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Résumé étendu  

1. Introduction 

Le développement industriel pour satisfaire une demande croissante des consommateurs exerce 

une pression importante sur la ressource en matières premières et induit des impacts significatifs 

sur l’environnement et par voie de conséquence sur la biosphère. La question des métaux lourds, 

des métaux précieux ou stratégiques illustre parfaitement cette dualité de contraintes: préserver 

l’environnement pour éviter que les effets accumulatifs dans la chaine alimentaire ne conduisent 

à une toxicité critique pour le biotope et la santé humaine, et produire des matières premières 

stratégiques (rareté, contraintes géostratégiques, etc.) à partir de ressources secondaires 

(déchets, minerais infra-marginaux) afin de satisfaire une demande croissante (développement 

de produits high-tech).  

De nombreux secteurs industriels mettent en œuvre des procédés hydrométallurgiques qui 

génèrent des flux aqueux contenant des métaux lourds, toxiques (traitement de surface, 

industrie minière, etc.). Il n’est donc pas rare de rencontrer dans leurs eaux de process et leurs 

rejets des concentrations relativement élevées en ions métalliques tels que: Pb(II), Cu(II), 

Cr(VI), As(V) et Hg(II). Certains de ces métaux présentent des toxicités critiques qui ont 

conduit les organisations internationales à fixer des concentrations limites très basses dans les 

eaux de boisson et même à fixer des valeurs limites très contraignantes dans les rejets industriels. 

Une large palette de procédés a été développée pour faire face à la nécessité d’éliminer les ions 

métalliques de ces rejets, ou de les récupérer sélectivement pour les valoriser. Des procédés tels 

la réduction chimique, la précipitation, l’électrocoagulation, l’extraction par solvant, les 

membranes séparatives ou les techniques d’adsorption (supports adsorbants par échange d’ion, 

ou chélation) sont fréquemment appliqués pour traiter des effluents métallifères et valoriser des 

métaux stratégiques [1]. Les conditions opératoires (notamment la concentration des métaux 

ainsi que les flux à traiter) et la valeur des contaminants vont orienter le choix des procédés à 

mettre en œuvre. Ainsi la précipitation est rarement sélective; elle produit des boues métallifères, 

toxiques et complexes, difficile à valoriser. Par ailleurs, les rendements de précipitation ne 

suffisent pas toujours pour atteindre les valeurs limites requises. Les procédés d’extraction par 

solvant sont préférentiellement utilisés pour des métaux à valeur ajoutée importante et dans la 

gestion de flux plus réduits. Le coût de ces extractants et les pertes dans les cycles d’extraction 

et de stripping constituent des contraintes non négligeables. Les techniques membranaires sont 

relativement coûteuses en termes énergétiques et s’accommodent mal de la complexité des 

effluents (notamment par la présence de colloïdes et de matières en suspension qui induisent un 

colmatage membranaire). Les procédés d’adsorption, mettant en œuvre des bioadsorbants, des 

résines échangeuses d’ions, des résines chélatantes ou des résines imprégnées, sont plus 

particulièrement adaptés au traitement d’effluents et de solutions faiblement concentrés [2]. La 

solution consiste souvent dans la combinaison de différents procédés; cette modularité des 

procédés peut associer notamment technique de précipitation éliminant une partie des métaux 

toxiques et une étape d’adsorption (plus sélective et permettant de concentrer certains métaux 

toxiques et/ou valorisables). 
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Parmi les adsorbants, outre les polymères synthétiques utilisés dans les résines commerciales, 

les charbons actifs, ou les zéolites, un important effort a été mené au cours des dernières 

décennies sur le développement de bioadsorbants mettant en œuvre des sous-produits agricoles 

(cellulose, lignine, etc.), ou des pêcheries (et plus généralement de l’industrie de la mer : 

alginate, chitine/chitosane) [3]. Au sein de l’Ecole des Mines d’Alès (aujourd’hui IMT – Mines 

Alès) de nombreux travaux ont été menés, au cours des 3 dernières décennies, sur la 

fonctionnalisation et la mise en forme de biopolymères (chitosane et alginate) et sur leur 

application dans le domaine du traitement des eaux (notamment métallifères) [4, 5]. En jouant 

sur les "différents états de la matière", il a été possible notamment de développer des procédés 

de coagulation-floculation, d’ultrafiltration assistée par complexation (UFAC) pour la forme 

liquide (mise en solution des biopolymères) mais aussi des hydrogels conditionnés sous formes 

de billes, de membranes, de fibres, de fibres creuses et plus récemment sous forme de mousses 

et éponges. Ces mises en forme, combinées avec la possibilité d’incorporer et/ou immobiliser 

des solides (échangeurs ioniques) ou des liquides (extractants, liquides ioniques), mais aussi de 

fonctionnaliser chimiquement (greffage de groupements fonctionnels) ont ainsi permis de créer 

une bibliothèque très diversifiée de matériaux adsorbants. C’est dans ce contexte que s’est 

inscrit le présent projet de recherche, avec un objectif centré sur la mise en forme de membranes 

à haut pouvoir de percolation associant un biopolymère (l’alginate) et un polymère synthétique 

(la polyéthyleneimine) en vue de deux applications: l’adsorption d’une série d’ions métalliques 

et l’utilisation de membranes chargées en métaux catalytiques pour la réalisation de catalyseurs 

hétérogènes.  

L’alginate est un polymère extrait commercialement des algues brunes, biocompatible et 

biodégradable portant de nombreuses fonctions carboxyliques (acides mannuronique et 

guluronique) et de groupes hydroxyles [6]. Il s‘agit donc d’un matériau très hydrophile qui a 

été largement utilisé pour ses propriétés de gélification dans l’industrie agro-alimentaire, la 

pharmacie et la cosmétique. Cette gélification est basée sur l’interaction entre les groupements 

carboxyliques et les cations, essentiellement divalents (en particulier Ca(II), même s’il est 

possible de gélifier en présence de cations trivalents, mais également en milieu acide), par le 

mécanisme qualifié de manière très imagé, de boîte à œufs. Ces fonctions carboxyliques ont 

naturellement des propriétés de complexation et d’échange d’ions, en fonction du pH, et 

notamment de leur état d’ionisation (les pKa de l’acide mannuronique et de l’acide guluronique 

valent respectivement: 3,38 et 3,65 [7]). La structure chimique de l’alginate n’est toutefois pas 

favorable à l’adsorption d’anions métalliques (chromate, palladium en milieu HCl). Pour élargir 

le champ d’application de matériaux adsorbants basés sur l’alginate, il est alors nécessaire 

d’incorporer (greffage, immobilisation) d’autres polymères, échangeurs d’ions etc. Dans ce 

travail, cet objectif a été atteint en réalisant une "association" entre l’alginate et la 

polyethyleneimine (PEI), un polymère synthétique (ramifié dans cette étude) portant à la fois 

des fonctions amine primaire, secondaire et tertiaire (pKa: 4,5, 6,7, 11,6, respectivement [8]). 

La réalisation de mousses et éponges d’alginate à forte macroporosité a été largement décrite 

dans la littérature. Cependant ces techniques nécessitent généralement la mise en œuvre de 
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séchages complexes et énergivores (lyophilisation, aérogels par séchage dans des conditions de 

CO2 supercritique) afin de préserver, autant que possible, les propriétés structurales et texturales 

de l’hydrogel [9, 10]. C’est en rupture avec ces procédés conventionnels et avec l’objectif de 

faciliter la structuration des mousses (membranes) à haut pouvoir de percolation sans mettre en 

œuvre de processus complexe de séchage, qu’une nouvelle méthode de fabrication a été 

développée. Elle consiste à faire directement réagir l’alginate et la PEI, dans des conditions de 

pH contrôlées, afin de structurer l’hydrogel par interaction ionique. Dans une seconde étape la 

membrane est réticulée dans une solution de glutaraldéhyde (GA). L’interaction des fonctions 

carboxyliques de l’alginate avec les groupes amines de la PEI et la réticulation de fonctions 

aminées résiduelles par le glutaraldéhyde conduisent à une structuration "forte" de l’hydrogel 

(double réseau d’interactions: (a) alginate/PEI, PEI/GA) qui peut ensuite être séché à l’air libre 

sans perdre sa macroporosité (en minimisant l’effondrement du réseau poreux de l’hydrogel). 

Cette macroporosité a pour objet de faciliter l’utilisation de l’adsorbant dans un mode de 

drainage naturel (percolation simple, éventuellement sans l’assistance d’une pompe). Le 

matériau composite est caractérisé par la présence de groupements carboxyliques (acides) et de 

fonctions aminées (basiques) qui ouvrent le champ pour la fixation d’un large spectre d’ions 

métalliques (cationiques et anioniques). 

Ce matériau a été développé et utilisé pour deux types d’applications : (a) l’adsorption d’ions 

métalliques (cationiques et anioniques), et (b) l’hydrogénation de composés nitrophénoliques 

par catalyse hétérogène. Ces deux thèmes sont illustrés par les publications composant ce 

mémoire de thèse.  

Cette thèse s’inscrit dans la continuité de la thèse de doctorat présentée devant l’Université de 

Montpellier, en 2019, par Shengye Wang, intitulée « algal and alginate based beads and foams 

as sorbents for metal sorption and catalyst supports for 3-nitrophenol hydrogenation». 

 

2. Principaux résultats et discussions 

2.1. Principales caractéristiques des membranes 

L’interaction des carboxylates de l’alginate avec les fonctions aminées protonées de la PEI (la 

solution de PEI est ajustée à pH 6.5 avant d’être mélangée à la solution d’alginate) conduit à la 

formation d’un premier réseau polymérique (structuration de la masse floconneuse). A l’issue 

de cette étape, qui peut prendre près de 24 h, l’hydrogel s’est contracté en gardant la forme 

globale de l’hydrogel coulé dans son moule. Dans la deuxième étape du processus, la 

réticulation de fonctions aminées résiduelles par le glutaraldéhyde renforce la structuration et 

la stabilité mécanique du matériau. 

Cette stabilité mécanique a été mise en évidence par évaluation de la perte de masse après avoir 

soumis la membrane à une agitation forte (i.e., 150 tours/min) pendant 24 h. A l’issue de cette 

agitation, la perte de masse n’excède pas 6-14 % (en fonction des paramètres de fabrication). 

Prenant en compte que le mode d’utilisation de la mousse consiste à l’immobiliser dans une 

colonne (ou un module de filtration, type Swinnex, Millipore), les contraintes mécaniques sont 

limitées à la percolation de la solution ; ce sont donc des conditions d’agitation bien moins 



vii 

agressives que celles utilisées dans le test. Ce résultat est confirmé par un test réalisé en mode 

dynamique: la membrane immobilisée dans une colonne est alimentée pendant 3 jours avec une 

solution aqueuse; la perte de masse est inférieure à 3%. La structuration assurée à la membrane 

par le processus de fabrication permet d’obtenir une mousse ouverte particulièrement stable (au 

moins pour le mode d’application préconisé).  

Les propriétés de percolation simple ont été évaluées en disposant la membrane dans une 

colonne et en imposant une hauteur constante de colonne d’eau (correspondant à une pression 

de 0,006 bar). Le flux d’eau correspondant au mode de drainage simple correspond à une plage 

de valeurs comprise entre 13 et 34 mL cm-2 min-1 (soit une vitesse superficielle de 7,8 à 20,4 m 

h-1). Comparée aux valeurs rapportées par d’autres membranes, ces valeurs sont très nettement 

supérieures ; cela confirme l’intérêt de ces matériaux pour l’application envisagée en 

percolation (naturelle) réactive. 

Ces propriétés de percolation sont clairement corrélées à la macroporosité confirmée par 

l’observation en microscopie électronique à balayage (MEB), qui met en évidence un réseau 

très ouvert.   

 

 
Fig. 1 Image MEB de la membrane dans différents magnifiques (a) 50 × et (b) 200 ×. 

L’analyse par spectroscopie infrarouge permet de confirmer la réticulation de la PEI par le 

glutaraldéhyde. En effet la formation de bases de Schiff est attestée par l’apparition de deux 

pics à 1596 cm-1 et 1317 cm-1 qui correspondent d’une part à la superposition des bandes 

caractéristiques des liaisons C=N et de N-H, et d’autre part à la liaison C-N. L’apparition de 

cette bande confirme l’incorporation de la PEI dans le composite; ces nouvelles fonctions 

apportées à l’alginate permettront d’étendre le champs d’application du composite à la fixation 

d’anions en milieu acide (cf. travaux ultérieurs sur les anions métalliques: Cr(VI), Se(VI) et 

chloropalladate, par exemple. La coexistence de groupements carboxyliques, de fonctions 

hydroxyles offre la possibilité d’adsorber d’autres ions métalliques de type cations (Cu(II), 

Hg(II), etc.).  
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Par ailleurs, le pH de Point de Charge Nulle (pHPCN) de la membrane est compris dans 

l’intervalle [5,7; 6,3]; pour des pH inférieurs à 5,7, la surface protonnée de l’adsorbant devrait 

ainsi permettre la sorption d’anions par attraction électrostatique.   

Ces quelques caractérisations confirment que le procédé de fabrication permet de préparer des 

membranes stables, réactives avec d’excellentes performances de percolation, capables de 

répondre aux objectifs initialement fixés. 

 

2.2. Adsorption des ions chromates [11] 

Cette étude a été menée sur des membranes ayant été préparées suivant le procédé décrit ci-

dessus en utilisant une teneur en PEI de 3 % en poids. Les membranes sont immobilisées dans 

un porte filtre et alimentées par une pompe avec recirculation de la solution (simulation d’un 

réacteur parfaitement agité). Les essais d’adsorption réalisés entre pH 0.5 et pH 6 ont permis 

de mettre en évidence un pH optimal de 2. Il convient de noter qu’en milieu acide et en présence 

de matière organique, le Cr(VI) est assez facilement réduit en Cr(III); cette propriété complique 

l’interprétation des mécanismes effectifs de fixation mais aussi l’évaluation des performances 

d’adsorption. L’analyse du Cr(VI) par la méthode colorimétrique à la diphénylcarbazide permet 

de distinguer la concentration effective des deux formes (chrome total, TCr) en analysant les 

échantillons par ICP-AES (spectrométrie d’émission atomique à plasma à couplage inductif). 

La comparaison des profils de concentrations résiduelles Cr(VI) et du TCr permet de distinguer 

les contributions respectives des deux espèces: en fait le phénomène de réduction détectable à 

pH inférieur à 2, s’exprime essentiellement à pH 0.5. La fixation du Cr(VI) a été testée à deux 

débits (15 et 30 mL min-1, vitesse superficielle Vs =1,83-3,66 m h-1) (Fig. 2a), une légère 

différence est observée entre les deux profils cinétiques qui présentent tous les deux une forte 

décroissance initiale de la concentration (dans la première heure de contact, représentant 

environ 41-48 % de la fixation totale), suivie d’une phase de transfert plus lente (pour atteindre 

un abattement de 58 à 66 % de la fixation totale, entre 1 h et 6 h de contact); enfin une phase 

finale assez longue (jusqu’à 78 h) où s’exprime la résistance à la diffusion intraparticulaire. Les 

profils (tant du Cr(VI) que du TCr) sont correctement modélisés par l’équation cinétique de 

pseudo-second ordre (PSORE).  

 

Fig. 2 Cinétiques de fixation (Cr(VI) et TCr) (a) et isothermes d’adsorption (b) à pH 2 

(Cinétiques : C0 = 200 mg Cr L-1; concentration en sorbant = 0,2 g L-1; V= 1000 mL ; 
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pH: 2; température = 20 ± 1 oC. Isothermes : concentration en sorbant = 0,6 g L-1; V= 50 

mL ; durée = 78 ; débit = 15 mL min-1; température = 20 ± 1 oC). 

Les isothermes d’adsorption sont représentées sur la Fig. 2b: la pente initiale est corrélée à la 

forte affinité de la membrane pour l’ion métallique. Cette courbe est également caractérisée par 

un plateau de saturation atteint pour une concentration résiduelle de 50 mg Cr(VI) L-1. Ce 

plateau de saturation correspond à la saturation de la monocouche à la surface de l’adsorbent et 

confirme que l’adsorption des ions chromates sur la membrane peut être décrite par l’isotherme 

de Langmuir. Il convient de noter que les capacités maximales d’adsorption atteignent 314 mg 

Cr g-1 et 331 mg TCr g-1. La courbe représentative de l’isotherme du TCr se distingue de celle 

du Cr(VI) par une allure sigmoïdale, modélisée préférentiellement par l’équation de Sips. Ces 

valeurs sont particulièrement élevées par rapport aux données disponibles dans la littérature. 

Un inconvénient majeur reste lié à la difficulté de désorber les ions chromates adsorbés sur la 

membrane (le rendement de désorption n’atteint pas 50 %), rendant le recyclage de l’adsorbant 

progressivement moins performant. C’est probablement lié à un phénomène de réduction du 

Cr(VI) en Cr(III) (associée à une dégradation du matériau par oxydation de certains 

groupements fonctionnels) qui limite la régénération du support. 

Les membranes PEI/alginate ont été testées pour finir sur un effluent de galvanoplastie 

reconstitué, contenant différents ions compétiteurs. La présence de ces ions compétiteurs ne 

semble pas affecter les performances d’adsorption (comparée à une solution synthétique ne 

contenant que les ions chromates). La présence d’ions nitrate ou chlorure n’a qu’un effet 

négligeable sur la fixation du chrome, contrairement aux ions sulfates (divalents). 

 

2.3. Adsorption des ions sélénates [12] 

Dans la continuité du travail réalisé sur les anions chromates, de nouveaux essais ont été réalisés 

sur des membranes composites PEI/alginate (avec une teneur en PEI portée à 4 %) pour 

augmenter la stabilité et la réactivité du matériau. Les ions sélénates se caractérisent par une 

moindre propension à être réduits en milieu acide (comparativement aux ion Cr(VI)). L’affinité 

maximale de l’adsorbant pour les anions sélénates est également obtenue à pH 2 par interaction 

avec les groupements aminés protonés à la surface de l’adsorbant. 

Les cinétiques de fixation ne sont pas significativement affectées par le flux de solution 

circulant au travers des membranes pour des valeurs de (ou supérieures à) 15 mL min-1 (Vs=1,83 

m h-1); pour des valeurs inférieures (i.e., 5 mL min-1 ; Vs=0,61 m h-1) (Fig. 3a). Il est 

vraisemblablement nécessaire d’imposer une vitesse de passage suffisante pour forcer le 

passage de la solution dans des pores moins accessibles ou de plus grande tortuosité (lié à 

l’hétérogénéité du réseau poreux). Une autre différence fondamentale avec le cas des ions 

chromates porte sur le temps de contact nécessaire pour atteindre l’équilibre : 2 h pour Se(VI) 

contre plusieurs jours pour Cr(VI). Les cinétiques de fixation sont décrites par le modèle de 

l’équation cinétique de pseudo premier ordre (PFORE, même si le PSORE permet une meilleure 

approche de la capacité de fixation à l’équilibre). 
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Les isothermes d’adsorption sont présentées sur la Fig. 3b: la meilleure corrélation 

mathématique est obtenue avec le modèle de Sips (à 3 paramètres ajustables) mais l’équation 

de Langmuir (plus mécanistique) permet une bonne simulation de la courbe expérimentale. La 

capacité maximale de fixation approche 80 mg Se g-1, cette valeur dépasse les capacités de 

fixation rapportée pour la majorité des bioadsorbants mais se révèle inférieure à celles de 

certaines résines synthétiques. Contrairement au cas du chromate, la désorption du Se(VI) est 

quasi complète en utilisant des solutions de soude (0.01 M). La Fig. 4 montre que la désorption 

varie entre 90 et 98 % au cours des 4 cycles d’utilisation alors que la capacité de fixation reste 

stable (autour de 63-66 mg Se g-1, dans les conditions expérimentales choisies).  

Cette différence est probablement liée à la différence des contributions de réduction pour Cr 

(VI) et Se (VI). Même si l’analyse XPS met en évidence des phénomènes de réduction partielle 

dans le cas des ions sélénates, il semblerait que ces phénomènes présentent une acuité plus 

marquée pour la fixation des ions chromates soit directement par "l’empoisonnement" de la 

surface de l’adsorbant soit par dégradation (oxydation) des groupes réactifs (ou des éléments 

de structure du matériau). 

 

Fig. 3 Cinétiques de fixation (a) et isothermes d’adsorption (b) pour la fixation de Se(VI) 

sur les membranes PEI/Alginate à pH 2 (Cinétiques : C0 = 50 mg Se L-1; concentration 

en sorbant = 0,4 g L-1; V= 500 mL ; pH: 2; température = 20 ± 1 oC. Isothermes : 

concentration en sorbant = 0,8 g L-1; V= 50 mL ; durée = 24 ; débit = 15 mL min-1; 

température = 20 ± 1 oC). 

 

Fig. 4 Cycles de sorption – désorption du Se(VI) (Sorption : C0 = 100 mg Se L-1; 

concentration en sorbant = 0,8 g L-1; pH: 2; débit = 15 mL min-1; température = 20 ± 1 
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oC. Désorption : agent de désorption : 0,01 M NaOH; V= 50 mL ; durée = 30 min; débit 

= 15 mL min-1; température = 20 ± 1 oC). 

 

2.4. Adsorption de cations métalliques (Hg(II) and Cu(II)) 

Afin d’étudier l’applicabilité de notre matériau bioadsorbant vis-à-vis des métaux lourds, 

l’adsorption de deux cations (Hg(II) et Cu(II)) a été testée sur des membranes PEI/Alginate 

(contenant 4 % de PEI). Les études ont été menées en solutions simple et binaire afin 

d’examiner la sélectivité de l’adsorbant vis-à-vis de ces deux ions métalliques, qui ont été 

sélectionnés pour leurs comportements différents en milieu aqueux (vis-à-vis notamment de la 

formation de complexes avec les ions chlorure). Une attention particulière est portée également 

à l’effet du pH sur l’adsorption de ces deux métaux lourds (Fig. 5). Cette figure démontre 

clairement, pour une gamme de pH de 1 à 4, l’effet limité du pH sur la fixation du mercure, et 

la capacité de l’adsorbant de fixer l’ion métallique même en milieu très acide.  

 

Fig. 5 Effet du pH sur l’adsorption de Hg(II) et Cu(II) sur les membranes de 

PEI/Alginate en solutions mono-composé et bi-composés. (pH initial = 1-7 (ajusté par 

HCl et NaOH) ; concentration metal = 0.5 mmol L-1 pour Cu(II) ou Hg(II) en solution 

monocomposé and 1.0 mmol L-1 du mélange équimolaire [Hg(II):Pb(II)=1:1]; 

concentration du sorbant = 0.5 g L-1; temps de contact = 3 j ; température, T= 20± 1 °C). 

 

A pH acide, en milieu HCl, le Hg forme des complexes chloroanioniques (HgCl4
2-) pouvant 

être fixés sur les sites protonés de la PEI. La protonation du support sur une large plage de pH, 

en accord avec le pHPCN du sorbant inférieur à 5,7, permet de stabiliser cette fixation sur la plage 

de pH 1-4. Le comportement du cuivre est complètement différent : ne formant pas de complexe 

chloroanionique, à pH acide (1-2,1) l’adsorption des cations Cu(II) reste négligeable car la 

protonation tant des fonctions aminées que des groupements carboxyliques limite l’adsorption 

du cation. Au-delà de pH 2,2, l’adsorption du cuivre augmente progressivement, en lien avec 

la diminution de la protonation des groupements réactionnels (fonctions aminées et formation 

de groupes carboxylates). Il convient de noter que l’adsorbant peut ainsi séparer sélectivement 

le cuivre du mercure entre pH 1 et 2 (en milieu HCl).  

Les isothermes d’adsorption du mercure et du cuivre sont comparées à pH 5 pour différentes 

compositions de solutions: en solution mono-composé comme référence, ainsi que dans des 
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conditions d’équimolarité et de large excès (4:1) de l’un des ions métalliques vis-à-vis de l’autre 

(Fig. 6). La Fig. 6a montre que l’adsorption du mercure n’est pas affectée par la présence de 

cuivre (même en large excès). La capacité maximale de fixation atteint 1,39 mmol Hg g-1 (i.e., 

279 mg Hg g-1). L’isotherme approche le profil type de Langmuir, bien que le plateau de 

saturation ne soit pas observé sur cette plage de concentrations; l’isotherme de Sips permet une 

meilleure simulation du profil expérimental. Le comportement du cuivre est complètement 

différent: la capacité maximale de fixation obtenue dans des solutions mono-composé n’excède 

pas 0,56 mmol Cu g-1, (i.e., 35,6 mg Cu g-1). Il apparaît clairement sur la Fig. 6b que la présence 

de mercure réduit drastiquement la fixation du cuivre : cela s’exprime par une diminution de la 

pente initiale (corrélée à l’affinité de l’adsorbant pour le métal) et de la capacité d’adsorption à 

saturation de l’adsorbant. Comme expliqué précédemment, les ions mercure (complexés sous 

forme chloro-anioniques) se fixent préférentiellement sur les groupements fonctionnels 

protonés de l’adsorbant tout en limitant l’accès des ions Cu(II). Bien que les deux métaux 

s’adsorbent potentiellement sur différents groupes fonctionnels (étude de l‘effet du pH), 

certains sites fixant le cuivre sont également saturés par le mercure en solutions bi-métalliques. 

Plus la quantité de mercure est élevée par rapport à celle de cuivre (rapport molaire Hg-Cu = 

4:1), plus la sorption de cuivre est abaissée. 

 

Fig. 6 Isothermes d’adsorption de Hg(II) et Cu(II) pour différentes conditions 

opératoires: solutions mono-composé, solution équimolaire, excès molaire (Hg(II)/Cu(II) 

= 4/1 et 1/4). (concentration en sorbant = 0,6 g L-1 ; pH initial = 5; temps de contact = 78 

h; T = 20± 1 °C; concentration en Hg(II) ou Cu(II) = 0,1-2 mmol L-1 en solution 

monocomposé ou équimolaire Hg-Cu(1:1); 0,1-2,8 mmol L-1 en excès molaire de l’un des 

deux cations, Hg-Cu(4:1) et Hg-Cu(1:4) où Hg-Cu: rapport molaire de Hg(II) et Cu(II)). 

 

L’équation de Sips (étendue à l’adsorption en solutions multi-composés) a été utilisée pour 

modéliser l’adsorption simultanée du Cu(II) et du Hg(II) (Fig. 7). Le modèle permet une bonne 

simulation des profils expérimentaux: le coefficient de détermination (R2) atteint 0,97. Cette 

représentation en 3D illustre les différences de comportement pour l’adsorption du mercure en 

présence de cuivre: la surface est régulière avec un profil en plateau (type Langmuir) variant 

peu en fonction de la concentration en cuivre; au contraire, le mercure réduit drastiquement 
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l’accumulation du cuivre. Cette figure confirme la préférence de l’adsorbant pour le mercure 

qui forme des espèces anioniques (en milieu HCl) directement adsorbées sur les groupes aminés 

protonés de la membrane composite (les formes Hg2+ peuvent être également fixées par 

chélation sur les fonctions amines primaires libres), alors que la fixation du cuivre libre (Cu2+) 

s’opère par chélation sur les fonctions aminées libres et les carboxylates (en milieu moins acide, 

à savoir pH >2,5).  

 

Fig. 7 Représentation en 3D de la "surface" d’adsorption du mercure (gauche) et du 

cuivre (droite) simulée par le modèle de Sips en mode multiéléments (adsorption 

compétitive): points expérimentaux et surfaces de simulation. 

2.5. Comparaison de l’adsorption des ions sélénates et des ions cuivre pour différents 

niveaux de réticulation (adsorbant : PEI/GA) – Effet des conditions de stockage [13] 

La comparaison des performances de fixation du cuivre et du mercure à la section précédente a 

permis d’illustrer l’effet de la spéciation des ions métalliques (formation favorable d’espèces 

chloro-anioniques de mercure) sur les mécanismes de fixation. La réticulation des fonctions 

aminées de la PEI par le glutaraldéhyde se traduit par la formation de liaisons imines qui 

diminue la quantité de fonctions amine primaires libres susceptibles de chélater des cations 

métalliques. Il est donc apparu pertinent d’évaluer l’effet du taux de réticulation (au travers de 

la quantité de GA mise en œuvre) sur la fixation de deux types d’ions métalliques par un 

adsorbant constitué de PEI réticulé par le GA et conditionné en poudre de granulométrie 

inférieure à 0,2 mm : un anion métallique (sélénates, Se(VI)) et un cation métallique (Cu(II)). 

Dans cette étude, des adsorbants ont ainsi été préparés avec 10 g, 16 g, 20 g, et 30 g de GA. Ils 

sont dénommés PEI-GA1, PEI-GA2, PEI-GA3 et PEI-GA4 et possèdent des taux de 

réticulation respectifs de 48,0 ± 3,8%, 56,7 ± 3,1%, 62,5 ± 1,9% et 72,0 ± 0,8%.  

Par ailleurs, cette partie de l’étude a permis d’évaluer la stabilité de l’adsorbant et de préconiser 

des conditions de stockage appropriées pour éviter une baisse de son affinité pour les ions 

métalliques.  

La Fig. 8 compare les cinétiques de fixation du Se(VI) et du Cu(II) pour différents niveaux de 

réticulation, et pour deux modes de stockage (flacon scellé et flacon ouvert, correspondant 

notamment à une éventuelle sorption de CO2 atmosphérique).  
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Dans le cas des ions sélénates (Se(VI)), il convient de noter les niveaux très élevés des capacités 

d’adsorption enregistrées compris, à l’équilibre des cinétiques de fixation, entre 4 et 5 mmol Se 

g-1. Bien que ces capacités n’aient pas été obtenues dans des conditions de saturation (plateau 

de l’isotherme), elles démontrent que cet adsorbent atteint les capacités les plus élevées parmi 

les résines testées pour la fixation du Se(VI) [12]. L’adsorption des anions métalliques Se(VI) 

n’est pratiquement pas modifiée par le taux de réticulation, à l’exception remarquable du taux 

de réticulation le plus élevé (72%) pour lequel une baisse de 0,6-0,7 mmol Se g-1 est observée. 

En effet, l’adsorption des ions sélénates par échange ionique/attraction électrostatique n’est que 

marginalement influencée par la réticulation, car ce sont les fonctions aminées protonées qui 

opèrent l’adsorption des anions métalliques. Un stockage de l’adsorbant en flacon scellé est 

suffisant pour maintenir, au moins pendant 20 jours, les performances de fixation. Au contraire, 

dans le cas d’un stockage en flacon ouvert, la capacité de fixation est légèrement diminuée (par 

moins de 0,1 mmol Se g-1).  

Dans le cas de Cu(II), l’augmentation du taux de greffage réduit drastiquement et 

progressivement les capacités de fixation de 1,3 mmol Cu g-1 à 0,57 mmol Cu g-1 pour le taux 

de réticulation le plus élevé. Le greffage réduit la densité de sites aminés libres susceptibles de 

complexer le cuivre libre. Toujours pour le cuivre, le stockage en flacon fermé induit une faible 

diminution de la capacité de fixation (moins de 0,1 mmol Cu g-1); cette diminution est nettement 

plus marquée lorsque l’adsorbant est stocké en flacon ouvert (pouvant atteindre jusqu’à 0,3 

mmol Cu g-1, soit une baisse de 25 %). 

 

a 

 

b 

 

2

3

4

5

6

0 100 200 300 400 500

A
d

so
rp

ti
o

n
 c

a
p

a
ci

ty
 (

m
m

o
l 

g
-1

)

Time (min)

PEI-GA1 PEI-GA2

PEI-GA3 PEI-GA4

Hollow: freshly prepared
Red solid: after 20 days

Se (sealed)

2

3

4

5

6

0 100 200 300 400 500

A
d

so
rp

ti
o

n
 c

a
p

a
ci

ty
 (

m
m

o
l 

g
-1

)

Time (min)

PEI-GA1 PEI-GA2

PEI-GA3 PEI-GA4

Hollow: freshly prepared
Red solid: after 20 days

Se (open)

0

0.4

0.8

1.2

1.6

0 600 1200 1800 2400 3000

A
d

so
rp

ti
o
n

 c
a
p

a
ci

ty
 (

m
m

o
l 

g
-1

)

Time (min)

Cu (sealed)

PEI-GA1 PEI-GA2
PEI-GA3 PEI-GA4

Hollow: freshly prepared
Solid: after 20 days

0

0.4

0.8

1.2

1.6

0 600 1200 1800 2400 3000

A
d

so
rp

ti
o
n

 c
a
p

a
ci

ty
 (

m
m

o
l 

g
-1

)

Time (min)

Cu (open)

PEI-GA1 PEI-GA2
PEI-GA3 PEI-GA4

Hollow: freshly prepared
Solid: after 20 days



xv 
 

Fig. 8 Effet des conditions de stockage et des niveaux de réticulation de la PEI sur les 

cinétiques de fixation de Se(VI) (a) et Cu(II) (b) (V = 0,5 L; T ambiante (19-25 oC); 

masse adsorbant = 100 mg pour Se(VI) et 200 mg pour Cu(II); C0 = 0,5 mmol L-1 pour 

Se(VI) et 1 mmol L-1 pour Cu(II); pH0 = 2 pour Se(VI) et 3 pour Cu(II)). Note: freshly 

prepared adsorbents were the materials stored in sealed condition within 5 days. 

 

L’effet des conditions de stockage a été expliqué par l’adsorption de CO2 atmosphérique à la 

surface de l’adsorbant (au niveau des fonctions amines) suivie de la formation de carbamate. 

Cette modification chimique au niveau des groupes réactifs aminés se traduit par une 

diminution de l’activité chélatante des fonctions aminées (effet plus marqué pour le cuivre vis-

à-vis du sélénium). 

L’influence du taux de réticulation de la PEI sur les propriétés d’adsorption sélective a été 

également testée en solution binaires contenant deux cations divalents (Pb(II) et Cu(II)) ou deux 

anions (sélénate et arséniate) à trois valeurs différentes de pH (Fig. 9). A pH 2, l’adsorbant 

(PEI/GA) est sélectif pour Se(VI) vis-à-vis de As(V): les capacités de fixation à l’équilibre pour 

Se(VI) atteignent 3,8-4,6 mmol Se g-1; elles n’excèdent pas 0,1 mmol As g-1. Quand le pH 

augmente, l’adsorption de l’arsenic As(V) augmente progressivement, jusqu’à 0,2-0,4 mmol 

As g-1, alors que celle de Se(VI) tend à légèrement diminuer (3,6-4,1 mmol Se g-1). Le taux de 

réticulation a un effet relativement limité sur les performances de fixation: les deux anions 

métalliques se fixent sur des sites protonés à la surface de l’adsorbent.  

 

 

b 
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Fig. 9 Comparaison des cinétiques de fixation en solutions binaires Cu(II)/Pb(II) et 

Se(VI)/As(V) à différentes valeurs de pH = 2; 2,5; 3 (V = 0,5 L ; T ambiante ; masse 

adsorbant = 100 mg; C0 = 0,5 mmol L-1 pour Se(VI) et As(V) et 1 mmol L-1 pour Cu(II) 

et Pb(II)). 

 

La sélectivité de l’adsorbant pour Se(VI) (vs. As(V)) peut s’expliquer par des différences dans 

leurs profils de spéciation: espèces anioniques pour Se(VI) facilement adsorbées par attraction 

électrostatique sur les fonctions aminées protonées en milieu acide, alors que pour As(V) les 

espèces prédominantes en milieu très acides sont neutres. L’augmentation du pH favorise la 

formation d’espèces anioniques, adsorbables sur les sites aminés protonés: les ions arséniate 

entrent en compétition avec les ions sélénates (même si la capacité de fixation du sélénium ne 

diminue que légèrement).  

Dans le cas de la paire Pb(II)/Cu(II), la capacité de fixation augmente avec le pH pour le cuivre 

(de 0,12 à 0,15 mmol Cu g-1 à pH 2 à 0,55-1,45 mmol Cu g-1 à pH 3). L’adsorption du plomb 

reste négligeable à pH 2 et 2.5 mais augmente légèrement à 0.2 mmol Pb g-1 à pH 3. L’adsorbant 

présente une sélectivité pour le cuivre par rapport au plomb. Cette différence a été associée au 

mode de chélation (square-planar pour Cu(II) vs. octahedral pour Pb(II)). C’est également 

corrélé aux différences observées dans les constantes de complexation des deux ions 

métalliques avec les amines (par exemple, log K(Cu/NH3) = 4,12 > log K(Pb/NH3) = 1,6).  

 

2.6. Hydrogénation du 3-nitrophénol sur des nanoparticules de palladium immobilisé sur 

membrane PEI/Alginate [14] 

L’intérêt de la fixation d’ions métalliques sur des supports adsorbants n’est pas limité aux seules 

applications environnementales et de valorisation des métaux; en effet ces interactions peuvent 

être mises à profit pour synthétiser par exemple des catalyseurs supportés. L’hydrogénation 

hétérogène de composés nitrophénolés (NP) par des nanoparticules de palladium représente un 

exemple emblématique et très simple d’application dans ce domaine [15]. Le concept est basé 

sur une première phase d’immobilisation du Pd(II) par adsorption des ions métalliques (PdCl4
2- 

en milieu HCl) par recirculation de la solution au travers de la membrane. Des capacités 

maximales d’adsorption proches de 224 mg Pd g-1 ont été ainsi obtenues. La deuxième phase 

consiste à provoquer la réduction (souvent partielle) du palladium immobilisé sur l’adsorbant 
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au moyen d’un agent réducteur. Cette opération est réalisée au moyen d’une solution alcaline 

d’hydrate d’hydrazine (N2H4·H2O), des analyses XPS ayant montré que le rendement de 

réduction était proche de 44%. Le catalyseur obtenu peut ensuite être utilisé en colonne (en 

mode recirculation, équivalent au réacteur parfaitement agité) pour l’hydrogénation du 3-NP en 

présence de formiate de sodium. Les différents travaux réalisés au sein de l’IMT-Mines Alès, 

notamment sur des supports de type chitosane, ont mis en évidence l’impact de la concentration 

en Pd sur la taille des nanoparticules immobilisées sur le support et par voie de conséquence 

sur leurs propriétés catalytiques. C’est sur ce paramètre que les premiers essais ont été menés. 

Les membranes PEI/Alginate (pour un poids sec de 255 ± 10 mg) ont été chargées en Pd avec 

des solutions (volume, 1 L) de différentes concentrations (i.e., 11, 16, 21, 28 et 52 mg L-1). Afin 

d’obtenir une membrane homogène en terme de distribution du palladium, le flux de circulation 

de la solution a été maintenu à une valeur de 30 mL min-1. Ainsi, le palladium ne s’accumule 

pas préférentiellement sur la face d’alimentation de la membrane mais dans la totalité de son 

volume. Les taux élevés de rétention du palladium (respectivement : 100, 99,8, 98,5, 97,1 et 

71 %) confirment l’affinité des membranes pour le palladium (par interaction entre les anions 

chloro-palladate et les groupements aminés protonés). Les capacités d’adsorption 

correspondantes atteignent: 43,8, 67,7, 84,0, 110,4 et 154,5 mg g-1, respectivement. 

