy and optical 

characterization were used for studying CO2 solubility in deionized water and brine (1-3 M of 

NaCl) in the context of CCUS (Figure 117). The silicon-Pyrex micromodel with 1 m long, 200 μm 

wide and 100 μm deep microchannel was used to create slug flow in the liquid under various 

pressure (1.1 – 10 MPa) and temperature conditions (295 – 373 K). Raman spectra were acquired 

after a 10-minute equilibration period. The equilibration period (tD) was calculated to be in the 

order of 25 s by following relation: tD ~ x
2/2D, where x is half the distance between two CO2 slugs 

(200 μm) and D (0.8 × 10-9 m2/s) is the diffusion coefficient estimated from the Stokes-Einstein 

equation. This estimation is also experimentally validated to be under one minute, based on the 

temporal evolution of the 1385 cm-1 band. Thus, 10 minutes was selected to ensure extra time for 

proper equilibration between the two phases. 
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Figure 117 Confocal Raman microfluidics analysis method for studying CO2 dissolution in 

water/brine. Adapted from Liu et al. (2012). 

To estimate CO2 solubility from the Raman signal, intensity values were extracted for CO2 (aq) at 

1385 cm-1 and water at 3430 cm-1. When the CO2-to-water intensity ratios were plotted against 

solubility coefficients obtained from the thermodynamic model of Duan and Sun (2003) under 

specific conditions (see Figure 118), a positive correlation with CO2 solubility was observed. In 

more concentrated saline solutions, the relationship deviates from the linear trend seen in deionized 

water. This deviation is attributed to the steric hindrance effects of salt ions on the Fermi resonance. 

 

 
Tested experimental conditions: 

 
 

Salinity 
(M) 

Pressure 
(MPa) 

Temperature 
(K) 

 
 

0 1.1-10 295-373 

1 3-10 303-373 

2 4-10 303-373 

3 7-9.5 308-328 

Figure 118 The CO2 to water band intensity ratio in relation to CO2 solubility. Adapted from Liu 

et al. (2012). 

Guo et al. (2014) utilized the same Raman bands to develop their model that takes into account 

temperature effects on CO2 solubility. The solubility was calculated from visual observation of CO2 
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volume change over a broader pressure (10 - 120 MPa) and temperature range (273 - 573 K) using 

a 300 μm inner diameter glass capillary. They normalized the peak intensity (height) ratio (HR) 

and peak area ratio (PAR) to solubility and compared the performance. Both HR and PAR 

approaches (see Figure 119) seem to show little dispersion with pressure and linear trends with 

temperature. While the PAR approach gives only one trend, the HR approach shows two trends. 

Despite the focus on higher pressures and temperature-driven effects, which lie outside the 

operating range of our current study, the findings of Guo et al. (2014) provide valuable insight into 

how Raman spectral features, particularly peak intensity and area ratios, can reflect CO2 solubility 

behavior. Their results highlight the potential of Raman spectroscopy not only for capturing 

temperature effects but also for guiding the development of robust calibration strategies applicable 

across a range of experimental conditions relevant to CO2 dissolution studies. 

 

Figure 119 The scaling of solubility (mCO2) normalized peak area ratio – PAR (a) and peak 

intensity ratio - HR (b) with temperature for various conditions. Taken from Guo et al. (2014).  
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In summary, the reviewed studies demonstrate the feasibility of both qualitative and semi-

quantitative analysis of CO2 dissolution using Raman spectroscopy, in microscale systems such as 

microfluidic devices and glass capillaries. Quantitative assessments are typically achieved by 

calibrating peak intensity or area ratios of CO2 and water against thermodynamic models or 

supporting visual data. These spectral ratios are influenced by key parameters including pressure, 

temperature, and salinity, and have been shown to correlate with dissolved CO2 concentration, 

giving the prerequisites for the estimation of mass transfer coefficients. 

However, despite the promising progress, several challenges remain. The underlying mechanisms 

governing the observed spectral dependencies are not yet fully understood, and current models 

often fail to universally capture non-linear effects, particularly at higher pressures or in saline 

systems. Most critically, there is a significant gap in experimental data for low-pressure systems 

(<1 MPa), which are especially relevant for environmental and low-pressure research applications 

like ours. Future research should focus on expanding datasets in this range and refining mechanistic 

interpretations to improve the robustness and transferability of Raman-based analytical approaches. 
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II. Material and methods 

1. Setup 

The Raman setup at ISTO, where experiments are conducted, features an open laser beam 

configuration as shown in Figure 120. The setup is comprised of an upright microscope with a 

motorized stage and a camera (Chapter 2) that houses a microfluidic device, enabling its precise 

control in the three spatial directions. A laser device (Genesis MX SLM from Coherent) generates 

a beam of green light (λ = 532 nm) with a maximum power output of 500 mW (class 4 laser). The 

beam is then guided through a series of lenses and mirrors to the microscope, which focuses and 

condenses it to micrometer-scale dimensions, thereby enhancing the spatial resolution of the 

analysis.  

 

Figure 120 Micro-Raman setup in ISTO adapted for microfluidic investigations. 

Specifically, from the numerical aperture (NA) of a given objective and laser wavelength (λ) we 

calculated a theoretical laser spot diameter (d) based on the following equation (11):  

 

𝑑 =   (1.22 ∗ 𝜆)/𝑁𝐴, (11) 

and the depth of field (d.o.f.) according to the next one (12): 

 
𝑑. 𝑜. 𝑓. =  

4𝜆

𝑁𝐴2
. (12) 

The dimensions of the laser spot dependent on the selected objective are available in Table 16.  
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Table 16 Objective specifications and corresponding laser spot size (d) and depth of field (d.o.f). 

Magnification Numerical 

aperture (NA) 

d (μm) d.o.f. (μm) 

5x 0.15 4.3 94.6 

20x 0.45 1.4 10.5 

40x 0.6 1.1 5.9 

50x 0.7 0.9 4.3 

100x 0.8 0.8 3.3 

On the signal acquisition side of a setup, the backscattered light signal is passed through an Edge 

filter to remove the Rayleigh and anti-Stokes light before entering the Andor Shamrock 500i 

spectrometer equipped with a Peltier-cooled back-illuminated CCD Andor Newton detector. There 

are three different gratings one can choose to balance the size and resolution of the spectral window. 

