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Avant-propos 

Mon intérêt pour la décontamination des eaux polluées par les médicaments psychotropes 

est né à la suite de la pandémie de Covid-19. Cet « ennemi invisible » a eu pour principale 

conséquence la hausse de la consommation des antidépresseurs dont le rejet dans 

l’environnement cause des préjudices irréversibles au biote aquatique. La préservation de 

l’environnement est un enjeu universel qui requiert notre attention ainsi qu’un 

investissement collectif.   

Cette thèse est une modeste contribution qui propose une solution simple à cette 

problématique à travers le développement de matériaux fonctionnels capables de fixer ce 

type de contaminant émergent. Elle reflète à la fois un investissement personnel et un 

engagement scientifique visant à améliorer la qualité de l’eau contaminée par les 

antidépresseurs avant son rejet dans l’environnement. 

La réalisation de ce projet n’aurait pas été possible sans l’expertise scientifique et 

l’encadrement des professeurs Phuong Nguyen-Tri et Bruno Chabot à qui je témoigne 

toute ma gratitude. J’espère que ce travail apportera des éléments pertinents sur 

l’utilisation des matériaux fonctionnels gélifiés pour l’élimination des antidépresseurs en 

milieu aqueux et ouvrira de nouvelles perspectives de recherche pour le développement 

de matériaux adsorbants avancés. 
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Résumé 

La pandémie de COVID-19 a entraîné une hausse importante de la consommation de 

médicaments psychotropes, notamment des antidépresseurs, dont les résidus se retrouvent 

dans les stations de traitement des eaux usées (STEP). Parmi eux, la fluoxétine (FLX), un 

contaminant émergent biologiquement actif, persistant et biorécalcitrant, échappe 

fréquemment aux procédés conventionnels de traitement et atteint les eaux de surface, où 

elle représente un risque écotoxicologique pour les écosystèmes aquatiques. Dans ce 

contexte, le développement de solutions de traitement durables, biosourcées et 

économiquement viables apparaît essentiel. 

Cette thèse vise à évaluer le potentiel d’adsorption de matériaux polymériques poreux 

pour l’élimination de la fluoxétine en milieu aqueux. À partir de carboxyméthylchitosane 

obtenu par modification chimique du chitosane, deux familles de matériaux ont été 

développées : des hydrogels sphériques biosourcés, préparés par extrusion électrostatique, 

et des cryogels hybrides monolithiques, synthétisés par cryopolymérisation à partir d’une 

matrice naturelle et d’un réseau synthétique de poly(acrylate) de sodium. Un cryogel 

hybride à empreinte moléculaire a également été élaboré afin d’améliorer la sélectivité 

envers la fluoxétine. 

Les matériaux obtenus présentent des structures poreuses bien développées, 

interconnectées et capables de gonfler en milieu aqueux. La carboxyméthylation et 

l’introduction du poly(acrylate) de sodium ont permis d’augmenter la densité des groupes 

carboxylates, de favoriser les interactions électrostatiques avec la FLX sous forme 

cationique et d’améliorer la stabilité des adsorbants lors des cycles 

d’adsorption/désorption. 

Les hydrogels sphériques ont montré des capacités d’adsorption en batch comprises entre 

90 et 113 mg/g, avec une adsorption exothermique, bien décrite par une cinétique du 

pseudo-premier ordre et le modèle de Langmuir. Malgré une efficacité maintenue à 65 % 

après cinq cycles, une perte de masse et une déformation structurale ont limité leur 

robustesse. Cette observation a motivé le développement des cryogels hybrides, plus 

résistants mécaniquement. 
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Le cryogel hybride macroporeux NaPA4-CMCs a présenté une capacité d’adsorption 

maximale de 80,6 ± 3,4 mg/g, avec un processus favorable, exothermique et dominé par 

la physisorption, où les interactions électrostatiques jouent un rôle prépondérant. Son 

efficacité est restée supérieure à 60 % après trois cycles. Son potentiel a ensuite été validé 

en mode dynamique en flux continu dans une colonne à lit fixe, afin de simuler des 

conditions plus réalistes de traitement des eaux usées. Dans les conditions optimales (pH 

8,5 ; 10 ppm ; 0,4 cm ; 1,5 mL/min), un rendement d’élimination de 59 % a été atteint. 

Les modèles de Thomas et de Yoon-Nelson ont bien décrit les courbes de percée. Les 

essais d’adsorption compétitive ont également mis en évidence une plus forte affinité de 

la FLX pour le cryogel que le citalopram (CIT) et la venlafaxine (VEN). Enfin, le cryogel 

hybride à empreinte moléculaire s’est révélé plus sélectif et plus performant que le cryogel 

non imprimé pour la capture de la fluoxétine. 

Dans l’ensemble, cette thèse démontre le fort potentiel des hydrogels et cryogels 

biosourcés, en particulier des cryogels hybrides à empreinte moléculaire, comme 

matériaux adsorbants innovants, sélectifs et prometteurs pour le traitement des eaux 

contaminées par des résidus pharmaceutiques. 

Avril 2026 
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Chapitre 1 - Introduction 

1.1 Contexte 

La recrudescence des troubles de santé mentale dans le monde constitue un problème 

sanitaire, socio-économique et environnemental qui se pose avec acuité. Cet état de fait 

déjà précaire a été accentué pendant la pandémie de Covid-19, qui a été une source 

d’anxiété et de stress pour les personnes vulnérables. Selon l’Organisation mondiale de la 

santé (OMS), en 2019, une personne sur huit dans le monde souffrait d’un trouble mental: 

301 millions de personnes souffraient d’anxiété et 280 millions de personnes souffraient 

de dépression. En 2020, les estimations mondiales de l’augmentation des cas d’anxiété et 

de dépression rapportés étaient de 26 % et 28 % respectivement [1]. Au Canada, le taux 

de prévalence est passé de 15.4 % à 16.4 % entre 2019 et 2023, avec une augmentation 

marquée au Québec, passant de 13.9 % à 16.5 % pour la même période [2]. La hausse des 

cas de troubles mentaux observés a eu pour effet direct une croissance remarquable de la 

consommation mondiale de médicaments psychotropes, notamment des antidépresseurs 

(Figure 1.1). Cette consommation est liée à la prévalence croissante des troubles dépressifs 

et anxieux. En 2021, au plus fort de la pandémie de Covid-19, le marché mondial des 

antidépresseurs était évalué à 15.87 milliards USD et en 2025, il représente environ 17.82 

milliards USD [3]. Au Canada, en 2022, il représentait environ 1.3 milliards USD et 

pourrait atteindre 2.08 milliards USD en 2030 [4]. Cette hausse de la consommation 

d’antidépresseurs n’est pas sans conséquences. Elle contribue majoritairement à l’entrée 

en continu de ces polluants émergents dans les stations d’épuration (STEP) à travers les 

eaux usées urbaines à la suite de leur excrétion par les organismes à l’état initial ou de 

métabolites [5,6]. À cela s’ajoutent les rejets hospitaliers et ceux de l’industrie 

pharmaceutique. De nombreuses études rapportent la présence d’antidépresseurs tels que 

la fluoxétine, le citalopram et la venlafaxine dans les effluents urbains, les eaux de surface 

et même les eaux souterraines [7]. Cela met en lumière l’inefficacité des méthodes 

conventionnelles pour éliminer les antidépresseurs présents dans les eaux usées, en raison 

de leur complexité [8]. Ces molécules sont conçues pour être biologiquement actives à 

faibles concentrations, stables et persistantes, ce qui leur confère la capacité de 
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s'accumuler dans les milieux récepteurs [9,10]. Cette situation est une problématique 

environnementale majeure qui soulève des inquiétudes et interpelle aussi bien les 

scientifiques que les politiques quant aux risques liés à l’augmentation des rejets 

d’antidépresseurs dans l’environnement.  

 

Figure 1.1 Pays membres de l’organisation de coopération et de développement 
économiques (OCDE) ayant les niveaux de consommation des 
antidépresseurs les plus hauts (2017-2024) [11] 

L’impact des antidépresseurs sur l’écosystème aquatique est de plus en plus répertorié. 

Des études révèlent leur toxicité à l’égard des organismes aquatiques non ciblés présents 

dans les milieux récepteurs. Même à de très faibles concentrations, de l'ordre du ng/L dans 

certains cas et du µg/L dans d'autres, leur bioaccumulation dans des organismes 

aquatiques peut entraîner des effets néfastes sur la biodiversité aquatique [10]. Ils 

provoquent le trouble du comportement, une altération des neurotransmetteurs, une 

perturbation de la reproduction, une altération de l’activité enzymatique, une modification 

de l’expression génétique, une perturbation endocrinienne, des malformations 

embryonnaires et des troubles du développement cardiaque [12]. Bien que détecté à l’état 
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de trace dans l’eau potable, aucun effet négatif sur la santé humaine n’a été rapporté à 

notre connaissance [13]. La nécessité de mettre au point des méthodes de traitement 

efficace et durable capable d’éliminer complètement les antidépresseurs dans les eaux 

usées est une urgence. Cela empêcherait leur rejet dans les plans d’eau par les STEP après 

le traitement des eaux usées. Cette action permettrait de préserver l’équilibre des 

écosystèmes aquatiques, garantirait la disponibilité de certaines ressources halieutiques 

propres à la consommation humaine et éviterait leur accumulation dans les ressources en 

eau utilisées par l’homme. C’est une nécessité d’autant plus que les ressources en eau 

encore disponibles s’amenuisent en raison des changements climatiques et nous imposent 

donc la protection et la préservation de celles-ci face à toute forme de pollution.  

1.2 Problématique 

Les méthodes de traitement classiques des eaux usées sont peu efficaces face aux 

antidépresseurs et ne peuvent pas assurer l’élimination complète de leurs polluants 

émergents. Cela est dû à la complexité de ces molécules attribuée à leurs propriétés 

physico-chimiques particulières. D’autre part, les procédés d’oxydation avancés (POA) 

ont démontré une efficacité remarquable pour éliminer ce type de contaminant. 

Malheureusement, ces techniques sont confrontées à des limitations importantes. Elles 

sont énergivores, complexes, dispendieuses et génèrent des sous-produits susceptibles de 

mettre l’environnement en danger. L’adsorption est une alternative attrayante face aux 

inconvénients que présentent les POA. C’est une méthode simple, efficace, durable et peu 

onéreuse qui suscite de plus en plus d’intérêt pour l’élimination efficace des 

antidépresseurs. Toutefois, les matériaux comme les charbons activés utilisés comme 

adsorbants par excellence souffrent d’une sélectivité limitée, d’une régénération 

énergivore et des coûts conséquents, environ 0.34 - 22 USD/kg. De plus, la demande 

énergétique moyenne et les émissions moyennes de gaz à effet de serre liées à la 

production du charbon actif sont à prendre en compte (97 MJ/kg et 6.6 kg CO2 eq/kg, 

respectivement) [14]. Une alternative aux contraintes liées à l’utilisation des charbons 

actifs est le biochar, de plus en plus utilisé pour la purification de l’eau. Les biochars, 

adsorbants bon marché et durables, ont une capacité d’adsorption qui dépend notamment 

du type de matière première et des conditions de fabrication [14,15]. Ce type d’adsorbant 
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a démontré une efficacité d’adsorption de certains polluants qui est comparable à celle des 

charbons actifs voir meilleure dans certains cas [14]. Le choix de la matière première est 

un enjeu sérieux car les métaux lourds parfois contenu dans la biomasse pourrait demeurer 

dans le biochar après fabrication ou être volatilisé sous forme de gaz lors de la pyrolyse 

[16]. Les composés organiques volatils et les hydrocarbures aromatiques polycycliques 

générés à cette étape constituent un danger pour l’environnement [17]. On note qu’une 

étape de prétraitement est parfois nécessaire pour éliminer les métaux lourds, ce qui 

accroît les coûts de production. De même, la pyrolyse lente, la méthode la plus utilisée 

pour obtenir de meilleurs rendements en poids de biochar, nécessite des temps de 

dégradation thermique de la biomasse plus longs, ce qui rend le processus plus énergivore 

et plus onéreux [18,19]. Les défis de reproductibilité constituent également un obstacle 

supplémentaire à leur utilisation à grande échelle.  

Dans ce contexte, il apparaît nécessaire de rechercher des alternatives novatrices, 

abordables et durables capables de concilier plusieurs exigences afin de garantir une 

élimination efficace des antidépresseurs dans l’eau. Il s’agit notamment de :  

• Une bonne affinité vis-à-vis des molécules d’antidépresseurs à des concentrations 

environnementales (µg/L – mg/L).  

• Une cinétique d’adsorption rapide permettant un bon transfert de masse en 

fonctionnement dynamique.  

• Une bonne stabilité chimique et mécanique en milieu aqueux.  

• Une compatibilité avec les procédés d’adsorption par lot, ainsi qu’avec le 

traitement dynamique dans une colonne à lit fixe, facilement transposable à 

l’échelle industrielle.  

• Une régénération facile.  

• Une bonne reproductibilité 

Le développement de matériaux adsorbants durables à haute valeur ajoutée, conformes à 

ces exigences, constitue un défi d’actualité dans un contexte de pollution accrue des plans 

d’eau par les antidépresseurs. L’une des formes d’adsorbants qui attirent l’attention est le 

gel, qui possède des caractéristiques physico-chimiques requises pour des applications 

ciblées. Les hydrogels et les cryogels hybrides à base de biopolymères et/ou de polymères 
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synthétiques constituent une piste prometteuse, de plus en plus explorée. La combinaison 

de ces deux types de polymères permet de tirer le meilleur parti de chacun, afin d’obtenir 

un matériau flexible, à bonne stabilité mécanique et chimique, doté de groupes 

fonctionnels modifiables chimiquement pour optimiser les interactions avec les molécules 

cibles. D’autre part, la macroporosité de ces matériaux développée grâce aux méthodes de 

fabrication favorise le transfert de masse dans la structure des matériaux [20–22]. 

Cependant, à notre connaissance, ce type de matériau n’a pas encore été étudié pour 

l’élimination des antidépresseurs en solution avant nos travaux. De plus, les mécanismes 

régissant l’adsorption des antidépresseurs, tels que la fluoxétine, par de tels matériaux, 

dans différentes conditions d’adsorption et en présence d’un solvant mixte 

(eau/méthanol), restaient jusque-là inexplorés. Ces observations suscitent des 

interrogations quant à la manière de concevoir et d’évaluer un hydrogel biosourcé et un 

cryogel hybride partiellement biosourcé, capables d’éliminer efficacement les 

antidépresseurs. Quelle serait l’efficacité d’élimination des antidépresseurs, notamment 

de la fluoxétine, sous différentes conditions d’adsorption à partir d’un hydrogel à base de 

carboxyméthylchitosane et d’un cryogel hybride à base de polyacrylate de 

sodium/carboxyméthylchitosane? Quels seraient les mécanismes d’interaction 

responsables de cette adsorption?  

Le choix du carboxyméthylchitosane s’appuie sur la disponibilité du biopolymère 

précurseur (le chitosane), issu de la chitine, l’un des biopolymères les plus abondants après 

la cellulose, à partir duquel de nombreux adsorbants écoresponsables sont développés. 

L’avantage de ce biopolymère est qu’il est non toxique, biodégradable, doté de groupes 

fonctionnels qui peuvent être modifiés chimiquement afin d’optimiser la sélectivité et peut 

être extrait des déchets de la biomasse [23–25]. Le choix du polyacrylate de sodium repose 

sur sa compatibilité avec les biopolymères afin de fabriquer des matériaux hybrides 

présentant de meilleures propriétés mécaniques et hydrophiles. De plus, il est doté de 

fonctionnalités requises pour une sélectivité accrue. Sa disponibilité commerciale et son 

coût abordable rendent son usage intéressant pour de potentielles applications à grande 

échelle dans le domaine du traitement des eaux usées. La méthode de gélification qui 

combine la réticulation ionique et la réticulation chimique des chaînes de polymère est 

retenue pour la fabrication des hydrogels, tandis que la méthode de cryopolymérisation ou 
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de polymérisation cryotopique est retenue pour la fabrication du cryogel hybride. Ce sont 

des méthodes simples qui permettent d’obtenir des matériaux poreux présentant une bonne 

surface spécifique, dont la morphologie peut être contrôlée. La forme sphérique des 

hydrogels a été obtenue par extrusion électrostatique tandis que les monolithes cryogels 

hybrides ont été formé en utilisant des seringues comme moule. 

1.3 Objectifs 

L’objectif principal de ce travail consiste à fabriquer un hydrogel sphérique et un cryogel 

hybride monolithique, capables d’éliminer efficacement les antidépresseurs, notamment 

la fluoxétine, dans un milieu aqueux, à partir du carboxyméthylchitosane pour l’un, et de 

la combinaison polyacrylate de sodium / carboxyméthylchitosane pour l’autre. Pour cela, 

les objectifs spécifiques qui orientent notre travail se déclinent comme suit: 

1. Effectuer la modification chimique du chitosane par carboxyméthylation et 

caractériser le produit de synthèse. 

2. Développer les hydrogels sphériques à partir du carboxyméthylchitosane par 

extrusion électrostatique en utilisant la méthode combinée de réticulation ionique 

et réticulation chimique des chaînes de polymères. 

3. Évaluer les performances d’adsorption de la fluoxétine, antidépresseur ciblé en 

solution aqueuse, à l’aide d’une technique d’adsorption en cuvée (batch). 

4. Développer un cryogel hybride monolithique par cryopolymérisation à partir du 

mélange monomère acrylate de sodium et carboxyméthylchitosane puis effectuer 

la caractérisation du matériau. 

5. Évaluer les performances d’adsorption de la fluoxétine par lot et en 

fonctionnement dynamique dans une colonne à lit fixe de cryogel hybride. 

6. Réaliser des essais préliminaires d’adsorption compétitive de trois antidépresseurs 

(fluoxétine, venlafaxine et citalopram) afin d’évaluer le pouvoir sélectif du cryogel 

hybride développé. 

7. Évaluer la sélectivité du cryogel hybride à empreinte moléculaire par rapport au 

cryogel hybride non imprimé dans un milieu comportant le la FLX et le CIT. 
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1.4 Hypothèse de recherche 

À partir de leur structure hautement poreuse qui facilite l’accès aux sites actifs, de leur 

hydrophilie qui les rend compatibles avec les milieux aqueux et de la présence de groupes 

fonctionnels polaires, les hydrogels à base de carboxyméthylchitosane et les cryogels 

hybrides à base de polyacrylate de sodium / carboxyméthylchitosane seraient des 

adsorbants performants et sélectifs pour l’élimination de la fluoxétine. Leur efficacité 

d’adsorption aussi bien en cuvée qu’en conditions dynamiques pourrait concurrencer celle 

des adsorbants standards (charbon actif, biochar, zéolithe) et serait adaptée pour des 

applications d’adsorption dans les conditions aqueuses réelles. La fluoxétine, plus 

lipophile dans un contexte d’adsorption compétitive avec la venlafaxine et le citalopram, 

moins lipophile, interagira différemment avec le cryogels hybride. L’introduction de 

cavité mémoire pourrait accroître la sélectivité du cryogel hybride. 

1.5 Importance de la thèse 

La présence des antidépresseurs dans les effluents des STEP et le risque qu’ils représentent 

pour l’écosystème aquatique, en raison de leur persistance, de leur bioaccumulation 

potentielle et de leurs effets écotoxicologiques, constituent un problème environnemental. 

Bien que des adsorbants classiques aient été étudiés pour leur élimination, ceux-ci 

présentent toutefois des limites notables, à savoir une sélectivité limitée, des coûts élevés, 

une production et une régénération énergivores, une empreinte carbone non négligeable 

et des risques environnementaux potentiels. Dans ce contexte, cette thèse propose une 

alternative aux biosorbants standards afin de réduire la dépendance envers ces derniers en 

assurant une élimination efficace de leurs polluants émergents, notamment la fluoxétine 

(FLX). Nos travaux constituent une contribution originale qui explore le potentiel des gels 

(hydrogel et cryogel hybride) à base de carboxyméthylchitosane, ainsi que de la 

combinaison polyacrylate de sodium/carboxyméthylchitosane, respectivement, pour 

l’élimination de la FLX dans un milieu aqueux contenant une faible proportion de 

méthanol (5 %). L’originalité de ce travail réside dans la modification chimique du 

biopolymère de départ et la macroporosité développée grâce aux techniques de 

fabrication, qui permettent de moduler l’hydrophilie afin d’optimiser les interactions avec 
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la FLX ionisée pour le premier, et de favoriser un bon transfert de masse pour le second. 

Cette approche permet de rehausser l’efficacité de ce type d’adsorbant, qui pourrait 

concurrencer les biosorbants standards utilisés jusqu’ici, et ouvrir la voie à des procédés 

d’épuration plus ciblés, portant sur une gamme plus large de polluants pharmaceutiques. 

Cette étude apporte également des connaissances sur les mécanismes régissant 

l’adsorption de la FLX sur de tels matériaux, dans diverses conditions expérimentales. 

Cette thèse vise à démontrer non seulement l’efficacité d’adsorption, mais aussi la 

pertinence de l’utilisation de gels (hydrogels/cryogels hybrides) biosourcés ou 

partiellement biosourcés comme adsorbants innovants et alternatives durables à 

approfondir. Ceux-ci pourraient potentiellement être transférables vers des procédés 

industriels pour la dépollution des eaux et la préservation de l’écosystème aquatique. 

1.6 Organisation de la thèse 

La présente thèse repose sur quatre articles scientifiques (deux publiés et deux soumis) et 

s’articule en huit chapitres. Le chapitre 1 aborde le contexte général, puis la 

problématique, les objectifs et les hypothèses de recherche. Le chapitre 2 est consacré à la 

revue de la littérature. Il présente succinctement la situation des antidépresseurs dans les 

plans d’eau, le risque pour l’environnement aquatique et l’urgence de développer des 

technologies écoresponsables à haut potentiel, simples et accessibles, qui s’inscrivent dans 

une optique de développement durable. Il évoque également l’état de l’art des 

technologies actuelles d’adsorption des antidépresseurs dans l’eau et présente de manière 

générale les aspects théoriques de l’adsorption en cuvée et de l’adsorption dynamique 

(mécanismes d’adsorption, isothermes d’adsorption, cinétique d’adsorption et aspects 

énergétiques des processus). Dans ce chapitre, sont aussi présentés les polymères utilisés 

pour la fabrication des hydrogels et cryogels hybrides (caractéristiques et propriétés), et 

leurs méthodes de fabrication. Le chapitre 3 présente le matériel, la démarche 

méthodologique et les techniques de caractérisation des matériaux utilisés dans ce travail. 

Les principaux résultats obtenus sont présentés aux chapitres 4, 5, 6 et 7 sous la forme de 

quatre articles scientifiques. La conclusion générale est présentée au chapitre 8. 
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Chapitre 2 - Revue de littérature 

2.1 Les antidépresseurs comme source de pollution-État de la situation 

2.1.1 Généralité 

De nombreux déterminants d’une mauvaise santé mentale, présents avant la pandémie de 

Covid-19, ont été aggravés par celle-ci et continuent d’affecter la santé mentale des 

populations à l’échelle mondiale. L’anxiété et la dépression font partie des troubles 

mentaux les plus répandus. Le traitement des troubles mentaux passe entre autres par la 

consommation de médicaments psychotropes [1]. Les antidépresseurs sont un choix 

populaire, et la prévalence de leur utilisation indique une tendance à la hausse dans divers 

pays, notamment au Canada [2–4]. Les antidépresseurs couramment prescrits 

appartiennent à trois classes selon leur mécanisme d’action et leur structure chimique. Il 

s’agit des antidépresseurs tricycliques (ATC, par exemple amitriptyline (AMI)), des 

inhibiteurs de la recapture de la sérotonine et de la noradrénaline (IRSN, exemple la 

venlafaxine (VEN)), et les inhibiteurs sélectifs de la recapture de la sérotonine (ISRS) 

comme la fluoxétine (FLX) et le citalopram (CIT), qui se distinguent ces dernières années 

par une présence prépondérante dans les milieux aqueux [5–7]. Ces antidépresseurs 

correspondaient à des taux de consommation respectifs de 5.7 %, 16.8 % et 64.9 % en 

2019 à l’échelle mondiale [8]. Ce sont des molécules organiques synthétiques qui exercent 

une action pharmacologique spécifique sur l’organisme. Après ingestion, les 

antidépresseurs sont métabolisés et excrétés dans l’urine et les fèces sous forme inchangée 

et/ou conjuguée, puis acheminés par les eaux usées municipales jusqu’aux STEP [9]. Les 

antidépresseurs non utilisés et ceux périmés, éliminés de façon inadéquate, participent 

également à leur entrée dans les STEP [10,11]. Les eaux usées des milieux hospitaliers et 

celles issues des industries pharmaceutiques contribuent également à la charge globale des 

antidépresseurs dans les STEP [12,13]. Des niveaux d’occurrence moyens de (72,62 ng/L 

à 5011,8 ng/L) ont été signalés pour les antidépresseurs et leurs métabolites dans les 

influents des STEP de nombreux pays [14].  Au niveau des STEP, des méthodes de 

traitement conventionnelles sont mises en œuvre pour éliminer les antidépresseurs et leurs 

métabolites présents dans les eaux usées (coagulation, floculation, biodégradation, 
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sorption sur les boues ou les particules et filtration) [15]. Toutefois, l’inefficacité de ces 

méthodes de traitement a été constatée à la suite de la détection d’antidépresseurs et de 

leurs métabolites dans les effluents des STEP ainsi que dans les eaux réceptrices 

adjacentes. Par exemple, la FLX a été détectée après un traitement des eaux usées par 

boues activées, provenant des effluents des STEP et des eaux de surface [16,17]. Au 

Canada, cette molécule a également été identifiée dans les eaux de rejet de trois STEP 

dans le sud de l’Ontario [17]. Dans le fleuve Saint-Laurent à Montréal, non loin du point 

de rejet des effluents de la STEP de cette ville, les antidépresseurs ont été détectés, révélant 

ainsi le manque d’efficacité des procédés physico-chimiques opérés pour leur élimination 

complète [1]. L’un de ses métabolites, la nor-fluoxétine, a été détecté dans l’eau de 

consommation [18,19]. L’épandage sur le sol de biosolide issu des boues des STEP 

constitue une autre voie d’entrée de ces polluants émergents dans l’environnement [20]. 

Ces médicaments sont conçus pour être biologiquement actifs même à faibles 

concentrations, et la plupart de leurs métabolites conservent une activité pharmacologique 

plus ou moins identique à celle de la molécule parent [21].  

2.1.2 Impact des antidépresseurs dans les stations d’épuration et les eaux 
réceptrices 

Les STEP conventionnelles n’ont pas été conçues pour éliminer les produits 

pharmaceutiques, notamment les antidépresseurs, des eaux usées [24,25]. Par conséquent, 

les taux d’élimination variables de ces micropolluants sont rapportés dans la littérature et 

dépendent à la fois de leurs propriétés physico-chimiques et des technologies 

d’élimination mises en œuvre dans les STEP [24,25]. Leur présence dans les eaux 

réceptrices reflète l’incapacité des méthodes conventionnelles à les éliminer efficacement, 

compte tenu des fractions significatives rejetées par les effluents, principaux vecteurs de 

la pollution des milieux aquatiques par les antidépresseurs [1].  

Les caractéristiques structurelles et physico-chimiques des antidépresseurs permettent de 

prédire leur comportement dans l’environnement. D’autre part, la connaissance des voies 

de transformation de ces molécules organiques par différents processus, ainsi que des 

produits de transformation, facilite la compréhension des risques liés à l’exposition du 

biote aquatique à ce type de polluant [7]. Par exemple, Wang et al., 2023 [15] ont 
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répertorié les produits de transformation de la FLX, du CIT et de la VEN obtenus par trois 

voies distinctes au cours du traitement des eaux usées (voir la figure 2.1). Ils ont mis en 

lumière la formation de produits de dégradation aussi dangereux que les composés parents 

pour l’écosystème aquatique. Les paramètres tels que le coefficient de partage octanol-

eau (log Kow) et le coefficient de distribution solide-eau (Kd) fournissent des informations 

sur le caractère lipophile ainsi que sur la capacité de sorption des antidépresseurs à des 

surfaces organiques [26]. Par exemple la FLX présente une valeur du coefficient de 

partage octanol-eau (log Kow > 4) et une valeur du coefficient de distribution solide-eau 

(log Kd > 2.7) ce qui indique que cette molécule est lipophile et a un potentiel de sorption 

élevé sur les sédiments [27]. L’investigation du potentiel de dégradation, de persistance et 

d’accumulation des ISRS dans les sédiments a été rapportée dans différentes études. 

Celles-ci mentionnent que la FLX et le CIT étaient rapidement adsorbés par les sédiments 

et pendant un délai de 30 jours, la FLX n’était quasiment pas dégradée tandis que les 

concentrations détectées de CIT étaient entre 52 et 63 % de la concentration initiale 

adsorbée [7,28]. Ces molécules sont stables dans les sédiments, biorécalcitrantes et 

persistantes, et leur potentiel de bioaccumulation et de bioamplification à différents 

niveaux trophiques a été signalé par Metcalfe et al., 2010 [10,29]. Ces polluants 

organiques coexistent dans les milieux aqueux avec d’autres polluants, de même nature 

ou non, entraînant des interactions directes ou indirectes entre eux.  

La dégradation abiotique des antidépresseurs et de leurs métabolites dans l’environnement 

dépend de certains paramètres tels que la profondeur du cours d’eau, l’intensité de 

l’irradiation solaire et la composition en matières organiques, entre autres [30]. 

L’investigation des réactions de photolyse et d’hydrolyse des antidépresseurs a révélé 

qu’elles constituent les voies principales de dégradation de ces molécules dans les eaux 

de surface [30]. Cette approche a mis en lumière leur capacité à persister dans l’eau 

naturelle et les solutions aqueuses étudiées. Par exemple, la photolyse de certains ISRS 

(FLX et CIT) et d’IRSN (VEN) en conditions simulées en laboratoire ou réelles (eau de 

rivière naturelle, lac) a été étudiée dans certains travaux de la littérature [7,28]. Les 

résultats ont révélé que la photodégradation de la FLX dans l’eau pure sous irradiation 

solaire naturelle est difficile, avec une demi-vie de 7 jours, et génère un photoproduit, la 

nor-FLX [7]. Une stabilité photolytique, traduite par une dégradation lente aux pH 5 et 7, 
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a été observée pour le CIT sous irradiation solaire simulée pendant 30 jours 

d’expérimentation, tandis qu’à un pH plus alcalin (pH 9), la photodégradation était 

modérée, avec une demi-vie estimée à 65 jours. Dans l’eau humique synthétique, celle-ci 

était plus rapide avec une demi-vie de 24 jours et variait entre 14 et 43 jours dans les eaux 

naturelles [28]. Deux produits de dégradation du CIT ont été identifiés : le DCIT et le CIT-

N-oxyde. L’augmentation de l’intensité de l’irradiation solaire a favorisé la 

photodégradation de la VEN. Des demi-vies allant jusqu’à 62 jours, dans des conditions 

environnementales réelles, ont été rapportées dans la littérature [31]. La faible 

biodégradation et la stabilité photolytique de ces polluants pharmaceutiques favorisent 

leur persistance dans les milieux aquatiques et accroissent les risques de bioaccumulation 

au sein des organismes aquatiques. De plus, les produits formés lors de la 

photodégradation sont potentiellement bioactifs [32] et constituent un risque pour 

l’écosystème aquatique, comme les antidépresseurs parents non dégradés. 
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Figure 2.1 Voies de transformation et produits de transformation de la fluoxétine 
(a), du citalopram (b) et de la venlafaxine (c) lors des traitements 
suivants : la biotransformation (flèche noire), l’ozonation (flèche 
verte) et la chloration (flèche rouge) [15]  
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2.1.3 Risques pour l’écosystème aquatique 

L’entrée en continu des antidépresseurs dans l’environnement et leur persistance dans les 

milieux récepteurs peuvent induire des effets indésirables sur les organismes aquatiques 

exposés à différents niveaux trophiques [33]. Même à de faibles concentrations, ils 

demeurent bioactifs et ciblent notamment les systèmes de neurotransmission [34]. Les 

concentrations individuelles d’antidépresseurs, dans certains cas, sont faibles et ne sont 

pas susceptibles d’induire des effets toxiques chez les espèces aquatiques exposées. 

Cependant, les effets additifs et/ou synergiques des antidépresseurs de la même classe 

peuvent compromettre l’écosystème aquatique [35]. Ce sont des molécules capables de 

traverser les membranes biologiques, et leur accumulation dans les tissus cérébraux et 

hépatiques des organismes aquatiques exposés a été signalée [20,30,33]. Par exemple, la 

bioaccumulation des ISRS dans les tissus de poissons notamment le cerveau et le foie a 

été rapporté [36], la capacité de la VEN à s’accumuler dans le foie, le cerveau, le plasma, 

les gonades et les muscles a été observé chez la truite arc-en ciel [37]. Les effets négatifs 

des antidépresseurs sur la biodiversité exposée sont influencés par des facteurs importants, 

tels que la concentration, la durée d’exposition et l’état d’ionisation des molécules, entre 

autres. Des études révèlent que, pour les troubles comportementaux, on observe chez les 

poissons une modification de l’activité locomotrice, avec une lenteur ou une activité 

accrue, une perturbation de l’alimentation, marquée par une baisse ou une augmentation 

de l’alimentation, une altération des comportements sociaux (agressivité et prédation) et 

une réduction de la réaction de fuite face aux prédateurs. Pour ce qui est des effets 

physiologiques et reproductifs, ils rapportent une perturbation hormonale, une baisse de 

la fertilité, des anomalies du développement embryonnaire, un retard de la croissance et 

une diminution des capacités des organismes à lutter contre les infections. On note 

également, pour les effets biochimiques et cellulaires, une modification de l’expression 

génique liée à l’altération de la neurotransmission, ainsi qu’à des altérations neuronales et 

enzymatiques [38,39]. Le risque du transfert de ces micropolluants à travers différents 

niveaux trophiques a été évoqué dans plusieurs études et des conséquences écologiques 

globales sur l’écosystème aquatique récepteur ont été mis en exergues tels que la 

modification de la dynamique des population (moins de reproduction et survie réduite), le 

déséquilibre trophique et la perte de la biodiversité aquatique à long terme [34]. 
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2.2 Aperçu des approches de traitement de l’eau pour l’élimination des 
résidus d’antidépresseurs 

Les propriétés physico-chimiques des molécules d’antidépresseurs comme la FLX, le CIT 

et la VEN favorisent leur caractère récalcitrant et persistant vis-à-vis de certaines 

méthodes d’élimination. Les principales voies recensées dans la littérature pour 

l’élimination de ces micropolluants sont la biodégradation par des méthodes 

biochimiques, la minéralisation par des méthodes oxydatives et l’adsorption par des 

phénomènes de surface. 

2.2.1 Dégradation biologique 

C’est une approche plus verte qui permet un traitement économique et durable des eaux 

contaminées par des polluants pharmaceutiques. Elle peut être mise en œuvre selon deux 

processus. Il s’agit du processus biotique, qui comprend la biosorption, la bioaccumulation 

et la biodégradation [40,41], ainsi que du processus abiotique, qui comprend l’hydrolyse 

et la photolyse [42]. Plusieurs stratégies de biodégradation de la FLX ont été signalées 

dans la littérature et reposent notamment sur l’utilisation de microalgues, de bactéries et 

de solutions fongiques [41]. L’intérêt, par exemple, pour les microalgues réside dans la 

charge négative de leur surface, à laquelle la FLX ionisée a une grande affinité. Cela 

entraîne une biosorption rapide, renforcée par la forte lipophilie de cette molécule (Log 

Kow = 4.1) [26]. L’immobilisation et la bioaccumulation contribuent à son élimination et 

des taux de biodégradation entre 41 – 100 % ont été rapporté lorsque la concentration de 

FLX était comprise entre 10 – 1000 µg/L [41]. Toutefois, la toxicité inhérente à la FLX 

pour les microalgues a été signalée pour des concentrations seuil supérieures ou égales à 

50 µg/L [43]. 

Des communautés de micro-organismes, notamment les bactéries, ont été utilisées pour la 

biodégradation de ce type de molécule organique par l’action d’enzymes qui consomment 

le carbone organique de ces molécules pour produire de l’énergie [40]. Des études de 

biodégradation de la FLX par cette approche ont mis en lumière la cinétique lente du 

processus, ce qui la rendrait moins adaptée à des traitements dynamiques et rapides [44]. 

Des taux de dégradation de 67 à 100 % et de 89 à 100 % ont été rapportés pour 
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l’élimination des deux énantiomères de la FLX (le S-FLX et le R-FLX), respectivement, 

lorsque la concentration initiale était comprise entre 0.6 et 2.8 mg/L [44]. 

Par ailleurs, des solutions fongiques ont également été étudiées pour dégrader la FLX. Les 

résultats rapportés mettent en exergue le potentiel prometteur de cette approche. Par 

exemple, une étude a signalé des taux d’élimination supérieurs à 83.1 % en 10 minutes 

pour la FLX à une concentration initiale de 600 µg/L [45,46]. 

2.2.2 Traitements physico-chimiques 

Les procédés physico-chimiques utilisés pour la décontamination des eaux polluées par 

des polluants pharmaceutiques, en général, et par des antidépresseurs, en particulier, sont 

nombreux [47–50]. Il s’agit par exemple des procédés d’oxydation avancés, des procédés 

électrochimiques, des technologies membranaires et de l’adsorption chacune présentant 

des avantages et des limites (Tableau 2.1). Les procédés d’oxydation avancés (POA) sont 

une technologie largement étudiée pour l’élimination efficace des contaminants 

émergents. Par exemple, la minéralisation de la FLX par ozonation et par photocatalyse 

hétérogène a été rapportée dans plusieurs travaux. Les radicaux hydroxyles très réactifs 

(˙OH, E° = 2.80 V) réagissent avec la FLX pour la dégrader selon différents mécanismes 

[51]. Ce sont des procédés à cinétique rapide et à excellente efficacité, adaptés à des 

traitements rapides à grande échelle des eaux contaminées. Par exemple, environ 100 % 

de la FLX (50 mg/L et 5 mg/L) a été éliminée en 120 et 5 minutes, respectivement, avec 

les systèmes de photocatalyse (TiO2 P25 et gC3N4) et PMS/Fe (III) [52]. Le système 

O3/H2O2 a réussi à dégrader 86.14 % de la FLX (50 mg/L) après 20 minutes avec 30 mg/L 

de O3 et 0.02 mM de H2O2 [53]. Toutefois, ces méthodes de traitement génèrent des sous-

produits toxiques qui peuvent persister dans le milieu aqueux ce qui limite leur utilisation 

et nécessite parfois des étapes de traitement supplémentaires qui augmentent les coûts de 

traitement [54]. De plus, ce sont des méthodes complexes, énergivores et onéreuses 

comme les technologies électrochimiques [55,56]. Les défis de mise en œuvre de cette 

dernière méthode sont liés à l’encrassement des surfaces des électrodes et à sa faible 

sélectivité. 
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Tableau 2.1 Évaluation comparative des technologies de traitement 
Technologies de 

traitement 
Points forts Limites 

Traitement 
biologique 

• Faible coût • Faible efficacité 
d'élimination du FLX 

 • Peut être intégré à toute 
technologie de traitement 
physico-chimique 

• Sorption dans les boues 

 • Respectueux de l'environnement 
et durable  

 

POA • Haute efficacité d'élimination • Coûts énergétiques et 
chimiques élevés 

 • Capable de minéralisation du 
FLX 

• Intermédiaires et/ou sous-
produits toxiques 

 • Rapide et efficace contre les 
micropolluants 

• Complexe 

 • Catalyseurs réutilisables  
 • Aucune production de boues  
Procédé 
électrochimique 

• Sélectif et réglable • Encrassement des électrodes 

 • Haute efficacité d'élimination • Optimisation des paramètres 
(pH, distance inter-
électrodes, courant, matériau 
des électrodes, électrolyte) 

Filtration 
membranaire 

• Aucune transformation 
chimique 

• Forte consommation 
d'énergie et de coûts 

  • Encrassement des 
membranes 

  • Problème d'élimination des 
concentrés 

Adsorption • Simple et économique • Stratégies de 
désorption/régénération 
parfois complexe 

 • Évolutif • Adsorption compétitive avec 
des co-contaminants 

 • Efficace même à faibles 
concentrations  

• Chute de l’efficacité rapide 
dès la saturation des sites 
actifs 

 • Aucun sous-produit toxique • Coûts élevés pour certains 
adsorbants commerciaux de 
haute qualité  

 • Sélective selon l’adsorbant  • Manque de sélectivité dans 
certain cas 

• Cinétique parfois lente  
• Dépendance aux conditions 

physico-chimiques 
• Moins performant pour les 

molécules très hydrophiles  
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La technologie membranaire a peu été utilisée pour éliminer la FLX, en mode continu ou 

discontinu. L’élimination de la FLX par ce procédé dépend de la pression de 

fonctionnement en plus de la concentration. Elle peut être très énergivore et générer un 

flux secondaire, bien que, dans certains cas, des taux d’élimination de 84.5 % et une 

capacité d’adsorption maximale de 2.6 mg/g aient été signalés pour des concentrations de 

FLX de 1.5 % p/p et de 2 mg/L, en traitement continu et discontinu, respectivement [57]. 

L’adsorption est une solution écologique exploitant l’affinité des polluants pour la surface 

des matériaux afin de les éliminer en solution aqueuse, selon la nature des interactions 

entre le polluant et l’adsorbant. Les enjeux ne concernent pas la méthode mais le choix 

des matériaux, leur sélectivité et leur régénération, souvent coûteuses et pouvant 

augmenter l’empreinte environnementale liée au recyclage. Ceci explique l’intérêt accru 

pour des adsorbants durables. Le tableau 2.2 montre que de nombreux adsorbants, 

synthétiques ou issus de biomasse, ont été employés pour retirer la FLX en solution 

aqueuse. 

Tableau 2.2 Résultats récents de l’adsorption de la FLX par différents adsorbants 
en solution aqueuse. (RT*: Room temperature) 

Adsorbants commerciaux q 
(mg g−1) 

pH Concentration initiale 
(mg L−1) 

T 
(°C) 

Réf. 