La Fig. 10 compare les profils cinétiques d’hydrogénation du 3-NP pour différentes valeurs de 

la charge en Pd (a) et pour différents flux de solution métallifère (b). Un test mené en contrôle 

sur une membrane vierge (sans Pd) montre une diminution négligeable de la concentration 

relative du 3-NP dans la solution: l’adsorption du substrat sur la membrane est négligeable. Aux 

plus faibles charges (i.e., 11 et 16 mg) les niveaux d’abattement sont négligeables: ils 

correspondent à un abattement de la concentration en 3-NP de quelques pourcents. Il faut 

atteindre une teneur limite proche de 21 mg (pour une membrane d’environ 255 mg) pour 

qu’une activité catalytique significative s’exprime. Il est important de remarquer qu’au-delà de 

cette quantité critique un ajout supplémentaire de palladium (i.e., 27 et 37 mg) n’améliore que 

marginalement le profil d’hydrogénation. L’observation en MET montre une dispersion 

homogène du palladium à la surface des feuillets de la membrane, avec des tailles de particules 

nanométriques de 4,5 à 10,5 nm (distribution centrée autour de 7,61 ± 1,93 nm). 
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Fig. 10 Effet sur la cinétique d’hydrogénation hétérogène du 3-NP par la membrane 

Pd/PEI/Alginate de la charge en Pd (mg/membrane) (a) (procédé de sorption du Pd(II): 

masse de membrane = 255±10 mg; débit = 30 mL min-1 ; concentration d’alimentation 

C0 (Pd(II)), 10-50 mg L-1. Etape d’hydrogénation du 3-NP : concentration d’alimentation 

C0 (3-NP) = 50 mg L-1; V = 0,1 L; pH (non-contrôllé), 2,86 ; débit = 50 mL min-1; 

concentration d'acide formique C(HCOOH), 0.2%) ; du flux d’alimentation en solution 

métallifère (étape de synthèse du catalyseur) (b) procédé de sorption du Pd(II): masse de 

membrane = 255±10 mg ; concentration d’alimentation C0 (Pd(II)) = 28 mg L-1. Etape 

d’hydrogénation du 3-NP: concentration d’alimentation C0 (3-NP) = 50 mg L-1; quantité 

de Pd = 27 mg; V = 0,1 L; pH (non-contrôllé), 2,86 ; débit = 50 mL min-1; C(HCOOH), 

0.2%)). 

La Fig. 10b illustre la nécessité d’imposer un flux minimum au travers de la membrane pour 

assurer une distribution homogène de la solution dans la totalité de la membrane et donc une 

répartition homogène du Palladium dans tout le volume du catalyseur. Ainsi un débit de 5 mL 

min-1 induit probablement une accumulation préférentielle du Pd sur la face d’entrée de la 

membrane au détriment du reste du volume de la membrane: le Pd forme potentiellement des 

agrégats sur cette face alors que le reste du catalyseur présentera une densité insuffisante en 

NPs de palladium. Cette hypothèse est confirmée par les photographies (insérées dans la Fig. 

10b) représentant la face arrière des membranes. Alors que pour les débits d’imprégnation 

élevés, la face arrière apparaît homogène (coloration brun foncé/noir), dans le cas du débit 

réduit, des zones présentent une coloration proche de celle de la membrane non-imprégnée de 

Pd. Cet effet peut s’exprimer à travers une hétérogénéité de dispersion du Pd ou d’hétérogénéité 

de réduction du Pd. Cela se manifeste sur le profil d’hydrogénation par une moindre réactivité 

et une cinétique défavorable. Au contraire, pour les membranes chargées en Pd avec des flux 

plus importants (i.e., 30 et 50 mL min-1), la distribution homogène de la même quantité de Pd 

dans la totalité du volume de la membrane, tout en évitant la formation d’agrégats, permet 

d’optimiser le profil cinétique et donc d’améliorer le TOF de la réaction (taux de conversion 

rapporté à la masse de métal catalytique). Un bon compromis pour la préparation de ces 

membranes en tant que supports catalytiques consiste donc à imposer un flux de 50 mL min-1 

pour la fixation du palladium (et sa réduction). 

Sur la base de ces conclusions, les membranes optimisées ont été testées pour différentes 

conditions opératoires. Les profils cinétiques ont été modélisés avec succès en utilisant 

l’équation cinétique de pseudo-premier ordre. La stabilité du catalyseur a été testée en 

comparant les performances catalytiques pour 30 cycles successifs: une diminution progressive 

de l’efficacité est observée à partir du 20ème cycle. Pour finir, des essais ont été réalisés sur des 

membranes utilisées en mode dynamique (percolation sans recirculation, à plus faible débit 

d’alimentation). Une baisse progressive de l’efficacité de conversion est observée due à un 

empoisonnement du catalyseur. Il convient toutefois de noter qu’une phase de lavage simple 

(avec de l’eau déminéralisée) permet de restaurer l’efficacité catalytique. Ces différents 

résultats démontrent l’intérêt de ces membranes à haut pouvoir de percolation comme supports 
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de métaux catalytiques pour la catalyse hétérogène (l’hydrogénation hétérogène étant prise 

comme exemple simple de réaction catalytique). 

 

3. Conclusions 

Un procédé original de fabrication de membranes à haut pouvoir de percolation a été mis au 

point et optimisé. Cette méthode simple permet, par mélange dans des conditions contrôlées de 

deux solutions d’alginate et de polyethyleneimine, d’obtenir un hydrogel structuré dont la 

stabilité est améliorée par réticulation (des fonctions aminées de la PEI par le glutaraldéhyde). 

Cette double interaction (PEI/Alginate, PEI/GA) permet d’obtenir après séchage à l’air libre 

(donc peu énergivore et sans moyen sophistiqué contrairement aux procédés conventionnels) 

de produire des membranes "hyper" macroporeuses autorisant la percolation par drainage 

simple de solutions. 

La coexistence de deux types de groupements fonctionnels (carboxylates et amines) offre de 

nombreuses possibilités d’interaction avec les ions métalliques en jouant tant sur des propriétés 

de chélation (carboxylates, amines libres) que des propriétés d’échange ionique/attraction 

électrostatique (amines protonés) en fonction de la typologie du métal, de sa spéciation et du 

pH de la solution. Ces différentes possibilités ont été illustrées par une série d’expérimentations 

portant sur des ions métalliques tels que: Hg(II), Cu(II), Pb(II), Se(VI), Cr(VI), As(V). Ces 

différentes études ont permis d’illustrer: (a) l’affinité particulière des membranes pour les 

anions métalliques (préférentiellement aux cations) en raison notamment de la plus grande 

disponibilité des fonctions aminées protonées, (b) la criticité du taux de réticulation, en 

particulier pour les interactions mettant en œuvre des mécanismes de chélation (essais réalisés 

sur un adsorbant spécifique: PEI/GA en poudre). Sur ce même adsorbant, un phénomène 

inattendu a été mis en évidence: la fixation de CO2 sur les fonctions aminées conduit à la 

formation de carbamates et diminue les performances d’adsorption pour certains métaux 

(notamment ceux impliquant une adsorption par chélation). Cela conduit à préconiser un 

stockage en flacon scellé des adsorbants PEI/GA pour éviter cette contamination et ses effets 

associés. 

L’affinité de ces membranes PEI/Alginate pour les anions métalliques a été mise à profit pour 

synthétiser des catalyseurs hétérogènes portant des nanoparticules de palladium à partir d’une 

séquence: adsorption du palladium (par échange d’ions/attraction électrostatique de PdCl4
2- en 

milieu HCl), suivie d’une réduction par l’hydrate d’hydrazine. Les résultats obtenus montrent 

que plutôt que de privilégier une forte concentration en palladium, il est préférable de réaliser 

une distribution homogène du métal à concentration intermédiaire (de l’ordre de 8 % en masse) 

afin d’éviter la formation d’agglomérats de moindre efficacité catalytique. Le catalyseur est 

régénérable par rinçage à l’eau, pour la réaction simple sélectionnée dans cette étude 

(hydrogénation du 3-nitrophénol par le formiate de sodium). 

Ces matériaux ouvrent de nouvelles perspectives tant par leur mode de synthèse (peu 

énergivore), que par leurs propriétés de percolation (incluant une application en drainage par 

écoulement naturel) ou que la versatilité offerte par les groupements fonctionnels présents 
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(groupes carboxyliques et fonctions aminées). Ils ouvrent également des perspectives en vue de 

fonctionnaliser ces membranes par greffage de fonctions spécifiques en vue d’améliorer leur 

sélectivité ou réactivité (thèse en cours), par analogie avec les travaux réalisés sur des 

adsorbants innovants à base d’algues et PEI (APEI) [16-18].  
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Chapter 1 Introduction 

The water pollution and scarcity problems are increasing day by day due to the rapid 

development of industrialization and the growth of population. According to the World Health 

Organization (WHO) [1], current trends in water use indicate that by 2025, half of the world’s 

population will be living in water-stressed areas. Wastewater treatment and reuse play key roles 

in solving this problem. Meanwhile, the recovery of some valuable substances such as heavy 

metals, precious or strategic metals from wastewater becomes an attractive research direction. 

It is well known that heavy metals, such as Pb(II), Cu(II), Cr(VI), As(V) and Hg(II) discharged 

from some industrial processes (electroplating, smelting, and mining), have toxic effects on 

organisms and accumulate in biota which can result in various undesirable consequences. 

Hence, the metal ions contained in wastewater must be eliminated and recovered for preserving 

the environment to avoid hazardous effects to the biotope and human health and producing 

materials first strategic (scarcity, geostrategic constraints, etc.) from secondary resources (waste, 

infra-marginal minerals) in order to meet growing demand (development of high-tech products). 

Commonly used technologies, including chemical reduction, precipitation, coagulation, solvent 

extraction, ion exchange, membrane separation and sorption etc. have been applied to remove 

and recover the contaminants from water [2-4]. The sorption process has been viewed as simple, 

eco-friendly, efficient and low-cost technique with more selective and allowing certain toxic 

and / or recoverable metals to be concentrated. Various sorbents such as natural minerals [5], 

agricultural waste [6] and biopolymers [7] have been investigated for the treatment of different 

kinds of effluents. However, low stability and mechanical properties, difficulty in solid-liquid 

separation after treatment, and unsuitability for column operation become restrictions in their 

practical application. Thus, finding new economical and effective materials for wastewater 

treatment is becoming an urging challenge. 

Recently, biopolymers such as cellulose, gelatin, starch, chitosan and alginate received a great 

deal of attention due to their special mechanical, chemical, and electrochemical properties in 

the synthesis of novel materials [8, 9]. Among the numerous biopolymers, alginate is a 

hydrophilicity and biocompatible polymer with abundant free carboxyl and hydroxyl groups, 

which makes it an excellent gel-forming candidate to obtain multi-functional materials for 

effluence purification. For example, the affinity of carboxylic groups (existed in alginate) for 

cations facilitates it to synthesize beads [10], gels [11], fibers [12], foams [13], etc. for the 

removal of dye and metal ions. Meanwhile, alginate can be combined with cross-linkers such 
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as polyethylenimine (PEI) which allows to introduce new functional groups for improving the 

mechanical strength and sorption capacity of materials [14].  

On the other side, moving the utilization of biopolymer-based materials toward as a source of 

catalyst has been shown to be a promising way recently. Wang et al. [15] successfully loaded 

palladium nanoparticles into algal beads by adsorption and reduction and used it as a supported 

catalyst for nitrophenol hydrogenation. Hammouda et al. [16] immobilized iron in alginate 

beads and found that indole can be effectively treated by the heterogeneous electro-Fenton 

process using Fe alginate beads as catalyst. An ionic liquid and a transition metal were 

supported on alginate matrix to form the porous monolith catalyst which was efficiently used 

for the hydrogenation of 4-nitroaniline, reported by Jouannin et al. [17]. In summary, using 

alginate as a basis material to prepare economical and effective adsorbents and catalysts for 

water purification has great potential. 

1.1. Alginate overview 

1.1.1. Sources of alginate 

Alginate is a linear anionic polysaccharide richly existed in marine algae and bacteria: 

structurally, it forms by linear block copolymerization of β-d-mannuronic (M) acid and α-l-

guluronic (G) acid; commercially, it is mainly extracted from brown seaweeds including 

Laminaria, Sargassum, Macrocystis, Turbinaria, Padina and Ascophyllum species [18]. Since 

alginic acid was first reported by the British chemist E.C.C. Stanford in 1881, various forms of 

alginate salts such as sodium, calcium and potassium have continuous appeared and been used 

in food, textile, biomedical, pharmaceutical and chemical industries [19]. Commercial alginates 

are naturally present in the cell wall of brown seaweeds, and the general procedures of obtaining 

alginates mainly involve three major stages: pre-extraction, neutralization, and precipitation 

(presented in Figure 1-1) [20]. Initially, the pre-extraction process is soaking the milled algal 

tissue in 0.1-0.2 M mineral acid (e.g., HCl or H2SO4) to remove the counter ions by proton 

exchange and convert the alginate salts into free alginic acids. The next step is converting the 

insoluble alginic acid using an alkali solution (e.g., NaOH or Na2CO3) though neutralization to 

soluble sodium alginate. Finally, the sodium alginate powder is obtained from the extraction 

solution by precipitation with hydrochloric acid, calcium chloride, or alcohol before drying and 

milling. Sodium alginate, as the first by-product of algae processing, has become the main form 

of alginate used in the industry, especially for wastewater treatment. 
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Figure 1-1 Generalized extraction process of sodium alginate. 

1.1.2. Properties  

As a natural biopolymer, alginate has several valuable and unparalleled properties that enabled 

it to be widely used in the wastewater treatment industry as a basic material for the formation 

of different forms products such as hydrogels, beads, fibrous, foams and membranes. The 

unique properties of alginates, which are important to the particular field, include: (i) Alginate 

is non-toxic, abundant, renewable, biocompatible, and biodegradable and has a relatively low 

cost, which make it become an ideal candidate for the synthesis of new materials; (ii) Alginate 

has the ability to form gels in the presence of multivalent cations (e.g. Ca(II), Zn(II) and Ba(II)) 

by the ionotropic gelation method, making them popular for material encapsulation; (iii) 

Alginate is an anionic polymer which can achieve covalent cross-linking by reacting with 

covalent cross-linker (e.g. epichlorohydrin, PEI and glutaraldehyde (GA)) for improving the 

physical and mechanical properties of the gel; and (iv) Alginate has a number of free hydroxyl 

and carboxyl groups distributed along the backbone, which may be used for metal cations 

binding (e.g. through interactions between cations and carboxylate groups at pH above the pKa 

values of the M and G acids: 3.38 and 3.65) and chemical modifications (including sulfation, 

amidation, and graft copolymerization) [21-23].  

However, the unique properties of alginate may be influenced by the composition, sequential 

structure, and molecular size of the polymer [24]. It is noteworthy that alginate with a backbone 

of β-D- (1,4)-mannuronic (M) and α-L-(1,4)-guluronic (G) acid residues can arranged in 

various proportions and sequential arrangements of GG, MG, and MM blocks (Figure 1-2) [25, 

26]. The M units exhibit linear and flexible construction due to the connection of β-(1,4) 

linkages, while the G units are stiff structures of buckled shape linked via α-(1,4) linkages, 

which introduce steric hindrance around the carboxyl group [27]. For these reasons the 

composition and content of M and G units distributed along the alginate backbone can affect 
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the physicochemical properties of alginate such as mechanical property, gel-forming property 

and the variable affinity of alginates for heavy metals [28]. Qin [29] tested the gel-forming 

abilities of a number of different types of alginate fibers and the results showed that alginates 

with high G content tend to form strong and firm gels, whereas those rich in M content results 

in the formation of weak and soft gels. Smidsrød and Haug [30] studied the affinity of divalent 

metals on different types of alginates and revealed that alginates with the G content show a 

stronger affinity for divalent cations such as Pb(II), Cu(II), Ca(II), etc. Hence, alginate with a 

high content of G-residues possible has far more industrial significance in the wastewater 

treatment field. 

 

 

Figure 1-2 Chemical structures of G blocks, M blocks, and alternating blocks in 

alginate. 

1.2. Alginate-based material 

Due to its special properties, alginate is widely used in wastewater treatment. At first, the 

biomass containing alginate (such as, algae-based biomass and their derivatives) was directly 

used as the adsorbent. However, some organic compounds of raw algae biomass are readily 

leached during the sorption process; this may cause, in turn, a secondary pollution. Moreover, 

another problem to be addressed after treatment is the solid-liquid separation of biomass, when 

used under powder-form. Therefore, there is still a need for developing alternative 

conditionings of algal-based materials having enhanced sorption properties and facilitated 

operating process. Considering that the extracted alginate has strong cationic cross-linking 

ability and excellent gelation property, it is directly used to synthesize alginate-based 

composites for environmental remediation.  

1.2.1. Synthesis of alginate-based material 

The physicochemical properties of alginate-based material, such as mechanical strength, 

stability and functional ability, are closely related to their synthetic techniques. For overcoming 
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the high solubility and low mechanical strength of alginate, crosslinking methods that occur 

through ionic or covalent interaction to form stable intra- or inter-molecular attractive forces 

are widely used in alginates to prepare materials with desired functions [31]. Here, we focus on 

two common crosslinking methods: ionic crosslinking and covalent crosslinking. 

Ionic crosslinking is the most common approach used to form alginate-based material. It states 

on the generation of three-dimensional networks mainly by the interaction between alginate 

chains and multivalent cations (i.e., Ca2+). It is noteworthy that the interaction is mainly 

occurring on G blocks of alginate: especially Ca2+ combines with two facing helical stretches 

of G blocks to form “egg-box” structure; this means alginate with a higher G contents yield can 

obtain stronger gel networks and materials [32, 33]. Meanwhile, this also means that the affinity 

of alginate towards cations is higher when the amount of G blocks is increased. According to 

previous studies [34, 35], the binding ability of alginate to some cations mostly follows the 

order: Mn2+ < Ni2+ < Ca2+ < Sr2+< Ba2+ < Cu2+ < Pb2+< trivalent cations. Among them, Calcium 

(Ca) has been the most frequently used cation to ionically cross-link alginate due to its economy, 

abundance, easily access and nontoxicity attractions. The typical way is mixing sodium alginate 

and calcium chloride (CaCl2) to obtain gels. However, the high diffusion rate of Ca2+ ions in 

CaCl2 solution leads to a fast gelation rate, which may affect the uniformity and mechanical 

properties of gels [36]. Thus, gelation rate is an essential factor in controlling gels formation. 

To widen the gelling time and delay the gelation process, temperature of gelation could be 

adjusted or solubility of calcium salts could be lowered through replacing CaCl2 by insoluble 

calcium salt, like CaCO3 [37]. However, the Ca alginate gels or materials obtained by these 

methods have a critical drawback: these gels are unstable in the presence of chelators such as 

citrate, phosphate, lactate or ethylenediaminetetraacetic acid (EDTA) due to ion exchange [38]. 

Furthermore, other divalent or trivalent cationic gels (obtained by ionic crosslinking) face the 

same limited stability: these multivalent cations exchange with monovalent cations like K(I), 

involving the rupture of three-dimensional networks and the dissolution of gels [39]. This limits 

the flexibility and practical application of ionically crosslinked alginate materials. 

Another covalent crosslinking method, has been used in the synthesis of alginate-based material, 

as a very effective strategy for overcoming the limited stability of ionic gelation. In these 

crosslinked alginates, the polymer chains which contain carboxyl (-COOH) or hydroxyl (-OH) 

groups are interlinking with covalent bonds of a crosslinker to form stronger linkages and more 

stable three-dimensional networks. Epichlorohydrin is a well-known agent for covalent 

crosslinking of alginates, and the covalent alginate networks can be formed by reacting the -

OH groups with an epoxide of epichlorohydrin though a ring-opening polymerization process 



6 
 

under basic conditions [40]. Figure 1-3 shows the reaction mechanism of alginate crosslinking 

with epichlorohydrin. The reaction can take place at 25 °C and the obtained polymer needs to 

be thoroughly washed with distilled water finally. These polymers are very stable and can 

remain intact under many extreme conditions, such as a wide pH range of 1-13, temperature up 

to 100 °C and high ionic strength of 0.5 M NaCl [41, 42].  

 

Figure 1-3 Mechanism for alginate crosslinking using epichlorohydrin. 

 

Alginate chains can also be covalently crosslinked by reacting the -OH groups with dialdehyde 

groups such as glutaraldehyde though acetalization process under acid conditions, as shown in 

Figure 1-4 . Kim et al. [43] prepared alginate superabsorbent filament fibers using 

glutaraldehyde as a crosslinking agent in the presence of HCl solution. These filaments 

maintained the integrity of the fiber structure which also showed the high saline solution and 

synthetic urine absorbencies than alginates crosslinked with divalent cations. This may be 

because ionic crosslinking produces tightly packed junction points which are not favorable for 

liquid entrance, while covalent crosslinking using glutaraldehyde has linkers of adjustable 

lengths that can be used to create crosslink junctions allowing more liquid to be absorbed [44]. 

It is noteworthy that an increase in the glutaraldehyde concentration leads to a decrease in saline 

absorbency. Lu et al. [45] reported the use of a glutaraldehyde crosslinked alginate beads for 

the removal of dye and heavy metals. These beads showed high sorption capacities of 

methylene blue (572 mg g-1) and Fe3+ ions (136 mg g-1) and controllable swelling behavior 

which can meet specific applications. 
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Figure 1-4 Mechanism for alginate crosslinking using glutaraldehyde. 

In addition, other covalent crosslinkers like adipic dihydrazide, methyl ester L-lysine and N,N-

(3-dimethylaminopropyl)-N-ethyl carbodiimide (EDC) have also been used to synthetic 

alginate polymers via condensation reactions [46, 47]. It is noteworthy that since pure 

crosslinking materials may have several limitations in providing biomaterials with the desired 

properties, other functional materials with required properties can be loaded during the 

preparation process. For instance, the introduction of graphene oxide into porous alginate fibers 

can enhance the mechanical property of the material [48]. The gel ability and inherent 

biocompatibility of alginates make crosslinking alginate materials particularly attractive for 

numerous applications in diverse areas. Continue to develop potential modification ways of 

alginate is open to trial.  

1.2.2. Interaction of metal ions with alginate-based material 

Studying the interaction mechanism of metal ions and sorbent materials is interesting for a 

better use of alginate materials as sorbents or catalysts for wastewater treatment. As mentioned 

above, raw alginate is able to bind metal cations easily because of the presence of hydroxyl and 

carboxyl groups. However, the alginate-based materials which were obtained by crosslinking 

or reaction with other functional materials, will present other functional groups (e.g. amine and 

sulfate groups) and a more complex structure, which may disturb interactions with metal ions. 

Functional groups of materials play a dominant role in the metal binding and can capture metal 

ions through two main interaction mechanisms: complexation (or chelation) and electrostatic 
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attraction (or ion exchange); it is possible to predict the interactions as a function of the acidity 

and composition of the solution since their values can influence the protonation of binding sites 

(or functional groups), the charged state of the material and the speciation of metal ions [49]. 

Generally, in the case of materials with uncharged functional groups, the metal ions binding is 

mainly due to complexation reactions leading to new chemical bonds formation between the 

material surface and the metals; whereas for the materials with charged functional groups, the 

interaction with metal ions is more likely ion exchange through the electrostatic attraction 

between the material surface and the metals [50]. 

The commonly functional groups present in the alginate-based material include carboxylic, 

amine, hydroxyl, sulfate, and phosphate groups. Among them, carboxylic groups are the most 

abundant functional groups in alginate and their interaction with metal ions may depend on the 

solution pH and the conjugate acid dissociation constant (pKa) of the selected group: when the 

solution pH is higher than the pKa, the carboxylic group is deprotonated and converted into 

carboxylate anions (COOH → COO− + H+) and exhibit a negative charge which can be used to 

electrostatically adsorb positively charged cations; conversely when the solution pH is lower 

than the pKa, the carboxylic group is protonated and uncharged which can lead to the formation 

of coordination bonds [51, 52]. Hu et al. [53] investigated the effect of solution pH on Pb(II) 

sorption using carboxylated cellulose nanocrystal/sodium alginate hydrogel beads and found an 

increase in Pb(II) uptake over the pH range of 2 to 4 followed by a plateau between pH values 

4 to 6. They explained that this is because the carboxylic groups were converted into 

carboxylate anions which are beneficial to the Pb(II) ions binding though electrostatic attraction. 

Indeed, since the pKa of carboxylic groups in alginate are 3.38 for mannuronic and 3.65 for 

guluronic acid [54], an increase of the solution pH above 4 can led to a completely 

deprotonation of carboxylic groups; this is favorable for the binding of metallic cations though 

electrostatic interaction. Similarly, other acidic groups such as phosphonic or sulfonic groups 

also can show their negatively charged and uncharged state according their own pKa and the 

solution pH. In contrast, amine group is a classic example which exhibits a positive charge in 

their protonated form (in acidic solutions) and becomes uncharged when it is deprotonated 

(generally in neutral pH solutions): this means the amine group can not only interact with 

metallic anions through electrostatic attraction but also chelate metallic cations by 

complexation. Amine groups have been linked to the alginate-based materials due to their 

excellent uptake performance on metal ions [55, 56]. Several studies have shown that the 

binding of metal anions on amine group in alginate-based materials occurred through 
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electrostatic attraction [57]. Yan et al. [58] analyzed the Cr(VI) binding mechanism on the 

obtained core-shell/bead-like alginate@PEI sorbents though the studies of metal uptake 

performance and the characterization of FTIR and XPS. They concluded that the main 

interaction between metals and sorbents was due to the amino groups protonated to an 

ammonium form (NH3+) under acidic condition, leading to a positive-negative charge bridge 

for electrostatic binding of Cr(VI) anions. It is noteworthy that the chloro-anionic species of 

Au, Pt and Pd also can be electrostatic captured by protonated amino groups; this is beneficial 

for the recovery of precious metals [59, 60]. On the other side, the amine group also can interact 

with cationic species by complexation. Zhang et al. [61] indicated that Cu(II) ions can be 

absorbed due to the strong chelating interaction between Cu(II) and amino groups on the 

adsorbent at pH 5.5. Shun et al. [62] also pointed out that the complexation of amino group with 

Cu(II) play a role in the metal binding at pH 6 using functionalized PEI/sodium alginate porous 

membrane. 

In addition, it is worth mention that during the interaction between metals and materials, the 

porosity of the material may influence the performance of metal ions binding: this phenomenon 

is obviously highlighted by comparison between porous structure and non-porous structure of 

materials. To confirm this point, a research group prepared porous alginate aerogel beads and 

non-porous xerogel analogues though different drying methods (supercritical CO2 versus air 

drying) and used them for the sorption of Cu(II) and Cd(II) [63]. The results showed that the 

porous structure of alginate aerogels greatly enhances the metal uptake ability and decreases 

equilibrium time of the material compared to non-porous xerogels: for porous aerogels, the 

maximum sorption capacities are 126.8 mg g-1 for Cu(II) and 244.5 mg g-1 for Cd(II) and 99% 

removal of both metal ions were achieved in around 950 min; while for non-porous xerogels, 

the maximum sorption capacities are 89.6 mg g-1 for Cu(II) and 198.4 mg g-1 for Cd(II) and 99% 

removal of both metal ions were achieved in 1550-1750 min. Other studies also pointed out that 

metals sorption performance, especially sorption rate, can be limited by the low porosity of 

material, which slows down the diffusion of the adsorbate in the adsorbent [64, 65]. 

1.2.3. Shaping of alginate-based material 

Alginate-based materials can be readily formulated into various forms in the presence of 

suitable methods and meanwhile, the different shaping forms of the materials have an influence 

on the application of water treatment. The following mainly lists the commonly shaping forms 

of alginate-based materials including beads, fibers, sponges, foams, and membranes. 

 



10 
 

(1) Beads 

Many works have been performed with alginate-based materials shaped as beads (i.e. gel- and 

solid-beads), since they are easy to produce and shape through ionic or covalent crosslinking, 

compare to some other forms such as fibers and membranes [66-68]. Basically, alginate beads 

are fabricated by adding the alginate mixture dropwise to a crosslinking solution with constant 

stirring under mild conditions; these beads also can be applied for encapsulation of other 

functional materials. As mentioned in the introduction of ionic crosslinking, alginate solution 

can quickly form hydrogels in the presence of divalent cations such as Ca2+, which has become 

the simplest pathway to obtain alginate beads. Fiol et al. [69] prepared calcium gel beads loaded 

with grape stalks wastes by the crosslinking reaction between sodium alginate with 0.1 M CaCl2 

solution and applied them for chromium (VI) removal from aqueous solution. Results showed 

that these gel beads have a great sorption ability: the maximum uptake can up to 86.42 mmol 

of Cr(VI) L-1 of wet gel beads volume. However, the alginate gel beads were semi-transparent, 

which always exhibit poor mechanical properties and need to be stored in aqueous media; these 

drawbacks limited their large-scale applications. For example, Lagoa and Rodrigues [65] 

studied kinetic analysis of metal uptake by gel alginate beads and dry/solid alginate beads 

(obtained though oven-drying part of gel beads). They pointed out that gel bead with higher 

porosity adsorbed metal ions faster than the solid ones, while solid beads showed a higher 

sorption capacity and mechanical stability. These may be because the oven-drying process of 

the gel beads will shrink their structure and form a more compact and stiffer material, slowing 

the diffusion rate of metal ions inside the bead. Here, the low porosity becomes a limitation of 

solid beads for their application in water treatment. Some methods for improving the porosity 

of the beads have been studied. Kim et al. [70] compared the structures of alginate beads 

obtained by different drying methods including air drying, oven drying, vacuum drying and 

freeze drying and discovered that freeze drying keep higher porosity while other drying 

methods cause a collapsed pore structure of the bead. Chen et al. [71] prepared modified 

alginate beads by mixing graphene oxide (GO) and alginate solution followed by crosslinking 

with CaCO3 and then freeze-dried. Results showed that the modified alginate beads have higher 

porosities and mechanical properties than pure alginate beads. They also concluded that the 

adsorption abilities of modified beads are much higher than those of pure alginate beads: their 

sorption capacities for Cu(II) and Pb(II) increased from 50.6 mg g-1 and 144.4 mg g-1 to 81.5 

and 204.4 mg g-1, respectively.  

Covalent crosslinked alginate beads have also been widely studied by introducing new 

functional groups and structures to improve the material stability and sorption capacity. Gotoh 
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et al. [72] fabricated covalent crosslinked alginate beads by modifying Ca alginate beads with 

cyanogen bromide and 1,6-diaminohexane for Cu(II) and Mn(II) removal: this made the beads 

durable under alkaline conditions. Rocher et al. [73] covalently crosslinked Ca-alginate 

magnetic beads with epichlorohydrin and obtained higher porosity and stability beads for dyes 

removal. It has been concluded that the use of epichlorohydrin accelerates the adsorption 

process and that adsorption capacities are 0.02 mmol g-1 for negatively charged methyl orange 

and 0.7 mmol g-1 for positively charged methylene blue. 

The materials in the form of beads are commonly performed in lab scale of batch experiments 

or fixed-bed column system, while at large scale continuous systems they may cause the head 

loss and column clogging, limiting their applications. 

 

(2) Fibers 

Alginate-based materials in the form of fibers have a high specific surface area and porosity, 

leading to fast adsorption abilities during removal of contaminates from aqueous solution [74]. 

The fibers conditioning will be more suitable in column systems because of an easier 

hydrodynamic transfer in column coupled with a fully recycling possibility by complete contact 

with the fibers. The alginate fibers shape has been studied for the adsorption of metal ions, dyes 

and antibiotics from wastewater. Electroplating and wet-spinning technology are two common 

methods for producing alginate fibers. Wu et al. [75] described a procedure for the preparation 

of graphene oxide (GO) doped alginate fibers by wet spinning: a homogeneous mixture of GO 

and alginate is injected into a coagulation bath containing 5 wt% CaCl2 through a 0.75 mm 

diameter needle and then the as-prepared fibers are collected on a rotating collector outside the 

bath, washed with deionized water and air-dried. These fibers were used to remove antibiotic 

ciprofloxacin from aqueous solution and the removal efficiency can be 80%. Konwar et al. [76] 

adopted the same wet spinning technique to prepare magnetic alginate-Fe3O4 fibers and find that 

these fibers can play an efficient role in the successful adsorption of antibiotic. Thermogravimetric 

analysis and tensile strength measurements also proved that the obtained fibers have a high thermal 

stability and mechanical strength. In addition, Sui et al. [77] investigated the adsorption behavior 

of methylene blue (MB) and methyl orange (MO) dyes by alginate carbon nanotube fibers 

which were fabricated though the wet spinning method. The isotherm analyses showed that the 

fibers have a high affinity to cationic dye MB: the maximum adsorption of MB reached 606 mg g-

1. 

Electrospinning is another facility and controllable fabrication technique to produce alginate fibers. 

Pan et al. [78] used this method to prepare an enhanced strength-toughness alginate composite 
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fiber. A homogeneously electrospinning solution was prepared by mixing alginate with GO, 

polyethylene oxide, Triton X-100™ and dimethyl sulfoxide followed by magnetically stirring 

for 6 h. Perfect fibers were performed in the following electrospinning condition: a 10 mL 

plastic syringe capped with a stainless steel needle (21 gauge), a spinneret to a rectangular 

aluminum foil was used as a static collector distance of 16 cm, a polymer-flow-rate of 1.5 mL 

h-1 and an applied voltage of 16 kV. The obtained fibers were uniformly distributed with a 

diameter of 400 nm and could be used to remove Pb(II) and Cu(II) ions from water. The results 

showed that the maximum adsorption capacity for Pb(II) and Cu(II) reached 386.5 and 

102.4 mg g-1. They also found that the fibers exhibited high porosity and mechanical properties 

which can be used repeatedly with minimal loss in application. 

(3) Membranes/sponges /foams 

Three-dimensional (3D) porous alginate scaffolds like membranes, sponges and foams have 

been synthesized and extensively applied in tissue engineering and biomedical application. 

They recently received attentions in the field of wastewater treatment since they are readily to 

manage and reuse compared with beads and fibers, especially at large scale continuous systems. 

Several studies have reported on the synthesized methods and the application of elaborating 

membranes, sponges and foams. Guo et al. [79] prepared alginate membrane for the removal 

of dye brilliant blue (BB) from aqueous solutions by the procedure of re-dissolving the as-

prepared carbon nanotubes composite nanofibers and crosslinking with CaCl2 solution. The 

obtained membrane exhibited a higher mechanical property, hydrophilic property and dye 

removal ability compared with most other materials: the tensile strength, water flux and BB dye 

rejection rate of the membrane are 2.59 MPa, 32.95 L m-2 h-1 and 98.20%, respectively. Feng 

et al. [13] fabricated alginate melamine sponge by alginate soaking and then hardening method 

for Cu(II) adsorption. They firstly immersed commercial melamine sponge (MS) into the 

sodium alginate solution overnight; after lyophilization, the sponge was put into the CaCl2 

solution for 6 h to crosslink followed by washing and oven-drying. The whole synthesis process, 

which is simple and economical, enhances the mechanical property of the sponge. In addition, 

the as-prepared alginate sponge presents high heavy metal adsorption performance and good 

recycling ability: the maximum adsorption uptake is 90 mg g-1 for Cu(II) and 162 mg g-1 for 

Cd(II) and can achieve at least five sorption-desorption cycles. Wang et al. [80] directly used 

alginate suspensions, either pure or mixed with attapulgite, to produce floatable and porous 

alginate-based foams though freeze-drying and post cross-linking method. The addition of 

attapulgite (AP) was favorable to enhance the material mechanical property. The AP foams are 

readily recyclable and applied for the adsorption of heavy metals. Results showed that the 
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maximum uptake of Cu(II) and Cd(II) by foams reach to 119 mg g-1 and 160 mg g-1, 

respectively, and don’t show any significant decrease after five successive adsorption-

desorption cycles, illustrating the good reusability of the foams. However, in the chemical 

stability test, the weight loss of AP foams reached to 23 % after immersing in a strong acid 

solution (0.2 mol L-1 HCl) for 6 days, which may be caused by the ion exchange between Ca(II) 

(existed in the foam) with H+ ions. This phenomenon will limit the use of the AP foam in 

industrial wastewater treatment.  

On the other side, Chen et al. [81] synthesized humic acid-immobilized sodium alginate porous 

membrane though covalent crosslinking with glutaraldehyde (GA) and used it for the removal 

of Cu(II) ions from aqueous solutions. The results show that the maximum adsorption capacity 

of Cu(II) is 63.1 mg g-1 at pH 6 and adsorption equilibrium can be arrived within 60 min. They 

also used the same method to produce a new membrane by introducing hydroxyl ethyl cellulose 

and applied them to remove Cd(II) ions [82]. Here the maximum uptake of the obtained 

membrane reached to 148.9 mg g-1 for Cd(II) and have no significant losses after five 

adsorption-desorption cycles. 

1.3. Applications of alginate-based materials 

Alginate-based materials have been fabricated and applied in pharmaceutical science, chemical 

industries and environmental engineering. This section focuses on the application of alginate-

based materials in water treatment as adsorbents or catalysts for both inorganic and organic 

contaminants, such as heavy metals, dyes and nitroaromatic compounds. 

1.3.1. Alginate-based materials as adsorbents for water treatment 

The application of alginate-based materials as adsorbents in the removal or recovery of heavy 

metals, precious or strategic metals from wastewater have been reported in the literature. As 

mentioned above, different species of metals have a crucial impact on sorption performance 

and uptake mechanism. Thus, the sorption properties of alginate-based materials on different 

metal types, cations and anions are discussed below and their sorption capacities are briefly 

summarized in Table 1-1 (for cations) and Table 1-2 (for anions).  

(1) Metallic cations  

Commonly metallic cations include Pb(II), Cu(II), Cd(II), Zn(II), Ni(II) which are mainly 

presented in positive or neutral form in aqueous solutions, depending on the solution pH and 

metal concentration. Due to the precipitation of cations as pH increases, most sorption studies 

are conducted at pH below 6; the optimum pH range for metallic cations binding on the alginate-

based materials is achieved at higher pH conditions (i.e. pH 4–6) since lower pH contains more 
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H+ ions which will cause stronger competition with metallic cations. Chen et al. [83] studied 

the sorption behaviors of Ca–alginate beads for Cu(II) removal from aqueous solution under 

different experimental conditions such as pH values (from 1.5 to 6 ), ionic strength (0.005, 0.05, 

and 0.5 M of sodium perchlorate), and metal concentration. The Cu(II) binding on Ca–alginate 

beads was found to be stronger and faster with increasing pH, decreasing ionic strength and 

initial concentration. More specifically, a sharp increase of Cu(II) removal efficiency was 

observed at pH ranging from 1.5 to 3.5 and followed a slight increase from 3.5 to 6. Chiew et 

al. [84] investigated the Pb(II) uptake mechanism of the Halloysite/alginate nanocomposite 

beads using various methods including equilibrium, kinetics, diffusion studies, FTIR, zeta 

potential, and compression tests and found that both the ion exchange interaction between Pb(II) 

and Ca(II) ions and complexation interaction of Pb(II) ions on carboxylate groups presented in 

alginate are significantly involved in Pb(II) removal. They also reported that the Hal/alginate 

nanocomposite beads show a higher uptake capacity for Pb(II) (1.56 mmol g-1) than the free 

Hal nanotubes (0.41 mmol g-1) without alginate. This may be due to the introduction of 

carboxylate groups (existed in alginate) which show higher affinity to Pb(II) ions compare to 

the silanol groups of the Hal nanotubes. In addition, Arica et al. [85] in the study of Cd(II) 

sorption by the plain alginate beads and both entrapped live and dead cells of T. versicolor into 

alginate beads suggested that the metal binding mechanism is due to the deprotonation of 

carboxyl groups (in both alginate and the cells) which can attract positively charged Cd(II) ions 

when carrying negative charges. 

Understanding the adsorption properties of materials for different metallic cations is beneficial 

for selective targeting of certain metals. A study has been carried out to compare the recovery 

ability of various cations including Pb(II), Cu(II), Cd(II), Co(II), Zn(II), Ni(II) from aqueous 

solutions through Ca-alginate gels [86]. Results showed that the ion-exchange between the 

cations and Ca(II) ions was observed in the sorption process and the metal sorption capacities 

of the alginate gels can be ranked according the series: Pb>Cu>Cd>Ni>Zn>Co. Similar results 

were reported by Papageorgiou et al. [87] in the study of Pb(II), Cu(II) and Cd(II) sorption 

using calcium alginate beads. They also pointed out the metals sorption capacities followed the 

rank Pb (1.79 mmol g-1) >Cu (1.38 mmol g-1) > Cd (1.16 mmol g-1), which was commonly 

controlled by the Pearson acid-base theory based on the principle: hard acids prefer to bind with 

hard bases (high electronegativity) whereas soft acids with soft bases (low electronegativity) 

[88]. In this case, the interactions of cations binding on sorbents is mainly due to the 

deprotonation of carboxyl groups present in the alginate; thus, the “hard” carboxyl base has a 

preference for Pb(II) and Cu(II) (intermediate acids) over Cd(II) (soft acid) ions.  
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Moreover, investigating the competitive sorption in multicomponent systems is important. 