Gratings of 600, 1200 and 1800 lines/mm offer spectral resolutions of 1.2, 0.8, and 0.4 cm-1 with 

window sizes of around 2500, 900 and 670 cm-1, respectively.  

The acquisition of spectra is performed with Andor Solis software while for the data treatment 

(baseline correction, normalization, deconvolutions, etc), we opted for Fityk, an open source 

software (Wojdyr, 2010). 

2. Procedure and optimization 

At the beginning of every lab session and in case of gratings change, the Raman signal is manually 

calibrated with silicon based on its characteristic peak at 520.3 cm-1. After calibration, a 

microfluidic device is positioned under the microscope and previously determined optimal 

operational parameters (see Table 17) are set. The aim of optimization is to improve the signal-to-

noise ratio. The optimization was performed beforehand on microchannels saturated with CO2 gas 

under pressure (up to 4 bar) due to the convenience and simplicity of detecting and adjusting the 

Raman signal in these conditions. We optimized for gratings, microscope objective, output power, 

laser spot focus in depth, acquisition time and pressure. All optimization parameters are 

summarized in Table 17. 
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Table 17 The optimized operational parameters for Raman acquisition within glass micromodels 

and CO2-water system. 

Optimized 

parameter 

Value Reason  

Gratings 1200 mm-1 A compromise between the size of the spectral window and 

resolution 

Objective 50x Maximum signal intensity 

Power output 300 mW A compromise between signal intensity and to prevent 

heating 

Focus in depth Middle of 

depth 

Maximum signal intensity 

Acquisition 

time 

2 x 30s Balance signal to noise ratio and the time scale of the process 

Pressure 

difference 

25 -50 mbar To capture the evolution of the process with the selected 

acquisition time 

Confining 

pressure 

Max possible Pressure increases the density, which intensifies the signal. 

Pressure regulator up to 4 bar & pressure pump up to 1 bar 

 

The laser spot is then aligned with the location of interest, which is 100 μm from the end of the 

trapping element as indicated in Figure 121. The location is chosen sufficiently far from the 

interface to track the evolution of dissolved CO2 species, yet not too close to the wall to ensure that 

the laser spot remains within the fluid phase and not in the glass. Once the microfluidic experiment 

is initiated, spectral acquisition can begin. 

  

Figure 121 Laser spot location (green dot) in single pocket and L-pore geometry. 

After Raman signal acquisition, the spectra are imported into Fityk software and the data treatment 

is performed in the following manner (see Figure 122). At first (Step 1), the baseline is stripped by 

making relatively straight lines through the lowest data points. In the background-corrected 

spectrum, the centers of peaks are positioned and the Voigt profile is used to deconvolute the data 

points (Step 2). The glass signal within the spectral window is deconvolved into five peaks, while 

dissolved CO2 and water are each represented by two peaks. (Semi-)quantitative analysis is 
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performed by comparing the relative intensities of the Raman modes rather than the area under the 

deconvolved peaks. This approach is chosen because baseline subtraction introduces significant 

user-dependent error as even a small shift in the baseline can result in a substantial change of the 

integrated area due to the broad base of the peaks or bands. 

S
te

p
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S
te

p
 2

 

 

Figure 122 Raman spectra treatment with Fityk. Example of signal acquired in water pre-

equilibrated with CO2 and under 4 bars of confining pressure on a single pocket geometry 

(Micronit device). STEP 1: example of baseline correction, STEP 2: example of deconvolution of 

Raman bands 

 

  

Glass  CO2 (aq)   Water 
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III. Results 

A schematic representation of the principal mass transfer processes during drainage and imbibition 

is shown in Figure 123. In this study, we focus on Raman analysis of CO2 dissolution during 

drainage (highlighted in red). In comparison, Chapter 4 focused on tracking water evaporation 

during drainage and CO2 dissolution during imbibition. The choice of drainage over imbibition 

stems from the compatibility of acquisition times with the speed of interfacial movement necessary 

to obtain a reliable signal-to-noise ratio. Drainage also avoids the ambiguity associated with bubble 

detachment typically encountered in the later stages of imbibition. Furthermore, CO2 dissolution 

during imbibition is limited by the small size of the gas bubble and the low resulting concentration 

of dissolved CO2, which is quickly advected away. Evaporation processes, on the other hand, 

cannot be tracked in the current Raman setup, as the signal from water vapor or thin films remains 

below the detection limit. 

Drainage Imbibition 

  

Figure 123 Schematics of dominant mass transfer processes during drainage and imbibition 

experiments. The laser spot location is marked with a green dot. 

Thus, the result section is structured in two parts. Section 1 introduces the characteristic Raman 

signal of glass species coming from microfluidic devices, followed by the signal of water and CO2, 

in both gaseous and dissolved form. The aim was to establish a semi-quantitative calibration 

between the signal intensity of dissolved CO2 species and pressure under equilibrium conditions. 

Section 2 focuses on tracking the kinetics of CO2 dissolution during drainage. 

1. Species identification 

a) Glass 

The Raman spectrum of borosilicate glass is characterized by broad, overlapping bands of silicate 

network extending up to 1250 cm-1 as shown in Figure 124. Micronit and Klearia devices show 

matching spectral profiles in this region, confirming identical material composition. As shown in 

Figure 124, plasma treatment did not alter the Raman spectra of glass in either Micronit or Klearia 

Dissolution 

Dissolution 

Evaporation 
Evaporation 

H2O 

H2O 

CO2 

CO2 
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devices. Namely, plasma wettability treatments affect only the surface without altering the bulk 

material, penetrating only a few nanometers in depth and therefore not producing chemical 

alterations that are sufficiently intense to be detectable by Raman spectroscopy.  

a) 

 
b) 

 

Figure 124 Raman signal of glass before and after plasma treatment on single pore (Micronit) 

(a)and L-pore (Klearia) devices (b), normalized to the glass peak at 916 cm-1. 