Charbon actif PBFG4 96.2 — 10 25 [58] 
Charbon actif granulaire (CAG) 233.5 9 5 25 [59] 
NQ40 125.24 7–7.5 1000 — [60] 
Silice 8.54 — 250 — [62] 
Siliaflash® F60 4.25 — 250 — [62] 
Valfor® 100 49 — 250 — [62] 
Dowex® Marathon® C 77.03 — 250 — [62] 
Amberlyst® 15 80.96 — 250 — [62] 
Adsorbants synthétiques      
Nanoparticules de RuFeO3 683.5 7 — 25 [63] 
Nanoparticules de CeFeO3 729.6 — — — [63] 
Biosorbants      
PS800–10KOH 191.6 — 10 25 [58] 
PS800–10NaOH 136.6 — 10 25 [58] 
PS800–10ZnCl 2 28.4 — 10 25 [58] 
Charbon d'arêtes de poisson 55,87 — 100 — [64] 
Biochar d'eucalyptus 6.41 6.5 20 RT* [59] 
Nanofibres AL : PVA 1:1 78.24 — 50 — [65] 
Biochar — 7.1 50 RT [66] 
Nanocomposite XCM 90.9 7.35 25 28 [67] 
PCM nanocomposite 114.9 7.35 25 28 [67] 
Hydrochar Alperujo 4.63, 5.95 6.4 30 RT [68] 
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2.2.3 Adsorption 

L’adsorption est une technologie avancée couramment utilisée pour éliminer des 

micropolluants organiques récalcitrants des eaux [69]. C’est un phénomène de surface par 

lequel un adsorbat (molécules, atomes, ions) se fixe à la surface d’un solide ou d’un gel 

(adsorbant) grâce à différents types d’interactions établies entre l’adsorbat et les sites 

actifs à la surface de l’adsorbant. Le processus d’adsorption se déroule en quatre étapes : 

la diffusion externe, le transfert du soluté à travers le film vers la surface de l’adsorbant, 

la diffusion interne et la réaction d’adsorption (voir la figure 2.2) [70]. Selon les forces 

d’attraction entre l’adsorbat et l’adsorbant, il existe deux processus d’adsorption : 

l’adsorption physique, ou physisorption, et l’adsorption chimique, ou chimisorption. La 

physisorption implique principalement les forces d’attraction faibles de type van der 

Waals entre l’adsorbat et l’adsorbant, ce qui rend le processus réversible, tandis que pour 

la chimisorption, des liaisons chimiques plus fortes se forment entre l’adsorbat et 

l’adsorbant, ce qui rend le processus irréversible [71]. C’est une méthode de traitement 

flexible, pouvant être combinée à d’autres méthodes. Elle est adaptée à l’élimination des 

polluants organiques et inorganiques même à de faibles concentrations. Elle est efficace, 

simple et économique. On note que la capacité d’adsorption maximale à l’équilibre peut 

être influencée significativement par de nombreux facteurs. Parmi eux on a le type 

d’adsorbat (nature chimique et la taille des molécules), la morphologie structurale de 

l’adsorbant notamment la surface spécifique et la porosité (taille, forme et distribution des 

pores), la charge de surface de l’adsorbant qui dépend à du pH de la solution, la nature des 

sites actifs (groupes fonctionnels) et leur densité à la surface de l’adsorbant [72]. Les 

paramètres physico-chimiques peuvent également exercer une influence sur le processus 

d’adsorption. Il s’agit du pH de la solution, de la température, de la dose d’adsorbant, de 

la concentration d’adsorbat, de la force ionique, entre autres. Les systèmes adsorbat-

adsorbant sont généralement évalués à l’aide de deux modes d’adsorption. Il s’agit du 

mode discontinu (batch) et du mode continu (colonne) [73,74]. 
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Figure 2.2 Processus d’adsorption [75] 

2.2.3.1 Adsorption en cuvée (batch) 

L’adsorption en cuvée est une méthode largement utilisée dans la littérature pour éliminer 

les polluants des eaux usées, qu’elles soient réelles ou synthétiques. Elle repose sur 

l’agitation à vitesse constante de la solution de polluant, dans laquelle ont été placées des 

quantités précises d’adsorbant, afin d’optimiser le contact entre l’adsorbat et l’adsorbant 

jusqu’à atteindre l’équilibre d’adsorption. Elle est adéquate pour évaluer la faisabilité d’un 

système adsorbat-adsorbant, car elle ne nécessite pas de grand volume de solution, utilise 

de petites quantités d’adsorbant et est adaptée au traitement de solutions à faible charge 

polluante. Les essais d’adsorption en cuvée sont généralement étudiés par modélisation 

des isothermes, de la cinétique et de la thermodynamique [76].  

Isothermes d’adsorption 

Les modèles isothermes jouent un rôle important dans l’analyse des performances d’un 

système adsorbat-adsorbant. Les modèles d’isothermes d’adsorption couramment utilisés 

pour décrire les données expérimentales d’adsorption sont les modèles de Langmuir et de 
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Freundlich entre autres [77]. Les équations associées à chacun de ces modèles sont 

répertoriées dans le tableau 2.3. Ces modèles isothermes reposent sur des hypothèses 

permettant d’interpréter les données expérimentales d’adsorption. Le modèle de Langmuir 

repose sur des hypothèses physiques qui postulent une adsorption en monocouche, une 

homogénéité de la surface de l’adsorbant, avec un nombre fini de sites d’adsorption 

équivalents de même énergie, et ne tient pas compte des interactions entre les molécules 

adsorbées [78]. Le modèle de Freundlich modélise une adsorption multicouche sur une 

surface hétérogène et tient compte des interactions moléculaires [79].  

Tableau 2.3 Modèles d'isothermes d'adsorption 

Isotherme Équation Paramètres 
Langmuir 

1
m L e

e
L e

q K Cq
K C

=
+  

qm : Limite théorique de l'adsorption lorsque la surface 
monocouche est entièrement recouverte d'ions 
métalliques (mg/g). 
KL : Constante de Langmuir (L/mg) liée à l'énergie 
d'adsorption. 

Freundlich 
1

n
e F eq K C=  

KF : Constante de Freundlich, qui prédit la quantité d’ions 
métalliques par gramme de composite à la concentration 
d'équilibre (mg/g). 
n: Une mesure de la nature et de la force du processus 
d'adsorption, ainsi que de la distribution des sites actifs 
liés à l'hétérogénéité de surface; plus sa valeur est élevée, 
plus le système est hétérogène. 

Modèles cinétiques 

L’étude de la cinétique d’adsorption est une étape essentielle pour la compréhension du 

processus d’adsorption. Elle permet de déterminer le temps d’atteinte de l’équilibre 

d’adsorption, facilite la compréhension du mécanisme de transfert de masse et fournit des 

informations sur la vitesse afin d’identifier l’étape qui limite la cinétique globale du 

processus d’adsorption. Les modèles cinétiques couramment utilisés pour décrire la 

vitesse d’adsorption sont le modèle cinétique du pseudo-premier ordre (modèle de 

Langmuir), le modèle cinétique du pseudo-second ordre (modèle de Ho et McKay) et le 

modèle de diffusion intraparticulaire (modèle de Weber-Morris) [80]. Les équations et les 

paramètres sont présentés dans le tableau 2.4.  
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Tableau 2.4 Équations linéaires et non linéaires des modèles cinétiques du pseudo-
premier ordre et du pseudo-deuxième ordre 

Modèle Équation Non-
linéaire 

Équation Linéaire Paramètres 

Pseudo-premier 
ordre ( )1 te

dq k q q
dt

= −
 

1log( ) log( ) ( )
2.303e t e

kq q q t− = −
 

 
 

qe: Quantité adsorbée 
(mg/g) à l’équilibre. 
qt: Quantité adsorbée 
(mg/g) au temps t (min). 
k1: Constante de vitesse 
d’adsorption de pseudo 
premier ordre (min-1). 

Pseudo-
deuxième ordre ( )2

2 e t
dq k q q
dt

= −
 2

2

1

e e

t t
q k q q
= +
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kid: Constante de vitesse 
de diffusion 
intraparticulaire (g/(g 
min1/2)). 
C: Épaisseur de la couche 
limite (mg/g). 

Le modèle cinétique du pseudo-premier ordre suppose que le taux d’occupation des sites 

actifs est proportionnel au nombre de sites disponibles. Ce modèle n’est pas adéquat pour 

décrire l’ensemble du domaine temporel au cours duquel l’adsorbat est en contact avec 

l’adsorbant, mais plutôt la phase initiale du processus d’adsorption. La diffusion externe 

à travers la couche limite contrôle le processus d’adsorption et les interactions de faible 

énergie sont responsables de la capture de l’adsorbant par les sites actifs. Le modèle 

cinétique du pseudo-second ordre suppose un taux d’adsorption proportionnel au carré du 

nombre de sites actifs libres. Il décrit bien l’intégralité du domaine temporel du processus 

d’adsorption et suggère que la cinétique globale du processus d’adsorption est contrôlée 

par des réactions chimiques [71,81]. Le modèle de diffusion intraparticulaire permet 

d’élucider le mécanisme de diffusion à la surface de l’adsorbant. Il suggère que la 

diffusion de l’adsorbat à l’intérieur des pores est l’étape qui limite le transfert de masse 

[82]. 
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Thermodynamique 

L’étude thermodynamique du processus d’adsorption constitue un outil fondamental qui 

complète les informations issues de l’analyse des isothermes et de la cinétique 

d’adsorption. Elle permet de comprendre la nature des interactions, la spontanéité et le 

mécanisme d’adsorption [76]. L’effet de la température sur le système se manifeste 

notamment par les valeurs des paramètres thermodynamiques calculés. Il s’agit de 

l’énergie libre de Gibbs ΔG° (kJ/mol), de l’enthalpie de réaction ΔH° (kJ/mol) et de 

l’entropie ΔS°. Ces paramètres peuvent être estimés à partir des constantes d’équilibre à 

différentes températures. La variation d’énergie de la réaction d’adsorption est donnée par 

les équations 1 et 2 : 

G RT Ln K∆ °=−   Équation 2.1 

G H T S∆ °=∆ °− ∆ °  Équation 2.2 

Où R est la constante universelle des gaz (8.314 J·mol⁻¹·K⁻¹), T est la température absolue 

(K) et K est la constante d'équilibre d'adsorption. 

L’énergie libre de Gibbs indique la spontanéité de l’adsorption. Lorsque ses valeurs sont 

positives, cela indique un processus non spontané tandis que lorsqu’elles sont négatives, 

cela renvoie à une adsorption spontanée et favorable. Ce cas particulier donne une idée de 

la nature du processus d’adsorption. Lorsque ΔG° est entre 0 et -20 kJ/mol, l’adsorption 

est physique et lorsqu’elle est entre -20 et -80 kJ/mol, l’adsorption est chimique. Les 

valeurs de ΔH° indiquent la capacité du système à libérer de l’énergie ou à adsorber de la 

chaleur. Des valeurs de ΔH° négatives sont typiques d’une adsorption exothermique 

favorisée à basse température, où des interactions faibles sont impliquées pour 

l’adsorption sur les sites actifs (physisorption, ΔH° < 40 kJ/mol), tandis que, lorsque ΔH° 

est positive, des interactions plus fortes assurent l’élimination du soluté (chimisorption, 

40 kJ/mol < ΔH° < 400 kJ/mol). Le processus d’adsorption est favorisé à haute 

température et est endothermique. L’entropie indique le changement d’ordre du système. 

Les valeurs négatives de ce paramètre indiquent une adsorption structurée et moins 
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aléatoire à l’interface solution-adsorbant alors que les valeurs positives indiquent une 

orientation moins spécifique de l’adsorbat et une augmentation du désordre [83,84].  

2.2.3.2 Adsorption continue dans une colonne à lit fixe 

L’adsorption dynamique dans une colonne à lit fixe est une méthode de traitement au cours 

de laquelle l’adsorbat est mis en contact avec le lit de sorbant, par alimentation de la 

colonne à l’entrée avec un flux continu (débit constant) d’une solution de polluant, qui 

traverse le lit jusqu’à la sortie [74]. C’est une méthode couramment utilisée pour traiter 

les eaux présentant une charge polluante importante et qui peut être appliquée en flux 

descendant ou en flux ascendant. Le principe de cette méthode d’adsorption est simple et 

se résume à quelques étapes (voir la figure 2.3).  

 

Figure 2.3 Mouvement de la zone de transfert de masse et la courbe de percée 
associée [70] 
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La solution contenant le soluté entre par le haut ou par le bas de la colonne, selon que le 

mode de fonctionnement est ascendant ou descendant, puis migre à travers le lit de la 

colonne. Au fur et à mesure que les sites d’adsorption se saturent, le front d’adsorption se 

déplace vers la sortie de la colonne, et lorsque l’adsorbat commence à apparaître dans 

l’effluent, le point de percée est atteint (la concentration de polluant dans l’effluent à la 

sortie, au temps t, est égale à 5 % de la concentration initiale du polluant). Tout au long 

du fonctionnement de la colonne, l’adsorption se fait de manière progressive et se produit 

exclusivement au niveau de la région du lit de la colonne (adsorbant), directement en 

contact avec la solution ; c’est la zone de transfert de masse (ZTM). Au-dessus de cette 

zone, les sites d’adsorption sont occupés et en dessous, ils sont libres. La ZTM se déplace 

vers la sortie de la colonne et sa vitesse de déplacement peut être affectée par de nombreux 

paramètres tels que le débit, la concentration initiale, la température, le pH du milieu, la 

taille des particules et la nature du soluté, entre autres. La courbe de percée est le profil 

qui décrit la relation entre la concentration de l’effluent et le temps ou le volume traité 

(Ct/C0 versus t). L’étude de cette courbe permet d’identifier les moments clés du processus 

d’adsorption, notamment le temps de percée et le temps d’épuisement. Le temps de percée 

tb (min) et le temps d’épuisement te (min) correspondent aux moments du fonctionnement 

où Ct/C0 = 0.05 et Ct/C0 = 0.95. Les modèles de Thomas et de Yoon-Nelson sont des 

modèles très utilisés pour décrire la dynamique d’adsorption en colonne à lit fixe. Ce sont 

des outils précieux qui permettent de prédire le comportement de la colonne d’adsorption 

à partir de ses paramètres respectifs [73]. Ces modèles reposent sur plusieurs hypothèses. 

Le modèle de Thomas suppose une cinétique d’adsorption gouvernée par une loi du 

pseudo-second ordre et un transfert de masse dominé par la réaction d’adsorption elle-

même, tandis que le modèle de Yoon-Nelson suppose que la diminution de la probabilité 

qu’une molécule soit adsorbée est proportionnelle à la probabilité qu’elle traverse la 

colonne sans être adsorbée [85,86]. Les modèles de Thomas et de Yoon-Nelson sont 

représentés par les équations non-linéaires suivantes  
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( )( )0 0 01 1 expt ThC C K q m Q C t= + −    Équation 2.3 

( )0 1 1 expt YNC C K tτ= + −    Équation 2.4 

Où KTh (L/mg.min) constante de vitesse de Thomas, q0 (mg/g) la capacité d’adsorption à 

l’équilibre, KYN (min-1) constante de vitesse de Yoon-Nelson et τ (min) temps pour une 

percée de 50 % de polluant, C0 (mg/L) est la concentration initiale à l’entrée de la colonne 

et Ct (mg/L) la concentration de l’effluent au temps t. 

Les courbes de percée sont une représentation graphique de l’évolution progressive de 

l’adsorption dans le lit de la colonne au cours du temps. Il s’agit du rapport de la 

concentration du soluté à la sortie de la colonne, en fonction du temps (t), par rapport à la 

concentration initiale à l’entrée de la colonne (Ct/C0). Elles permettent d’évaluer les 

performances d’adsorption du lit de la colonne à partir de paramètres tels que le temps de 

percée, le temps d’épuisement, la ZTM, la hauteur de la ZTM, le volume de percée et le 

volume d’épuisement. La saturation du lit de la colonne est atteinte lorsque ce rapport vaut 

1. La dispersion axiale affecte le profil de percée. Il s’agit de la diffusion du soluté le long 

de l’axe de la colonne. 

2.2.4 Chitosane et carboxyméthylchitosane 

La notion de durabilité a été introduite dans bien des domaines afin de se pencher 

davantage sur la protection et la préservation de l’environnement. Cela a conduit à 

l’adoption des biopolymères, tels que les polysaccharides (cellulose, chitosane, alginate, 

agarose…), au sein de nombreuses stratégies visant à développer des adsorbants durables, 

notamment les hydrogels et les cryogels [87,88]. Ce choix a été fait au regard des 

caractéristiques uniques des polymères naturels (biodégradabilité, biocompatibilité, non-

toxicité, disponibilité et coûts plus accessibles). Ils sont donc perçus comme une 

alternative attrayante aux polymères synthétiques [89].  

La chitine est un polysaccharide naturel, le plus abondant après la cellulose. Il est extrait 

des exosquelettes des arthropodes notamment des déchets des carapaces des crustacés et 

des crabes qui sont plus abondants [90]. C’est un biopolymère dont les applications sont 
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considérablement limitées en raison de sa structure cristalline hautement organisée, qui le 

rend insoluble dans les solvants communs tels que l’eau. Pour pallier cette difficulté entre 

autres, la chitine a été modifiée chimiquement par la réaction de désacétylation partielle 

en milieu alcalin fort et à haute température pour obtenir un dérivé capable de se dissoudre 

dans de l’eau acidifiée notamment [90]. Il s’agit du chitosane, dont la structure chimique 

est dotée de groupes fonctionnels très réactifs (hydroxyles, acétamides et amines) qui se 

prêtent bien à des modifications chimiques (voir la figure 2.4) [91]. Celles-ci permettent 

de conserver, d’améliorer ou d’apporter de nouvelles propriétés physico-chimiques aux 

biopolymères, d’où l’intérêt croissant pour le chitosane.  

O O
O

HO NH2

O
OH

OH
H2N

HO
O

Groupe amine primaire

Groupe Hydroxyle secondaire

Groupe Hydroxyle primaire

 

Figure 2.4 Structure chimique du chitosane [91] 

Une large gamme de dérivés du chitosane a été obtenue par différentes modifications 

chimiques, principalement par des réactions de substitution, des modifications 

enzymatiques et la copolymérisation par greffage, entre autres [92]. La 

carboxyméthylation est l’une de ces modifications chimiques qui permet d’obtenir 

lorsqu’un choix judicieux des conditions de la réaction est fait (température, solvants, 

rapport des réactifs…) trois dérivés distincts du chitosane à savoir le O-

carboxyméthylchitosane le N-carboxyméthylchitosane et le N,O-carboxyméthylchitosane 

(voir la figure 2.5). Cette modification chimique améliore la solubilité du chitosane dans 

l’eau à pH neutre et alcalin. C’est une réaction simple qui ne nécessite pas l’usage de 

solvants toxiques, et les dérivés du chitosane obtenus sont amphotères et sensibles à la 

variation du pH [92]. Cela favorise les interactions avec des ions de charges opposées, 

d’où l’intérêt de ces dérivés pour le développement de matériaux fonctionnels utilisés dans 

les domaines biomédicaux et environnementaux.  
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Figure 2.5 Réaction de carboxyméthylation du chitosane : a) formation du N-
carboxyméthylchitosane, b) formation du O-carboxyméthylchitosane 
et c) formation du N,O-carboxyméthylchitosane 

De nombreuses études présentent les propriétés du chitosane et du 

carboxyméthylchitosane et rapportent leur capacité à former des gels (hydrogels et des 

cryogels) superporeux et "intelligents" dotés d’excellentes propriétés physico-chimiques 

et mécaniques [93,94]. Les dérivés et composites du chitosane ont été largement utilisés 

pour la décontamination des résidus pharmaceutiques dans l’eau. Il s’agit notamment des 

antibiotiques, des anti-inflammatoires, des analgésiques et des antidépresseurs, entre 

autres (tableau 2.5). Les mécanismes identifiés dans la littérature comme étant 

responsables de leur élimination par adsorption sont nombreux. On a les interactions 
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électrostatiques du fait de la présence de charges antagonistes sur la surface du matériaux 

adsorbants et la molécule pharmaceutique ionisée, les liaisons hydrogènes car la plupart 

des molécules pharmaceutiques sont dotés de groupes donneurs/accepteurs d’hydrogène, 

des interactions Π-Π et hydrophobes car pour des molécules comme la fluoxétine qui 

possède des cycles aromatiques dans sa structure, des interaction faibles peuvent s’établir 

avec les liaisons Π qui seraient potentiellement présents dans la structure de l’adsorbant à 

base du chitosane ou du carboxyméthylchitosane. 

L’usage de tels matériaux adsorbants, dans différentes conditions opérationnelles, a mis 

en lumière certains points négatifs (tableau 2.6). On note la faible sélectivité dans les 

milieux complexes où les micropolluants pharmaceutiques coexistent avec d’autres 

polluants, la stabilité mécanique dans les conditions réelles, qui n’est pas toujours 

optimale, et la nécessité de mettre au point de meilleures stratégies de recyclage afin de 

prolonger leur durée de vie [95]. Il est important de se pencher sur ces différentes lacunes 

afin de limiter les coûts et de garantir une meilleure durabilité à ce type de matériaux 

adsorbants car ils ont démontré un potentiel énorme pour l’élimination d’une large gamme 

de polluants émergents [95,96] Cela passe par la conception de composites "intelligents" 

et la mise au point des conditions de désorption idéale pour assurer le recyclage de tels 

matériaux sans le dégrader afin de lui assurer une viabilité à long terme. La 

fonctionnalisation du précurseur par différentes voies chimiques, la réticulation, l’ajout de 

nanostructures et l’impression de molécules modèles sont différents moyens optés pour 

améliorer la sélectivité, la stabilité mécanique, la capacité d’adsorption et la réutilisabilité 

des matériaux à base de chitosane et de ses dérivés.  

La désorption et le recyclage constituent des étapes importantes qui assurent la durabilité 

de tels adsorbants et favorisent l’économie circulaire et la réduction des coûts. Le 

processus vise à restaurer les capacités du matériau en évitant d’altérer sa structure de 

manière significative tout au long des différents cycles de régénération. Pour les matériaux 

à base de biopolymère, la désorption par voie chimique est la méthode la plus utilisée. Elle 

nécessite, entre autres, l’usage de solvants organiques, d’acides, de bases et d’agents 

chélatants [97,98]. L’acide, par exemple, favorise la protonation des groupes amine 

primaires et des carboxylates de la carboxyméthylchitosane. Il est efficace pour désorber 
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les cations ayant interagi avec ces sites actifs. L’utilisation d’une base pour la régénération 

du carboxyméthylchitosane entraîne la déprotonation des groupes carboxyles et des 

amines primaires protonées, ce qui interrompt les interactions électrostatiques entre les 

amines primaires protonées et le soluté anionique. L’échange d’ions et la complexation 

sont également des méthodes de désorption qui nécessitent l’utilisation de solutions de 

sels (NaCl, CaCl2) et d’un agent chélatant, comme Éthylène diamine tétra-acétique 

(EDTA), habituellement utilisé pour l’extraction des métaux. Les solvants organiques 

(méthanol, éthanol et acétone) entre autres ou leur mélange ont été rapporté comme des 

solvants efficaces pour la désorption de polluants organiques. 

 



 

Tableau 2.5 Adsorption des résidus pharmaceutiques par des matériaux à base du chitosane et du carboxyméthylchitosane 
Résidus 

pharmaceutiques 
Adsorbants Conditions Capacité 

maximale 
Cinétique Isotherme Thermodynamique Réf 

Enrofloxacine Hydrogel de chitosane greffé 
avec de l'acide acrylique 

C0=10-600 
mg/L, 1 mM et 
10mM de 
NaCl/CaCl2, 
pH=2-9 

387.7 mg/g - - - [99] 

Chloramphénicol Polymères à empreinte 
magnétique à base de 
microsphères de chitosane 

- 52.6 µmol/g Pseudo-
second ordre 

Langmuir - [100] 

Chlortétracycline Carboxyméthylchitosane 
modifié Na-montmorillonite 

25-45 °C pH = 4-
7 271,74 mg/g 

Pseudo-
second ordre 

Freundlich Exothermique [101] 

Tétracycline Chitosane réticulé à la 
génipine/oxyde de graphène-
SO3H 

25-40 °C pH = 
2–12 

556.28 mg/g Pseudo-
second ordre 

Freundlich Endothermique [102] 

Ciprofloxacin Hydrogel de chitosane greffé 
avec de l'acide acrylique 

C0 = 10-600 
mg/L pH = 2-9 (1 
mM et 10 mM 
NaCl/CaCl2) 

267,7 mg/g - - - [99] 

 Cryogels de N-(2-
carboxyéthyl)chitosane chélatés 
au Cu (II) 

Teneur en Cu (II) 
: 7-65 mg/g pH = 
2,5-10,5 

280 mg/g - Langmuir - [103] 

 Cryogels chélatés à l'Al (III) de 
N-(2-carboxyéthyl)chitosane 

pH = 3-10 390 mg/g - Langmuir - [103] 

Diclofénac sodium Microsphère de chitosane - 5,2 × 10−4 mol/g - Langmuir Endothermique [104] 
Ibuprofène Microsphères de chitosane 

chargées de nanoparticules 
d'argent 

- 390 mg/g Pseudo-
second ordre 

Langmuir - [105] 

Fluoxétine Billes de 
carboxyméthylchitosane 

C0 = 50 mg/L pH 
= 7-8.5, 30-60 °C 

90-113 mg/g Pseudo-
premier 

ordre 

Langmuir Exothermique [106] 

 Cryogel de poly(acrylate) de 
sodium/carboxyméthylchitosane 

C0 = 50 mg/L pH 
= 8.5, 30-60 °C 

80.6 ± 3.4 mg/g Pseudo-
premier 

ordre 

Langmuir Exothermique [107] 
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Tableau 2.6 Limites structurelles du chitosane et stratégies d’atténuation 

Propriétés Limites Conséquence sur 
l'adsorption 

Atténuation commune Réf 

Faible surface spécifique et faible 
porosité 

Peu de sites accessibles, 
adsorption lente et limitation de la 
capacité d'adsorption maximale 

Performances plus faibles 
(q max ) et cinétique plus lente, 
notamment dans les systèmes à 
lit fixe 

Introduction de porosité (utilisation 
d’agent porogène, réticulation) 
fonctionnalisation (impression des 
modèles, greffage, ajout de 
nanoparticules,charbon actif, zéolite…) 

[108] 

Problèmes de solubilité : soluble 
dans les acides, faible solubilité 
dans les milieux neutres/basiques 

Dissolution ou gonflement 
entraînant la déformation des 
particules et mauvaise dispersion à 
pH neutre/basique, limitant la 
plage d'utilisation du pH 

Performances irrégulières en 
dehors d'une plage de pH 
étroite 

Réticulation chimique, greffage ou 
mélange avec des polymères résistants 
aux acides 

[109] 

Faible résistance mécanique ou 
stabilité physique 

Les billes/membranes/monolithes 
se déforment sous l'effet de 
contraintes mécaniques, faible 
résistance aux cycles 
d’adsorption/désorption. 

Faible réutilisabilité dans les 
colonnes et les systèmes 
dynamiques 

Réticulation  [110] 

Forte sensibilité au pH de la 
protonation de –NH 2 

Les interactions dépendent de la 
protonation ; l’affinité pour les 
solutés cationiques diminue 
fortement à pH plus faible 

La fenêtre de pH où 
l’adsorption de soluté 
cationiques est optimale pH ˃ 
pKa chitosane 

Greffage des groupes carboxyle, 
formation des composites 

[111] 

Faible sélectivité dans les matrices 
complexes (compétition avec les 
co-ions/composés organiques) 

La liaison non spécifique des 
amines entraîne une compétition 
entre les ions coexistants 

Perte de capacité en conditions 
réelles  

Fonctionnalisation, impression des 
modèles 

[112] 

Régénération et réutilisation 
limitées 

La désorption est souvent 
incomplète ; les chaînes se 
dégradent lors de la régénération 
acide/alcaline 

Déclin rapide de la capacité au 
fil des cycles ; coûts 
d'exploitation plus élevés 

Éluants plus doux ; réticulation robuste ; 
passage à des formes dérivées/composites 

[110] 



 

2.2.5 Hydrogel 

Des efforts considérables ont été fourni pour développer des hydrogels pour la 

décontamination des eau polluées par une grande variété de polluants [113]. Les 

biopolymères hydrophiles sont des précurseurs de choix pour la conception des hydrogels 

[93] du fait de leurs propriétés uniques (biodégradabilité, biocompatibilité, faible coût et 

non-toxicité). La présence des groupes fonctionnels hydrophiles (-OH, -NH2, -COOH, -

CONH2, CONH-, SO3H) sur les chaînes de polymères leur confère des propriétés uniques 

telles que le gonflement au contact de l’eau, la flexibilité et, selon la méthode de 

fabrication, une structure poreuse très développée [114]. Ces points spécifiques 

faciliteraient la diffusion des fluides dans le réseau tridimensionnel des hydrogels et 

amélioreraient leur perméabilité, ce qui est un atout majeur pour une application dans le 

traitement des eaux. Ce sont des matériaux dont le potentiel et les caractéristiques uniques 

trouvent des applications dans de nombreux domaines et peuvent être classés selon leurs 

propriétés (voir figure 2.6). 

 

Figure 2.6 Classification des hydrogels en fonction de leurs différentes propriétés 
[115] 
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Diverses méthodes permettent de fabriquer des hydrogels poreux. Il s’agit de la méthode 

de séparation de phases, de la formation de microémulsions, de la porogénation et de la 

lyophilisation [93]. Ces deux dernières sont les plus utilisées pour élaborer des hydrogels 

aux tailles de pores variées, allant du micromètre au nanomètre. Le polyéthylène glycol 

(PEG) de différents poids moléculaires est l’un des porogènes très souvent utilisés pour 

développer des hydrogels poreux car il est très soluble dans l’eau et peut facilement être 

éliminé par lavages successifs de l’hydrogel avec de l’eau à la fin du processus [116]. 

Toutefois, le degré de réticulation affecte également la taille des pores [117].  

La réticulation est la formation de ponts physiques ou chimiques entre les chaînes 

polymériques du réseau des hydrogels [118]. Deux méthodes de réticulation sont utilisées 

pour préparer les hydrogels (voir la figure 2.7). Il s’agit de la réticulation physique, qui 

forme des ponts plus courts, et de la réticulation chimique, qui forme des ponts plus longs. 

La nature hydrosoluble du carboxyméthylchitosane nécessite une réticulation des chaînes 

pour assurer la stabilité mécanique des hydrogels à base de ce biopolymère lorsqu'ils sont 

utilisés pour des applications de décontamination en solution aqueuse. Le chlorure de 

calcium et les biopolymères polyélectrolytes sont généralement utilisés pour la 

réticulation physique des hydrogels à base de carboxyméthylchitosane où la stabilité 

réversible du réseau polymérique est assurée grâce aux interactions ioniques, aux liaisons 

hydrogène et à l’enchevêtrement moléculaire [119]. La réticulation chimique est assurée 

par des agents chimiques de réticulation comme le glutaraldéhyde, l’épichlorhydrine, le 

formaldéhyde, l’éther diglycidique d’éthylène glycol et la génipine entre autres [120]. La 

génipine est une option plus intéressante, car elle est moins toxique que la plupart des 

agents de réticulation chimique. La réticulation physique confère aux hydrogels une 

stabilité plus faible tandis que la réticulation chimique leur octroie une stabilité 

permanente grâce aux liaisons covalentes établies entre les chaînes de polymère  
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Figure 2.7 Préparation d’hydrogels par des techniques de réticulation physique 
et chimique [121] 

2.2.6 Génipine 

La réticulation des chaînes de polymère au cours du processus de fabrication des gels 

constitue une étape importante, qui a fait l’objet de plusieurs études rapportées dans la 

littérature. L’intérêt de cette étape réside notamment dans la capacité à moduler certaines 

propriétés caractéristiques de ce type de matériau en fonction des applications visées. La 

réticulation chimique et hybride attire davantage l’attention, car les gels réticulés par ces 

deux méthodes présentent une stabilité irréversible : les liaisons fortes (liaisons 

covalentes) sont les ponts établis entre les chaînes de polymère, qui assurent la stabilité 

mécanique du réseau tridimensionnel. Cela facilite, entre autres, leur utilisation dans des 

milieux acides, neutres ou basiques, d’où leur intérêt pour le traitement des eaux 

contaminées. Plusieurs agents chimiques de réticulation du chitosane et de certains de ses 

dérivés comme le carboxyméthylchitosane ont été utilisés pour renforcer les matériaux 

hydrogels et les cryogels comme le glutaraldéhyde, l’épichlorhydrine, le chlorhydrate de 

1-éthyl-3-(3-diméthylaminopropyl) carbodiimide, le poly(N-vinyl-2-pyrrolidone), 

l’amidon oxydé, le dextrane oxydé et la génipine [122]. La génipine se distingue des 
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agents de réticulation synthétiques car c’est une alternative plus verte qui a une faible 

toxicité par rapport aux molécules synthétiques utilisées. La génipine est un composé 

naturel qui est extrait des fruits des plantes Genipa americana et de Gardenia jasminoides 

[124] (figure 2.8).  

 

Figure 2.8 Plante en fleurs (A), fruits mûrissants (B) et fruits secs (C) de 
Gardenia jasminoides [123] 

L’extraction assistée par enzyme est la méthode la plus utilisée pour produire la génipine 

car elle est plus efficace et fournit un meilleur rendement. L’une des méthodes directes de 

production de la génipine est l’hydrolyse enzymatique de la geniposide par les β-

glucosidases. La cellulase est également une enzyme utilisée dans le processus de 

biocatalyse pour extraire cette molécule [125]. L’utilisation de cette molécule pour 

réticuler les polysaccharides ayant un potentiel accru, comme le chitosane et ses dérivés, 

permet à la fois de stabiliser les gels formés et d’améliorer les propriétés de 

biocompatibilité de tels matériaux, d’où leur grande utilisation dans le domaine 

biomédical [126]. Les biopolymères qui possèdent des groupes amines primaires dans leur 

structure se prêtent bien à une réticulation par la génipine. L’inconvénient de cette 

réticulation dans la décontamination des eaux par des adsorbants à base de ces 

biopolymères est la baisse de la capacité d’adsorption. La génipine se lie de manière 

covalente aux groupes amines primaires, considérés comme des sites actifs à la surface 

des adsorbants, et réduit par conséquent leur disponibilité pour interagir avec les polluants. 

Il est donc nécessaire de contrôler le degré de réticulation, la concentration de la génipine 

et de bien choisir le biopolymère. Pour le carboxyméthylchitosane, par exemple, le 

greffage du carboxyméthyle exclusivement aux groupes hydroxyles du chitosane est 

d’autant plus intéressant, car les groupes amines primaires restent disponibles pour la 
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réticulation avec la génipine. De plus, même si le greffage se fait aussi bien sur les groupes 

hydroxyles que sur les groupes amines primaires, il existe des cas où l’intégralité des 

groupes amines n’a pas réagi et demeure suffisante pour participer à la réticulation, de 

sorte à obtenir des structures polymériques suffisamment stables. Dans ce même domaine, 

l’avantage de considérer la génipine comme agent chimique de réticulation réside dans la 

structure des groupes donneurs/accepteurs de liaison hydrogène, ainsi que dans des 

liaisons carbone-carbone insaturées. Ce qui est idéal pour fixer des molécules organiques 

dotées de liaisons multiples délocalisées et de groupes donneurs/accepteurs de liaisons 

hydrogène, comme la fluoxétine. Le pH des solutions, la température et la concentration 

de génipine sont des paramètres qui influencent la réticulation avec la génipine ainsi que 

la cinétique du processus. Les méthodes d’extraction de la génipine, ses caractéristiques 

physico-chimiques et quelques domaines d’application sont présentés dans le tableau 2.7. 

Tableau 2.7 Génipine, propriétés physico-chimiques, méthodes d’extraction et 
domaine d’application 

Nom Génipine Réf 
Structure 
chimique 
C11H14O5 

O

OH H

H

OH

O O

 

Numéro 
CAS : 
6902-77-8 

Masse molaire 
moléculaire 

226.23 g/mol - 

Sources • Génipa americana 
• Gardenia jasminoides 

[129,130] 

Extraction • Extraction assistée par ultrasons 
• Traitement à haute pression 
• Extraction de liquide sous pression 
• Extraction assistée par enzymes 

 [129,131,
132] 

Caractéristiques 
physico-
chimiques 

• Poudre cristalline de couleur blanche - jaune pâle 
• Soluble dans l’eau, l’alcool, le diméthylsulfoxyde et le 

diméthylformamide 
• La réactivité est influencée par le pH, la température et la durée de 

réticulation et la concentration 

[129,131] 

Domaines 
d’application 

• Environnement : fabrication d’adsorbants robustes et durables 
• Agroalimentaire : transformation et emballage des aliments, conservation 

et préservation des aliments 
• Biomédicale : renforcement des propriétés anti-inflammatoires et de 

l’activité antioxydante des gels à base de biopolymères 

[130,133,1
34] 

Des pigments bleus sont observés sur les matériaux ayant subi une réticulation par la 

génipine en milieux faiblement acides et neutres. D’après de nombreuses études, cette 
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pigmentation bleue serait due à la réaction de la génipine avec les groupes amines 

primaires des polysaccharides en présence d’oxygène [127]. Le processus se déroule tout 

d’abord par une attaque nucléophile du carbone oléfinique C3 de la génipine, suivie de 

l’ouverture du cycle du dihydropyrane. Les groupes esters de cette molécule peuvent 

également réagir par attaque nucléophile des groupes amines primaires (voir la figure 2.9). 

Les ponts covalents formés au cours de ce processus de réticulation sont plus courts que 

ceux obtenus en milieu fortement alcalin, car la génipine subit d’abord une 

autopolymérisation (condensation aldolique) avant de former des liaisons covalentes avec 

le polysaccharide. Certaines études rapportent que cette étape préalable serait responsable 

de la couleur brunâtre observée sur les matériaux réticulés à pH très basique [128]. 
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Figure 2.9 Mécanisme possible de la réticulation des biopolymères par la 
génipine en milieu faiblement acide et neutre. 

2.2.7 Formation des hydrogels sphériques  

En fonction de leurs applications, les hydrogels sont préparés sous forme de films, de 

fibres creuses, d’anneaux, de monolithes et de billes par différentes méthodes, telles que 

le moulage cylindrique et le séchage par coulée, entre autres [87]. La formation des billes 

d’hydrogel est particulière et ne nécessite ni l’utilisation de moules ni une étape 

supplémentaire de mise en forme ultérieure. Les sphères se forment simultanément dès 
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que le polymère entre en contact avec l’agent de réticulation. Pour le cas spécifique des 

billes d’hydrogel à base de carboxyméthylchitosane, l’absence de réticulation et le poids 

moléculaire du biopolymère peuvent affecter l’enchevêtrement des chaînes de polymère 

et influencer la forme des billes [135]. L’utilisation des bains de réticulation d’antisolvant 

comme le solvant binaire éthanol-eau contenant le CaCl2 comme agent de réticulation 

physique (figure 2.10) est une solution pour pallier les contraintes observées au cours de 

la formation de ce type d’hydrogel [136].  

 

Figure 2.10 Formation des hydrogels sphériques de carboxyméthylchitosane 
réticulés par la génipine [106] 

La formation des billes d’hydrogel peut être influencée par différents facteurs tels que la 

concentration du biopolymère, la viscosité de la solution polymérique, la température et 

la composition du solvant, entre autres [114]. L’utilisation de la combinaison de solvants 

polaires perturbe les liaisons hydrogène entre le biopolymère et l’eau, favorise les 

interactions entre les chaînes de polymère et crée des interactions hydrophobes plus 

importantes. Cela accroît l’enchevêtrement des chaînes polymériques, ce qui constitue un 

facteur important dans la formation des billes sphériques [136]. Toutefois, l’optimisation 

de la concentration d’alcool dans le solvant binaire alcool-eau, par exemple, et la 

réticulation physique contribuent grandement à obtenir un réseau polymérique capable de 
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retenir une quantité suffisante d’eau, ce qui permet de former des billes d’hydrogel 

parfaitement sphériques. Par exemple, Lin et al., 2005, ont montré que le 

carboxyméthylchitosane ne pouvait former de billes d’hydrogel que dans une solution 

aqueuse de CaCl2 [135], Yangchao Luo et al., 2013, ont montré que la variation de la 

concentration d’éthanol influence la forme des billes d’hydrogel [136]. Cette étude a été 

la boussole qui a orienté notre démarche dans la fabrication de nos hydrogels sphériques.  

Afin d’obtenir des billes d’hydrogel de taille uniforme, la technique d’extrusion 

électrostatique peut être utilisée [138]. Une technique récente qui permet d’obtenir des 

microbilles grâce à une force électrostatique appliquée à l’extrémité de la buse métallique 

par laquelle les gouttelettes de polymère chargées sont extrudées (figure 2.11).  

 

Figure 2.11 Montage d’extrusion électrostatique des solutions de polymère et de 
réticulation d’hydrogels sphériques dans un bain d’éthanol à 70 % 
contenant du CaCl2 comme agent de réticulation physique [106] 

Elle est avantageuse par rapport aux autres méthodes d’extrusion car les microbilles 

obtenues sont plus petites et par conséquent possèdent une surface spécifique plus grande 

ce qui est un point important pour leur utilisation commet adsorbant pour la 

décontamination des eaux. La taille des billes d’hydrogel obtenues par cette méthode 
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dépend de la force électrostatique appliquée, du débit d’extrusion appliqué par la pompe, 

du diamètre du capillaire métallique, de la viscosité de la solution de polymère qui est liée 

au poids moléculaire et de la concentration des solutions de polymère [139]. Par exemple, 

Vérica Manojlovic et al., 2008, ont développé des microbilles sphériques d’alginate de 

taille uniforme (450 ± 20 µm) grâce à cette technique en appliquant une tension de 4,5 

kV. 

La plupart des hydrogels à base de carboxyméthylchitosane développés ont été orientés 

principalement vers des applications biomédicales et très peu d’études rapportent leur 

investigation comme adsorbant pour l’élimination de polluants. À notre connaissance, 

aucune étude ne mentionne la fabrication d’hydrogels à base de ce biopolymère encore 

moins ceux réticulés par la génipine pour l’élimination les micropolluants émergents 

comme les résidus de produits pharmaceutiques. Le tableau 2.8 présente quelques 

hydrogels à base de carboxyméthylchitosane utilisés pour éliminer les polluants 

organiques de l’eau. 