Caroline et al. [89] studied the single, binary and ternary systems of Cu(II), Cd(II) and Zn(II) 

sorption using three kinds of sorbents (alginate, PEI/alginate and PEI-CS2/ alginate). They 

found that regardless of the type of sorbents, the adsorbing metals ability followed the sequence 

Cu(II) > Cd(II) > Zn(II) which was in agreement with the point: higher electronegativity (Cu 

(1.90) > Cd (1.69) > Zn (1.65)) and smaller hydrated radius (Cu (4.19 Å) < Cd (4.26 Å) < Zn 

(4.30 Å)) of metal ions lead to higher metal binding ability. Simultaneously, in multicomponent 

solution, the presence of Cu(II) can greatly reduce the affinity of the sorbents for Zn(II) and 

Cd(II), which is beneficial for the recovery of Cu(II) from multicomponent systems. 

(2) Metallic anions  

Alginates have been shown to effectively bind cations due to the presence of numerous carboxyl 

and hydroxyl groups that exhibit negative charges under certain conditions, while their use for 

the binding of anions (such as oxyanions Cr(VI), As(V), and Se(VI)) has been limited. Linking 

some positively charged ions or functional groups on alginate materials are favorable to 

enhance the affinity between negatively charged alginate materials and anionic contaminants. 

Min et al. [90] reported that the As(V) sorption capacity can greatly increase after Ca alginate 

beads were further treated with Fe(III) ions: the As(V) sorption capacities are 0.013 mg g-1 for 

wet Ca bead versus 1.57 mg g-1 for wet Ca–Fe alginate beads at an As(V) initial concentration 

of 5 mg L-1. However, it must be noticed that the leaching of Fe ions in acidic medium will lead 

to a significant impact on the stability of bead and become a limitation. Zhang et al. [91] 

introduced positively charged amines group by encapsulated triethylenetetramine-chitosan into 

alginate beads and found that the introduction of functional materials not only improved the 

affinity between alginate beads with chromium anions, but also enhanced the mechanical 

strength of materials. The Cr(VI) removal was studied in the pH range of 2–10 and results 

showed that the optimal Cr(VI) removal was observed at pH 3 and the maximum sorption 

capacity of modified beads (291.3  mg g-1) was much higher than that of alginate beads (26.1  

mg g-1), because of the strongly electrostatic interaction between positively charged amine 

group of modified beads and the mainly existing species (HCrO4
-) of chromium ions. Indeed, 

many different metal species may coexist in the solution (such as Cr(VI) exists as Cr2O7
2−, 

HCrO4
−, CrO4

2− and HCr2O7
− in aqueous solution) and it is important to understand the 

distribution of ionic species, which depends on both the solution pH and metal concentration 

since the two parameters can influence the charge and the size of metal ions that predominate 

in the solution. Many studies pointed out that the sorption of Cr(VI) were sensitive to solution 

pH and in most cases the optimal anions binding on alginate-based materials was achieved at 
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lower pH such as in the pH range 2–4 [92, 93]. For instance, Karthik and Meenakshi [57] 

studied the Cr(VI) removal by alginate-polyaniline nanofibers in the range of pH 2–10 and 

found the optimal pH was 2 to reach the maximum sorption capacity of nanofibers for Cr(VI) 

ion of 73.34 mg g-1. Vu et al. [94] investigated the sorption behaviors of Cr(VI) and As(V) from 

aqueous solutions using magnetite GO alginate beads. Results showed that as the initial pH 

increased from 3 to 10, the sorption capacities of both metals decreased, with the optimal pH 

values being obtained at pH 3 (where Cr(VI) exists as HCrO4
−, and As(VI) exists as H2AsO4

− 

in aqueous solution). It is noteworthy that the formation of neutral species (e.g. H2CrO4 or 

H3AsO4) and the competitor effect of counter anions contribute to decrease sorption properties 

when the pH is too low [95]. 

Apart from oxyanions, several metals such as Hg(II), Pt(IV) and Pd(II) forms chloro-anionic 

complexes in the presence of chloride ions. The speciation of these metal ions depends on both 

solution pH and chloride concentration which are thus significant to know the interaction 

between sorbents and sorbates for obtaining the best efficiency in sorption process. Cataldo et 

al. [96] studied the Pd(II) sorption by calcium alginate gel beads under different solution pH 

and chloride concentrations and pointed out that in acidic medium the deprotonation of 

carboxylate groups present in alginate, bearing negative charge, preferentially bind the 

positively charged species of Pd(II) including Pd2+, PdCl+, Pd(OH)+, while the protonated 

amino groups with positive charge have a marked preference for the chloro-anionic species of 

Pd(II) such as PdCl3
− and PdCl4

2−, PdCl3(OH)2−. Wang et al. [59] also reported the presence of 

protonated amine groups (introduced by adding PEI) drastically improved the sorption 

capacities of alginate for chloro-anionic metal species of Pd(II) and Pt(IV). They found that the 

alginate composite sorbent have a marked preference for Pd(II) over Pt(IV): the maximum 

uptake capacities are 1.28 mmol Pd g-1 and 0.59 mmol Pt g-1 at pH 2.5. They concluded that 

this may be in relation with metal speciation and steric hindrance: the speciation of Pd(II) is 

more sensitive to chloride concentration and readily to form chloro-anionic species compared 

to Pt(IV); moreover, Pd(II) forms with chloride ions (i.e. tetrachloropalladate species) in the 

square D4d configuration while Pt(IV) forms with chloride ions (i.e. hexachloroplatinate 

species) is characterized by an octahedral electronic configuration (with 4 unpaired electrons 

that require accommodating other ligands or water molecules) which shows a greater difficulty 

to spatial arrangement in the frame of the biopolymer/biomass matrix (and composite sorbent). 

It is noteworthy that the presence of chloride ions causes these metals to form chloride anion 

complexes, which is beneficial to the positive charge electrostatic adsorption of the adsorbent; 

however, the excess of chloride ions might lead to a competition effect which in turn limited 
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uptake ability. Guibal et al. [97] investigated the Hg(II) uptake performance using Cyphos IL 

101 immobilized into a gelatin and alginate capsules from HCl medium and presented that the 

sorption capacity of Hg(II) decreased with an increase of chloride concentration from 0.1 M 

(HgCl4 2- represents about 46% of total Hg(II) species, remaining species are 31% for HgCl2 

and 23% for HgCl3
-) to 1 M (HgCl4

2- represents about 95% of total Hg(II) species, remaining 

species is HgCl3
-): this indicated that there is no direct correlation between uptake efficiency 

with the predominance species of Hg(II). They also observed the same phenomenon in the study 

of Pd(II) sorption [98]. 

In addition, understanding the desorption of metal ions is the foundation of sorbent materials 

recycling and reusability. In general, the selected elute for desorption is mainly dependent on 

the type of adsorbed ions: the metallic cations can be easily desorbed by the highly acidic 

solutions such as HCl and H2SO4 in most cases, while for the anions, alkaline solutions such as 

NaOH and NaHCO3 are required to eliminate the adsorbed ions from the loaded material [99]. 

Moreover, some strongly metal chelating agents like EDTA which have a strong affinity to a 

certain targeted metal and form a stable complex also can be used to desorb the bound metals 

from the material.  

 

Table 1-1 Sorption performance of alginate-based materials for removal of some metal 

cations from aqueous solution. 

Sorbent Sorbate: sorption capacity (mmol g-1) pH Ref. 

 Pb(II) Cu(II) Cd(II) Ni(II) Zn(II)   

Calcium alginate beads 1.81 1.40 1.16 - - 4.5 [87] 

Scenedesmus quadricauda 

immobilized in alginate 

beads 

- 1.15 - 0.46 0.93 5 [100] 

Alginate hydrogel beads 1.1 0.48 - 0.13 - 4-6 [51] 

Alginate-gel beads 1.80 1.78 1.53 - - 4.5 [101] 

Chlamydomonas reinhardtii 

immobilized in alginate 

beads 

1.49 - 0.71 - - 6 [102] 

Chitosan–alginate beads - 0.33 - - - 4.5 [55] 

Chitosan coated calcium 

alginate beads 

- - - 3.78 - 5 [103] 

Activated carbon-containing 

alginate bead 

1.61 2.25 0.78 - 0.63 5 [104] 
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Sorbent Sorbate: sorption capacity (mmol g-1) pH Ref. 

 Pb(II) Cu(II) Cd(II) Ni(II) Zn(II)   

Nano-sized graphite carbon 

immobilized alginate beads 

- - - 0.19 - 5 [105] 

Ethylenediamine-modified 

calcium alginate aerogel 

1.06 1.38 - - - 4.5 [106] 

alginate beads 2.88 3.04 2.32 - - 4.5 for 

Pb; 5.5 

for Cd 

and Cu 

[107] 

Urea-grafting alginate beads 4.75 4.74 3.82 - - 

Biuret -grafting alginate 

beads 

4.82 4.63 3.99 - - 

Alginate/graphene oxide 

composite aerogel beads 

1.78 1.54 1.63 - - 4 [108] 

Alginate/magadiite/Di-(2-

ethylhexyl) phosphoric acid 

beads 

0.95 - - 0.75 - 4 [109] 

PEI/alginate beads - 1.55 1.32 - 0.99 4 [89] 

PEI/carbon 

disulfide/alginate beads 

- 1.13 0.97 - 0.64 4 [89] 

Polyaniline nanofibers 

modified alginate beads 

1.21 1.07 - - - 5 [110] 

Alginate composite fibers 1.86 1.61 - - - 4 [78] 

Alginate/polyurethane 

composite foams 

0.02 - 0.01 - - 4 [111] 

Sulfhydryl-modified sodium 

alginate films 

2.01 - - - - 5 [112] 

Sodium alginate-melamine 

sponge 

- 1.42 - - - - [13] 

Alginate-based attapulgite 

foams 

- 1.87 1.42 - - 4.7 for 

Cu; 6.4 

for Cd 

[113] 

Glutaraldehyde/humic acid 

/alginate membrane 

- 0.99 - - - 6 [81] 

Glutaraldehyde/humic acid 

/alginate and hydroxyl ethyl 

cellulose membrane 

- - 1.32 - - 6 [82] 
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Table 1-2 Sorption performance of alginate-based materials for removal of some metal 

anions from aqueous solution. 

Sorbent Sorbate: sorption capacity (mmol g-1) pH Ref.  

 Cr(VI) As(V) Hg(II)a Pd(II) a Pt(IV) a   

Ca-alginate beads 0.46-

0.50 

- - 0.38-

1.19 

0.088 2-3 [14, 59, 

91, 96] 

Grape stalks wastes 

encapsulated in alginate 

beads 

1.66  - - - - 3 [69] 

Bacterial consortia 

immobilized in alginate 

beads 

12.63  - - - - 3 [95] 

Zr anchored alginate/gelatin 

biocomposite 

0.49  - - - - 2 [114] 

Sodium alginate-based 

magnetic carbonaceous 

biosorbents 

1.66  - - - - 2 [93] 

Nanoscale zerovalent 

iron/biochar/Ca-alginate 

composite 

1.66 - - - - 4 [115] 

Triethylenetetramine-

chitosan/alginate beads 

5.60  - - - - 3 [91] 

Core-shell/bead-like 

alginate@PEI 

8.30  - - - - 2 [14] 

Sodium alginate-polyaniline 

nanofibers 

1.41  - - - - 2 [57] 

Nano-akaganeite 

encapsulated alginate beads 

- 0.34 - - - 7 [116] 

Zirconium oxide 

immobilized alginate beads 

- 0.38 - - - 5 [117] 

Hydrous iron oxide-alginate 

beads 

- 0.73 - - - 2 [118] 

Cyphos IL101 immobilized 

in gelatin and alginate 

capsule 

- - 0.75 - - 1 M 

HCl 

[97] 

Bacillus cereus cells 

immobilized in alginate 

- - 0.52  - - 7 [119] 
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Sorbent Sorbate: sorption capacity (mmol g-1) pH Ref.  

 Cr(VI) As(V) Hg(II)a Pd(II) a Pt(IV) a   

Ionic liquid [A336][MTBA] 

entrapped PVA-alginate gel 

beads 

  0.25  - - 5.8 [120] 

Bentonite-alginate 

composite 

- - 0.62 - - 6 [121] 

Morin incorporated dry 

alginate beads 

- - 0.91 - - 6.5 [122] 

Chitosan-alginate 

nanoparticles 

- - 1.08  - - 5 [123] 

Clay/alginate composite 

beads 

- - - 1.6 - 3 [124] 

PEI/alginate-based alga 

(Laminara digitata) beads 

- - - 0.85 - 1 [125] 

Ion-imprinted 

epicholorohydrin/thiourea 

modified alginate beads 

- - - 0.97  - 3 [126] 

Poly(styrenesulfonic acid)-

impregnated alginate 

capsule 

- - - 2.74  0.05  4.3 [127] 

Cyphos IL-101-immobilized 

gelatin and alginate capsules 

- - - 1.3 - 1 M 

HCl 

[98] 

Cyphos IL101 encapsulated 

into alginate beads 

- - - - 0.91 1 M 

HCl 

[128] 

a: Hg(II), Pd(II) and Pt(IV) in the forms of chloro-anionic species. 

 

1.3.2. Alginate-based materials as catalysts for water treatment 

Considering the difficult post-treatment of homogeneous catalysts after the reaction, the 

heterogeneous catalysts with fixing catalytic species on supported materials are more popular 

in industrial application since they favor the recovery and reuse. Alginate materials have 

recently been used to support catalytic species (especially transition metals) as heterogeneous 

catalysts for water treatment due to their interesting affinities for catalytic metals (such as Fe) 

and stability in most organic solvents [129, 130]. The freely conditioned structure of the alginate 

hydrogels and the allowed accessibility of the active functions are also essential for becoming 

catalytic support materials. Here we special focus on the transition metal species supported on 

alginate materials to become catalysts and discuss their applications in water treatment. 
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(1) Fenton and Fenton-like metals  

Iron is a cheap, low-toxic transition metal which is the most extensive use as a Fenton catalyst 

to remove organic contaminants from aqueous solution. Iron alginate catalysts can be obtained 

by a very simple immobilization process by the reaction of Fe cations with carboxyl groups of 

alginates though the formation of “egg-box”. Dong et al. [131] directly drop homogeneous 

alginate solution into the FeCl3 solution to produce beads and use them to Fenton degrade azo 

dyes from aqueous solution. The study proves that the obtained beads catalysts exhibit a great 

degradation efficiency for the azo dyes in a wide range of pH (from 3 to 8), while the structure 

of the catalyst is unstable and easily worn down in the reusing process. The introduction of 

some other functional specials may enhance the stability of the material. Hammouda et al. [16] 

synthesized Fe alginate beads (Fe-ABs) by a wet impregnation technique though adding 

alginate mixture dropwise into a hardening solution composed of CaCl2 and FeSO4. The as-

prepared Fe-ABs catalysts are used to catalytic remove a malodorous compound indole. The 

complete indole removal was observed within 60 min at an initial pH of 2. They also find the 

Fe-ABs catalysts exhibit good stabilities and reusability: after at least four recycles, there is no 

iron leaching and obvious decrease in catalytic activity. Iglesias et al. [132] use the same 

method to prepare Fe alginate catalysts for the electro-Fenton oxidation of pesticide 

imidacloprid. They find that the reaction has a good degradation efficiency for imidacloprid in 

a wide pH range of 2-7 and produce better results under acidic conditions: imidacloprid can be 

completely degraded in 120 min at pH 2. The continuous electro-Fenton process presented no 

operational problems and the bead shapes and degradation efficiencies of catalysts still can be 

kept. Here, another challenge we need to focus is to avoid the large leaching of alginate-

supported catalytic metals which will cause secondary pollution. Quadrado and Fajardo [133] 

produce Fe alginate films by a first preparation of alginate/glycerol films through the solvent-

casting technique, followed by crosslinking with Fe(II) or Fe(III) ions. The obtained Fe(II) or 

Fe(III) alginate films both present great catalytic activities for the azo methyl orange dyes, and 

the Fe ions leaching are low, 0.28 mg (1.5%) and 0.023 mg (0.4%). The immobilization of 

Fe(III) ions on the alginate proved to be more stable than Fe(II) ions in this reaction. 

This ionic crosslink method for preparation of Fenton catalysts has been extended to various 

transition metals such as Cu [134], Mn [135], Ni [136] and Co [137]. Liquid-phase catalytic 

hydroxylation of phenol was performed using metal crosslinked alginate catalyst with hydrogen 

peroxide as an oxidant. 
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(2) Precious metals  

Precious metals (such as Ag, Au and Pd) catalysts, including nanoparticles, have been prepared 

using alginate as the support. The common method for the preparation of precious metal catalyst 

is to immobilize metal ions on the alginate structure followed by a reduction step. The 

containing carboxyl and hydroxyl groups in alginate play key roles as a reductant and a 

stabilizer in this process. Lou et al. [138] described a procedure to obtain Ag-GO-alginate 

catalyst: disperse AgNO3 in alginate (SA) solution first and then add the mixture to GO 

suspension; Ag(I) ions anchored on GO sheets were reduced to triangular Ag nanoparticles after 

the hydrothermal treatment. The as-prepared Ag-GO-alginate catalyst presents a highlighted 

catalytic activity in the oxidation of hydroquinone: the conversion efficiency reached to 99% 

within 2 h which is 12 times higher than that of Ag-GO catalyst without alginate. Saha et al. 

[139] report another method to obtain Ag and Au alginate nanoparticles for catalytic 4-

nitrophenol reduction. In this study, Ca-alginate beads are prepared firstly and then Ag(I) and 

Au(III) ions are immobilized on the materials by immersing obtained beads in the desired metal 

solutions, followed by a photochemical technique using UV irradiation in order to accelerate 

the reduction of Ag(I) and Au(III) ions to nanoparticles. The characterizing analysis 

demonstrates that the obtained nanoparticles are mostly spherical and the size ranges are lower 

than10 nm. Most importantly, both Ag and Au catalysts allowed reaching an almost complete 

reduction for 4-nitrophenol within a short time in the presence of reductant sodium borohydride 

(NaBH4): the yield was 99% at 8 min for Ag catalysts while the yield was 92% at 50 min for 

Au catalysts. This proves the catalytic reduction of alginate-based Ag catalyst was much faster 

than that of the Au catalyst. 

In addition, the possibility to support Pd particles on alginate material for the formation of 

catalyst has also been addressed. Primo et al. [140] prepare Pd/alginate nanoparticles catalyst 

by the immobilization of Pd(II) ions on alginate through the electrostatic interactions to obtain 

beads, followed by the reduction of Pd(II) by the process of dehydratation with ethanol. The 

distributions of the nanoparticles in the beads are homogeneous and the catalyst materials are 

confirmed to have high activities in the Suzuki carbon−carbon coupling reactions. Remarkably, 

a strategy has been used for the immobilization of ionic liquids (ILs) onto the metal alginate 

catalysts, because of the high affinity between most ILs and catalytic metal ions. Jouannin et al. 

[17] prepared highly porous monolith supporting Cyphos IL-101 and Pd nanoparticles 

(alginate/IL/Pd-HPM) and used them for the hydrogenation of 4-nitroaniline (4-NA) in a fixed-

bed column with single-pass mode and recycling mode. The as-prepared alginate/IL/Pd-HPM 

demonstrate an enhanced performance for the hydrogenation of 4-NA in the presence of 



23 
 

formate (as the hydrogen donor): the complete conversion of 4-NA is observed in less than 15 

min using the alginate/IL/Pd-HPM, while the conversion yield was lower than 44% after 

continuously running for 60 min using alginate HPM (without IL or Pd). They also find that the 

alginate/IL/Pd-HPM can keep higher catalytic activity for 68 h (the conversion yield above 

95%) in the single-pass running mode. 

1.4. Objectives of the thesis 

As demonstrated by the state of art, alginate has been confirmed to be a very promising 

biopolymer for the fabrication of adsorbents and catalysts and its interesting properties 

including strong affinity for metal ions, easily further functionalization ability and freely 

adjustable formability, allowing for continuously exploring new pathways in the aspects of 

material synthesis. Theoretically, the chemical structure of the alginate is not favorable for the 

adsorption of metal anions (chromate, palladium in HCl medium). To widen the field of 

application of adsorbent materials based on alginate, it is necessary to incorporate other 

functional polymers. In addition, high porosity is significant to materials design, but the 

techniques described in the literature for production of high macroporosity alginate membranes 

generally require the use of complex and energy-consuming dryers (e.g. lyophilization and 

supercritical CO2 conditions). It is thus a need to facilitate the structuring of membranes with 

high percolation power without implementing a complex drying process. Meanwhile, the 

application of the alginate-based materials in various aqueous contaminations removals 

remaining open to trial. The challenges still existing in industrial applications include the 

improvement of the stability of alginate-based materials for recycling and reusability and the 

achievement of continuous applications. Thus, the objective of the present thesis is to develop 

alginate membranes with high efficiency, percolation, stability and reusability using a facile 

and economical way. The applications of prepared materials as adsorbents and catalysts in water 

treatment will also be investigated. 

1.5. Outline of the thesis  

The thesis is organized into six chapters structured as shown in Figure 1-5. 

The first chapter (Chapter 1), as a state of art, has reviewed the background of alginate and the 

synthesis method of alginate-based materials and has briefly described the interaction 

mechanisms between metal ions and alginate-based materials. It has summarized the common 

shaping forms of the alginate-based materials and their application in water treatment as 

adsorbents or catalysts. The objectives and outlines of the thesis were also given at the end of 

this chapter.  
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Chapter 2 focuses on the preparation of highly-percolating alginate membranes by the 

interaction of PEI and alginate followed by crosslinking using GA solution. This double 

interaction allows the "strong structuring" of the hydrogel which makes it possible to dry the 

membrane in the open air without collapsing the porous structure. The properties of the 

membrane are characterized and the sorption performances of the membrane in the removal of 

chromate and selenite ions are evaluated in this section. 

Chapter 3 provides the results of Hg(II) and Cu(II) sorption in single and binary systems using 

alginate/PEI membranes. These two metal ions are characterized by different behaviors in terms 

of speciation and by a great stability in terms of redox stability (under the selected experimental 

conditions none of these two metal ions undergoes reduction, contrary to Cr (VI) and Se (VI)). 

FTIR and SEM-EDX are used to characterize the materials and study the mechanisms of the 

metal ions binding. A special attention is paid to the modeling of the adsorption isotherms (in 

single and binary solutions). The selectivity property of the membrane is analyzed by plotting 

the three-dimensional surfaces of the adsorption isotherms. 

In order to clarify and confirm the effect of the crosslinking of PEI and GA on the fixation of 

metal ions and their interaction mechanisms (chelation and attraction electrostatic), an 

additional study was conducted on polyethyleneimine crosslinked with GA solution (packaged 

in powder form). In Chapter 4, the effect of different levels of GA crosslinking and storage 

conditions on the adsorption properties of PEI-GA resins for Se(VI) (selenate anions) and Cu(II) 

(cations) are investigated. 

Chapter 5 deals with alginate/PEI membranes as supported material for catalytic metals in 

comparison to the reference materials by evaluating their catalytic performance, recycling and 

reusable.  

A conclusion states on the main achievements which have been obtained in this research work 

and introduces the next steps for future recommendations on the use of alginate-based 

membranes in wastewater treatment.
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Figure 1-5 The structure of this PhD thesis 
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Chapter 2 New highly-percolating alginate-PEI membranes for efficient 

recovery of chromium and selenium ions from aqueous solutions  

2.1. Introduction Générale 

La nécessité de développer des procédés de traitement des effluents métallifères avec un double 

objectif de récupération de métaux valorisables et d’élimination de métaux toxiques, associée 

à la tendance actuelle à intégrer des matériaux biosourcés renouvelables en remplacement de 

matières premières pétrosourcées, est à l’origine du développement de nouveaux composites 

associant l’alginate (ou la biomasse algale) et la polyethylèneimine (PEI). Une première 

génération de matériaux a été élaborée sous forme de billes composites. Récemment des 

matériaux de type membranaire (mousses à porosité ouverte, éponges) à base de biopolymères 

ont été élaborés pour envisager des processus de traitement en continu d’effluents liquides par 

percolation (ou drainage naturel). Ces procédés nécessitent souvent des procédés complexes et 

énergivores pour maintenir une porosité suffisante facilitant le transfert de solutions aqueuses. 

Le procédé développé dans ce travail marque une rupture par rapport à ces technologies 

conventionnelles, en mettant à profit d’une part l’interaction entre les groupes carboxylates de 

l’alginate et les fonctions aminées de la PEI et d’autre part la réticulation de la PEI par du 

glutaraldéhyde. Cette double interaction permet la "structuration forte" de l’hydrogel qui permet 

de procéder au séchage de la mousse (membrane) à l’air libre sans effondrement de la structure 

poreuse. Ces interactions ont été caractérisées par spectroscopie infrarouge à transformée de 

Fourier. La texture de surface "hyper" macroporeuse a été caractérisée, et le haut pouvoir de 

percolation a été étudié en écoulement gravitaire (sans pompe, colonne d’eau réduite imposant 

une pression statique de 0.006 bar) pour des débits de drainage de quelques dizaines de valeurs 

comprise entre 13 et 34 mL cm-2 min-1 (correspondant à des vitesses superficielles de 7,8 à 20,4 

m h-1). 

La présence de groupements fonctionnels variés (carboxylates libres et fonctions aminées) 

confère au matériau : (a) des propriétés de complexation des cations par les groupes 

carboxylates et les fonctions aminées libres à des pH neutres ou d’acidité modérée (pH 

supérieur à 3-4), (b) ainsi que des propriétés d’échange ionique et d’attraction électrostatique 

des anions métalliques (en milieu acide). C’est précisément cette interaction de type 

électrostatique qui est étudiée dans ce chapitre à travers l’évaluation des propriétés adsorbantes 

de membranes PEI/Alginate vis-à-vis des ions chromates et sélénates. Ces deux types de 

contaminants se caractérisent par des comportements différents : les ions chromates sont 
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facilement réduits en Cr(III)) en milieu acide en présence de composés organiques alors que les 

ions sélénates sont plus stables. Une attention particulière est donc portée, lors de l’étude sur 

les ions chromates, à analyser systématiquement le Cr(VI) (par colorimétrie à la 

diphenylcarbazide) et le chrome total (TCr, par ICP-AES). L’effet du pH est étudié, en lien 

avec les caractéristiques de charge des membranes (protonation des fonctions aminées) et la 

spéciation des ions métalliques (anions). L’étude des cinétiques en mode statique (recirculation 

d’un volume fini de la solution au travers de la membrane) est menée en faisant varier le débit 

de la solution. Les isothermes d’adsorption sont également acquises à pH 2 vis-à-vis des deux 

éléments métalliques, sans et avec la présence d’anions compétiteurs (chlorure, nitrate et 

sulfate). 

Enfin, les propriétés et la stabilité des matériaux adsorbants sont évaluées sur plusieurs cycles 

d’adsorption et de désorption. 

Ce chapitre a fait l’objet de deux articles scientifiques publiés : 

1. Yayuan Mo, Shengye Wang, Thierry Vincent, Jacques Desbrieres, Catherine Faur, and Eric 

Guibal. New highly-percolating alginate-PEI membranes for efficient recovery of chromium 

from aqueous solutions. Carbohydrate Polymers, volume 225, 115177 (2019). 

2. Yayuan Mo, Thierry Vincent, Catherine Faur, and Eric Guibal. Se(VI) sorption from 

aqueous solution using alginate/polyethylenimine membranes: Sorption performance and 

mechanism. International Journal of Biological Macromolecules, volume 147, 832-843(2020).  

 

2.2. Introduction 

Cr(VI) and Se(VI) are two types of oxyanion contaminants that characterized in different 

behaviors. With the growing demand for chromium-based products and equipments, many 

industrial processes, such as electroplating, textile dyeing, petroleum refineries, leather tanning, 

wood preservation, and nuclear power plant, generate large amounts of chromium-

contaminated wastewater. In aqueous solutions, Cr mainly occurs under the most stable forms 

of trivalent Cr(III) cations (e.g., Cr2(OH)2
4+  and Cr(OH)2

+) and hexavalent Cr(VI) anions (e.g., 

HCrO4
−, Cr2O7

2− and CrO4
2−) [1, 2]. Cr(III) is an essential nutrient, at low concentrations, that 

plays an important role in the proper functioning of living organisms, while Cr(VI) is a highly 

toxic pollutant because of its teratogenicity, mutagenicity and carcinogenicity to living 

organisms even at ppb levels [3, 4]. Therefore, removal of Cr(VI) from wastewater is very 

essential for protecting natural environment and human health. 

Selenium (Se) is a rare non-metallic chemical element with a double beneficial and harmful 

character to living organisms: at low concentration, it is an essential nutrient (important role in 
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the proper functioning of the human immune system); while at certain concentration little above 

homeostatic level, it is a huge threat because of specific toxicity and bio-accumulation [5]. To 

minimize the possible risks associated with Se, the World Health Organization (WHO) has set 

a maximum Se concentration in drinking water of 40 μg L-1, while in the European Union (EU) 

regulations Se concentration should not exceed 10 μg L-1 [6, 7]. Therefore, Se removal from 

surface waters, ground waters or wastewaters (derived from mining, coal-fired power plants, 

petrochemical, refineries and agricultural drain) requires a proper treatment in order to achieve 

the purification and re-use of natural water resources. Another interest for Se removal from 

water streams consists of the sustainable recovery and re-use of the element to face future Se 

scarcity [8]. Selenium may occurs under five forms in geochemical environments: selenide 

(Se(-II)), elemental Se (Se0), selenite (Se(IV)), selenate (Se(VI)) and organic Se. However, 

Se(IV) and Se(VI) are the predominant species in aqueous systems [9]. Although both Se(IV) 

and Se(VI) could bioaccumulate in organisms and be harmful to health, Se(VI) is found to be 

higher toxic; existing as SeO4
2−, HSeO4

2−
, H2SeO4aq. In addition, it is more difficult to remove 

due to its more stable species in aqueous solutions, compared with Se(IV) [10-12]. The 

concentration and speciation of Se in wastewater are affected by environmental factors such as 

pH and redox conditions [13].  

Several technologies, including chemical reduction, coagulation, membrane separation, ion 

exchange and adsorption have been proposed to remove Se and Cr from aqueous solution [14-

17]. The selection of the appropriate method is based on criteria such as the concentration of 

the metal ion, the pH of the solution, its complexity and the produced flow rates. Among these 

methods, sorption is a simple, efficient and low-cost technique and various sorbents such as 

abundant materials (e.g. activated carbon) [18], agricultural waste [19] and natural minerals [20] 

have been investigated for the treatment of low-concentration effluents or as a polishing 

treatment. However, these sorbents may face several drawbacks including low stability and 

mechanical properties, difficulty in solid-liquid separation after treatment, generation of 

secondary pollution or cost-efficiency questions. To solve these problems, biosorbents have 

retained particular attention, including biopolymer matrixes such as chitosan or alginate [21, 

22].  

Alginate is a green, biocompatible and biodegradable polysaccharide that consists of blocks of 

1–4 linked α-L-guluronic and β-D-mannuronic acids [23]. It has been applied as an effective 

sorbent for heavy metals removal and a green encapsulating biopolymer for chemical and 

biological compounds; these applications are directly associated to the presence of numerous 

functional groups (e.g. carboxyl and hydroxyl) distributed along the backbone as coordination 
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and reaction sites [22, 24]. For example, alginate was combined with chitosan [25], silica [26], 

bentonite clay [27], cellulose [28], hydroxyapatite [29], graphene oxide [30], maghemite 

particles [31] and polyethyleneimine (PEI) [32] to form new materials such as bead [33], 

magnetic composite [34], aerogel [30] and membrane [35]. The incorporation of these 

compounds contributes to enhancing its own mechanical properties and improving its sorption 

efficiency for the removal of heavy metals. Among them, PEI is a water-soluble polymer having 

abundant polar groups (amine group) and hydrophobic groups (vinyl group) that can combine 

with different materials. Meanwhile, it also can chelate heavy metal ions and has been widely 

applied for increasing the sorption capacities of modified adsorbents [36]. Recently, Xiong et 

al. [37] developed a recyclable adsorbent for removal of anionic dyes from wastewater by 

assembling alginate and PEI onto magnetic microspheres. Sun et al. [38] prepared a novel 

sorbent (PEI/SA) by functionalizing PEI/sodium alginate with 3-aminopropyltriethoxysilane 

for the sorption of Cu(II) from aqueous solution. Moreover, our research group has also 

successfully prepared PEI-impregnated alginate-based beads. Their application to the sorption 

of palladium demonstrated high metal sorption capacity [39], and also high stability after metal 

reduction for catalytic application [40]. Alternative conditionings have been designed for 

chitosan [41] and alginate [42], including porous membranes which could (a) increase in the 

number of contact sites between sorbent and metal ions and (b) keep highly percolating 

properties for sorption.  

The rationale of this research consisted of evaluating the feasibility of designing highly 

percolating membranes (authorizing the feed of structured material with simple natural 

filtration, without pumping) with simple procedure, which does not require energy-consuming 

procedures for structuring the composite. The second objective of this work corresponded to 

evaluating the feasibility of using the as-prepared membranes for the recovery of anions. 

Therefore, this work investigates the sorption of anions (i.e. Cr(VI) and Se(VI)) on this 

macroporous alginate-PEI membrane in a batch-like set-up: the membrane is disposed in a 

cylindrical holder and the solution is pumped through the membrane in a recirculation mode. 

The effect of pH on metal sorption, the uptake kinetics and the sorption isotherms are 

successively investigated (in terms of both quantification and modeling). FTIR spectroscopy, 

SEM-EDX and XPS analysis are also used for discussing the sorption mechanisms. It is 

noteworthy that a special attention is paid to the possible occurrence of reduction phenomena 

(Cr(VI) being readily reduced in acidic solutions while Se(VI) are more stable). The 

interference of other coexisting ions eventually present in the wastewater on the removal of 

Cr(VI) or Se(VI) is investigated to evaluate the selectivity of membranes. At last, the desorption 
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of Cr(VI) and Se(VI) is carried out to test the reusability of membranes.  

2.3. Materials and Methods 

2.3.1. Materials 

Alginate powder was purchased from FMC BioPolymer (Ayr, UK). Previous analyses have 

characterized the biopolymer [43]:  

- weight-average molar mass (Mw) of 4.46×105 g mol-1 (determined by the equation 

[η]=0.023×Mw0.984 [44], where the intrinsic viscosities [η] were measured on an Ubbelohde 

viscometer with a solvent flow time (0.1 M NaCl) at 25 °C). 

- mannuronic to guluronic acid (M/G) ratio of 0.16/0.84 (obtained by 13C NMR using a Bruker 

Avance 400 spectrometer). 

A homogeneous alginate solution (4%, w/w) was prepared by mixing appropriate amounts of 

alginate powder with demineralized water (under vigorous stirring) at room temperature. 

Branched polyethylenimine (PEI, 50 % w/w, molecular weight close to 7.5 × 105 g mol-1) and 

glutaraldehyde (GA, 50 %, w/w in water) solutions were supplied by Sigma–Aldrich (Saint-

Louis, USA). The working PEI solution (4%, w/w) was obtained by dilution with demineralized 

water and pH control to 6.5 using HNO3 solution. All other pH adjustment was performed using 

HCl and NaOH solutions. 

2.3.2. Membrane fabrication 

Figure 2-1 shows the schematic process used for the synthesis of the macroporous alginate-PEI 

(AP) membranes. Different amounts of PEI and GA are used to obtain two kinds of membranes 

for Cr(VI) and Se(VI) sorption, respectively.  

In the case of Cr sorption, the AP-3% membrane was fabricated by diluting 132 g of 4% alginate 

solution with pure water to 500 g and stirring until obtaining a homogeneous solution. In a 

second step, 35 mL of 3% PEI solution was sequentially added to alginate solution (7 times: 5 

mL every 10 s) under stirring. After 1 min of strong stirring the solution was rapidly poured 

into a rectangular mold. Fabricated membranes may have different sizes (thickness) by using 

different molds. The membrane was gradually formed by fully reacting PEI with alginate over 

24 h (Reaction 1, see Figure 2-1). The third step consisted of crosslinking the membrane with 

glutaraldehyde to strengthen the material: 4 mL of GA (50%, w/w) were added into the mold 

with 300 mL demineralized water before immersing the membrane (which was previously 

carefully washed with deionized water four times) at room temperature (Reaction 2, see Figure 

2-1). Finally, after 24 h of slow shaking (30 rpm) the membrane was carefully washed with 
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deionized water before being air-dried for 2 days. The membrane was cut into circular 

specimens for the next experiments. 

In the case of Se sorption, another AP-4% membrane was prepared by diluting 100 g of 4 % 

alginate solution with demineralized water to 500 g and stirring until obtaining a homogeneous 

solution. In a second step, 35 mL of 4 % PEI was added into the solution under stirring. Next, 

the mixture was rapidly poured into a rectangular mold and maintained at room temperature for 

24 h to complete the reaction between PEI and alginate and form the membrane. Fabricated 

membranes can be shaped into different sizes by using different molds. Afterwards, for 

strengthening the stability of the composite membrane a crosslinking treatment was applied: 

2.5 mL of 50 % GA was added into the mold with 300 mL of demineralized water before 

immersing the membrane (which was previously carefully washed with deionized water, four 

times) at room temperature. Finally, after 24 h of slow shaking (30 rpm) the membrane was 

again carefully washed with deionized water and air-dried at room temperature. The membrane 

was cut into circular segment (disc, 25 mm diameter) for sorption tests. 

 

 

Figure 2-1 Process for membrane manufacturing 

(adjusted pH to 6.5)
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2.3.3. Membrane characterization  

The porosity of the membranes was obtained by pycnometer measurements using ethanol as 

the soaking agent, and measuring the total volume of membranes and the amount of ethanol 

required to fill the porous compartment [45, 46].  

The stability of the sorbents was measured by shaking the membrane disc in 20 mL of pure 

water for 72 h at 150 rpm. Then, the membranes were weighed after drying. Stability (%) was 

calculated as follows Eq. 2-1:  

Stability = 
 !! #$%

#&
 Eq. 2-1 

where m0 (mg) and meq (mg) are the mass of the membrane disc before and after shaking.  

The determination of the water flux through the membranes was conducted at 20 °C and 0.006 

bar (calculated from the water height by p = ρgh) and the effective area of the membrane was 

4.64 cm2; then the water was maintained at the same level and the time consumed for passing 

100 mL water though the membrane disc was recorded. The water flux (J, mL cm-2 min-1) was 

calculated by the following equation:  

J = 
'(

) *
 Eq. 2-2 

where Vp (mL) is the permeate volume, A (cm2) the membrane effective area and t (min) the 

time consumed. 

In addition, the free draining flow velocity (free percolation without forced pumping) was 

determined by feeding water at the top of the column increasing flow rate. The limit flow rate 

for free draining corresponded to the beginning of water accumulation at the top of the 

membrane. All the above experiments were repeated at least twice to evaluate the experimental 

error.   

The pH point of zero charge (pHPzc) corresponded to the pH of the solution surrounding the 

sorbents when the electrical charge density on a surface is zero. Therefore, the charges on the 

surface will be positive and negative when the pH is lower and higher than the pHpzc, 

respectively. The pHPZC of the membranes was measured according to the pH-drift method [47, 

48]. 50 mL of 0.1 M NaCl solution at different initial pH values (pH0, in the range 2-10) were 

mixed with 0.1 g of membrane for 2 days under agitation (150 rpm) at room temperature. Then, 

the final pH (pHf) was recorded and plotted against pH0 and the pHPZC corresponds to the point 

at which pHf was equal to pH0. 
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The surface morphology of the membrane and its changes after sorption were determined using 

SEM (Quanta FEG 200, Thermo Fisher Scientific, Mérignac, France). The main elemental 

analysis of the materials (semi-quantitative analysis) before and after Cr sorption was carried 

out using EDX accessory (Oxford Instruments France, Saclay, France). FTIR spectra were used 

to examine the functional groups of the membranes using an FTIR-ATR (Attenuated Total 

Reflectance tool) Bruker VERTEX70 spectrometer (Bruker, Germany) in the wavenumber 

range: 4000-400 cm-1. X-ray photoelectron spectroscopy (XPS) analysis was carried on a 

ESCALAB 250XI spectrometer (Thermo Fisher Scientific, USA) with a monochromatic Al Kα 

radiation (hυ = 1486.6 eV) and a passing energy of 50 eV. 