However, a significant difference between the two micromodel devices emerges in the higher 

wavenumber region (> 2000 cm-1), as shown in Figure 125. Namely, Klearia devices show a nearly 

flat response, whereas Micronit ones exhibit a rapid increase in intensity with increasing 

wavenumber. This increase can be attributed to fluorescence, which likely occurs due to impurities 

within the bulk glass structure. Following the plasma treatment, Micronit devices experienced a 

decrease in relative fluorescence intensity, which is discussed later in section c). Additionally, in 

the Raman spectra of both devices a small peak at 1555 cm-1 is attributed to oxygen, while the peak 

at 2330 cm-1 corresponds to nitrogen, both originating from ambient air. 
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Figure 125 Raman spectra indicating fluorescence on Micronit devices. The spectra are acquired 

on native surfaces and depict raw data normalized to the glass peak at 916 cm-1. 

b) CO2 gas 

The signal of gaseous CO2 (Figure 126) is characterized by two main peaks of the Fermi diad 

located at 1284 and 1387 cm-1. In general, on any device, at higher pressure (e.g., at 4 bar), we can 

also observe hot bands positioned at 1263 and 1408 cm-1 and a very weak peak around 1369 cm-1 

that can be assigned to the 13C isotope.  

 

Figure 126 The Raman signal of gaseous CO2 visible through the Fermi diad and hot bands. The 

spectrum is acquired on a plasma treated single pocket (Micronit) device under 4 bars of 

pressure and normalized to the glass peak at 916 cm-1. 

Since CO2 gas is a compressible fluid, implying that its density changes with pressure, we are able 

to follow the increase in signal intensity with pressure. To do so, we took the difference in intensity 

Fermi diad 

Hot bands 

1387 cm-1 

1284 cm-1 

1408 cm-1 
1264 cm-1 13C 
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between the two peaks of the Fermi diad (IC2-IC1) as a form of internal calibration and further 

normalized it to the intensity of the glass band around 916 cm-1 (IG916). As shown in Figure 127, 

the scaling of normalized CO2 (g) intensity is a linear function with applied pressure, giving nearly 

identical results on both Micronit and Klearia devices.  

 

Figure 127 The scaling of normalized CO2 (g) intensity ((IC2-IC1)/IG916) with pressure on plasma 

treated devices. 

c) Water and CO2 (aq) 

The water signal has two principal bands: bending observed around 1640 cm-1 and stretching 

centered at 3400 cm-1. In Micronit devices, the water stretching band (Figure 128) is partially 

masked by the fluorescence which seems to decrease by half after plasma treatment of 

microchannels (compare the intensities at 3750 cm-1). This correlates with the surface cleaning 

effect of plasma explained in Chapter 3. In Klearia devices, no significant difference in the water 

stretching signal is observed. Moreover, the presence of CO2 has no impact on the Raman 

vibrational signature of the water band, which is consistent with the literature (He et al., 2024; Hu 

et al., 2019). 
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a) 

 

b)  

 

Figure 128 Raman stretching bands of water single pore (Micronit) (a)and L-pore (Klearia) 

glass (b). The normalization is performed on maximum intensity. 

Water bending Raman band and the modes assigned to dissolved CO2 are shown in Figure 129. 

The spectra are obtained on microchannels filled with single-phase water presaturated with CO2. 

The presaturation is achieved by mixing a small amount of water (< 10 mL) in a CO2-pressurized 

glass bottle (100 mL) for 10 minutes. After the equilibration, water with dissolved CO2 is then 

injected under pressure into the microchannel to prevent exsolution and formation of gas bubbles. 

The in situ analysis shows that after a few minutes of mixing, time no longer has an effect on signal 

intensity, indicating that 10 minutes is more than enough to reach equilibrium conditions. 

Additionally, once the microfluidic device is sealed using the valves, the pressure sensor on the 

pump confirms stabilization, showing no drop in CO2 pressure and indicating that no further 

dissolution is occurring.  
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Water bending Raman mode is characterized by a broad band located around 1640 cm-1. Dissolved 

CO2 is comprised of two bands located around 1274 and 1382 cm-1. The Raman signature of 

dissolved CO2 can still be detected as a characteristic Fermi diad, but with the Raman peaks shifted 

to lower wavenumbers and increased full widths in comparison with gaseous CO2. As the molar 

density (mol/m3) of dissolved CO2 is lower than that of gaseous CO2, the signal intensity in the 

dissolved state is always less intense in comparison to gas. Thus, the first band (around 1274 cm-

1) is sometimes difficult to detect at lower pressure as it blends in with noise. Broadening of CO2 

peaks is attributed to the water environment (solvatation) impacting the vibrational mode through 

intermolecular interactions. 

 

Figure 129 Raman spectrum showing water bending and dissolved CO2 at a pressure of 4 bar in 

plasma treated devices. 

Given its spectral proximity to dissolved CO2 and its reported use as an internal reference in the 

literature (Belgodere et al., 2015), the water bending mode was evaluated for internal calibration 

in two-phase experiments and compared to the glass peak at 916 cm-1. The evaluation of water and 

glass signal intensity over the pressure range is shown in Figure 130a while its time evolution in 

two-phase flow experiments under constant applied pressure is shown in Figure 130b. As may be 

observed, the bending mode of water shows better stability of signal intensity with imposed 

pressure and in time on both microfluidic devices. Hence, the signal of water bending at                

1640 cm-1 is used to normalize the dissolved CO2 species in further analysis. 

Water bending 

1640 cm-1 

Dissolved CO2 
1274 and 1382 cm-1 
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a) 

 

b) 

 

Figure 130 The scaling of water bending and glass signal (at 916 cm-1) as a function of imposed 

pressure a) and with (post-displacement) time (tD) during the two-phase experiments at fixed 

relative pressure of 900 mbar (b).  

To obtain the calibration curve, the Raman spectra were acquired in the microchannel on the water 

that had been equilibrating with CO2 for 10 minutes in the bottle, as described earlier in the text. 

Similar to the behavior observed for gaseous CO2, a normalized signal of dissolved CO2 ((IC2-

IC1)/(IH2O_1640)) increases linearly with applied pressure (see Figure 131). This is due to an increase 

in the concentration of CO2 species in water. Thus, Raman intensity can be treated as a proxy for 

concentration and used to describe the process of CO2 dissolution in water. 
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Figure 131 The scaling of the normalized dissolved CO2 intensity on plasma treated surfaces.  