Tableau 2.8 Hydrogels à base de carboxyméthylchitosane utilisés pour l’élimination 
de molécules organiques dans les milieux aqueux 

Hydrogels Agents de 
réticulation 

Polluants Capacité 
d’adsorption 

Réf 

O-CM-chitosan Isothiocyanate Bleu de 
méthylène 

434.8 mg/g [140] 

CMCS/PVA CaCl2 Bleu acide 93 
(AB) 

1666.67 
mg/g 

[141] 

Hydrogel Fe3O4 / CMCS -co-p 
(acide acrylique-
acide itaconique) 

 Vert malachite 608.8 mg/g [142] 

Hydrogel composite d'alginate 
de sodium/CMCS 

 Bleu de 
méthylène 

1010 mg/g [143] 

Chitosane/CMCS-PEG  Rouge congo 1053.88 
mg/g 

[144] 

CMCS-PA - Orange de 
méthyle  

13.62 mg/g [145] 

SA/CMCS HCl 0.1 N Tétracycline 
ciprofloxacine 

51 ± 2% 
95 2% 

[146] 

2.2.8 Les cryogels 

L’auto-assemblage, la copolymérisation et la polymérisation (polymérisation par 

condensation, polymérisation par irradiation et la polymérisation radicalaire) sont des 
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méthodes qui peuvent être utilisées pour élaborer des gels. Il s’agit de la polymérisation 

en masse, en suspension et en solution. La polymérisation en solution est plus intéressante 

car elle est rapide, peu onéreuse et peut facilement être transposée de l’échelle de 

laboratoire à l’échelle industrielle [147]. Cette méthode nécessite la présence, en solution, 

de monomères habituellement polaires et, dans certains cas, d’un initiateur de 

polymérisation et d’un ou plusieurs agents de réticulation. La polymérisation radicalaire 

fait partie de tels procédés fréquemment utilisé pour la formation des gels [147,148]. Elle 

nécessite l’utilisation d’un couple initiateur formé d’un système redox et d’un agent 

réducteur pour la première étape de la réaction. Les solvants non toxiques, tels que l’eau, 

sont habituellement utilisés pour diluer les réactifs et jouent également le rôle de 

dissipateurs thermiques. La polymérisation radicalaire est une réaction qui peut être 

réalisée à des températures supérieures à zéro, où on obtient un hydrogel, ou à des 

températures inférieures à zéro, où on obtient un cryogel. 

2.2.8.1 Fabrication des cryogels 

Les cryogels sont des matériaux macroporeux obtenus par la méthode de 

cryopolymérisation. C’est une technique simple qui repose sur la formation de cristaux de 

glace et la cryoconcentration du précurseur dans des espaces confinés non gelés, où se 

déroule la polymérisation (figure 2.12) [149]. Ce processus s’accompagne de la 

réticulation (Chimique, physique ou hybride) des chaînes polymères pour former un 

réseau polymère macroporeux. La réticulation des chaînes polymères a un effet direct sur 

le comportement hydrophile des cryogels. On note que le gonflement des cryogels 

hydrophiles est bien plus rapide que celui des hydrogels de même type. Cela est dû en 

partie à la taille des pores, plus grande dans les cryogels que dans les hydrogels. La force 

osmotique favorisent une diffusion rapide de l’eau à travers les macropores interconnectés 

dans le réseau de polymère et contribue à l’expansion du réseau polymère des 

cryogels [150]. Plus le degré de réticulation est important moins l’expansion du réseau 

polymère pourra être observé ce qui en général a un impact sur la capacité d’adsorption 

du cryogel [119]. Plusieurs facteurs permettent de moduler les propriétés et la structure 

des cryogels. Il s’agit de la composition et de la concentration du précurseur (monomères, 

polymères, agents de réticulation et initiateurs de réaction), qui reste non gelé pendant la 
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phase de cryogélation. La quantité d’eau, la force ionique, le pH, le gradient de 

température, la vitesse de congélation et de décongélation et le temps influencent 

également les propriétés structurales des cryogels [151]. 

 

Figure 2.12 Processus de formation des cryogels [152] 

2.2.8.2 Formation des pores dans le réseau de polymère 

La vitesse de congélation influence la formation des cristaux de glace et, par conséquent, 

la macroporosité de la structure des cryogels. Cela a un impact direct sur la morphologie 

de surface des cryogels. La quantité d’eau dans le mélange joue également un rôle 

prépondérant. Une quantité supérieure à celle du précurseur, au cours de l’étape de 

congélation, donne lieu à des cristaux de glace plus volumineux, avec des espaces de 

cryoconcentration plus restreints. La fonte des cristaux de glace laisse derrière elle un 

réseau interconnecté de pores volumineux (10-300 µm) et les cryogels obtenus sont 

macroporeux. Les cristaux de glace jouent donc le rôle de porogènes naturels dans la 

fabrication des cryogels macroporeux [148]. La cryopolymérisation confère aux cryogels 

des propriétés remarquables par rapport aux hydrogels classiques. On peut noter une 

excellente porosité, avec des macropores ouverts et interconnectés, qui présentent une 

faible résistance à l’écoulement des fluides et favorisent le transfert des solutés, même de 

grande taille. Ils sont plus résilients à des contraintes mécaniques, sont robustes, flexibles 

et perméables, d’où leur application dans de nombreux domaines tels que le traitement 

des eaux et le domaine biomédical, entre autres.  
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2.2.8.3 Précurseurs des cryogels 

Les cryogels peuvent être élaborés à partir de polymères synthétiques, de polymères 

naturels ou, parfois, de leur combinaison [153,154]. Leur utilisation dans la fabrication 

des cryogels présente des avantages et des inconvénients. Les cryogels à base de 

polymères synthétiques comme l’acrylamide et ses dérivés, l’acrylonitrile et l’acide 

acrylique, entre autres, sont mécaniquement résistants, moins sensibles à la dégradation 

biotique, présentent une bonne résistance chimique et leur production est facilement 

reproductible. Ils permettent également d'améliorer le contrôle de la porosité des cryogels. 

Plusieurs points négatifs liés à l’utilisation de polymères synthétiques dans la fabrication 

des cryogels sont à prendre en compte selon les applications visées. Ce type de cryogel 

peut être potentiellement toxique et moins écologique ; il n’est presque pas biodégradable 

et, pour certains, moins performant pour des applications de dépollution des eaux du fait 

de la présence modérée de groupes fonctionnels réactifs. Les biopolymères hydrophiles 

ont permis de fabriquer des cryogels présentant des propriétés mécaniques inférieures à 

celles des cryogel à base de polymères synthétiques, mais qui ont l’avantage d’être 

biodégradables, biocompatibles et non toxiques. La présence de groupes fonctionnels 

réactifs dans la structure des biopolymères constitue un atout pour l’utilisation des 

cryogels à base de ces polymères dans la décontamination des eaux. Quelques travaux 

rapportent l’utilisation du carboxyméthylchitosane comme précurseur des cryogels de 

biopolymères. Pan Wu et al., 2024 ont fabriqué un cryogel de carboxyméthylchitosane 

/alginate pour une hémostase rapide, Bahar Asadi et al., 2023 ont développé un cryogel 

biomimétique à base de Carboxyméthylchitosane/gélatine/hydroxyapatite et Yuliya Privar 

et al., 2019 ont fabriqué un cryogel de N-(2-carboxyéthyl) chitosane chélatés par Cu (II) 

et Al (III) pour adsorber la ciprofloxacine [94,155,156]. Face aux limites que présentent 

ces cryogels de biopolymères, plusieurs auteurs ont combiné ces deux types de polymères 

afin d’obtenir des cryogels hybrides avec des propriétés synergiques [157]. 

2.2.8.4 Cryogels hybrides 

Des cryogels hybrides présentant des propriétés supérieures à celles des cryogels à base 

de polymères synthétiques et à celles des cryogels à base de biopolymères. La synergie 

entre la stabilité mécanique et la fonctionnalité obtenue en associant des polymères 
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naturels et synthétiques pour la fabrication de cryogels hybrides permet d’obtenir des 

matériaux plus robustes, qui résistent mieux aux cycles successifs d’adsorption/désorption 

et présentent de meilleures performances d’adsorption [158]. De tels matériaux sont 

durables et, en modulant les proportions de chaque type de polymère dans le mélange de 

polymères, les caractéristiques finales peuvent être déplacées d’un côté comme de l’autre 

[159]. Par exemple, pour obtenir un cryogel hybride présentant une capacité d’adsorption 

élevée pour le polluant, la proportion de biopolymère peut être augmentée jusqu’à un seuil 

permettant toutefois de le maintenir mécaniquement stable. Dans la littérature, des 

nanoparticules d’oxydes métalliques, les zéolites, les charbons actifs ainsi que des 

molécules organiques modèles pour l’impression de polymères ont été incorporés dans les 

formulations de préparation des cryogels hybrides afin d’accroître leur performance de 

décontamination ainsi que leur sélectivité [158].   

2.2.8.5 Mécanisme d’adsorption sur les cryogels 

Les cryogels peuvent être préparés sous différentes formes à partir d’un moulage dans des 

contenants où la cryogélation a lieu. Parmi ses formes, on peut citer les monolithes, les 

billes, les disques et les feuilles, entre autres. Dans les cryogel monolithiques, la 

macroporosité interconnectée du réseau polymère facilite une circulation et une diffusion 

optimales des solutés, ce qui fait des cryogels monolithiques des adsorbants prometteurs 

pour des traitements en continu dans des colonnes à lit fixe.  Cette particularité est 

adéquate pour leur intégration dans la conception d’un système de filtration sur mesure. 

Les cryogels fonctionnalisés peuvent adsorber les polluants par différents mécanismes 

physiques et chimiques [158,160] (figure 2.13). De nombreuses études rapportent leur 

utilisation pour éliminer différents types de polluants en solution aqueuse [161] .  
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Figure 2.13 Mécanisme d’élimination des polluants par le cryogel fonctionnalisé 
[162] 

2.2.9 Justification du choix des matériaux hydro- et cryogélifiés 

Les défis liés à l’utilisation des hydrogels et des cryogels pour le traitement de l’eau, tant 

à l’échelle pilote qu’à l’échelle industrielle, sont nombreux. Il s’agit de la reproductibilité, 

de l’absence de sélectivité (adsorption compétitive) dans les solutions aqueuses complexes 

et du manque de stabilité mécanique, qui affectent négativement l’efficacité d’adsorption, 

la réutilisabilité et les coûts. Toutefois, il est avantageux de porter son attention sur les 

hydrogels de biopolymères et les cryogels hybrides monolithiques, car ils constituent des 

adsorbants prometteurs qui se distinguent des adsorbants classiques sur de nombreux 

points. Bien qu’ils aient une surface spécifique inférieure à celle des adsorbants 

commerciaux comme le charbon actif, leur structure poreuse très développée est 

avantageuse pour une cinétique d’adsorption rapide. De plus, lorsqu’ils sont correctement 

fonctionnalisés, la forte densité des sites de liaison accroît significativement la capacité 

d’adsorption des polluants. L’impression moléculaire, l’ajustement de la porosité par 

optimisation des proportions des précurseurs, ainsi que le degré de réticulation permettent 

également d’augmenter les performances d’adsorption et constituent des moyens simples 

d’améliorer l’affinité de ces adsorbants pour des polluants spécifiques. Cela permet 
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d’accroître leur sélectivité, un point qui fait énormément défaut aux charbons actifs, par 

exemple. L’utilisation des polyélectrolytes, tels que le carboxyméthylchitosane et le 

poly(acrylate) de sodium, comme précurseurs de ces matériaux est fondée sur la nature 

ionique des antidépresseurs ciblés dans cette étude, afin d’optimiser les interactions 

électrostatiques avec les sites de sorption. Il a été important pour nous, dans notre 

démarche, de réaliser des essais d’adsorption en cuvée et de relever le matériau, qui n’a 

pas subi d’effondrement significatif de sa structure tridimensionnelle, afin de le tester en 

mode continu, facilement transposable à l’échelle pilote. Il faut noter que très peu d’études 

dans la littérature font état de l’utilisation de matériaux hydrogélifiés et cryogélifiés pour 

la décontamination de micropolluants émergents en solution aqueuse, et quasiment aucune 

ne s’est intéressée au cas spécifique des antidépresseurs, qui constituent pourtant un risque 

réel pour l’équilibre de l’écosystème aquatique. 
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Chapitre 3 - Matériels et méthodes 

3.1 Matériaux 

La carboxyméthylation est la voie de modification chimique du chitosane. Le chitosane 

qui a été utilisé est de poids moléculaire moyen (50 000 – 190 000) et de degré de 

désacétylation ≥ 75% fournit par Sigma Aldrich. L’hydroxyde de sodium (NaOH, 98 %), 

l’acide monochloroacétique (C2H3ClO2, ≥ 99 %) sont les réactifs qui ont été utilisés pour 

cette réaction et l’isopropanol (C3H8O, 99.9 %) est le solvant organique utilisé. Le 

carboxyméthylchitosane de sodium (NaCMCs) synthétisé a été le polymère de base des 

hydrogels sphériques poreux et le polyéthylène glycol (PEG 2000) a été utilisé comme 

porogène. L’acide acrylique, 99% a été combiné au NaCMCs pour fabriquer les cryogels 

monolithes. Les couples initiateurs utilisés sont le potassium persulfate (KPS, ≥ 99 

%)/métabisulfite de sodium (SMS, ≥ 99 %) et peroxydisulfate d’ammonium (APS, ≥ 98 

%) /N, N, N', N'-tétraméthylènediamine (TEMED). Le chlorure de calcium (CaCl2, ≥ 93 

%) a été utilisé comme agent de réticulation physique et le N, N-

méthylènebis(acrylamide), ≥ 99 % ainsi que la génipine, ≥ 98 % sont les agents de 

réticulation chimique. Le chlorhydrate de fluoxétine, ≥ 98 %, le chlorhydrate de N-

Desméthylcitalopram, ≥ 98 % et le chlorhydrate de venlafaxine, ≥ 98 % ont été utilisé 

comme contaminants modèles pour les tests d’adsorption. L’acétonitrile (CH3CN, ≥ 99 

%) et l’acide phosphorique (H3PO4, 85 %) ont été utilisés pour préparer la phase mobile 

pour l’analyse des échantillons. Le méthanol (CH3OH, ≥ 99 %) et l’eau déminéralisée ont 

été utilisés pour préparer les solutions d’antidépresseurs. 

3.2 Méthodologie 

La méthodologie mise en œuvre dans cette thèse est schématisée à la figure 3.1. Sa 

description détaillée est, quant à elle, disponible dans les articles scientifiques des 

chapitres 4 à 7. 
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Figure 3.1 Schéma récapitulatif de la méthodologie mise en œuvre dans cette 
thèse 

L’article 1 porte sur la modification chimique du chitosane par la réaction de 

carboxyméthylation et la fabrication d’hydrogels sphériques par la méthode d’extrusion 

électrostatique et gélification. Une analyse complète de l’adsorption en cuvée de la 

fluoxétine (isothermes, cinétique, thermodynamique) et la régénération des hydrogels par 

lavage avec un solvant organique sont également présentées dans cette étude. 

L’article 2 porte sur la fabrication des cryogels hybride macroporeux à partir de 

poly(acrylate) de sodium et de chitosane carboxyméthylé par la technique de 

cryopolymérisation. Il présente également les investigations et analyses de l’adsorption de 

la fluoxétine en cuvée (isothermes, cinétique, thermodynamique) ainsi que des 

expériences de désorption. 



102 

L’article 3 traite de l’élaboration d’un cryogel hybride à partir de poly(acrylate) de sodium 

et de chitosane carboxyméthylé. Il présente également une étude de l’adsorption de la 

fluoxétine en mode continu dans une colonne à lit fixe ainsi que la modélisation des 

courbes de percée. Une étude préliminaire de l’adsorption compétitive de trois 

antidépresseurs est également évoquée dans cette étude ainsi que la régénération et la 

réutilisation du cryogels. 

Enfin, l’article 4 présente la fabrication d’un cryogel hybride à empreinte moléculaire et 

d’un cryogel non imprimé à partir d’acrylate de sodium et de chitosane carboxyméthylée. 

L’étude de l’adsorption continue de la fluoxétine sur ces deux matériaux et l’investigation 

de la sélectivité par des tests préliminaires d’adsorption compétitive avec le citalopram 

sont également présentées dans cette étude. 
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Chapitre 4 - Article 1 

4.1 Avant-propos 

Le titre du premier article scientifique est: « Design of porous spherical biomaterials from 

carboxymethyl chitosan for removal of fluoxetine in aqueous medium » Il a été publié 

dans la revue scientifique Journal of Environmental Chemical Engineering en 2023. 

Les auteurs et leurs coordonnées correspondantes sont, dans l'ordre: 

Gilbert Romeo Nkana Nkana : Étudiant au Doctorat en sciences et génie des matériaux 
lignocellulosiques, Institut d’Innovations en Écomatériaux, Écoproduits et Écoénergies à 
base de biomasse (I2E3), Université du Québec à Trois-Rivières, 3351 Boulevard des 
Forges, CP.500, Trois-Rivières, Québec, Canada, G9A 5H7 
Courriel : Gilbert.Nkana@uqtr.ca 
 
Phuong Nguyen-Tri, Ph.D. : Directeur de thèse 
Professeur au Département de biochimie, chimie, physique et sciences forensiques et 
chercheuse à l’Institut de recherche sur l’hydrogène, Université du Québec à Trois-
Rivières, 3351 Boulevard des Forges, C.P. 500, Trois-Rivières, Québec, Canada, G9A 
5H7. 
Courriel: Phuong.Nguyen-Tri@uqtr.ca 
 
André Lajeunesse, Ph.D. : Co-chercheur 
Chimiste, Station d’épuration Jean-R. Marcotte, 12001 boul. Maurice-Duplessis, 
Montréal, QC H1C 1V3, Canada 
 
Bruno Chabot, Ph.D. Co-Directeur de thèse et auteur pour la correspondance Institut 
d'Innovation en Écomatériaux, Écoproduits et Écoénergies à basse de biomasse, 
Université du Québec à Trois-Rivières, 3351 Boulevard des Forges, C.P. 500, Trois-
Rivières, Québec, Canada, G9A 5H7 
Courriel: bruno.Chabot@uqtr.ca  
 
Contribution des auteurs: Gilbert Nkana est l’auteur principal de cet article. Il a effectué 

toutes les expériences scientifiques et les développements associés. M. Nguyen-Tri est 

directeur de recherche. M. Lajeunesse était initialement directeur de recherche et travaille 

maintenant comme chercheur à la station d’épuration des eaux usées de la ville de 

mailto:Gilbert.Nkana@uqtr.ca
mailto:Phuong.Nguyen-Tri@uqtr.ca
mailto:bruno.Chabot@uqtr.ca
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Montréal, et M. Chabot est co-directeur de cette recherche. Le directeur et le co-directeur 

ont participé à la révision et à la correction du manuscrit. 

4.2 Résumé 

Des hydrogels poreux ont été développés par modification chimique du chitosane, suivie 

d'une extrusion électrostatique des solutions polymères et d'une stabilisation des gels par 

CaCl2 et génipine. La caractérisation des polymères et des hydrogels a été réalisée à l'aide 

de la spectroscopie FTIR, de la RMN 1H, de la spectroscopie EDX, de l’analyse BET et 

MEB. Le potentiel zêta et le gonflement ont également été étudiés. La concentration 

résiduelle en FLX a été déterminée par analyse HPLC. Le mécanisme de diffusion de l'eau 

distillée à pH 8,5 dans la structure des gels correspond à un mécanisme de diffusion de 

Fick et contrôle le gonflement des billes. L'effet des paramètres (température, pH, 

concentration initiale et temps de contact) a été étudié lors des tests d'adsorption par lots 

de FLX. Le modèle cinétique pseudo-premier ordre correspondait le mieux aux données 

expérimentales, tandis que l'étude du modèle de diffusion intraparticulaire sectionnelle a 

montré que les intervalles de temps 0 ≤ t ≤ 60 min et 60 min ≤ t ≤ 180 min présentaient 

les meilleurs paramètres statistiques. L'isotherme de Langmuir a fourni le meilleur 

ajustement avec R2 > 0,99 par rapport au modèle de Freundlich. qmax et KL ont diminué 

avec l'augmentation de la température, suggérant une physisorption de la fluoxétine sur 

les sites actifs. La capacité d'adsorption maximale était comprise entre 90 et 113 mg.g-1 

pour tous les adsorbants testés. Le facteur de séparation RL < 1 et l'énergie de Gibbs ont 

révélé un processus d'adsorption favorable. L'étude thermodynamique a suggéré que 

l'adsorption était exothermique et que les molécules FLX pouvaient être disposées de 

manière aléatoire à l'interface solution/adsorbant. Les échantillons PHB4 et PHB5 ont 

montré une meilleure capacité d'élimination du FLX, même après cinq cycles 

d'adsorption/désorption. 

4.3 Abstract 

Porous hydrogels have been developed by chemical modification of chitosan, followed by 

electrostatic extrusion of the polymer solutions and stabilization of the gels by CaCl2 and 
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genipin. The characterization of the polymers and hydrogels was completed by carrying 

out FTIR spectroscopy, 1H NMR, BET, SEM and EDX spectroscopy. The Zeta potential 

and swelling were also studied. The residual FLX concentration was determined by HPLC 

analysis. The diffusion mechanism of distilled water at pH 8.5 in the structure of the gels 

corresponds to a Fickian diffusion mechanism and controls the swelling of the beads. The 

effect of the parameters (temperature, pH, initial concentration and contact time) was 

investigated during the FLX batch adsorption tests. The pseudo-first-order kinetic model 

best fitted the experimental data, while study of the sectional intraparticle diffusion model 

showed that the time intervals 0 ≤ t ≤ 60 min and 60 min ≤ t ≤ 180 min had the best 

statistical parameters. The Langmuir isotherm provided the best fit with R2 > 0.99 

compared to the Freundlich model. qmax and KL decreased with increasing temperature 

suggesting physisorption of Fluoxetine on the active sites. The maximum adsorption 

capacity was between 90 and 113 mg.g-1 for all adsorbents tested. The separation factor 

RL < 1 and Gibbs energy revealed a favorable adsorption process. The thermodynamic 

study suggested that the adsorption was exothermic and FLX molecules could be 

randomly laid at the solution/adsorbent interface. Samples PHB4 and PHB5 showed better 

FLX removal capacity even after five adsorption/desorption cycles. 

4.4 Introduction 

The development of more sensitive analytical methods has made it possible to identify 

and distinguish the presence of many emerging contaminants in the effluent of wastewater 

treatment plants (WWTP) and in many environmental matrices (surface water, 

groundwater, sediments) [1–3]. These are pharmaceuticals and personal care products, 

which are closely monitored [4]. Among them, residues of bioactive molecules belonging 

to the family of antidepressants classified as selective inhibitors of serotonin reuptake 

stand out. Fluoxetine (FLX), marketed as PROZAC, is one of the residues identified in 

the environment [5,6]. This drug is widely prescribed worldwide as it is intended for the 

treatment of mental health disorders and is associated with various pharmacological 

approaches in many countries [7]. 
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4.5 Materials and methods 

4.5.1 Materials 

A low molecular weight chitosan (CS) (MW 50,000 – 190,000 g/mol, deacetylation 

degree ≥ 75%), Chloroacetic acid (C2H3ClO2) ACS Reagent ≥ 99.0%, Sodium hydroxide 

(NaOH) Bioxtra ≥ 98%, Polyethylene glycol (PEG) 2000, Calcium Chloride anhydrous 

(CaCl2) ≥ 93.0%, Genipin ≥ 98% (HPLC), Deuterium oxide (D2O) deuteration degree min 

99.9% for NMR spectroscopy, Acetic acid-d4 (C2H4O2) ≥ 99.5%, and Isopropyl alcohol 

(C3H8O) were supplied by Sigma-Aldrich. Hydrochloric acid (HCl) 37% was supplied by 

Acros organic. Ethyl alcohol anhydrous (C2H5OH) was purchased from Commercial 

Alcohol Greenfield Global (Brampton, ON, Canada). Fluoxetine hydrochloride (FLX) 

from Sigma-Aldrich (Oakville, ON, Canada) was used for the adsorption batch test as a 

model contaminant. 

4.5.2 Methods 

The Carboxymethyl chitosan derivatives (O-CMCs and N,O-CMCs) were synthesized 

based on the method of Medeiros Borsagli [28] with some modifications. This was carried 

out in two steps, the first of which was the alkalinization of chitosan (3 g) in a solution 

containing 8.16 g of NaOH dissolved in 50 mL of a distilled water/Isopropanol mixture 

(1:4 v/v) which was kept under stirring for 1h. For this step, the temperature of -20 °C was 

set for the synthesis of O-CMCs and 30 °C for N,O-CMCs. The second step is the 

carboxymethylation where a solution containing 14.4 g of monochloroacetic acid 

dissolved in Isopropanol (1:1 w/w) was added gradually over 30 min with constant 

stirring. Subsequently, the temperature was adjusted to 30 °C for O-CMCs and 60 °C for 

N,O-CMCs. The suspensions were kept under stirring for 4h and the reaction was stopped 

by adding 200 mL of 70 % ethanol. The suspensions were filtered and the recovered 

products washed with increasing grades of ethanol (70 % - 100 %) and then dried under 

vacuum for 72 h. 
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Scheme 1. Crosslinking reaction between carboxymethyl chitosan and Genipin 
(a) and Chemical structure of Fluoxetine (b). 

Aqueous solutions of O-CMCs and N,O-CMCs (0.03 g/mL) were prepared and PEG 2000 

was added to each solution to obtain the ratios of PEG/O-CMCs (0:3, 1:3, 2:3, 3:3) 

denoted PHB1, PHB2, PHB3, PHB4 and PEG/N,O-CMCs (0:3) denoted PHB5, 

respectively. The suspensions were stirred for 2h and subjected to electrostatic extrusion 

at a flow rate of 0.5 mL/h (KD Scientific syringe pump, USA) and an applied voltage of 

7.5 kV using a high voltage generator (Gamma High Voltage Research, Ormond Beach, 

FL 32174). The suspensions were dropped into a CaCl2 bath (0.03 g/L) prepared with 70 

% ethanol (Figure 4.1).  

The resulting beads were recovered and cross-linked for 24 h, 60 °C and pH: 7 in a genipin 

bath (1 mmol.L-1) prepared with 40 % ethanol (scheme 1a). Genipin is a natural water-

soluble cross-linking agent and was used as a substitute to toxic glutaraldehyde or 

epichlorohydrin which are both widely used for such applications. The cross-linked beads 

were recovered and washed extensively with 20 % ethanol, freeze-dried and stored in a 

desiccator and tested for FLX adsorption in aqueous solution. 
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Figure 4.1 Electrostatic extrusion experimental device (a). Fresh beads (b), 
Cross-linked beads by genipin (c), and Freeze-dried beads (d). 

4.5.3 Characterization of Chitosan, Carboxymethyl chitosan and 
carboxymethyl chitosan hydrogel beads 

Fourier transform infrared spectroscopy (FTIR Thermo iS10) and proton nuclear magnetic 

resonance spectroscopy (NMR Bruker 400 MHz Neo Advance) were applied to confirm 

the chemical modifications of chitosan. Conductometric titration of the samples was 

carried out in triplicates using a Metrohm Brinkmann 765 Dosimat automatic titrator 

equipped with a Thermo Orion model 150A+ conductivity meter. It was used to evaluate 

the degree of deacetylation (% DD), degree of substitution (DS) and percentage of free 
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amine group (% FA). The titration curves were plotted to graphically determine volumes 

V1, V2 and V3 which allowed them to be calculated from equations 4.1, 4.2 and 4.3 (see 

Fig. S1 in Supplementary material). 

[ ]% ( ) 1612 1DD NaOH V V WCS= − ×
 Equation 4.1 

( ) ( )2 1 3 2DS V V DD V V= − × −
 Equation 4.2 

[ ]% ( ) 240.073 2FA V V NaOH W= − ×
 Equation 4.3 

Where V1 (mL), the first inflection point represents the volume of NaOH solution needed 

to consume the excess H3O+ ion in the solution, V2 (mL), the second inflection point where 

(V2 - V1) is the volume of NaOH solution needed to deprotonate the carboxymethyl groups 

in the titration of carboxymethyl chitosan derivatives and the -NH3
+ ions in the case of 

chitosan. V3 (mL) is the third inflection point, where (V3 - V2) is the volume of NaOH 

solution required to deprotonate the -NH3
+ ions. [NaOH] is the molarity of the NaOH 

solution in (mol.L-1), WCS and W are the mass of chitosan and carboxymethyl chitosan 

samples in (mg), 161 is the molar mass of the monomer D-Glucosamine and 240.07 is the 

average molecular mass of the saccharide units of the carboxymethyl chitosan molecules. 

The Zeta potential measurements were carried out using a Zetasizer Nano (Malvern 

Instruments, model Zen 3600). The thermal properties of materials were investigated 

using differential scanning calorimetry. The swelling behavior of the bead materials was 

studied by placing 0.1 g of freeze-dried beads in 50 mL of deionized water at pH 8.5, 

maintained at 25 ± 1°C. The beads were allowed to swell for various time from 30 to 300 

min. After each predetermined swelling time, the beads were recovered by filtration, the 

excess of moisture was blotted off, and they were weighed on an analytical balance. The 

degree of swelling (% SW) was calculated using equation 4.4 

% ( ) 1002 1 1SW W W W= − ×
 Equation 4.4 

where W1 (g) is the mass of freeze-dried beads and W2 (g) is the mass of swollen beads, 

respectively. The surface morphology was studied by scanning electron microscopy 
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(Hitachi SU1510 Scanning Electron Microscope). The specific surface area of bead 

materials was determined using a Micromeritics TriStar II 3020 BET instrument. 

4.5.4 Adsorption of FLX onto carboxymethyl chitosan hydrogel beads 

FLX adsorption tests on materials samples (PHB1, PHB2, PHB3, PHB4, and PHB5) were 

carried out in batch mode. The effect of different pH (7, 7.5, 8, 8.5) and different 

temperatures (30, 40, 50, 60 °C) on FLX removal efficiency was investigated by 

contacting 25 mg of beads with 50 mL of 50 ppm FLX solution. The suspensions were 

shaken at 150 rpm for 180 min using an orbital shaker (ORBIT Environ-Shaker, Lab-line). 

For the study of adsorption kinetics, the temperature was set at 30 °C, the pH: 8.5 and 50 

ppm FLX initial concentration. The study was completed in a time range of 0 to 180 min. 

The adsorption isotherm study was carried out at different FLX initial concentration (10 

to 100 ppm), for 180 min, pH: 8.5. The residual FLX concentration was determined 

following the methodology described by Camiré et al [29]. A HPLC system equipped with 

a DAD iodine bar detector (Shimadzu i-Series Plus) and a C18 reverse phase column (XB-

C18, 100Å, 150 x 3 mm, particle size 2.6 µm, Phenomenex, Kinetex) was required. The 

adsorption capacity of FLX was determined by equations 4.5 and 4.6. 

% ( - ) / 1000 0R C C Ct= ×
 Equation 4.5 

( )0q C C V me e= − ×
 Equation 4.6 

Where % R is the removal efficiency, qe is the amount of FLX adsorbed by the beads at 

equilibrium (mg.g-1). C0 is the initial concentration of FLX (ppm), V (mL) and m (g). 

The goodness of fit of the isotherm models to the experimental data was validated using 

several error functions such as R2, R2
Adj, and the root mean square error (RMSE). OriginPro 

2023 software (OriginLab Corporation, Northampton, USA) was used for the nonlinear 

optimization of the isothermal models, thus making it possible to obtain the parameters of 

each model. Adsorption tests were carried out in triplicate. 
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2 2 2 2( ) ( ) ( )expR q q q q q qmean cal cal mean cal= − − + −∑ ∑ ∑
 Equation 4.7 

2 21 (1 )( 1) ( 1)exp expR R N N N parAdj = − − − − −
 Equation 4.8 

21 ( )exp expRMSE N q qcal= −∑
 Equation 4.9 

qexp (mg.L-1): experimental adsorption capacity; qmean (mg.L-1): average value of 

experimental adsorption capacity; qcal (mg.L-1): calculated adsorption capacity; Nexp: 

number of data points; Npar: number of parameters [30]. 

FLX is extracted from the body through urine and excreta in the native form or as a 

secondary metabolite, the most identified being norfluoxetine. They are found through 

domestic sewage in municipal wastewater that is continuously discharged to WWTPs. 

Anthropogenic activity is also responsible for their presence in various environmental 

matrices [3,8,9]. The large flow of wastewater that reaches WWTPs and the inefficiency 

of conventional treatments do not allow effective removal of these contaminants that are 

released into nature at the end of each treatment cycle. Detected at concentrations ranging 

from μg.L-1 to mg.L-1 in the environment, they affect many aquatic species living in 

receiving environments through their toxicity, their ability to diffuse beyond biological 

membranes and their potential to bioaccumulate in tissues. They affect the reproduction, 

growth, behavior and survival of many aquatic species [9–11] . These pollutants constitute 

a real danger to aquatic biodiversity, hence the urgency of limiting their entry into the 

environment.  

This has motivated the development of technologies that have improved the removal rates 

of its pharmaceutical residues in WWTPs [12–14]. Advanced oxidation, 

photodegradation, ozonation and electrochemical degradation processes developed over 

the past decade have proven effective as alternative tertiary treatment processes for 

pharmaceutical residues in wastewater [9,15,16]. However, these wastewater treatment 

methods have limits. They generate more toxic by-products, produce greenhouse gases, 

consume a lot of energy and are more expensive to operate. An alternative, such as 

adsorption, which is a greener approach and less expensive to implement, has been 
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developed by researchers. Several new adsorbent materials have been developed from 

biopolymers, in particular hydrogels, which have shown enormous potential for purifying 

contaminated water [17–23]. Biopolymers in general and chitosan in particular are 

promising alternatives that are good candidates for the development of biodegradable and 

biocompatible adsorbents. They have highly reactive chemical functions that can be 

chemically modified to improve the selectivity and specificity of adsorbents [24,25]. 

Chitosan has received much more attention in the last decade because this biopolymer has 

exceptional properties and is readily available as it is derived from the partial deacetylation 

of chitin, the second most abundant natural polymer after cellulose [24,26].  

The preparation of hydrogels from hydrophilic biopolymers and their composites has been 

widely studied for the adsorption of metal ions and organic molecules such as dyes and 

pharmaceuticals [17–23]. The swelling properties of the hydrogels, their sensitivity to 

different types of physicochemical stimuli and their excellent mechanical stability make 

them prime candidates for wastewater treatment applications compared with traditional 

materials. The study of solute adsorption by hydrogels in some works has been carried out 

under conditions where the hydrogels have previously reached swelling equilibrium 

before being brought into contact with the analytes. Adsorption begins after the beads 

have reached thermodynamic equilibrium with the solution [27]. To our knowledge, no 

study has reported the evaluation of Fluoxetine adsorption on carboxymethyl chitosan 

porous hydrogels during the swelling of the gels. The aim of this study was to investigate 

the efficiency and adsorption capacity of Fluoxetine by porous hydrogels developed from 

the biopolymer carboxymethyl chitosan during the swelling process. 

4.6 Results and discussions 

4.6.1 Characterization of chitosan, carboxymethyl chitosan derivatives and 
carboxymethyl chitosan hydrogel beads 

The aim of the polymer characterization is to confirm the chemical modifications on raw 

chitosan. For this purpose, numerous analyses were carried out, including FTIR 

spectroscopy, 1H NMR, conductometric titration, Zeta potential analysis, BET, Energy-

dispersive X-ray spectroscopy (EDX) and swelling behavior. 
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Figure 4.2 presents the FTIR spectra of raw chitosan, O-CMCs, N,O-CMCs, PHB1, 

PHB2, PHB3, PHB4, PHB5, PEG 2000 and genipin, respectively. They confirm the 

substitution of carboxymethyl group on raw chitosan and effective crosslinking by 

genipin.  

 

Figure 4.2 FTIR spectra of Chitosan, N,O-CMCs and O-CMCs (a), Genipin, 
PEG 2000, PEG/O-CMCS 0:3 (PHB1), PEG/O-CMCS 1:3 (PHB2), 
PEG/O-CMCS 2:3 (PHB3), PEG/O-CMCS 3:3 (PHB4) and PEG/N,O-
CMCS 0:3 PHB5 (b) 

The IR spectrum of chitosan (Figure 4.2a) reveals characteristic absorption bands of this 

polysaccharide as reported in studies by [28,31]. These are the absorption bands at 3359 

cm-1 attributed to N-H and O-H elongations and intermolecular hydrogen bonds associated 

with polymers. The absorption band at 2874 cm-1 is attributed to C-H elongation while the 

absorption bands identified at 1648 cm-1 and 1562 cm-1 correspond to C=O elongation of 

amide II and N-H plane deformation of amine I respectively. The absorption bands at 1420 

cm-1 and 1375 cm-1 correspond to the antisymmetric and symmetric -CH3 deformations 

respectively and that at 1314 cm-1 corresponds to the C-N elongation of amide III. The 

band at 1150 cm-1 was assigned to antisymmetric C-O-C elongation and that at 1060 cm-

1 to symmetric C-O elongation and the band at 1026 cm-1 was assigned to the elongation 

of the primary hydroxyl groups. The FTIR spectra of N,O-CMCs and O-CMCs (Figure 

4.2a) show the structural changes made on raw chitosan. The chemical modifications were 
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confirmed by the appearance of new absorption bands at 1587 cm-1 (intense) and 1403 

cm-1 (average) for N,O-CMCs as well as those at 1587 cm-1 (intense) and 1400 cm-1 

(average) for O-CMCs. They were attributed to symmetric and antisymmetric -COO- 

elongations confirming the substitution of deprotonated carboxymethyl groups (-

CH2COO-) on the free hydroxyl and amine groups of chitosan [28]. Moreover, in the N,O-

CMCs spectrum, a broad band between 3500 - 3100 cm-1 was observed compared to that 

of chitosan which could reveal a more hydrophilic character of this derivative. This may 

assign free amine groups and hydroxyl groups of the monomer units were reacted together. 

The disappearance of the absorption bands of chitosan at 1060 cm-1 and 1026 cm-1 and the 

appearance of new intense bands at 1044 cm-1 and 1038 cm-1 on the IR spectra of N,O-

CMCs and O-CMCs respectively was attributed to the C-O elongation of the primary 

hydroxyl groups. This confirms an O-substitution of carboxymethyl groups on the C6 

carbon of the monomer units. 

The appearance of the blue pigment on the beads after immersion in the genipin bath 

(Figure 4.1c) is an indication of cross-linking of the polymer chains by genipin. It is 

attributed to the reaction of genipin on the free amine groups present in the backbone of 

O-CMCs and N,O-CMCs derivatives [32–34]. FTIR analysis of genipin and cross-linked 

beads are shown in Fig. 2b. The IR spectrum of genipin reveals characteristic bands at 

1680 cm-1 and 1620 cm-1. They are attributed to the C=O elongation of the ester group 

and C=C elongation of the heterocycle respectively. The absorption band at 1442 cm-1 is 

attributed to the CH3 antisymmetric deformation of the ester group, the one at 1300 cm-1 

corresponds to the C-O-C elongation. The absorption bands at 1104 cm-1 and at 990 cm-1 

are attributed to C-O elongation and out-of-plane C-H deformation. The cross-linking of 

the beads is accompanied by a shift of the band at 1680 cm-1 from the carbonyl belonging 

to the ester group of genipin to 1631 cm-1 in the spectra of hydrogel beads. This new band 

corresponds to a C=O elongation linked to the formation of amide group II following the 

nucleophilic substitution reaction between the ester group of genipin and the free amine 

groups present in the structure of the derivative. The shift of the band at 1587 cm-1 

observed in the FTIR spectra of O-CMCs and N,O-CMCs towards 1578 cm-1 could be 

explained by the substitution of the amine groups of the polymers on the olefinic carbon 

of genipin and the formation of an amine heterocycle [210]. The intense absorption band 
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at 1100 cm-1 characteristic of PEG (Figure 4.2b) is attributed to the elongation of the C-O 

bonds of the ether groups. This absorption band is not observed on the infrared spectra of 

the hydrogels. This suggests that washing the beads with distilled water eliminated the 

PEG, which is highly soluble in water [35]. 

The 1H NMR analysis of chitosan, N,O-CMCs and O-CMCs was done to confirm the 

information obtained from the FTIR spectroscopic analysis. The 1H-NMR spectra of the 

samples (Figure S2) agree with data reported in the literature [36–39]. The spectra of 

chitosan derivatives revealed characteristic peaks confirming the substitution of carboxyl 

groups on the hydroxyl and amine groups of chitosan. The 1H NMR spectrum of Chitosan 

shows a signal at δ = 1.9 ppm attributed to the methyl protons belonging to the acetamide 

group (-NHCOCH3) of the N-acetylglucosamine unit as shown in Figure S2a. The peak 

at δ = 2.9 ppm corresponds to the proton bound to the C2 carbon of the glucosamine unit. 

The signal overlap between δ = 3.3 ppm and δ = 4 ppm is attributed to protons bound to 

the C3, C4, C5, and C6 carbons of the pyranose ring. The signal at δ = 4.4 ppm corresponds 

to the proton bound to carbon C1 of the pyranose ring. The spectra observed in Figure S2b 

and S2c show proton signals attributed to the characteristic signals identified on the 

chitosan spectrum. Figure S2b, presents two new signals at δ = 3.2 ppm and at δ = 4.05 

ppm. They are attributed to the protons of the carboxymethyl group (-CH2COO-) 

indicating that substitution occurred on the free amine groups bound to the C2 carbon and 

on the hydroxyl groups bound to the C6 carbon, respectively. This helps to confirm the 

synthesis of the N,O-CMCs derivative. Figure S2c shows a strong signal at δ = 4.05 ppm 

and a weak signal at δ = 3.2 ppm which allow us to conclude that the substitution reaction 

was directed preferentially on the hydroxyl groups bound to the C6 carbon and that a very 

small fraction of free amine groups was involved during the reaction. The majority of the 

O-CMCs derivative is thus obtained. 