2.3.4. Sorption experiments 

Batch sorption experiments were performed in a continuous treatment device (Figure 2-2), in 

the recirculation mode, by pumping the metal-containing solution through a flow system 

composed of a peristaltic pump (Ismatec ISM404B, USA), filter membrane holders and water 

tanks. Different sizes of filter membrane holders can be selected depending on the different 

diameter (Ø) of membrane disk used. In the process, the membrane disk has been fixed into the 

filter membrane holder, and the solution was pumped through the system on a recirculation 

mode at certain flow rate (i.e., 15 mL min-1). Simultaneously, a gentle agitation was set under 

water tanks with a plate magnetic stirrer (Variomag Poly 15, Thermo, Germany).  

(1) Sorption of Cr(VI) and TCr 

The Cr(VI) and Cr(III) stock solutions were prepared by dissolving appropriate amounts of 

potassium dichromate (K2Cr2O7) (Merck KGaA, Darmstadt, Germany) and chromium(III) 

chloride hexahydrate (Cl3Cr·6H2O) (Sigma-Aldrich, Darmstadt, Germany) into 0.01 M HCl 

solution, respectively, then further diluted to obtain working solutions.  

For the pH effect experiments, 50 mL of 200 mg L-1 metal ion solutions at different pH values 

(in the range 0.5-4, adjusted with HCl or NaOH solution) were contacted with 30 mg of 

membrane (Ø: 12 mm; height: 4.0± 0.1 mm) for 2 days at room temperature, and the flow rate 

was maintained at 15 mL min-1. For uptake kinetics, a piece of membrane (mass: 217 mg, Ø: 

24.5 mm; height: 6.5 ± 0.1 mm) was contacted with 1 L of 100 mg L-1 metal ion solutions at 

pH 2 at two different flow rates (15 mL min-1 and 30 mL min-1, respectively). Four milliliters 

of solution were collected at predetermined times and immediately filtered using filter papers 

(Ø 25 mm, Prat-Dumas, France). For the sorption isotherm, 30 mg of membrane were contacted 

with 50 mL of metal ion solution at different initial concentrations (C0, ranging from 20 and 

300 Cr mg L-1) for 3 days at room temperature. The pH of the solutions was initially set at pH 

2 and the flow rate maintained at 15 mL min-1. For the effect of coexisting ions such as Ca2+, 
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Cu2+, Cl−, NO3
−, and SO4

2−) which are commonly present in industrial effluents, 30 mg of 

macroporous membrane were contacted with 50 mL of Cr(VI) solution containing each of 

various components at different concentrations (ranging from 0 and 800 mg L-1) for 3 days at 

room temperature. The concentrations of SO4
2− and Ca2+ in electroplating and tannery effluent 

can reach up to 500 and 800 mg L-1, respectively [49]. 

The concentration of Cr(VI) was analyzed using UV spectrophotometer (Varian 2050) at 540 

nm by the diphenylcarbazide method, while the TCr (total chromium) concentration was 

determined by inductively coupled plasma atomic emission spectrometry (ICP-AES, JY Activa 

M, Jobin-Yvon, Horiba, Longjumeau, France) after proper dilutions. The Cr(III) concentration 

was then obtained by subtracting the amount of Cr(VI) from the TCr (i.e. TCr = Cr(III) + 

Cr(VI)). The solution pH was measured using a pH-meter cyber scan pH 6000 (Eutech 

instruments, Nijkerk, The Netherlands).Actually, wastewater usually contains several metal 

ions (and inorganic anions), so in order to test the suitability of the macroporous membrane in 

a complex system; different masses (15 mg and 30 mg) of sorbents were applied to treat a 

synthesized electroplating wastewater and a single Cr-containing wastewater (control group). 

The synthesized wastewater was simulated from an electroplating unit at Kolkata, India, which 

contains 54.5 mg L-1 of Cr(VI), 6.25 mg L-1 of Cu(II), 26.4 mg L-1 of Ca(II), 173.26 mg L-1 of 

Na(I), 2.52 mg L-1 of K(I) and 1.45 mg L-1 of Zn(II) [50]. The synthesized solutions were treated 

at pH 2 for 2 days. 

Desorption and reuse experiments are studied in this work. After the kinetic experiments at the 

flow rate of 15 mL min-1, metal loaded membranes were washed with demineralized water. 

Four-mL sample was collected at predetermined times for analyzing residual metal 

concentration. For evaluating the reversibility of chromate-loaded membranes. The materials 

were subjected to desorption kinetic experiment using 1 L solution of NaOH at either 0.01 M 

(pH=11.9) or 0.1 M (pH=12.5) concentrations. To determine the reusability of membranes, 

experiments on Cr(VI) sorption and desorption process were carried out for 3 cycles. For each 

cycle, 30 mg of macroporous membrane was contacted with 50 mL of 200 mg L-1 Cr(VI) 

solution for 2 days and then desorbed for 4 h using 50 mL of 0.01 M NaOH solution (after 

optimization of desorption conditions). After each cycle of sorption-desorption, the membrane 

was washed by demineralized water four times for reuse in the next cycle. 

 

(2) Sorption of Se(VI) 

A 2 g L-1 Se(VI) stock solution was prepared by dissolving appropriate amounts of sodium 

selenate (Na2SeO4.10H2O, BDH chemicals Ltd., Poole, England) in water and then further 
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diluted to obtain working solutions. The effect of pH was conducted in the initial pH range of 

1–7 (adjusted by HCl or NaOH) with a fixed Se(VI) concentration of 100 mg L-1 and a sorbent 

dosage of 0.8 g L-1. After reacting 24 h, at pump speed of 15 mL min-1, the equilibrium pHeq of 

solution was measured by a pH-meter Cyber Scan pH 6000 (Eutech instruments, Nijkerk, the 

Netherlands). Sorption isotherm was assessed at varying initial concentrations (10-270 mg Se 

L-1) with a sorbent dose of 0.8 g L-1 at pH 2. After the reaction reaches equilibrium, the samples 

were filtered for measurement. Sorption kinetics of Se(VI) on membrane were investigated 

using batch tests at three different flow rates (5, 15 and 50 mL min-1; i.e., superficial flow 

velocities: 0.65, 1.94 and 6.47 m h-1). The tests were carried out by contacting in a recirculation 

mode 200 mg of the membranes with 500 ml of 50 mg Se L-1 solution at pH 2. A 2-ml aliquot 

was collected at specified time intervals and immediately filtered for Se analysis. 

The presence of a large number of protonated amine groups in the membrane in acidic solutions 

lets suspect a high affinity for anions (including selenate anions). Sorption tests were performed 

in the presence of increasing concentrations of commonly co-existing anions, such as Cl−, NO3
−, 

and SO4
2−. The concentrations of coexisting anions ranged from 0 to 800 mg L-1. These 

experiments were carried out by contacting 50 mg of the membranes with 50 mL of 100 mg L-

1 Se(VI) solution (at pH 2) containing co-existing anions at pH 2. After reacting in recirculation 

mode at pump speed of 15 mL min-1 for 24 h, the supernatant was filtered for analyze the 

residual concentration. 

Four cycles of sorption-desorption were carried out to evaluate the reusability of the membrane. 

For each sorption experiment, 40 mg of membrane were contacted with 50 mL of 100 mg Se 

L-1 Se (VI) at pH 2, and then the solution was collected and filtered after reaching adsorption 

equilibrium. For the desorption experiment, the Se-loaded membrane was contacted with a 

50 mL 0.01 M NaOH solution for 30 min and then collected and filtered the solution. After 

washing and drying, the regenerated membrane was used in the next cycle. 

For all these experiments, after filtration the samples were analyzed (Ceq, mg L-1) and the mass 

balance equation was used for evaluating sorption performance. The removal percentage (R, %) 

and the sorption capacity (qeq, mg g-1) were calculated with Eq. 2-3 and Eq. 2-4, respectively.  

R (%) = 
 !! +,&-,$%. 

,&
 Eq. 2-3 

qeq = 
+,&-,$%. '

#
 Eq. 2-4 

where V is the volume of solution (L) and m the dry weight of membrane (g). 
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The desorption efficiency (De, %) was calculated by the equation: De (%) = (amount of metal 

desorbed / amount of metal sorbed) ×100. 

 

 

Figure 2-2 Schematic diagram of the continuous treatment device for the sorption 

experiments. 

 

2.3.5. Modeling 

In order to understand the dynamic process of metal ions sorption onto membranes, the 

experimental sorption kinetics were linear fitted with two common kinetic models, namely 

Pseudo-first order rate equation (PFORE) and Pseudo-second order rate equation (PSORE), 

which are commonly used to describe chemical reaction rates in homogeneous or 

heterogeneous systems [51].  

PFORE:  

/(1) = /34, (1 − 8-9:;) Eq. 2-5 

PSORE:  

/(1) =
/34,<

<  × ><  ×  1
1 + /34,<  ×  ><  ×  1

 Eq. 2-6 

where qeq,i (mg g-1) and q(t) (mg g-1) are the amount of metal adsorbed onto membranes at 

equilibrium and at time t (i=1 or 2), respectively, and k1 (min-1) and k2 (g mg-1 min-1) are the 

rate constants of PFORE and PSORE models, respectively.  
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In addition, the sorption isotherms can be modeled using various models [52]; however, the 

most frequently used are the mechanistic Langmuir equation and empirical models such as the 

Freundlich and the Sips equations. The Langmuir model assumes the sorption processes as a 

monolayer at the homogeneous surface of the sorbent [53], while the Freundlich model is 

assigned to non-ideal sorption on heterogeneous surfaces as well as multilayer sorption [54]. 

The Sips equation also called Langmuir-Freundlich equation) is combination of the two models 

based on pure mathematical concept. 

Langmuir:

  

/34 =
4@ × AB  × CDE

 F AB × CDE 
 

Eq. 2-7 

Freundlich:

 

/34 =  >GH34
 /JK 

Eq. 2-8 

Sips:

 

/34 =
4@ × AL  × CDE

:/ML

 F AL × CDE
:/ML  

 

Eq. 2-9 

where Ceq (mg L-1) is the equilibrium concentration of metal ions; qeq and qm (mg g-1) are the 

equilibrium and the maximum sorption capacities; bL and bS (L mg-1) represent the Langmuir 

and Sips constant, respectively; nF and nS are the sorption intensity parameters for Freundlich 

and Sips equations. 

 

2.3.6. Statistical Analysis 

Selected experiments were duplicated and the calculated average values and standard deviations 

were embodied in the figures. In order to test the repeatability of the sorption performance of 

membranes, three identical membranes were fabricated at different times and used to remove 

Cr(VI). Their results are shown in Figure 2-3. 
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Figure 2-3 Sorption of Cr (VI) and TCr using AP-3% membranes – Comparison of 

performance for different stocks (mass of membrane = 30 g; volume of solution = 50 

mL; pH: 2; Contact time = 48 h). 

2.4. Results and discussion  

2.4.1. Cr(VI) sorption from aqueous solution  

2.4.1.1 Characterization  

(1) Percolation characteristics  

The basic properties of the membranes are shown in Table 2-1. The porosity of the AP-3% 

membrane reaches up to 93.4% (± 0.73)%; this is relatively high compared to 

chitosan/poly(vinyl alcohol) foams, as reported by Wang et al. [55]. This is a favorable property 

for practical application in continuous sorption in simple percolation mode. The stability of 

membranes reaches 94.0% (±0.10)%; this means that the material has a high physical stability 

and maintains its integrity under a high-speed shaking in water. Taking into account that the 

preferred mode of application consists of immobilizing the membranes in a column set-up, it 

can be extrapolated that the static immobilization of the membranes in the column fully 

preserves the material. The water flux of membranes reaches up to 34 mL cm-2 min-1 at 0.006 

bar; this clearly demonstrates the natural highly-percolating property of the sorbents compared 

to cellulose acetate/PEI microfiltration membranes with water flux of 10-50 mL cm-2 min-1 at 

0.69 bar, as reported by Chen et al. [56]. The free draining flow velocity was found close to 

0.62 m h-1. 
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Table 2-1 Basic properties of the AP-3% membranes. 

Property Porosity 

(%) 

Stability 

(%) 

water flux 

(mL cm-2min-1) 

Value 93.41±0.73 94.02±0.10 33.61±0.44 

 

(2) SEM and SEM-EDX analysis 

The cross-section morphologies and the distribution of the main elements in the membrane 

before and after Cr(VI) sorption are characterized by SEM-EDX (Figure 2-4). The SEM images 

show the porous structure of the material; this is a very opened structure that explains the high 

porosity and permeability of the sorbent discs. The analysis of specific surface area from N2 

sorption (not shown) confirmed that the material has poor micro- and meso-porosity. Changing 

the drying process (using either freeze-drying or drying under supercritical CO2 conditions) did 

not significantly increase the specific surface of the material: the order of magnitude remains 

around 1-5 m2 g-1. The material has a very large macro-porosity that makes the membrane very 

efficient for natural percolation (without applied pressure) but the specific surface area and 

porosity (under mesopore size) negligible. 

The EDX spectrum presented on Figure 2-4 for raw sorbent (before metal sorption) shows the 

presence of C and O elements (tracers of organic composition of the sorbent) but also K, Na 

and Cl elements (associated to the processes of alginate extraction and of shaping/synthesis). 

The EDX spectrum for the membrane after metal sorption confirms the presence of Cr ions on 

the sorbent. The obvious increase in percentage of O after Cr(VI) sorption might be attributed 

to the sorption of negatively charged chromate ions (e.g., HCrO4
−). Cr elements were 

distributed densely and homogeneously in the whole mass of the sorbent. This also means that 

the reactive groups are homogeneously distributed in the material (Figure 2-4).  
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Figure 2-4 SEM image and EDX mapping of membranes (a) before Cr sorption and (b) 

after Cr sorption (Cr K corresponds to Cr cartography). 

 

(3) FTIR spectroscopy analysis and pHPZC 

FTIR is an important technique to analyze the main bands corresponding to the functional 

groups of the membranes. The raw membranes, the membranes after contacting with 200 mg 

L-1 Cr(VI) at pH 2.0 and the membranes after desorption by 0.01 M NaOH were analyzed by 

FTIR-ATR spectroscopy (in the range of 4000-400 cm-1). The FTIR spectra and the 

assignments of the main bands are reported in Figure 2-5 and in Table 2-2, respectively. For 

raw membrane (Figure 2-5a), the main peaks are identified at 3243 cm-1 (N–H and O–H 

stretching vibrations, including their overlapping) [57], 2928 cm-1 (C–H stretching) [58, 59], 

1592 cm-1 (N–H bending and C=N vibration) [60-62], 1402 cm-1 (COO– symmetric stretching) 

[63-65], 1315 cm-1 (C–N stretching vibration) [66-68], 1087 cm-1 and 1028 cm-1 (C–O 

stretching vibration) [69, 70], and 947 cm-1 (C–H deformation) [71]. 

After sorption reaction, the main changes are associated to the broad peaks between 3000 and 

3500 cm-1 due to the stretching vibration of amine and hydroxyl (or their overlaps). The peaks 

at 2928 cm-1 and 947 cm-1 disappeared; assigned to C–H stretching and C–H deformation 

respectively, this means that their neighbor reactive groups are involved in metal binding or 

that the sorption of Cr(VI) , associated with a mechanism of reduction of Cr(VI) into Cr(III) 
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induces the oxidation of some reactive groups [58, 59, 71]. The shift of the peak from 1592 cm-

1 to 1579 cm-1 may be assigned to N–H bending (assigned to the primary amine groups of PEI) 

[72] and C=N vibration (due to the formation of Schiff bases generated by the reaction between 

PEI and GA) [62]. The intensity of the peak at 1402 cm-1 decreases (this band is assigned to 

COO– symmetric stretching of the carboxylate groups in alginate [73]. The peak at 1315 cm-1 

assigned to C-N stretching [66-68, 74] and resulting from the interaction between amine groups 

of PEI and aldehyde groups of GA is shifted (with a decrease in its intensity). The intensities 

of the peaks at 1087 cm-1 and 1028 cm-1 (assigned to C-O skeletal stretching vibrations [75, 76]) 

also decrease. Therefore, the sorption of Cr(VI) involves interactions of the metal ions with 

hydroxyl and carboxylic groups on alginate and amine groups from PEI-GA. However, 

carboxyl and hydroxyl groups should not be involved in metal binding with chromate species 

(anions). This could be an indication that Cr(VI) was partially reduced to Cr(III) (probably by 

amine groups) and then sorbed through coordination with these groups. Indeed, Mohanty et al. 

[77] also reported that the sorption of Cr(VI) onto Eichhornia crassipes took place on hydroxyl 

groups (characterized by FTIR analysis). Nakano et al. [78] proposed that Cr(VI) was firstly 

reduced to Cr(III) at low pH and then bound onto tannin gels through the ion exchange of Cr(III) 

with hydroxyl and/or carboxyl groups. Beside, a mechanism of electrostatic attraction between 

PEI on the membrane and chromate anions may be involved in Cr(VI) sorption, which was also 

reported by Yan et al. [79]. Additionally, new peaks appeared at 895 cm-1, 770 cm-1 and 467 

cm-1 corresponding to the stretching vibrations of Cr=O, Cr–O and Cr–N, respectively; this 

further indicated that Cr(VI) was successfully adsorbed on the membrane surface and the amine 

groups on PEI-GA play a major role in Cr(VI) binding [80-83]. The changes on the bands of 

reactive groups may also be explained by the protonation of reactive groups: carboxylate groups 

are fully protonated (carboxylic acid). However, the comparison of the FTIR spectra for 

membranes conditioned under neutral and acidic solutions did not show substantial differences 

in the regions associated to carboxylate/carboxylic groups (not show). 

After desorption, the FTIR spectrum goes back to the spectrum of raw membrane. Slight 

changes may be observed in the positions and intensities, but it did not change much compared 

to the raw membranes, except for the disappearance of the peak at 1315 cm-1 (C–N stretching 

vibration) and to the presence of a peak in the range 450-550 cm-1 (Cr–N stretching vibration). 

This is probably due to incomplete desorption of Cr. Based on the above analysis, the following 

possible mechanism of Cr(VI) sorption is proposed: (1) the sorption of Cr(VI) anions by amine 

groups from PEI-GA; (2) reduction of Cr(VI) to Cr(III) and (3) Cr(III) binding by coordination 

with hydroxyl and carboxylic groups. 
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In addition, the pHPZC of the sorbent is close to 5.73. The pKa values of carboxylic groups in 

alginate are usually reported at 3.38 and 3.65 for mannuronic acid and guluronic acid, 

respectively [84]. On the other hand, PEI bears alkaline amine groups with different strengths 

(associated to primary, secondary and tertiary amine groups in branched polymer): pKa values 

are close to 7-8 and 10 [85]. This means that in the pH range selected for this study (i.e., 0.5-4) 

the overall charge of the sorbent is positive. The cationic behavior of the membrane opens the 

way for electrostatic attraction (ion-exchange mechanism) of anionic species (such as chromate 

anions) onto protonated groups. 

 

Figure 2-5 FTIR spectra of membranes: (a) raw membrane; (b) membrane after Cr(VI) 

sorption; (c) membrane after desorption. 

Table 2-2 Assignments of main FTIR bands of AP-3% membranes: (A) raw membrane; 

(B) membrane after Cr(VI) sorption; (C) membrane after metal desorption. 

A (cm-1) B (cm-1) C (cm-1) Band Assignment Reference 

3243  3198  3225 N–H and O–H or their overlaps stretching [57] 

2928 —— 2935 C–H stretching [58, 59] 

1592  1579  1596 N–H bending and C=N vibration  [60-62] 

1402 1405 1405 COO– symmetric stretching [63-65] 

1315 1311 —— C–N stretching vibration [66-68] 

1087  1083 1086 C–O stretching vibration [69, 70] 

1028 1033 1028 C–O stretching vibration [69, 76] 

947  —— 948 C–H deformation [71] 

—— 895  —— Cr=O stretching vibration [80-83] 

—— 770  —— Cr–O stretching vibration [80-82] 

—— 467 488 Cr–N stretching vibration [82] 
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2.4.1.2 Effect of pH  

The pH is a critical operating parameter for sorption processes because of cross-effects on metal 

speciation and protonation/deprotonation of reactive groups (i.e., carboxylic groups, amine 

groups). In the case of Cr(VI), complementary mechanisms of reduction may also influence the 

interaction of the sorbent with metal ions (both in terms of sorption and desorption) [86]. 

Several studies reported that the removal efficiency of Cr(VI) was higher for sorbents at low 

pH [87, 88]. In this work, the effect of pH on the sorption of Cr(VI) and TCr by AP-3% 

membranes was investigated in the pH range of 0.5-4; Figure 2-6 shows a synthesis of these 

results. The optimum pH is reached at pH 2 under selected experimental conditions.  

It is noteworthy that for most of pH values the curves for Cr(VI) and TCr overlap, except for 

pH 0.5. It is well known that the presence of organic matter at low pH causes the reduction of 

Cr(VI) into Cr(III). Chromate ion has a high positive redox potential and easily reduced in the 

presence of electron donors [89]. Several studies have shown that algal biomass sorbents can 

be used for the conversion of Cr(VI) into Cr(III) in acidic solution [90, 91]. At this low pH 

value, the reduction of Cr(VI) plays an important role and the cationic charge of Cr(III) is not 

favorable for binding on protonated reactive groups of the sorbent (both carboxylic and amine 

groups are protonated). The sorption capacity for total chromium strongly decreases compared 

to Cr(VI) removal: the mass balance on TCr gives at pH 0.5 a sorption capacity close to 36 mg 

TCr g-1. On the other hand, the mass balance equation (i.e. TCr = Cr(III) + Cr(VI)) assessed on 

Cr(VI) in the solutions shows a removal that combines metal binding but also conversion of 

Cr(VI) into Cr(III) and the deduced sorption capacity is artificially increased up to 140 mg 

Cr(VI) g-1). The sorption capacity of Cr(III) using AP-3% membrane was specifically 

quantified at pH 2: Cr(III) is weakly bound (less than 1.2 mg Cr(III) g-1). This confirms that the 

difference between the Cr(VI) and TCr at pH 0.5 is essentially due to the proper reduction of 

the metal. 

The pHPZC of the membrane is close to 5.73; this means that the reactive groups are strongly 

protonated at pH 4 (and below). These protonated groups can only bind anionic species [92]. 

At very low pH the strong protonation and the high concentration of counter anions 

(dissociation of the acid used for pH control) strongly compete with chromate anions for 

binding on carboxylic acids and more specifically on protonated amine groups. As the pH 

increases the surface remains positively charged but the competition effect of counter anions 

progressively decreases. However, above pH 2 the sorption capacity tends to decrease. This is 

directly attributed to the decrease in the protonation of amine groups, which, in turn, decreases 
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the electrostatic attraction of chromate anions. Indeed, Guo et al. [93] reported that when the 

solution pH > 2 (C0: 100 mg L-1), the degree of protonation of -NH2 decreased, resulting in a 

decrease in the sorption capacity of chromium(VI) onto PEI-functionalized cellulose aerogel 

beads. On the other hand, as the pH increases the global cationic charge decreases and at pH 4 

the carboxylic groups are partially converted into carboxylate: their anionic charges may 

contribute to the particle repulsion of anionic species (or, at least, to moderate the attraction of 

these anionic metal species by protonated amine groups). As a matter of fact, pH 2 is good 

compromise between attractive effects on chromate anions and repulsive effects of counter 

anions of the acid media. 

This means that another criterion is involved in the control of sorption. The speciation of 

chromate is a critical parameter for explaining the affinity of the sorbent for the metal. Figure 

2-7 shows the speciation of chromate (C0: 200 mg Cr L-1) as a function of pH (Calculated with 

the Visual Minteq software [94]). In the selected pH range (i.e., 0.5-4) the predominant species 

are HCrO4
- (between 75 % and 87 %) and Cr2O7

2- (about 12 %). At pH below 1, a neutral 

species H2CrO4 also appears (representing about 13%). Apart of the competitor effect of counter 

anions (from acid), the formation of neutral species contributes the decrease in sorption 

properties. Similar research result has also been found in Cr(VI) removal by magnetic cellulose 

nanocomposite [95].Therefore, the pH 2 is the optimum pH value; further experiments were 

performed at this pH.  

In addition, the values of initial pH (pHi) and final pH (pHf) after Cr(VI) sorption were recorded: 

the pH variation is non-negligible (Figure 2-6). The pHf hardly changes at pHi below 2, while 

the pHf increases significantly as the pHi increased from 2.5 to 4.0: the largest variation was 

observed at pHi 3.5 (increased 2.5 pH units). Finally, the pHf was stable and close to 6.0 in the 

range of pH 3.5-4, which revealed the pH buffering effect of the membrane. 
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Figure 2-6 Effect of pH on the sorption of Cr(VI) and TCr onto AP-3% membrane (C0 = 

200 mg L-1; V = 50 mL; sorbent mass = 30 mg; contact time = 48 h; flow rate = 15 mL 

min-1 ; temperature = 20 ± 1 oC). 

 

Figure 2-7 The Cr(VI) species distribution under different solution pH (pH ranges from 

0 to 5 with the step length of 0.1) when Cr(VI) concentration is 200 mg L-1, simulated by 

Visual MINTEQ ver. 3.1 [96]. 

2.4.1.3 Uptake kinetics 

Uptake kinetics allows fixing the equilibrium time but also to evaluating the steps that are 

controlling the transfer of the solute from the solution to the sorbent surface [51]. Indeed, the 

sorption of metal ions can be controlled by different diffusion mechanisms (including bulk, film 

and intraparticle diffusions) and by the proper reaction rate (including parallel or 

complementary mechanisms of oxidation/reduction, precipitation). Figure 2-8 shows the effect 

flow rate (15 or 30 mL min-1) on the uptake of Cr(VI) and TCr on the membrane at pH 2. 

Varying the flow rate (and then the superficial flow velocity) could affect the kinetic profiles. 
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Indeed, the irregular distribution of the channels into the membrane could induce preferential 

channels and irregular distributions of flow transfer in the material. Forcing the flow rate at 

higher value may contribute to decrease the preferential channeling. The figure clearly shows 

that the flow rate does not significantly affect the concentration decay in the solution (at least 

in the range: 15-30 mL min-1). The kinetic profiles show 3 steps in the process: (a) a fast initial 

stage (within the first hour of contact) represents 41 to 48 % of total sorption, (b) a second 

slower phase (ranging between 1 and 6 h) corresponding to 58-66 % of total sorption, and (c) a 

very slow sorption phase that lasts till 78 h. This long sequence means that the resistance to 

intraparticle diffusion is contributing to the overall control of the uptake kinetics. 

In addition, the uptake kinetics of Cr(VI) and TCr have been modeled using the pseudo-first-

order rate equation (PFORE, see Eq. 2-5) and the pseudo-second-order rate equation (PSORE, 

see Eq. 2-6) which are commonly used to describe chemical reaction rates in homogeneous or 

heterogeneous systems [51].  

The parameters of the models are summarized in Table 2-3. According to the high 

determination coefficient R2, the PSORE fits more appropriately the kinetic curves for Cr(VI) 

and TCr recovery by AP-3% membranes. In addition, the comparison of calculated and 

experimental values for the equilibrium sorption capacity systematically confirmed that the 

PFORE describes more realistically the experimental profile. The lines in Figure 2-8 shows the 

simulation of uptake kinetics with the PSORE and the parameters reported in Table 2-3. The 

model described correctly the initial and final stages of the curves; however, there are some 

discrepancies in the intermediary stage (corresponding to the highest curvatures in the 

experimental profiles).  
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Table 2-3 Modeling of uptake kinetics of Cr(VI) and TCr onto AP-3% membranes at 

two different flow rates (15 or 30 mL min-1). 

Model Parameter F=15 mL min-1 F=30 mL min-1 

Cr(VI) TCr Cr(VI) TCr 

 qeq,exp (mg g-1) 300.9 293.6 304.1 293.5 

PFORE 

qeq,cal (mg g-1) 291.8 287.8 266.8 265.6 

k1 ×103 (min-1) 1.6 1.6 1.5 1.7 

R2 0.732 0.705 0.696 0.743 

PSORE qeq,cal (mg g-1) 303.0 294.1 303.0 294.1 

k2 ×105 (g mg-1 min-1) 2.4 2.4 2.8 3.1 

R2 0.993 0.993 0.994 0.995 

 

 

Figure 2-8 Cr(VI) and TCr uptake kinetics using AP-3% membranes – effect of flow 

rate (C0 = 200 mg L-1; V = 1 L; sorbent mass = 217 mg; pH: 2; temperature = 20 ± 1 oC – 

Lines represent the modeling of kinetic profiles with the pseudo-second order rate 

equation using parameters from Table 2-3). 

2.4.1.4 Sorption isotherms 

Sorption isotherms represent the equilibrium distribution of the solute between the liquid and 

solid phases at a fixed temperature (and pH). Playing with increasing concentration allows 
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determining the maximum sorption capacity of the sorbent but also its affinity for target metal. 

The initial slope of the curve gives important information on this affinity and on the trend of 

the sorbent for reaching its saturation. The sorption isotherms are modeled by mechanistic 

(Langmuir equation, Eq. 2-7) or empirical (Freundlich, Eq. 2-8) equations. In most cases, the 

saturation plateau (finite sorption capacity) observed on sorption isotherms makes the Langmuir 

equation more appropriate for describing equilibrium distributions [97]. However, in some 

cases involving several modes of interaction, different reactive groups, and other phenomena 

(such as local precipitation or condensation) the Langmuir model requires extensions (using 

muti-site sorption, or combination of Langmuir and Freundlich equations, such as the Sips 

equation (Eq. 2-9)). The Sips isotherm (also called the Langmuir-Freundlich isotherm) is a 

hybrid form of Langmuir and Freundlich equations. The Sips equation follows a trend similar 

to the Freundlich equation except that it reaches a finite saturation limit when the concentration 

is sufficiently high [98]. Nonlinear regression analysis was used for fitting model equations. 

Experimental sorption isotherms (Figure 2-9) were obtained, at pH 2, by variation of the initial 

chromate sorption between 20 and 300 mg Cr L-1. The parameters of the models (together with 

their correlation coefficients) are reported in Table 2-4.  

The sorption isotherm for Cr(VI) is characterized by a steep initial slope followed by the 

saturation plateau, which is reached for a residual concentration close to 40-50 mg Cr L-1. This 

means that AP-3% membrane has a good affinity for chromate anions. Based on Table 2-4, it 

appears that Cr(VI) sorption isotherm follows both the Freundlich and the Sips equations, while 

the TCr sorption isotherm is better fitted by both the Langmuir and the Sips equations. Model 

fitting of the experimental data does not mean that the assumptions of the model are effectively 

verified but this may help for explaining the metal binding mechanism. The mathematical 

model designed by Freundlich accounts for describing multilayer adsorption of Cr(VI) 

molecules, while Langmuir might be attributed to relatively homogeneous binding sites on the 

surface of the sorbents [99].  

Furthermore, the maximum sorption capacities of Cr(VI) and TCr reach 313.7 and 330.7 mg g-

1, respectively (Table 2-4). These data showed relatively higher Cr(VI) sorption capacities, 

compared to most of reported sorbents (Table 2-5). Taking commercial resin as examples, 

Cr(VI) sorption capacities reached 89.3 and 126.6 mg g-1 for Purolite CT-275 and Purolite MN-

500 ion-exchange resins, respectively [100]. Xiao et al. [101] also reported a sorption capacity 

value in a range of 105–120 mg Cr g-1 for a series of polystyrene resins (D201, D202, and D301) 

at initial Cr(VI) concentration of 500 mg L-1 and pH 2.  
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.  

Figure 2-9 Cr(VI) and TCr sorption isotherms on AP-3% membranes at pH 2 (V = 50 

mL; sorbent mass = 30 mg; pH: 2; contact time = 78 h; flow rate = 15 mL min-1; 

temperature = 20 ± 1 oC – Lines represent the modeling of sorption isotherms with the 

Sips equation and the parameters summarized in Table 3). 

Table 2-4 Sorption isotherms – Modeling parameters for Langmuir, Freundlich and 

Sips equations. 

Model Parameter Cr(VI) TCr 

 qm,exp (mg g-1) 313.7 330.7 

Langmuir 

qm,cal (mg g-1) 297.9 480.7 

bL (L mg-1) 0.539 0.024 

R2 0.884 0. 923 

Freundlich 

kF (mg g-1)/( L mg-1) 1/n 130.4 27.02 

n 4.885 1.803 

R2 0.968 0.851 

Sips 

qm,cal (mg g-1) 455.3 332.4 

ns 2.521 0.529 

bS (L mg-1) 0.383 0.004 

R2 0.987 0.954 
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Table 2-5 Comparison of sorption performances with other sorbents. 

Sorbent pH qm,Cr(VI)  

(mg g-1) 

qm,TCr 

(mgg-

1) 

Ref. 

Alginate–goethite beads 2 27.1 35.9 [102] 

Grape stalks entrapped into alginate beads 3 3.6 10 [103] 

PEI immobilized acrylate-based magnetic beads 2 138 N.M. [104] 

Biomass of alga Spirogyra 2 14.7 N.M. [105] 

PEI-modified biomass  4.6 279 N.M. [89] 

Alginate beads 3 34.5 N.M. [95] 

Bacterial consortia immobilized alginate beads 3 66.7 N.M. [95] 

Sodium alginate-polyaniline nanofibers 2 73.3 N.M. [106] 

Magnetic nano-hydroxyapatite encapsulated alginate 

beads 

2 29.1 N.M. [107] 

Ethylenediamine-modified cross-linked magnetic 

chitosan resin 

2 51.8 N.M [108] 

Purolite CT-275 and Purolite MN-500 ion-exchange 

resins 

3 89.3; 

126.6 

N.M [100] 

Polystyrene resins (D201, D202, and D301) 2 105-120 N.M [101] 

AP-3% membranes 2 314 331 This 

study 

2.4.1.5 Effect of coexisting ions 

Industrial effluents often contain various other anions and cations coexisting with Cr(VI); these 

ions may compete with reactive groups at the surface of the sorbent, or change metal speciation. 

This competition may significantly decrease the sorption performance. In order to evaluate the 

stability of sorption performance in complex solutions, the sorption efficiency of AP-3% 

membranes for Cr(VI) (and TCr) was compared in the presence of increasing concentrations of  

anions (e.g., Cl−, NO3
− and SO4

2−) and cations (e.g., Cu(II) and Ca(II)) at pH 2. In this case, the 

surface groups of absorbents are strongly protonated and beneficial to bind anionic species, and 

the main chromate species are HCrO4
- (about 87 %) and Cr2O7

2- (about 12 %) at pH 2. Figure 

2-10 shows that monovalent anions, such as chloride and nitrate anions, even in excess, have a 

rather limited effect on chromate sorption: even at concentration as high as 800 mg L-1 the 

decrease in sorption efficiency does not exceed 2 %. Hu et al. [109] also reported that  the 

competitive effect of chloride and nitrate anions on Cr(VI) sorption by magnetic nanoparticles 

can be ignored and suggested the two anions are poor ligands which showed a weaker binding 

affinity for Cr(VI) species (and a low sorption on protonated amine groups). On the opposite 
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hand, sulfate anions have a strong impact on sorption performance: the decrease in sorption 

efficiency may reach up to 30 % for Cr(VI) and 44 % for TCr. Sulfate anions being divalent 

have a stronger affinity (compared to mono-anionic HCrO4
- species) for protonated amine 

groups; this may explain the stronger effect of sulfate anions on metal binding.  Even with large 

concentration excess metal cations such as Ca(II) and Cu(II) hardly affect chromate sorption: 

the loss in sorption efficiency remains below 8 %. This can be easily explained by the 

protonation of reactive groups (carboxylic groups vs. carboxylate; and protonated primary and 

secondary amine groups). These protonated groups have poor affinity for metal cations. The 

carboxylate and free amine groups would predominate at higher pH values (above 4); these 

conditions would be more favorable for the sorption of metal cations, which, in turn, would 

have a greater effect on the sorption properties of the membranes. The AP-3% membranes have 

a remarkable selectivity for anionic metal ions in acidic solutions; on the contrary, the presence 

of competitor anions (counter anions, or anionic metal complexes) may be taken into account 

(especially when divalent). 
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Figure 2-10 Effect of coexisting ions on the removal of Cr(VI) and TCr by AP-3% 

membranes: (a) NO3
−, (b) Cl−, (c) SO4

2−, (d) Cu(II) and (e) Ca(II) (C0 = 200 mg L-1; V = 

50 mL; sorbent mass = 30 mg; pH: 2; contact time = 72 h; flow rate = 15 mL min-1; 

temperature = 20 ± 1 oC). 
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2.4.1.6 Treatment of simulated electroplating wastewater  

To test the suitability of the membranes in a complex system, alginate/PEI membrane was used 

to remediate a simulated electroplating wastewater. Table 2-6 presents the experimental data 

for the treatment of the wastewater; a single Cr-containing wastewater (containing a similar 

concentration of chromate) was used as control. The tests were performed using two different 

masses (15 mg and 30 mg) of alginate/PEI membrane. The Ceq of Cr(VI) in the simulated 

electroplating wastewater and Cr-containing wastewater were 3.07 mg L-1 and 2.66 mg L-1, 

respectively, with a sorbent mass of 15 mg.  While increasing the amount of sorbent to 30 mg, 

Cr(VI) was completely removed for the two solutions. The comparison of the results for the 

two wastewaters shows that the presence of other metal ions or anions in the solution hardly 

changes chromate binding and TCr removal. These conclusions are consistent with the results 

reported in the previous section. On the other hand, the analysis of total chromium (by ICP-

AES) shows that chromium does not completely disappear from the solution because of the 

conversion of chromate into chromium (III), which is poorly sorbed on AP-3% membranes in 

acidic solutions. Moreover, the experimental results show that the sorbent has poor sorption 

capacities for other metal cations such as Cu(II), Ca(II), Na(I), K(I), and Zn(II). AP-3% 

membranes have a great selectivity for chromate under selected experimental conditions. 

Therefore, the sorbent clearly demonstrate a great potential for removing Cr(VI) from industrial 

wastewater, as a polishing treatment. 

 

Table 2-6 Comparison of experimental data on the treatment of simulated electroplating 

wastewater and single Cr-containing wastewater (control group) at two different mass 

(15 mg and 30 mg) of membranes (V= 50 mL; pH: 2; contact time = 72 h; flow rate = 15 

mL min-1; temperature = 20 ± 1 oC). 

Waste-

water 

Simulated electroplating wastewaters Single Cr-containing solution 

 mass:15 mg mass:30 mg  mass:15 mg mass:30 mg 

C0 

 (mg L-1) 

Ceq  

(mg L-1) 

Ceq  

(mg L-1) 

C0  

(mg L-1) 

Ceq  

(mg L-1) 

Ceq  

(mg L-1) 

Cr (VI) 53.4 3.07±0.16 0.00 53.8 2.66±0.10 0.00 

TCr 55.6 8.93±0.13 7.33±0.44 55.9 7.01±0.23 6.14 

Cu(II) 6.71 6.65±0.04 6.64 —— —— —— 
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Waste-

water 

Simulated electroplating wastewaters Single Cr-containing solution 

 mass:15 mg mass:30 mg  mass:15 mg mass:30 mg 

C0 

 (mg L-1) 

Ceq  

(mg L-1) 

Ceq  

(mg L-1) 

C0  

(mg L-1) 

Ceq  

(mg L-1) 

Ceq  

(mg L-1) 

Zn(II) 1.16 1.09±0.03 1.08 —— —— —— 

Ca(II) 26.5 26.5 26.5 —— —— —— 

K(I) 20.5 20.3 20.2 —— —— —— 

Na(I) 27.9 25.3±0.48 24.7 —— —— —— 

C0: metal initial concentrations, Ceq: metal residual equilibrium concentration.  