2. Tracking CO2 dissolution kinetics via in situ Raman measurements 

With all species identified and the normalization strategy established, Raman signal intensity will 

serve as a proxy for species concentration, enabling semi-quantitative analysis of dynamic flow 

experiments. The primary objective is to monitor the kinetics of the CO2 dissolution process by 

measuring the temporal evolution of Raman signal intensity for relevant species at a fixed location 

within the microfluidic device. To enhance the probability of detecting dissolved CO2, all 

experiments were conducted under a relative pressure of 900 mbar (applied by the pumps at inlet 

and outlet), with pressure differences of 25 and 50 mbar to drive the flow. 

Figures 132 andFigure 133 show the evolution of Raman spectra recorded during the drainage 

process in the two respective geometries (single pocket and L-pore). For easier visualization of the 

process, each spectrum is attributed to a characteristic visual change. Each time step (t) corresponds 

to one minute of acquisition time. Initially, the system is fully saturated with water (t0), and as a 

result, only the water bending band is detected in the Raman spectrum. Upon the initial 

displacement of water with gaseous CO2, we begin to observe the signal of dissolved CO2 in the 

water (≥ t1). By comparing Figure 132 and Figure 133, we can observe that the increase of dissolved 

CO2 signal intensity at the beginning of the dissolution process is more gradual in L-pore compared 

to single pocket. Namely, the evolution of Raman intensity is influenced by both the pore geometry 

(its complexity and shear volume) and the applied pressure difference.  Shortly after, the system 

enters a steady state with no qualitative or quantitative changes observed in spectra. As water 

evaporation progresses, the fluid interface moves and eventually crosses the laser spot location. 

The Raman signal response during this transition depends on the speed of interface movement 

which is typically on the order of one acquisition time, i.e., 1 minute. Consequently, interface 

transition is characterized by the superposition of dissolved and gaseous CO2 signals in the acquired 

spectrum. The subsequent spectrum reveals a weak signal of water, likely from a water film, along 
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with a reduced-intensity gaseous CO2 signal. Finally, once the interface moved even further due to 

evaporation, the laser spot is fully immersed in gaseous CO2, which is clearly observed in the 

Raman spectrum by the maximum intensity of the Fermi diad (at a given pressure). 

 
 

 

 

 

 

Figure 132 The time-lapse of CO2 dissolution during drainage followed through consecutive 

acquisitions of Raman spectra (each 2 × 30s). An example is shown on the 53° contact angle 

single pocket (Micronit) device for a pressure difference of 50 mbar. The laser spot is 

represented by a green dot. 
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Figure 133 The time-lapse of CO2 dissolution during drainage followed through consecutive 

acquisitions of Raman spectra (each 2 × 30s). An example is shown on the 59° contact angle L-

pore (Klearia) device for a pressure difference of 50 mbar. The laser spot is represented by a 

green dot. 

The presented kinetic Raman spectra are deconvolved as described in the Procedure and 

optimization section, enabling quantitative analysis of the dissolved species signal. The results of 

spectral processing, showing the time evolution of normalized Raman intensity, are presented in 

Figure 134. 

For the single-pocket geometry (Figure 134a), the data reveal a rapid increase in dissolved CO2 

intensity, mostly within the first minute (equivalent to one spectral acquisition). Subsequent spectra 

exhibit minor oscillations in dissolved CO2 intensity until the fluid interface passes the laser spot, 

at which point the dissolved CO2 signal fades and drops to zero, getting replaced by a signal of 

gaseous CO2.  
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a) 

 
b) 

 

Figure 134 The time-lapse of the CO2 dissolution process followed through normalized Raman 

intensity ((IC2-IC1)/IH2O_1640) on a single pocket for two values of the contact angle (a) and a       

L-pore (b) microfluidic device. 

To interpret the initial rapid signal increase, we propose two equally plausible explanations. The 

first is that CO2 begins diffusing into the water while still in the tubing, so the arriving water is 

already partially equilibrated with CO2. The second explanation is based on recirculating flow 

within the trapped water droplet (see Chapter 4, Flow Properties section), which promotes 

advective mixing and leads to rapid equilibration. It is also likely that the observed effect results 

from a combination of both mechanisms. Regardless of the exact cause, the fluid system typically 

reaches a steady state within one to two minutes, depending on the alignment between the onset of 

initial displacement and the start of signal acquisition. 
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Oscillations observed during the steady-state phase may thus be attributed to fluctuations in CO2 

concentration caused by the recirculation pattern, in addition to device- or user-related errors. No 

significant quantitative differences in signal intensity were observed between surfaces of differing 

wettability or across the tested pressure differences. 

In the L-pore geometry (Figure 134b), which features a slightly larger volume and increased 

structural complexity, the signal evolution shows a more gradual rise in intensity, suggesting slower 

equilibration during the initial phase. A consistent dip in signal intensity is observed after two 

minutes, indicating a lower dissolved CO2 concentration. This finding further supports the 

hypothesis that recirculation patterns influence the spatiotemporal distribution of dissolved CO2. 

In both geometries, the signal stabilizes between normalized intensity values of approximately 0.25 

and 0.3, indicating a consistent final state across experiments. This consistency supports the 

physical interpretation of the normalized Raman intensity as a measure of CO2 concentration in 

water, suggesting that the system reaches a comparable level of CO2 saturation regardless of 

geometry, surface wettability, or applied pressure difference. 
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IV. Conclusion 

In this chapter, we demonstrated the applicability of micro-Raman spectroscopy as a 

complementary tool to monitor and analyze interfacial mass transfer processes between CO2 and 

water in microfluidic systems. Building upon a review of the current state of the art, we established 

the rationale for employing Raman spectroscopy, particularly its capacity to detect both gaseous 

and dissolved chemical species. Our aim was not only to validate the feasibility of Raman-based 

measurements in microfluidic environments but also to develop an optimized experimental setup 

capable of capturing key chemical signatures under dynamic conditions at low pressure. To that 

end, we designed a procedure tailored for glass microfluidic devices, addressing the specific 

challenges encountered during signal acquisition. Particular attention was given to the suppression 

of fluorescence effects, which appeared above 2000 cm-1 and interfered with the OH stretching 

water signal. Fortunately, the main signal of CO2, the Fermi diad, appears in a region weakly 

affected by fluorescence, allowing us to focus on CO2 behavior in both the gas phase and in 

solution.  