Conductometric titration was carried out by dissolving 0.15 g of each sample in 100 mL 

of 0.05 M HCl solution for 4h. The pH of each polymer solution was adjusted at 2 and a 

0.1 M NaOH solution was added automatically with an increment of 0.5 mL, 40 s 

stabilization time at room temperature under constant stirring. The conductometric 

titration data are presented in Figure S1a, S1b and S1c. The DD, DS and FA values (from 
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equations 4.1, 2 and 3) are reported in Table S1. The DD of chitosan is approximately 

81% and agrees well with the supplier's information (DD ≥ 75%). DS values for N,O-

CMCs and O-CMCs are 1.78 and 1.12, respectively. The evaluation of the number of free 

amine groups reveals that almost 95 % of the amine groups remained unreacted during the 

synthesis of O-CMCs while for N,O-CMCs, almost 46 % of the amine groups remained 

free. From these results, it can be concluded that only a fraction of the amine group (5 %) 

reacted during the synthesis of O-CMCs which could justify the low intensity of the 

corresponding peaks observed on the 1H NMR spectra of this polymer. 

Determination of the Zeta potential was investigated by first preparing O-CMCs and N,O-

CMCs solutions at different pH: 2 to 9. A 1mL sample of each solution was analyzed by 

a ZetasizerNano instrument previously calibrated with a standard solution of Zp = ± 42 

mV. The Zp = f(pH) curve (Figure 4.3) was used to determine the isoelectric point (IEP) 

of each polymer. The study of Zeta potential as a function of pH gave positive Zp values 

in the range 2 ≤ pH < 4 for O-CMCs and 2 ≤ pH < 5.3 for N,O-CMCs. On the other hand, 

it is negative in the range 4 < pH ≤ 9 and 5.3 < pH ≤ 9 for O,CMCs and N,O-CMCs 

respectively.  These values can be explained by the protonation of the free amine groups 

initially, then as the pH of the medium becomes alkaline, these functional groups are 

deprotonated, as are the carboxyl groups. The isoelectric point corresponds to the pH at 

which the polymers are considered to be a zwitterion (NH3
+/COO-). They were determined 

at pH = 4 and pH = 5.3 for O-CMCs and N,O-CMCs respectively. It is therefore assumed 

that the beads made from these precursors could interact with FLX in aqueous solution 

thanks to attractive electrostatic interactions when the pH of the medium is higher than 

the IEP and lower than the pKa = 9.8 of FLX (scheme. 1b) [9], which would be ionised. 
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Figure 4.3 Effect of pH on the Zeta-potential of O-CMCs and N,O-CMCs 

Figure 4.4 presents SEM images of bead surfaces and their respective cross sections to 

study the external surface morphology and internal structure (pores) of each material 

(PHB1 to PHB5). Figures. 4a-e show that hydrogel beads are approximately 2 mm in 

diameter with good sphericity. They also mostly show a smooth surface, except for PHB1 

(Figure 4.4a) which has a rougher surface morphology. Due to the low magnification used 

for SEM, it was not possible to clearly determine if a porous surface was developed on 

the external side of bead materials, except for PHB1. Since those images were taken on 

freeze-dried beads, it is expected that they will exhibit some swelling characteristics when 

dispersed in aqueous media providing access to the internal structure of the beads. This 

topic will be discussed later but prior to that, an analysis of the internal structure of the 

bead materials is provided. Figures 4.4f-j (PHB1 to PHB5) show SEM micrographs of 

freeze-dried bead cross-sections at a higher magnification. A porous structure network of 

interconnected macropores with a variable pore size distribution is clearly observed for 

those samples. PHB3 and PHB4 cross-sectional images (Figures 4.4h and 4.4i) show 

higher porosity than PHB1 and PHB2 cross-sectional samples (Figures 4.4f and 4.4g). 
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This could be attributed to the use of higher amount of PEG 2000 (pore-forming agent) 

during the preparation of the extrusion solutions of those two materials, compared to the 

levels used for PHB1 and PHB2. It is assumed that the PEG-2000 was removed during 

the washing of the beads and the empty spaces left by its removal would constitute the 

pores observed in the images. Similar observations have been reported in the work of [40]. 

On the other hand, although no PEG-2000 was added during the preparation of the PHB1 

and PHB5 samples, their SEM images show more apparent pores in the PHB5 than in the 

PHB1 cross-sectional images. This could be caused by the freeze-drying process of the 

hydrogel beads, which would allow a rapid sublimation of the water and prevent shrinkage 

of the beads, thus leaving cavities in the beads. Similar observations were made by [41]. 

The porous internal structure of bead materials is confirmed by the specific surface area 

reported in Table 4.1  

Table 4.1 Effect of PEG/O-CMCs and PEG/N,O-CMCs ratios on specific sur-face 
area of freeze-dried beads 

Sample PEG:CMCs ratio Specific surface area 

(m2/g) 

PHB1 O-CMCs 0:3 19.84 

PHB2 O-CMCs 1:3 29.81 

PHB3 O-CMCs 2:3 37.50 

PHB4 O-CMCs 3:3 38.69 

PHB5 N,O-CMCs 0:3 25.93 
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Figure 4.4 SEM micrographs of PEG/O-CMCS 0:3 (PHB1), PEG/O-CMCS 1:3 
(PHB2), PEG/O-CMCS 2:3 (PHB3), PEG/O-CMCS 3:3 (PHB4) and 
PEG/N,O-CMCS 0:3 PHB5 samples, external morphology of beads (a-
e), and cross-sections showing their respective in-ternal structure (f-j) 
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Swelling behavior was carried out to examine their water-absorption rate under a 

controlled environment. Figure 4.5 shows the water absorption rate curve of hydrogel 

beads (PHB1 to PHB5). The swelling of the beads in water at pH=8.5 occurs due to the 

total dissociation of the carboxyl groups present on the polymer chains in the gel network. 

This creates an osmotic pressure difference at the interface between the gel structure and 

the water around the gels.  

 

Figure 4.5 Swelling kinetics of hydrogel beads: PHB1, PHB2, PHB3, PHB4, and 
PHB5 in deionized water at pH: 8.5, temperature: 25 ± 1 °C (n =3, 
mean ± standard error) 

The swelling profile of the hydrogels tested reveals that the swelling of the beads can be 

associated with the diffusion of water through the pore network in the gel structure 

between 0 -180 min and the relaxation of the polymer chains as a result of the repulsion 

between the deprotonated carboxyl groups on the polymer repeat units between 180 - 300 

min. On the other hand, the ionic density in the polymer network linked to the ionisation 

of the carboxyl groups is greater in PHB5 made with N,O-CMCs than in other hydrogels 
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made with O-CMCs. This could explain the higher swelling rates of this sample compared 

to the others due to the increase in osmotic pressure [42]. In view of the above, it can be 

said that the cross-linking density of the polymer chains in the gel structures is not high 

enough to restrict the mobility of the polymer chains but sufficient to guarantee the 

stability of the structures. Equation 4.10 allows us to determine the nature of solvent 

diffusion in the polymer network according to the values of the diffusion exponent n. Mt 

and Mα correspond to the amount of solvent that has diffused into the gel structure at time 

t and equilibrium respectively and k is the constant specific to the type of polymer network 

(min1/n). Linearization of this equation gives Ln F vs Ln t (equation 4.11) where n is the 

slope and Ln k the y-intercept. For n ≤ 0.5, the solvent diffusion mechanism in the gel 

structure is of the Fickian type: diffusion controls the swelling process. For 0.5 < n < 1, 

solvent diffusion and polymer chain relaxation control the swelling process. The solvent 

diffusion mechanism is non-Fickian [43]. 

nF M M ktt α= =  Equation 4.10 

Ln F Ln k n Lnt= +  Equation 4.11 

The values of the parameters of equation 4.11 are listed in Table 4.2. It can be seen that 

the values of the diffusion exponent n obtained lead to the conclusion that there is a 

Fickian diffusion mechanism for water in the porous hydrogels produced and that the bead 

swelling process is controlled by water. 

Table 4.2 Parameters of swelling and diffusion of porous hydrogels in distilled 
water at pH 8.5 

Samples n k (min1/n) R2 

PHB1 0.358 0.143 0.921 

PHB2 0.350 0.148 0.969 

PHB3 0.378 0.077 0.955 

PHB4 0.463 0.083 0.908 

PHB5 0.253 0.254 0.950 
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4.6.2 Effect of temperature and pH on Fluoxetine removal efficiency 

Figure 4.6a presents the effect of temperature (from 30 to 60 °C) under the following 

experimental conditions; initial concentration: 50 ppm; agitation speed: 150 rpm; 

adsorbent dose: 0.5 mg/mL; pH: 8.5; contact time: 180 min. Figure 4.6b shows the effect 

of pH (from 7 to 8.5) under the following experimental conditions initial concentration: 

50 ppm; agitation speed: 150 rpm; adsorbent dose: 0.5 mg/mL; temperature: 30 °C; 

contact time: 180 min. It can be seen that increasing temperature led to a significant 

decrease in FLX removal efficiency for all the adsorbents tested.  

The maximum values were observed at a temperature of 30 °C and were greater than 70 

% under the fixed experimental conditions, suggesting that addition of energy in the form 

of heat to the medium was detrimental to the adsorption of Fluoxetine on the active sites 

process. On the other hand, increasing the pH from 7 to 8.5 favored the elimination of 

FLX for all the adsorbents tested. The best elimination efficiency was observed at pH: 8.5 

and was greater than 70 % for all the adsorbents tested at a temperature of 30 °C. This 

could be justified by the increase in negatively charged sites on the surface of the 

adsorbents, favoring electrostatic interactions with FLX. This can be confirmed by the 

negative charge of the precursor polymers of the adsorbents tested (O-CMCs and N,O-

CMCs) under the pH conditions studied for the adsorption tests, as shown in Figure 4.3. 

These weak interactions would be linked to the -CH2COO- groups and to the ionized FLX 

in solution, which is positively charged when the pHsolution < pKaFLX: 9.8 [9]. The optimum 

conditions for the temperature and pH parameters were set at 30°C and 8.5 respectively 

to complete the subsequent adsorption tests. 
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Figure 4.6 Effect of different parameters on the Fluoxetine adsorption by 
hydrogel beads (PEG/O-CMCs 0:3 (PHB1), PEG/O-CMCs 1:3 
(PHB2), PEG/O-CMCs 2:3 (PHB3), PEG/O-CMCs 3:3 (PHB4), 
PEG/N,O-CMCs 0:3 PHB5): (a) Temperature at initial concentration: 
50ppm; agitation speed: 150 rpm; adsorbent dose: 0.5 mg.mL-1; pH: 
8.5; contact time: 180 min, (b) pH at initial concentration: 50 ppm; 
agitation speed: 150 rpm; adsorbent dose: 0.5 mg.mL-1; temperature: 
30 °C; contact time: 180 min, (c) Initial concentration: temperature: 
30 °C; pH: 8.5; contact time: 180 min; agitation speed: 150 rpm; 
adsorbent dose: 0.5 mg.mL-1, (d) Contact time at Initial concentration: 
50 ppm; temperature: 30 °C; pH: 8.5; agitation speed: 150 rpm; 
adsorbent dose: 0.5 mg.mL-1 

4.6.3 Effect of initial concentration on Fluoxetine adsorption efficiency and 
contact time 

The effect of initial concentration in the range 10 to 100 ppm and contact time in the range 

0 to 180 min under the respective experimental conditions (Initial concentration: 

temperature: 30 °C; pH: 8.5; contact time: 180 min; agitation speed: 150 rpm; adsorbent 
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dose: 0.5 mg.mL-1) and (Contact time at Initial concentration: 50 ppm; temperature: 30 

°C; pH: 8.5; agitation speed: 150 rpm; adsorbent dose: 0.5 mg.mL-1) was investigated. 

The results are presented in Figure 4.6c and 4.6d. It can be seen that the FLX removal 

efficiency increases as the initial FLX concentration increases. This could be explained 

by the fact that increasing the initial FLX concentration would allow the boundary layer 

responsible for mass transfer resistance at the solution/adsorbent interface to be overcome. 

In addition, increasing concentration favors a concentration gradient which would also 

help to improve mass transfer rate due to the high mobility of FLX towards the surface of 

the beads. This high mobility of FLX is thought to be due to the driving force of 

intraparticle diffusion attributed to the concentration gradient. The higher the initial 

concentration of FLX, the greater the driving force of intraparticle diffusion, resulting in 

high diffusion rates [44]. 

On the other hand, FLX adsorption increases gradually in the first hour of contact (Figure 

4.6d) and is not really spontaneous from the first few minutes, demonstrating that the mass 

transfer process took place in stages. This could be explained firstly by the resistance of 

the boundary layer to FLX transfer during film diffusion which results in slow film 

diffusion [45] and secondly by the swelling kinetics in distilled water which show that the 

diffusion of water molecules from the surface to the interior of the porous structure of the 

beads was not optimal from the first minutes of contact, providing evidence that a large 

proportion of the hydrophilic groups on the surface of the polymer chains were not in 

contact with water. This would indirectly support lower adsorption rates in the first 

minutes of contact of the hydrogel beads with the FLX solution. Similar behavior was 

observed in fast removal of Co (II) from aqueous solution using porous carboxymethyl 

chitosan beads [46]. After one hour's contact between the beads and the FLX solution, we 

observed that the amount of FLX adsorbed was between 67 and 77 mg.g-1 for all the 

hydrogel beads tested. This could be explained by excellent intraparticle diffusion both on 

the surface of macropores and on the walls of smaller pores, and rapid adsorption on 

vacant active sites. After 120 min of contact, we observed a slight increase in the quantity 

of FLX adsorbed up to 180 min, which could suggest that the porous structure having been 

saturated, the FLX had diffused towards the smaller pore sizes. The decrease in the 

adsorption capacity of the beads could be due to resistance to diffusion to even smaller 
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pore sizes, the equilibrium of water absorption in the beads and saturation of the vacant 

active sorption sites. 

The results of the investigation of the effect of the experimental parameters temperature, 

pH, initial concentration and contact time on the capacity to eliminate FLX in aqueous 

solution show that the adsorbents PHB4 and PHB5 are the best candidates for the 

adsorption of FLX because they have the best elimination yield and excellent adsorption 

capacity under the experimental conditions tested. This could be explained by the presence 

of a large number of active sites on the PHB5 sample, as demonstrated by the degree of 

substitution of deprotonated carboxyl groups on its precursor polymer (N,O-CMCs), and 

the specific surface area of the PHB4 sample, as revealed by BET analysis, which would 

be linked to the addition of a higher ratio of PEG 2000 during their design. 

4.6.4 Adsorption kinetics 

The adsorption kinetics was studied using pseudo-first order (PFO), pseudo-second order 

(PSO), and intraparticle diffusion kinetic models (IPD). Their respective models are 

determined by equations 4.12, 4.13, 4.14 and 4.15. Figures 4.7a, and 4.7b show non-linear 

PFO and PSO curve fitting for adsorbent materials and the calculated kinetic parameters 

are listed in Table 4.3 and 4.4, respectively. 

1(1 )
k t

q q et e
−

= −
 Equation 4.12 

2 /12 2q k q t k q tt e e= +
 Equation 4.13 

k1 (min-1): pseudo-first-order rate constant t (min): the contact time, k2 (g.mg-1 min-1): 

pseudo-second order rate constant. 
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1/ 2  01 1q k t t tt = ≤ ≤
 Equation 4.14 

1/ 2( )  2 1 1 21
q q k t t t t tt t t− = − < ≤=

 Equation 4.15 

k1 (mg.g -1. min-1/2) : intraparticle diffusion constant, k2 (mg.g -1. min-1/2) : intraparticle 

diffusion constant. 

The fitting parameters reported in Table 4.3 reveals that both PFO and PSO models have 

high determination coefficients (R2 > 0.99) for all the adsorbent samples tested. Values of 

R2
Adj are also very closed to R2 indicating that the variations observed are similar for both 

models. The low RMSE values are also in agreement with the findings. The slight 

deviation between qe.exp and qe.cal of the PFO model compared to that of the PSO model 

indicates that the PFO slightly best fitted the experimental data. 

Both PFO and PSO are empirical adsorption kinetics models that lack theoretical basis. 

However, they are extensively used to fit adsorption data for various types of adsorbent 

materials. High fitting correlations are very often reported in the literature describing some 

relationship to physisorption for PFO and chemisorption to PSO. In our case, since PFO 

and PSO fits were very similar, it is difficult to establish if the main adsorption mechanism 

involved is based on physisorption or chemisorption. Moreover, several authors are 

raising concerns about the validity of the chemisorption mechanism implying the 

formation of a chemical bond such as a covalent attachment between the adsorbate and 

the adsorbent [45,47,48]. Some authors point out that the adsorption mechanism cannot 

be attributed simply by fitting the PFO and PSO kinetic models. The physico-chemical 

parameters specific to the adsorbent and adsorbate, activation energy and thermodynamic 

data must be taken into account to determine the nature of the adsorption process. On the 

other hand, the IPD intraparticle diffusion model is probably involved in the mechanism 

driving the adsorption process [49]. Finally, both PFO and PSO models do not take mass 

transfer into consideration. This issue may be important in our case since our adsorbent 

materials are porous hydrogels spheres with internal pores reachable by the fluid and the 

contaminant. The mass transfer of the contaminants to adsorbents includes 

external/internal diffusion and adsorption onto active sites.  
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Figure 4.7 Kinetic curves fittings for PEG/O-CMCs 0:3 (PHB1), PEG/O-CMCs 
1:3 (PHB2), PEG/O-CMCs 2:3 (PHB3), PEG/O-CMCs 3:3 (PHB4), 
PEG/N,O-CMCs 0:3 (PHB5) samples (25 mg), T = 30 °C, pH = 8.5, 
150 rpm, (a) pseudo-first order (PFO), (b) pseudo-second order (PSO) 

To understand the mechanism and enhance the adsorption performance of FLX for 

adsorbent materials, it is important to determine the rate-limiting step involved during the 

process. Modified forms of the intraparticle diffusion (IPD) model (Weber and Morris 

kinetics model) were used to fit experimental data [44]. To find the optimal statistical 

adsorption kinetics parameters, ten different divisions (10, 15, 20, 25, 30, 40, 50, 60, 90, 

120 min) of the kinetics data groups based on the adsorption time range studied were 

tested. Figure 4.8 presents the non-linear IPD fits for adsorbent materials (PHB1, PHB2, 

PHB3, PHB4 and PHB5) at the optimal time division (60 min) and Table 4.4 presents the 

corresponding fitting parameters. Fitting results for other time divisions studied are 

presented in Table S2. Fig. S3 presents a representative example of time division selection 

for PHB1 adsorbent. Results show that the subdivision of the kinetic data having obtained 

the best statistical parameters corresponds to time intervals 0 ≤ t ≤ 60 min and 60 min ≤ t 

≤ 180 min for all adsorbents tested. It is observed that the intraparticle diffusion rate 

constant k1 is higher in the first hour of FLX adsorption (0 ≤ t ≤ 60 min) for each adsorbent 

tested and the intraparticle diffusion rate constant k2 is very lower than k1. The major 

difference between k1 and k2 could be a consequence of the stages in the adsorption 

process on the surface and inside the adsorbents. The k1 values are much higher because 

sorption on the surface of the macropores would be due to the maximum availability of 

active sites in the macropores, which would favor higher diffusion rates given the 



128 

electrostatic interactions between the hydrogel beads and the FLX. When these active sites 

have been saturated, the FLX diffuses into the smaller pore sizes and is adsorbed. The k2 

values would be due either to a resistance to diffusion into the smaller pore sizes or to a 

diffusion equilibrium created by the decrease in the concentration of FLX in solution. 

Similar observations have been made in the adsorption of organic compounds by activated 

carbons [50].  

 

Figure 4.8 IPD Kinetic curves fittings at optimal time division (60 min) for 
PEG/O-CMCs 0:3 (PHB1), PEG/O-CMCs 1:3 (PHB2), PEG/O-CMCs 
2:3 (PHB3), PEG/O-CMCs 3:3 (PHB4), PEG/N,O-CMCs 0:3 (PHB5). 
Samples (25 mg), T = 30 °C, pH = 8.5, 150 rpm 

 



 

Table 4.3 Kinetic parameters for PFO and PSO models obtained by using the non-linear method 

Kinetic 
Models 

Parameters PHB1 PHB2 PHB3 PHB4 PHB5 

PFO qe exp (mg.g-1) 73.21 73.92 80.99 81.41 81.81 

 qe cal (mg.g-1) 71.97 (0.30)* 72.78 (0.35) 79.70 (0.27) 80.86 (0.17) 80.91 (0.15) 

 K1(min-1) 0.048 (0.001) 0.049 (0.001) 0.045 (0.001) 0.046 (0.001) 0.047 (0.001) 

 R2 0.9998 0.9995 0.9995 0.9997 0.9998 

 R2
Adj 0.9998 0.9995 0.9995 0.9997 0.9998 

 RMSE 0.2187 0.3563 0.4763 0.4277 0.3567 

PSO qe cal (mg.g-1) 82.10 (1.53) 81.95 (1.46) 90.02 (1.60) 89.48 (0.74) 94.06 (1.66) 

 K2 x 10-4
 (g.mg-1.min-1 ) 7.71 (0.72) 8.26 (0.86) 7.10 (0.71) 6.93 (0.48) 6.21 (0.70) 

 R2 0.9978 0.9971 0.9943 0.9983 0.9953 

 R2
Adj 0.9977 0.9968 0.9938 0.9982 0.9948 

 RMSE 0.6669 0.9043 1.6598 0.9780 1.6437 
* Standard error in parentheses 
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Table 4.4 Kinetic parameters using modified forms of IPD models obtained by using the non-linear method at optimal time 
division (60 min) 

Kinetic 

Models 

Parameters PHB1 PHB2 PHB3 PHB4 PHB5 

IPD1 K1 (mg.g-1.min-1/2) 9.508 (0.159)* 9.440 (0.214) 10.167 (0.149) 10.462 (0.188) 10.463 (0.166) 

R2 0.9962 0.9923 0.9923 0.9950 0.9949 

R2
Adj 0.9962 0.9923 0.9923 0.9950 0.9949 

RMSE 0.7882 1.2619 1.8626 1.0074 1.2860 

IPD2 K2 (mg.g-1.min-1/2) 0.539 (0.013) 0.489 (0.006) 0.538 (0.010) 0.565 (0.007) 0.466 (0.010) 

R2 0.9675 0.9945 0.9759 0.9482 0.9517 

R2
Adj 0.9675 0.9945 0.9759 0.9482 0.9517 

RMSE 0.0810 0.0546 0.1647 0.1922 0.1851 

* Standard error in parentheses 
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4.6.5 Adsorption isotherm 

The adsorption equilibrium study was completed by varying the initial concentration (10, 

20, 30, 40, 50, 75 and 100 ppm) and temperature (30, 40, 50, 60 °C). The experimental 

parameters were set as follows: pH = 8.5, 180 min, 25 mg of beads, and 50 mL.  

Numerous adsorption isotherm models have been studied in the literature to describe the 

relationship between the concentration of analytes in solution and the adsorbent under 

specific experimental conditions. The Langmuir and Freundlich models are the most 

widely used. They are classified as two-parameter empirical models. Their study makes it 

possible to identify the zone where the experimental equilibrium data are located. These 

models are based on assumptions that allow prediction of the nature of adsorption 

mechanisms. The Langmuir model (equation 4.16) assumes that adsorption of the 

adsorbate takes place on active sites of the same nature, with uniform adsorption energy. 

There is no interaction between the adsorbates and adsorption is monolayer on a 

homogeneous surface. The Freundlich model (equation 4.17) assumes multilayer 

adsorption on a heterogeneous surface with interactions between the adsorbates [30]. 

1maxq q K C K Ce L e L e= +
 Equation 4.16 

1/ nFq K Ce F e=
 Equation 4.17 

KL (L.mg-1): Langmuir isotherm constant, qmax (mg.g-1): maximum monolayer adsorption 

capacity, KF (mg.g-1): Freundlich isotherm constant nF  the heterogeneity factor in the 

Freundlich model. The linear and non-linear forms of the Langmuir and Freundlich 

models have been widely evaluated in the literature, but many studies have reported that 

the linearization process generates biases that render the parameters obtained invalid. This 

has contributed to the recommendation of the use of non-linear as a suitable approach for 

determining the specific constants of each adsorption isotherm model. Furthermore, in our 

specific case, the linear models do not fit the specific curves followed by the experimental 

adsorption data, which led us to carry out an analysis using the non-linear regression 

method. Figures 4.9 and 4.10 show the Langmuir and Freundlich non-linear fits of 
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experimental data for the sorbent materials at different temperatures. The fitting 

coefficients and statistical parameters for both models are listed in Table 4.5. It can be 

seen that the highest maximum monolayer adsorption capacity (qmax) was observed at a 

temperature of 30°C for all the adsorbents tested and ranged from 90.6 - 112.6 mg.g-1. On 

the other hand, for each adsorbent tested, we observed that the qmax capacity and the 

Langmuir constant KL decreased with increasing temperature. This is also observed for 

the Freundlich constant, which would suggest that this is an exothermic adsorption process 

that is assigned to physisorption [49]. We also note that qmax is better for the PHB4 and 

PHB5 adsorbents with values between 97.8 - 112.6 mg.g-1 for PHB4 and 100.1 – 109.3 

mg.g-1 for PHB5 respectively. This could be justified by the greater substitution as 

revealed by the DS of the N,O-CMCs polymer precursor of the PHB5 adsorbents of the -

CH2COO- groups which would have an electrostatic interaction with Fluoxetine and the 

greater specific surface area of the PHB4 adsorbents. 
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Figure 4.9 Non-linear fit of the Langmuir isotherm model of FLX at various 
temperatures, pH = 8.5, 150 rpm and 25 mg of each adsorbents: a) 
PEG/O-CMCs 0:3 (PHB1), b) PEG/O-CMCs 1:3 (PHB2), c) PEG/O-
CMCs 2:3 (PHB3), d) PEG/O-CMCs 3:3 (PHB4), and PEG/N,O-
CMCs 0:3 PHB5 
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Figure 4.10 Non-linear fit of the Freundlich isotherm model of FLX at various 
temperatures, pH=8.5, 150 rpm and 25 mg of each adsorbents: a) 
PEG/O-CMCs 0:3 (PHB1), b) PEG/O-CMCs 1:3 (PHB2), c) PEG/O-
CMCs 2:3 (PHB3), d) PEG/O-CMCs 3:3 (PHB4), and PEG/N,O-
CMCs 0:3 (PHB5) 
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Table 4.5 Adsorption isotherms parameters for removal of FLX on porous hydrogel beads by using non-linear method 

* Standard error in parentheses 

Samples  

T 

(K) 

Langmuir Freundlich 

qmax 

(mg/g) 

KL 

(L/mg) 

R2 R2Adj RMSE KF 

(mg/g)/(mg/L)1/n 

1/n R2 R2Adj RMSE 

PHB1 303 90.656 (4.765) 0.326 (0.059) 0.9923 0.9910 1.099 30.634 (3.196)  0.296 (0.036) 0.9438 0.9325 1.533 

313 85.829 (3.989) 0.157 (0.022) 0.9946 0.9938 1.000 24.064 (4.098) 0.300 (0.053) 0.8753 0.8503 2.186 

323 76.213 (1.883) 0.106 (0.007) 0.9985 0.9985 0.399 18.004 (2.153) 0.323 (0.036) 0.9459 0.9350 1.105 

333 74.529 (1.410) 0.101 (0.007) 0.9989 0.9989 0.407 15.676 (2.568) 0.347 (0.043) 0.9561 0.9473 1.343 

PHB2 303 104.838 (1.986) 0.212 (0.014) 0.9988 0.9987 0.502 29.962 (4.266) 0.310 (0.043) 0.9297 0.9156 2.002 

313 101.577 (4.459) 0.129 (0.018) 0.9954 0.9946 0.989 22.536 (4.235) 0.355 (0054) 0.9223 0.9067 2.109 

323 99.377 (6.522) 0.080 (0.016) 0.9920 0.9906 1.295 16.976 (4.488) 0.395 (0.074) 0.8904 0.8685 2.414 

333 88.449 (4.799) 0.063 (0.063) 0.9960 0.9952 1.042 12.735 (3.152) 0.428 (0.067) 0.9284 0.9141 1.962 

PHB3 303 103.022 (7.067) 0.413 (0.150) 0.9838 0.9811 1.588 39.709 (3.043) 0.250 (0.023) 0.9787 0.9745 0.979 

313 101.126 (5.141) 0.225 (0.028) 0.9906 0.9890 1.901 29.515 (3.881) 0.307 (0.049) 0.8733 0.8480 4.351 

323 100.547 (5.045) 0.109 (0.008) 0.9914 0.9900 1.214 12.577 (1.133) 0.497 (0.041) 0.9157 0.8988 3.523 

333 97.927 (5.200) 0.092 (0.010) 0.9930 0.9919 1.055 12.696 (2.451) 0.483 (0.060) 0.8949 0.8948 3.088 

PHB4 303 112.668 (8.779) 0.357 (0.098) 0.9843 0.9817 1.655 42.155 (2.315) 0.272 (0.019) 0.9829 0.9795 0.888 

313 106.801 (6.701) 0.251 (0.052) 0.9908 0.9892 1.407 34.398 (3.945) 0.297 (0.040) 0.9379 0.9255 1.834 

323 105.278 (3.363) 0.130 (0.013) 0.9976 0.9972 0.703 21.510 (4.222) 0.384 (0.058) 0.9297 0.9156 2.180 

333 97.883 (2.388) 0.103 (0.007) 0.9990 0.9989 0.342 18.952 (2.746) 0.386 (0.045) 0.9480 0.9376 1.284 

PHB5 303 109.336 (8.391) 0.391 (0.096) 0.9847 0.9821 1.657 42.037 (2.790) 0.262 (0.022) 0.9824 0.9788 0.915 

313 103.536 (2.781) 0.313 (0.025) 0.9983 0.9980 0.546 34.530 (3.721) 0.305 (0.041) 0.9223 0.9069 1.818 

323 102.426 (1.674) 0.158 (0.008) 0.9994 0.9993 0.392 23.000 (4.245) 0.376 (0.060) 0.9118 0.8942 2.314 

333 100.186 (4.635) 0.095 (0.008) 0.9953 0.9945 0.852 12.424 (2.093) 0.518 (0.063) 0.9070 0.8884 3.730 
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The analysis of the statistical parameters obtained following the non-linear optimization 

of the experimental data to the Langmuir and Freundlich isotherms shows that the 

coefficient of determination (R2) of the Langmuir model is greater than that of the 

Freundlich model. In addition, the RMSE values of the Langmuir isotherm are smaller 

than those of the Freundlich isotherm, with the exception of the values obtained for 

samples PHB3, PHB4 and PHB5 at 30°C. Nevertheless, there is a small difference 

between the RMSE values at this temperature for these three adsorbents, with higher R2
Adj 

values for the Langmuir model than for the Freundlich model. These observations, based 

on the error functions evaluated, suggest that the non-linear Langmuir model is the one 

that best fits the experimental data for FLX adsorption by the adsorbents tested. 

As the experimental data is best described by the Langmuir model, it is appropriate to 

determine the separation factor RL. This is a dimensionless quantity that depends in 

particular on the Langmuir constant KL and the initial concentration of adsorbate in 

solution C0 (equation 4.18).  

1 (1 )0R K CL L= +
 Equation 4.18 

This parameter is used to analyze the feasibility of the adsorption process. Adsorption is 

favorable if 0 < RL < 1, unfavorable if RL > 1, linear if RL = 1 and irreversible if RL = 0 

[45]. The results of calculating the separation factor RL are shown in Table 4.6.  

Table 4.6 Separation factor evaluated at different temperatures from the 
Langmuir constant and the initial concentration of Fluoxetine in 
solution (50ppm) 

 
T(K) 

PHB1 PHB2 PHB3 PHB4 PHB5 
KL 

(L/mg) 

RL KL 

(L/mg) 

RL KL 

(L/mg) 

RL KL 

(L/mg) 

RL KL 

(L/mg) 

RL 

303 0.326 0.058 0.212 0.086 0.413 0.046 0.357 0.053 0.391 0.048 
313 0.157 0.113 0.129 0.134 0.225 0.082 0.251 0.074 0.313 0.060 
323 0.106 0.159 0.080 0.200 0.109 0.155 0.130 0.133 0.158 0.112 
333 0.101 0.165 0.063 0.241 0.092 0.179 0.103 0.163 0.095 0.174 

These are less than 1 (0 < RL < 1) at all the temperatures tested and for all the adsorbents, 

revealing that the FLX adsorption process is favorable, which can be confirmed using the 
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Gibbs energy. This would indicate a good affinity between the surface of the hydrogel 

beads tested and FLX under the experimental conditions set during the adsorption tests. 

4.6.6 Adsorption thermodynamics of the Fluoxetine 

In order to better understand the adsorption process, it is essential to establish the 

adsorption mechanisms involved in the process. The study of adsorption isotherms is far 

from exhaustive for describing the adsorption process with the information it provides. It 

is necessary to supplement this study with an analysis of the thermodynamic parameters, 

which are highly revealing of the nature of the mechanisms involved in adsorption of the 

adsorbents. The thermodynamic parameters can be calculated according to the laws of 

thermodynamics using the following equations. 

0 ( )G RT Ln Kc∆ =−  Equation 4.19 

0 0 0G H T S∆ =∆ − ∆  Equation 4.20 

( ) 0 0Ln Kc H RT S R=−∆ + ∆  Equation 4.21 

R is the perfect gas constant (8.3144 J/mol.K), T is the temperature in Kelvin (K), ΔG° 

(kJ.mol-1) is the Gibbs energy calculated from equation 4.19. The enthalpy ΔH° (kJ.mol-

1) and entropy ΔS° (J.mol-1.K-1) are determined from the Van't Hoff equation 4.21 by 

plotting Ln KC versus 1/T where ΔH°/R is the slope and ΔS°/R is the y-intercept [51].  

Dimensionless Kc is the thermodynamic equilibrium constant. Several studies in literature 

have shown that the determination of thermodynamic parameters depends on the value of 

KC, which can be calculated from either the Langmuir constant KL, the Freundlich constant 

KF, the partition coefficient KP and the distribution coefficient Kd [52,53]. The Langmuir 

model best describes our adsorption data, so the Langmuir constant KL is appropriate for 

calculating the thermodynamic equilibrium constant KC. For this purpose, S.K. Milonjić's 

calculation method [52] was applied to obtain dimensionless values of KC in accordance 

with the International Union of Pure and Applied Chemistry (IUPAC) assumption. 

According to S.K. Milonjić, dimensionless KC is obtained from KL (L/mg) by multiplying 
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it by a factor of 106 which is the density of the solution with the assumption of the density 

of pure water equal to 1 g/mL [52]. 

610K KC L=
 Equation 4.22 

0 6(10 )G RT Ln KL∆ =−
 Equation 4.23 

6 0 0(10 )Ln K G RT S RL =−∆ +∆
 Equation 4.24 

The results of the calculation of the thermodynamic parameters are presented in Table 4.7. 

It can be seen that the Gibbs energy is negative (ΔG° < 0) at all temperatures tested and 

for the entire range of adsorbents tested. This indicates that the adsorption process is 

favorable and spontaneous.  

Table 4.7 Thermodynamic parameters for adsorption of FLX 

Samples T(K) KL 
(L/mg) 

Kc ΔG° 
(kJ/mol) 

ΔH° 
(kJ/mol) 

ΔS° 
(J/mol.K) 

PHB1 303 0.326 326 000 -31.97 -33.12 -5.04 
313 0.157 157 000 -31.13 
323 0.106 106 000 -31.07 
333 0.101 101 000 -31.90 

PHB2 303 0.212 212 000 -30.90 -32.00 -3.71 
313 0.129 129 000 -30.62 
323 0.108 108 000 -31.12 
333 0.063 63 000 -30.60 

PHB3 303 0.413 413 000 -32.60 -44.07 -38.4 
313 0.225 225 000 -32.07 
323 0.109 109 000 -31.15 
333 0.092 92 000 -31.64 

PHB4 303 0.357 357 000 -32.20 -37.08 -15.88 
313 0.251 251 000 -32.35 
323 0.130 130 000 -31.62 
333 0.102 102 000 -31.93 

PHB5 303 0.355 355 000 -32.20 -38.37 -19.20 
313 0.313 313 000 -32.93 
323 0.159 159 000 -32.16 
333 0.096 96 000 -31.76 

The negative enthalpy (ΔH° < 0) suggests that the FLX adsorption process on our 

adsorbent materials is exothermic, which could justify the decrease in adsorption capacity 
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with increasing temperature, which is a specific characteristic of physisorption [49]. FLX 

adsorption is due to weak chemical bonds, mainly of the electrostatic interaction type, 

between the negatively charged (-CH2COO-) groups on the surface of the hydrogel beads 

and the positively charged FLX in solution, under experimental conditions where pH = 

8.5 is lower than the pKa = 9.8 of FLX. Other weak interactions could also contribute to 

the adsorption of FLX, in particular hydrogen bonds and Van der Waals type bonds as 

well as hydrophobic interactions between FLX molecules due to their lipophilic nature 

(log p = 4.05) [9] and potentially Π interactions attributed to the electron density provided 

by the genipin. 

Analysis of the entropy provides information on the organization of the adsorbate at the 

solution/adsorbent interface during adsorption [49]. The entropy values are negative (ΔS° 

< 0) which suggests that the organization of the FLX at the solution/adsorbent interface 

during the adsorption process is much more ordered and therefore less random. 

4.6.7 Schematic showing adsorption mechanism of the Fluoxetine by 
hydrogels tested under optimal conditions 

The chemical quantification of the elements was carried out by Energy-dispersive X-ray 

spectroscopy (EDX) Oxford instrument X-Max 20 mm2. EDX spectrum of samples reveal 

the presence of calcium in the freeze-dried hydrogels Figures 4.11a-e. This calcium comes 

from the CaCl2 used to stabilise the structure of the gels three-dimensional network. The 

presence of calcium in the gels is thought to be due to a concentration gradient and the 

flow of water contained in the 70% ethanol through the network formed by the 

macromolecular chains, which binds to the hydrophilic groups. This encourages calcium 

ions to access the carboxyl groups on the polymer chains that are likely to interact with 

the FLX thanks to attractive electrostatic interactions.  It could be assumed that washing 

the beads after processing would have removed only the calcium ions on the surface of 

the beads and those present in the interstices of the polymer network. Thus, the calcium 

ions identified in the EDX spectra would be those that interacted with the carboxyl groups 

and remained in the hydrogel structure even after washing. 
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The small difference observed between the adsorption capacity of PHB5 compared with 

the other beads could be explained by the greater presence of calcium ions in the polymer 

network, which interact with the active FLX adsorption sites, having a negative effect on 

the availability of carboxyl sites and lowering the capacity of this sample to bind FLX by 

attractive electrostatic interactions although it was prepared with N,O-CMCs. On the other 

hand, although the relaxation of polymer chains during bead swelling has created spaces 

through which solution diffuses, FLX would encounter diffusion resistance in small pore 

sizes, limiting their access to the active sites beyond these pores. 

Following adsorption tests carried out under optimal adsorption conditions (temperature 

30°C, pH 8.5, hydrogel mass 25 mg, solution volume 50 mL, FLX concentration 50 ppm, 

stirring speed 150 rpm and contact time 180 min) and given the negative effect of Ca2+ 

ions on the availability of carboxylate sites, the proposed Fig. 4.11f would be appropriate 

for describing the interactions that promote FLX adsorption on the porous hydrogels tested 

in this study. 
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Figure 4.11 EDS analysis of calcium loaded in the hydrogel beads: a) PHB1, b) 
PHB2, c) PHB3, d) PHB4, e) PHB5, and f) possible interactions 
between carboxymethyl chitosan hydrogels and Fluoxetine under 
optimal adsorption conditions 
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4.6.8 Reusability 

The regenerative capacity of the adsorbent is a key factor that could significantly reduce 

their operating costs. To investigate the reusability of the bead materials, desorption 

experiments were carried out with PHB4 and PHB5 samples by immersing them in 

ethanol and methanol at pH = 2 to 6, for 24h at 30°C under low magnetic stirring. After 

desorption, the beads were washed extensively with 1N NaOH solution and then 

lyophilized. Five adsorption/desorption cycles were performed.  

The data of desorption tests presented in Table 4.8 show that methanol at pH = 2 is the 

best desorption solvent for FLX. Figure 4.12 shows that the adsorption capacity decreases 

with the number of adsorption/desorption cycles but remains above 65 % after 5 cycles. 

However, deformation of the beads and loss of mass was observed after each regeneration 

test. 

Table 4.8 Fluoxetine recovered (%) 

  pH 
Sample Solvent 2 3 4 5 6 

PHB4 Ethanol 100 % 
Methanol 100 
% 

59.71 
96.05 

59.22 
94.87 

6.80 
11.10 

0.40 
1.80 

0.20 
0.70 

PHB5 Ethanol 100 % 
Methanol 100 
% 

78.70 
97.46 

78.02 
96.87 

72.35 
84.89 

53.29 
65.00 

3.52 
14.17 
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Figure 4.12 Adsorption cycles of FLX (50 ppm) by PEG/O-CMCs 3:3 (PHB4) and 
PEG/N,OCMCs 0:3 (PHB5) (25 mg of beads, 180 min contact time at 
30 °C) (a) and desorption cycles of PHB4 and PHB5 samples on 
Methanol 100%, pH = 2, 24 h and 30 °C (b) 

4.6.9 Comparison with other sorbents developed in the literature 

The qecal values of the PHB4 and PHB5 adsorbents were compared to the adsorption 

results of other biobased adsorbent materials identified in the literature (Table 4.9).  

Table 4.9 Comparison of different existing adsorbents used for FLX removal 
 qmax 

(mg.g-1) 
pH Initial 

concentration 
(ppm) 

Temperature 
°C 

References 

Commercial adsorbents      
Activated carbon PBFG4 96.2 - 10 25 [54] 
Granular activated carbon 
(GAC) 

233.5 9 5 25 [55] 

Biosorbents      
PS800-10KOH 120.4 - 10 25 [54] 
PS800-10NaOH 191.6 - 10 25 [54] 
PS800-10ZnCl2 136.6 - 10 25 [54] 
Nanocomposite XCM 90.9 7.35 25 28 [56] 
Nanocomposite PCM 114.9 7.35 25 28 [56] 
Nanofiber AL:PVA 50:50 29 - 50 - [29] 
PHB4 (PEG/ O-CMCs, 
3:3) 

112.6 8.5 50 30 This work 

PHB5(PEG/N,O-CMCs 
0:3) 

109.3 8.5 50 30 This work 

We observed that our adsorbents are viable and could be more attractive than other bio-

materials tested for the removal of FLX in aqueous solution. They could be a promising 
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alternative given their adsorption capacity, their easy regeneration from an easily recycla-

ble solvent, which could minimize the cost of use. 