2.4.1.7 Metal desorption and recycling of AP-3% membranes 

Many previous studies have shown that NaOH solution are highly efficient for desorbing Cr(VI) 

from loaded sorbents [110-112]. Figure 2-11a shows the kinetic profiles for the desorption of 

chromate ions from Cr-loaded AP-3% membranes using 0.01 M and 0.1 M NaOH solutions. 

Increasing the concentration of the eluant increases the velocity of metal release: 1 h vs. 2 h for 

reaching the equilibrium. However, the concentration does not affect the effective desorption 

efficiency at equilibrium, which does not exceed 45 %. It is noteworthy that during desorption 

experiments the released concentrations of Cr(VI) and TCr are equal (contrary to the 

observations made during sorption steps); this is obviously due to the different effects of 

chromate reduction during sorption (additional reduction on the sorbent) and desorption (no 

reduction).   

The poor desorption of Cr(VI) is probably due to the partial reduction of Cr(VI) to Cr(III) during 

metal sorption on AP-3% sorption. This is consistent with FTIR analysis that showed an 

alteration of the biomass (remaining chromium but also partial degradation due to the oxidation 

of some reactive groups). Similar conclusions were reported in the case of chromate desorption 

from Cr-loaded mustard oil cake and polypyrrole/Fe3O4 magnetic nanocomposite [71]. As 

described above, the presence of organic matter at low pH causes the reduction of Cr(VI) into 

Cr(III), which may result in a decrease in desorption efficiency. Therefore, to test whether this 

was caused by the low pH (i.e., pH 2) during the sorption process, desorption of Cr-loaded 

membranes using 0.01 M NaOH after Cr(VI) sorption at pH 3 and 3.5 was also investigated. 

Relevant results are summarized in Table 2-7; they show that Cr(VI) desorption efficiency 
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hardly changed when the pH used for sorption step was increased. This means that increasing 

the pH is supposed to reduce the yield of reduction on organic material, but does not affect the 

desorption efficiency in the present case. 

Figure 2-11b shows the comparison of sorption capacities for Cr(VI) and TCr under similar 

experimental conditions (sorption at pH 2 and desorption using 0.01 M NaOH solutions). The 

sorption capacity progressively decreases by 19 % at the second cycle (sorption capacity 

remains as high as 219 mg Cr g-1). However, at the third cycle, AP-3% membrane loses about 

60 % of its sorption capacity: residual capacity does not exceed 107 mg Cr g-1. This value 

remains relatively high compared to the sorption capacities of other biosorbents. However, 

these data definitively show the difficulty to use this material for numerous cycles of sorption 

and desorption. The weak desorption of chromate hinders the re-use of the sorbent for more 

than 3 cycles.  

 

Figure 2-11 Metal desorption from loaded AP-3% membranes and sorbent reycling: (a) 

desorption kinetics using solution of NaOH at 0.01 M (pH=11.9) and 0.1 M (pH=12.5) 

concentrations (Metal loading on the sorbent before desorption showed in Figure 6. 

Desorption step - V: 1 L; time: 4 h; flow rate: 15 mL min-1; temperature: 20 ± 1 oC) and 

(b) comparison of sorption–desorption performances for 3 successive cycles (Sorption 

step - C0: 200 mg L-1; V: 50 mL; sorbent mass: 30 mg; pH: 2; contact time: 48 h; flow 

rate: 15 mL min-1; temperature: 20 ± 1 oC. Desorption step - desorption agent: 0.01 M 

NaOH; V: 50 mL; time: 4 h; flow rate: 15 mL min-1; temperature: 20 ± 1 oC). 
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Table 2-7 Sorption and desorption of metal ions at different pH values. 

NO. pH Cr(VI) TCr 

Sorption  

(mg g-1) 

Desorption 

(%) 

Sorption  

(mg g-1) 

Desorption 

(%) 

1 3 110.7±1.47 38.14±0.92 107.5±1.02 38.97±0.63 

2 3.5 65.81±0.11 42.16±2.28 55.82±1.34 45.36±0.09 

 

2.4.2. Se(VI) sorption from aqueous solution  

2.4.2.1 Characterization 

Several measuring methods are carried out to understand the physical and chemical properties 

of AP-4% membrane. For the mechanical stability of materials, results show that it reaches up 

to 86% under vigorous vibration conditions (i.e., 150 rpm). This means that the material has a 

high mechanical stability and can maintain its integrity under a high-speed shaking in water. 

Considering that the preferred mode of application is fixing the membranes in a column device, 

the static stability of the membrane (measured under constant feeding for 3 days) in the column 

device is also measured (up to 97%). This means that the material is stable in fixed-bed column 

with negligible mass loss.  

In addition, the SEM test is used for observing the physical structures and morphologies of the 

material. The surface and cross-section morphologies of the membrane are shown in Figure 

2-12. The material has a porous structure with considerable macro-porosity. This means that 

the membrane is widely opened, which keeps high-permeability for water transfer. Pycnometer 

measurements show that the density and porosity of the membrane are 0.048 g cm3 and 74%, 

respectively. The water flux of the membrane is 13 mL cm-2 min-1 at 0.006 bar, which means 

the superficial flow velocities as high as 7.8 m h-1 can be reached under pumping. This clearly 

demonstrates highly percolating property of the membranes compared to most of reported 

similar membranes (Table 2-8). Despite lower pressure applied to the membrane 

(corresponding to natural drainage conditions), the water flux of AP-4% membrane is over-

performing compared with reference membranes.  
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Figure 2-12 Porous structure of membranes (SEM micrographs) (a) Surface and (b) 

Cross-section (bar: 1 mm). 

 

Table 2-8 Water flux comparison of the different membranes. 

Membranes Pressure 

(bar) 

Water flux (mL 

cm-2 min-1) 

Reference 

PEI-grafted porous membrane 1.2 10.3 [113] 

PEI/graphene oxide membrane 5 0.007 [114] 

PEI/polyacrylonitrile membrane. 10 0.03 [115] 

Polydopamine/PEI-decorated membranes 1 3.3-11.8 [115] 

PEI immobilized composite porous 

membranes 

1 0-0.3 [116] 

Polydopamine functionalized 

halloysite nanotube/polyetherimide 

membranes 

3 0.2-0.5 [117] 

AP-4% membrane 0.006 13 This study 

 

EDX measurement was recorded for qualitative analysis of the elemental constitution of the 

membrane (Figure 2-13). The spectrum of raw membrane (Figure 2-13c) shows that the 

material mainly consists of C and O elements (exceed 95% in total, organic tracers) but also Ca, 

Na, Cl, K, S, Mg and Al elements (residues of the extraction/shaping process of alginate). 

Figure 2-13d shows selenium peaks which were absent in the raw membrane, confirming 

selenium was loaded onto membrane.  

 

(a) (b) 
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Figure 2-13 SEM micrographs (a/b) (bar: 0.1 mm) and EDX analysis (c/d): for AP-4% 

membrane (a/c) and Se(VI)-loaded membrane (b/d) (the insert in d: corresponds to Se 

cartography). 

 

The FT-IR analysis allows identifying the chemical groups present on membrane (Figure 2-14). 

For the raw membrane, the main band assignments were as follows: the strong and wide band 

at 3200-3500 cm-1 is assigned to the overlapping of O–H and N–H stretching vibration [118], 

with the weak band around 2927 cm-1 is attributed to the stretching vibration of C–H [119]. 

Strong absorption at 1596 cm-1 and medium absorption at 1317 cm-1 bands are characteristic 

peaks of overlapping of C=N and N–H vibration and C–N stretching vibration, respectively. 

This is attributed to the reaction between amine groups of PEI and aldehyde groups of GA [120-

122]. This confirms the formation of Schiff bases during the process of PEI and GA crosslinking; 

amide groups appear on the membrane, which contribute substantially improving its sorption 

capacity, especially for anions (e.g., Se(VI)). The band at 1404 cm-1 is assigned to the 

symmetric stretching of COO− group of the alginate [123]. Meanwhile, the bands at 1087 and 

1029 cm-1 are associated with C–O stretching vibration [124, 125] and 947 and 885 cm-1 are 

C–H bending vibrations [126]. All the above implies that hydroxyl, carboxyl, amino groups in 

the membrane might play important roles in the binding of selenium ions.  
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It is noteworthy that the conjugate acid dissociation constant (pKa) of carboxylic groups in 

alginate are 3.38 for mannuronic and 3.65 for guluronic acid [127], while the pKa values of 

amine groups in PEI are usually reported at 4.5, 6.7 and 11.6 for primary, secondary and tertiary 

amines, respectively [128]. In addition, the pHPZC of membrane determined in the pH range of 

1.0 to 10.0 was found to be 6.3; this means the reactive groups are protonated below pH 6. The 

charges on the surface of membrane are positive; this opens the way to the sorption of 

negatively charged selenium anions by electrostatic attraction. 

 

Figure 2-14 FTIR spectra of (a) AP-4% membrane, (b) Se(VI)-loaded AP-4% 

membrane, and (c) AP-4% regenerated membrane (after Se(VI) desorption). 

2.4.2.2 Effect of pH on Se(VI) adsorption by membranes 

The pH is a critical parameter in the evaluation (and understanding) of sorption properties of a 

sorbent for metal ions. Indeed, this parameter has a dual effect on the speciation of metal ions 

in solution (depending also on the presence of ligands) and on the charge characteristics of 

sorbent surface. Figure 2-15 shows the effect of pH variation between 1 and 7. Under selected 

experimental conditions, maximum Se(VI) sorption capacity reaches 61.7 mg g-1 at pH 2. 

Similar sharp optimum (between pH 2.5 and 3.5) was reported for the recovery of both Se(IV) 

and Se(VI) using eggshell membrane and chicken feather [129]. The pHPZC of 6.3 for membrane 

means in acidic solution (pH below 6), the overall charge on membrane surface is positive: 

selenate anions are electrostatically attracted on protonated amine groups. At pH below 2, the 

competitor anions Cl- (due to acid dissociation) strongly limits the sorption capacity. In addition, 
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selenate anions may be protonated. Peng et al. [130] reported the values of pKa1 and pKa2 for 

H2SeO4 correspond to strong acid and 1.9, respectively. This means below pH 2, selenate ions 

are protonated: it will weaken the electrostatic attraction between the reactive groups and 

sorbate ions. Therefore, sorption capacity decreases. Torres et al. [13] also showed that the 

contents of uncharged H2SeO4 increases at pH below 2.  

When the pH increases from 2 to 7, the sorption capacity decreases to 8.3 mg g-1. The 

protonation of amine groups progressively decreases and the speciation of selenate is displaced 

to different predominating metal species (but also the protonation state of reactive groups). 

Figure 2-16(a) shows the speciation of primary and secondary amine groups; tertiary amine 

groups remain protonated in the studied pH range. 

 

Figure 2-15 Effect of pH on Se(VI) sorption using membrane (C0 = 100 mg Se L-1; 

Sorbent dosage = 0.8 g L-1; contact time = 24 h; flow rate = 15 mL min-1; temperature = 

20± 1 °C; dashed line represents pH variation during sorption). 

 

The comparison of the distribution of SeO4
2- and HSeO4

- species with the sorption efficiency 

suggests that selenium binding drastically increases when divalent a nionic species 

predominates over monovalent species (in the range pH 1-2). In this pH range, primary amine 

groups are fully protonated.  

Above pH 2, despite the predominance of monovalent selenate species the sorption capacity 

strongly decreases. This can be associated to the progressive decrease of the protonation of 

primary amine groups. The pKa of primary amine groups is close to 4.5. The partial cross-

linking of amine groups with aldehyde groups (of the cross-linker agent) may affect the acid-
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base properties of these amines but the reactive groups remain basic enough for maintaining 

convenient protonation/deprotonation pattern.   

In the range pH 3.5-5.5, the sorption capacity decreases more weakly: primary amine groups 

are deprotonating but secondary amine groups (with less affinity for selenate anions) may 

contribute to weak sorption. At pH above 5.5, the secondary amine groups begin to deprotonate 

and a new stronger decrease in sorption capacity is observed.  

These observations tend to demonstrate that the probable mechanism involved in metal binding 

consist of the electrostatic attraction of preferentially SeO4
2- (divalent anion) onto protonated 

primary amine groups (preferentially to secondary amine groups). This means also that an 

appropriate crosslinking ratio (between primary amine groups and aldehyde groups) should take 

into account the necessary stabilization of the sorbent but also the availability of primary amine 

groups. In the case of the sorption of anionic Se species on non-living Eichornis crassipes and 

Lemna minor, the possible contribution of Coulombic interaction with protonated hydroxyl 

groups (in acidic solutions) has been also reported [131]. 

Figure 2-15 also shows the pH change during the sorption process. Between pH 2 and 3.5, the 

pH remains stable, despite the sorption of the metal; protons capture and selenate binding are 

low enough compared to the actual amount of protons to maintain unchanged the pH. In the 

range pH 3.5-6, the equilibrium pH tends to substantially decrease: protons are released due to 

deprotonation of amine groups and to the dissociation of HSO4
-/SeO4

2-. These trends are 

confirmed in Figure 2-16b pH variations during sorption are compared to pH variations from 

background slat solutions (results collected from titration data in the determination of pHPZC). 

The pH variation is negligible in the optimum pH range of sorption but substantially increases 

at pH higher than 3-4. The pH variation is less marked in the case of Se sorption solution 

(compared with background salt solution). These trends confirm that pH variation is not only 

due to the proper acid-base properties of the sorbent but that the interaction with selenate 

species contribute to moderate pH variation. 
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Figure 2-16 (a) Effect of Se speciation and protonation of amine groups (primary, 

secondary) on Se(VI) sorption capacity, (b) pH variation during sorption compared to 

pH variation in background salt (relationship with sorption capacity)(Se speciation was 

calculated using Visual Minteq [132]). 

 

Figure 2-17 shows the plot of the distribution ratio (log10D = qeq/Ceq, L g-1) vs. equilibrium pH 

(log-log plot). The slope of linear sections is frequently associated with the stoichiometry of the 

ion-exchange between sorbed species and counter-ion released from the sorbent. The optimum 

pH is confirmed close to pH 2. Two segments roughly linear can be identified corresponding 

to the increase of sorption with pH (from 1 to 2) with a slope close to 0.7 (the points at pH 1 

are shifting the slope to higher value compared to the points between pH 1.5 and 2; slope close 

to 0.3). The average value close to 0.5 could be associated with the binding of SeO4
2- 

(consistently with the predominating species in this pH range); this means that two protonated 

amine groups are involved in the binding of one selenate ion (selenate/amine molar ratio close 

to 0.5). At pH higher than 2, the sorption capacity decreases and the slope of the curve is close 

to 0.27, as an evidence of the change in the interaction mode between amine groups and 

selenium species and to the effect of acid-base characteristics of the sorbent. Further 

experiments were performed at pH 2. 
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Figure 2-17 Variation of the distribution ratio (Log10 D plot) with equilibrium pH. 

2.4.2.3 Effect of flow rate on uptake kinetics 

The uptake kinetics can be controlled by the diffusion mass transfer process and the proper 

sorption reaction at the liquid/solid interface [133]. In fixed-bed columns, the flow rates may 

have potential impact on mass transfer (through resistance to film diffusion, to intraparticle 

diffusion) but also on eventual preferential channeling. In the case of non-homogeneous 

distribution and size of channels, the solution may pass through the largest pores (at the expense 

of longer transfer zone and earlier breakthrough or longer time required for reaching the 

equilibrium, and even a non-saturation of certain parts of the membrane). Imposing a higher 

flow rate may help accessing the completely reactive volume of the membrane. This may be 

explained by the fact that a lower flow rate (5 mL min-1) slows down the flow inside the 

membrane (which blocks the hydrodynamic transfer of the solution in the whole mass of the 

membrane), and increases the resistance of air bubbles (which may limit the contact of the 

solution with reactive groups) [134]. In order to verify this effect and to determine the minimum 

flow rate (or superficial flow velocity) experiments were compared at different flow rates (i.e., 

5, 15 and 50 mL min-1). In the case of membranes immobilized in column but under 

recirculation mode, the system is globally analogous to the stirred reactor and the flow velocity 

is analogous to the agitation speed parameter, complicated by the possible occurrence of 

channel effects. Figure 3 shows the kinetic profiles for the sorption of Se(VI); the contact time 

for equilibrium was set to 24 h. The residual concentration is not affected by the flow rate; 

under selected experimental conditions, the recovery yield reaches 46% (sorption capacity close 

to 60 mg Se g-1). The equilibrium time is almost unchanged when varying the flow rate between 

15 and 50 mL min-1; 30 min are sufficient while at the lowest flow rate (i.e., 5 mL min-1), the 
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equilibrium time increases up to 120 min. The limit flow rate for avoiding channeling effects is 

close to 15 mL min-1 (i.e; superficial flow velocity: 1.93 m h-1). 

The proper reaction rate may be approached using the pseudo-first order rate equation (PFORE) 

or the pseudo-second order rate equation (PSORE) which are commonly used to model 

chemical reactions [135]. These equations (Eq. 2-5 and Eq. 2-6), initially designed for 

modelling homogeneous chemical reactions, have been successfully used for describing 

heterogeneous systems. However, in these cases, the rate coefficients are considered apparent 

rate constants that integrate the contribution of diffusion mechanisms.  

The parameters of the PFORE and PSORE for Se(VI) sorption kinetics using three different 

flow rates are listed in Table 2-9; they were determined by non-linear regression using 

Mathematica® software. In Figure 2-18, the solid lines represent the simulated curves for 

PFORE and PSORE using the calculated parameters summarized in Table 2-9. The comparison 

of the determination coefficients (R2) shows that the PFORE equation fits better kinetic profiles. 

This is confirmed by the superimposition of fitted curves with experimental points. However, 

it is noteworthy that the calculated values for the equilibrium sorption capacity (i.e., qeq,i) 

PSORE are more accurate than for PFORE. Here the preferential fit of experimental data with 

the PFORE probably can be explained by the electrostatic attraction mechanism between 

anionic selenate species and protonated amine groups. The apparent rate coefficients strongly 

increase with the flow rate: between 5 and 15 mL min-1, the k1 coefficient varies proportionally 

(i.e., from 3.30 × 10-2 to 9.93 × 10-2 min-1) while above at 50 mL min-1, the coefficient 

progression tends to level off (at 17.2 × 10-2 min-1). Similar trends are observed for the evolution 

of the apparent rate coefficient for PSORE (i.e., k2 in Table 2-9). 

 

Table 2-9 Effect of flow rate on Se(VI) uptake kinetics – Comparison of fitting equations. 

Models Parameters F=5 mL min-1 F=15 mL min-1 F=50 mL min-1 

 qeq,exp (mg g-1) 60.9 60.1 60.9 

PFORE 

qeq,cal (mg g-1) 59.0 56.7 57.4 

k1 × 102 (min-1) 3.30 9.93 17.2 

R2 0.997 0.992 0.996 

 

PSORE 

qeq,cal (mg g-1) 63.8 59.4 59.5 

k2 × 103 (g mg-1 min-1) 0.69 2.46 4.49 

R2 0.984 0.990 0.988 
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Figure 2-18 Se(VI) uptake kinetics – Effect of flow rate (C0 = 50 mg Se L-1; SD = 0.4 g L-

1; pH0: 2; T = 20 ± 1 °C; solid line: fit of kinetic profile with the PFORE (a) and the 

PSORE(b)). 

2.4.2.4 Adsorption isotherms 

The sorption isotherm, which plots the sorption capacity in function of residual concentration 

at fixed temperature and pH, provides important information on the affinity of the sorbent for 

the solute. At pH 2 the sorption isotherm for Se(VI) is shown in Figure 4. The sorption capacity 

steeply increases at low metal concentration (below 25 mg Se L-1) before progressing more 

weakly. A pseudo-saturation plateau is reached around 83 mg Se g-1 (for residual concentrations 

higher than 150 mg Se L-1). The sorption isotherms can be modeled using Langmuir (see Eq. 

2-7), Freundlich (see Eq. 2-8) and Sips models (see Eq. 2-9).  

The lines in Figure 2-19 show the fits of experimental data with the three models and the 

parameters reported in Table 2-10 (parameters were determined by non-linear regression 

analysis). The three models fit well the data in the pseudo linear section (henry domain) of the 

sorption isotherm. The Langmuir equation respects the shape of the curve up to a residual 

concentration close to 103 mg Se L-1 and then diverges and underestimates the sorption capacity 

in the saturation domain. The maximum sorption capacity at saturation of the monolayer is 

consistent with the effective maximum sorption capacity (i.e., 82.3 mg Se g-1 vs. 83 mg Se g-1). 

The Freundlich equation underestimates sorption capacity in the intermediary domain (highest 

curvature) and overestimates the qeq in the saturation domain; this is a power-type function non-

consistent with the progressive saturation of the sorbent. Best fit is obtained with the Sips 

equation; using a third parameter logically improves the quality of mathematical fit. However, 

the maximum sorption capacity is substantially overestimated (close to 105 mg Se g-1). The 

qualitative evaluation of modeled profiles is consistent with the comparison of determination 

coefficients in Table 2-10. 
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Figure 2-19 Se(VI) sorption isotherms using membranes (SD = 0.8 g L-1; contact time = 

24 h; pH: 2;  flow rate = 15 mL min-1; T = 20± 1 °C). 

 

Table 2-10 Se(VI) sorption isotherms – Modeling. 

Model Parameter 

Langmuir 

qmL,cal (mg g-1) 82.4 

bL (L mg-1) 0.072 

RL 0.04-0.59 

R2 0.978 

Freundlich 

kF (mg g-1)/(L mg-1)1/n 18.46 

nF 3.385 

R2 0.965 

Sips 

qmS,cal (mg g-1) 105.2 

bS (L mg-1) 0.115 

nS 1.548 

R2 0.997 

 

The basic characteristics of the sorption process (obeying the Langmuir equation) can be 

described by the dimensionless equilibrium parameter, RL, which is calculated using Eq. 2-10 

[136]. 

0

20

40

60

80

100

0 50 100 150 200 250

q
e

q
 (m

g
 S

e
 g

-1
)

Ceq (mg Se L-1)

Se
Langmuir
Freundlich
Sips



77 
 

NO =  

 F AB × C& 

  
Eq. 2-10 

where C0 is the initial concentration (mg Se L-1). 

The values of RL allow qualifying the sorption as unfavorable (RL > 1), linear (RL = 1), 

favorable (0 < RL < 1) or irreversible (RL = 0) processes [137]. Under selected experimental 

conditions, the values of RL vary in the range 0.04–0.59; this confirms that Se(VI) sorption on 

AP-4% membranes is a favorable process.  

Table 2-11 compares a series of sorption performances reported in the literature using the qm 

Langmuir capacity. Some sorbents such as thiourea-formaldehyde resin [138], chloride 

hydrocalumite Friedel phase [139] polyamine synthetic resin [140] have remarkable maximum 

sorption capacities (i.e., 526, 196 mg and 134 Se g-1, respectively); however, in most cases, AP-

4% membranes have comparable or higher sorption capacities than alternative sorbents. 

 

Table 2-11 Se(VI) adsorption capacities of a series of sorbents reported in literature. 

Sorbents pH C0
a  

(mg L-1) 

qm  

(mg g-1) 

Ref. 

Fe–Mn hydrous oxides 4 5-500 19.8 [141] 

Thiourea‐formaldehyde resin 5M HCl 100-500 526 [138] 

Purolite S108 resin  3.56 0-856 3.23 [142] 

Oxidized multi-walled carbon nanotubes 7 0.5-2 1.87 [143] 

Al(III)/SiO2 binary oxide system 5 0-237 11.3 [144] 

Chloride hydrocalumite Friedel phase 8 36-1086 196 [139] 

Al2O3 impregnated chitosan beads 6 0-3.8b 20.1 [145] 

Chitosan 6 0-15b 2.01 [146] 

MgO nanosheets 10.5 1-100 10.3 [146] 

LDH/chitosan nanocomposite 6 0-16b 4.5 [147] 

Silica magnetite nanoparticles n.r. 0-200 46.1 [148] 

Functionalized silica magnetite NPs n.r. 0-200 27.6 [148] 

Cladophora hutchinsiae 5 10-400 74.9 [8] 

Chitosan/clay composite 4 0-10b 8 [149] 

Polyamine-type weakly basic IX resin 6 30-240 134.2 [140] 

Eggshell membrane - - 37.0 [129] 

Chicken feather - - 20.7 [129] 

AP-4% Membranes 2 10-270 83.0 This study 

aInitial concentration range; bequilibrium concentrations (estimated from the graphs); n.r.: not 

reported. 
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2.4.2.5 Effect of coexisting anions 

Coexisting anions such as sulfate, nitrate and chloride are frequently present in natural water 

streams or industrial effluents. Therefore, considering their potential impact on selenium 

removal is critical for evaluating the effectiveness of AP-4% membranes for Se(VI) recovery. 

The sorption capacity of AP-4% membranes for Se(VI) was tested in the presence of increasing 

concentrations of these competitor anions (50-800 mg L-1). Figure 2-20 shows that the three 

anions inhibited Se(VI) sorption to different extents. Indeed, AP-4% membranes being 

positively charged in acid solutions have obvious affinity for binding anions. Monovalent 

anions, such as chloride and nitrate, have comparable and limited effect on Se(VI) sorption. 

Under selected experimental conditions, the sorption capacity decreases from 57.7 mg Se g-1 to 

42.1-43.6 mg Se g-1 (loss in sorption capacity close to 25%) when Cl- or NO3
- concentration 

reaches up to 800 mg L-1 (i.e., 22.5 mM for Cl- and 12.9 mM for NO3
- ), which are 17.3 and 9.9 

times excess compared to selenium molar concentration (1.3 mM), respectively. In the case of 

divalent sulfate anions, Se(VI) sorption is almost completely inhibited at [sulfate] = 800 mg L-

1 (i.e., 8.3 mM, 6.4 times excess): the sorption capacity decreases to 5 mg Se g-1 (i.e., loss 

exceeds 91%). Figure 2-21 shows the impact of competitor anions on Se(VI) distribution ratio 

(log-log plot). Chloride and nitrate anions have similar behavior with a slope of the plot close 

to -0.16-0.17 while for sulfate anions the slope was close to -1 (i.e., -0.96). These differences 

clearly illustrate the different competitor mechanism between these anions. Similar 

phenomenon reported in the adsorption of Se(VI) by iron-oxide-coated sand [150]  The divalent 

charge of sulfate anions (analogous to the expected bound selenate species, SeO4
2-) may explain 

the strong competitor effect on selenate uptake (direct competitor effect or ion-exchange 

between sulfate and selenate anions) [151, 152]. The chemical analogy between SO4
2- and 

SeO4
2- was also reported for explaining the strong impact of the competitor anion on Se(VI) 

recovery using a polyamine weakly basic ionic exchange resin [140]. In the case of hematite 

modified magnetic nanoparticles [153], the sorption of selenate anions was inhibited by anions 

(in the range of concentrations: 0-10 mM) according the series: chloride≈nitrate (negligible) < 

sulfate < carbonate- << silicate <<< phosphate. In the case of Mg-Al LDH sorbent, the sorption 

of selenate was also more reduced by sulfate or phosphate anions compared with nitrate effect; 

while for selenate the presence of phosphate increased Se(VI) recovery compared with nitrate 

and contrary to the negative effect of sulfate anions. The presence of small amounts of sulfate 

(i.e., 10 ppm) was sufficient for strongly limiting the sorption of selenite and selenate on 

nanocrystalline-impregnated chitosan beads [145]. 
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Figure 2-20 Effect of coexisting anions on Se(VI) adsorption by membranes (C0 = 100 

mg L-1; SD = 1 g L-1; contact time = 24 h; pH: 2;  flow rate = 15 mL min-1; temperature 

= 20 ± 1 oC). 

 

 

Figure 2-21 Variation of the distribution ratio D with competitor anion concentration 

(Log-Log plot) at pH 2. 

2.4.2.6 Desorption and recyclability study 

Membrane recyclability is a vital parameter for assessing the cost-effectiveness of wastewater 

treatment. The competitor effect of phosphate was used for promoting the acidic desorption of 

Se(VI) from Se-loaded marine biomass [131] or the regeneration of Al/Si-Fe/Si coprecipitates 

[154]. Hydrochloric acid (1 M) solution was used for removing Se(VI) from polyamine-type 

weakly basic ion exchange resin [140]. In the case of functionalized cellulose, selenate was 

quantitatively recovered from loaded sorbent using 3 M HCl/2 % KClO3 solutions [155]. Ma 

et al. [153] used 0.01 M NaOH solutions for Se desorption from hematite modified magnetic 

nanoparticles. 
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In this study, four consecutive sorption-desorption cycles were carried out using 0.01M NaOH 

solution as the eluent to desorb Se(VI). As shown in Figure 2-22, the sorption capacity increases 

slightly from 63 mg g-1 to 66 mg g-1 from the first cycle to fourth cycle (under selected 

experimental conditions). The desorption efficiency is enhanced after the first cycle and then 

remains over 96% in the subsequent cycles. These results indicate that the membrane has an 

excellent reusability and that NaOH regeneration allows stable sorption and desorption 

performances for Se(VI) removal for at least four cycles. It is noteworthy that the same sorbent 

was used for chromate recovery from acidic solutions [43]; in this case, chromate desorption 

was much less efficient (not exceeding 40-50 %). Therefore, the recycling of the sorbent was 

rather limited: the sorption capacity after three cycles was reduced by 60 %. These differences 

between selenate and chromate anions may be explained by the stronger ability of chromate to 

be reduced in acidic solutions in the presence of organic compounds. The partial degradation 

(by oxidation) of the sorbent and the in situ reduction of Cr(VI) (to form Cr(III)) may explain 

this progressive depreciation of sorption efficiency. Though selenate can be reduced to selenite, 

this phenomenon is probably less active compared with chromate/chromium redox reaction 

(redox potentials: +1.33 V for Cr(VI)/Cr(III) against +1.06 V for Se(VI)/Se(IV) and +0.903 V 

for Se(VI)/Se(0)). 

 

Figure 2-22 Metal desorption and sorbent recycling - Se(VI) sorption capacity and 

desorption efficiency (Sorption step - C0 = 100 mg Se L-1; SD = 0.8 g L-1; pH: 2; flow rate 

= 15 mL min-1; temperature = 20 ± 1 oC. Desorption step - desorption agent: 0.01 M 

NaOH; V = 50 mL; time = 30 min; flow rate = 15 mL min-1; temperature = 20 ± 1 oC). 
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2.4.2.7 Adsorption mechanism discussion 

The analysis of pH effect, the selenium speciation and the measurement of pHpzc value suggest 

that selenate anionic species are immobilized at the surface of the sorbent (on protonated amine 

groups, preferentially primary amine groups) through electrostatic attraction mechanism. The 

stoichiometric ratio (i.e., close to 0.5) means that, at the optimum pH, selenate requires two 

protonated amine groups. In addition, the strong interference of sulfate on selenate sorption 

confirms that the main bound species are probably SeO4
2- and HSeO4

-. 

EDX spectra (Figure 2-13) show selenium ions are found to be uniformly distributed on the 

surface of material after Se(VI) treatment; this provides direct evidence for homogeneous 

selenium sorption onto AP-4% membrane. The significant increase in the intensity of O element 

after Se(VI) sorption, is directly associated to the binding of the oxyanion [156, 157]. Analytical 

tools may contribute to confirm the interaction mode. 

FTIR spectra and the changes in the main bands (before and after Se(VI) sorption and 

desorption) are recorded in Figure 2-14. After Se(VI) sorption, the band at 3283 cm-1 (assigned 

to O–H and N–H stretching vibration) shifts to 3276 cm-1. Simultaneously, a new band at 1712 

cm-1 (attributed to C=O stretching vibration) is observed after Se(VI) adsorption; this may be 

explained by the partial oxidation of some reactive groups [158]. The intensities of the bands 

at 1596 cm-1 and 1404 cm-1 decrease; these bands are assigned to C=N and N–H vibration in 

PEI-GA and COO– symmetric stretching in alginate, respectively. The band at 1317 cm-1 

(attributed to C-N stretching vibration) shifts to 1294 cm-1. These changes reveal that hydroxyl 

and carboxyl groups on alginate and amino groups from PEI-GA may be involved in Se(VI) 

binding (mainly amine groups) and possible subsequent reduction process. The appearance of 

a strong band at 864 cm-1 which can mask the band of 885 cm-1 after sorption could be attributed 

to the presence of Se–O bond as reported by Peak and Sparks [159] and Chubar [160], which 

illustrated the formation of complexes between selenate and the sorbent. Moreover, changes of 

bands at 810 cm-1 and 773 cm-1 may also be caused by selenate sorption followed by in situ 

reduction [161, 162]. Indeed, Elder et al. [163] also reported that the IR spectra of free SeO3
2- 

in solution exhibits a peak at 810 cm-1 (symmetric stretching vibration) while the intensity of 

the peak at 740 cm-1 decreases (asymmetric stretching vibration). After selenium desorption, 

the spectrum of the material shows only minor changes compared with the spectrum of raw AP-

4% membrane. The broad band (overlapping of O–H and N–H stretching vibrations) is shifted 

to 3220 cm-1 after desorption by NaOH solution. It is noteworthy that the bands between 900 

and 750 cm-1 (on the spectrum of Se-loaded AP-4% membrane) are shifted back to their original 
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positions on the spectrum of raw AP-4% membrane; this confirms that selenium is almost 

completely desorbed, and that the material is perfectly regenerated. 

The XPS analyses of raw, Se-loaded and Se-desorbed membranes are carried out to obtain more 

detailed information on sorption mechanisms through the determination of functional groups 

and Se oxidation state. Figure 2-23 shows XPS survey spectra of the membranes. Small peaks 

appear around binding energies (BEs) of 58.7 eV and 164.7 eV for Se 3d and Se 3p on Se(VI)-

loaded membrane, indicating the accumulation of Se on the sorbents. Table 2-12 and Figure 

2-24 reports the identification of the most representative elements (i.e., C, N, O and Se) 

observed on the XPS survey spectra for raw, Se(VI) loaded and desorbed membranes. Due to 

the overlapping of the S 2p and the Se 3p, it appears preferable discussing Se 3d band. The 

spectrum of Se 3d was fitted by two peaks at binding energies of 59.2 and 60.1 eV, which can 

be assigned to the oxidation states of Se(IV) and Se(VI), with peak areas (atomic fractions) of 

60% and 40%, respectively. This means that Se(VI) ions were partially reduced to Se(IV) on 

AP-4% membranes (see Table 2-12). 

 

Figure 2-23 The XPS survey spectra of (a) raw membrane, (b) Se(VI)-loaded membrane 

and (c) Se(VI)-desorbed membrane. 

The C 1s spectra of raw membrane can be deconvoluted into four individual component peaks 

with BEs of 284.8, 286.0, 287.6 and 289.1 eV, which are assigned to C–C/C=C/adventitious 

carbon, C–N/C=N/C–OH/C–O–C, C=O and carboxylate groups, respectively. These 

assignments reflect the functional groups in the alginate/PEI/GA. The peak area of C–

N/C=N/C–OH/C–O–C slightly increased from 41% to 43% after sorption may be due to that 

these groups participate in Se(VI) binding. Furthermore, the deconvolution of the O 1s spectra 

of the samples shows two peaks with BEs of 531.0 and 532.5 eV (for raw membrane). These 

peaks can be assigned to O element in C=O/carboxylate and C–OH/C–O–C, respectively. After 

0 150 300 450 600 750 900 1050 1200 1350

(a)

(b)

(c)

Binding Energy (eV) 

In
te

n
si

ty
 O2s

Se3d

C1s

N1s

Ca2p

O1s

OKLL Na1s

Se3p
S2p



83 
 

Se(VI) sorption, the peak area of C=O slightly increases from 23% to 24% while the peak area 

of C–OH/C–O–C decreases from 77 % to 76%. These weak changes may be related to a 

fractional degradation associated with the reduction of Se(VI) at pH 2; these groups react as 

electron donors, according Eq. 2-11. These observations are consistent with the changes on 

FTIR spectra. 

∼C–OH + Se(oxidized) + H+ → ∼C=O + Se(reduced) + H2O Eq. 2-11 

Figure 2-24 also shows the N 1s XPS spectra and the shifts and changes in intensity of the 

different forms of N reactive groups (before and after Se sorption). The N 1s spectrum of AP-

4% membrane is decomposed into three individual components at BEs of 399.1, 400.4 and 

401.7 eV, which can be assigned to N into C-NH/amine, -C=N- (generated during the reaction 

of PEI and GA, see Scheme 1), and –NH3
+ (ionic), respectively. Obviously, after Se(VI) 

sorption, the peak area of C-NH/amine decreases from 53% to 46% while the peak area of –

NH3
+ (ionic) increases from 22% to 31%. These changes are other evidences for the protonation 

of amine groups, so that the Se(VI) anions could be bound to the membrane by the electrostatic 

attraction of positive amine groups. Moreover, these changes could be also related to the 

reduction process of Se(IV). Yan et al. [164] reported that amine groups of PEI could be 

involved in the reduction of Cr(VI) to Cr(III) as electron donors. Qiu et al. [165] found similar 

results in the study of Cr(VI) removal by PEI-modified ethyl cellulose: both the amine groups 

of PEI and the hydroxyl groups of ethyl cellulose contributed to the reduction of Cr(VI) 

reduction. This series of chemical reactions occurring during Se(VI) sorption on AP-4% 

membrane are also consistent with kinetic profiles: (a) first fast step of sorption, followed by 

(b) slower mass transfer into the thin scaffold foils of the material together with the proper 

reduction phenomenon.  

After selenium desorption by NaOH solution, the atomic fraction of –NH3
+ decreases from 31% 

to 11% (due to deprotonation); deprotonation contributes to decreasing the affinity of the 

sorbent for selenium anionic species (based on XPS analysis, mainly selenite) and to improve 

selenium desorption. 

The plausible mechanism of Se(VI) sorption onto AP-4% membrane consists of:  

(a) first binding of Se(VI) anions by electrostatic attraction on protonated amine groups of the 

sorbent (preferentially primary amines), followed by  

(b) the in situ reduction of Se(VI) to Se(IV) (with the help of H+ and electron-donor groups like 

amines, aldehyde, and/or hydroxyls).  

It is noteworthy that despite this sorption and reduction mechanisms (similarly to chromate), 

the recycling of the sorbent is remarkably high compared to chromate case.   
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Figure 2-24 High resolution C 1s, O 1s, N 1s, and Se 3d core level XPS spectrum of AP-

4% membrane and Se(VI)-loaded AP-4% membrane.
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Table 2-12 XPS analysis of sorbent (before and after Se(VI) sorption, and after metal desorption) – Binding energies (BE, eV), atomic 

fractions (AF, %) and assignments [166]. 

Sample A-PEI Membrane A-PEI membrane after Se(VI) 

sorption 

A-PEI membrane after Se(VI) 

desorption 

Assignments 

 BE (eV) AF (%) BE (eV) AF (%) BE (eV) AF (%) 

C 1s 

284.8 44 284.8 41 284.8 48 C-C, C=C, adventitious carbon 

286.0 41 286.1 43 286.0 37 C-N, C=N, C-OH, C-O-C    

287.6 14 287.6 13 287.6 13 C=O 

289.1 1 288.7 3 288.7 2 Carboxylate 

N 1s 

399.1 53 398.9 46 398.9 63 C-NH, amine   

400.4 25 400.3 23 400.1 26 C=N       

401.7 22 401.4 31 401.7 11 NH3
+ (ionic)   

O 1s 
531.0 23 531.0 24 530.9 34 C=O and Carboxylate   

532.5 77 532.6 76 532.5 66 C-OH, C-O-C   

Se 3d 
– – 59.2 60   Se(IV)  

– – 60.1 40   Se(VI) 
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2.5. Principales conclusions 

Cette première étude concerne la synthèse de membranes alginate / PEI à haut pouvoir de 

percolation, au travers d’un procédé de préparation mettant en œuvre un séchage peu 

sophistiqué, et leurs propriétés de fixation des ions chromates et sélénates. Ces deux types de 

contaminants (chromates et sélénates) se caractérisent par des comportements différents : les 

ions chromates sont facilement réduits (en Cr(III)) en milieu acide en présence de composés 

organiques alors que les ions sélénates sont plus stables. L’effet du pH est étudié, mettant en 

évidence le même pH optimal (i.e., pH 2) en lien avec les caractéristiques de charge des 

membranes (protonation des fonctions aminées) et la spéciation des ions métalliques (anions). 