For gaseous CO2, a linear scaling of the Fermi diad peak intensity with pressure was observed, 

consistent with previous studies and confirming the sensitivity of Raman spectra to pressure 

variations. Upon dissolution of CO2 in water, the Fermi diad peaks broadened and shifted to lower 

wavenumbers, consistent with literature findings. The ultimate goal was to track reaction kinetics 

in situ by monitoring the evolution of chemical species during CO2 dissolution under dynamic 

drainage conditions. Drainage mode was selected over imbibition due to its slower interfacial 

movement, which permitted longer acquisition times and thus improved signal-to-noise ratio at low 

pressure (< 1 bar). This marks a significant difference from most literature studies, which typically 

operate under higher pressure and thus benefit from stronger Raman signals. Despite these less 

favorable conditions, relatively stable signal intensities were obtained on single pocket geometry, 

suggesting fast dissolution and near-equilibrium between the CO2 and water phases within the 

acquisition time. Minor variations in Raman intensity were observed across different wettability 

states and pressure gradients, but they were not significant enough to alter the overall trend or 

signal interpretation. However, we were able to qualitatively observe the influence of different 

wettability states and imposed pressure gradients at the moment the gas-liquid interface crossed 

the laser spot (positioned 100 μm from the farthest wall of the geometry), marked by a 

distinguishable shift in the Raman signal from CO2(aq) to CO2(g), indicating the approach of 

dissolution completion. The increased geometrical complexity of L-pore devices resulted in more 

gradual intensity evolution over time, likely due to the larger distance of the laser spot relative to 

the gas-liquid interface.  

These results confirm that Raman spectroscopy can qualitatively and semi-quantitatively track the 

chemical evolution of CO2 during mass transfer in confined geometries, even under low-pressure 

conditions. However, full quantitative interpretation remains limited by the lack of direct 

correlation between the Raman signal and the actual concentration of dissolved species. Future 

work will aim to address this limitation through calibration against known standards or 
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thermodynamic models. Additionally, enhancements to the system, such as incorporating lasers 

with alternative wavelengths to mitigate fluorescence, using faster detectors to capture transient 

dynamics and implementing spatial mapping techniques, are expected to broaden the method’s 

applicability. Slower-reacting systems, such as methane-water, could also be explored to further 

probe mass transfer kinetics in a more controlled manner and to expand the research to other fluid 

pairs. Together, these improvements will pave the way toward robust, spatially resolved, and 

quantitative Raman analysis of interfacial processes in microfluidics. 
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Chapter 6 - Summary, conclusion and perspectives 
In the context of carbon capture, utilization, and storage (CCUS), understanding the underlying 

mechanisms of CO2 sequestration within geological porous media is critical for ensuring the long-

term stability and effectiveness of storage systems. This thesis was motivated by the need to address 

a persistent gap in fundamental knowledge regarding interfacial mass transfer and capillary 

trapping at the pore scale, using experimental approaches. Given the critical role of these 

mechanisms in determining the fate of CO2 in subsurface storage, advancing our understanding at 

a fundamental level is essential to improve the calibration of both pore- and reservoir-scale models 

and to enhance the interpretation of field-scale storage behavior. 

The primary objective of this research was to experimentally investigate the influence of porous 

media wettability on fluid-fluid interfacial mass transfer and capillary trapping processes. 

Wettability, defined as the preferential affinity of a fluid to adhere to a solid surface, is a 

fundamental property in porous media. Due to significant interaction between solid and fluids 

generated through extensive fluid–solid interfaces in porous media environment, surface properties 

like wettability can significantly affect fluid phases behavior with the solid (capillary trapping) and 

between each other (mass transfer). Thus, understanding the mechanisms of how wettability affects 

CO2 trapping and dissolution is crucial for improving long-term storage predictions. 

To address the complexity of CO2 trapping processes, a pore-scale experimental approach needed 

to be adopted to isolate fundamental mechanisms and capture dynamic mass transfer within an 

accessible timeframe. A multidisciplinary methodology combining microfluidics, μRaman 

spectroscopy, and plasma surface treatment was deployed to enable this investigation. Microfluidic 

devices with two geometries (single pocket and L-pore) were designed to replicate simplified rock 

structures, allowing visual observation of fluid configurations and precise control over surface 

properties. Advanced image processing techniques were applied to analyze fluid displacement and 

trapping patterns. In situ chemical species evolution during interfacial mass transfer was monitored 

using micro-Raman spectroscopy. Atmospheric pressure plasma treatment was employed to modify 

wettability inside closed microfluidic devices. This experimental platform enabled a detailed 

investigation of the physical and chemical mechanisms governing wettability-driven CO2 storage 

at the pore scale, particularly under dynamic drainage conditions that are representative of realistic 

subsurface processes. 

Building on this foundation, the specific scientific questions addressed in this thesis were: 

1. Can plasma be propagated and utilized for in situ wettability treatment of closed glass 

microfluidic devices? 

2. How does wettability influence capillary trapping and interfacial mass transfer between 

CO2 and water at the pore scale? 

3. Can the fluid-fluid interfacial mass transfer process be effectively monitored by tracking 

chemical species evolution using Raman spectroscopy? 
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By answering these questions, this work advances the understanding of pore-scale CO2 

sequestration mechanisms and provides a foundation for refining larger-scale models and field-

scale storage assessments. Building upon the experimental insights gained through this integrated 

approach, the following sections summarize the key findings of the thesis, discuss their 

implications for pore- and reservoir-scale CO2 storage, and outline recommendations for future 

research directions. 

The first challenge that we addressed was to control the wettability of our microfluidic devices. A 

significant challenge in studying wettability in microfluidic systems lies in the difficulty of 

modifying wettability in a controlled, reversible, and localized manner. For this purpose, we 

developed atmospheric pressure plasma treatment as an innovative solution to alter wettability in 

a microfluidic setting. Compared to classical chemical treatments plasma treatment is fast, simple, 

and modifies only the surface without affecting the bulk material. However, plasma-based methods 

used to suffer from aging effects, where the induced wettability gradually diminishes over time. 