4.7 Conclusions 

In this work, porous hydrogel beads were designed by the electrostatic extrusion method 

from chitosan modified by carboxymethylation and stabilized by CaCl2 and genipin. 

Characterization of the materials confirmed the substitution of -CH2COO- groups on the 

polymer chains, the presence of interconnected pore networks on the surface of the beads 

and a specific surface area that improved as a function of the PEG 2000/polymer ratio. 

The swelling study has been completed, and it was determined that the profiles obtained 

corresponded to the diffusion of water into the gel structure and the relaxation of the 

polymer chains. Solvent diffusion is of the Fickian type and controls the swelling process. 

The effect of the parameters (temperature, pH, contact time and initial concentration) has 

been investigated during the FLX adsorption tests. 

The results revealed that the pH: 8.5 of the FLX solution was ideal for optimal adsorption 

of FLX, increasing the temperature resulted in a decrease in the removal efficiency 

showing that the adsorption process was exothermic. Increasing concentration improved 

sorption rates because the resistance of the boundary layer to mass transfer was overcome 

by the driving force attributed to the concentration gradient at the solution/adsorbent 

interface. The study of contact time showed that the adsorption process was not really 

spontaneous but took place in stages and that the slow external diffusion was due to the 

boundary layer's resistance to mass transfer in the first few minutes of contact. 

The non-linear regression method was used to optimize the kinetic models and adsorption 

isotherms. Error functions were used to discuss the choice of models that best fit the 

experimental data. The study of adsorption kinetics revealed that the first-order kinetic 

model best described the kinetic data. The study of the sectional intraparticle diffusion 

model showed that the subdivisions with the best statistical parameters for all adsorbents 

were 0 ≤ t ≤ 60 min and 60 min ≤ t ≤ 180 min. The intraparticle diffusion constant K1 of 

the first section is very large compared to that of the second section K2 suggesting sorption 

by electrostatic interactions at the macropore surface in the first section and diffusion 
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equilibrium in the second. Analysis of the adsorption isotherms showed that the maximum 

monolayer adsorption capacity of the adsorbents was between 90.6 and 112.9 mg.g-1 when 

the temperature was 30°C. qmax and KL decreased with increasing temperature, suggesting 

that the FLX adsorption mechanism is physisorption. The Langmuir model was in good 

agreement with the experimental adsorption data. 

The thermodynamic analysis of the adsorption of FLX on our adsorbent materials reveals 

that the adsorption process is favorable at all the temperatures tested, since 0 < RL < 1 and 

ΔG° < 0. The enthalpy is negative, which indicates that the adsorption process is 

exothermic, and the negative entropy indicates that the arrangement of the adsorbates is 

less random at the adsorbent solution interface. Regeneration tests showed that even after 

five adsorption/desorption cycles, the PHB4 and PHB5 adsorbents had a FLX adsorption 

capacity of more than 65%. It would be wise in our future work to investigate the 

possibility of substituting other reactive functions on the free amine groups of the O-

CMCs and N,OCMCs polymers in order to optimize the interactions with FLX to increase 

the adsorption capacity of the beads. 
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Chapitre 5 - Article 2 

5.1 Avant-propos 
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5.2 Résumé 

Cette étude porte sur le développement de monolithes macroporeux à l'aide de la 

cryopolymérisation de solutions d'acrylate de sodium/carboxyméthylchitosane pour 

l'adsorption de la fluoxétine, un antidépresseur, dans des environnements aqueux. Les 

cryogels ont été caractérisés à l'aide de diverses techniques analytiques, et les effets du 

pH, de la température, de la concentration initiale et du temps de contact sur la capacité 

d'adsorption ont été étudiés. La charge de surface du cryogel était négative lorsque 

pHsolution ˃ pHPZC, et un pH de 8,5 s'est avéré optimal pour les taux de gonflement et 

l'efficacité d'élimination de la fluoxétine. Le cryogel NaPA4-CMCs (0,5 mg.mL-1) a 

présenté les meilleures performances d'adsorption, le modèle pseudo-premier ordre 

décrivant le mieux les données cinétiques expérimentales. Le modèle de diffusion 

intraparticulaire a révélé une diffusion rapide à travers les macropores et les mésopores. 

Le modèle de Langmuir s'est bien adapté aux données expérimentales d'équilibre 

d'adsorption, avec qmax = 80,6 ± 3,4 mg.g-1. Le processus d'adsorption était favorable, 

exothermique et régi par la physisorption, impliquant des interactions électrostatiques, des 

liaisons hydrogène, des interactions π–π et des interactions hydrophobes. Le solvant 

binaire HCl (0,1 M)/méthanol 1:1 v/v s'est avéré efficace pour régénérer l'adsorbant, avec 

une efficacité d'adsorption supérieure à 60 % après trois cycles de réutilisation. L'étude 

souligne le potentiel de ces monolithes macroporeux pour l'élimination efficace des 

antidépresseurs des environnements aqueux. 

5.3 Abstract 

This study focuses on the development of macroporous monoliths using 

cryopolymerization of sodium acrylate/carboxymethyl chitosan solutions for the 

adsorption of the antidepressant fluoxetine in aqueous environments. The cryogels were 

characterized using various analytical techniques, and the effects of pH, temperature, 

initial concentration, and contact time on the adsorption capacity were investigated. The 

surface charge of the cryogel was negative when pHsolution > pHPZC, and pH 8.5 was 

optimal for swelling rates and fluoxetine removal efficiency. The NaPA4-CMCs cryogel 

(0.5 mg.mL-1) showed the best adsorption performance, with the pseudo-first-order model 
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best describing the experimental kinetics data. The intraparticle diffusion model revealed 

rapid diffusion through macropores and mesopores. The Langmuir model fitted well to 

the experimental adsorption equilibrium data, with qmax = 80.6 ± 3.4 mg.g-1. The 

adsorption process was favorable, exothermic, and governed by physisorption, involving 

electrostatic, hydrogen bonding, π–π, and hydrophobic interactions. The binary solvent 

HCl (0.1 M)/methanol 1:1 v/v was effective for regenerating the adsorbent, with 

adsorption efficiency greater than 60% after three cycles of reuse. The study highlights 

the potential of these macroporous monoliths for the effective removal of antidepressants 

from aqueous environments. 

5.4 Introduction 

The COVID-19 pandemic has intensified mental health disorders such as anxiety and 

depression among vulnerable people around the world [1,2]. This has led to an increase in 

the consumption of psychotropic drugs, such as antidepressants, which are prescribed to 

reduce or eliminate the effects of these pathologies on the body [3–5]. In 2021, the global 

sales market for antidepressants exceeded $15 billion [6]. Research indicates that the use 

and prescription of psychoactive drugs are likely to increase with the rising prevalence of 

mental illnesses in the coming year [4,7] s. There are various types of antidepressants 

available, but the most prescribed antidepressants are selective serotonin reuptake 

inhibitors (SSRIs), such as fluoxetine, a hydrophobic molecule with very low solubility in 

water (see Scheme 1) because of their effectiveness and safety [8]. The increase in the use 

of antidepressants highlights the need to consider their environmental impact once 

consumed. These artificial compounds undergo biotransformation after being taken up, 

and the biologically active remnants are released into the environment with almost no 

degradation [9,10]. Moreover, their strong affinity for soils and sediments enables them 

to persist in aquatic organisms, and their build-up in the biological membranes of aquatic 

species adversely affects unintended species in the receiving environments [11,12]. 

Research has shown that they have a negative impact on the growth, development, 

behavior, reproduction, movement, metabolism, and heart rate of multiple aquatic 

organisms [13,14],. This could lead to the disappearance of marine species and limit the 

availability of specific fish essential for human consumption. 
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Advanced, more efficient technologies using non-toxic, low-cost materials with 

exceptional potential for eliminating emerging contaminants have been developed by 

researchers [15,16]. Adsorption technologies using such materials have attracted 

considerable interest because they are more cost-effective and environmentally friendly. 

Although traditional adsorbents have shown several drawbacks, such as poor stability, 

availability and cost of synthetic precursors, and low reuse potential [17], the design of 

functionalized adsorbent materials and their composites from biopolymers is a viable 

alternative to enhance the effectiveness of this technology. The possibility of adjusting 

and/or modifying these biopolymers is a significant advantage that presents a challenge 

for improving the selectivity of adsorbents based on these precursor [18,19] s. This type 

of material has the advantages of being biocompatible, biodegradable, non-toxic, and 

inexpensive [20,21]. Several intelligent adsorbents based on polysaccharides (cellulose, 

chitin, chitosan, lignin, starch, alginate, hyaluronic acid, dextran, pectin, and their 

derivatives) have been developed for effective, economical, sustainable, and green 

wastewater treatment [22]. 

Polysaccharide hydrogels with remarkable properties (swelling, mechanical stability, 

sensitivity to various types of stimuli, etc.) have shown promising or even satisfactory 

results in the elimination of a wide range of emerging pollutants and are attracting 

increasing attention [23–25]. These materials consist of flexible polymer chains with 

highly reactive hydrophilic chemical functions [hydroxyl (-OH), carboxyl (-COOH), 

sulfonic acid (-SO3H), and amine (-NH2) groups), which form a stable three-dimensional 

network following physical, chemical, or physical and chemical cross-linking [19,26]. 

The formation of a porous structure in a hydrogel matrix can be achieved using techniques 

such as freeze-drying, porogenation, phase separation, and microemulsion [27,28]. In 

addition, controlling the degree of cross-linking and porosity influences the sorption 

efficiency, swelling, and mechanical stability of hydrogels [29]. The drawbacks of using 

polysaccharide hydrogels to purify contaminated water include low diffusion rates, which 

are caused by the reduced active surface area due to porosity, and the utilization of active 

sites for cross-linking polymer chains, which limits the number of available adsorption 

sites. Hydrogels with advanced properties, called cryogels, have been developed to 

overcome these limitations and are distinguished by their manufacturing methods [30,31]. 
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Owing to their properties and the added value conferred by the manufacturing method, 

these hydrogels have applications in several fields (water purification, catalysis, 

biosensors, tissue engineering, medicine, and supercapacitors, etc.) [32–34]. 

Cryogels can be obtained using the cryotopic gelation method, which is an approach that 

has attracted a great deal of interest [30,31] t. In this method, the monomer is 

cryopolymerized in the presence of an initiator and cross-linking agent at temperatures 

below the freezing point [31,35]. The formed ice crystals constitute porogens that create 

a superporous matrix. [20,30] This positively affects the diffusion rate, essential for 

achieving better kinetics and excellent sorption performance. Cryogels are made from 

functional monomers; the most commonly used functional monomers were 2-acrylamido-

2-methyl-1-propansulfonic acid, acrylic acid, maleamic acid, methacrylic acid, (3-

acrylamidopropyl) trimethylammonium chloride, 2-(dimethylamino) ethyl methacrylate, 

allylamine, vinylamine, 4-vinyl pyridine, and 3-vinyl pyridine [31,36]. These materials 

can be used to obtain anionic, cationic, and amphoteric cryogels [37,38]. The use of 

natural polyelectrolytes in the design of composite cryogels has gained attention. This 

approach has shown promise in enhancing the physical, chemical, and mechanical 

properties of these materials, as well as their longevity, biocompatibility, biodegradability, 

and effectiveness in water-decontamination applications [31,34]. They have the advantage 

of being functionalized and have a faster reactivity than conventional hydrogels, which is 

attributed to their permeability [31]. This highly developed interconnected macroporosity 

facilitates the flow of water and pollutants through the network [20,39]. Although cryogels 

have shown great potential for removing metal ions and toxic dyes in numerous studies 

[40,41], to the best of our knowledge, no study has reported the design of a poly (acrylic 

acid)/carboxymethyl chitosan composite cryogel or the use of this composite for the 

purification of water contaminated by pharmaceutical molecules, particularly 

antidepressants. Carboxymethyl chitosan was chosen as the biopolymer because, in 

addition to the exceptional properties associated with the precursor polymer (chitosan) 

from which it was derived, it is sensitive to pH variation and is a chelating agent for Ca2+ 

ions, which forms a physical network. This material has the ability to swell in water 

depending on the pH of the medium [25]. In addition, our previous work demonstrated 
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the ability of hydrogels based on this polysaccharide to bind fluoxetine under specific 

experimental conditions [19]. 

This study explores this avenue by synthesizing a polyelectrolyte from chitosan using a 

carboxymethylation reaction. This multifunctional derivative was combined with an 

acrylic acid monomer, and the suspension underwent cryotopic gelation after adding a 

crosslinker and initiator solution. The obtained three-dimensional monolith was 

characterized and tested to eliminate the target antidepressant fluoxetine. 

 

Scheme 1 a) Effect of solution pH on fluoxetine solubilization, b) physico-
chemical characteristics of the fluoxetine [42]. 

5.5 Materials and methods 

5.5.1 Materials 

A low molecular weight chitosan (CS) (MW 50,000 – 190,000 g/mol, deacetylation 

degree ≥ 75 %) from shrimp shells, Chloroacetic acid (C2H3ClO2) ACS Reagent ≥ 99.0 

%, Sodium hydroxide (NaOH) Bioxtra ≥ 98 %, Calcium Chloride anhydrous (CaCl2) ≥ 

93.0 %, Genipin ≥ 98% (HPLC), Deuterium oxide (D2O) deuteration degree min 99.9 % 

for NMR spectroscopy, Acetic acid-d4 (C2H4O2) ≥ 99.5 %, Acrylic acid anhydrous, 

containing 200 ppm MEHQ as inhibitor 99 % (AAc), N,N-Methylenebis (acrylamide) 

99.0 % (MBA), Sodium metabisulfite ≥ 99.0% (SMS), Potassium persulfate ACS reagent 

≥ 99.0 % (KPS) Isopropyl alcohol (C3H8O) and Fluoxetine hydrochloride (FLX), 

pharmaceutical Secondary standard used for the adsorption batch test as a model 

contaminant were supplied by Sigma-Aldrich. Hydrochloric acid (HCl), 37 %, was 
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provided by Acros Organic, and anhydrous ethyl alcohol (C2H5OH) was purchased from 

Commercial Alcohol Greenfield Global (Brampton, ON, Canada). Distilled water was 

used to prepare most of the solutions. 

5.5.2 Methods 

5.5.2.1 Design of cryogel materials by radical polymerization 

The synthesis of carboxymethyl chitosan (CMCs) was accomplished by expanding our 

previous research and adjusting several parameters [19]. NaOH (10 g) was dissolved in 

50 mL of a binary solvent (water/isopropanol 1:3 v/v) in a 500 mL flask. Chitosan (5 g) 

was added to the NaOH solution and stirred for 30 min at 350 rpm. The mixture was 

placed in a freezer at -18°C for 90 min. The mixture was then returned to room 

temperature. The carboxymethylation step was completed by adding a solution of 

monochloroacetic acid (15 g dissolved in 10 mL isopropanol) dropwise over 30 min. The 

suspension was kept under stirring for 150 min at 50°C. The reaction was stopped by 

adding 200 mL of 70 % ethanol. The suspension was filtered, and the product was washed 

extensively with increasing grades of ethanol (70 – 100 %) to remove unreacted reagents. 

The obtained polymer was dried under vacuum for 72 h. To purify the obtained derivative, 

it was dissolved in 200 mL demineralized water for 5 h, and the polymer solution was 

centrifuged for 15 min at 13,000 rpm. The impurity-free solution was recovered, and the 

polymer was recrystallized by adding 100% ethanol. The obtained CMCs were recovered 

by Büchner filtration and dried under vacuum for 24 h. 

The synthesis mechanism of the interpenetrated polymer networks (IPN) of sodium 

polyacrylate-co-carboxymethyl chitosan (NaPA-CMCs) crosslinked by N,N’-methylene-

bis-acrylamide, and genipin is shown in Scheme 2. 

Different solutions of AAc at concentrations of 50 %, 40 %, 30 %, and 20 % w/v were 

prepared from a commercial solution of 99 % AAc by dilution in distilled water. 0.76 mL 

of each solution was placed in 50 mL beakers containing 5.24 mL of a 3 % w/v CMCs 

solution obtained by dissolving 0.3 g CMCs in 10 mL distilled water (Figure 5.1).  
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Scheme 2 Synthesis mechanism of the interpenetrated polymer networks (IPNs) 
of sodium polyacrylate-co-carboxymethyl chitosan (NaPA-CMCs), 
crosslinked by N,N’-methylene-bis-acrylamide, and genipin 

The solutions were stirred at 200 rpm for 30 min. The pH was adjusted to 5 by adding 1M 

NaOH aqueous solution. Suspensions of sodium acrylate (NaA) and carboxymethyl 

chitosan were obtained. They were labeled NaA1/CMCs, NaA2/CMCs, NaA3/CMCs, and 

NaA4/CMCs, respectively. 15 mol % MBA was introduced into each solution along with 

3 % CaCl2 to crosslink the polymers. The stirring speed was adjusted to 600 rpm in an ice 

bath for 1 h to solubilize the reagents completely. The initiator solutions were prepared by 

dissolving the respective masses of KPS/SMS (0.149 g: 0.21 g, 0.119 g: 0.168 g, 0.089 g: 

0.126 g, and 0.059 g: 0.084 g) in 1 mL of distilled water and stored at 4 °C until use. The 

initiator solutions were introduced into the NaA/CMC suspensions at 200 rpm for 3 min. 

Subsequently, these different mixtures were introduced into 10 mL latex-free syringes and 

placed in a freezer at -18 °C for 24 h to complete the cryopolymerization stage to obtain 

NaPA1-CMCs, NaPA2-CMCs, NaPA3-CMCs, and NaPA4-CMCs cryogel samples. The 

cryogels were thawed at room temperature, placed in 100 mL beakers containing 50 mL 
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of 50 % ethanol, and stirred at 150 rpm for 5 h to remove unreacted chemical species. The 

cryogels were then placed in a solution of genipin (1 mmol/L) under agitation for 1 h and 

then in an oven at 70 °C for 30 min. The cryogels were washed with 600 mL of distilled 

water and freeze-dried. The cryogels were cut to the following dimensions: height 1.5 cm, 

diameter 1.3 cm, and stored in a desiccator until use. 

 

Figure 5.1 Production of cryogels: cryopolymerization temperature -18 °C, 
thawing 25 °C 

5.5.2.2 Characterization of cryogel materials 

The chemical modifications of chitosan and the structure of NaPA-CMC cryogels were 

investigated using Fourier transform infrared (FTIR) spectroscopy. Spectra were acquired 

in the wavelength range 4000-500 cm-1 at room temperature on a Nicolet IS10 FTIR 

Spectrometer (Thermo Scientific) equipped with a Diamond/ZnSe Crystal. Proton nuclear 

magnetic resonance (1H NMR) of the CMCs dissolved in the binary solvent D2O was 

performed using a Bruker ASCEND 400 MHz NMR spectrometer. Simultaneously, 

thermogravimetric analysis (TGA) of the polymer and NaPA-CMC cryogels was 

performed on a Perkin-ELMER (Pyris Diamond) Thermoanalyzer. The TG/DTG analysis 

was completed over a 25–900 °C temperature range with an increment of 10 °C / min in 

a nitrogen atmosphere. The Zeta potential of NaPA/CMC suspensions at pH 5 and particle 
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size distribution were assessed by dynamic light scattering (DLS) using a ZETASIZER 

NanoSeries model ZEN3600. For cryogels, the BET surface area (m2/g) was determined 

by the Brunauer-Emmett-Teller method by measuring nitrogen adsorption at 77 K 

between 0 and 1 atm pressure, the average pore diameter by the Barrett, Joyner, and 

Halenda (BJH) method, and the micropore surface area by the Dubinin-Radushkevich 

method. A Micromeritics ASAP 2020 instrument was used for the analysis. The surface 

morphology was studied by scanning electron microscopy (SEM), and elemental analysis 

of the cryogels by energy dispersive X-ray spectroscopy (EDX) was performed using a 

Hitachi SU1510 Scanning Electron Microscope equipped with an Oxford EDX detector. 

The swelling, porosity, and surface charge of NaPA-CMC adsorbents were also studied. 

The point of zero charge (pHPZC) of the cryogel materials was investigated by pH 

derivation [43]. The samples were immersed in a 0.01 M NaCl solution for 24 h at 22 °C 

with moderate stirring using an orbital shaker incubator (LAB-LINE instrument model 

3528). The pH of the solutions was stabilized with 1M NaOH and 1M HCl solutions, and 

the study was completed in the pH range of 2-12. The solutions were filtered at the end of 

the tests, and the final pH was measured. Plotting ΔpH versus pHinitial enabled the 

determination of pHPZC, which is the pH at which pHfinal = pHinitial. The liquid displacement 

method was used to determine the porosities of the cryogels [44]. Anhydrous ethanol was 

used as a solvent to complete the experiments. The cryogel samples tested were 1.5 cm 

high and 1.3 cm in diameter. The porosities of the cryogel samples were calculated using 

Equation 5.1, where ρ = 0.785 g/cm3 is the density of the solvent, V (cm3) is the volume 

of the samples, and m1 and m2 are the sample masses recorded before and after the test, 

respectively. 

( )(%) 1002 1P m m Vρ= − ×  Equation 5.1 

5.5.3 Measurements of swelling capacity and effect of pH  

Swelling of the cryogels was investigated at room temperature (22 ± 1 °C) by immersing 

the cryogel samples in 50 mL of distilled water previously adjusted to pH between 7 and 

8.5. The contact time was between 0 and 20 s, and the dry cryogel sample (Wdry) mass was 

between 25 and 80 mg before each bath contact. Excess water on the outer surface of the 
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samples was removed by lightly wiping with blotting paper. The mass of the swollen 

cryogels (Wsw) was determined, and the swelling capacity, SW (%), was calculated using 

Equation 5.2. 

(%) 100SW dry

dry

W W
SW

W
−

= ×
 Equation 5.2 

where Wdry (g) and Wsw (g) are the masses of swollen and dry cryogels, respectively. All 

swelling tests were repeated three times for each cryogel.  

5.5.4 Batch adsorption experiments 

Batch adsorption tests were performed in FLX solutions with concentrations ranging from 

10 to 50 ppm, prepared from a standard solution of 1000 ppm. To accomplish this, precise 

volumes of aliquots were withdrawn from the standard solution and diluted in a mixture 

of demineralized water, and 5 % methanol (95:5). Subsequently, 50 mL of each resulting 

solution was transferred into 125 mL Pyrex flasks. The effects of parameters such as 

contact time (between 0 and 300 min), initial concentration (between 0 and 200 ppm), pH 

(between 7 and 8.5), and temperature (between 25 and 50 °C) on the adsorption capacity 

of the cryogel adsorbents tested were investigated by shaking the samples in an Orbital 

Shaker at 250 rpm. The removal efficiency and adsorption capacity were calculated using 

Equations 5.3 and 5.4, respectively:  

% ( - ) / 1000 0R C C Ct= ×
 Equation 5.3 

( )0q C C V me e= − ×
 Equation 5.4 

where % R is the removal efficiency, and qe is the amount of FLX adsorbed by the beads 

at equilibrium (mg.g-1). where C0 is the initial concentration of FLX (ppm), V (mL), and 

m (g). 

The experimental data were fitted to three kinetic models: the pseudo-first-order model 

(Equation 5.5), pseudo-second-order model (Equation 5.6), and intraparticle model 

(Equations 5.7 and 5.8) to study the adsorption kinetics of FLX on the cryogels. 
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1(1 )
k t

q q et e
−

= −
 Equation 5.5 

2 /12 2q k q t k q tt e e= +
 Equation 5.6 

1/2  01 1q k t t tt = ≤ ≤
 Equation 5.7 

1/2( )  2 1 1 21
q q k t t t t tt t t− = − < ≤=

 Equation 5.8 

where k1 (mg.g -1. min-1/2) : intraparticle diffusion constant, k2 (mg.g -1. min-1/2) : 

intraparticle diffusion constant. 

Adsorption equilibrium experiments were conducted to examine the adsorption isotherms 

that could provide information on the nature and mechanism of adsorption involved in the 

process. Cryogels were placed in contact with 50 mL of FLX solutions of different 

concentrations (0 to 200 ppm) at a temperature and pH level for which the removal 

efficiencies were maximized during a specific time required to reach equilibrium. The 

contact time was determined from kinetic experiments, and the samples were agitated at 

250 rpm. The experimental data were fitted to the Langmuir and Freundlich isotherm 

models (Equations 5.9 and 5.10). 

1maxq q K C K Ce L e L e= +
 Equation 5.9 

1/ n
q K Ce F e=

 Equation 5.10 

where qmax (mg.g-1) is the maximum monolayer adsorption capacity, KF (mg.g-1) is the 

Freundlich isotherm constant, Ce (mg.L-1) is the equilibrium concentration, and 1/n is the 

Freundlich intensity parameter, which relates to the surface heterogeneity or intensity of 

the adsorption driving force.  

The separation factor RL (Equation 5.11) is a dimensionless constant calculated from the 

Langmuir constant KL. This is used to discuss the favorability of the adsorption process. 
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Depending on the value of RL, the adsorption process is unfavorable if RL > 1, linear if RL 

= 1, favorable if 0 < RL < 1, and reversible if RL = 0 [43]. 

( )1 1 . 0R K CLL = +  Equation 5.11 

where C0 (ppm) is the initial concentration and KL (L.mg-1) is the Langmuir isotherm 

constant. 

The samples were analyzed using the method described by Camiré et al. to determine the 

residual concentration of FLX after adsorption [45] A HPLC instrument fitted with a DAD 

iodine bar detector (Shimadzu i-Series Plus) was used in this study. A C18 reverse phase 

column (XB-C18, 100 Å, 150 ×3 mm, particle size 2.6 µm, Phenomenex, Kinetex) was 

used as the stationary phase. In contrast, the mobile phase was a binary solvent 

(ACN/H3PO4 0.1 %, 60:40).  

Statistical analysis of the experimental data fitted to the kinetic models and adsorption 

isotherms was determined, and their optimization was performed using the OriginPro 

2024 software (OriginLab Corporation, Northampton, USA). The statistical parameters 

used to assess the quality of the fits were R2 and the root mean square error (RMSE) using 

Equations 5.12 and 5.13. 

2 2 2 2( ) ( ) ( )expR q q q q q qmean cal cal mean cal= − − + −∑ ∑ ∑
 Equation 5.12 

21 ( )exp expRMSE N q qcal= −∑
 Equation 5.13 

where qexp (mg. L-1) is the experimental adsorption capacity, qmean (mg. L-1) is the average 

experimental adsorption capacity; qcal (mg. L-1) is the calculated adsorption capacity; Nexp 

is the number of data points [46]. 

5.5.5 Desorption experiments 

The viability of an adsorbent can be studied based on its ability to be recycled and reused 

over several cycles. This aspect can be assessed for the NaPA4-CMCs cryogel by 

adsorption/desorption tests. The desorption was completed by treating the cryogel in a 
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beaker containing 50 mL of a 1:1 v/v HCl (0.1 M)/methanol mixture for 3 h under gentle 

agitation (100 rpm) at room temperature. The amount of FLX desorbed was assessed by 

HPLC using the method described previously. Desorption efficiency (%) was calculated 

using Equation 5.14. 

( ) 100Desorption C Cdes ads= ×
 Equation 5.14 

where Cads (ppm) and Cdes (ppm) are the quantities of FLX adsorbed and desorbed onto 

the cryogel, respectively.  

If the adsorbent is to be reused, it is first treated in a 0.1 M NaOH solution for 1 h under 

gentle agitation (100 rpm) to regenerate the active sites on the surface of the cryogel 

polymer chains and guarantee adsorption efficiency. This was followed by thoroughly 

washing the cryogel with distilled water until the pH of the wash water was neutral and 

drying at room temperature for 24 h. This sample was then subjected to an adsorption test 

in 50 mL of a 50 ppm FLX solution, 25 °C, 250 rpm, and 300 min. Three 

adsorption/desorption cycles were performed during this experiment to determine the 

reusability of the cryogel. 

5.6 Results and discussion 

5.6.1 Characterization of carboxymethyl chitosan and cryogel adsorbents 

The Zeta potential of the NaA/CMC suspensions and the particle size of the CMCs in the 

suspensions were determined using DLS analysis. Results presented in Table 5.1 indicate 

that at pH 5, the ZP of the suspensions was negative. This confirmed the deprotonation of 

the carboxylic acid groups of acrylic acid and the formation of sodium acrylate as the 

monomer. At pH 5, the suspensions appear to contain nanoparticles of different sizes, as 

shown in Figure SI1. This indicates that pH 5 is close to the isoelectric point of the 

polymer, where precipitation occurs [19].  

Figure 5.2a shows the FTIR spectra of the cryogel precursors, highlighting the 

characteristic bands. The synthesis of CMCs from chitosan was confirmed by the presence 
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of absorption bands at 1580 cm-1 attributed to the asymmetric C=O stretching vibration of 

the carboxylate groups (COO-, which overlaps with the N-H bending vibration of the 

amine groups, and that at 1400 cm-1 associated with the symmetric C=O stretching 

vibration of the carboxylate groups -COO- [47,48]. The characteristic bands of AA and 

MBA were observed in the range of [3101-2850 cm-1] attributed to the symmetrical and 

asymmetrical CH2 stretching vibrations, C-H stretching vibration, and -C=CH. The C=O 

stretching vibration at 1700 cm-1 was attributed to the carboxyl groups, whereas the band 

at 1656 cm-1 was attributed to the C=O stretching vibration of the carbonyl group of amide 

I. The bands between 1634 cm-1 and 1625 cm-1 are associated with the C=C stretching 

vibration. The band around 1430 cm-1 is attributed to the -CH=CH2 bending vibration 

[30,49,50]. The characteristic absorption bands of genipin were observed at 1680 cm-1, 

1620 cm-1, 1442 cm-1, and 1300 cm-1, which are attributed to the C=O stretching vibration 

of the ester groups, the stretching vibration of the C=C bonds of the heterocycle, 

asymmetric bending of the methyl, and C-O-C stretching of the heterocycle, respectively 

[51] y. The spectra in Figure 5.2b show those of the cryogels produced and have a high 

degree of similarity. Stabilizing the pH to 5 using 1M NaOH during cryogel preparation 

affected acrylic acid, leading to deprotonation, as confirmed by the absence of the 1700 

cm-1 band. The polymerization of sodium acrylate and its cross-linking by MBA was 

confirmed by the disappearance of the bands associated with the CH2 bending vibration, 

C-H stretching, and -C=CH between 3101 and 2850 cm-1 as well as the -CH=CH2 bending 

vibration around 990 and 975 cm-1 [52–54]. The appearance of the band at 1448 cm-1 was 

attributed to CH2 deformation vibration, which also validates this. The formation of the 

interpenetrating polymer chain network was confirmed by the 1538 and 1634 cm-1 

absorption bands, which were attributed to the cross-linking of sodium poly(acrylate) by 

MBA and carboxymethyl chitosan by genipin [51,55]. The displacement and 

disappearance of the bands representing the -C-O stretch C3-OH secondary alcohol and 

C6-OH primary alcohol of the CMCs between 1104 and 1030 cm-1, along with the 

emergence of new bands at 1114 and 1042 cm-1, are indicative of the grafting of NaPA 

onto the oxygen atoms of carbons C3 and C6, where the substitution of the carboxymethyl 

groups did not occur. In addition, the formation of inter- and intramolecular hydrogen 
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bonds established by the -COO- groups substituted on the primary alcohol C6-OH also 

influenced the observed decreased absorption band intensity. 

 

Figure 5.2 FTIR spectra of: (a) carboxymethyl chitosan (CMCs), acrylic acid 
(AA), N,N-Methylenebis (acrylamide) (MBA), and genipin and (b) 
sodium polyacrylate-co-carboxymethyl chitosan cryogel prepared 
with 3% CMCs and 50 % acrylic acid (NaPA1-CMCs), 40 % acrylic 
acid (NaPA2-CMCs), 30% acrylic acid (NaPA3-CMCs), and 20 % 
acrylic acid (NaPA4-CMCs) 

The 1H NMR spectrum revealed characteristic signals, indicating a change in the chemical 

structure of chitosan (Figure 5.3a). The signals between 4.5 and 4 ppm were attributed to 

the resonance of the protons of the carboxymethyl groups substituted on the C3 and C6 

carbons of D-glucosamine (GlcN) and N-acetyl-D-glucosamine (GlcNAc) [56]. In 

comparison, the signal at 3.23 ppm corresponds to the resonance of the protons of the 

carboxymethyl groups substituted on the amine groups of the GlcN units of chitosan 

[56,57]. This information corroborates the results of the FTIR analysis and confirms the 

synthesis of carboxymethyl chitosan.  

The low-pressure (P/P0 < 1) BET method was used to obtain Type II isotherms of the 

cryogels, as shown in Figure 5.3b. These isotherms suggest that the cryogels possessed 

micropores [58] and the micropore volume was approximately 2 x 10-3 cm3.g-1 for all the 

samples (see Table 5.1). Analysis of the pore diameter revealed mesopores with diameters 

ranging from 2 to 50 nm for all the samples, while the specific surface area was between 
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41 and 75 m2/g. The results of cryogel porosity determination are shown in Figure 5.3d, 

and the corresponding data are presented in Table 5.1.  

Table 5.1 Data from the analysis of the specific surface area, pore size, porosity, 
point of zero charges of cryogel materials NaPA1-CMCs, NaPA2-
CMCs, NaPA3-CMCs, and NaPA4-CMCs and the zeta potential of 
initial suspensions of cry-ogels NaPA1-CMCs, NaPA2-CMCs, NaPA3-
CMCs, and NaPA4-CMCs at pH = 5 

 

 

Samples  SBET 

 

(m2/g) 

Adsorption 
average 

pore 
diameter 

(nm) 

Micropore 
volume 

x10-3 

(cm3/g) 

Porosity 

(%) 

(n=3) 

Zeta 
Potential 

(mV) 

pH =5 

pHZPC 

NaPA1-
CMCs 

41.6 18.7 2.1 43 ± 1.0 -15.2 4.7 

NaPA2-
CMCs 

49.7 11.7 2.2 57 ± 0.6 -9.8 4.8 

NaPA3-
CMCs 

56.5 9.5 1.9 62 ± 0.4 -8.9 4.6 

NaPA4-
CMCs 

74.9 15.4 1.7 85 ± 1.6 -8.9 4.6 
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Figure 5.3 Characterization of carboxymethyl chitosan and cryogel materials 
(NaPA1-CMCs, NaPA2-CMCs, NaPA3-CMCs, and NaPA4-CMCs: (a) 
1H NMR analysis of carboxymethyl chitosan (CMCs) at room 
temperature in the D2O solvent, (b) BET adsorption/desorption 
isotherms of cryogel materials, (c) point of zero charge curves of 
cryogel materials, pH studied between 2 and 12, (d) porosity of cryogel 
materials in anhydrous ethanol at rest for 60 min at 22 °C (n=3) 

NaPA4-CMC cryogels had a higher porosity (85 %) than the other cryogels. This is 

because the ice crystals formed after freezing the water, which acts as a porogen and leads 

to the formation of macropores. However, the ice crystals formed cause the cryogel 

precursors to be expelled into the spaces available between the crystals, where the 

polymerization of sodium acrylate and cross-linking of polymer chains ensure the 

formation of fine micro- and mesoporous walls in the macropore network. This improves 

the specific surface area of the materials. Determination of the zero-charge point of the 

cryogels revealed the value of this parameter is pHPZC = 4.7 for the NaPA1-CMCs, 4.8 for 

(a)

(c) (d)

(b)
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the NaPA2-CMCs sample, and 4.6 for the NaPA3-CMCs and NaPA4-CMCs samples 

(Figure 5.3c, and Table 5.1). This implies that the surface charge of the cryogels is positive 

when the pH of the medium is below pHPZC and negative otherwise [43]. This was due to 

the ionization of the chemical amine and carboxylic acid functions of the polymer chains 

on the surface of the cryogels. This is particularly interesting for the adsorption of FLX 

(pKa = 9.8) when the pH of the medium is pHPZC < pHsolution < pKaFLX because this 

molecule is in the cationic form under these conditions. 

The thermal stability of the cryogels was studied using TG/DTG analysis. The obtained 

thermograms are shown in Figure SI2, and the data obtained are listed in Table 5.2. The 

thermograms reveal the two-stage decomposition profiles for all samples. Before that, we 

have between 50 °C and 150 °C the evaporation of water and moisture adsorbed in the 

cryogenic network owing to the presence of hydrophilic groups on the polymer chains. 

During this stage, there was a mass loss between 9.5 % and 13.6 %. The first stage of 

decomposition is between 242 and 407.6 °C, resulted in the most significant mass loss 

(between 23.6 and 41.8 %), which could be attributed to the cleavage of the glucoside 

bonds, structural degradation of the glucosamine units, degradation of the acrylamide part, 

and breakage of the NaPA chains. The second stage of decomposition occurs above 600 

°C, with a mass loss of between 1.9 % and 6.2 %, which can be attributed to pyrolysis, 

which produces volatile hydrocarbons and inorganic residues. The NaPA4-CMCs sample 

was the most thermally stable at 900 °C, with a mass loss of 69.9 %, which was lower 

than those of the other cryogels at the same temperature. 
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Table 5.2 Thermogravimetric analysis of cryogels NaPA1-CMCs, NaPA2-CMCs, NaPA3-CMCs and NaPA4-CMCs, Heat 
from 25 °C to 900 °C at 10 °C/min, cool from 900 °C to 25 °C at 200 °C/min, in a nitrogen atmosphere 

T (°C) and Tmax (°C): temperature and maximum temperature, W (%) and WL (%): weight and weight loss, respectively. 

  

Samples Moisture elimination 1st decomposition 2nd decomposition Tmax 

 

(°C) 

WL 

 

(%) 
at 

Tmax 

Inorganic 
residues 
W (%)  

at 900°C 

Total 
WL 
(%)  

at 
900°C 

T 

(°C) 

WL 

(%) 

T 

(°C) 

WL 

(%) 

T 

(°C) 

WL 

(%) 

NaPA1-CMCs 58.5 - 141.8 9.8 256.3 – 407.6 41.8 700.9 – 760.7 4.4 389.6 22.8 21.9 78.1 

NaPA2-CMCs 56.1 - 142.8 9.5 242.5 – 393.4 30.8 710.3 – 768.7 6.2 375.3 30.8 26.3 73.7 

NaPA3-CMCs 50.2 – 144.5 13.6 242.4 – 395.7 29.9 615.6 – 663.4 1.4 379.5 30 27.8 72.2 

NaPA4-CMCs 52.5 - 147.8 11 272.2 – 389.6 23.6 637.2 – 696.9 1.9 372.7 23.6 30.1 69.9 



 

The surface morphology was studied by SEM analysis, and the counter ions (Na+ and 

Ca2+) present in the cryogels were identified and quantified by elaborate EDX analysis. 

The results are presented in Figure 5.4, which shows the micrographs of the different 

cryogels, a map showing the distribution of these counter ions in these materials, and the 

EDX spectra on which the relative quantification associated with the intensity of the peaks 

of these chemical elements is based.  

 

Figure 5.4 SEM micrographs and EDS analysis of sodium and calcium loaded in 
cryogels: a) NaPA1-CMCs, b) NaPA2-CMCs, c) NaPA3-CMCs and d) 
NaPA4-CMCs 

The micrographs demonstrate that the materials have a porous structure with pores of 

various sizes. Macroporosity is highly developed and is believed to be a consequence of 

cryopolymerization. This technique has proven effective for the fabrication of 

macroporous materials in numerous studies. This is due to the freezing of the solvent, 

mainly water, which forms ice crystals and occupies spaces in the polymer chain network 
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during polymerization at temperatures below 0 °C. They act as porogens, leaving the 

spaces previously occupied in the network free when thawed at the end of the process 

[39,59]. The counter-ions identified and quantified by EDX analysis result from chemical 

cross-linking by CaCl2 and residual chemical reagents that were not eliminated even after 

washing with distilled water. The mapping indicated they were well distributed in the 

different cryogels and could interact with deprotonated carboxyl groups. Quantification 

of the EDX spectra revealed that their proportions were more significant in the NaPA1-

CMCs sample. 

5.6.2 Effect of pH on swelling kinetics 

The study of cryogel swelling provides key information on water diffusion into the pore 

network and its interaction with the polymer chains. Figure 5.5 shows the swelling profiles 

of the cryogel materials under various pH conditions.  

 

Figure 5.5 Dynamic swelling profiles of cryogels and effect of pH (a) NaPA1-
CMCs, (b) NaPA2-CMCs, (c) NaPA3-CMCs, and (d) NaPA4-CMCs 
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Spontaneous water absorption into the cryogel pore network was observed, and adsorption 

equilibrium was reached after 10 s. This is linked to the good diffusion of water through 

the porous structure of the cryogels and the availability of hydrophilic groups (OH, NH2, 

and COO-). On the other hand, the presence of Na+ and Ca2+ counter ions create a 

difference in the chemical potential at the cryogel/solvent interface and generates osmotic 

pressure, which causes the monoliths to swell [60]. The pH of the bath and the osmotic 

pressure influence the swelling capacity and kinetics as swelling increases with the pH of 

the bath. The swelling of the cryogels increased as a function of the bath pH from 7 to 8.5. 

The NaPA3-CMCS and NaPA4-CMCS samples had the best swelling rates, which could 

be due to the higher proportion of counter ions in these samples, as shown by EDX 

analysis, and to the lower concentration of monomers used in their preparation, which 

could suggest a higher cross-linking density of the interpenetrated polymer networks. 

5.6.3 Effect of pH, temperature, initial concentration, and contact time on 
fluoxetine adsorption  

The adsorption performance of macroporous cryogels is influenced by several 

physicochemical parameters. In this study, the effects of different parameters (pH, 

temperature, initial concentration, and contact time) on the ability of cryogels to remove 

FLX were investigated. The pH studied varied from 7 to 8.5, the temperature from 25 to 

50 °C, the contact time from 0 to 300 min and the initial concentration from 0 to 200 ppm. 

The dose of adsorbent 0.5 mg/ml, the volume 50 mL and the stirring speed 250 rpm were 

kept constant. In selected experimental trials, the fixed parameter values were: t=300 min, 

T=25 °C, C=50 ppm and pH=8.5.  

Varying pH affects the surface charge of the adsorbents and the ionic or non-ionic state of 

the adsorbates, which involves the adsorption equilibrium and, therefore, the removal 

efficiency. The results of the investigation of the effects of pH are shown in Figure 5.6a. 