L’étude des cinétiques en mode statique (recirculation d’un volume fini de la solution au travers 

de la membrane) est menée en faisant varier le débit de la solution ; ce paramètre présente un 

effet mineur sur les profils cinétiques pour autant qu’une valeur minimale de ce débit (de l’ordre 

de 10-15 mL min-1, soit une vitesse superficielle de 1.2-1.8 m h-1) soit imposée afin de forcer 

la solution dans les canaux poreux de plus grande tortuosité ou de plus petits diamètres (en 

raison de l’hétérogénéité des membranes). Les isothermes d’adsorption sont également acquises 

à pH 2. Le cas des ions chromates met en évidence des propriétés remarquables ; les capacités 

maximales de fixation de l’ordre de 6 mmol Cr g-1 classent le matériau parmi les meilleurs 

adsorbants. Ces performances sont bien meilleures que pour les ions sélénates pour laquelle la 

capacité de fixation n’excède pas 1 mmol Se g-1. Si les isothermes d’adsorption du Cr(VI) et du 

Se(VI) sont correctement décrites par l’isotherme de Langmuir, le profil sigmoïdal pour le cas 

du chrome total s’accommode mieux du modèle mathématique de Sips. 

L’effet d’anions compétiteurs (chlorure, nitrate et sulfate) s’exprime essentiellement dans le cas 

des sulfates dont le caractère divalent facilite l’interaction avec le support au détriment de la 

fixation des ions métalliques, contrairement aux anions monovalents. 

Les différences entre les ions chromates et les ions sélénates s’expriment également en termes 

de désorption des anions métalliques et de recyclage de l’adsorbant. Ainsi, alors que pour les 

ions chromates l’efficacité de fixation du chrome décroit progressivement avec le nombre de 

cycles, dans le cas des ions sélénates le matériau maintient remarquablement ses performances 

d’adsorption et de désorption pour un minimum de 4 cycles. Même si l’analyse XPS met en 

évidence des phénomènes de réduction partielle dans le cas des ions sélénates, il semblerait que 

ces phénomènes présentent une acuité plus marquée pour la fixation des ions chromates soit 

directement par "l’empoisonnement" de la surface de l’adsorbant soit par dégradation 

(oxydation) des groupes réactifs (ou des éléments de structure du matériau).  
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Chapter 3 Investigation of mercury(II) and copper(II) sorption in single and 

binary systems by alginate/polyethylenimine membranes 

3.1. Introduction Générale 

L’étude illustrée par le Chapitre II a permis de mettre en évidence les propriétés d’adsorption des 

membranes PEI/alginate pour des solutions mono-élémentaires de Cr(VI) et Se(VI) par un 

mécanisme d’échange d’ions/attraction électrostatique mettant en jeu des interactions entre les 

anions métalliques et les fonctions aminées protonées.  

Dans le Chapitre III, l’attention est portée sur l’étude de l’adsorption du mercure et du cuivre, à la 

fois en solutions mono-élémentaires mais aussi en solution mixte. Ces deux ions métalliques sont 

caractérisés par des comportements différents en termes de spéciation et par une grande stabilité 

en terme de stabilité redox (dans les conditions expérimentales sélectionnées aucun de ces deux 

ions métalliques ne subit de réduction, contrairement aux cas de Cr(VI) et Se(VI)). Ainsi, en milieu 

HCl, le mercure en solution peut former des complexes anioniques alors que le cuivre reste sous 

sa forme libre. Comparer le comportement de ces deux ions métalliques permettra donc de mettre 

en évidence l’impact de la spéciation non seulement sur les performances d’adsorption (incluant la 

caractérisation des propriétés de sélectivité) mais aussi sur les mécanismes d’adsorption mis en jeu. 

Afin de mettre en évidence les mécanismes réactionnels impliqués dans la fixation de ces ions 

métalliques,, une première partie de l’étude analyse les matériaux par spectroscopie FTIR et par 

MEB couplée à la spectroscopie de rayons X à dispersion d’énergie . Puis l’effet du pH sur 

l‘adsorption des deux ions métalliques est analysé, pour des solutions mono-élémentaires, en 

corrélant la spéciation des métaux et l’état ionique des groupements fonctionnels présents en 

surface de l’adsorbant. La comparaison des profils peut représenter une première indication sur les 

conditions opératoires à mettre en œuvre pour faciliter la séparation des ions métalliques. L’étude 

se poursuit par une investigation des cinétiques de fixation et des isothermes d’adsorption à pH 5. 

Dans un premier temps, les isothermes sont réalisées avec des solutions mono-élémentaires, avant 

de tester l’adsorption en solutions binaires en faisant varier les conditions de concentrations 

molaires pour les deux ions métalliques (Hg(II)/Cu(II) : 4/1, 1/1 et 1/4). Cette partie complète 

l’approche séparative initiée dans le cadre de l’étude de l’effet du pH. Si le choix du pH permet 

d’anticiper, dans des conditions optimales, la séparation des deux ions métalliques, cette partie de 

l’étude permet en effet d’évaluer la préférence éventuelle des membranes PEI/Alginate pour l’un 

des deux métaux (y compris dans des conditions moins favorables de séparation par le pH). Cette 

partie est complétée par une approche de modélisation des isothermes d’adsorption (en solution 

mono-élémentaires et en solutions binaires),  réalisée en particulier en traçant les surfaces 

tridimensionnelles des isothermes d’adsorption (après régression non-linéaire afin de déterminer 

les paramètres du modèle de Sips étendu aux solutions binaires).  



100 
 

Ce chapitre fait l’objet d’un article qui est prévu d’être soumis dans Journal of Hazardous Materials : 

5. Yayuan Mo, Thierry Vincent, Catherine Faur, and Eric Guibal. Investigation of Hg(II) and Cu(II) 

sorption in single and binary systems by alginate/polyethylenimine membranes. In preparation. 

3.2. Introduction 

Industrialization and technological development have made life easier than before, while also 

exposing our global environment and human civilization to high levels of pollution. Pollution of 

water by heavy metals is one of the global problems, since effluents containing various toxic metals 

has been directly or indirectly discharged from some industrial processes such as electroplating, 

smelting, printing and mining into the natural environment [1, 2]. The commonly contained heavy 

metals in effluents like Pb (II), Cu (II), Cr (VI), Hg (II), and As (V) are harmful to human health 

and ecosystems because of their highly toxicity, bioaccumulation and persistence, even at low 

concentrations [3, 4]. These metals often exist in the forms of cations and anions (including 

oxyanions and chloro-anions) in aqueous solution with different or even opposite properties. It is 

interesting to find an economical and effective method or material for the removal and recovery of 

these metals from aqueous systems. 

Sorption, one of wastewater treatment methods which can minimize the hazardous effects of metals 

in the aqueous environment, has been shown to be an economically feasible alternative for the 

removal of metals [5, 6]. Alginate as a non-toxic, abundant, cheap, renewable, biocompatible, and 

biodegradable biopolymer containing a number of free hydroxyl and carboxyl groups, which is 

available to use for metal ions binding and new sorbent preparation [7]. Many reports have 

formulated conditioned alginate into various forms alginate-based materials like hydrogels, beads 

and fibers by means of functional modifications such as crosslinking and applied them to absorb 

metal ions since their inherent properties including gelling ability, tailorable morphology, further 

functionalization and strong affinity of metal ions [8-10]. According to these increasing literatures, 

improving the stability of alginate-based materials, achieving the facile solid-liquid separation and 

enhancing the recyclability and reusability are become the challenges in industrial applications [11, 

12].  

Recently, we have prepared alginate/polyethylenimine (A-PEI) membranes though reacting 

anionic carboxyl groups of negatively charged alginate solution with cationic amine groups of 

positively charged PEI to form membrane gel, followed by a stabilizing crosslinking via a Schiff-

base reaction of primary amine groups (on PEI) using glutaraldehyde (GA) [13]. The fabrication 

procedure is easy to achieve without complicated operating conditions and high energy consuming 

like freeze-drying process. Remarkably, the as-prepared membrane with high permeability are able 

to achieve outstanding natural drainage properties combined with high affinity for oxyanions Cr(VI) 

and Se(VI) recovery from aqueous solution [13, 14]. In the other side, it is still interesting to explore 

the applicability of this percolating membranes towards other forms of metal ions with different 

electrical properties such as cations and chloride anions. In this study, two representative metals 
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Cu(II) and Hg(II) are selected as models of pollutants to study the sorption performance of the A-

PEI membrane in not only mono-component solution but also binary mixture since multi-metal 

systems are more meaningful and closer with actual wastewaters. Theoretically, Cu(II) is a 

widespread heavy metal presented in stable cationic status in aqueous solution which can be bound 

on amine groups through chelation and electrostatic attracted by negative charged groups, while 

Hg(II) will be able to form chloride anions (such as HgCl3
-, HgCl42-) in the present of chloride ions 

and this anions can be easily attracted by protonated amine groups through electrostatic interaction 

[15, 16]. In addition, copper ions are usually accompanied by mercury ions presented in effluents 

from a variety of industrial processes like chlor-alkali production, battery manufacturing and 

cosmetic preparations so on [17]. 

Thus, the main objectives of this work are to (1) assess the sorption and competitive sorption 

behaviors  of the A-PEI membranes for the recovery of Cu(II) and Hg(II) in the single and binary 

metal ion systems at different pH values and different initial concentrations; (2) explore mechanism 

of the cationic Cu(II) ions and chloro-anionic Hg(II) ions binding onto the membranes using FTIR 

and SEM-EDX techniques and isotherms and kinetics modeling. Moreover, the selectivity of the 

membrane towards Cu(II) and Hg(II) is analyzed by plotting the three-dimensional surfaces of the 

adsorption isotherms, which is extremely valuable for the further engineering application of the as-

prepared membrane in the heavy metals treatment. 

3.3. Materials and methods 

3.3.1. Chemicals and materials 

Metal salts like chloride (II) nitrate (HgCl2, 99.5%) and copper (II) nitrate (Cu(NO3)2, 99.5%) were 

purchased from Fluka (Switzerland). Sodium alginate powder (commercial reference: Protanal 

200S, molar mass (Mw) = 4.46× 105 g mol-1, M/G ratio of 0.16/0.84) was provided by FMC 

BioPolymer (Ayr, UK). Branched polyethylenimine (PEI, Mw =7.5 × 105 g mol-1) and 

glutaraldehyde (GA) in 50 % w/w aqueous solution were purchased from Sigma–Aldrich (Saint-

Louis, USA). All chemicals used in this study were of analytical grade and demineralized (DI) 

water was used in the whole study. 

3.3.2. Synthesis of membranes 

The procedure of A-PEI membrane sorbents synthesis was reported previously [13]. Four grams 

of alginate powder were dissolved in 100 mL of DI water under vigorous stirring to obtain a 

homogeneous alginate mixture (4%, w/w). Diluting 100 g of 4 % alginate mixture into a total 

amounts of 500 g solution with DI water. In the next step, 35 mL of 4 % PEI (pH = 6.5) was added 

into the solution under strong stirring (7 times: 5 mL every 10 s). After stirring well, the mixture 

was rapidly poured into a rectangular container and maintained at room temperature for 24 h to 

complete the reaction between PEI and alginate and form the membrane. Fabricated membranes 

can be shaped into different sizes by using different containers. After that, the composite membrane 
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was carefully washed three times and further crosslinking by immersing into 300 mL of DI water 

with 2.5 mL of 50 % GA and slow shaking at 30 rpm for 24 h. Finally, the A-PEI membrane 

obtained by thoroughly washed and air-dried at room temperature.  

3.3.3. Characterization  

FTIR spectra of materials were scanned in the region of 4000-400 cm-1 in an FTIR Bruker 

VERTEX70 spectrometer (Bruker, Germany) though a Smart Orbit Accessory for Single-

Reflection Attenuated Total Reflectance (ATR). The surface morphologies and elemental 

compositions of materials were examined by a scanning electron microscope (SEM, Quanta FEG 

200, Thermo Fisher Scientific, Mérignac, France) equipped with an Energy dispersive X-ray 

accessory (EDX, Oxford Instruments France, Saclay, France).  

3.3.4. Sorption experiments 

The Cu(II) (10 mmol L-1) or Hg(II) (10 mmol L-1) stock solution was prepared by dissolving 

appropriate amounts of HgCl2 or Cu(NO3)2 into DI water, respectively, then further diluted to 

obtain working solutions. The working mono-component solution was obtained by separately 

diluting 10 mmol L-1 of Cu(II) and Hg(II) stock solution to the desired concentration, while the 

binary Cu(II) and Hg(II) solution were obtained by mixing the required amounts of Cu(II) and 

Hg(II) stock solution in the working medium. Before contacting with the sorbents, the pH of each 

metal solution was adjusted to the required value using 1 M HCl or NaOH solution. Batch sorption 

experiments were performed in a continuous treatment device (see section 2.3.4, Figure 2-2). 

The solution pH effect was firstly investigated in the initial pH range of 1-6 by contacting 0.5 g L-

1 of sorbent with 0.5 mmol L-1 of mono-component (Cu(II) or Hg(II)) solution or 1.0 mmol L-1 of 

[Hg-Cu] (Hg(II) and Cu(II) at equimolar concentrations) binary solution, respectively. After 3 days 

of agitation (100 rpm), the equilibrium pH values were recorded on a pH-meter Cyber Scan pH 

6000 (Eutech instruments, Nijkerk, the Netherlands).The samples were subsequently filtered by 

filter papers (Ø 25 mm, 1.-2 µm pore size, Prat-Dumas, France); all the residual metal ion 

concentration was analyzed by inductively coupled plasma atomic emission spectrometry (ICP-

AES, JY Activa M, Jobin-Yvon, Horiba, Longjumeau, France). 

The kinetics parameters were performed only in the single system with a recirculation mode; a 

given amount of sorbent (i.e., 210 mg) was contact with 1L of 0.25 mmol L-1 metal ions (Cu(II) or 

Hg(II)) solution at pH 5. Samples were collected at regular time intervals and filtered for metal ion 

analysis. 

The series sorption isotherm experiments were evaluated in single and binary systems at pH 5 with 

a sorbent dose of 0.6 g L-1 for 3 days to reach equilibrium. For the single system, batch sorption 

tests were performed on varying initial concentrations 0.1 to 2 mmol L-1 Cu(II) or Hg(II) solution; 

while for binary systems, the tests were performed in three parts: one part contains Cu(II) and Hg(II) 

in concentrations each varying from 0.1 to 2 mmol L-1 with molar ratio of 1:1; another two parts 
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contain Cu(II) and Hg(II) in concentrations each varying from 0.1 to 2.8 mmol L-1 with molar ratios 

of 1:4, 4:1. 

The amounts of metal adsorbed per unit of sorbent or sorption capacity (qeq, mmol g-1) was 

calculated under a given amount of sorbent (m, g) with a given volume (V, L) though the equation: 

qeq = (C0-Ceq)*V/m, where C0 and Ceq are the initial and residual concentrations (mmol L-1), 

respectively; while the desorption efficiency (DE, %) was obtained by the comparison of the 

amounts of metal successively adsorbed and desorbed: DE (%) = (amount of metal desorbed / 

amount of metal sorbed) *100. 

All experiments were performed at room temperature (20±1 ◦C), and mostly of experiments were 

conducted in parallel and the results were presented as the average values and standard deviation 

(SD).  

3.4. Results and discussion 

3.4.1. Sorbent characterization 

FTIR is the most widely used technique for characterizing the main bands corresponding to the 

functional groups of materials [18]. The raw sorbent, the sorbents after reacting with Hg(II) and 

Cu(II) at pH 5.0 in both single and binary systems are analyzed by FTIR-ATR spectroscopy (in the 

range of 4000-400 cm-1). The FTIR spectra and the assignments of the main peaks are presented in 

Figure 3-1 and Table 3-1. Based on Figure 3-1, the main peaks of raw membrane are characterized 

at 3280 cm-1 (N–H and O–H stretching vibrations, including their overlapping), 2927 cm-1 (C–H 

stretching), 1593 cm-1 (N–H bending and C=N vibration), 1406 cm-1 (COO– symmetric stretching), 

1316 cm-1 (C–N stretching vibration), 1089 cm-1 and 1030 cm-1 (C–O stretching vibration), and 

947 cm-1 (C–H deformation) [13]. After metal ions sorption reaction in both single and binary 

systems, several similar changes are observed:  

(a) shift of the strong and wide peak at 3280 cm-1 due to the stretching vibration of amine and 

hydroxyl groups [19]. It is noteworthy that the change of Cu(II)-loaded membrane is less marked 

compare to that of Hg(II)-loaded membrane. This means the involvement of amine and hydroxyl 

groups with Hg(II) is stronger in the case of mercury sorption;  

(b) shift of the peak at 2928 cm-1 (C–H stretching vibration); this means that C–H groups or their 

neighbor reactive groups are involved in metals binding process [20];  

(c) shift and intensity decrease of the peak at 1316 cm-1 (C–N stretching vibration, resulting from 

the interaction between amine groups of PEI and aldehyde groups of GA), which related with both 

metals binding;  



104 
 

(d) slight decrease of the intensity of the peaks at 1406 cm-1 and 1030 cm-1 are assigned to COO– 

symmetric stretching and C-O skeletal stretching vibrations of the carboxylate groups in alginate 

[21]. This means carboxylate groups play a role in the sorption of Hg(II) and Cu(II). 

In addition, it is noteworthy that the intensity of the peak at 1592 cm-1 have a slight decrease after 

Hg(II) sorption and Hg-Cu sorption; this may be caused by the vibrations of N–H (assigned to the 

primary amine groups of PEI) and C=N (due to the formation of Schiff bases generated by the 

reaction between PEI and GA) [22, 23]. The intensity decrease may be explained by the 

contribution of protonated amine groups in the specific binding of mercury species. 

These analyses have thus shown that O–H, N–H, C–H, C–O and C–N identified on the membrane 

might participate in the process of Hg(II) and Cu(II) ions sorption, with a specific involvement of 

protonated amine groups in the case of mercury sorption. 

SEM-EDX measurement is applied for analyzing the surface morphologies and elemental 

compositions of the membranes before and after metal ions sorption (shown in Figure 3-2). The 

SEM images show that the prepared membrane has a porous structure with macro-porosity. It is 

apparent that there are aggregates in the material after reaction with Hg(II) regardless of the single 

or binary system; this indicates that the membrane has a great affinity on mercury ions. Indeed, the 

EDX spectrum of raw membrane displays the presence of C and O elements (exceed 96% in total, 

organic tracers) but also S, Na, Ca, Cl, Si, Mg and Al elements (residues of the extraction/shaping 

process of alginate), while after Hg(II) sorption the species of elements on the membrane 

dramatically decreases and even only C, O, Hg and Cl remains; this reveals that mercury ions are 

strong competitive compared to other elements onto the membrane. Simultaneously, the large 

increase in the content of chloride ions from 0.2% to 2.7-3% means that the fixation of mercury 

onto the membrane are in the form of a complex of mercury chloride; this also confirms that 

mercury is bound to the membrane in the form of chloro-mercury ions. On the contrary, the change 

of element composition on the membrane after Cu(II) sorption is less obvious compare to Hg 

sorption, except that the completely disappears of sodium ions, which may be caused by the ion 

exchange interaction between Cu2+ and Na+ ions. The mapping of Cu element also shows the 

homogeneous distribution of Cu ions binding on the membrane. In conclusion, the presences of 

mercury and copper peaks in the membrane confirm their successful loading onto the membrane. 

Copper ions are distributed densely and homogeneously on the surface of the sorbent, while Hg 

elements are found uniformly distributed on the surface of material even with a few aggregates. 
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Figure 3-1 FTIR spectra of membranes (a) raw; (b) after Hg(II) sorption; (C) after Cu(II) 

sorption and (d) after Hg(II)-Cu(II) sorption. 

 

Table 3-1 Assignments of main FTIR bands of membranes (a) raw; (b) after Hg(II) 

sorption; (C) after Cu(II) sorption and (d) after Hg(II)-Cu(II) sorption. 

(a) 

(cm-1) 

(b) 

(cm-1) 

(c) 

(cm-1) 

(d) 

(cm-1) 

Band Assignment Reference 

3280  3236 3254 3242 N–H and O–H or their 

overlaps stretching 

[19] 

2927 2936 2937 2931 C–H stretching [20] 

1593  1595 1595 1596 N–H bending and C=N 

vibration  

[24] 

1406 1403  1405 1405 COO– symmetric 

stretching 

[25] 

1316 1296 1297 1296 C–N stretching  [23] 

1089 1087 1087 1088 C–O stretching  [26] 

1030 1030 1031 1031 C–O stretching  [21] 

948 949 949 950 C–H deformation [27] 

 

4000 3500 3000 2500 2000 1500 1000 500

(d)

(c)

(b)

(a)

T
ra

n
sm

it
ta

n
ce

 (
%

)

Wavenumber (cm
-1

)



106 
 

 
Figure 3-2 SEM image and EDX mapping of membranes (a) raw; (b) after Hg(II) sorption; 

(C) after Cu(II) sorption and (d) after Hg(II)-Cu(II) sorption. 
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3.4.2. Effect of pH  

Solution pH may affect the sorption behavior by changing the charge characteristics of sorbent and 

speciation of adsorbate [28]. The pH effect of this study on metal ions binding onto the membrane 

was investigated in both single and binary systems. To avoid the precipitation phenomenon of 

metal ions, pH variation was limited to 6 and the results are presented in Figure 3-3. From the 

figure, it clearly demonstrates that the solution pH (varying from 1 to 6) has a significant impact 

on Cu(II) ions binding, while for the Hg(II) recovery, the change on sorption capacities of metals 

is slight with the  pH regardless of in single or binary systems. It is remarkable that the membrane 

sorbents maintain a high affinity to Hg(II) ions under the widely selected pH range, and its sorption 

capacity is higher than that of Cu(II). This significant difference between Hg(II) and Cu(II) sorption 

can be correlated with the properties of the active functional groups on sorbents and the 

physicochemical properties of the metals (such as ionic radii and ionic charge) [29-32]. For 

example, Vieira et al. [33] studied the sorption of binary mixtures of Cu and Hg ions using chitosan 

membranes. They reported that the adsorption capacity for Hg(II) was higher than for Cu(II) is 

probably due to the higher ionic radii of Hg(II) (i.e., 1.02 Å) compared to Cu(II) (i.e., 0.73 Å).  

More particularly, Cu(II) ions are mostly present in cationic form under the pH range 1 to 6 [34]. 

For Cu sorption, it is obvious that at low pH (below pH 2) the sorption capacity (not exceed 0.006 

mmol g-1) can be negligible in both single and binary systems and subsequent present an increasing 

trend as the pH increases from 2 to 6. This may be associated to the protonation of functional 

groups such as carboxylic groups (existed in alginate) at the surface of membranes. As previously 

reported, the pKa values of carboxylic groups in alginate are usually reported at 3.38 and 3.65 for 

mannuronic acid and guluronic acid, respectively [35]. Thus, the deprotonation of the carboxylic 

groups (COOH → COO− + H+) progressively increases with the increasing pH (especially when 

pH higher than 3.6), which are favorable to the sorption of Cu(II) cations [36]. Indeed, the steep 

increase of Cu(II) sorption capacity in both single and binary systems is observed around pH 3.6 

shown in Figure 3-3; similar conclusions also be reported by Wang et al. [23]. On the other hand, 

many studies have reported PEI to be a specific ligand for various metal ions and Cu(II) can be 

bound on the donating nitrogen atoms of PEI by chelation in near-neutral solutions [37, 

38].Therefore, Cu(II) ions also can be chelated on nitrogen with the pH increase to 6. Moreover, 

the maximum Cu(II) sorption capacities reach to 0.44 mmol g-1 in single solution and 0.37 mmol 

g-1 in binary solution at the initial of pH 6. This indicates that the presence of Hg(II) ions will 

compete with Cu(II) ions and weaken the ability of Cu(II) ions binding onto the membrane.  

In the case of Hg(II), Figure 3-3 shows that the membrane can efficiently remove Hg(II) from both 

single and binary component systems within a wide pH range (1-6) and the presence of Cu(II) ions 

with the same concentration has no significant effect on Hg sorption capacity: the Hg(II) sorption 

capacities slightly increased from 0.76 mmol g-1 (at pH 1) to 0.84 mmol g-1 (around pH 5) in these 

systems. This phenomenon may be caused by the special property of Hg(II) which can form chloro-
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complexes in the presence of Cl- ions. As reported by Ranganathan [39], the different 

accumulations of Cl- ions can cause the formation of various species of Hg complex including 

HgCl2, HgCl+, HgCl3- and HgCl4
2-. Figure 3-4 shows the speciation of mercury (C0: 0.5 mmol L-1) 

as a function of pH in the corresponding concentration of chloride ion (calculated with the Visual 

Minteq). In this case, it can be seen that the predominant mercury species are HgCl2, HgCl3
- and 

HgCl4
2- under the selected pH range (i.e., 0-4). It is noteworthy that the uncharged species HgCl2 

presents in significant amount (representing 90-98%) in the range of pH 2 . However, the sorption 

capacities of Hg(II) ions are almost unchanged in different pH though the proportion of neutral 

(HgCl2) and negatively charged species (HgCl3
- and HgCl4

2-) significant changed; this indicates 

that all these three species (including neutral HgCl2) are absorbed by the membrane. The SEM-

EDX analysis of Hg(II)-loaded membranes after metals sorption at initial pH 5 (i.e. pHeq 3.6 ) also 

confirmed the HgCl2 is taken up by the membrane. Apparently, these chloro-anions (HgCl3
- and 

HgCl4
2-) are readily bound in protonated amine groups of PEI (the apparent pKa’s of PEI are 4.5, 

6.7 and 11.6 for primary, secondary and tertiary amines, respectively) by electrostatic interactions 

[40]. However, for the neutral HgCl2 species, their uptakes in the sorbents can be explained by the 

possibility of the interaction between these species with the carboxylic acid moiety of alginate and 

the donating nitrogen atoms of PEI, which is in accordance with the findings obtained by FTIR. 

Indeed, Sarkar et al. [41] in the study of Hg(II) adsorption by calcium alginate hydrogels pointed 

out that the uncharged HgCl2 is free to interact with the available sites of the carboxylic acid moiety 

by hydrogen bonding or van der Waal’s forces. Devi et al. [42] in the study of Hg(II) adsorption 

by chemically synthesized polyaniline also revealed that mercury-chloride anions can be bound on 

the protonated amine groups whereas neutral HgCl2 species interact with unprotonated nitrogen. 

In addition, it is noteworthy that at extremely acidic condition (pH =1), the sorption capacity has a 

little decrease; this may be caused by the excess of chloride ions leading to a competition effect 

which in turn limited uptake ability [43]. More interestingly, at low pH (pH 1 to 2) the membrane 

sorbent exhibits a high affinity for Hg (0.76-0.81 mmol g-1), while the uptake for Cu are less than 

0.006 mmol g-1; this indicates that the membrane is superior acid-resistant and has an 

extraordinarily high selectivity of Hg over Cu in an acidic environment. 
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Figure 3-3 Effect of pH on metal ions sorption in both single and binary systems (Metal 

concentration: 0.5 mmol L-1 of Cu(II) or Hg(II) single solution and 1.0 mmol L-1 of mixed 

[Hg(II):Pb(II)=1:1] solution; Sorbent dosage  0.5 g L-1; contact time  3 days; temperature 

 20± 1 °C). 

 

 
Figure 3-4 Hg speciation under different pH conditions with the presence of chloride ions 

(Hg(II) concentration is 0.5 mM, calculated by Visual Minteq). 

3.4.3. Uptake kinetics 

In order to evaluate the global sorption performances of membranes, it is important to investigate 

the uptake kinetics for determining equilibrium time but also identifying the controlling steps in 

the process. Indeed, the sorption kinetics may be controlled by various diffusion pathways 

(including bulk, film and intraparticle diffusion), different reaction mechanism (including 
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participation, chelation and electrostatic interactions) or their simultaneous contributions [44, 45]. 

Deng et al. [46] reported the polyacrylonitrile fibers have a fast sorption rate for Cu(II) and Hg(II) 

(without Cl-) mainly due to the high collision possibility with chelate groups which was controlled 

by the diffusion and migration process of metal ions in the solution to the active site. While Gavilan 

et al. [15] found that the time required for achieving the complete recovery of Hg(II) (in the 

presence of Cl-) using thiocarbamoyl derivative of chitosan or for reaching the equilibrium was 

quite long (up to 3 - 4 days of contact) due to the resistance of intraparticle diffusion. In this study, 

Figure 3-5 presents the kinetic profiles for Cu(II) and Hg(II) sorption; the reaction time for 

equilibrium was set to 3 days. Under selected experimental conditions Cu(II) sorption by the 

membrane is faster than Hg(II): in the first 2 min, the recovery yields of Cu(II) and Hg(II) are 30 % 

(qe = 0.39 mmol g-1) and 6.3% (qe = 0.08 mmol g-1), respectively. For Cu(II) sorption, the 

equilibrium was reached in 24 h with a sorption capacity of 0.65 mmol g-1. In the case of the Hg(II), 

the equilibrium was reached in 72 h, and the maximum sorption capacity is 0.93 mmol g-1.  

The pseudo-first order rate equation (PFORE) and the pseudo-second order rate equation (PSORE) 

were used to analyze the experiment process [47]. The equations of PFORE and PSORE were 

initially designed for modeling the chemical reaction rates in homogeneous systems. The 

application of these equations was extended to the description of heterogeneous systems: 

 

PFORE: 

  

/(1) = /34, (1 − 89:;) 

Eq. 3-1 

PSORE:

 

 /(1) =
4DE,Q

Q  ×9Q × ;

  F 4DE,Q × 9Q  × ;
 

Eq. 3-2 

 

where qeq,i (mmol g-1) and q(t) (mmol g-1) are the amount of metal ions adsorbed onto  membranes 

at equilibrium and at time t (i=1 or 2), respectively, and k1 (min-1) and k2 (g mmol g-1 min-1) are 

the rate constants of PFORE and PSORE models, respectively. 

The kinetic parameters of the PFORE and PSORE models for sorption of metal ions onto the 

membrane are presented in Table 3-2; the determination coefficients (R2) of Cu(II) and Hg(II) in 

PSORE model are both 0.999, indicating the PSORE equation fits better kinetic profiles than 

PFORE equation. This is confirmed by the calculated equilibrium sorption capacity (qeq,cal) for 

PSORE are more accurate than for PFORE and the superimposition of PSORE fitted curves with 

experimental points presented in Figure 3-5. Moreover, the comparison of calculated rate constants 

of PSORE for Cu(II) and Hg(II) also confirmed that Cu(II) sorption by the membrane is faster than 
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Hg(II). This may be due to the fact that the molecular weight of the chloro-mercury complex is 

much higher than that of the Cu(II) cation, resulting in a lower diffusion rate under the same 

membrane sorption. 

 

Table 3-2 Kinetic parameters of the PFORE and PSORE models for sorption of metal ions. 

Models Parameters Hg(II) Cu(II) 

 qeq,exp (mmol g-1) 0.931 0.650 

PFORE 

qeq,cal (mmol g-1) 0.593 0.307 

k1  (min-1) 0.001 0.003 

R2 0.928 0.984 

 

PSORE 

qeq,cal (mmol g-1) 0.926 0.653 

k2 (g mmol-1 min-1) 0.016 0.066 

R2 0.999 0.999 

 

 

 

Figure 3-5 Modeling of kinetic profiles (Metal concentration: 0.25 mmol L-1 of Cu(II) or 

Hg(II) single solution; Sorbent dosage  0.2 g L-1; initial pH  5; T: 20± 1 °C; solid line: fit 

of kinetic profile with the PSORE). 
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3.4.4. Sorption isotherms 

The sorption isotherm plots the sorption capacity as a function of residual concentration at fixed 

temperature and pH value. The isotherm experiments in this study have been performed on both 

single and binary systems at pH 5. Analysis of isotherm data provides important information on 

the affinity of the sorbent for the solute [48]. Several classical models like Langmuir, Freundlich 

and Sips are proposed for fitting the experimental data. Figure 3-6 illustrates the sorption and 

competitive sorption behaviors for Hg(II) and Cu(II) in single and binary systems and all 

corresponding parameters are presented in Table 3-3 and Table 3-4. 

For the single system, the Langmuir equation is based on the assumption that the sorption processes 

is a monolayer and occur on the homogeneous surface of the sorbent, while the Freundlich is 

assigned to multilayer sorption with non-uniform distribution of sorption heat and affinities on the 

heterogeneous surface [49]. The Sips isotherm is a combination of Langmuir and Freundlich model: 

at the low concentration stage, the Sips isotherm assumes the form of the Freundlich model, while 

at high concentration, it is similar to the Langmuir isotherm with a finite saturation limit [50, 51]. 

Their equations were used to describe as follows. 

Langmuir:

  

/34 =
4@,B × AB  × CDE

 F AB × CDE 
 

Eq. 3-3 

Freundlich:

 

/34 =  >GH34
 /JK 

Eq. 3-4 

Sips:

 

/34 =
4@,L × AL  × CDE

:/ML

 F AL × CDE
:/ML  

 

Eq. 3-5 

 

where Ceq (mmol L-1) is the equilibrium concentration of metals; qeq and qm,j (mmol g-1) are the 

equilibrium concentration and the maximum sorption capacities calculated from Langmuir and 

Sips equations; the parameters kF and nF are the Freundlich constants, and bj represent sorption 

intensity parameter for Freundlich and Sips equations (j=L or S). 

 

As Figure 3-6 shows, the sorption capacity of Hg(II) or Cu(II) in the single system is characterized 

by a steep initial slope followed by the saturation plateau. Interestingly, the saturation plateau for 

Hg(II) sorption is reached 1.39 mmol g-1, while the saturated  sorption capacity of Cu(II) is only 
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0.56 mmol g-1; this means that the affinity of membrane for Hg(II) is much higher than Cu(II). 

Moreover, the three selected models fit well with the experimental data based on obtaining R2 

values (around 0.91-0.99) shown in Table 3-3. Best fit is obtained with the Sips equation; using a 

third parameter logically improves the quality of mathematical fit. However, the maximum sorption 

capacities for Hg(II) and Cu(II) in the single system reach to 1.60 mmol g-1 and 0.66 mmol g-1 

respectively, which are higher than the values obtained from experiments. 

Since the isotherms for both Hg(II) and Cu(II) sorption onto the membrane obey the single-

component Sips model, competitive Sips model was adopted to modeled the sorption data in binary 

system. The equation of competitive Sips model can also be expressed as [52]: 

Sips (in binary system): /3,R =
4@,SL × ASL,T  × CD,T

:/MSL,T

 F∑VW:
Q  ASL,V × CD,V

:/MSL,V  
  (X ≠ Z) Eq. 3-6 

where qm,CS (mg g-1) is the total maximum sorption capacity of Hg(II) and Cu(II) calculated from 

competitive Sips equation . 

 

Based on Figure 3-6, in the case of Hg(II), all sorption isotherms in Hg–Cu binary solutions are 

almost superimposed to the mono-component Hg(II) sorption isotherm under the selected 

experimental conditions. While for Cu(II) sorption, the sorption capacity will obviously decrease 

in the presence of Hg(II) ions. In addition, the obtained parameters of the competitive Sips model 

for binary system are summarized in Table 3-4.  

The experimental data show a good compliance with the competitive Sips model in terms of R2 

(0.97) and the obtained total sorption capacity of Hg(II) and Cu(II) is 2.19 mmol g-1. To obtain a 

good prediction for sorption behaviors of Hg(II) and Cu(II) under binary sorption conditions, these 

results are also plotted in three-dimensional sorption surfaces using Origin software (OriginLab, v. 

9.0, MA, Northampton, USA) which presented in Figure 3-7 together with experimental data. It is 

obvious that the increase of Hg(II) concentration led to a dramatic fall in the sorption capacity of 

Cu(II). On the contrary, as the concentration of Cu(II) increased, no obvious decrease was found in 

Hg(II) sorption by the membrane: these predicted results are consistent with those obtained from the 

binary sorption experiments.  
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Figure 3-6 Sorption and competitive sorption behaviors of  (a) Hg(II) and (b) Cu(II) in 

single and binary systems (Sorbent dosage = 0.6 g L-1; initial pH: 5; contact time = 78 h; T = 

20± 1 °C; Hg(II) or Cu(II) concentration: 0.1-2 mmol L-1 in single and Hg-Cu(1:1) solution; 

0.1-2.8 mmol L-1 in Hg-Cu(4:1) and Hg-Cu(1:4). Note: Hg-Cu: the molar ratio of Hg(II) and 

Cu(II)). 

 

Table 3-3 Sorption isotherms in single system – Modeling parameters for Langmuir, 

Freundlich and Sips equations. 

Model Parameter Hg(II) Cu(II) 

 qmax,exp (mmol g-1) 1.39 0.56 

Langmuir qmL,cal (mmol g-1) 1.28 0.53 

 bL (L mmol -1) 87.8 40.8 

 R2 0.94 0. 91 

Freundlich kF (mmol g-1)/( L mmol -1) 1/n 1.42 0.53 

 nF 4.81 5.82 

 R2 0.95 0.94 

Sips qmS,cal (mmol g-1) 1.60 0.66 

 bS (L mmol -1) 5.37 4.31 

 ns 1.97 2.09 

 R2 0.99 0.99 
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Figure 3-7 Three-dimensional sorption surface showing competitive Sips model prediction 

and experimental data points. 

 

Table 3-4 Sorption isotherms in Hg-Cu binary system  

Parameters qm,CS (mmol g-1) bSC, Hg (L mmol -1) bSC, Cu (L mmol -1) nSC, Hg nSC, Cu R2 

Values 2.19 1.94 0.32 2.57 3.18 0.97 

 

3.4.5. Comparison of sorption performances with various sorbents 

Table 3-5 lists the comparison of maximum sorption capacities of A-PEI membrane with various 

similar sorbents reported in the literature, which suggests that the as-prepared membrane in this 

study shows a relatively high sorption capacity on metals ions, especially for Hg(II). It is 

noteworthy that the A-PEI membrane have an important advantage related to their efficient Hg 

uptake in a very wide pH range (from 1 to 6) since the pH has no significant impact on the Hg(II) 

sorption under selected condition. Moreover, the membrane shows an extraordinarily high 

selectivity to Hg ions in acidic condition from Hg-Cu mixture which exhibits the membrane has a 

great potential in the recovery of Hg(II) from aqueous solutions, such as contaminated industrial 

effluents. 
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Table 3-5 Comparison of sorption performances with various similar sorbents 

Sorbent pH qm,Hg(II)  

(mmol g-1) 

qm, Cu(II) 

(mmol g-1) 

Ref. 

Wool-grafted-poly(cyano-acetic 

acid α-amino-acrylic-hydrazide) 

chelating fibers 

5 0.77 1.73 [53] 

Modified poly(ethylene 

terephthalate) cheating fibers 

5 0.6 1.5 [54] 

PVA/PEI complexing membrane Cu:5; 

Hg:2.5  

1.08 0.69 [55] 

Schiff-base-grafted guar gum 

adsorbent 

5 0.2 N.M. [56] 

Thiourea-modified magnetic 

chitosan microspheres 

5 3.11 1.05 [57] 

Immobilized [A336][MTBA] in 

PVA–alginate gel beads 

5.8 0.25 -- [58] 

Thiourea modified Hg(II) ion-

imprinted cellulosic cotton fibers  

5 0.55 N.M. [59] 

PEI modified cellulose nanofibrils 5 -- 0.82 [60] 

Magnetic silica coated iron 

carbide/alginate bead 

4 -- 0.59 [61] 

Magnetic chitosan-phenylthiourea 

resin 

5 0.67 -- [62] 

Chitosan–thioglyceraldehyde 

Schiff base cross-linked magnetic 

resin 

5 0.49 1.19 [63] 

A-PEI membrane 5 1.39 0.56 This 

study 

3.5. Principales conclusions 

Les membranes alginate/PEI ont été testées pour l’adsorption des métaux de base Hg(II) et Cu(II) 

en solutions monocomposé et en mélange binaire. L’analyse par spectroscopie FTIR des adsorbants 

montre, après sorption, certains déplacements des bandes caractéristiques des fonctions aminées 

(notamment pour le mercure) même si l’allure générale des spectres reste peu affectée par 

l’adsorption des deux ions métalliques. L’analyse MEB-EDX confirme la présence des deux ions 

métalliques adsorbés individuellement ou en mélange. Le cuivre est réparti de façon homogène sur 
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tout la masse de l’absorbant alors que le mercure est distribué en surface du matériau, de façon 

homogène malgré la présence de quelques agrégats. Il convient de remarquer que dans le cas du 

mercure, l’analyse semi-quantitative par EDX met en évidence la présence de Cl, simultanément à 

Hg. Cela tend à indiquer la fixation du mercure sous la forme d’un complexe de chlorure de 

mercure (vraisemblablement anionique sur la base de la spéciation du métal en solution HCl). 