Moreover, low-pressure plasma treatments were associated with propagation challenges in 

confined spaces, making it difficult to treat the surfaces of closed microfluidic devices. To tackle 

those challenges, our setup deploys atmospheric pressure plasma optimized for in situ treatment. 

By using a kHz helium plasma in a dielectric barrier discharge (DBD)-like configuration, we 

demonstrated that plasma treatment could efficiently alter the wettability of closed glass 

microfluidic devices, enabling the creation of surfaces with varying degrees of hydrophilicity. 

Specifically, we demonstrated effective plasma propagation in microfluidic devices of varying 

complexity, with channel cross-sections as small as 250 × 100 µm. Our results showed that plasma 

treatment could rapidly modify the surface wettability of glass, achieving significant reductions in 

contact angle, up to 60°, within just one minute of exposure. The treated surfaces exhibited 

enhanced wettability stability, maintaining hydrophilic states for up to three days when stored in 

water and one day in air, both representing improvements over previously reported values. While 

air-stored devices gradually returned to their original wettability after two weeks, water-stored 

samples retained much of the induced hydrophilicity, remaining stable for up to 70 days. 

Importantly, devices are successfully retreated with plasma, restoring their hydrophilic 

performance and demonstrating their reusability. The plasma-induced wettability changes were 

attributed to the cleaning and functionalization of the glass surface, which reduced carbon 

contamination and introduced various hydrophilic functional groups (e.g., carboxyl and amino 

groups) that enhanced the surface's affinity for water. This novel in situ modification of wettability 

in closed microfluidic devices enabled us to study the effect of wettability on mass transfer 

processes in a well-controlled way. 

This work paves the way for expanding the plasma-based platform toward a full range of contact 

angles, including mixed-wet conditions, to better mimic natural porous media. Future efforts will 

focus on applying this approach to more complex geometries and diverse materials, while also 

continuing to improve the long-term stability of wettability treatments. 
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To explore the influence of wettability on capillary and dissolution trapping of CO2, we conducted 

a series of two-phase microfluidic experiments in drainage and imbibition injection mode, across 

a range of pressure potentials in two microfluidic geometries. In drainage, we trap water by 

displacing it from the microchannel with CO2 and in imbibition, we trap CO2 by displacing it with 

water. By using CO2 and water as analogs for injection and reservoir fluids, we were able to 

simulate processes during geological storage of CO2, focusing on characteristic patterns of capillary 

and solubility trapping at the pore scale. 

We assessed capillary trapping behavior by measuring the initial volume of fluids retained in the 

main geometrical feature. The CO2 capillary trapping potential during imbibition showed minimal 

variation of the initially trapped gas volume across the tested contact angle range, irrespective of 

the complexity of the geometry.  

In contrast, drainage experiments revealed that water trapping potential was strongly influenced by 

surface wettability, although the complexity of the trapping element geometry also contributed. 

Namely, single pocket geometry traps more water at a lower contact angle (23°), while L-pore tends 

to trap more water at a higher contact angle (59°). Moreover, at lower contact angles, especially on 

superhydrophilic surfaces, substantial water volumes in the form of films, droplets, and corner 

accumulations remain mobile and well-connected along the microchannel walls. As the contact 

angle increased, the trapped water volumes became less mobile and more spatially disconnected. 

When comparing the capillary trapping potential between the two fluids, we observe that relatively 

more water is trapped in the single pocket geometry as microchannel surfaces are hydrophilic. 

However, a more complex L-pore geometry did not exhibit a noteworthy preference for trapping 

one or the other fluid regardless of wettability. Relative to the theoretical maximum capacity, the 

highest overall fluid trapping in the main geometrical feature was observed during the drainage in 

a single pocket design at a contact angle of 23°, where nearly the full feature capacity was utilized 

for trapping water.  

After trapping one of the fluid phases in the feature of the channel, we evaluated pore-scale mass 

transfer. During imbibition and in the context of CO2 dissolution, we observed 2 regimes of 

dissolution: the initial one dominated by advection and the later one dominated by diffusion. 

Through analysis of experimental data, wettability was found to play a more prominent role in the 

later stages of mass transfer, where diffusion dominates. More hydrophilic surfaces exhibited faster 

dissolution rates due to increased interfacial area and capillary pressure. These trends were 

consistent across both evaluated geometries. Quantitatively, in the single pocket geometry, the 

overall mass transfer coefficient was on the order of a few μm/s. In the L-pore geometry, 

moderately hydrophilic surfaces showed mass transfer rates around 10-1 μm/s, while 

superhydrophilic surfaces reached values between 100 and 101 μm/s. These results suggest that both 

wettability and geometric complexity influence mass transfer. Within the tested range, no strong 

dependence of the overall dissolution rate on imposed pressure difference was observed. 
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During drainage, we identified two regimes: the initial “wet” and the following “dry” regime. 

During the “wet” regime, hydrophilic surfaces facilitated strong water transport in and out of the 

trapping element, not only due to interfacial mass transfer but also due to the contribution of film 

and corner flows. Once all residual water in the microchannel and tubing has evaporated, the CO2 

stream is no longer pre-saturated with water vapor, marking the start of the “dry” evaporation 

regime. In the single pocket geometry, wettability played a critical role in water evaporation, 

particularly during the initial “wet surface” phase. During this period, lower contact angles resulted 

in higher evaporation rates, with divergence between different wettability conditions becoming 

more pronounced as the imposed pressure difference increased. The resulting overall mass transfer 

coefficients increased with pressure difference and were predominantly on the order of 10-1 μm/s. 

In contrast, the dominant mass transfer mechanism in the L-pore geometry was corner flow, which 

led to significantly higher rates reaching up to 105 μm/s, favored at superhydrophilic conditions. 

The overall rates in both geometries correlated proportionately with imposed pressure differences. 

Thus, when comparing the two mass transfer directions, dissolution is a faster process than 

evaporation, however, transport through film and corner flow on superhydrophilic surfaces during 

drainage outperforms them both. The total time required for complete dissolution or evaporation 

of trapped fluids is influenced by both capillary trapping (trapped volume) and the rate of interfacial 

mass transfer. These findings underscore the importance of wettability in both trapping and pore-

scale transport. While wettability strongly affects the early-stage process of water evaporation 

during drainage, its influence during imbibition becomes even more critical during the diffusion-

limited phase of CO2 dissolution.  