The FLX removal efficiency of the cryogels increased as the solution pH increased from 

7 to 8.5. An elimination rate of over 77 % was obtained at pH 8.5 for the NaPA4-CMCs 

cryogel, which was the best adsorbent for the different pH values studied. This could be 

explained by this material's good specific surface area and excellent porosity compared 

with other cryogels, which favors better solution diffusion through the interpenetrating 



178 

 

network. In this case, ionized FLX (pKa = 9.8) > pH solution could establish electrostatic 

interactions with the ionized functional groups (-COO-) on the surface of the polymer 

chains, as suggested by the study of the surface charge of the cryogels tested. 

The effect of temperature on FLX removal by cryogels is shown in Figure 5.6b. A decrease 

in removal efficiency was observed with increasing temperature from 25 °C to 50 °C for 

all adsorbents. The best removal rates were observed at 25 °C, and the NaPA4-CMCs 

cryogel stands out as the one that removes the most FLX, with a yield that decreases 

significantly from 70.5 % at 25 °C to 49.9 % at 50 °C. An increase in the temperature had 

a negative effect on the adsorption of FLX. This suggests that the intensity of the binding 

forces involved in FLX adsorption, particularly van der Waals, hydrogen bonding, and 

electrostatic interactions, decreases with increasing temperature. However, it should be 

noted that this decrease in the quantity of FLX eliminated with increasing temperature is 

attributed to an exothermic process. The thermodynamic study will be completed in a later 

section, and the thermodynamic parameters obtained will be used to validate this 

statement. 

Figure 5.6c illustrates the results of the initial concentration effect investigation on the 

ability of the cryogels to eliminate FLX. A rapid increase in the quantity eliminated was 

observed up to a concentration of 100 ppm, above which the adsorbed quantity was low. 

This phenomenon was observed across all the cryogels tested and can be attributed to the 

availability of active sites on the surface of the cryogels, which interact with FLX. At 

higher concentrations, the saturation of the binding sites could explain the lower 

adsorption levels. It is important to consider contact time as a factor in adsorption kinetics 

when analyzing adsorption equilibrium. The effects of this parameter on adsorption 

capacity are shown in Figure 5.6d. We observed that for all adsorbents, the quantity of 

FLX eliminated increased with contact time. Furthermore, rapid adsorption was observed 

for all the cryogels, particularly up to 50 min for the NaPA1-CMCs and NaPA2-CMCs 

cryogels, with quantities removed of 49.6 mg.g-1 and 58.8 mg.g-1, respectively. For the 

NaPA3-CMCs and NaPA4-CMCs cryogels, it was observed up to 90 min with quantities 

removed of 71.1 mg.g-1 and 76.1 mg.g-1, respectively. Following these contact times, the 

quantity of adsorbed FLX remained largely constant, indicating that equilibrium was 
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achieved. The rapid adsorption of FLX can be attributed to its low resistance to mass 

transfer during external diffusion and surface diffusion through macropores. Furthermore, 

the rapid diffusion of the solvent, as demonstrated by the swelling kinetics of the cryogels, 

their porosity, and the excellent interconnected pore network that developed during the 

manufacturing process, likely contributed to the rapid transfer of FLX to the active sites. 

Rapid external diffusion and mass transfer through the network of interconnected 

macropores during the first hour of contact could explain the observed quantities of FLX 

adsorbed, as the concentration gradient would be the driving force for FLX diffusion, and 

there would be good affinity between the FLX molecules and the sorption sites on the 

polymer chains of the cryogels. NaPA4-CMCs showed excellent adsorption performance 

compared with the other cryogels tested (77.4 ± 2.1 mg.g-1) after 300 min of contact. This 

could be due to the high porosity and good specific surface area of this sample compared 

with the other adsorbents tested. 

 
Figure 5.6 Investigation of the effect of physicochemical parameters in the 

adsorption capacity of NaPA1-CMCs, NaPA2-CMCs, NaPA3-CMCs 
and NaPA4-CMCs cryogels 0.5 mg.mL-1, Volume 50 mL, 250 rpm: a) 
pH from 7 to 8.5, b) temperature from 25 °C to 50 °C, c) initial 
concentration 
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5.6.4 Adsorption kinetics 

The geometric, chemical, and energetic heterogeneity of adsorbents with porous surfaces 

make it difficult to describe the kinetics of the adsorption process. Nevertheless, three 

main stages of the adsorption process have been identified in the literature. The first two 

stages were attributed to the transport of the adsorbent, whereas the third stage was 

attributed to the reaction on the active sites [61]. It is important to elucidate which of these 

steps controls the adsorption kinetics. This sometimes requires additional information 

obtained from the study of the adsorption equilibrium, which may or may not confirm the 

choice of step or the synergy between these steps, limiting the process. The most 

commonly used models in the literature, namely the pseudo-first-order (PFO), pseudo-

second-order (PSO), and intraparticle diffusion (IPD) kinetic models [62], were fitted to 

the experimental FLX adsorption data using nonlinear regression. The data were selected 

from tests performed with cryogel NaPA4-CMCs, which demonstrated the best ability to 

eliminate this contaminant (Figure 5.7). The results of the analysis are presented in Table 

5.3. It can be seen that the PFO and PSO models have good determination coefficients (R2 

> 0.99). Although the R2 value is greater for the PSO model than for the PFO model, and 

the RMSE parameter is lower than that of the PFO model, it can be seen that the theoretical 

value qecalc = 75.6 ± 0.3 mg.g-1 obtained from the PFO model is very close to the 

experimental value qeexp = 77.4 ± 2.1 mg.g-1. This suggests the PFO model fits the 

experimental data on FLX adsorption kinetics. This result does not allow us to draw any 

conclusions about the nature of the adsorption mechanism and the step that limits the 

process, especially as in the literature, it is noted that the adsorbent diffusion step is slower 

than the adsorption itself [62]. This suggests that diffusion or diffusion-reaction synergy 

could control the process. However, according to Rudzinski et al., mass transfer from the 

solution to the adsorbent surface controls the adsorption rate if the PFO model fits the 

experimental data well [61]. However, the experimental conditions studied favor complete 

ionization of the carboxyl groups on the surface of the polymer chains. In this case, FLX 

elimination was mainly achieved through electrostatic interactions on the cryogel surface. 

Internal diffusion is the mass-transfer stage, as highlighted by the stepwise intraparticle 

diffusion model [63]. The simulation of this model was completed, and the optimal 
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partitioning of the adsorption kinetics data Figures 5.7b-f was determined by evaluating 

the statistical parameters. The results are presented in Table 5.4. Analysis of these results 

shows that the optimal division of the kinetics data (Figure 5.7c) gives the best statistical 

parameters (R2 = 0.915, RMSE = 6.91 step 1 and R2 =0.910, RMSE = 0.07 step 2) at 0 ≤ t 

≤ 90 min and 90 < t ≤ 300 min. The rate constant of step 1 (K1 = 8.83 ± 0.39 mg.g-1. min-

1/2) was very large compared to that of step 2 (K2 = 0.81 ± 0.04 mg.g-1. min-1/2 x 10-1). This 

indicates that stage 1 internal diffusion prior to equilibrium is faster than that in stage 2. 

This could be attributed to the concentration gradient and excellent porosity of this 

adsorbent, which facilitated the rapid diffusion of FLX through the macroporous structure. 

The value of the rate constant K2 suggests minimal diffusion of FLX. This implies a slow 

mass transfer from macropores to micropores, which would reduce the adsorptive capacity 

of the NaPA4-CMCs cryogel. 

 

Figure 5.7 Fitting of pseudo-first-order, pseudo-second-order (a), and 
intraparticle diffusion kinetic models (b, c, d, e, and f) to experimental 
data of adsorption of fluoxetine in the NaPA4-CMCs cryogel 0.5 
mg.mL-1, t = 300 min, pH = 8.5, T = 25 °C, C0 = 50 ppm 

.



 

Table 5.3 Pseudo-first order and pseudo-second-order kinetic parameters for fluoxetine adsorption on NaPA4-CMCs 

Sample PFO model PSO model 

NaPA4-CMCs Constants Constants 

qe exp 

(mg.g-1) 

qe calc 

(mg.g-1) 

K1 

(min-1 x 10-2) 

R2 RMSE qe calc 

(mg.g-1) 

K2 

(g/mg . min x 10-3) 

R2 RMSE 

77.4 (2.1)* 75.6 (0.3)* 8.3 (0.4) 0.998 0.848 80.5 (0.4)* 2 (0.1)* 0.999 0.485 

* Standard error in parentheses 

Table 5.4 Intraparticle diffusion kinetic parameters for fluoxetine adsorption on NaPA4-CMCs 

 Stage 1 Stage 2 

Time 

(min) 

K1 

(mg.g-1 . min -1/2) 

R2 RMSE K2 

(mg.g-1 . min -1/2 x 10-1) 

R2 RMSE 

75 8.98 (0.43)* 0.920 6.99 1.98 (0.05)* 0.472 0.21 

90 8.83 (0.39) 0.915 6.91 0.81 (0.04) 0.910 0.07 

120 8.55 (0.40) 0.882 7.77 0.71(0.02) 0.972 0.02 

150 8.30 (0.43) 0.837 8.73 0.50 (0.05) 0.909 0.04 

180 7.99 (0.46) 0.771 9.94 0.39 (0.15) 0.790 0.04 

* Standard error in parentheses 



183 

 

5.6.5 Adsorption isotherms 

The adsorption process can be modeled using two-parameter empirical equations, the most 

widely used of which are the Langmuir and Freundlich models [46,64]. The Langmuir 

model suggests that the sorption sites have the same affinity for the adsorbent, 

characterized by uniform binding energies, implying monolayer adsorption with no 

interaction between the adsorbates on adjacent active sites. The Freundlich model suggests 

multilayer adsorption on a heterogeneous surface with possible interactions between 

adsorbates [46,65]. These models were fitted to the experimental adsorption equilibrium 

data for the NaPA4-CMCs adsorbent, which has been completed (Figure 5.8). The results 

are presented in Table 5.5. The performance of this cryogel in removing FLX depended 

on its initial concentration. The amount adsorbed at equilibrium increased with increasing 

initial concentration, up to 100 ppm. Above this concentration, the amount of FLX 

removed at equilibrium varied very little. This indicates that equilibrium was reached, and 

all available sorption sites were saturated. It can be seen that increasing temperature has a 

negative effect on the adsorption capacity of FLX. In addition, Table 5.5 shows that the 

value of the Langmuir constant (KL) decreases with increasing temperature, indicating that 

the adsorption process is exothermic [66]. The values of the separation factor, 0 < RL < 1, 

indicate that the adsorption of FLX on cryogel NaPA4-CMCs is favorable. The maximum 

adsorption capacity, qmax = 80.6 ± 3.4 mg.g-1 was obtained at 25°C. The results 

demonstrated that the Langmuir isotherm model best fit the adsorption equilibrium data 

for FLX on this cryogel. The RMSE error function values for the Langmuir model were 

lower than those obtained from the Freundlich model, and R2 ≥ 0.977 values were higher, 

indicating the best fit of the Langmuir isotherm model to the adsorption equilibrium data. 
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Figure 5.8 Non-linear fit of the isotherm models to experimental data of 
fluoxetine adsorption in the NaPA4-CMCs cryogel: a) Langmuir 
model, b) Freundlich model, initial concentration from 5 to 200 ppm, 
0.5 mg.mL-1 adsorbent, t = 300 min, pH = 8.5, T = 25 °C and 250 rpm 
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Table 5.5 Langmuir and Freundlich isotherm parameters for fluoxetine adsorption on NaPA4-CMCs 

 Langmuir isotherm parameters Freundlich isotherm parameters 

Temperature 

(°) 

qmax 

(mg.g-1) 

KL 

(L.mg-1) 

RL R2 RMSE KF 

(mg.g-1) 

n R2 RMSE 

25 80.6 (3.4)* 0.29 (0.05)* 0.06 0.977 3.33 20.87 (2.53)* 3.49 (0.34)* 0.961 4.55 

30 71.9 (2.1) 0.27 (0.03) 0.07 0.988 2.12 17.40 (2.52) 3.34 (0.38) 0.947 4.79 

40 70.3 (2.5) 0.24 (0.03) 0.08 0.985 1.92 16.92 (2.44) 3.15 (0.37) 0.929 4.53 

50 65.6 (1.4) 0.13 (0.01) 0.13 0.996 0.82 18.92 (3.14) 3.84 (0.58) 0.973 2.23 

* Standard error in parentheses 
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5.6.6 Thermodynamic parameters  

The determination of the thermodynamic parameters provides additional information that 

can be used to discuss the nature of the adsorption mechanism. These are Gibbs energy 

ΔG° (kJ.mol-1), enthalpy ΔH° (kJ.mol-1), and entropy ΔS° (J.mol-1. K-1) [67,68]. The type 

of adsorbate-adsorbent interaction determines whether adsorption is physical or chemical. 

Physical adsorption occurs when there are weak interactions such as van der Waals, 

hydrogen bonding, hydrophobic, and π-π interactions. In contrast, chemisorption occurs 

when strong interactions such as covalent bonding exist. The thermodynamic parameters 

were calculated using the laws of thermodynamics in equations 5.15-17. 

( )G RT Ln Kc∆ ° =−  Equation 5.15 

G H T S∆ °=∆ °− ∆ °  Equation 5.16 

( )Ln Kc H RT S R=−∆ ° + ∆ °  Equation 5.17 

where KC is the equilibrium constant, T (Kelvin) is the temperature, and R = 8.314 J.mol-

1. K-1is the universal gas constant. The Gibbs energy was calculated using the following 

equation x, and the van't Hoff equation was used to determine the enthalpy, with the slope 

(-ΔH°/R) and the intercept (ΔS°/R) of the graph of KC versus 1/T. KC is a dimensionless 

quantity calculated from the Langmuir constant KL (L mg-1) because the Langmuir model 

provides the best description of the adsorption equilibrium data of FLX on the NaPA4-

CMCs cryogel. To achieve this, the KL constant was multiplied by a factor of 106, 

considering that the density of water is 1000 g.L-1, which gives the values of the 

dimensionless KC constant [66,67,69]. 

The results of the thermodynamic parameter calculations are presented in Table 5.6. It can 

be observed that the enthalpy value is negative (ΔH° < 0), indicating that the increase in 

temperature reduces the efficiency of the NaPA4-CMCs cryogel in eliminating FLX. This 

is characteristic of an exothermic adsorption process dominated by physisorption at low 

temperatures. In the literature, the absolute value of enthalpy is used to discuss the nature 

of the adsorption process. When the value is between 40 kJ.mol-1 < ΔH° < 80 kJ.mol-1, the 
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adsorption process is physical, whereas when the value is between 80 kJ.mol-1 < ΔH° < 

400 kJ.mol-1, the adsorption process is chemical. 

Table 5.6 Thermodynamic parameters of fluoxetine adsorption on NaPA4-CMCs 

Temperature 

(K) 

KL 

(L.mg-1) 

Kc 

(dimensionless) 

ΔG° 

(kJ.mol-1) 

ΔH° 

(kJ.mol-1) 

ΔS° 

(J.mol-1.K-1) 

298 0.29 290000 -31.16 -24.26 23.89 

303 0.27 270000 -31.50   

313 0.24 240000 -32.24   

323 0.13 130000 -31.62   

5.6.7 Desorption and reuse 

The entropy provides information on the distribution and organization of the adsorbate at 

the solution/adsorbent interface. The calculated value of entropy is positive (ΔS° > 0), 

indicating a random organization of FLX at the solution/NaPA4-CMCs interface. For 

Gibbs energy, physisorption and chemisorption were characterized by Gibbs free energy 

change (ΔG°) values between - 20 kJ.mol-1 < ΔG° < 0 kJ.mol-1, and - 400 kJ.mol-1 < ΔG° 

< - 80 kJ.mol-1 respectively [70–75]. In this case, the Gibbs energy is ΔG° < 0 kJ.mol-1, 

with values between - 31.6 and - 31.1 kJ.mol-1 for the temperatures studied. These values 

are between those attributed to physisorption and chemisorption, indicating that the 

adsorption process of FLX on the NaPA4-CMCs cryogel is favorable and may be 

attributed to the synergy between the main physisorption mechanism and chemisorption. 

The regeneration of the adsorbent represents a crucial stage in the process because the 

efficiency, environmental impact, and overall cost of the adsorbent can influence its 

viability. A variety of extraction solvents, including water, acetonitrile, methanol, and 

ethanol, have been employed in the existing literature for the chemical regeneration of 

adsorbents containing FLX [42,45]. Although water is an environmentally friendly 

solvent, it is unsuitable for the desorption of FLX because of its hydrophobic nature. This 

is evidenced by the value of the octanol/water coefficient, log KOW = 4.17 [76], which 
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indicates that the molecule is highly insoluble in water (14 mg L-1 at 25 °C) [77]. 

Acetonitrile has been demonstrated to be a more efficacious solvent; however, its high 

cost precludes its use at this stage [42]. Consequently, methanol and ethanol are attractive 

alternatives to acetonitrile. 

The results of FLX desorption from the NaPA4-CMCs cryogel and its reuse under the 

experimental adsorption conditions mentioned in the methodology section are presented 

in Figure 5.9.  

 

Figure 5.9 Regeneration and reusability of NaPA4-CMCs cryogel after three 
cycles of adsorption/desorption: adsorbent dose 0.5 mg.mL-1, initial 
concentration 50 ppm, pH 8.5, temperature 25 °C, contact time 300 
min and 250 rpm for adsorption, HCl (0.1 M) / Methanol 1:1 v/v 
extraction solvent, time 3h, 100 rpm for desorption and NaOH (0.1 
M), 1h for reactivation of adsorption sites 

This result reveals that the binary solvent HCl (0.1 M) / methanol (1:1 v/v) used for 

desorption is adequate to remove the FLX bound to the sorption sites. This was justified 

by the yield of desorbed FLX, which was greater than 91 % for each desorption cycle. 

This could be explained by the protonation of the NH2 and COO- chemical functions on 

the interpenetrating polymer chains of the NaPA4-CMCs monolith, which prevents 

electrostatically attractive interactions between the COO- active sites and ionized FLX and 
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favors repulsion between the NH3+ groups and ionized FLX. When this adsorbent was 

reused, the FLX removal efficiency was greater than 60 %, although a decrease of 

approximately 14.5 % was observed after three adsorption/desorption cycles. This 

efficiency underlines the importance of the cryogel pre-treatment step carried out in the 

0.1 M NaOH solution, which would reactivate the sorption sites by deprotonation of the 

COOH groups on the polymer chains. The decrease in adsorption performance could be 

explained by the competition between the Na+ ions supplied by the NaOH solution during 

cryogel reactivation and ionized FLX. Na+ ions would interact with sorption sites by 

establishing electrostatic interactions. 

5.6.8 Proposed mechanism for the adsorption of fluoxetine on 
interpenetrated macroporous cryogel NaPA4-CMCs 

The study of adsorption isotherms and kinetic models provided information on the 

adsorption mechanism involved. However, this particular case did not allow us to 

precisely elucidate the mechanism governing the adsorption of FLX on the cryogels 

produced. The study of the thermodynamic parameters provided further insight, indicating 

that physisorption is the primary adsorption mechanism involved in the process. This is a 

plausible assumption, given the surface properties, including the chemical functions that 

have been identified through the characterization of the cryogels and the chemistry of the 

target molecule. The potential adsorption mechanism is illustrated in Figure 5.10.  

The surface reaction is dominated by electrostatic interactions, hydrogen bonds, 

hydrophobes, and π-π electron donor-acceptor interactions (EDA interactions). The 

ionization of FLX and the negative surface charge of the cryogel attributed to the COO- 

functional groups favor electrostatic adsorbate/adsorbent interactions. At the same time, 

the highly electronegative fluorine atoms of FLX could form hydrogen bonds with the 

hydrogen atoms of the free hydroxyl OH and amine NH2 groups. These functional groups 

and the double bonds of genipin are π electron donors that can bind FLX through π–π 

EDA interactions with the aromatic rings of FLX and pi electron acceptors. Similar 

observations were made for the adsorption of FLX on carbon-based adsorbents [42,78]. 

Hydrophobic interactions can also occur between the hydrophobic sites of the cryogel and 

those of FLX. 



190 

 

 

Figure 5.10 The potential adsorption mechanism of fluoxetine adsorption in the 
macroporous interpenetrated polymer network of NaPA4-CMCS 
cryogel at pH 8.5 and temperature 25 °C 

5.6.9 Comparison with other sorbents developed in the literature 

A comparative study of the adsorption of fluoxetine in aqueous solution between various 

adsorbents reported in the literature and the cryogel NaPA4-CMCs having presented more 

ability to retain this adsorbate was carried out. The results are reported in Table 5.7. 

Table 5.7 Comparison of different adsorbents used for fluoxetine removal 
Adsorbents qmax 

(mg.g-1) 
Contact 

time 
(min) 

Number 
of reuse 
cycles 

Removal 
efficiency 

(%) 

References 

Activated carbon PBFG4 105.5 360 - - [79] 
Granular activated carbon 
(GAC) 

233.5 1800 - - [15] 

PS800-10ZnCl2 28.4 420 - - [79] 
Nanocomposite XCM 90.9 120 4 24 [80] 
Nanocomposite PCM 114.9 120 4 50 [80] 
PHB4 (PEG/ O-CMCs, 3:3) 112.6 180 5 65 [19] 
PHB5(PEG/N,O-CMCs 0:3) 109.3 180 5 65 [19] 
NaPA4-CMCs cryogel 80.6 300 3 60 This work 
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5.7 Conclusion 

The present study consisted of manufacturing macroporous cryogels by the 

cryopolymerization method from sodium acrylate/carboxymethyl chitosan solutions in the 

first instance and testing them for fluoxetine adsorption in batch mode in an aqueous 

solution in the second instance. Monoliths with a network of interpenetrating polymers 

stable in aqueous solution were obtained and coded as NaPA1-CMCs, NaPA2-CMCs, 

NaPA3-CMCs, and NaPA4-CMCs, considering the proportions of acrylic acid used in their 

manufacture. These materials were characterized using various analytical techniques that 

provided information on cryogel chemistry, surface morphology, thermal stability, and 

specific surface area. The swelling capacity of the hydrogels showed rapid swelling 

kinetics and an increase in swelling as the pH increased from 7 to 8.5. Determination of 

the pH at the zero-charge point revealed that the cryogel surface was negatively charged 

and could establish electrostatic interactions with FLX when the pH was between pHPZC 

< pHsolution < pKaFLX. 

The effects of the parameters (temperature, pH, initial concentration, and contact time) on 

the FLX adsorption performance of the manufactured cryogels were investigated. 

Increasing the pH from 7 to 8.5 increased the adsorption performance of the cryogels, 

while the removal efficiency decreased with increasing temperature. Increasing the initial 

concentration improves the adsorption capacity, and above 100 ppm, it is stable, which 

implies that the available sorption sites have been exhausted. Analysis of the contact time 

as a function of the quantity of FLX adsorbed showed relatively faster adsorption for the 

NaPA1-CMCs and NaPA2-CMCs adsorbents compared to the NaPA3-CMCs and NaPA4-

CMCs adsorbents. The study of these physicochemical parameters highlighted the NaPA4-

CMCs cryogel, which showed a greater ability to eliminate FLX. Therefore, modeling of 

the adsorption kinetics and the adsorption equilibrium was completed using experimental 

data on the adsorption of FLX on the NaPA4-CMCs cryogel. 

Modeling of the kinetics using pseudo-first-order and pseudo-second-order models 

revealed that the experimental data correlated well with the two models (R2 > 0.99). The 

RMSE error function of the pseudo-second-order model was closer to zero, and the 

deviation between qcal and qexp of the pseudo-first-order model was smaller than that of 
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the pseudo-second-order model, suggesting that the pseudo-first-order model is better 

suited for describing the experimental kinetics data. The stepwise intraparticle diffusion 

study showed that the division 0 ≤ t ≤ 90 min, step 1, and 90 < t ≤ 300 min, step 2 best 

described the internal diffusion step. The rate constants associated with these steps were 

K1 > K2, suggesting faster internal diffusion of FLX through the macropores and 

mesopores in the first step and almost no diffusion in the micropores. Modeling of the 

adsorption process by the Langmuir isotherm and Freundlich isotherm revealed that the 

Langmuir model fitted the experimental adsorption data well, as R2 ≥ 0.977 was higher 

than that of the Freundlich model. At the same time, the error functions RMSE < 3.4 were 

lower than those obtained from the Freundlich model. The maximum adsorption capacity 

was qmax = 80.6 ± 3.4 mg.g-1 and the values of the separation factor RL were between 0 < 

RL < 1, suggesting that the adsorption process was favorable. 

This was validated by the values of negative Gibbs energy (ΔG° < 0), which suggests 

synergy between physisorption and chemisorption during the adsorption process. The 

adsorption process is exothermic because ΔH° < 0, and the absolute values of this 

thermodynamic parameter indicate that physisorption is the primary mechanism 

governing adsorption. The entropy ΔS° > 0 suggested a random organization of FLX at 

the solution / NaPA4-CMCs interface. The binary solvent HCl (0.1 M) / methanol 1:1 v/v) 

used for FLX desorption proved to be effective, which is justified by a desorption rate of 

approximately 91% after three cycles. The adsorption efficiency remained above 60% 

after three cycles, although there was a significant drop of approximately 14.5% in the 

adsorption performance of this cryogel. 
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Chapitre 6 - Article 3 

6.1 Avant-propos 

Le titre du troisième article scientifique est: «Removal of fluoxetine by adsorption in a 

fixed-bed column using a hybrid cryogel based on sodium poly(acrylate) / carboxymethyl 

chitosan ». Il a été soumis à la revue scientifique Journal of Environmental Management 

en 2025. 
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6.2 Résumé 

Le développement d'adsorbants alternatifs respectueux de l'environnement capables 

d'éliminer les produits pharmaceutiques, en particulier les antidépresseurs dans les milieux 

aqueux est un défi actuel. Dans cette étude, un cryogel hybride d'acrylate de sodium et de 

carboxyméthylchitosane (NaPA-CMCs) a été synthétisé à l'aide d'une méthode de 

cryogélation et testé pour l'élimination des antidépresseurs dans une colonne à lit fixe. La 

fluoxétine (FLX) a servi de contaminant cible, tandis que le citalopram (CIT) et la 

venlafaxine (VEN) ont été utilisés pour des tests d'adsorption compétitive. Les effets du 

pH, du débit (Q), de la hauteur du lit (H) et de la concentration initiale (C0) sur les courbes 

de percée ont été étudiés. Le taux d'élimination maximal de la FLX (59 %) a été obtenu 

lorsque les paramètres expérimentaux étaient les suivants : pH 8,5, H 0,4 cm, Q 1,5 

mL/min et C0 10 ppm. L'adsorption compétitive a révélé une affinité plus élevée du FLX 

pour la surface du cryogel hybride (9,98 mg/g) par rapport au CIT (4 mg/g) et au VEN 

(2,17 mg/g). Le pHPZC 7,1 du cryogel hybride, le pKa 9,8 du FLX et le pH des solutions 

peuvent expliquer les interactions électrostatiques entre les sites de sorption et le FLX 

ionisé. Les modèles de Thomas et Yoon-Nelson décrivent avec précision les données 

d'adsorption expérimentales (R2 > 0,97 et RMSE < 0,062). Le taux d’élimination était de 

17,76 % après quatre cycles d’adsorption/désorption. Le cryogel NaPA-CMCs présente 

un potentiel pour éliminer les antidépresseurs de l'eau. 

6.3 Abstract 

The development of environmentally friendly alternative adsorbents capable of removing 

pharmaceuticals, particularly antidepressants, from aqueous environments is a current 

challenge. In this study, hybrid cryogel of sodium acrylate and carboxymethyl chitosan 

(NaPA-CMCs) was synthesized using cryogelation method and tested for antidepressant 

removal in a fixed-bed column. Fluoxetine (FLX) served as the target contaminant, with 

citalopram (CIT) and venlafaxine (VEN) used for competitive adsorption tests. The effects 

of pH, flow rate (Q), bed height (H), and initial concentration (C0) on breakthrough curves 

were studied. Maximum FLX removal rate (59 %) was obtained when experimental 

parameters were pH 8.5, H 0.4 cm, Q 1.5 mL/min and C0 10 ppm. Competitive adsorption 
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revealed a higher affinity of FLX for the surface of hybrid cryogel (9.98 mg/g) compared 

to CIT (4 mg/g) and VEN (2.17 mg/g). The pHPZC 7.1 of the hybrid cryogel, the pKa 9.8 

of FLX and the pH of the solutions may explain the electrostatic interactions between the 

sorption sites and ionized FLX. The Thomas and Yoon-Nelson models accurately describe 

the experimental adsorption data (R2 > 0.97 and RMSE < 0.062). The elimination rate was 

17.76% after four adsorption/desorption cycles. The NaPA-CMCs cryogel shows 

potential for removing antidepressants from water. 

6.4 Introduction 

Global mental health remains a major concern for the World Health Organization (WHO), 

with depression and anxiety affecting around 3-4 % of the world's population (Matthew 

Ridley https://ORCID.ORG/0000-0001-7612-7436, 2020). Additionally, the COVID-19 

pandemic has worsened the already toxic environment where vulnerable populations live 

and, as a result, has led to increased use of psychotropic drugs such as antidepressants 

(“AGMR, Antidepressants Global Market Report 2021: Covid-19 Implications and 

Growth to 2030, 2021.,”). This situation continues even in the post-pandemic years, 

according to recent studies (Santomauro et al., 2021). Unfortunately, human activity 

contributes significantly to the entry of antidepressant residues and their metabolites into 

wastewater treatment plants (WWTPs). They have also been detected in WWTP effluents 

and other environmental matrices, highlighting the ineffectiveness of conventional 

wastewater treatment processes. The chemical stability and biological activity of these 

emerging pollutants raise concerns about their environmental impact. Numerous studies 

have reported their ability to bioaccumulate in non-target aquatic organisms living in 

receiving environments (Arnnok et al., 2017; Singh et al., 2022a). Their toxicological 

effects on the aquatic ecosystem are well documented and reveal their ability to cause 

behavioral changes in many aquatic species (Correia et al., 2023; Gould et al., 2021; Singh 

et al., 2022b; Wang et al., 2023). They can affect physiological functions and disrupt 

reproduction, which is likely to cause imbalances throughout the food web (Campos et al., 

2016; Correia et al., 2022; Eisenreich et al., 2017; Orozco-Hernández et al., 2022). In the 

long term, this could adversely affect the availability of certain fish resources for human 

consumption. The detection, measurement, and efficient elimination of antidepressants 
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from wastewater are therefore urgent environmental issues to maintain the stability of 

aquatic ecosystems. 

Various biological and physico-chemical processes have been developed by researchers 

to remove antidepressants from aqueous environments (Diaz-Camal et al., 2022; 

Fernandes et al., 2019; Köse et al., 2024; Lajeunesse et al., 2013; Singh et al., 2022b; Zhao 

et al., 2017a). Most have shown promising results but face limitations like antidepressants' 

persistence harming microorganisms that degrade them, producing toxic by-products, 

complex processes, and high costs. These treatment techniques include phytoremediation 

using selectively cultivated microorganisms, photocatalysis, photochemical oxidation, 

electrocatalysis, ozonation, electro-peroxone systems, and photoelectro-Fenton systems 

(Gornik et al., 2020; Melin et al., 2021; Méndez-Arriaga et al., 2011; Pan et al., 2022; 

Silva et al., 2022; Zhao et al., 2017b). It is therefore imperative to develop advanced 

treatment technologies that are more simple, effective, inexpensive, and generate less 

toxic by-products. In the context of sustainable development, adsorption is an attractive, 

simple, and inexpensive technology that has proven itself in the removal of a wide range 

of pharmaceutical products (Escudero-Curiel et al., 2021; Jaria et al., 2015; Juang et al., 

2026; Nkana et al., 2024a). This technique uses two mechanisms, determined by the 

bonding forces involved in adsorption. These are physisorption, which involve low-

energy interactions between the adsorbate and the adsorbent, and chemisorption, which 

involves stronger bonds. It should be noted that there are several treatment methods in the 

literature, including batch treatment and continuous fixed-bed treatment, which are the 

most widely studied for the removal of pollutants from aqueous media. Batch adsorption 

enables the treatment of small volumes of wastewater with low pollutant loads. This is a 

limitation of this method, as it cannot be scaled up to industrial levels. However, it enables 

the evaluation of the feasibility and efficiency of adsorption for a specific adsorbate-

adsorbent system, as demonstrated in our previous study of the NaPA-CMCs-Fluoxetine 

cryogel system (Nkana et al., 2024a).  

Continuous fixed-bed adsorption enables the treatment of larger volumes of wastewater 

containing high concentrations of pollutants. This method is better suited for industrial 

applications, which is especially relevant to our interests, as the main goal of this study is 
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to develop an adsorbent material that can potentially be used for the antidepressant 

removing in water solution (Patel, 2021). This process involves placing the adsorbent in 

a column and steadily injecting the pollutant-containing solution at a controlled flow rate, 

either upstream or downstream. It is important to optimize several factors, such as pH, 

flow rate, initial adsorbate concentration at the column inlet, column height, particle size, 

etc., that ensure the column functions properly and prevent premature exhaustion of the 

adsorbent. For that, breakthrough curve data is required. The breakthrough curve of an 

adsorbate in a dynamic adsorption system represents the ratio of influent concentration to 

effluent concentration over time. Analyzing breakthrough curves helps us to understand 

adsorption dynamics, enabling the design and optimization of adsorption systems. In this 

case, modelling breakthrough curves is an important step in analysing dynamic adsorption 

data. The Thomas and Yoon-Nelson models are the most commonly used in the literature 

for adjusting breakthrough curves (Thomas H, 1944; Yoon and Nelson, 1984). 

Research studies have shown that activated carbon, titanium dioxide nanoparticles, and 

cation exchange resins are used to adsorb antidepressant residues in aqueous media (Choi 

et al., 2020; Maršálek and Švidrnoch, 2020). However, the regeneration and reuse of these 

adsorbents generate additional costs, prompting the exploration of alternatives like 

biopolymer-based options such as cryogels. Cryogels are three-dimensional porous 

materials produced by cryogelation or cryotopic gelation. This technique involves in situ 

radical polymerization of a solution of a water-soluble monomer/polymer and a cross-

linking agent in the presence of an initiator system at a temperature below zero. The 

formation of ice crystals expels the reactants into microspaces between the formed crystals 

(cryoconcentration), leading to a sharp increase in concentration in these microspaces 

where cryopolymerization takes place. The developed macroporosity is created by ice 

crystals, which leave open spaces (pores) after the cryogel thaws (Baimenov et al., 2020; 

Gun’ko et al., 2013; Kumar et al., 2010; Okay and Lozinsky, 2014). These materials are 

used for various applications, especially adsorption, due to their superior features, 

including a network of interconnected macropores that promotes good diffusion and 

excellent mass transfer, as well as their good mechanical stability (Agustin et al., 2023; 

Baimenov et al., 2020). The selection of monomer/polymer, crosslinker, temperature, and 

cryogelation time significantly influences the structural and functional properties of 
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cryogels (Baimenov et al., 2020; Doser et al., 2023; Lozinsky and Okay, 2014). Synthetic 

monomers, biopolymers, and their combinations (natural-synthetic) have been widely 

used to manufacture cryogels. These materials offer main advantages of being 

biodegradable and biocompatible; however, unlike synthetic cryogels, they exhibit poor 

mechanical stability. Developing hybrid cryogels enhances mechanical strength while 

maintaining the features of natural cryogels. It also enables new properties through the 

combination of biopolymers and synthetic monomers (Doser et al., 2023; Izadpanah et al., 

2024; Lozinsky, 2002; Shi et al., 2022).  

Several biopolymers have been used to manufacture hybrid cryogels depending on the 

targeted applications. These include chitosan and its derivatives, alginate, starch, xanthan 

gum, and cellulose (Doser et al., 2023; Lozinsky, 2002). These polysaccharides are 

environmentally friendly, easily accessible, inexpensive, and can be chemically altered to 

enhance the selectivity of cryogels (Bratskaya et al., 2019; Doser et al., 2023; Lozinsky, 

2002; Phat et al., 2022). Acrylamide and its derivatives, such as acrylonitrile, acrylic acid, 

sodium acrylate, and their combinations, are among the most commonly used synthetic 

monomers for producing cryogels. Recent research reports the manufacture of hybrid 

cryogels developed for specific applications in the purification of biologically important 

molecules and the adsorption in aqueous media of pharmaceutical products such as 

antibiotics and antidepressants (Hamacek et al., 2023; Mourão et al., 2019; Nkana et al., 

2024a). 

To our knowledge, no studies have reported the continuous fixed-bed adsorption of 

antidepressants on hybrid cryogels, which motivates this research. This work focuses on 

creating a hybrid cryogel made from sodium acrylate and carboxymethyl chitosan for the 

ongoing fixed-bed adsorption of fluoxetine. It also involves predicting and modeling 

breakthrough curves within a simple operational framework, thereby enabling 

straightforward scalability to industrial applications. The material was characterized using 

FTIR spectroscopy, scanning electron microscopy coupled with energy-dispersive X-ray 

spectroscopy (SEM-EDX), and BET analysis. The study of swelling and surface charge 

was also completed. A study was conducted to investigate the effect of operating 
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parameters (pH, flow rate, initial concentration, and bed height). Regeneration and 

adsorption/desorption tests were also performed. 

6.5 Materials and methods 

6.5.1 Materials 

Chitosan (Cs), deacetylation degree ≥75%) from shrimp shells, Chloroacetic acid 

(C2H3ClO2), ≥ 99.0 %, Sodium hydroxide (NaOH), ≥ 98 %, Calcium Chloride anhydrous 

(CaCl2), ≥ 93.0 %, Genipin ≥ 98 %, Acrylic acid anhydrous, containing 200 ppm mono 

methyl ether hydroquinone (MEHQ) as inhibitor 99 % (AA), N,N-Methylenebis 

(acrylamide) 99.0 % (MBA), Sodium metabisulfite ≥ 99.0 %, Ammonium peroxydisulfate 

(APS) ≥ 98.0 %, N,N,N’, N’-Tetramethylethylenediamine (TEMED), Acetonitrile (ACN) 

(CH3CN) ≥ 99 % for HPLC, Phosphoric acid (H3PO4) 85.0 % for HPLC, Isopropyl alcohol 

(C3H8O) 99.0 %, Fluoxetine hydrochloride (FLX), Venlafaxine hydrochloride (VEN) and 

N-Desmethylcitalopram hydrochloride (CIT), pharmaceuticals standards used as target 

molecules for the fixed bed column adsorption test were supplied by Sigma-Aldrich. 

Hydrochloric acid (HCl), 37 %, and acetic acid (CH3COOH), 99.7 %, were provided by 

Acros Organic. Anhydrous ethyl alcohol (C2H5OH) and methanol ≥ 99.0 % were 

purchased from Commercial Alcohol Greenfield.  

6.5.2 Methods 

6.5.2.1 Synthesis of carboxymethyl chitosan 

The CMCs were synthesized based on our previous work, with a few modifications 

(Nkana et al., 2024b). First of all, 6 g of chitosan were placed in a flask containing 80 mL 

of propan-2-ol for 1 h at 250 rpm at room temperature. Then, 60 mL of NaOH (0.4 g/mL) 

were gradually added to the mixture and stirred for 4 h. The flask was then placed at -20 

°C overnight. After thawing, the flask was placed in an oil bath at 50 °C. Then, a solution 

of monochloroacetic acid previously prepared by dissolving 30 g in 20 mL of propan-2-

ol was gradually added while stirring at 250 rpm for 30 min, and the reaction was carried 

out for 150 min. The mixture was left to cool to room temperature, then 200 mL of 95 % 
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ethanol were added to stop the reaction. The product obtained was washed with ethanol 

and dried under vacuum at 30 °C for 24 h. The impurities were removed by dissolving the 

synthesis product in 400 mL of distilled water for 6 h, followed by centrifugation at 10000 

rpm. The dissolved polymer was recrystallized in 600 mL of 100 % ethanol. The CMCs 

were recovered after vacuum filtration and dried for 24 h under vacuum at 30 °C. 

6.5.2.2 Synthesis of hybrid cryogel (NaPA-CMCs) 

Sodium acrylate (NaA) was prepared by neutralizing acrylic acid with 1 M NaOH, 

followed by complete removal of water in a water bath at 80°C, while stirring 

magnetically at 100 rpm for 24 h. The NaA obtained was dried under vacuum at 45 °C. 

The hybrid cryogel (NaPA-CMCs) was produced following the method described in our 

previous work and by Cecilia Alves Mourão et al. (Mourão et al., 2019; Nkana et al., 

2024a), with some modifications. Nine milliliters of a 0.3 % (m/v) CMCs solution was 

added to a glass vial and stirred on a magnetic stirrer set at 300 rpm. Next, 0.687 g of NaA 

was dissolved in the CMCs solution, and the pH was then stabilized at 7 with 1M NaOH. 

To cross-link the CMCs, 20 μL of 11 mM genipin was added to the mixture and left for 

10 min, followed by the addition and dissolution of 0.113 g of MBA for 30 min. The 

mixture was degassed in an ultrasonic bath (Bransonic, CPX3800) for 3 min and then 

placed in a freezer for 5 min. The mixture was gently agitated (90 rpm) in an ice bath, then 

the co-initiators APS 0.2 % (m/v) and TEMED 0.2 % (v/v) were added, along with 100 

μL of CaCl2 2 % (m/v). The volume of the mixture was made up to 10 mL, stirred for 60 

seconds, and transferred to polypropylene syringes (Hsw 10/12 mL, 15.9 mm ID). The 

syringes were placed in a freezer at -18 °C for 24 h to complete the cryopolymerization. 