L’étude de l’effet du pH sur la fixation des deux ions métalliques caractérise les comportements 

très différents des deux métaux , avec formation de complexes chloro-anioniques avec le mercure 

alors que le cuivre reste libre en solution. Cela se traduit en particulier par une adsorption très 

efficace et quasi constante du mercure entre pH 1 et 6 la capacité de fixation variant de 0,73 mmol 

Hg g-1 à pH 1,1 à 0,84 mmol Hg g-1 à pH 3,8. Le mécanisme de sorption est attribué à la fixation 

des espèces anioniques sur les fonctions aminées protonées. Pour Cu(II), l’adsorption est en 

revanche négligeable à pH très acide (<0,006 mmol g-1 à pH < 2) car la protonation des fonctions 

aminées repousse électrostatiquement les cations Cu2+, tandis que les fonctions carboxyliques ne 

sont pas favorables à la complexation du Cu(II). Quand le pH augmente au-delà de 2,1, l’adsorption 

du cuivre augmente progressivement  en lien avec la déprotonation des groupes fonctionnels, mais 

même à pH 3.9 la capacité d’adsorption ne dépasse pas 0,44 mmol Cu g-1. Ces résultats confirment 

que l’adsorbant peut être considéré comme sélectif du mercure vis-à-vis du cuivre à pH inférieur à 

2. 

La comparaison des cinétiques de fixation (modélisées par l’équation de pseudo-second ordre) 

montre une vitesse de sorption légèrement plus importante pour le cuivre (k2, constante apparente 

de vitesse: 0,066 g mmol-1 min-1) que pour le mercure (k2: 0,016 g mmol-1 min-1). 

Les isothermes d’adsorption obtenues en solutions mono-élémentaires ou mixtes sont caractérisées 

par une adsorption très favorable (pente très importante pour les plus faibles concentrations 

résiduelles, suivie d’un plateau de saturation atteint pour des concentrations résiduelles comprises 

entre 1,0 et 1,4 mmol Hg L-1). L’équation de Sips permet une bonne simulation des profils à la fois 

en solution mono-élémentaire et en solutions mixtes. Si l’adsorption du mercure n’est pas affectée 

par la présence du cuivre, à l’inverse, la fixation du cuivre est fortement impactée par la présence 

de concentrations croissantes de mercure. Même à pH 5, malgré le caractère favorable de 

l’adsorption du cuivre, les membranes PEI/Alginate ont une préférence très marquée pour le 

mercure. Cette sélectivité vis-à-vis du mercure est confirmée par la comparaison des surfaces 

tridimensionnelles des isothermes du mercure et du cuivre (construites par l’équation de Sips 

étendue).   

La préférence de la membrane PEI/Alginate pour le mercure est directement liée au mécanisme 

d’adsorption et à la prévalence de formes complexes anioniques du mercure tandis que la 

disponibilité des formes amines primaires pour le cuivre reste limité du fait  des interactions entre 

l’alginate et la PEI, et de la réticulation de la PEI.  
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Chapter 4 Selenium(VI) and copper(II) adsorption using polyethyleneimine-

based resins: effect of glutaraldehyde crosslinking and storage condition 

4.1. Introduction Générale 

La comparaison des performances de fixation du cuivre et du mercure à la section précédente a 

permis d’illustrer l’effet de la spéciation des ions métalliques (formation favorable d’espèces 

chloro-anioniques de mercure) sur les mécanismes de fixation. La réticulation des fonctions 

aminées de la PEI par le glutaraldéhyde se traduit par la formation de liaisons imines qui diminue 

la quantité de fonctions amine primaires libres susceptibles de chélater des cations métalliques. 

Afin de clarifier et confirmer cette analyse, une étude complémentaire a été menée sur de la 

polyethylèneimine réticulée par le glutaraldéhyde (conditionnée sous forme de poudre). Dans cette 

étude, différents taux de réticulation de la PEI ont été testés (48%, 57 %, 63 % et 72%) pour 

produire quatre matériaux dont les propriétés d’adsorption ont été comparées pour la fixation du 

Se(VI) et Cu(II). Ces deux métaux représentent les cas respectifs d’espèces anioniques et 

cationiques. Ces taux de réticulation permettent de couvrir différents scénarios de réticulation 

(défaut/excès de glutaraldehyde) avec comme conséquence une disponibilité variable des fonctions 

aminées libres.  

Les adsorbants et leur interaction avec les ions métalliques ont été caractérisés par spectroscopie 

infrarouge et par spectrométrie photo électronique X.  

L’effet du pH sur les cinétiques d’adsorption du Se(VI) et du Cu(II) a été comparé pour les quatre 

adsorbants, avant d’acquérir les isothermes d’adsorption du Se(VI) à pH 2 et du Cu(II) à pH 3.  

Une étude complémentaire a porté sur l’évaluation de la sélectivité de cet adsorbant pour la fixation 

du Se(VI) (associé aux ions As(V)) et du Cu(II) (associé aux ions Pb(II)) en mélange binaire.  

Au fil de cette étude, l’observation des résines exposées à l’air a permis de mettre en évidence une 

évolution de leur couleur ; cela traduit une instabilité relative des résines. Afin de vérifier l’impact 

de cette instabilité sur l’adsorption des ions métalliques, des tests comparatifs d’adsorption (dans 

des conditions expérimentales comparables) ont été réalisés sur ces quatre adsorbants après un 

stockage de 20 jours dans un flacon ouvert et dans un flacon scellé. L’effet de ces conditions de 

stockage a été mesuré sur les performances de fixation (cinétiques et capacités à l’équilibre) du 

Se(VI) et du Cu(II).  

Cette étude complémentaire permet d’abonder la connaissance de l’effet des paramètres de 

fabrication des membranes PEI/Alginate en anticipant les effets éventuels du taux de réticulation 

sur les performances d’adsorption des métaux : cette réticulation est nécessaire pour structurer 

l’hydrogel avant l’étape de séchage et pour renforcer la stabilité du matériau en milieu acide. Ce 

taux de greffage est toutefois critique : un excès de réticulation peut induire une plus grande 

fragilité de la mousse sous contrainte mécanique (la densité de liaisons de réticulation diminue la 
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"souplesse" ou flexibilité des mousses), ainsi qu’une réduction de la disponibilité des fonctions 

aminées libres nécessaires pour la complexation des cations. Cette étude contribue à mesurer cet 

effet et à anticiper les taux de réticulation admissibles pour la réalisation des membranes 

PEI/Alginate.  

4.2. Introduction 

Amine-rich adsorbents present high adsorption affinity towards both anions and cations in aqueous 

solutions via different mechanisms. Owing to the presence of primary (1/4), secondary (2/4), and 

tertiary amine (1/4) groups, branched polyethylenimine (PEI)-based materials are continuously 

being developed for the removal of aqueous contaminants including anions such as chromate, 

palladium-chloro complexes, and platinum-chloro complex through electrostatic attraction at low 

pH or metal cations such as copper, lead, and zinc through coordination/chelation onto free amine 

groups. However, limited by its high solubility in water, PEI has to be immobilized before 

application. Glutaraldehyde (GA) has been extensively used to immobilize/crosslink PEI through 

the reaction between primary amine groups of PEI and GA, forming “Schiff’s base” [1]. Lindén et 

al [2] reported that GA crosslinking significantly improved the mechanical and chemical stability 

of PEI coatings that formed on silica surfaces. PEI-GA resins reported by Kaur et al. [3] showed 

excellent selectivity for Cu(II) binding and metal recovery from complex solutions. But excessive 

crosslinking will inevitably reduce the number of available primary amine groups and thus decrease 

the binding properties of PEI [4]. Although many studies regarding the modification of materials 

using PEI followed by GA or the direct use of PEI-GA resins for the removal of aqueous 

contaminants have been published previously [5, 6], information is lacking on how much GA 

crosslinking impacts the binding towards different metals onto PEI. 

The removal of copper (Cu) and selenium (Se) has attracted attention because these metals 

represent health hazards for living organisms. The U.S. Environmental Protection Agency (EPA) 

mandated a maximum acceptable level for Se in drinking water of 0.05 mg L-1 while for Cu the 

limit was set to 1.3 mg L-1. Selenium can occur in both organic and inorganic forms (including 

different oxidation states with different toxicities). Due to their high solubility and bioavailability, 

the inorganic species, selenite and selenate anions, are the dominant species in natural water [7]. 

Though both anions could bioaccumulate in organisms, selenate is more difficult to remove due to 

its more stable structure in aqueous solutions than selenite [8]. In the case of Cu, free aqueous Cu(II) 

is the dominant species in acidic solutions. Therefore, Cu(II) can react with the amino groups of 

the PEI-GA through coordination, and the Se(VI) anions can be retained through the electrostatic 

attraction when nitrogen atoms are protonated in acidic solutions. However, it is well-known that 

metal (cations)–nitrogen bonds are inherently weaker on tertiary amine groups than on primary or 

secondary amine groups [9]. Therefore, understanding the effect of GA crosslinking, which 

consumes primary amine groups, on the adsorption performance of PEI for Cu(II) cations is of 

importance. Moreover, its impact on selenate (anions) binding is also worthy studying. Because 
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these two contaminants can represent a variety of ions in aqueous solutions such as oxyanions or 

metal complex anions and metal cations, respectively. In addition, primary and secondary amine 

groups are reported to be unstable when exposed to air as they can easily react with CO2/H2O. 

Therefore, when stored in open condition for a certain time, the conversion of amine groups to 

carbamate and/or bicarbonate occurs [10], which might have detrimental, beneficial or minimal 

effects on the adsorption performance of PEI towards aqueous contaminants. However, to our 

knowledge, neither of the effects of crosslinking or the storage conditions on the adsorption 

properties of PEI-based materials has been studied so far. 

This study investigates the effect of different levels of GA crosslinking and storage conditions on 

the adsorption properties of PEI-GA resins for Se(VI) (selenate anions) and Cu(II) (cations). 

Moreover, copper is commonly associated with lead in the wastewater from manufacture of printed 

circuit boards, battery, etc. [11], while selenium can coexist with arsenic in the leachates of 

sedimentary rocks [12]. Therefore, the selectivity of the adsorbents for Se(VI) in Se(VI)-As(V) 

system and Cu(II) in Cu(II)-Pb(II) system has been also studied. The results of this study should 

be useful for the synthesis and storage of various PEI-based or amine-rich adsorbents applied for 

the removal of aqueous contaminants including anions and cations. 

4.3. Materials and methods 

4.3.1. Materials 

Branched polyethyleneimine (PEI, 50% (w/w) in water), glutaraldehyde (GA, 50% (w/w) in water), 

copper nitrate and lead nitrate were purchased from Sigma-Aldrich (Taufkirchen, Germany). Other 

reagents were supplied by Chem-Lab NV (Zedelgem, Belgium).  

4.3.2. Preparation of adsorbents 

For preparing PEI-GA resins, 40 g of PEI solution (50%, w/w) were dissolved into 400 mL of pure 

water. Thereafter, different amounts, namely, 10 g, 16 g, 20 g, and 30 g of GA (50%, w/w) were 

added, respectively, under strong agitation (≈ 300 rpm) of PEI solution for 30 seconds. The 

mixtures were sealed and kept at room temperature (19 oC–25 oC) for 16 h to ensure completion of 

the reaction, which is shown in Figure 4-1(a). The reaction can face three different scenarios:  

(1) when there is deficient GA, the crosslinking is formed with one GA molecule and two primary 

amine groups on PEI;  

(2) when there is excess GA, there is formation of only one Schiff base, with one aldehyde group 

of GA, the other aldehyde group remains free;  

(3) when GA amount is sufficient, the reaction is between (1) and (2) (co-existence of Schiff base 

and crosslinked groups).  

The obtained PEI-GA resins were thoroughly washed by immersing them in 1 L of deionized water 

under 50 rpm of agitation for 10 min and filtrated. The washing step was repeated 5 times for each 

sample. The solids were then freeze-dried at −52 °C/0.1 mbar, for two days, ground to pass through 
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0.25-mm screen (Retsch, ZM 200, Retsch Technology, Haan, Germany) and stored in seal-

packaging by plastic films or in open condition under room atmosphere with a temperature range 

of 19 oC–25 oC and relative humidity of 36%–48%. The obtained adsorbents prepared using 10 g, 

16 g, 20 g, and 30 g of GA are marked as PEI-GA1, PEI-GA2, PEI-GA3 and PEI-GA4, respectively. 

Figure 1(b) shows that with the increase of GA amount applied for crosslinking from 10 g to 30 g, 

the color of the resins turned from yellow to orange-red. Moreover, different storage condition 

resulted in different colors of the resins after 20 days. The experiment below will show if the 

storage condition affects their adsorption for Se(VI) and Cu(II). The yield of conversion was 

calculated based on the mass of obtained resin (i.e., mPEI-GA) divided by the mass of the PEI and 

GA introduced for resin preparation (i.e., mPEI+mGA). Taking PEI-GA1 as an example, the mass of 

PEI and GA used for adsorbent preparation was 20.00 g and 5.00 g, respectively, while that of the 

obtained resins after freeze-drying was 12.11 g. The average yield equaled to 

12.11/(20+5)×100=48.4%. The synthesis process was repeated to obtain freshly prepared materials. 

Average values and standard deviations (SD) were calculated, which turned out to be 48.0 ± 3.8% 

for PEI-GA1, 56.7 ± 3.1% for PEI-GA2, 62.5 ± 1.9% for PEI-GA3 and 72.0 ± 0.8% for PEI-GA4.  
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Figure 4-1 (a) The reaction of PEI with GA; (b) Images of PEI-GA resins under different 

conditions. 

 

4.3.3. Characterization of materials 

For characterization, freshly resins were prepared and stored in sealed condition before being 

analyzed within 5 days. Se(VI)-loaded resins were prepared by contacting 0.5 L of 0.5 mmol L-1 

Se(VI) solution with 100 mg of resins for 600 min, while Cu(II)-loaded ones were obtained by 
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contacting 0.5 L of 1.0 mmol L-1 Cu(II) solution with 200 mg of resins for 48 h. Those contaminant-

loaded adsorbents were freeze-dried at −52 °C/0.1 mbar for 24 h and stored in sealed condition 

before being characterized. 

Elemental analyses were carried out with an Elementar Vario EL cube (Hanau, Germany). 

FT-IR spectrometry analysis was performed in the range 4000–400 cm-1 using an FTIR-ATR 

(Attenuated Total Reflectance tool) Bruker VERTEX70 spectrometer (Bruker, Ettlingen, 

Germany).  

X-ray photoelectron spectroscopy (XPS) measurements were carried out with a K-Alpha+ 

spectrometer (ThermoFisher Scientific, East Grinstead, UK). 

Scanning electron microscopy (SEM) was performed using an environmental scanning electron 

microscope Quanta FEG 200 (FEI France, Thermo Fisher Scientific, Mérignac, France). 

The pHPZC values of PEI-GA resins that are freshly prepared or stored in open condition after 20 

days were measured using the pH-drift method. Briefly, 50 mL of 0.1 M NaCl solution with initial 

pH (pH0) range of 5-12 were mixed with 0.1 g of the adsorbent for 48 hours under agitation with a 

speed of 150 rpm at room temperature. Thereafter, final pH (pHf) was measured and plotted against 

pH0. The values of pHPZC correspond to the point at which pHf was equal to pH0. 

4.3.4. Adsorption experiments 

The adsorption experiments were carried out by contact of a given amount of adsorbents (m, g) 

with a given volume (V, L) of metal-containing solution (C0, mg L-1) at room temperature with a 

range of 16 oC - 25 oC. At desired time intervals, 2 mL of samples were collected, filtrated and 

analyzed using inductively coupled plasma atomic emission spectrometry (ICP-AES, JY Activa M, 

Jobin-Yvon, Horiba, Longjumeau, France). It is noted that unless otherwise specified, all the 

adsorbents used were those freshly prepared and stored in sealed condition less than 10 days. 

4.3.5. Modeling and selectivity 

1.3.5.1. Modeling 

Uptake kinetics has been modeled using the pseudo-first order rate equation (PFORE) and the 

pseudo-second order rate equation (PSORE). 

PFORE:  

  

/(1) = /34, (1 − 8-9:;) 

Eq. 4-1 

PSORE :

 

 /(1) =
4DE,Q

Q  ×9Q × ;

  F 4DE,Q × 9Q  × ;
 

Eq. 4-2 
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where qt and qeq (mmol g-1) are the adsorption capacities adsorbed at t and at equilibrium, 

respectively. The parameters k1 and k2 are the apparent rate constants of PFORE (min-1), and 

PSORE (g mmol-1 min-1), respectively.  

Sorption isotherms represent the solute distribution at equilibrium between the liquid and the 

solid phase for different initial metal concentrations: the adsorption capacity (q) is plotted vs. 

the residual metal concentration (Ceq). One of the most commonly used models for describing 

solute adsorption to soils is the Langmuir model (Eq. 4-3).  

Langmuir:

  

/34 =
[×4@ × CDE

 F [ × CDE 
 

Eq. 4-3 

where qm and K are the Langmuir parameters corresponding to the adsorption capacity at 

saturation of the monolayer (mmol g-1) and K is the affinity coefficient (L mmol-1). 

The parameters were obtained by non-linear regression analysis using Origin 9.0 (Origin 

software Inc., San Clemente, CA, USA). 

1.3.5.2. Selectivity 

The separation factor (αi/j, i and j referring to co-existing contaminants in binary system) is 

calculated for defining the possible preference of the adsorbent for a given contaminant in the 

binary adsorption system by the following equation: 

 \]/R =
4DE,T × CDE,V

4DE,V × CDE,T 
 Eq. 4-4 

If αi/j>1, i is preferred; alternatively, j is preferred. 

4.4. Results and discussion 

4.4.1. SEM and Elemental analysis  

Figure 4-2 shows the SEM images of PEI-GA adsorbents. It is noted that all the adsorbents were 

crushed to pass a 0.25-mm screen using a Retsch ZM 200 centrifugal mill. Generally, the 

adsorbents consist of small particles with a size less than 0.2 mm; however, some aggregation of 

these small particles are observed for all the adsorbents, except for PEI-GA4. The aggregation is 

probably due to the hydrogen-bonding interactions between amine groups, especially primary 

amines, that gathers the tiny particles. This is the first clue that most of primary amine groups have 

been consumed by GA in PEI-GA4. 
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Figure 4-2 SEM images of the PEI-GA resins. 

Based on the elemental composition of PEI and GA, the elemental composition of PEI-GA resins 

only consists of C, H, O, and N.  

The SEM images and elemental maps for N, Se and Cu of Se(VI)-loaded and Cu(II)-loaded resins 

are shown in Figure 4-3 and Figure 4-4. After sorption, much less aggregates are found from SEM 

images. This is because that most amine groups are protonated after interacting with acidic 

contaminant solutions, resulting in the electrostatic repulsion which separates those aggregated 

particles. Moreover, N distribution is roughly homogeneous in the whole mass of the adsorbents. 

This means the resins are homogeneous and PEI is uniformly dispersed. The distribution of Se or 

Cu is clearly correlated to that of N, suggesting that N plays an important role in binding Se(VI) 

and Cu(II). 
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Figure 4-3 SEM images and elemental map for N and Se of Se(VI)-loaded PEI-GA resins. 
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Figure 4-4 SEM images and elemental map for N and Cu of Cu(II)-loaded PEI-GA resins. 

Elemental analysis (Table 4-1) shows that for raw samples, C content increases with increasing 

GA amount, while an opposite trend is found for N content. For PEI-GA1, GA amount is deficient, 

resulting in a large amount of PEI loss; the yield of conversion is the lowest among the four 

adsorbents. Therefore, its N content is only slightly higher than that of other samples. However, 

for PEI-GA4, there is an excess of GA; therefore, one Schiff base is formed with one aldehyde 

group of the GA and the other aldehyde group remains free. In this case, GA takes a larger part in 

the final product compared to the other three adsorbents, leading to a lower N content. When there 
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is deficient GA, the crosslinking is formed with one GA molecule and two primary amine groups 

on PEI, meaning that, in this case (for example, PEI-GA1), no oxygen should be found.  

Surprisingly, O element can be found in the four adsorbents. This could be attributed to the eventual 

capture of CO2 and H2O (when the air is humid) during the synthesis. Figure 4-5 shows the 

proposed reactions between PEI and CO2 and H2O. After storing in open condition for 20 days, a 

very small decrease on N content is observed; this is due to the capture of with CO2 and H2O (or 

their reaction), increasing the mass of the adsorbents and thus reducing the proportion of N content. 

After CO2 desorption process, the content of C, N and O increases/or decreases back towards the 

original values, indicating that the changes during storage are mostly reversible. It is worth studying 

how this change affects the binding properties of these adsorbents for Cu(II) and Se(VI). 

Table 4-1 Elemental analysis of PEI-GA adsorbents (wt.%). 

Element  Condition PEI-GA1 PEI-GA2 PEI-GA3 PEI-G4 

C  Freshly 

prepared 
62.13 ± 1.22   61.03 ± 0.64     61.27 ± 0.70   63.41 ± 0.83     

After 20 daysa 53.79 ± 0.39 52.40 ± 0.58   51.20 ± 1.08 54.75 ± 0.86 

After desorption 

step 
59.75 ± 2.00  60.18 ± 0.08   61.00 ± 0.19 61.87 ± 0.85 

N  Freshly 

prepared 
22.67 ± 0.85   22.27 ± 0.52     21.20 ± 1.18   18.41 ± 0.48     

After 20 days 21.89 ± 1.06  20.91 ± 1.05   20.66 ± 1.37 17.2 ± 1.24 

After desorption 

step 
22.10 ± 0.53  22.07 ± 0.80   21.45 ± 1.09 18.10 ± 1.06 

O  Freshly 

prepared 
4.06 ± 1.52   6.02 ± 0.15     7.12 ± 0.09   8.34 ± 0.03     

After 20 days 14.54 ± 1.14 17.28 ± 1.64 19.00 ± 0.08 18.75 ± 1.97 

After desorption 

step  
7.91 ± 1.75 7.41 ± 0.92 6.98 ± 0.35 10.42 ± 2.74 

H  Freshly 

prepared 
11.14 ± 0.25   10.69 ± 0.28     10.42 ± 0.56   9.85 ± 0.38     

After 20 days 9.78 ± 0.46  9.41 ± 0.02   9.14 ± 0.21 9.31 ± 0.13 

After desorption 

step 
10.25 ± 0.28  10.35 ± 0.20   10.57 ± 1.25 9.60 ± 0.81 

  a: in open condition. 
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Figure 4-5 Reaction between polyethyleneimine and CO2/H2O. 

 

4.4.2. FTIR 

The functional groups present on the adsorbents can be identified using FTIR spectroscopy. 

Moreover, by comparing the spectra before and after adsorption of contaminants, it is possible to 

explain the mechanisms of the adsorption process through the identification of functional groups 

involved in metal binding. The corresponding FTIR spectra of the freshly prepared and 

contaminant-loaded adsorbents and those after 20-day storage and CO2 desorption process are 

shown in Figure 4-6. The assignments of the main bands in spectra are reported in Table 4-2 to 

Table 4-5. The tables show that contaminant-free spectra of the four freshly prepared adsorbents 

present very similar profiles. Taking PEI-GA1 as an example, the broad absorption peaks observed 

between 3500–3000 cm-1 corresponds to the overlapping of –OH and –NH peaks [13]. The peaks 

at 2928 and 2812 cm-1 represent C–H stretching vibrations of CH2 and CH groups, respectively 

[14]. The peak at 1655 cm-1 is due to the formation of C=N bonds [15], indicating that crosslinking 

has taken place between primary amine groups of PEI and GA, forming “Schiff’s base” [1]. The 

peak at 1570 cm -1 can be assigned to the N–H bending vibration of primary amines [16]. It is 

noteworthy that, in the figures, the intensity of this peak becomes less and less noticeable as the 
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GA amount increases and almost disappears for PEI-GA4, suggesting that GA crosslinks most of 

the primary amine groups on PEI-GA4. Besides, peaks at 1458 and 1281cm-1 correspond to C–H 

bending vibration [17]. Peaks at 1102 and 1053 cm-1 are assigned to C–O asymmetric stretching 

[18]. The C–O peaks should not be found in the raw adsorbents, since the molecular formula of 

PEI-GA does not have C–O bond, unless it is contaminated. As discussed above, PEI could react 

with CO2 and has been reported to be high-capacity adsorbent for CO2 capture [19]. The result here 

is a second evidence that the adsorbents partially react with CO2 and/or H2O during preparing 

process. For both primary and secondary amines, the adsorption of CO2 involves hydrogen bonding 

with surface silanols or neighboring alkylamines, possibly through various arrangements upon the 

formation of carbamic acid.  

 

b 

 

 

d 

 

Figure 4-6 FTIR spectra of (a) raw PEI-GA, (b) and (c) before and after Cu(II) and Se(VI) 

adsorption and (d) PEI-GA1 after 20 days of storage and after CO2 desorption process. 

 

Table 4-2 Assignment of vibrational bands (wavenumber, cm-1) for PEI-GA1 (raw and 

contaminant-loaded). 
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–NH/–OH stretching 3500-3000 [1] 3261 3352 3333 3252 

C–H stretching 

vibrations of CH2 

2928 [2] 2928 2941 3007 

(weak) 

2935 

C–H stretching 

vibrations of CH  

2812 [2] 2812 − 2884 

(weak) 

2829 

C=N stretching 1635 [3] 1655 1611 1621 1647 

N–H bending vibration 

of primary amines 

1570 [4] 1570 − − 1562 

C–H bending 1473 [5, 6] 1458 1450 1453 1461 

C–H bending 1281 [5, 6] 1281 1288 

(weak) 

− 1295 

C–O asymmetric 

stretching 

1102 [7] 1102 − 1074 1105 

C–O asymmetric 

stretching 

1053 [7] 1053 1037 − 1052 

SeO3 pyramidal groups  840 [8] − − 840 

(strong) 

− 

 

Table 4-3 Assignment of vibrational bands (wavenumber, cm-1) for PEI-GA2 (raw and 

contaminant-loaded). 

Vibration Wavenumber  Ref. Raw Cu(II)-

loaded 

Se(VI)-

loaded 

After 

20 

days 

–NH/–OH stretching 3500-3000 [1] 3261 3351 3258 3251 

C–H stretching 

vibrations of CH2 

2928 [2] 2928 2941 3006 2934 

C–H stretching 

vibrations of CH  

2812 [2] 2807 − 2845 2824 

C=N stretching 1635 [3] 1655 1609 1621 1648 

N–H bending vibration 

of primary amines 

1570 [4] 1566 − − 1562 

C–H bending 1473 [5, 6] 1455 1448 1452 1457 

C–H bending 1281 [5, 6] 1280 1289 − 1288 

C–O asymmetric 

stretching 

1102 [7] 1101 − 1071 1103 

C–O asymmetric 

stretching 

1053 [7] 1052 1039 − 1054 
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Vibration Wavenumber  Ref. Raw Cu(II)-

loaded 

Se(VI)-

loaded 

After 

20 

days 

SeO3 pyramidal groups  840 [8] − 998 840 − 

 

Table 4-4 Assignment of vibrational bands (wavenumber, cm-1) for PEI-GA3 (raw and 

contaminant-loaded). 

Vibration Wavenumber  Ref. Raw Cu(II)-

loaded 

Se(VI)-

loaded 

After 

20 

days 

–NH/–OH stretching 3500-3000 [1] 3264 3350 3267 3229 

C–H stretching vibrations 

of CH2 

2928 [2] 2929 2936 3012 2935 

C–H stretching vibrations 

of CH  

2812 [2] 2805 − 2843 2819 

C=N stretching 1635 [3] 1655 1610 1620 1652 

N–H bending vibration of 

primary amines 

1570 [4] 1566 − − 1558 

C–H bending 1473 [5, 6] 1454 1450 1453 1457 

C–H bending 1281 [5, 6] 1280 1289 − 1285 

C–O asymmetric 

stretching 

1102 [7] 1100 − 1072 1102 

C–O asymmetric 

stretching 

1053 [7] 1053 1051 − 1051 

SeO3 pyramidal groups  840 [8] − 999 840 − 

 

Table 4-5 Assignment of vibrational bands (wavenumber, cm-1) for PEI-GA4 (raw and 

contaminant-loaded). 

Vibration Wavenumber  Ref. Raw Cu(II)-

loaded 

Se(VI)-

loaded 

After 20 

days 

–NH/–OH stretching 3500-3000 [1] 3272 3343 3237 3245 

C–H stretching 

vibrations of CH2 

2928 [2] 2926 2939 2850 2931 

C–H stretching 

vibrations of CH  

2812 [2] 2812 − − 2820 

C=N stretching 1635 [3] 1654 1632 1623 1650 

C–H bending 1473 [4] 1441 1444 1454 1442 
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Vibration Wavenumber  Ref. Raw Cu(II)-

loaded 

Se(VI)-

loaded 

After 20 

days 

C–H bending 1281 [5, 6] 1283 1293 − 1288 

C–O asymmetric 

stretching 

1102 [5, 6] 1106 − − 1100 

C–O asymmetric 

stretching 

1053 [7] 1050 1044 1064 1054 

SeO3 pyramidal 

groups  

840 [7] − − 840 − 

 

After storing in open condition for 20 days, taking PEI-GA1 samples as an example (shown in 

Figure 4-6d), the intensity of peak at 1570 cm -1 corresponding to N–H bending vibration of 

primary amines decreases slightly, while the peak at around 1655 cm-1 becomes much wider. This 

can be due to the overlapping of COO− stretching at 1610 cm-1 [20]. These results indicate the 

formation of COO− groups by the reaction of free amine groups with CO2. The same trend is also 

found for the other adsorbents (shown in Figure 4-7). After a thermal treatment under nitrogen 

atmosphere, the peak at 1655 cm-1 red-shifts and becomes less wide compared to resins stored after 

20 days. This might be due to the disappearance of COO− groups. The contamination could affect 

the adsorption properties of PEI-GA for metal adsorption, which will be discussed below. 

After Cu(II) binding, the band around 1570 cm-1 specific to primary amine groups completely 

disappears. This significant change confirms the involvement of N–H of primary amines groups in 

Cu(II) adsorption onto the adsorbents. Other changes are associated to slight shifts of the bands. 

Taking PEI-GA1 as an example, the bands shift at 3261, 2928, 1655 and 1053 cm-1, which are 

ascribed to the stretching vibrations of N–H [21], C–H [14], C=N [15] and C–O [18], respectively. 

The disappearance of peaks at 2812 and 1102 cm-1, corresponding to C–H stretching and C–O 

stretching, respectively, was also observed. This could be due to the reaction of carbamate with 

H2O in humid condition to form bicarbonate or carbamic acid [22].  

In the case of the Se(VI)-adsorbed samples, a new peak at 840 cm-1, assigned to the vibrations of 

SeO3 pyramidal groups with C3v point symmetry [23], appears regardless of adsorbents, 

confirming the binding of SeO4
2−. In addition, the stretching of C=N is shifted toward lower 

wavenumbers. Other changes consist of the disappearance of peaks corresponding to N–H bending 

vibration of primary amines, C–H bending and asymmetric stretching vibration of C–O–C.  
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Figure 4-7 FTIR spectra of fresh PEI-GA2, PEI-GA3 and PEI-GA4, these after 20 days of 

storage and after CO2 desorption process. 

 

In addition, the pHPZC of freshly prepared PEI-GA1, PEI-GA2, PEI-GA3 and PEI-GA4 are 9.95, 

10.11, 9.80 and 9.69, respectively. After 20-day storage, these values decreased to 9.54, 9.72, 9.46 

and 9.43, respectively. This decrease on pHPZC values are probably due to the formation of groups 

with a lower pKa value, further (besides the result of FTIR) confirming the formation of COO− 

groups, whose pKa value is close to 4. The experiments below (see section 4.4.5) will discuss how 

this change affects the adsorption properties of the resins for Cu(II) and Se(VI). 
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4.4.3. XPS 

To further confirm the contamination of PEI-GA resins when stored in open condition for a certain 

time, XPS was used to investigate surface composition of PEI-GA resins before and after exposure 

to the air after 20 days. As expected, XPS of freshly prepared materials (Figure 4-8a) reveals the 

presence of N, C and O. The N 1s peak is broad and can be resolved into two components: (a) a 

high binding energy (399 eV) attributed to amine or amide groups and (b) a lower binding energy 

one (398.9 eV) assigned to the N in the tertiary amine groups (>N–) [24]. The amount of tertiary 

amine groups increases with the increasing GA amount, due to the reaction between aldehyde 

groups on GA and free amine groups on PEI. The binding energy around 284.8 eV and 285.8 eV 

could be due to C–C bond and C–N or C–O–C bond, respectively [5, 6]. The contribution at around 

287.3–280.0 eV represents C=O functions, which could be attributed to uncrosslinked aldehyde 

groups of GA or a slight adsorption of CO2 because of the presence of abundant free amine groups 

during preparation process. 



140 
 

 
 

Figure 4-8 X-ray photoelectron spectra of PEI-GA resins (a) freshly prepared and (b) after 

20-day storage in open condition. 

After 20-day storage in open condition, new peaks, shown in Figure 4-8b, appear at around 288.1 

eV for C 1s representative for carboxylate and 402.1 eV for N 1s due to protonated nitrogen 

associated with the formation of the carbamate ion. These peaks firmly confirm the interaction of 

CO2 and PEI-GA resins. 
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4.4.4. Effect of pH on adsorption kinetics 

Raw wastewaters containing Cu(II) or Se(VI) are commonly acidic, such as Cu(II) in printed circuit 

board wastewater (pH 1) [25], mix electroplating wastewater (pH 1.6) [26], and smelter wastewater 

(pH<1) [27]. To ensure no formation of metal hydroxide precipitates and avoid using too much 

pH-adjusting reagents such as NaOH, CaO, etc. when applied practically, the effect of pH was 

conducted in acidic condition with the pH range of 2–3. Figure 4-9 shows the effect of pH on Se(VI) 

and Cu(II) adsorption kinetics. In general, the adsorption of Se(VI) presents an anionic behavior, 

slightly decreasing as the pH increased from 2 to 3. The trend is attributed to the predominant 

selenium species in solution and the surface charges of adsorbents. The pKa values of primary, 

secondary, and tertiary amine groups on PEI were reported as 4.5, 6.7, and 11.6, respectively [28]. 

The pHPZC (Table 4-6) of the resins is in the range of 9.69 to 10.11. Since the initial pH range of 

the present study is between 2.0 and 3.0 (corresponding to final pH between 2.1 to 4.3), the reactive 

groups are strongly protonated. These protonated groups can only bind anionic species. Therefore, 

as is shown in Figure 2-16(a) (see Chapter 2), the adsorption decreases as the percentage of the 

aqueous species HSeO4
− decreases. Erosa at al. [29] observed a gradual decrease on Se(VI) 

adsorption as pH increased from 2 to 10 using weakly basic anion exchangers that possess primary, 

secondary and/or tertiary amino groups. This decrease on Se(VI) binding was due to the decline on 

the degree of amine protonation and the decrease of the fraction of HSeO4
−. Similarly, Yamani et 

al. [30] reported that the adsorption of Se(VI) onto chitosan-based beads decreased at alkaline pH. 

The difference of Se(VI) adsorption among the adsorbents is negligible, especially among PEI-

GA1, PEI-GA2 and PEI-GA3. The level of GA crosslinking for PEI causes different contents of 

primary amine groups in the adsorbents, but does not affect significantly the total amount of amine 

groups (or N content), except for PEI-GA4 (confirmed by elemental analysis). Therefore, the 

lowest Se(VI) adsorption capacities of PEI-GA4 can be directly explained by the lower N content 

compared with the other adsorbents. 
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Figure 4-9 Effect of pH on Se(VI) and Cu(II) adsorption-kinetics modeling using PFORE 

and PSORE (Volume  0.5 L; Adsorbent mass  100 mg for Se(VI) and 200 mg for Cu(II); 

Room temperature (19-25 oC); C0  0.5 mmol L-1 for Se(VI) and 1 mmol L-1 for Cu(II)). 

 

 

0

0.2

0.4

0.6

0.8

1

0 100 200 300 400 500

C
t/

C
0

Time (min)

pH 2
Se

PEI-GA1
PEI-GA2
PEI-GA3
PEI-GA4
PFORE
PSORE

0

0.2

0.4

0.6

0.8

1

0 600 1200 1800 2400 3000

C
t/

C
0

Time (min)

pH 2

Cu

PEI-GA1 PEI-GA2
PEI-GA3 PEI-GA4
PFORE PSORE

0

0.2

0.4

0.6

0.8

1

0 100 200 300 400 500

C
t/

C
0

Time (min)

pH 2.5
Se

PEI-GA1
PEI-GA2
PEI-GA3
PEI-GA4
PFORE
PSORE

0

0.2

0.4

0.6

0.8

1

0 600 1200 1800 2400 3000

C
t/

C
0

Time (min)

pH 2.5

Cu

PEI-GA1 PEI-GA2
PEI-GA3 PEI-GA4
PFORE PSORE

0

0.2

0.4

0.6

0.8

1

0 100 200 300 400 500

C
t/

C
0

Time (min)

pH 3
Se

PEI-GA1
PEI-GA2
PEI-GA3
PEI-GA4
PFORE
PSORE

0

0.2

0.4

0.6

0.8

1

0 600 1200 1800 2400 3000

C
t/

C
0

Time (min)

pH 3

Cu

PEI-GA1 PEI-GA2
PEI-GA3 PEI-GA4
PFORE PSORE



143 
 

Table 4-6 pHPZC of PEI-GA (freshly prepared and stored in open condition after 20 days). 

pHPZC 

Condition PEI-GA1 PEI-GA2 PEI-GA3 PEI-G4 

Freshly 

prepared 
9.95 10.11 9.80 9.70 

After 20 days 9.54 9.72 9.46 9.43 

The trend found for Cu(II) cations is completely opposite: the adsorption efficiency is strongly 

affected by solution pH. Negligible adsorption is found when initial pH value is 2.0 and the 

adsorption efficiency increases significantly when initial pH increases to 3.0, corresponding to 

equilibrium pH value of 3.63 for PEI-GA1, 3.64 for PEI-GA2, 3.59 for PEI-GA3 and 3.42 for PEI-

GA4. The amine groups on the adsorbents are fully protonated in all solutions within selected pH 

range, resulting in the electrostatic repulsion of Cu(II). As pH increases, this electrostatic repulsion 

reduces, leading to better adsorption performance. The main adsorption interaction can be 

summarized as the coordination bonding between Cu(II) and primary and secondary amine groups 

on PEI-GA. The binding potential of tertiary amine groups on the adsorbents is limited due to the 

lower stability constants of complexes with tertiary amines than those with primary or secondary 

amines [31]. The amount of primary amine groups on the adsorbents decreases gradually as the 

level of crosslinking between PEI and GA increases. This can explain the big gap of the adsorption 

efficiency among PEI-GA2, PEI-GA3 and PEI-GA4. Interestingly, apart from the first 10 h of 

reaction, the equilibrium adsorption efficiencies of PEI-GA1 and PEI-GA2 are almost the same. 

This could be due to that the amount of GA added for crosslinking for PEI-GA1 is not enough and 

a certain amount of PEI is not crosslinked or well immobilized; therefore, during washing step, 

some free PEI may be released and thus the adsorption capacity is not as high as it is expected.  