Since the emphasis is on CO2 storage, this study confirms that while wettability in the tested 

hydrophilic range does not significantly influence capillary trapping, it plays a critical role in 

interfacial mass transfer during CO2 dissolution. Specifically, more hydrophilic surfaces enhance 

mass transfer rates, which may contribute to more efficient and secure long-term CO2 storage. 

Although previous research has linked wettability to interfacial mass transfer, primarily through its 

impact on interfacial area, experimental evidence at the pore scale has remained limited. This thesis 

addresses that gap by providing direct observations and quantification of mass transfer processes 

under controlled wettability conditions. Importantly, the findings suggest that wettability influences 

mass transfer not only through changes in interfacial area but also via capillary pressure driven by 

interface curvature, and potentially through surface roughness effects. By identifying distinct mass 

transfer regimes and highlighting those where wettability exerts the strongest effect, this work 

advances our understanding of pore-scale phenomena relevant to geological carbon sequestration. 

Future research on interfacial mass transfer using microfluidics should focus on implementing 

more complex geometries, particularly parallel and serial arrangements of trapping elements. This 

will allow for a slight upscaling of the system and help assess potential interactions between 

adjacent pore bodies. Our findings have shown that residual water volumes along microchannels 

and tubing create a persistent wet regime, suggesting that such effects may influence neighboring 

elements in more realistic pore networks. Additionally, investigating the impact of mixed 
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wettability in these complex geometries will be essential for better representing natural porous 

media. 

Another key perspective involves collaboration with Heriot-Watt University, which will enable the 

comparison of experimental results with numerical simulations. This offers a valuable opportunity 

to validate and calibrate pore-scale models, thereby improving the accuracy of predictions related 

to CO2 storage performance. Challenges that may emerge during this calibration process could, in 

turn, require new experimental investigations to address unresolved phenomena (e.g., the influence 

of supercritical CO2). 

To complement the visual observations of mass transfer dynamics, we incorporated micro-Raman 

spectroscopy as a powerful tool for real-time, in situ chemical analysis of the species evolution 

during CO2 dissolution.  Despite the difficulty with fluorescence coming from the material of the 

microfluidic devices, following the signal optimization, we were able to qualitatively and semi-

quantitatively describe the process. At first, we identified the species, putting a primary focus on 

the CO2 species. Besides the bending and stretching band of water, the Fermi diad of gaseous CO2, 

with the spectral analysis we were able to observe a signal of dissolved, hydrated CO2 species 

(CO2(aq)). The signal of CO2(aq) is essentially a Fermi diad shifted to lower wavenumber with broad 

peaks. The signals of carbonic acid or its byproducts, carbonate and bicarbonate ions, were not 

detected, which is consistent with the literature. The intensity of both CO2(g) and CO2(aq) signal 

reveals linear scaling with pressure, indicating the signal intensity as a good proxy of the quantity 

of CO2 in the system. 

The application of Raman spectroscopy also allowed us to observe CO2 dissolution kinetics and 

evaluate the impact of surface wettability by pointing the laser at the fixed location and tracking 

the species evolution in time. The results on the single pocket indicate a rapid increase in CO2(aq) 

signal intensity within the first minute or two of the process, while on L-pore, the evolution is more 

gradual. Following the initial period, the signal intensity appears to enter a steady state with minor 

differences influenced by the wettability and applied pressure differences. This behavior indicates 

that mass transfer in the case of CO2 dissolution is a rapid process with the time-scale dependent 

on pore volume and architecture. With these results, we demonstrate the potential of Raman 

spectroscopy for qualitative and semi-quantitative tracking of CO2 dissolution in microfluidic 

systems. 

The perspectives in the domain of spectroscopic analysis include improving the platform with 

hardware updates to provide better time resolution of kinetic experiments and developing a more 

robust framework for quantifying dissolution dynamics. Furthermore, comparison of experimental 

data with models shall be established as well. 

In conclusion, this multidisciplinary experimental study sheds new light on how wettability 

influences mass transfer at the pore scale, offering critical insights into the behavior of CO2 in 

porous media. By identifying distinct mass transfer regimes and clarifying when wettability plays 

a decisive role, the research highlights that more hydrophilic conditions generally promote higher 
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CO2 dissolution rates. These findings deepen our fundamental understanding of pore-scale 

processes and address a key knowledge gap in wettability-dependent mass transfer. The results are 

directly relevant to carbon storage, as they support the calibration of pore-scale models that can, in 

turn, improve larger-scale reservoir simulations. Through such model integration and upscaling 

strategies, insights from controlled microfluidic experiments can inform more accurate predictions 

of CO2 trapping efficiency and long-term storage security. Ultimately, this work contributes to the 

design of safer and more effective geological storage strategies. 
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fluide–fluide dans les milieux poreux avec contrôle de 

mouillabilité par plasma et analyse par spectroscopie Raman

Cette thèse de doctorat s’inscrit dans le cadre du projet INTER-AQ porté par le CNRS, une initiative de 
recherche interdisciplinaire visant à élucider les dynamiques complexes et couplées du transfert de masse et 
de la redistribution des fluides aux interfaces fluide-fluide dans les milieux poreux. Le projet combine la 
microfluidique expérimentale pour reproduire des environnements souterrains, la spectroscopie Raman pour 
la quantification chimique in situ, et des techniques innovantes à base de plasma pour moduler les propriétés 
de surface des pores. Ces approches intégrées ciblent des enjeux énergétiques majeurs, tels que le stockage 
géologique du CO2. Dans ce cadre, la recherche doctorale apporte une contribution à l’échelle des pores, en 
développant des méthodes expérimentales permettant d’analyser comment les phénomènes interfaciaux 
influencent le comportement des fluides dans les systèmes poreux. 