The cryogels obtained were slowly thawed in a cold chamber at 5 °C, then returned to 

room temperature and washed thoroughly with ultra-pure water to remove any unreacted 

monomers. The samples used for characterization were freeze-dried, while the remaining 

samples were maintained in a moist state following one hour of vacuum drying at room 

temperature. 
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6.5.3 Characterization of hybrid cryogel (NaPA-CMCs) 

Multiple physical and chemical tests were performed to characterize the developed hybrid 

cryogel. This included surface morphology analysis and the identification and 

quantification of chemical elements using scanning electron microscopy and energy-

dispersive X-ray spectroscopy (SEM/EDX) on a Hitachi SU1510 scanning electron 

microscope equipped with an Oxford EDX detector. Images of the material's surface were 

also obtained using a Keyence VHX digital microscope confocal laser scanning 

microscope (CLSM). The Brunauer-Emmet-Teller (BET) specific surface area, pore 

volume, and average pore size were determined by adsorption of N₂ at 77K and 0-1 atm 

using Micromeritics ASAP2020 equipment. Fourier transform infrared spectroscopy 

(FTIR) analysis was performed using a Nicolet IS10 FTIR Spectrometer (Thermo 

Scientific) at room temperature, with an acquisition interval ranging from 500 to 4000 cm-

1. The contact angle was measured using an FTA4000 Microdrop analyzer (First Ten 

Angstroms, Portsmouth, VA, USA). Zero-point charge (pHPZC) was determined using the 

pH derivation method with a SevenMulti pH meter (Mettler-Toledo AG 8603) and a Lab-

Line 3528 orbital shaker incubator. The liquid displacement method was used to evaluate 

the porosity of the material. The study of swelling as a function of time was completed. 

The protocols for the three previous analyses are described in the Supplementary 

Information (SI) document. 

6.5.4 Study of the adsorption of fluoxetine in continuous flow on hybrid 
cryogel (NaPA-CMCs) 

The adsorption experiments of ionized FLX on the hybrid cryogel were carried out in 

continuous mode, using a downward flow and a simple system consisting mainly of a 

peristaltic pump (Cole-Parmer IL 60648 1-100 RPM) with adjustable flow rate, a column 

(Transparent PVC Rigid Tubing) supplied by Meccanixity, with the following 

characteristics: height: 35 cm, internal diameter: 20 mm and external diameter: 25 mm 

(Figure 1). FLX solutions of different concentrations at the column inlet (10, 20 and 40 

ppm) were tested, as were the pH (5.5, 7, and 8.5), the bed height in the column (0.2 cm, 

0.4 cm and 0.8 cm), and the flow rate (1.5, 2 and 2.5 mL/min). Samples were taken at 

regular intervals and analyzed using a UV-Vis spectrometer (Agilent Cary 60 UV-Vis) at 
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a maximum wavelength of 230 nm to obtain the absorbance values of the initial and final 

FLX solutions. The residual concentrations of FLX were determined using a calibration 

curve (absorbance versus concentration). Each adsorption experiment was repeated three 

times. All adsorption experiments were carried out at room temperature (20 ± 2 °C). 

Preliminary competitive adsorption tests of three antidepressants on synthetized cryogel 

were conducted. This investigation provided insight into the selectivity potential of the 

developed hybrid cryogel towards these three pharmaceuticals (VEN, FLX, CIT). The 

operating conditions of the column were as follows adsorbent bed height 0.2 cm, influent 

pH 8.5, flow rate 1.5 mL/min, and the initial concentration of each solute in the influent 

at the inlet was 10 ppm. Samples collected at regular intervals were analyzed using high-

performance liquid chromatography equipment with a Diode Array Detector (DAD) and 

a C18 column (XB-C18, 100 Å, 150 × 3 mm, particle size 2.6 μm, Phenomenex Kinetex). 

The mobile phase was a mixture of 10 mM phosphate buffer pH 3.0/ acetonitrile 60:40 

(v/v), with an elution flow rate of 0.3 mL.min-1. The analysis time was 10 min, and the 

retention times were 2.62 min for VEN, 4.96 min for FLX, and 3.11 min for CIT, 

respectively. Using the iodine bar detector, the maximum area under the peaks at the 

maximum wavelengths associated with each of these molecules (224 nm, 230 nm, and 

238 nm) was obtained for VEN, FLX, and CIT, respectively. 

The adsorption performance on cryogels was investigated using non-linear regressions 

(Ct/C0) versus (t), which correspond to the breakthrough curves. It should be noted that 

the breakthrough time (tb) and the exhaustion time (te) correspond to the operating time 

when Ct /C0 = 0.05 and Ct/C0 = 0.95, respectively. The total amount of pollutants adsorbed 

in the column at a specific flow rate and concentration qtotal (mg), the adsorption capacity 

at equilibrium qe.exp (mg/g), the total amount of pollutant entering the column Wtotal (mg) 

and the total adsorption percentage P (%) were determined from equations 6.1, 2, 3 and 4. 
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The regeneration tests of the 0.4 cm high hybrid cryogel following the adsorption of FLX 

(40 ppm), conducted at pH 8.5 with a flow rate of 1.5 mL/min, were carried out by washing 

the material within the column using 50 mL of a solvent (containing 5 % methanol and 

0.1 M HCl) at the same flow rate used during adsorption. Distilled water was then 

introduced into the column until the pH of the effluent was neutral. The material was 

subjected to another adsorption cycle by placing it in contact with the FLX solution (40 

ppm, pH = 8.5) at a flow rate of 1.5 mL/min. Four adsorption cycles and three desorption 

cycles were performed. 

 

Figure 6.1 Experimental setup for continuous flow adsorption of fluoxetine on 
the NaPA-CMCs hybrid cryogel 
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6.5.5 Adsorption process modeling 

Modelling the adsorption process is an important step in gaining a deeper understanding 

of the adsorption dynamics in the column. Two widely used empirical models for 

describing dynamic adsorption on a fixed bed have been fitted to the experimental data. 

These are the Thomas and Yoon-Nelson models, represented by equations 6.5 and 6.6, 

respectively. The Thomas model is used to study dynamic adsorption kinetics within the 

column. It effectively describes adsorption processes where diffusion limitations have 

minimal impact on mass transfer. It enables estimation of the adsorption rate constant and 

the amount of contaminant adsorbed per gram of adsorbent. This model assumes that the 

adsorption equilibrium is adequately described by the Langmuir isothermal model and 

that the adsorption kinetics of the process follow the reversible pseudo-second-order 

model (Thomas and HENRY THOMAS Vol, 1944). The Yoon-Nelson model is used to 

predict the time required for the effluent concentration to reach 50 % of the influent 

concentration. This model assumes that the decrease in the probability of contaminant 

adsorption is proportional to both the probability of adsorption and the probability of 

breakthrough in the fixed bed. This results in zero breakthroughs at the start of adsorption, 

followed by a gradual decrease in the adsorption probability and saturation of the 

adsorbent at the end (Yoon and Nelson, 1984). 

( )( )0 0 01 1 expt ThC C K q m Q C t= + −    Equation 6.5 

( )0 1 1 expt YNC C K tτ= + −    Equation 6.6 

Where KTh (mL/mg.min) is Thomas' constant, q0 (mg/g) is the equilibrium adsorption 

capacity, Q (mL/min) is the influent flow rate, m (g) is the mass of adsorbent, t (min) is 

the time, C0 (ppm) is the concentration at the column inlet, Ct (ppm) is the effluent 

concentration, KYN (min-1) is the Yoon-Nelson rate constant, and τ (min) is the time 

required for the concentration of the adsorbate at the column outlet to be equal to 50% of 

the concentration of the adsorbate entering the column. These parameters were derived 

from modeling using the non-linear regression method with OriginPro 2025b software. 
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The statistical parameters used to assess the quality of the fits were R2 and the root mean 

square error (RMSE) using equations 6.7 and 6.8. 
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6.6 Results and discussions 

6.6.1 Characterization of the hybrid cryogel 

FTIR analysis was performed based on the vibration frequencies observed in the spectra. 

Figure 6.2f shows the infrared spectra of sodium acrylate (NaA), sodium carboxymethyl 

chitosan (NaCMCs), the hybrid cryogel before adsorption (NaPA-CMCs1), and after 

adsorption (NaPA-CMCs2) of FLX, respectively. The NaA spectrum shows bands 

between 3089-2981 cm-1, which are attributed to the C-H stretching of the = CH2 and CH2 

groups. The band at 1636 cm-1 corresponds to the C=C stretching vibration. Those at 1545 

cm-1 and 1437 cm-1 correspond to the asymmetric and symmetric stretching of COO- 

groups, confirming the deprotonation of the carboxyl groups initially present in acrylic 

acid. The bands on the NaCMCs spectrum are identified at 1594 cm-1 and correspond to 

the overlap of the bands associated with the asymmetric COO- elongation of the carboxyl 

groups and the N-H deformation of the primary amine groups, while the band at 1418 cm-

1 is attributed to the symmetric elongation of COO-, confirming the carboxymethylation 

of chitosan (Anitha et al., 2009). The band at 1306 cm-1 is assigned to C-O stretching, 

while those at 1140-1062 cm-1 correspond to C-O-C and C-OH stretching. It should be 

noted that the bands attributed to the C=C and C-H stretching of the =CH2 and CH2 groups 

observed in the NaA monomer spectrum have disappeared in the NaPA-CMCs1 spectrum, 

which would confirm the polymerization of NaA. This shows a band at 1645 cm-1, 

characteristic of amide I, indicating the formation of covalent bonds following the cross-

linking of sodium polyacrylate (NaPA) with MBA and NaCMCs with genipin on the 
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primary amine. The band observed at 1548 cm-1 corresponds to the overlap between the 

band attributed to the asymmetric COO- elongation and the N-H elongation of amide II 

linked to the formation of the network after cross-linking of the polymer chains by MBA. 

The new band at 1452 cm-1 corresponds to the -CH2- deformation of the methylene groups 

of MBA. The band at 1323 cm-1 is attributed to the C-N elongation of amide III, which 

confirms the cross-linking of the polymer chains. 

 

Figure 6.2 Contact angle measurement: (a) deposition of the microdrop of water, 
(b) instant absorption, (c) swelling, (d) swelling rate, (e) Zero-point 
charge of NaPA-CMCs1 and (f) FTIR spectra of sodium acrylate 
(NaA), Carboxymethyl chitosan (NaCMCs), hybrid cryogel before 
and after fluoxetine adsorption (NaPA-CMCs1 and NaPA-CMCs2)  

The vibration of the polycyclic skeleton of genipin in the polymer network corresponds 

to the band at 1115 cm-1. The spectrum of NaPA-CMCs2 shows a broader and moderately 

intense band at 1652 cm-1, compared to the band at 1645 cm-1. The upward shift of the 

latter is thought to be due to a change in the chemical environment of the C=O carbonyl 

groups of the amides formed by the covalent bonds between MBA and genipin with the 
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polymer chains. This change is thought to be the result of hydrogen bonds formed between 

the C=O groups and the protonated amine -NH3+ of FLX. The decrease in the intensity of 

the bands at 1548 cm-1 and 1403 cm-1 observed in the spectrum could suggest electrostatic 

interactions between the protonated FLX and the COO- groups of the polymer network of 

the hybrid cryogel. It should be noted that the broad bands observed in the 3500-3100 cm-

1 range on the different spectra are attributed to O-H and N-H stretching associated with 

hydrogen bonds. 

The analysis of the pH at which the total charge of the hybrid cryogel surface is zero (PZC) 

was completed using the pH derivation method Figure 6.2e. This reveals that pHPZC = 7.1, 

which implies that for a pHsolution value < pHPZC, the surface of the material is positive and, 

conversely, it is negative. It should be noted that the surface charge depends mainly on 

the functional groups (COO- and NH2) present in the polymer network of the cryogels, 

which may or may not carry a charge depending on the pHsolution and their pKa. This 

indicates that the optimal pH range for electrostatic interactions between the ionized FLX 

and the surface of the hybrid cryogel is pHPZC < pHsolution < pKaFLX = 9.8. 

Table 6.1 BET surface area, pore volume, average pore width, porosity, point of 
zero charge, and average surface roughness of NaPA-CMCs1 hy-brid 
cryogel 

*SBET 
(m2/g) 

Pore 
volume x 

10-3 

(cm3/g) 

Average 
pore width 

(nm) 

Porosity 
(%) 

(n=3) 

PHPZC *Sa (μm) 

61.1 83.4 545.7 98.3 ± 0.07 7.1 19.2 

*SBET: BET Surface Area *Sa: Average Surface Roughness 

The analysis of the swelling behavior of the hybrid cryogel allowed us to determine its 

water absorption capacity. This was further supported by FTIR analysis of the hybrid 

cryogel (NaPA-CMCs1), which confirmed the presence of hydrophilic groups (OH, NH2, 

and COO-) within the polymer network. Figure 6.2d shows that the swelling rate increases 

rapidly, reaching a maximum of 123.5 ± 33.4 % after 10 seconds. This could be explained 

by the porous structure of the material created through cryopolymerization, which can be 

seen in the microscopy images (Figure 6.3.) and is supported by the porosity value and 
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BET analysis results shown in Table 6.1. This porous structure promotes the rapid 

diffusion of water into the monolith and the dissociation of COONa ionic groups, resulting 

in an ionic potential difference between the interior of the polymer network and the 

external aqueous medium. The high osmotic pressure causes substantial water absorption 

to balance the ionic potential. All these factors could explain why it is impossible to 

measure the contact angle of the water micro droplet on the surface of the material, as 

observed in Figures 6.2a, b, and c. As soon as the microdroplet of water is deposited, the 

cryogel absorbs it instantly and swells. 

SEM and CLSM analyses were employed to examine the morphology, porosity, and 

distribution of the polymer material within the hybrid cryogel. The SEM micrographs and 

2D CLSM image of the NaPA-CMCs1 cryogel as shown in Figures 6.3a, b, c and d show 

a homogeneous distribution of the polymer matrix within the material. There are 

interconnected open cavities that form a honeycomb structure with surface irregularities. 

In the 3D CLSM image in Figure 6.3i, the internal structure of the sample analyzed in 

depth (212 μm) reveals dark red cavities extending from the surface to the depth studied. 

This suggests that the hybrid cryogel has open pores. Additionally, the measured average 

surface roughness value (19.2 μm) provides information about surface irregularities. The 

rough and macroporous structure observed could facilitate the molecular diffusion and 

adsorption of FLX. A similar observation has been reported for granular activated carbon 

(Tansel and Nagarajan, 2004). Mapping the chemical elements on the surface of the 

analyzed samples (EDS layered images) offers only indicative insights into their presence 

and amounts. However, it also helps illustrate how height influences the hybrid cryogel's 

capacity to immobilize ionized FLX. Based on the proportions of fluorine, a chemical 

element in the FLX structure. In Figures 6.3e and e1, 6.3f and f1, 6.3g and g1, 6.3h and 

h1, we observe that the NaPA-CMCs1 sample contains no fluorine. In contrast, the NaPA-

CMCs2 sample shows an increase in fluorine content with increasing cryogel height (0.1 

% at 0.2 cm, 7.3 % at 0.4 cm, and 8.6 % at 0.8 cm). This could be explained by the increase 

in the density of active sites in the polymer network as the height increases. 
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Figure 6.3 SEM micrographs of NaPA-CMCs1 with magnification of : (a) X100, 
(b) X500 and (c) X5000; (d) 2D image of NaPA-CMCs1 obtained by 
CLSM analysis;  EDS layered images and map spectrum of : 
NaPACMCs1 (e) and (e1),  NaPA-CMCs2 at different heights (f), (f1) 
0.2 cm, (g), (g1) 0.4 cm, and (h), (h1); 0.8 cm; (i) 3D image of NaPA-
CMCs1 obtained by CLSM analysis 

6.6.2 Effects of operational parameters on FLX adsorption in a fixed bed 
column of NaPA-CMCs hybrid cryogel 

Numerous studies in the literature provide comprehensive information regarding the 

impact of volumetric flow rate, initial concentration, bed height, and influent pH on the 

dynamic adsorption performance within fixed beds for an extensive range of pollutants, 

including pharmaceutical residues (Chu and Hashim, 2023; Feizi et al., 2021; Puga et al., 
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2022). These parameters affect the kinetics and adsorption capacity in the column during 

operation. Dynamic adsorption tests of FLX on a NaPA-CMCs hybrid cryogel fixed bed 

were carried out, and the effects of these parameters on the breakthrough curves were 

examined. Results are reported in Figure 6.4. and Table 6.2.  

6.6.2.1 Effect of influent flow rate 

Figure 6.4a shows the effect of flow rate on the breakthrough curves with an inlet FLX 

concentration of 40 ppm, a bed height of 0.4 cm, and an influent pH of 8.5. As the flow 

rate increases from 1.5, 2, and 2.5 mL/min, the breakthrough curves become steeper. The 

breakthrough occurs more quickly as the flow rate increases with decreasing from 193.5 

min at 1.5 mL/min to 42.7 min at 2.5 mL/min. The same pattern applies to the exhaustion 

time, which drops from 665.9 minutes to 268.7 minutes at these flow rates. Additionally, 

there is a decrease in adsorption capacity, from 33.98 mg/g to 15.82 mg/g. This could be 

explained by the longer contact time between the influent and the fixed bed of NaPA-

CMCs hybrid cryogel when the flow rate is lower. This improved the diffusion of FLX 

into the polymer network, reaching active sites on the surface and within the material, 

where increased interaction enhanced adsorption. The higher flow rate resulted in a shorter 

residence time, which limited mass transfer, explaining the early breakthrough and 

exhaustion observed, the steeper slope of the breakthrough curve, and the lower removal 

efficiency of 35.94 %. The high influent flow rate limits the sorption capacity of the 

column (Hussain et al., 2011). 

6.6.2.2 Effect of pH 

The pH of the solution is a factor that also influences the adsorption efficacy of various 

adsorbents. Depending on the functional groups in these materials' structures, the surface 

of many cryogels exhibits greater affinity for pharmaceutical molecules in ionic form. 

Figure 6.4b shows the effect of FLX solution’s pH. The effect of pH 5.5, 7 and 8.5 at an 

initial FLX concentration at the inlet of 40 ppm, a flow rate of 1.5 mL/min and a bed 

height of 0.4 cm has been investigated. The results reveal that breakthrough and 

exhaustion are delayed when the pH of the influent is 8.5 (195 min and 665.9 min, 

respectively), compared to pH 5.5 (96.1 min and 391.9 min, respectively). Additionally, 
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the adsorption capacity of 33.98 mg/g and the removal rate of 52.45 % are higher at a pH 

of 8.5. On the other hand, the PZC value showed that above pH 7.1, the cryogel's surface 

becomes negative due to the deprotonation of carboxyl groups on the polymer chains. This 

promotes electrostatic interactions between the ionized FLX and the carboxylate groups. 

The increase in adsorption capacity with increasing pH of the FLX solution at the inlet 

can therefore be explained by a better affinity between the adsorbate and adsorbent at pH 

8.5. 

6.6.2.3 Effect of bed height 

Figure 6.4c shows the effect of the bed height of the NaPA-CMCs hybrid cryogel of 0.2, 

0.4, and 0.8 cm at an initial FLX concentration at the inlet of 40 ppm, a flow rate of 1.5 

mL/min, and an influent pH of 8.5 on the dynamic adsorption performance was also 

studied. It was observed that the breakthrough curves had a steeper slope for the smallest 

bed (0.2 cm). Breakthrough and exhaustion are rapid, at 101.8 min and 334.1 min, 

respectively. Opposite results were observed for the tallest bed (0.8 cm), where 

breakthrough and exhaustion are delayed, at 339.1 min and 888 min, respectively. As the 

height increases, the adsorption capacity increases from 22.77 mg/g for 0.2 cm to 34.56 

mg/g for 0.8 cm with respective removal efficiencies of 42.18 % and 58.18 %. Increasing 

the bed height increases the density of active sites capable of capturing FLX. Thus, for a 

bed height of 0.8 cm, there are more adsorption sites available, which improves the 

adsorption capacity and delays both breakthrough and exhaustion of the adsorbent. This 

could suggest that the influence of axial dispersion is predominant over FLX mass transfer 

when the height of the NaPA-CMCs cryogel fixed bed is low due to the low density of 

binding sites (Auta and Hameed, 2013). 

6.6.2.4 Effect of initial concentration 

Figure 6.4d presents the study of the effect of the initial concentration of FLX at the inlet 

(10 ppm, 20 ppm and 40 ppm at a flow rate of 1.5 mL/min, a fixed bed height of 0.4 cm, 

and an influent pH of 8.5. The results reveal that breakthrough and exhaustion occur 

rapidly for the highest concentration and are delayed for the lowest concentration. 

Furthermore, the adsorption capacity increases with increasing concentration, while the 
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removal rate decreases. This trend has been observed for the removal of pharmaceuticals 

in aqueous media by other adsorbent systems (Aichour et al., 2019; Feizi et al., 2021; Jaria 

et al., 2019). This could be justified by the fact that the driving force associated with the 

concentration gradient is greater when the FLX concentration is high, promoting faster 

diffusion and higher mass transfer of FLX into the polymer network of the cryogel. This 

would lead to increased contact and interaction between FLX molecules and binding sites. 

 

 

Figure 6.4 Breakthrough curves and adjustment of the Thomas model to 
dynamic adsorption data of FLX on a fixed bed of NaPA-CMCs 
hybrid cryogel under different operating conditions: a) flow rate 1.5, 
2, and 2.5 mL/min; b) pH 5.5, 7, and 8.5; c) bed height 0.2, 0.4, and 0.8 
cm; d) initial concentration 10, 20, and 40 ppm 
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Figure 6.5 Breakthrough curves and fitting of the Yoon-Nelson model to the 
dynamic adsorption data of FLX on the fixed bed of NaPA-CMCs 
hybrid cryogel under different operational conditions: a) flow rate 1.5, 
2 and 2.5 mL/min; b) pH 5.5, 7 and 8.5; c) bed height height 0.2, 0.4 
and 0.8 cm; (d) initial concentration 10, 20 and 40 ppm. 
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Table 6.2 Column performance indicators for FLX removal under different 
operational conditions 

C0 
(ppm) 

H 
(cm) 

Q 

(mL/min) 

pH tb 

(min) 
te 

(min) 
qtotal 

(mg) 
qe.exp 

(mg/g) 
Wtotal 

(mg) 
P 

(%) 

40 0.4 1.5 5.5 96.1 391.9 12,77 17.03 36.00 35.47 

40 0.4 1.5 7 133.9 481.5 16.45 21.93 47.70 34.48 

40 0.4 1.5 8.5 193.5 665.9 25.49 33.98 48.60 52.45 

40 0.4 2 8.5 182.2 664.7 14.43 19.25 36.00 40.08 

40 0.4 2.5 8.5 42.7 268.7 11.86 15.82 33.00 35.94 

40 0.2 1.5 8.5 101.8 334.1 11.39 22.77 27.00 42.18 

40 0.8 1.5 8.5 339.1 888.0 34.56 34.56 59.40 58.18 

20 0.4 1.5 8.5 199.9 806.3 15.20 20.26 30.60 49.67 

10 0.4 1.5 8.5 474.73 929.0 10.36 13.81 17.55 59.03 

6.6.3 Modeling breakthrough curves 

In this study, the Thomas and Yoon-Nelson models were used to analyze experimental 

data on the dynamic adsorption of FLX in a fixed-bed column of NaPA-CMCs cryogel. 

The aim of this analysis is to understand how this contaminant behaves in the porous 

structure of the adsorbent material under various operating conditions during dynamic 

adsorption. The breakthrough curves obtained were modeled (Figures 6.4 and 6.5), and 

the parameters associated with each of the models studied were listed in Table 6.3. 

6.6.3.1 Thomas model 

Thomas' model provides access to parameters that answer questions related to the 

performance and operation of the column. Adjusting this model to the experimental 

dynamic adsorption data for FLX obtained in this study (Figure 6.4) enabled the prediction 

of the adsorption capacity and rate constant reported in Table 3. The results demonstrate 

that, across all tested operating conditions, the coefficient of determination (R2) exceeds 

0.98 and the root mean square error (RMSE) is below 0.052. This means that the Thomas 
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model accurately describes the experimental dynamic adsorption data of FLX on the fixed 

bed of NaPA-CMCs hybrid cryogel. Furthermore, there is a small difference between the 

theoretical values q0 and the experimental values qe,exp of the adsorption capacity, which 

confirms the validity of this model in this case. This result is consistent with that reported 

in our earlier work on batch adsorption of FLX on a cryogel made from the same 

precursors, where the Langmuir isothermal model provided a better fit to the experimental 

adsorption data (Nkana et al., 2024a). Table 6.3 shows a decrease in the apparent Thomas 

rate constant as the flow rate decreases, while increasing the pH, bed height, and initial 

concentration at the column inlet. This suggests that increasing the flow rate limits the 

external and internal diffusion resistance of FLX, while increasing the bed height has the 

opposite effect.  At a pH of 8.5, it is assumed that the hydration layer created by the ion-

dipole interactions between the carboxylate groups of the polymer network and the water 

molecules of the solution at the surface of the cryogel could act as a diffusion barrier, 

preventing the transport of FLX into the pores of the cryogel (resistance of the external 

fluid film). This could explain the decrease in the rate constant, which could also be 

justified by the diffusion resistance of the macro- and micropores (MD LeVan et al., 

1999). The increase in concentration at the column inlet leads to a greater concentration 

gradient, which increases the flow of FLX to the external boundary layer. As the active 

sites become saturated, mass transfer would become low, suggesting overall slow kinetics.  

The adsorption capacity of FLX on the NaPA-CMCs cryogel fixed bed increases as the 

influent pH, initial concentration, and fixed bed height increase. However, it decreases 

with increasing flow rate. This result implies that the optimal column operating parameters 

for adsorption on the fixed bed are pH 8.5, a bed height of 0.8 cm, an initial concentration 

of 10 ppm, and an influent flow rate of 1.5 mL/min. This is attributed to the activation of 

carboxyl groups, which facilitate electrostatic interactions, an increased density of binding 

sites, a concentration gradient that enhances the diffusion of FLX, and a longer contact 

time in the column. 

6.6.3.2 Yoon-Nelson model 

The adjustment of the Yoon-Nelson model allowed for the analysis of data from the 

breakthrough curves of dynamic adsorption of FLX on a fixed bed of NaPA-CMCs hybrid 
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cryogel under various experimental conditions. The results are shown in Figure 6.5, and 

the model parameter values are listed in Table 6.3. They show that R2 values exceed 0.98 

and RMSE values are under 0.052, with only slight differences between the experimental 

and theoretical adsorption capacities. This suggests that the Yoon-Nelson model can 

adequately describe the dynamic adsorption process of FLX on the NaPA-CMCs hybrid 

cryogel fixed bed under the experimental operating conditions. The gradual decrease in 

KYN values when the initial concentration of FLX increases could be explained by the 

significant flow of FLX towards the surface of the cryogel, which causes rapid saturation 

of the binding sites and a slowdown in mass transfer. The greater concentration gradient 

is thought to be responsible for faster breakthrough of FLX into the bed, which could 

explain why the τ values decrease as the concentration increases. Increasing the bed height 

and the pH of the influent gradually decreases the KYN values and increases the τ values, 

while increasing the flow rate has the opposite effect. This could indicate that increasing 

the pH to 8.5 increases FLX-cryogel interactions, while increasing the bed height provides 

more adsorbent material. This leads to increased adsorption, delays breakthrough and 

reduces the overall effective adsorption rate. In the case of flow rate, the increase leads to 

very limited contact times between FLX and the cryogel binding sites, causing rapid 

breakthrough and a gradual decrease in time τ as well as a gradual increase in KYN. 
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Table 6.3 Results of the adjustment of the Thomas model and the Yoon-Nelson model to experimental data on the dynamic 
adsorption of FLX on a fixed bed of NaPA-CMCs hybrid cryogel 
Parameters Thomas model Yoon-Nelson model 

C0 

(ppm) 

H 

(cm) 

Q 

(mL/min) 

pH q0 

(mg/g) 

KTh (mL/mg.min) R2 RMSE KYN 

(min-1) 

τ 

(min) 

R2 RMSE 

40 0.4 1.5 5.5 17.29 0.5185 0.9971 0.0228 0.0207 ± 0.0006 216.07 ± 1.97 0.9971 0.0228 

40 0.4 1.5 7.0 21.96 0.4125 0.9970 0.0234 0.0164 ± 0.0005 274.57 ± 2.33 0.9970 0.0234 

40 0.4 1.5 8.5 34.71 0.2942 0.9982 0.0165 0.0117 ± 0.0002 433.92 ± 2.04 0.9982 0.0165 

40 0.4 2.0 8.5 18.93 0.5735 0.9824 0.0515 0.0286 ± 0.0016 177.56 ± 3.48 0.9824 0.0515 

40 0.4 2.5 8.5 15.88 0.7825 0.9817 0.0500 0.0312 ± 0.0021 119.14 ± 2.23 0.9817 0.0500 

40 0.2 1.5 8.5 23.01 0.6575 0.9949 0.0283 0.0262 ± 0.0011 191.78 ± 1.93 0.9949 0.0283 

40 0.8 1.5 8.5 34.79 0.2715 0.9981 0.0162 0.0108 ± 0.0002 580.86 ± 3.65 0.9981 0.0162 

20 0.4 1.5 8.5 20.43 0.5125 0.9955 0.0276 0.0102 ± 0.0003 510.78 ± 1.93 0.9955 0.0276 

10 0.4 1.5 8.5 14.29 1.3460 0.9955 0.0268 0.0134 ± 0.0005 714.97 ± 3.10 0.9955 0.0268 

10* 0.2 1.5 8.5 9.98 1.8750 0.9933 0.0281 0.0188 ± 0.0008 322.31 ± 2.74 0.9933 0.0281 

10** 0.2 1.5 8.5 2.17 3.9050 0.9818 0.0457 0.0039 ± 0.0026 72.42 ± 1.81 0.9818 0.0457 

10*** 0.2 1.5 8.5 4.00 5.2510 0.9707 0.0610 0.0531 ± 0.0053 133.57 ± 2.06 0.9707 0.0610 

Operating conditions for simultaneous adsorption of FLX*, VEN**, and CIT*** and parameters of the Thomas and Yoon-Nelson 

models 



 

6.6.4 Competitive adsorption of fluoxetine, venlafaxine, and citalopram on 
a fixed bed of NaPA-CMCs hybrid cryogel 

A dynamic adsorption test of three targeted antidepressants was conducted under the 

operating conditions specified in section 6.5.4. Figure 6.6 shows the breakthrough curve 

and the fit of the non-linear Thomas and Yoon-Nelson models. The column exhaustion 

times for each target solute are 468 min for FLX, 178.5 min for CIT, and 127 min for 

VEN, while their equilibrium adsorption capacities are 9.98 mg/g, 4 mg/g, and 2.17 mg/g, 

respectively. The Thomas and Yoon-Nelson models fit the breakthrough curves well (R2 

> 0.97 et RMSE < 0.062). These results suggest an affinity for the cryogel in the following 

order: FLX > CIT > VEN. This phenomenon may be attributed to the fact that, despite the 

molecules being in an ionic state in solution and the cryogel surface exhibiting a negative 

charge, electrostatic interactions are not the sole factors promoting the sorption of solutes. 

Furthermore, the lipophilic characteristics of these pharmaceuticals (Table SI1) would 

promote hydrophobic interactions with the less polar regions of the cryogel polymer 

chains. This could justify the order of affinity, which suggests a dominant hydrophobic 

effect. 

 

Figure 6.6 Breakthrough curves for the simultaneous adsorption of FLX, VEN 
and CIT on a fixed bed of NaPA-CMCs hybrid cryogel and 
adjustment to models: a) Thomas and b) Yoon-Nelson 
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6.7 Proposed mechanism of targeted antidepressant adsorption 

The presence of NH2, OH, and COO- groups in the polymer network makes NaPA-CMCs 

cryogel generally hydrophilic. These functional groups contribute to the formation of 

hydrogen bonds with the donor or acceptor groups of the targeted antidepressants. FLX, 

CIT, and VEN exhibit high, moderate, and low lipophilicity, respectively, which could 

explain FLX's greater affinity for the relatively nonpolar areas of the cryogel, where 

hydrophobic interactions are more likely to occur. Furthermore, electrostatic interactions 

under experimental conditions where solution pH < pKa of each antidepressant would be 

predominant during the sorption of solutes on the negatively charged surface of the 

cryogel. It is also assumed that donor-acceptor Π-Π interactions occur between the 

aromatic ring of the target pharmaceuticals and the cryogel. Based on the physicochemical 

properties of the targeted antidepressants and the results of characterizing the NaPA-

CMCs hybrid cryogel, adsorption mechanisms have been proposed (Figure 6.7). 

 

Figure 6.7 Proposed scheme of the dynamic adsorption mechanism of fluoxetine, 
venlafaxine and citalopram on the hybrid cryogel NaPA-CMCs 



232 

 

6.8 Regeneration of the adsorbent NaPA-CMCs 

The effectiveness of a dynamic treatment system depends on both the adsorption 

performance of the adsorbent and the effectiveness of the regeneration method, which can 

extend the operational life of the adsorbent through adsorption-desorption cycles. Figure 

6.8 shows the results from four consecutive dynamic adsorption cycles, each followed by 

desorption, using the conditions outlined in section 6.5.4. The results reveal a decrease in 

the sorption rate (% P) from 52.5 % (first adsorption) to 17.8 % (fourth adsorption) with 

a minimum desorption capacity of 54 %. This could suggest that although the composition 

of the eluant allowed for effective desorption after the first adsorption (89.9 %), the flow 

rate and/or total volume of solvent used for FLX desorption were no longer suitable for 

optimal desorption.  A decrease in elution flow rate and treatment of the cryogel with a 

larger volume of desorption solvent would promote optimal timing and more efficient 

regeneration. 

 

Figure 6.8 Adsorption (Ads) and Desorption (Des) cycles of fluoxetine on NaPA-
CMCs hybrid cryogel 
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6.9 Conclusion 

This work addresses the removal of emerging contaminants, particularly antidepressants, 

from aqueous media by adsorption on a hybrid cryogel. The aim was to manufacture the 

cryogel through cryopolymerization using sodium acrylate and carboxymethyl chitosan in 

the first stage, and then to conduct continuous adsorption tests on a fixed-bed column 

using a simple device in the second stage. The material obtained has a macroporous 

structure with relatively well-distributed open pores that form an interconnected network. 

Investigation of the effect of operating parameters on the efficiency of the dynamic 

adsorption system reveals that a pH of 8.5 is optimal for FLX adsorption, as this molecule 

is ionized in its current state. The negatively charged surface of the hybrid cryogel 

promotes electrostatic interactions. Increasing the flow rate limits the contact time 

between FLX and the hybrid cryogel, causing early breakthrough and exhaustion of the 

adsorbent. Increasing the initial concentration leads to rapid saturation of the active sites, 

delaying breakthrough and exhaustion, while the equilibrium adsorption capacity 

increases with increasing bed height.  

The Thomas and Yoon-Nelson models accurately describe the experimental breakthrough 

curve data. The cryogel developed achieves FLX removal levels greater than 50 % for a 

solution pH of 8.5, a bed height of 0.8 cm, an initial concentration of 10 ppm, and a flow 

rate of 1.5 mL/min. This suggests that the synergistic action of different adsorption 

mechanisms, depending on the properties of the cryogels and the target antidepressants, 

contributes to their removal from the aqueous medium. This justifies the greater affinity 

of the cryogel for FLX compared to CIT and VEN.  

This work demonstrates the potential of the NaPA-CMCs hybrid cryogel as a simple and 

effective alternative for solving the problem of wastewater contamination by 

antidepressants, and more specifically by FLX. This material could be used as a potential 

antidepressant sensor in aqueous media, particularly in the pharmaceutical industry and 

hospitals. A drop in efficiency was observed during the regeneration of the hybrid cryogel. 

It would be advisable to reduce the flow rate during the desorption process to increase 

contact time and to test larger volumes of desorption solutions for more efficient 

regeneration. For future work, the investigation of the effect of column operating 
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parameters on the simultaneous adsorption of the three targeted antidepressants will be 

completed. The regeneration of the hybrid cryogel will be optimized, and dynamic 

adsorption tests with real wastewater containing antidepressants will be conducted. The 

information gathered from this study indicates that the macroporous NaPA-CMCs hybrid 

cryogel is a promising adsorbent that could be a potential candidate for water purification 

applications, particularly in removing antidepressants originating from the pharmaceutical 

industry and hospitals. 
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recherche et M. Chabot est co-directeur de cette recherche. Le directeur et le co-directeur 

ont participé à la révision et à la correction du manuscrit. 

7.2 Résumé 

La FLX présent dans les milieux aquatiques menace les écosystèmes, ce qui nécessite des 

méthodes d'élimination efficaces. Dans cette étude, un cryogel imprimé a été fabriqué à 

l'aide de la FLX comme modèle. Les cavités imprimées dans le réseau polymère du 

cryogel servent de sites de reconnaissance sélectif pour le FLX. Les cryogels imprimés et 

non imprimés ont été caractérisés par microscopie électronique à balayage (MEB), 

microscopie confocale à balayage laser (CLSM), spectroscopie infrarouge à transformée 

de Fourier (FTIR) et analyse de surface BET (Brunauer-Emmett-Teller). Le degré de 

gonflement et la charge de surface ont été mesurés. Des tests d'adsorption continue de la 

FLX ont été réalisés à l'aide de colonnes à lit fixe remplies de cryogels non imprimés 

(NIC1/NaPA-CMCs) et imprimés (MIC2/NaPA-CMCs) dans des conditions définies (10-

40 ppm, 1,5-2,5 ml/min, pH 8,5, 0,4 cm, 20 ± 2 °C). Le profil de percée s'est accentué à 

mesure que la concentration et le débit augmentaient. Les données d'adsorption 

correspondaient aux modèles de Thomas et de Yoon-Nelson, et les paramètres indiquaient 

une cinétique lente, limitée par la diffusion et régie par la diffusion interne. L'élimination 

sélective de la FLX a été testée par adsorption compétitive avec le CIT. Le cryogel 

imprimé a adsorbé 24,96 mg/g et 22,04 mg/g de FLX sous (40 ppm, 1,5 mL/min) et (20 

ppm, 1,5 mL/min), respectivement. La FLX a montré une plus grande affinité pour les 

surfaces MIC2/NaPA-CMCs, avec une efficacité d'élimination supérieure à celle des 

NIC1/NaPA-CMCs. 

7.3 Abstract 

FLX in aquatic environments threatens ecosystems, necessitating efficient removal 

methods. In this study, an imprinted cryogel was fabricated using FLX as a template. The 

cavities imprinted within the cryogel's polymer network serve as selective recognition 

sites for FLX. The imprinted and non-imprinted cryogels were characterized by scanning 

electron microscopy (SEM), confocal laser scanning microscopy (CLSM), Fourier-
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transform infrared spectroscopy (FTIR), and BET (Brunauer-Emmett-Teller) surface 

analysis. Swelling degree and surface charge were measured. Continuous FLX adsorption 

tests used fixed-bed columns packed with non-imprinted (NIC1/NaPA-CMCs) and 

imprinted (MIC2/NaPA-CMCs) cryogels under defined conditions (10–40 ppm, 1.5–2.5 

mL/min, pH 8.5, 0.4 cm, 20 ± 2 °C). The breakthrough profile steepened as concentration 

and flow rate increased. The adsorption data fit the Thomas and Yoon–Nelson models, 

and parameters indicated slow, diffusion-limited kinetics governed by internal diffusion. 

Selective FLX removal was tested via competitive adsorption with CIT. The imprinted 

cryogel adsorbed 24.96 mg/g and 22.04 mg/g FLX under (40 ppm, 1.5 mL/min) and (20 

ppm, 1.5 mL/min), respectively. FLX showed greater affinity for MIC2/NaPA-CMCs 

surfaces, with higher removal efficiency than NIC1/NaPA-CMCs. 

7.4 Introduction 

Antidepressants are psychotropic pharmaceuticals classified as emerging contaminants, 

detected at trace levels (ng·L-1) in environmental media [1]. They exhibit biorecalcitrance, 

persistence, and tissue accumulation in aquatic organisms from contaminated 

environments [2–4]. Fluoxetine (FLX), an antidepressant in the selective serotonin 

reuptake inhibitors family, treats depressive disorders [5–7]. It is lipophilic and stable, 

with an octanol-water partition coefficient of 4.05-4.6 [8]. Increasing human and animal 

consumption of these medications contributes to environmental release of the original 

compounds or their metabolites [9,10].  Conventional wastewater treatment methods in 

wastewater treatment plants (WWTPs) do not remove these micropollutants before 

discharge into receiving waters [11]. These molecules adsorb onto sediments where they 

accumulate [12]. Effective removal of antidepressant residues from wastewater is 

essential, as bioamplification risks in the trophic network may cause harmful effects on 

species in receiving environments [4,13]. The main toxic effects include behavioral and 

reproductive disruptions, alterations to physiological functions, and severe dysfunctions 

in the trophic network [14,15]. 

The stability of these molecules requires advanced treatment processes for effective 

removal. Promising methods include photocatalysis, electrocatalysis, ozonation, electro-
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peroxone systems, and photoelectro-Fenton processes [16–19]. Although effective, these 

techniques are energy-intensive, costly, may generate toxic by-products, and are complex 

to operate. Adsorption stands out for its efficiency and flexibility in removing organic 

compounds from aqueous media [20–22] a. It enables the development of adsorbent 

materials that effectively interact with such molecules. In a sustainable development 

context, adsorption is promising because it is simple, easy to implement, low-energy, and 

uses precursors that are often abundant, inexpensive, and derived from biomass. 

Several bio-based adsorbents have been developed, but one approach is increasingly 

attractive due to its material properties. Cryogelation produces stable, flexible cryogels 

with highly porous structures from monomer and/or polymer precursors without toxic 

solvents [23–25]. The macroporous structure and composites promote rapid molecular 

diffusion within the open and interconnected pore network. These materials can be 

chemically modified for target molecule selectivity and produced in various shapes, 

advantageous for filtration systems [26,27]. They effectively eliminate both organic and 

inorganic pollutants [25,28]. They have been developed from biodegradable, 

biocompatible polymers (cellulose, alginate, chitosan) and synthetic monomers 

(acrylamide, acrylonitrile, acrylic acid, sodium acrylate, and derivatives). Combining 

biopolymers and synthetic polymers has created hybrid cryogels with enhanced properties 

from both materials [29–31]. 

Incorporating a template molecule during fabrication and then removing it creates specific 

cavities that match the template molecule. This approach has enabled molecularly 

imprinted cryogels with selective removal potential for the target molecule in complex 

systems [26,32]. Such an approach enhances cryogels' adsorption capacity for target 

molecules, such as FLX. 

To our knowledge, no study has reported a molecularly imprinted hybrid cryogel for 

selective FLX removal from aqueous media. This work aims to use FLX as a template 

molecule in fabricating an imprinted cryogel from sodium acrylate and 

carboxymethylchitosan. We characterized imprinted and non-imprinted cryogels using 

scanning electron microscopy (SEM), confocal laser scanning microscopy (CLSM), 
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Fourier-transform infrared spectroscopy (FTIR), and BET analysis. We analyzed the 

materials' swelling degree and surface charge by determining the point of zero charge. 

We conducted continuous-flow adsorption tests of FLX on the developed materials and 

evaluated the selective adsorption potential of the imprinted cryogel through competitive 

adsorption between FLX and citalopram (CIT), another antidepressant in the same family. 

7.5 Experimental 

7.5.1 Materials 

Chitosan (Cs) with a deacetylation degree ≥ 75 % derived from shrimp shells, chloroacetic 

acid (C₂H₃ClO₂, ≥ 99.0 %), sodium hydroxide (NaOH, ≥ 98 %), anhydrous calcium 

chloride (CaCl₂, ≥ 93.0%), genipin (≥ 98 %), and anhydrous acrylic acid containing 200 

ppm MEHQ (99 %, AA) were purchased from Sigma-Aldrich.  N,N-

methylenebis(acrylamide) (MBA, 99.0 %), sodium metabisulfite (≥ 99.0 %), ammonium 

persulfate (APS, ≥ 98.0 %), N,N,N',N'-tetramethylethylenediamine (TEMED), isopropyl 

alcohol (C₃H₈O, 99.0 %), and fluoxetine hydrochloride (FLX), used as the pharmaceutical 

standard for the fixed-bed adsorption tests,  were also from Sigma-Aldrich. Hydrochloric 

acid (HCl, 37 %) was obtained from Acros Organics. Anhydrous ethanol (C₂H₅OH) and 

methanol (≥ 99.0 %) were purchased from Commercial Alcohol Greenfield. All solutions 

were prepared with ultrapure Milli-Q water. 

7.5.2 Method 

7.5.2.1 Synthesis of carboxymethyl chitosan 

Building on our previous research, CMCs were synthesized with slight methodological 

modifications [33].  First, 6 g of chitosan was added to a flask with 80 mL propan-2-ol 

and stirred at 250 rpm for 1 h at room temperature. Then, 60 mL NaOH solution (0.4 

g/mL) was added and the mixture stirred for 4 h. The flask was stored at −20 °C overnight. 

After thawing, it was placed in an oil bath at 50 °C. A solution of monochloroacetic acid 

(30 g in 20 mL propan-2-ol) was added and stirred at 250 rpm for 30 min. The reaction 

proceeded for 150 min.  After cooling, 200 mL of 95 % ethanol was added to stop the 
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reaction. The product was washed with ethanol and vacuum-dried at 30 °C for 24 h. 

Impurities were removed by dissolving the product in distilled water, centrifuging at 

10,000 rpm, and filtering the supernatant. The dissolved polymer was recrystallized with 

600 mL of pure ethanol, isolated by vacuum filtration, and dried under vacuum at 30 °C 

for 48 h. 

7.5.2.2 Synthesis of the non-imprinted hybrid cryogel (NIC1/NaPA-CMCs) 

Sodium acrylate (NaA) was prepared by neutralizing acrylic acid with 1 M NaOH, heating 

the solution in an 80 °C water bath at 100 rpm for 24 h until water evaporated, and drying 

it under vacuum at 45 °C. The NIC1/NaPA-CMCs cryogel was synthesized following our 

previous methodology and that of Mourão et al. [29,33] with minor modifications. In a 

glass vial, 9 mL of 0.3 % (m/v) NaCMCs solution was stirred at 300 rpm. Then, 0.687 g 

NaA was dissolved in the NaCMCs solution, and pH was adjusted to 7 with 1 M NaOH. 

For crosslinking, 20 μL of 11 mM genipin was added for 10 min, followed by dissolution 

of 0.113 g MBA for 30 min. The mixture was degassed for 3 min in an ultrasonic bath 

(Bransonic CPX3800), frozen for 5 min, and stirred at 90 rpm in an ice bath. Co-initiators 

APS (0.2 % m/v), TEMED (0.2 % v/v), and 100 μL of 2 % (m/v) CaCl₂ were added. The 

final volume was adjusted to 10 mL, stirred for 60 s, and transferred to polypropylene 

syringes (Hsw 10/12 mL, 15.9 mm ID). Cryopolymerization proceeded at −18 °C for 24 

h. The cryogels were thawed at 5 °C, then at room temperature, and washed with ultrapure 

water. Samples for characterization were freeze-dried; others were stored hydrated after 1 

h of vacuum drying at room temperature. 

7.5.2.3 Synthesis of the molecularly imprinted hybrid cryogel (MIC1/NaPA-
CMCs) 

The MIC1/NaPA-CMCs cryogel was prepared using FLX as the template. In a 0.3 % 

(m/v) NaCMCs solution stirred at 300 rpm, 0.687 g NaA and 0.1 mg FLX were dissolved 

for 90 min. After pH adjustment to 7 with 1 M NaOH, 20 μL of 11 mM genipin and 0.113 

g MBA were added and stirred for 30 min. The mixture was degassed and cooled to 4 °C. 

Co-initiators APS (0.2 % m/v) and TEMED (0.2 % v/v) were added under stirring, 

followed by 100 μL of 2 % (m/v) CaCl₂. The volume was adjusted to 10 mL with water, 
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briefly stirred, and transferred to syringes. Cryopolymerization proceeded at −18 °C for 

24 h. The MIC1/NaPA-CMCs was inserted into a clear PVC rigid tube column 

(Meccanixity; height 35 cm, inner diameter 20 mm, outer diameter 25 mm) connected to 

a Masterflex peristaltic pump (Cole-Parmer) to remove the template molecule. Distilled 

water (5 mL) was added to the column for 1 min to promote swelling. Subsequently, the 

FLX extraction solvent (5% methanol/0.1 M HCl, 1:1 v/v) was pumped through the 

cryogel at 1 mL/min to the outlet. Samples were collected from the column outlet over 

10-120 min and analyzed by UV-Vis spectrophotometry at 230 nm until no FLX was 

detected in the effluent. The resulting material was annotated MIC2/NaPA-CMCs. 

 
Figure 7.1 Manufacturing steps of the hybrid cryogel based on sodium acrylate 

(NaA) and sodium carboxymethyl chitosan (NaCMCs) by 
cryopolymerization 

7.5.3 Characterization of the hybrid cryogels MIC/NaPA-CMCs and 
NIC/NaPA-CMCs 

Various analytical techniques were employed to characterize the MIC/NaPA-CMCs and 

NIC/NaPA-CMCs cryogels. These included FTIR analysis using a Nicolet IS10 FTIR 

spectrometer at room temperature (500 - 4000 cm-1), surface morphology analysis by SEM 

using a Hitachi SU 1510 Microscope, and surface images obtained using a Keyence VHX 

digital microscope. The specific surface area was determined by the BET method, 

measuring nitrogen adsorption at 77 K using a Micromeritics ASAP2020 instrument. 
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The point of zero charge (pHPZC) was determined using the pH drift method [33]. Samples 

were placed in beakers with 20 mL of 0.01 M NaCl solution. The initial pH was adjusted 

with NaOH and HCl to obtain values between 2 and 12. The beakers were placed in a Lab-

Line 3528 orbital shaker for 24 h at 22 °C. After filtration, the final pH was measured 

using a Mettler-Toledo pH meter. The pHPZC is defined as the pH at which the change in 

pH (initial pH minus final pH) is zero. 

The degree of swelling was determined following Marcuz C. et al. (2021) [34]. A cryogel 

sample (m1, g) was weighed, immersed in 50 mL distilled water (pH 7, 20 ± 2 °C) for 10 

s. The saturated cryogel was blotted and weighed (m2, g). The experiment was repeated 

three times, and the swelling ratio (%) SW was calculated using Equation 7.1: 

2 1

1

% 100
m m

Sw
m
−

= ×
 Equation 7.1 

7.5.3.1 Continuous-flow adsorption study of fluoxetine on hybrid 
MIC2/NaPA-CMCs and NIC1/NaPA-CMCs cryogels 

Continuous adsorption tests in a fixed-bed column were conducted in downflow mode 

using the same column/pump system used in section 7.5.2.3 for FLX extraction. The 

factors to evaluate the adsorption capacity of the cryogel beds were pH 8.5, bed height 0.4 

cm, flow rates of 1.5, 2, and 2.5 mL/min, and initial concentrations of 10, 20, and 40 ppm. 

Water samples were collected regularly and analyzed using a UV-Vis spectrometer 

(Agilent Cary 60 UV-Vis) at 230 nm to determine the absorbance of the initial and final 

FLX solutions. All experiments were at room temperature (20 ± 2 °C). 

From the data, breakthrough curves ((Ct/C0) versus t) were plotted, and column operating 

parameters were determined, including total FLX adsorbed at a flow rate qtotal (mg) and 

equilibrium adsorption capacity qe.exp (mg/g), represented by Equations (2) and (3). The 

breakthrough time, tb (min), and the exhaustion time, te (min), are defined as the points at 

which the ratio Ct/C0 reaches 0.05 and 0.95, respectively. 
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Where Q is the flow rate (mL/min), C0 (ppm) is the initial FLX concentration at the 

column inlet, Ct (ppm) is the FLX concentration in the effluent at the outlet, m (g) is the 

mass of cryogel adsorbent, and ttotal (min) is the column operating time. 

The Thomas and Yoon-Nelson models (Equations 7.4 and 7.5) were used to fit the 

experimental data. The underlying assumptions of these models state that adsorption 

follows pseudo-second-order kinetics for the former, and that the probability of 

breakthrough is proportional to the probability of adsorption for the latter [35,36]. 
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Where KTh (L/mg·min) is the Thomas rate constant, q0 (mg/g) is the equilibrium 

adsorption capacity, KYN (min-1) is the Yoon-Nelson rate constant, and τ (min) is the time 

corresponding to 50 % breakthrough. 

The quality of fit of experimental data by both models was determined using a statistical 

software (OriginPro 2025), specifically the coefficient of determination (R2) and the root 

mean square error (RMSE). 

7.5.3.2 Preliminary competitive adsorption study of fluoxetine and 
citalopram in continuous flow on MIC2/NaPA-CMCs and NIC1/NaPA-
CMCs cryogels  

A mixed solution of FLX and CIT (10 ppm each) was prepared with 5 % methanol and 

pH adjusted to 8.5 with 1 M NaOH. Competitive adsorption on NIC1/NaPA-CMCs and 
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MIC2/NaPA-CMCs cryogel beds was performed in continuous mode at an initial 

concentration of 10 ppm, a bed height of 0.4 cm, and a flow rate of 1.5 mL/min. Effluent 

samples were collected and analyzed using a Shimadzu i-Series Plus liquid 

chromatography system with a diode array detector (DAD). Separation used a C18 column 

(XB-C18, 100 Å, 150 × 3 mm, 2.6 μm) with phosphate buffer (10 mM) and acetonitrile 

mobile phase. The elution flow rate was 0.3 mL/min, with CIT and FLX retention times 

of 3.11 and 4.96 min, respectively, for a total analysis time of 10 min. Maximum 

absorption was at 230 nm for FLX and 238 nm for CIT. Equations 7.6, 7.7, and 7.8 

determined distribution coefficients, selectivity coefficients, and relative selectivity 

coefficients. 
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Where Kd (L/g) is the distribution coefficient, Ce (ppm) is the equilibrium concentration, 

KdFLX (L/g) and KdCIT (L/g) are the distribution coefficients of FLX and CIT, KMIC/NaPA-

CMCs and KNIC/NaPA-CMCs are the selectivity coefficients of the imprinted and non-imprinted 

cryogels, and K' is the relative selectivity coefficient. 

7.6 Results and discussion 

7.6.1 Characterization of imprinted and non-imprinted hybrid cryogels 

Analysis of the infrared spectra (Figure 7.2) revealed structural changes in the polymer 

network after polymerization in the presence of the template molecule, its extraction, and 

FLX-induced modifications. The MIC1/NaPA-CMCs spectrum shows a band at 1644 

cm⁻¹, associated with the amide I C=O bond, linked to crosslinking of polymer chains by 

MBA and genipin. The intense band at 1545 cm⁻¹ is attributed to asymmetric COO⁻ 
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stretching and the N–H bond of amide II. The band at 1452 cm⁻¹ is attributed to CH₂ 

deformation, and that at 1406 cm⁻¹ corresponds to symmetric COO⁻ stretching. The band 

at 1324 cm⁻¹, attributed to C–N stretching of amide III, further confirms covalent-bridge 

formation in the polymer network, while the band at 1114 cm⁻¹ is assigned to C–O 

stretching. 

 

Figure 7.2 FTIR spectra of MIC1/NaPA-CMCs after printing, MIC2/NaPA-
CMCs after extraction, NIC1/NaPA-CMCs and NIC2/NaPA-CMCs 
before and after fluoxetine adsorption 

During MIC1/NaPA-CMCs formation, the functional groups COO⁻, NH₂, and OH 

establish electrostatic interactions and hydrogen bonds with FLX, thereby modifying their 

chemical environment. Extraction of FLX from the polymer network alters the vibration 

frequencies of these groups, as observed in the MIC2/NaPA-CMCs spectrum. An intense, 
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broad band appears at 1704 cm⁻¹, associated with C=O stretching of carboxylic acid 

arising from protonation of COO⁻ groups during washing with the acidified solvent. 

The shift of the bands at 1545 cm⁻¹ and 1406 cm⁻¹ toward lower frequencies and reduced 

intensity (to 1536 cm⁻¹ and 1402 cm⁻¹, respectively) corresponds to asymmetric and 

symmetric COO⁻ stretching. A similar modification occurs for the band at 1453 cm⁻¹, 

which shifts to 1448 cm⁻¹. FLX adsorption on NIC1/NaPA-CMCs is confirmed by 

changes in the NIC2/NaPA-CMCs spectrum. The band at 1644 cm⁻¹ shifts to 1636 cm⁻¹, 

likely due to hydrogen-bond formation between the C=O group of amide I and ionized 

FLX. Electrostatic interactions between COO⁻ groups and ionized FLX likely cause the 

shift of the bands at 1545 cm⁻¹ and 1403 cm⁻¹ to 1557 cm⁻¹ and 1406 cm⁻¹, respectively, 

where weaker bands appear. Likewise, the bands at 1449 cm⁻¹ and 1113 cm⁻¹ shift to 

weaker bands at 1454 cm⁻¹ and 1111 cm⁻¹, respectively. 

Figure 7.3 shows the swelling ratio of cryogels in water. Upon contact with water, the 

materials swell rapidly and reach equilibrium within 10 s. The maximum swelling of 

MIC2/NaPA-CMCs is 117.7 ± 7.8 %, while NIC1/NaPA-CMCs reach 123.5 ± 33.4 %. 

The demineralized water at pH 7 keeps the MIC2/NaPA-CMCs monolith surface 

generally negative (pH > pHPZC) and the NIC1/NaPA-CMCs surface generally positive 

(pH < pHPZC), as indicated by surface charge analysis. This promotes repulsive 

electrostatic interactions between charged functional groups, which, together with osmotic 

force, drive rapid water diffusion through the interconnected macropore network observed 

in microscopy and expand the polymer networks. The increased swelling of NIC1/NaPA-

CMCs compared to MIC2/NaPA-CMCs could result from FLX incorporation during 

polymerization, leading to the network forming around the template. Removing FLX to 

form printed cavities protonates COO⁻ groups and disrupts these interactions, reducing 

electrostatic repulsion between polymer chains and limiting MIC2/NaPA-CMCs swelling 

relative to NIC1/NaPA-CMCs. 
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Figure 7.3 Water swelling ratio (%) of MIC2/NaPA-CMCs and NIC1/NaPA-
CMCs upon contact with water. Cryogel samples were immersed in 
50 mL of distilled water at pH 7 and 20 ± 2 °C for 10 s 

FTIR analysis of the various cryogels confirmed the presence of polyelectrolyte within 

the monoliths' polymer network, with functional groups responsive to pH variation. To 

clarify this further, the overall surface charge of the cryogels was analyzed, along with the 

determination of the point of zero charge (pHPZC) (Figure 7.4). The pHPZC of MIC2/NaPA-

CMCs is 4.9, while that of NIC1/NaPA-CMCs is 7.1. Thus, surfaces are positively 

charged when  pHsolution < pHPZC and negatively charged when pHsolution > pHPZC. Although 

both cryogels consist of the same polymers, the use of FLX as a template would have 

modified the chemical environment of the functional groups. Extraction of FLX resulted 

in protonation of COO⁻ groups trapped in imprinted cavities. Upon immersion in an 

acidified aqueous environment, protonation occurs on fewer COO⁻ groups, which may 

explain the lower pHPZC of MIC2/NaPA-CMCs compared to NIC1/NaPA-CMCs. 
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Figure 7.4 Point of zero charge of MIC2/NaPA-CMCs and NIC1/NaPA-CMCs. 
Tests were carried out at room temperature 

The extraction of FLX from the MIC1/NaPA-CMC polymer network forms printed 

cavities. Fig. 5 shows UV spectra of extraction-solvent samples recovered at the column 

outlet from 10 to 120 min. The spectra show a marked decrease in FLX absorption after 

120 min of elution. This indicates that the extraction solvent (5 % methanol/0.1 M HCl, 

1:1 v/v) protonates carboxylate groups on the polymer chains, cancelling electrostatic 

interactions, and disrupts hydrogen bonds between polymer hydrogen-donor groups and 

the FLX hydrogen-acceptor group. This likely causes changes in the chemical 

environment around these donor groups on the MIC2/NaPA-CMCs monolith, as indicated 

by shifts in vibration frequencies between this cryogel and MIC1/NaPA-CMCs in FTIR 

analysis. 



256 

 

 

Figure 7.5 UV spectra of solution samples recovered after washing MIC1/NaPA-
CMCs cryogel at different extraction times 

The morphology, pore distribution, and roughness were analyzed by SEM and CLSM 

(Figure 7.6). The micrographs show a porous structure with a homogeneous distribution 

of interconnected pores. The 3D images reveal that at depths of 324.9 μm for 

MIC2/NaPA-CMCs and 212.3 μm for NIC1/NaPA-CMCs, the internal structure contains 

open cavities, which may accelerate FLX diffusion within the polymer network during 

adsorption. The material surfaces are irregular, with average roughness values of 19.2 μm 

for NIC1/NaPA-CMCs and 31.5 μm for MIC2/NaPA-CMCs. BET analysis gives specific 

surface areas of 61.1 m²·g⁻¹ for NIC1/NaPA-CMCs and 36.8 m²·g⁻¹ for MIC2/NaPA-

CMCs. The pore volumes are 0.083 cm³·g⁻¹ for NIC1/NaPA-CMCs and 0.187 cm³·g⁻¹ for 

MIC2/NaPA-CMCs, with pore diameters of 547.7 nm and 203.3 nm, respectively. 
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Figure 7.6 SEM micrographs of NIC1/NaPA-CMCs: (a) ×100, (a₁) ×1000, (a₂) 
×5000; MIC2/NaPA-CMCs: (b) ×100, (b₁) ×1000, (b₂) ×5000; and 3D 
CLSM images of (c) NIC1/NaPA-CMCs and (d) MIC2/NaPA-CMCs 

7.6.2 Effect of operating parameters on the fluoxetine adsorption capacity 
of NIC1/NaPA-CMCs and MIC2/NaPA-CMCs cryogel beds  

Breakthrough curves represent system behavior during dynamic adsorption and quantify 

column performance during FLX adsorption. In the breakthrough curves (Figure 7.7), 

initial concentration variation shows similar effects on NIC1/NaPA-CMCs and 

MIC2/NaPA-CMCs. Higher inlet concentrations lead to earlier breakthrough and faster 

exhaustion of cryogel beds. For NIC1/NaPA-CMCs, breakthrough time (tb) decreased 

from 477.8 min to 159.1 min, and exhaustion time (tₑ) from 963.6 min to 654.9 min. For 

MIC2/NaPA-CMCs, breakthrough time decreased from 465.8 min to 137.1 min and 

exhaustion time from 946 min to 564.2 min, as shown in Tables 7.1 and 7.2. Rapid 
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adsorption-front movement produces a sharper breakthrough profile. Higher 

concentration gradients overcome liquid-film resistance and increase mass transfer 

between FLX solution and the cryogel-bed surface. The active sites reach saturation 

earlier at higher FLX concentrations, consistent with Saravanan et al. (2018) [37] for 

pollutant removal using biomass. 

 

Figure 7.7 Breakthrough curves of FLX in a fixed-bed cryogel column under 
different operating conditions: a) concentration (NIC1/NaPA-CMCs), 
b) concentration (MIC2/NaPA-CMCs), c) flow rate (NIC1/NaPA-
CMCs), d) flow rate (MIC2/NaPA-CMCs), at pH 8.5, bed height 0.4 
cm, and temperature 20 ± 2 °C  

Increasing the flow rate accelerated breakthrough and exhaustion for both NIC1/NaPA-

CMCs and MIC2/NaPA-CMCs (Tables 7.1 and 7.2). At 1.5 mL·min⁻¹, FLX solution flows 

more slowly through cryogel beds than at 2 and 2.5 mL·min⁻¹, allowing molecules more 

time to diffuse through pores and reach active sites [22,38].  Consequently, adsorption 
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capacity decreased from 20.61 mg·g⁻¹ to 7.79 mg·g⁻¹ for NIC1/NaPA-CMCs and from 

22.04 mg·g⁻¹ to 6.61 mg·g⁻¹ for MIC2/NaPA-CMCs. 

The adsorption-test pH (8.5) promotes electrostatic interactions between ionized FLX 

(pKa 9.8) and the negatively charged NIC1/NaPA-CMCs and MIC2/NaPA-CMCs 

surfaces via COO⁻ groups along polymer chains, as indicated by pHPZC results. 

Table 7.1 Performance indicators of FLX adsorption by NIC1/NaPA-CMCs 
cryogel bed under different operational conditions 

C (ppm) Q (mL/min) pH H (cm) qtot (mg) qe.exp (mg/g) tb (min) te (min) 
10 1.5 8.5 0.4 10.51 14.02 477.8 963.6 
20 1.5 8.5 0.4 15.46 20.61 269.2 779.9 
40 1.5 8.5 0.4 22.20 29.60 159.1 654.9 
20 2.0 8.5 0.4 13.71 18.28 147.3 482.2 
20 2.5 8.5 0.4 5.84 7.79 49.0 268.4 

Table 7.2 Performance indicators of FLX adsorption by MIC2/NaPA-CMCs 
cryogel bed under different operational conditions 

C (ppm) Q (mL/min) pH H (cm) qtot (mg) qe.exp (mg/g) tb (min) te (min) 
10 1.5 8.5 0.4 10.23 13.64 465.8 946 
20 1.5 8.5 0.4 16.53 22.05 334.6 760.6 
40 1.5 8.5 0.4 18.72 24.96 137.1 564.2 
20 2.0 8.5 0.4 15.32 20.43 170.8 568.9 
20 2.5 8.5 0.4 4.96 6.61 39.6 171.9 

7.6.3 Modeling of breakthrough curves  

Modeling breakthrough curves is an essential step for predicting column operating 

parameters by fitting models to experimental data. It also allows evaluation of the 

adsorption dynamics in a fixed-bed column. For this purpose, the Thomas and Yoon-

Nelson models were used, as they are advantageous for describing overall adsorption 

kinetics. The data processing and modeling were carried out using Origin 2025 software. 

7.6.3.1 Thomas model 

A nonlinear adjustment of the Thomas model to experimental continuous adsorption data 

of FLX fit the data well (Figure 7.8). The predicted parameters appear in Tables 7.3 and 

7.4. Results indicate robust fits across initial concentration and flow rate. The R² values 



260 

 

exceed 0.98, with RMSE values near zero. The minimal difference between experimental 

(qe,exp) and theoretical (q0) adsorption capacities supports the model's validity. 

 

Figure 7.8 Adjustment of the Thomas model to FLX dynamic adsorption data in 
a fixed bed of NIC1/NaPA-CMCs and MIC2/NaPA-CMCs 

The Thomas constant KTh (mL·mg⁻¹·min⁻¹) decreases with increasing FLX inlet 

concentration and with reduced flow rate. This decrease indicates mass transfer limited by 

internal diffusion, although concentration gradients rise. External diffusion occurs faster, 

and surface sites saturate before internal pore sites. The apparent adsorption kinetics is 

slow and limited by internal diffusion. Higher concentration increases the FLX mass flux 

to active sites, thereby increasing adsorption. A similar behavior is observed for 

acetaminophen adsorption [39]. 
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7.6.3.2 Yoon-Nelson model 

A nonlinear adjustment of the Yoon–Nelson model fits the experimental adsorption data. 

The simulation results for different column conditions are shown in Figure 7.9, with the 

model parameters listed in Tables 7.3 and 4. R² values above 0.98 and RMSE values near 

0 confirm the model captures FLX adsorption on the cryogels. The parameter τ and Yoon–

Nelson constant KYN (min⁻¹) decrease with increasing initial FLX concentration and flow 

rate, indicating faster saturation and shorter breakthrough times. 

 

Figure 7.9 Adjustment of the Yoon-Nelson model to FLX dynamic adsorption 
data in a fixed bed of NIC1/NaPA-CMCs and MIC2/NaPA-CMCs 



 

Table 7.3 Adjustment of Thomas and Yoon-Nelson models for NIC1/NaPA-CMCs 
 Parameters Thomas model   Yoon-Nelson model   

C 
(ppm) 

Q 
(mL/min) 

pH H 
(cm) 

KTh 
(mL/mg.min) 

q0 
(mg/g) 

R2 RMSE KYN 
(min-1) 

τ 
(min) 

R2 RMSE 

10 1.5 8.5 0.4 1.43 ± 0,03 14.13 ± 0.03 0.998 0.015 0.014 ± 2.42 x10-4 706.48 ± 1.74 0.998 0.015 
20 1.5 8.5 0.4 0.51 ± 0.01 20.98 ± 0.10 0.997 0.020 0.010 ± 2.46 x10-4 524.50 ± 2.70 0.997 0.020 
40 1.5 8.5 0.4 0.28± 0.06 30.27 ± 0.21 0.998 0.016 0.011 ± 3.15 x10-4 433.82 ± 1.99 0.998 0.016 
20 2.0 8.5 0.4 0.83 ± 0.02 16.83 ± 0.09 0.998 0.017 0.017 ± 3.80 x10-4 315.60 ± 1.72 0.998 0.017 
20 2.5 8.5 0.4 1.73 ± 0.09 7.89 ± 0.11 0.990 0.039 0.034 ± 18.40 x10-4 118.30 ± 1.63 0.990 0.039 

 

Table 7.4 Adjustment of Thomas and Yoon-Nelson models for MIC2/NaPA-CMCs 
 Parameters Thomas model   Yoon-Nelson model   

C 
(ppm) 

Q (mL/min) pH H 
(cm) 

KTh 
(mL/mg.min) 

q0  
(mg/g) 

R2 RMSE KYN 

 (min-1) 
τ  

(min) 
R2 RMSE 

10 1.5 8.5 0.4 1.160 ± 0.020 13.90 ± 0.03 0.999 0.013 0.012 ± 1.96 x10-4 694.81 ± 1.64 0.999 0.013 
20 1.5 8.5 0.4 0.675 ± 0.017 22.53 ± 0.08 0.998 0.017 0.013 ± 3.13 x10-4 563.35 ± 195 0.998 0.017 
40 1.5 8.5 0.4 0.295 ± 0.011 25.77 ± 0.33 0.992 0.035 0.01 ± 4.48 x10-4 322.21 ± 4.18 0.992 0.035 
20 2.0 8.5 0.4 0.703 ± 0.017 21.09 ± 0.11 0.998 0.018 0.014 ± 3.32 x10-4 395.55 ± 1.99 0.998 0.018 
20 2.5 8.5 0.4 2.355 ± 0.074 7.23 ± 0.05 0.997 0.021 0.047 ± 14.90 x10-4 108.44 ± 0.75 0.997 0.021 



 

7.6.4 The study of selective adsorption of imprinted and non-imprinted 
cryogels 

A preliminary adsorption test was conducted using fluoxetine (FLX) and citalopram 

(CIT), antidepressants in the selective serotonin reuptake inhibitor class that coexist in 

aquatic environments. Their properties are presented in Table 7.5. CIT shares 

physicochemical properties with FLX, such as pKa, log Kow, and log Kd. The mixed 

solution prepared according to Section 7.5.5 was contacted with NIC1/NaPA-CMCs and 

MIC2/NaPA-CMCs beds to assess selective FLX adsorption. The solution pH was 

adjusted to 8.5, below both molecules’ pKa, ensuring their cationic protonation. This 

promotes electrostatic interactions with the materials’ negatively charged surfaces, as 

shown by point-of-zero-charge analysis. The adsorbed amounts of FLX and CIT are 

shown in Figure 7.10. 

Table 7.5 Physico-chemical characteristics of fluoxetine and citalopram [8,40] 

Chemical Fluoxetine (FLX) Citalopram (CIT) 

Molecular structure  

 

Molecular formula C17H18F3NO C20H21FN2O 

Molecular weight 309.32 g/mol 405.30 g/mol 

pKa 9.80 9.78 

Water solubility 0.0017 mg/mL 0.0059 mg/mL 

Log KOW 4.17 3.76 

Log Kd 3.9 3.6 

 

O

F

N

N



264 

 

The amount of FLX adsorbed onto MIC2/NaPA-CMCs (13.78 mg·g⁻¹) is higher than onto 

NIC1/NaPA-CMCs (9.98 mg·g⁻¹), while CIT adsorption onto MIC2/NaPA-CMCs is 

significantly lower than FLX. This indicates FLX's stronger affinity for the imprinted 

cavities. The selectivity coefficient calculations in Table 7.6 show higher FLX adsorption 

than CIT for both materials. The selectivity coefficient of MIC2/NaPA-CMCs exceeds 

that of NIC1/NaPA-CMCs, with K′ > 1, confirming FLX's stronger affinity for 

MIC2/NaPA-CMCs active surface. It is believed that during adsorption, FLX, being more 

hydrophobic than CIT with a higher sorption coefficient, orients toward memory sites 

(imprinted cavities), which saturate rapidly, then toward non-imprinted binding sites in 

the polymer network. FLX binds through electrostatic, hydrophobic, hydrogen-bonding, 

and π-π interactions. CIT competes with FLX only at sites outside imprinted cavities. 

 

Figure 7.10 Adsorbed amounts of fluoxetine and citalopram on NIC1/NaPA-
CMCs and MIC2/NaPA-CMCs 
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Table 7.6 The distribution coefficient, selectivity, and relative selectivity 
coefficients 

 NIC1/NaPA-CMCs MIC2/NaPA-CMCs 

 qe.exp Kd K qe.exp Kd K K’ 

FLX 9.98 0.998 - 13.78 1.38 - - 

CIT 2.67 0.27 3.7 2.33 0.23 5.92 1.6 

7.7 Conclusion 

The presence of antidepressant residues, such as FLX, in aquatic environments poses 

ecological risks. Developing molecularly imprinted cryogels that selectively bind this 

contaminant mitigates these risks, as FLX often coexists with other pharmaceutical 

pollutants, such as CIT. 

In this study, FLX served as the template molecule to create memory cavities in the 

polymer network. The macroporous monoliths NIC1/NaPA-CMCs and MIC2/NaPA-

CMCs were characterized and subjected to FLX adsorption tests. The selective adsorption 

capacity of MIC2/NaPA-CMCs was preliminarily evaluated by competitive adsorption 

with CIT. 

Results show that both NIC1/NaPA-CMCs and MIC2/NaPA-CMCs effectively removed 

FLX across experimental conditions. The adsorbed quantities were 24.96 mg·g⁻¹ for 

MIC2/NaPA-CMCs and 29.6 mg·g⁻¹ for NIC1/NaPA-CMCs at 40 ppm initial 

concentration and 1.5 mL·min⁻¹ flow rate. Exhaustion times ranged from 170 to 964 min. 

A continuous-flow adsorption study of FLX on both cryogels showed that initial 

concentration and flow rate shaped the breakthrough curves. The Thomas and Yoon–

Nelson models effectively described the adsorption data. Internal diffusion proved the 

rate-limiting step. 
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FLX exhibited stronger affinity for MIC2/NaPA-CMCs’ active surface than for CIT, and 

the imprinted cryogel showed higher potential for selective FLX removal than 

NIC1/NaPA-CMCs. This material could eventually support FLX preconcentration in 

various samples. 
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Chapitre 8 - Conclusions 

8.1 Conclusions générales 

Les antidépresseurs sont des contaminants émergents biorécalcitrants, persistants et 

bioactifs qui échappent aux procédés de traitement conventionnels des eaux usées dans 

les STEP, ce qui en fait des vecteurs de contamination des milieux aquatiques. Les effets 

chroniques négatifs des antidépresseurs sur le biote aquatique non ciblé vivant dans les 

milieux récepteurs sont une source de préoccupation d’autant plus qu’une toxicité 

synergique et/ou cumulée est de plus en plus évoquée. Cela représente un défi 

environnemental complexe pour éviter, à long terme, le déséquilibre du réseau trophique 

et la disparition de certaines espèces aquatiques. Les moyens existants pour leur 

élimination efficace sont marqués par de nombreuses insuffisances, ce qui motive la 

recherche et le développement de solutions plus vertes, simples, durables et économiques. 

Les matériaux fonctionnels biosourcés et leurs composites se démarquent comme des 

alternatives viables et crédibles pour l’élimination des contaminants de l’eau. Les regards 

se tournent de plus en plus vers des matériaux hydrogélifiés et cryogélifiés pour leur 

architecture poreuse, ainsi que pour leurs nombreuses propriétés exceptionnelles, idéales 

pour développer des systèmes multifonctionnels et intelligents capables d’éliminer 

efficacement les antidépresseurs dans les milieux aqueux. 

Dans ce sens, cette thèse a porté sur le développement des hydrogels sphériques 

biosourcés de carboxyméthylchitosane et de cryogels hybrides monolithiques 

partiellement biosourcés combinant le carboxyméthylchitosane avec le poly(acrylate) de 

sodium pour éliminer les antidépresseurs notamment la FLX dans une solution aqueuse 

contenant 5 % de méthanol. La méthode d’extrusion électrostatique suivit de la 

gélification dans un bain de CaCL2 et une stabilisation par la génipine a été l’approche 

adoptée pour élaborer les hydrogels sphériques poreux tandis que la cryopolymérisation a 

été adoptée pour élaborer les cryogels hybrides monolithiques avec ou sans cavités 

mémoires. Les cavités mémoire ont été introduites dans le réseau polymère du cryogel 

hybride par l’ajout de la FLX, molécule modèle, dans la solution de polymères avant la 

cryopolymérisation, suivie de son extraction par lavage avec le solvant (5% de 
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méthanol/0,1 M HCl, 1:1 v/v).  Le but a été d’investiguer dans un premier temps la 

capacité d’adsorption en mode discontinu des hydrogels sphériques et des cryogels 

hybrides sans cavités mémoire puis, de retenir le matériau dont l’échafaudage 

tridimensionnel n’a pas été affecté par les cycles d’adsorption/désorption. Ce matériau 

(cryogel hybride) a ensuite été appliqué à des essais d’adsorption en mode dynamique. 

L’adsorption compétitive avec le CIT et la VEN a été étudiée, et une étude de la sélectivité 

des cryogels hybrides dotés ou non de cavités mémoire a enfin été effectuée. 

Les différentes analyses et interprétations des résultats ont permis d’établir les conclusions 

suivantes : 

 La caractérisation du produit de synthèse par spectroscopie FTIR et analyse 1H 

RMN a confirmé le greffage des groupes carboxyméthyles sur la structure du 

chitosane avec un degré de substitution de 1,78 et 1,12 pour les dérivées N,O-

CMCs et O-CMCs respectivement. La méthode d’extrusion électrostatique (7.5 

kV), gélification dans un bain de CaCl2/éthanol 70 % et stabilisation avec la 

génipine 1mM a permis de fabriquer avec succès des hydrogels sphériques de taille 

homogène. Visuellement, la formation des ponts covalents entre les chaînes de 

polymère a été confirmée par la couleur bleue des billes. Les hydrogels fabriqués 

étaient hydrophiles, présentaient une grande capacité de gonflement et une charge 

de surface globalement négative. L’analyse de la morphologie a révélé une 

structure poreuse avec une surface spécifique de 38,69 m²/g pour la plus élevée. 

Les tests d’adsorption en batch réalisés ont indiqué une meilleure efficacité 

d’élimination de la FLX lorsque la concentration initiale augmentait, avec les 

conditions où le pH était fixé à 8,5 et la température à 30 °C pendant un contact de 

180 min. La modélisation du processus d’adsorption a indiqué une cinétique du 

pseudo-second ordre avec une diffusion interne rapide dans les macropores comme 

l’a indiqué la constante de diffusion intraparticulaire dans la première phase du 

processus. L’isotherme de Langmuir s’adaptait mieux aux données d’adsorption 

(R2 ˃ 0.99) et une synergie d’interactions physiques dont les interactions 

électrostatiques étaient responsables de l’adsorption. L’échantillons PHB4 et 

PHB5 se sont démarqués comme les meilleurs adsorbants et les essais 

d’adsorption/désorption effectués sur ces matériaux ont montré la fragilité des 
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échafaudages même si après cinq cycles l’efficacité d’élimination de la FLX était 

supérieure à 65 % 

  Pour améliorer la stabilité des hydrogels, l’approche de fabrication a été modifiée 

et l’ajout d’un polymère synthétique dans le réseau polymère a été effectué. La 

cryopolymérisation de la combinaison acrylate de 

sodium/carboxyméthylchitosane a permis d’obtenir des monolithes. Ceux-ci ont 

une architecture macroporeuse dotée d’un réseau de pores interconnectés avec une 

surface spécifique de 74,9 m²/g et une porosité de 85 ± 1,6 % pour la plus élevée 

(NaPA4-CMCs). Un gonflement rapide au contact de l’eau a été observé et leur 

charge de surface était globalement négative lorsque le pH de la solution est 

supérieur aux points de charge nulle identifiés. L’adsorption en batch a été réalisée 

sur les différents cryogels élaborés. L’échantillon NaPA4-CMCs a montré la 

meilleure efficacité d’élimination de la FLX à pH 8.5 avec une capacité 

d’adsorption maximale de 80,6 ± 3,4 mg/g. La diffusion dans les macropores et 

les mésopores était rapide; le processus d’adsorption était favorable, exothermique 

et physique. Au bout de trois cycles d’adsorption/désorption, les performances du 

NaPA4-CMCs demeuraient supérieures à 60 % et aucun signe d’effondrement de 

la structure monolithique n’a été observé. 

 Les cryogels hybrides ont été appliqués à l’adsorption continue dans une colonne 

à lit fixe, à flux descendant, à l’aide d’un montage simple.  L’analyse des 

paramètres de fonctionnement a indiqué un rendement d’élimination de la FLX de 

59 % lorsque ceux-ci étaient fixés comme suit : pH 8.5, hauteur du monolithe 0.4 

cm, le débit 1.5 mL/min et la concentration initiale 10 ppm. Les essais d’adsorption 

compétitives ont indiqué une meilleure affinité de la FLX avec la surface du 

cryogel hybride par rapport à la VEN et le CIT. Le profil de percée étaient bien 

décrit par les modèles de Thomas et de Yoon-Nelson et la désorption en mode 

dynamique méritent d’être optimisée car une chute significative de l’efficacité 

d’adsorption de la FLX a été noté après quatre cycles d’adsorption/désorption 

(17.76 %). 

 Le développement du cryogel à empreinte moléculaire a été effectué dans le but 

de comparer l’efficacité d’adsorption dynamique du cryogel à empreinte 
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moléculaire par rapport au cryogel non imprimé et d’évaluer sa sélectivité 

d’adsorption de la FLX dans un milieu aqueux complexe. Lorsque les paramètres 

de fonctionnement de la colonne étaient pH 8.5, débit 1.5 mL/min, la hauteur du 

monolithe 0.4 cm, le cryogel non imprimé (NIC1/NaPA-CMCs) et le cryogel à 

empreinte moléculaire (MIC2/NaPA-CMCs) avaient des capacités d’adsorption 

très proches (14.02 mg/g et 13.64 mg/g). Alors que, dans les mêmes conditions 

l’adsorption compétitive avec le CIT, le monolithe MIC2/NaPA-CMCs a été 

meilleur pour l’adsorption sélective de la FLX par rapport au monolithe 

NIC1/NaPA-CMCs comme l’a indiqué les valeurs de qe.exp (13.78 mg/g et 9.98 

mg/g). Ainsi, le MIC2/NaPA-CMCs serait plus adéquat pour élimination la FLX 

dans les environnements aqueux complexe par rapport au NIC1/NaPA-CMCs 

grâce aux cavités mémoires introduite. 

8.2 Contributions au domaine 

Les contributions au domaine de cette thèse résident donc dans : 

1. La gélification des gouttelettes chargées de carboxyméthylchitosane a été réalisée 

avec succès dans un bain contenant 70 % d’éthanol, ce qui n’avait jusqu’ici pas 

été démontré. 

2. La fabrication d’un cryogel hybride à empreinte moléculaire selon l’approche 

évoquée dans nos travaux est un point qui, à notre connaissance, n’a jamais été 

réalisé dans aucune étude. 

3. Cette étude montre pour la première fois l’utilisation de matériaux hydrogélifiés 

et cryogélifiés pour l’élimination des antidépresseurs dans des solutions aqueuses 

et met en lumière leur potentiel. 

8.3 Travaux futurs 

Cette étude a révélé le potentiel notamment de cryogel hybride doté de cavité mémoire ou 

non éliminer la FLX en flux continu et a montré en particulier à travers une étude 

préliminaire la capacité du cryogel à empreinte moléculaire à éliminer sélectivement la 

FLX dans un milieu aqueux contenant un polluant ayant une structure et des propriété 
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physico-chimiques très proches. Toutefois, de nombreux points d’ombre subsistent et leur 

éclaircissement fait office de perspective dans le cadre de cette recherche: 

1. Optimiser adéquatement la régénération du cryogel hybride par un traitement en 

flux continu à l'aide d'un solvant approprié. 

2. Investiguer d’autres paramètres de fonctionnement (pH, hauteur du monolithe), 

entre autres, au cours de l’adsorption dynamique, afin de dimensionner un filtre 

qui sera par la suite soumis à des tests d’adsorption dynamique à l’échelle pilote. 

3. Faire les tests mécaniques du cryogel hybride afin d’étudier sa résistance aux 

contraintes mécaniques ainsi qu’une évaluation précise de sa perméabilité. 

4. Faire des essais d’adsorption dynamique avec des eaux usées dans lesquelles 

coexistent plusieurs types de contaminants. 
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