Cette thèse vise à combler une lacune essentielle dans la compréhension du transfert de masse à l’échelle 
des pores, en s’intéressant spécifiquement à l’impact de la mouillabilité sur les échanges aux interfaces fluide–
fluide et sur les mécanismes de piégeage. Cette étude présente le développement d’une plateforme 
expérimentale intégrant la microfluidique et la spectroscopie μRaman. Les dispositifs microfluidiques sont des 
réseaux de pores transparents constitués de canaux, simulant des environnements poreux souterrains et 
permettant une visualisation directe des comportements des fluides. Cette étude propose, pour la première 
fois, l’utilisation in situ du traitement plasma à pression atmosphérique comme outil de contrôle de la 
mouillabilité. Les connaissances acquises sur le transfert de masse interfacial en fonction des propriétés de 
mouillabilité devraient permettre d’améliorer l’étalonnage des modèles numériques à l’échelle des pores 
comme à l’échelle du réservoir, augmentant ainsi la précision des prévisions pour le stockage du carbone 
dans les réservoirs géologiques. 

L’étude s’articule autour de trois questions de recherche principales. Premièrement, la faisabilité de la 
propagation d’un plasma atmosphérique dans des canaux microfluidiques fermés est examinée pour contrôler 
la mouillabilité des surfaces. Le travail démontre qu’un jet de plasma à pression atmosphérique peut être 
introduit et contrôlé avec succès dans les dispositifs, permettant une modification fiable de la mouillabilité des 
canaux. Les résultats obtenus par mesure in situ de l’angle de contact sur images indiquent un traitement 
homogène avec un accroissement des propriétés hydrophiles. La mouillabilité obtenue sur le verre avec notre 
configuration montre une stabilité pouvant atteindre 70 jours, selon les paramètres de traitement plasma et de 
stockage. Deuxièmement, l’étude examine comment les conditions de mouillabilité affectent le piégeage 
capillaire et le transfert de masse interfacial. En utilisant des dispositifs microfluidiques de complexité 
géométrique croissante, les expériences révèlent que la mouillabilité de surface influence effectivement le 
piégeage résiduel, l’évaporation de l’eau et la dissolution du CO2 sous différentes conditions d’écoulement. 
Troisièmement, le potentiel de la spectroscopie μRaman pour une analyse in situ semi-quantitative de la 
dissolution du CO2 est évalué. L’analyse Raman permet de capturer l’évolution temporelle des espèces 
dissoutes, fournissant des données chimiques complémentaires aux observations visuelles des écoulements, 
et permettant la quantification des taux de transfert de masse interfaciale. 

En résumé, cette recherche intègre les plasmas atmosphériques, la microfluidique et la spectroscopie 
μRaman, pour l’étude du transfert de masse à l’échelle des pores sous conditions de mouillabilité contrôlées. 
La thèse apporte de nouvelles connaissances sur les mécanismes régissant le piégeage du CO2 dans les 
milieux poreux, essentiels à la conception et à l’optimisation des stratégies de séquestration du carbone. 

Mots clés : microfluidique, milieux poreux, écoulement multiphasique, stockage de CO2, traitement plasma, 
mouillabilité 



Microfluidic Study of Mass Transfer at Fluid–Fluid Interfaces 
in Porous Media with Plasma-Induced Wettability Control 

and Raman Spectroscopy 

This PhD thesis is part of the INTER-AQ project within CNRS, an interdisciplinary research initiative aiming to 
unravel the complex and coupled dynamics of mass transfer and fluid redistribution at fluid-fluid interfaces 
within porous media. The project combines experimental microfluidics to replicate subsurface environments, 
vibrational spectroscopy for in situ chemical quantification, and novel plasma-based techniques to tailor pore 
surface properties. These integrated approaches target key environmental and energy challenges, such as 
geological CO2 storage. Within this framework, the PhD research contributes to a pore-scale perspective, 
advancing experimental methods to investigate how interfacial phenomena influence fluid behavior in porous 
systems. 

The objective of this thesis is to address a fundamental gap in our understanding of mass transfer at the pore 
scale, specifically how wettability affects fluid/fluid interfacial mass transfer processes and fluid trapping in 
geological porous media. The research focuses on the development of an experimental platform that integrates 
microfluidics and μRaman spectroscopy to track CO2-water interfacial mass transfer in real time. Microfluidic 
devices are transparent pore networks made of channels of rectangular cross-sections, mimicking subsurface 
porous environments and allowing direct visualization of fluid behaviors. Crucially, the study introduces in situ 
atmospheric pressure plasma treatment as a new tool for modifying wettability within closed glass microfluidic 
devices. This allows precise control over surface characteristics, enabling systematic investigation of 
wettability impacts on interfacial dynamics. The insights of wettability influenced interfacial mass transfer 
gained in this study are expected to improve the calibration of both pore- and field-scale models, increasing 
the accuracy of predictions for carbon storage in geological reservoirs. 

Three core research questions structure the investigation. First, the feasibility of propagating atmospheric 
plasma within closed microfluidic channels is explored to determine whether in situ wettability tuning is 
technically viable. The work demonstrates that plasma jets can be successfully introduced and controlled within 
the devices, enabling reliable alteration of surface wettability. Results obtained by in situ contact angle 
measurement on images indicate uniform wettability treatment with increased hydrophilic properties after only 
1 min of plasma treatment. The wettability achieved on glass with our setup offers stability for up to 70 days, 
depending on the plasma treatment and storage parameters. Second, the study examines how wettability 
conditions affect capillary trapping and interfacial mass transfer. By employing microfluidic devices with 
increasing geometrical complexity, the experiments reveal how surface wettability indeed influences fluid 
displacement/ retention, water evaporation and CO2 dissolution under a range of flow conditions. Our results 
demonstrate the influence of wettability on fluid-fluid displacement and mass transfer processes. Third, the 
potential of μRaman spectroscopy for in situ, semi-quantitative analysis of CO2 dissolution is assessed. Raman 
analyses is able to capture the temporal evolution of dissolved species, providing complementary chemical 
data to visual flow observations and enabling the quantification of interfacial mass transfer rates. 

In summary, this research establishes an integrated atmospheric-plasma-microfluidic-μRaman experimental 
framework that allows for the systematic study of pore-scale interfacial mass transfer under controlled 
wettability conditions. By leveraging plasma technology for surface modification and spectroscopic techniques 
for chemical analysis on microfluidic devices, the thesis delivers new insights into the mechanisms that govern 
CO2 trapping in porous media and that are critical for the design and optimization of carbon sequestration 
strategies. 
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