The pseudo-second order rate equation (PSORE) and the pseudo-first order rate equation (PFORE) 

were used to fit experimental data. The plots shown in Figure 4-9 indicate that both PFORE and 

PSORE can be used to fit kinetic profiles. However, the parameters shown in Table 4-7 for Cu(II) 

and Table 4-8 for Se(VI) suggest that the PSORE fits the data slightly better with all the values of 

determination coefficient (r2) more than 0.90. The apparent rate constants k1 and k2 of PEI-GA4 

for both contaminants are higher than those for the other three adsorbents; this could be due to 

poorer mass transfer property caused by the aggregation of PEI-GA1, PEI-GA2 and PEI-GA3 

particles, which has been discussed in section 4.4.1.  
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Table 4-7 Kinetics constants for the adsorption of Cu(II) at pH 3. 

Models Parameters PEI-GA1 PEI-GA2 PEI-GA3 PEI-GA4 

 qeq,exp (mmol L-1) 1.33 1.34 0.82 0.61 

PFORE qeq,cal (mmol L-1) 1.29 1.31 0.80 0.53 

 k1 ×103 (min-1) 3.2 2.5 2.8 15.6 

 r2 0.87 0.87 0.87 0.78 

PSORE qeq,cal (mmol L-1) 1.41 1.47 0.89 0.58 

 k2 ×103 (g mmol-1 min-1) 3.3 2.3 4.4 5.2 

 r2 0.91 0.90 0.91 0.87 

 

Table 4-8 Kinetics constants for the adsorption of Se(VI) at pH 2. 

Models Parameters PEI-GA1 PEI-GA2 PEI-GA3 PEI-GA4 

 qeq,exp (mmol L-1) 4.69 4.82 4.78 4.12 

PFORE qeq,cal (mmol L-1) 4.63 4.68 4.69 4.03 

 k1 ×103 (min-1) 139.8 148.6 98.2 227.6 

 r2 0.99 0.95 0.99 0.99 

PSORE qeq,cal (mmol L-1) 4.82 4.87 4.95 4.14 

 k2 ×103 (g mmol-1 min-1) 50.0 55.1 30.9 117.0 

 r2 0.98 0.98 0.99 0.99 

 

In order to further confirm the effect of GA crosslinking on adsorption capacities of PEI-GA resins 

for Se(VI) and Cu(II), adsorption isotherms were conducted at pH 2 for Se(VI) and pH 3 for Cu(II). 

The results shown in Figure 4-10 are in good agreement with those obtained by adsorption kinetics. 

The maximum adsorption capacity (qm) calculated from Langmuir model of PEI-GA1 for Se(VI) 

is 5.25 mmol g-1, very close to 5.14 mmol g-1 of PEI-GA2 and 5.05 mmol g-1 of PEI-GA3 and 

slightly higher than 4.24 mmol g-1 of PEI-GA4. However, qm of PEI-GA1 and PEI-GA2 for Cu(II) 

are 1.57 and 1.40 mmol g-1, respectively, much higher than 0.87 mmol g-1 of PEI-GA3 and 0.69 

mmol g-1 of PEI-GA4. 
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Figure 4-10 (a) Se(VI) and (b) Cu(II) adsorption isotherms using PEI-GA resins (Volume  

50 mL; Room temperature; adsorbent mass  20 mg; C0  0.1-3.5 mmol L-1; contact time  

24 h for Se(VI) and 48 for Cu(II); pH 2 for Se(VI) and pH 3 for Cu(II)). 

4.4.5. Effect of different storage conditions on adsorption capacity 

The chemical stability of the functional groups on the adsorbents is essential for further application. 

When exposed to the air for a long time, the active amine groups on the adsorbents could be 

converted into carbamate and/or bicarbonate [10], which might have detrimental, beneficial or 

minimal effects on their adsorption capacity for aqueous contaminants. The storage stability of the 

adsorbents was tested by comparing the adsorption capacity of PEI-GA freshly prepared and stored 

in sealed condition or in open condition after 20 days. Figure 4-11 shows that the adsorption 

efficiency for Se(VI) is slight affected by the storage conditions. No significant difference is 

observed between the adsorbents prepared freshly and stored in sealed condition after 20 days; for 
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those stored in open condition, only a slight decrease on adsorption capacity can be found 

regardless of adsorbent type. This decrease might be caused by the decrease of N content which 

has been confirmed by elemental analysis. For Cu(II), the adsorption capacity of freshly prepared 

PEI-GA1, PEI-GA2, PEI-GA3 and PEI-GA4 is 1.33, 1.33, 0.82 and 0.61 mmol g-1, respectively. 

After storing in open condition for 20 days, those values decrease significantly to 1.02, 0.91, 0.60 

and 0.56 mmol g-1, respectively, while those of the adsorbents stored in sealed condition only 

decrease to 1.30, 1.26, 0.80 and 0.57 mmol g-1, respectively. The reason causing the decrease on 

adsorption could probably be that primary and secondary amine groups that are active for Cu(II) 

adsorption on PEI-GA adsorbents stored in open condition react with CO2/H2O to form 

carbamate/bicarbonate. Although carbonyl groups can potentially adsorb Cu(II), their adsorption 

affinity for Cu(II) at pH 3 is intrinsically lower than that of primary and secondary amine groups. 

Monier et al. [32] reported a Cu(II) adsorption capacity of 68 mg g-1 of amine-based adsorbent 

(chitosan resin) at pH 3. This is much higher than that of carboxyl-based materials under the similar 

condition, such as 28 mg g-1 of zirconium oxide immobilized alginate beads [33] and 10.2 mg g-1 

of alginate beads [34]. For Se(VI) adsorption, the adsorption is only associated with amount of 

nitrogen. Thus, it is hardly affected by the formation of carbamate/or bicarbonate, since N content 

does not change significantly. Another interesting finding is that the adsorption kinetics of all the 

adsorbents in open condition for Cu(II) is slower than that of sealed ones. Except for PEI-GA4, the 

other three adsorbents stored under open condition still present a slow growing trend, while those 

stored in sealed condition already achieve equilibrium at 24 h. However, the reason causing the 

slower kinetics remains unclear. One possibility is that the formation of carbamate/or bicarbonate 

results in a tighter polymer network which makes it more difficult for contaminants to diffuse to 

the adsorption sites. To conclude, the results indicate that the storage condition plays an important 

role on Cu(II) adsorption onto adsorbents containing primary or secondary amine groups.  
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b 

 

Figure 4-11 Effect of storage condition on adsorption capacity of PEI-GA for (a) Se(VI) and 

(b) Cu(II) (Volume  0.5 L; Room temperature (19-25 oC); Adsorbent mass  100 mg for 

Se(VI) and 200 mg for Cu(II); C0  0.5 mmol L-1 for Se(VI) and 1 mmol L-1 for Cu(II); pH0: 

2 for Se(VI) and 3 for Cu(II)). Note: freshly prepared adsorbents were the materials stored 

in sealed condition within 5 days. 

To confirm whether the the decrease on Cu(II) adsorption is caused by CO2 and if the 

contamination is reversible. The re-dried, CO2-loaded and CO2-desorbed adsorbent were compared 

for Cu(II) adsorption at pH 3. Figure 4-12 shows that the re-drying process does not recover the 

adsorption performance significantly, confirming that humidity is not the main cause of decrease 

on contaminant removal. The adsorbents immersed in pure CO2 show a sharp decrease Cu(II) 

adsorption capacities and after the desorption process, the adsorption properties recover 

significantly. The results further confirm that the decrease on adsorption capacity for Cu(II) is 

mainly caused by the contamination of CO2.  
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Figure 4-12 Comparison of adsorption properties of PEI-GAs (freshly prepared, re-dried, 

stored after 20 days in open condition and CO2 desorbed) for Cu(II) adsorption. 

 

4.4.6. Adsorption in binary system 

To investigate the selectivity of PEI-GA adsorbents for Se(VI) and Cu(II), studies are carried out 

in Se-As and Cu-Pb binary systems, respectively. The results of competitive adsorption of Se(VI) 

and As(V) from the binary solutions with different pHs are shown in Figure 4-13. All 

the adsorbents have a greater affinity for Se(VI) over As(V) at pH 2. It is also noteworthy that for 

the three adsorbents, the equilibrium adsorption capacity is only slightly affected by the presence 

of As(V) at selected pH values (Figure 4-14). Moreover, As(V) is hardly removed along with 

Se(VI), indicating that all of the adsorbents can selectively remove Se(VI) from Se-As system at 

pH 2. This can be explained by the limited adsorption performance of these adsorbents for As(V) 

at pH 2 (Figure 4-15). When solution pH increases to pH 3, the adsorption of As(V) increases, 

especially for the first 10 minutes. However, these values decrease dramatically after a longer 

contact time. This is due to the progressive decrease of available reactive groups and the strong 

competition between Se(VI) and As(V) for occupying free adsorption sites. Therefore, As(V) ions 

start to be replaced by Se(VI) and released into the solution. For example, within 10 min, the 

maximum adsorption capacity of PEI-GA1, PEI-GA2, PEI-GA3 and PEI-GA4 for As(V) reaches 

0.67 mmol g-1, 0.49 mmol g-1, 0.52 mmol g-1, and 0.34 mmol g-1, respectively. However, these 

values decrease to 0.40 mmol g-1, 0.28 mmol g-1, 0.26 mmol g-1, and 0.16 mmol g-1, respectively, 

after 360 min of reaction, while those for Se(VI) maintain around 4.01 mmol g-1, 4.10 mmol g-1, 

3.95 mmol g-1, and 3.56 mmol g-1, respectively. The same phenomenon is observed for Cu(II) and 

Pb(II) adsorption from binary solutions. The adsorption capacity of Pb(II) in binary system is 

negligible at pH 2 and pH 2.5, while at pH 3, it reaches 0.21–0.35 mmol g-1 within the first hour 
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but decreases to less than 0.16 mmol g-1 after a longer reaction time. The results are also confirmed 

by separation factors (αSe/As andαCu/Pb), which are much higher than 1. For competitive adsorption 

of Se(VI) and As(V), the values of αSe/As are in the same order of magnitude regardless of resin 

type, locating between 300 and 500 at pH 2. They all decrease to less than 50 when pH increases 

from 2 to 3. In terms of Cu(II) and Pb(II), no difference is found between the values of αCu/Pb for 4 

kinds of PEI-GA resins at pH 2. However, when pH increases to 2.5, the adsorption of Cu(II) 

increases dramatically, while that for Pb(II) remains almost the same, resulting in much higher 

αCu/Pb values. Since PEI-GA1 and PEI-GA2 possess higher adsorption capacity for Cu(II), they 

present superior selectivity for Cu(II) over Pb(II) at this pH. As pH continues increasing to 3, these 

values decrease significantly as the adsorption capacity for Pb(II) starts growing up. To conclude, 

all the resins have a preference for Se(VI) over As(V) and Cu(II) over Pb(II). GA crosslinking 

hardly affects the preference for Se(VI), but it decreases the selectivity for Cu(II) over Pb(II) when 

pH is between 2.5 and 3. 
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Figure 4-13 Adsorption kinetics of (a) Se(VI) and As(V) and (b) Pb(II) and Cu(II) from 

binary solutions (Volume  0.5 L; Room temperature; Adsorbent mass  100 mg; C0  0.5 

mmol L-1 for Se(VI) and As(V) and 1 mmol L-1 for Cu(II) and Pb(II)). 

 

 
Figure 4-14 Equilibrium adsorption capacity of PEI-GA adsorbents for Se(VI) in mono-

component and bi-component solutions. 
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Figure 4-15 Equilibrium adsorption capacity of PEI-GA adsorbents for As(V) and Pb(II) in 

mono-component solutions. 

 

The properties of the adsorbates (e.g., concentration, ionic size and ionic charge, etc.) and the 

characteristics of the adsorbents (e.g., the structure and functional groups) are the factors affecting 

the different binding affinities for metals in multi-metal system. For Cu(II) and Pb(II) adsorption, 

based on Pearson’s theory [35], the hard acids prefer to associate with hard bases and soft acids 

prefer to associate with soft bases. Both Pb(II) and Cu(II) are considered as intermediate or 

borderline metal ions; the softness coefficients for Pb(II) is 0.41, very close to 0.38 for Cu(II) and 

the absolute hardness ηA of Pb(II) (8.5 eV) is slightly higher than that of Cu(II) (8.3 eV). Hence, 

the selective binding of Cu(II) over Pb(II) onto PEI-GA adsorbents should not be caused by the 

simple hard–soft concept. Therefore, the reason resulting in the selectivity is probably due to that 

copper, a transition element, is able to form more stable metal-ligand complexes compared to lead, 

a non-transition element [36]; Cu(II) forms stable 4-coordinate square planar complexes with 

amines in aqueous solutions [37], while Pb(II) prefers 4-coordinate octahedral complexes. The 

stability constant logarithm of metal-ammonia complexes is much higher for Cu(II) (4.12) than for 

Pb(II) (1.6) [38, 39]. These properties cause a poor adsorption performance of PEI-GA adsorbents 

for Pb(II); even in mono-metal system (Figure 4-15), the adsorption capacity of PEI-GA1, PEI-

GA2, PEI-GA3 and PEI-GA4 for Pb(II) at pH 3 is only 0.38, 0.28, 0.12 and 0.03 mmol g-1, 

respectively, much less than those for Cu(II). Such preference of Cu(II) adsorption onto GA 

crosslinked PEI can also be found in Cu(II)-Zn(II) binary system, where 4.5 wt% of Cu(II) was 

adsorbed, while almost no Zn(II) was adsorbed [40]. The selectivity for Se(VI) over As(V) can be 

simply explained by the fact that at low pH (such as pH 2), As(V) existed mostly as H3AsO4; with 

the increase of pH, the fraction of H2AsO4
− increases and competes with HSeO4

− and SeO4
2−. 

Briefly, under selected conditions, Cu(II) and Se(VI) can be successfully separated from Cu(II)-

Pb(II) and Se(VI)-As(V) binary solutions, respectively, using PEI-GA resins, regardless of the 

amount of GA applied for crosslinking. 
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4.5. Principales conclusions 

L’étude a permis de démontrer que le taux de réticulation a un effet modéré sur l’adsorption des 

ions Se(VI) (qui ne s’exprime réellement que pour le taux de réticulation le plus élevé, soit avec 

un ratio molaire PEI/GA supérieur à 2). Par ailleurs, le stockage de l’adsorbant à l’air libre ou en 

flacon scellé, étudié sur 20 jours, n’a qu’un impact mineur sur ses performances d’adsorption. Cela 

peut s’expliquer par le fait que les ions Se(VI) sont exclusivement fixés par interaction 

électrostatique entre les amines protonées à pH 2 et les anions sélénates. C’est donc la teneur en 

azote qui fixe l’affinité de l’adsorbant pour Se(VI) : la réticulation qui affecte la disponibilité des 

groupes réactionnels dans le cas de mécanismes de complexation ne joue pas un rôle important 

pour l’échange ionique. Les charges protonées restent accessibles (sauf pour les taux de réticulation 

les plus élevés pour lesquels l’encombrement stérique peut diminuer la performance de fixation). 

Cette réactivité des fonctions protonées n’est pas non plus affectée par le vieillissement du support 

en atmosphère non-contrôlée : la dénaturation du support est interprétée comme une conversion de 

fonctions aminées en groupes carbamate après exposition à l’air (CO2/H2O). Il convient de 

remarquer que l’adsorbant présente des capacités de fixation particulièrement élevées pour le 

sélénium (supérieures à 5 mmol Se g-1), qui fait du PEI/GA l’un des supports les plus actifs de la 

littérature pour la récupération du sélénium en milieu acide. 

Dans le cas du Cu(II), tant la réticulation que l’exposition à l’air influent drastiquement sur les 

performances de fixation. La réticulation diminue le nombre de groupements aminés libres et 

disponibles pour la chélation des ions cuivre. Cette étude illustre la progressivité de cette chute des 

performances avec le taux de réticulation. Par ailleurs, la formation de carbamates à la surface de 

l’adsorbant, par conversion des fonctions aminées, impacte significativement la fixation du Cu(II) 

en diminuant la disponibilité des groupements fonctionnels. Il convient de remarquer que cette 

conversion est réversible : une thermo-désorption sous atmosphère d’azote permet de rétablir 

suffisamment de groupements fonctionnels pour restaurer les capacités de fixation. 

Les tests menés en solutions mixtes montrent que l’adsorbant présente une nette sélectivité pour 

Se(VI) par rapport à As(V) en particulier à pH 2 et pour Cu(II) par rapport à Pb(II). La préférence 

du matériau pour le sélénium est directement expliquée par la prédominance de formes neutres de 

l’arsenic(V) à pH 2 alors que le sélénium prédomine sous forme anionique, plus favorable à 

l’échange d’ions/attraction électrostatique sur les amines protonées. C’est une nouvelle illustration 

de l’importance de la spéciation des ions métalliques. Dans le cas du couple Cu(II)/Pb(II), la 

fixation s’effectuant par complexation, il est possible de corréler cette préférence pour le cuivre 

avec les constantes de complexation de ces ions métalliques avec l’ammoniaque (i.e., log 

K(Cu/NH3) = 4.12 > log K(Pb/NH3) = 1.6), ainsi qu’au mode de coordination (tétra-coordination 

du cuivre dans une configuration de type "square planar" alors que le plomb est tétra-coordiné dans 

un système "octahédral").  
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Chapter 5 Palladium nanoparticles supported on amine-functionalized 

alginate membranes for hydrogenation of 3-nitrophenol 

5.1. Introduction Générale 

Les chapitres précédents ont largement illustré l’affinité des membranes PEI/Alginate pour la 

fixation des anions métalliques grâce au mécanisme d’échange d’ions/attraction électrostatique 

entres les amines protonées et ces anions. C’est un procédé particulièrement utile pour 

l’extraction de métaux toxiques (arseniate, selenate, chromate ou complexes chloroanioniques 

du mercure). Cette propriété peut être mise à profit dans le cadre de la récupération de métaux 

valorisables. Les métaux précieux représentent une cible de choix pour ce type d’application en 

raison de leur aptitude à former des complexes anioniques en milieu acide chlorhydrique 

(notamment Au(III), Pd(II) ou Pt(IV)).  

 

Ce chapitre a plus particulièrement examiné l’adsorption du palladium, mais en orientant cette 

étude vers la réalisation de catalyseurs supportés. En effet, le palladium est bien connu dans le 

milieu de la catalyse hétérogène pour son activité étendue (pour un large spectre de réactions 

catalytiques). Après avoir brièvement étudié l’adsorption du Pd(II) sur les membranes de 

PEI/Alginate, il a été procédé à une réduction du Pd(II) fixé sur le support (partiellement 

converti en Pd(0)) afin de synthétiser des membranes Pd/PEI/Alginate pour étudier une réaction 

simple d’hydrogénation du 3-nitrophénol (3-NP) en 3-aminophénol (3-AP) en présence de 

formiate de sodium (comme donneur d’hydrogène). Cette réaction a été choisie pour sa 

simplicité de mise en œuvre et de suivi analytique. La seule ambition de cette partie est de 

démontrer la faisabilité d’application de ces supports pour une application en catalyse 

hétérogène ; cette réaction n’a aucun intérêt industriel mais elle est communément mise en 

œuvre en pré-étude de caractérisation de nouveaux supports. Elle est donc fréquemment 

documentée dans la littérature. Ce travail s’en distingue toutefois car la mise en forme du 

matériau ouvre la voie à une application en mode dynamique avec des conditions 

hydrodynamiques (percolation) facilitées, et une bonne stabilité (comme le confirmera l’étude). 

 

Dans la partie synthèse et caractérisation, les membranes sont analysées par MEB-EDX 

(distribution du palladium, observation de la porosité, à différents stades de la fabrication), 

MET (MEB en mode émulateur de microscope électronique à transmission, pour l’évaluation 

de la distribution et de la taille des nanoparticules de Pd), XPS (en vue d’évaluer le taux de 

réduction du palladium), et de flux de percolation.  

La partie centrée sur la catalyse supportée du 3-NP (initialement étudiée en mode recirculation, 

réacteur parfaitement agité) s’attache à évaluer l’impact des conditions de fabrication des 

membranes Pd/PEI/Alginate, notamment en termes de quantité de Pd et de dispersion des NPs 

de palladium en jouant respectivement sur la concentration de la solution de palladium utilisée 

pour charger la membrane et sur le flux de la solution d’ion métallique. Ces deux critères sont 
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supposés influencer les phénomènes d’agrégation (formation d’amas de Pd alors que l’on 

recherche une bonne dispersion de particules nanométriques) mais aussi la formation d’un 

gradient de distribution du Pd (sur la face d’entrée de la solution, à faible débit). Afin d’évaluer 

de manière précise l’impact de ces différents paramètres opératoires de fabrication, les profils 

ont été modélisés au moyen d’une équation cinétique de pseudo premier ordre. La stabilité de 

l’adsorbant est ensuite caractérisée en opérant le traitement de 30 batchs successifs pour évaluer 

la perte d’activité catalytique avant de tester à faible débit d’alimentation les membranes 

catalytiques Pd/PEI/Alginate en mode d’alimentation directe (sans recirculation).   

 

5.2. Introduction 

The use of platinum group metals (PGMs) has attracted increasing attention during the last 

decades due to their outstanding catalytic properties. Palladium, in particular, has been the basis 

for producing electronic devices and automotive catalysts owing to its high catalytic activity in 

various chemical reactions. Previous studies have fully reported the use of metal nanoparticles 

for methylene blue removal [1], nitrophenol hydrogenation [2-5], formaldehyde degradation 

[6], etc. One of the major drawbacks of Pd for catalytic applications is its high cost and thus, 

recovering such metal from waste sources should prove lucrative. Many studies have been 

focusing on the recovery of Pd(II) from acidic solutions (the leaching liquors commonly contain 

a certain amount of acid to efficiently leach Pd(II) from waste catalysts) [7]. On the other hand, 

there is still much scope left for improving its application potential as catalysts. For example, 

the aggregation and poor reusability of the palladium nanoparticles still limits their use. 

Therefore, a stabilizer is commonly needed to enhance the stability of the palladium 

nanoparticles [8]. Those stabilizers can be inorganic or organic supports that have moderate 

affinity towards metal nanoparticles. To date, nanoparticles were mostly immobilized in 

inorganic supports such as SDS-intercalated LDH [9], magnetic supports [10], mesoporous 

silica, zeolites and activated carbon [11]. Unfortunately, it is easy for the metal nanoparticles 

immobilized on those inorganic supports to leach out during reaction process [12]. Moreover, 

the re-use of nanoparticles is still limited as recovery techniques are typically energy intensive 

and laborious. Conventional separation processes such as filtration not only make the treatment 

procedure more time-consuming, but also easily cause catalyst loss [13]. One possible way to 

solve this problem is to decorate the catalyst in magnetic materials [14] . Another way is to 

apply polymers as the supports owing to their simplified synthesis, good stability and easy 

recovery [15, 16].  

Alginate is a natural biopolymer extracted from seaweeds. One of the advantages of applying 

alginate is that this material is versatile in terms of shaping and conditioning owing to gelation 

processes. It can be shaped into nanoparticles [17], gel beads [18-20], membranes [21, 22], 

fibers [23], and membranes [24] for various applications in different fields. Particularly, 

alginate has demonstrated its efficiency as immobilizers through alginate-Ca gelation for 

nanoparticles, such as Ag and Au [25], Ni/Fe [26], Pd [27] and Fe2O3 [28]. Polyethyleneimine 

(PEI) is well known for its metal chelating characteristic owing to the presence of a large 
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number of amine groups (primary, secondary and tertiary amine groups in branched PEI). 

Therefore, alginate-Ca/PEI composite can both coordinate with Pd nanoparticles and act as 

stabilizers for these nanoparticles. In addition, a post-treatment using glutaraldehyde (GA) may 

contribute to strengthen the alginate-Ca/PEI composite; the Schiff-base reaction between PEI 

and GA prevents the degradation of alginate-Ca/PEI composite in complex systems with an 

excess of ions such as K(I) or Na(I) (due to the formation of soluble Na-alginate or K-alginate, 

etc.). Actually, the simultaneous crosslinking mechanisms between interpenetrating polymers 

lead to stable complex structures. This method has been recently applied to elaborate 

alginate/PEI beads for Pd(II) binding immobilize Pd [29], and nanoparticles on alginate/PEI-

GA beads in our group.  However, although the catalyst is recoverable owing to its large size 

(around 3 mm) and stable even in complex systems, its catalytic activity for 3-nitrophenol 

hydrogenation is much lower than the values reported for more conventional catalysts due to 

poor mass transfer property. Compared to conventional shaking or agitating systems, the use of 

a fixed-bed column system could enable continuous water treatment by feeding the wastewater 

into the end of the reactor and obtaining the treated water from the other end. In the case of 

large and homogeneous (in size and shape) support, the natural percolation of the liquid into 

the packing makes the process very effective from a mass transfer point of view. Another 

advantage of this system is that it requires no solid-liquid separation after treatment. A specific 

shaping of the catalysts (such as macroporous membranes) would be favorable for their 

application in this kind of system, avoiding head loss and clogging effects.  Therefore, a more 

porous membrane-like support is highly required to decrease the mass transfer resistance, 

simplify the reaction equipment and improve the reaction rate. 

To address these requirements, highly porous membranes that exhibit outstanding percolating 

characteristics are synthesized. For the first time, the membranes are prepared through the 

reaction between alginate and partially protonated PEI solution. The challenge also consisted 

of using a very simple air-drying process for conditioning the membranes instead of more 

sophisticated drying processes (such as freeze-drying and drying under supercritical CO2 

conditions). To prevent air-drying shrinkage that might cause cracks and water tightness of the 

membranes, the membrane was crosslinked with GA solution: aldehyde functions react with 

free amine groups on PEI. The as-prepared membranes are packed in tubular reactors and tested 

for Pd(II) recovery from acidic solution. The metal loaded membranes are collected for 

preparation of the catalysts by in situ reduction of loaded Pd(II) into Pd(0). The hydrogenation 

of nitrophenol is an ideal model reaction to access the catalytic activity of a variety of metallic 

nanoparticles. In addition, nitrophenol is considered as highly toxic organic pollutant in 

industrial wastewater or agricultural runoff and its reduced product (3-aminophenol, 3-AP) is 

an important intermediate for producing antipyretic drugs.  Therefore, the hydrogenation of 3-

NP by formic acid was used as a model reaction to evaluate the catalytic activity of the catalysts. 

Nitrophenol is reported to be easily reduced to aminophenol by NaBH4 in the presence of metals 

in solution; the metal nanoparticles catalyze this reaction by facilitating electron relay from the 

donor BH4
− to acceptor nitrophenol to overcome the kinetic barrier. However, to avoid using 
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the toxic and high-cost NaBH4 chemical in the water treatment process, the hydrogen donor 

was replaced by formic acid, since this reagent is non-toxic and can be handled and stored easily 

[30]. Gowda et al. [31] reported that formic acid in the presence of 10% Pd-C is a rapid, versatile 

and selective reducing system for a wide range of nitro compounds. Therefore, this study aims 

to evaluate the possibility of using novel alginate/PEI membranes as a stabilizer for Pd 

nanoparticles and determine the catalytic activity of the catalyst packed in tubular reactors for 

3-NP hydrogenation by HCOOH. The first part of the work characterizes the materials using 

techniques such as SEM, TEM, XPS analyses and physical measurements of porosity, water 

flux and satiability under agitation. In the second step, the study focuses on the influence of a 

series of experimental parameters (pH, metal content on the catalyst, molar ratio between the 

feed and the hydrogen donor; i.e., HCOOH) on the kinetics of hydrogenation of 3-nitrophenol. 

5.3. Materials and methods 

5.3.1. Materials 

Manugel GMB alginate was obtained from FMC BioPolymer (Girvan, UK). Branched 

polyethyleneimine (PEI, 50% (w/w) in water), formic acid (99%) and glutaraldehyde (GA, 50% 

(w/w) in water) were purchased from Sigma-Aldrich (Taufkirchen, Germany). Nitric acid (65% 

w/w) and palladium (II) chloride were obtained from R.D. H (Seelze, Germany). Hydrazine 

hydrate N2H4·H2O (reagent grade, 55% ± 5%) was purchased from Sigma Aldrich (Taufkirchen, 

Germany) and 3-nitrophenol (3-NP) were supplied by Fluka (Buchs, Switzerland). The metal 

stock solution was prepared by dissolving 1 g of PdCl2 in 1 L of 1.1 M HCl solution, while 3-

nitrophenol stock solution was prepared by dissolving 1 g into 1 L of pure water with 1 drop of 

NaOH solution (10 M). 

5.3.2. Preparation of membranes 

The process for preparing alginate/PEI (AP) membranes is as follows. One hundred milliliters 

of 4 % alginate solution were first mixed with 400 mL of water. Thereafter, 35 mL of 4 % PEI 

(dissolved in slightly acidic nitric acid solutions) was slowly added into the solution while 

agitating. The mixture was then poured into a container and maintained at 20±1°C for 24 h for 

completing the gelation. Varying the sizes of containers allows manufacturing membranes with 

different thicknesses. After that, the membrane was washed 4 times using deionized water, 

added with 2.5 mL of GA (50%, w/w) and maintained at 20±1°C for 24 h. Finally, the 

membrane was thoroughly washed and air-dried at 20±1°C.  

5.3.3. Immobilization of Pd(II) 

The process of experimental set-up used for metal sorption: the membrane was cut into 

cylinders using a cutter mold and packed in a plastic tube that was fixed above a container filled 

with the Pd(II) solution. The solution was recirculated through the membrane using a peristaltic 

pump (Ismatec, ISM 404, Wertheim, Germany) for 24 h. When the height of the water column 

is around 0.5 cm, the lid is then tightened to seal the recirculation system to maintain a constant 

water pressure on the membrane (constant level of solution at the top of the column). Time 
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starts when the first drop reaches the membrane. The sorption isotherm experiment was 

conducted using solutions containing different concentrations of Pd(II). One liter of solution (at 

pH 1, controlled with H2SO4) was recirculated through AP membrane. Specifically, to study 

the effect of Pd(II) loaded amount, 1 L of Pd(II) solution at different concentrations (i.e., 10-50 

mg Pd L-1) was recirculated through a membrane disc (255 mg, dried weight). The flow rate of 

the pump was set at 30 mL min-1. The effect of flow rate was studied by the contact of 1 L of a 

Pd(II) solution (28 mg L-1) with 255 mg of the membrane at three different flow rates (i.e., 5, 

30 and 50 mL min-1). For the effect of membrane mass, three different masses of the membrane 

cylinders with a same diameter (2.43 cm) but different height were applied for Pd(II) recovery 

from solutions containing a concentration of 28 mg Pd L-1. The flow rate was fixed at 50 mL 

min-1. 

5.3.4. Reduction of Pd(II) into Pd(0) 

Before reduction, the Pd(II)-loaded membranes were thoroughly washed. A previous study [32]  

showed that a small size (~3 nm) of Pd nanoparticles could be obtained by reduction with 

hydrazine hydrate (N2H4·H2O) in alkaline solution. Therefore, in this study, the reduction of 

Pd(II) to Pd(0) loaded on the membranes was performed by gentle stirring (50 mov/min) in a 

solution (200 mL) containing freshly-prepared hydrazine hydrate (0.03 M) and NaOH (0.5 mM) 

at 60 oC for 5 h. The color of the membranes changed from yellowish-brown to dark-gray, 

suggesting the formation of metallic palladium nanoparticles on the surface of the membranes. 

5.3.5. Characterization of materials 

Scanning electron microscopy (SEM) and SEM-EDX (SEM coupled with energy dispersive X-

ray diffraction analysis) were performed using an environmental scanning electron microscope 

Quanta FEG 200 (FEI France, Thermo Fisher Scientific, Mérignac, France), equipped with an 

Oxford Inca 350 energy dispersive X- ray micro-analyzer (Oxford Instruments France, Saclay, 

France). TEM micrographs were obtained on the SEM using the TEM-emulation mode. 

Materials were grinded, sieved (below 250 microns), and dispersed in ethanol solution. A 

micro-drop of the homogenous suspension was deposited at the surface of a grid C film on 

(S160, 200 mesh Ni grid, Agar Scientific, Stansted, UK). XPS studies were carried on a 

Physical Electronics spectrometer (PHI Versa Probe II Scanning XPS Microprobe, Physical 

Electronics, Chanhassen, MN, USA) with monochromatic X-ray Al Kα radiation (100 μm, 100 

W, 20 kV, 1,486.6 eV) and a dual beam charge neutralizer. The spectrometer energy scale was 

calibrated using Cu 2p3/2, Ag 3d5/2, and Au 4f7/2 photoelectron lines at 932.7 eV, 368.2 eV and 

84.0 eV, respectively. Under a constant pass energy mode at 23.5 eV condition, the Au 4f7/2 

line was recorded with 0.73 eV FWHM at a binding energy (BE) of 84.0 eV. XPS spectra were 

analyzed using PHI SmartSoft software and processed using MultiPak 9.3 package. The binding 

energy values were referenced to adventitious carbon C 1s signal (284.8 eV). Recorded spectra 

were systematically fitted using Gauss–Lorentz curves. Atomic concentration percentages of 

the characteristic elements of the surfaces were determined taking into account the 

corresponding area sensitivity factor for the different measured spectral regions. Samples were 
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finely grinded (below 125 µm) to get an analysis representative of the whole mass of the 

materials. 

The apparent density and porosity of the membranes were measured by pycnometer method 

using ethanol as a soaking agent. Water flux (mL cm−2 min-1) was calculated from the flux at a 

unit time on a unit membrane area (the height of the membranes was maintained at 8.0 ± 0.2 

mm); the pressure calculated from the water height was 0.006 bar (calculated by the depth of 

the water on the top of the membrane). The pHPZC of the membranes was measured by titration 

method. Two hundred milligrams of sorbent were mixed with 40 mL of 0.1 M NaCl solution 

for 48 h; the initial pH values (pH0) were adjusted between 2 and 10 using a pH meter (inoLab 

pH 7110, WTW, Germany). The final pH (pHeq) was recorded and plotted against initial pH; 

the pHPZC corresponds to the pH where the plot crosses the first bisector (i.e., pHeq = pH0). 

Stability of the membranes was determined by recording the mass of AP membrane before 

(around 255 mg, dry weight) and after shaking in water at 150 rpm for 2 days. The mass loss 

(%) was calculated after the drying of the structured membrane.  

5.3.6. Catalytic hydrogenation of 3-nitrophenol 

3-nitrophenol (3-NP) hydrogenation was reduced by recirculating a 3-NP solution (100 mL, 50 

mg L-1) containing 0.2% formic acid through a catalyst disc (weight: 255 ± 10 mg). Samples 

were collected and acidified with sulfuric acid (1 mL sample with 20 μL 5% H2SO4) before 

being analyzed using a UV spectrophotometer (Varian 2050) at 332 nm [33]. According to a 

previous study [34], the hydrogenation of 3-NP by formic acid can be expressed as Figure 5-1. 

Different parameters may influence the conversion of 3-NP into 3-AP (3-aminophenol), such 

as the pH of the solution (controlled by NaOH or HNO3), the molar ratio between the hydrogen 

donor and the feed (HCOOH/3-NP), and the flow rate. The reuse of the catalyst was also 

investigated for 30 cycles. Full experimental conditions are systematically reported in the 

caption of figures. 

 
Figure 5-1 Hydrogenation of 3-NP into 3-AP with formic acid (as hydrogen donor). 

 

5.3.7. Statistical analysis 

Selected experiments were duplicated. Average values and standard deviations were calculated. 

Moreover, 3-NP hydrogenation using catalysts prepared from different membranes was carried 

out to evaluate the reproducibility of the manufacturing procedure. The overlapped plots shown 

in Figure 5-2 indicate that the synthesis of AP/Pd catalyst is reproducible. 
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Figure 5-2 3-NP reduction using AP/Pd catalysts prepared by different foams (Pd 

amount: 27 mg; C0 (3-NP): 50 mg L-1; Flow rate: 60 mL min-1; C(HCOOH): 0.2%). Note: 

Foam1 and Foam2 represent foams prepared at different time, while Foam1-1, Foam1-

2, Foam1-3 represent different catalysts prepared by Foam1 and likewise as Foam2-1, 

Foam2-2 and Foam2-3. 

 

5.4. Results and discussion 

5.4.1. Characterization of materials 

 

(1) Membrane stability (mechanical agitation) and physico-chemical properties 

Table 5-1 gives the measured values of several physicochemical properties of the membranes 

before and after metal loading process. The pHPZC is 6.29 for the raw AP membranes. At pH < 

pHPZC, positively charged surface of AP membranes can attract the chloro-anionic species of 

palladium [35]. The density is 0.0637 g cm−3; after sorption, density slightly increases up to 

0.0644 g cm−3, which is probably related to more compact structure of the membranes (see 

SEM images, Figure 5-3). Therefore, Pd(II)-loaded AP membrane also presents a slightly lower 

porosity than the raw material. Despite strong shaking, both free and metal loaded membranes 

maintain a low mass loss around 3%; this high stability enables the reusability of AP/Pd catalyst. 

The stability of Pd nanoparticles on the catalyst is a key criterion for designing a heterogeneous 

catalyst. For example, Vincent et al. [35] reported the beneficial use of ionic liquid for 

stabilizing palladium in alginate-based catalysts (Pd(II) being reduced after binding to the ionic 

liquid immobilized in alginate capsules): the strong interaction between phosphonium cation 

and anionic chloropalladate species prevents the leaching of palladium and increase the life of 

the catalyst.  
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Figure 5-3 SEM-EDX micrographs of raw and Pd(II) loaded membranes. 

 

Table 5-1 Physico-chemical characteristics of raw and Pd(II) loaded AP membranes. 

Properties AP membrane Pd(II) loaded AP membrane 

pHPZC 6.29 − 

Water flux (mL cm−2 min-1) 24.81±0.48 19.27±1.34 

Porosity (%) 70.93±1.60 69.79±0.22 

Density (g cm−3) 0.0637±0.0005 0.0644±0.0005 

Stability (mass loss, %) 2.98±0.14 2.91±0.26 
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The BET analysis of the membrane is not reported here. Preliminary tests showed that specific 

surface area (SSA) does not exceed 2-3 m2 g-1. This means that the hyper-macroporous material 

has limited micro/mesoporosity (which would contribute to the SSA). Complementary tests 

showed that a final drying under more sophisticated drying conditions (freeze-drying or drying 

under supercritical CO2 conditions) did not significantly changed the SSA. 

 

(2) Morphological observations  

SEM imaging (Figure 5-3) shows the interconnected porous network that randomly distributed 

on the surface and vertical section of the raw membranes, contributing to their high-percolating 

properties. After loading Pd(II), the pore wall of the membranes becomes more compact. This 

result is in agreement with the decrease in porosity and water flux after the sorption process. 

This change in structure could be due to the pressure of the circulation sorption system and the 

re-drying process after metal sorption. In addition, the reaction of amine groups with anionic 

chloropalladate species may contribute to form additional interchain bonds. EDX analysis 

mainly shows the presence of C and O elements. The resolution and the sensitivity are not 

sufficient to achieve the identification of N peak within the forest of peaks (including C and O 

strong peaks), despite the presence of numerous amine functions on PEI. After Pd(II) sorption, 

a large peak of Pd is found in/on the membranes. The semi-quantitative analysis shows that the 

surface of the catalyst bears up to 17.7% (w/w) of palladium, while the metals reaches up to 

18.9 % in the internal part of the material: the catalyst is homogeneous in terms of distribution 

of Pd. The EDX element mapping (Figure 5-4) further confirms that the Pd(II) is well dispersed. 

Besides, Cl element appears in the membranes. This can be the first evidence that Pd(II) is 

bound under the form of chloro-palladium complexes. A small amount of S element is also 

detected (0.7%), because the pH was adjusted using H2SO4 and SO4
2−/or HSO4

− could also bind 

to amine groups. The semi-quantitative analysis of Pd should simply be considered indicative. 

Indeed, the mass balance on Pd concentrations before and after sorption, shows much lower 

values (27.2 mg Pd loaded on 255 mg of membrane; after sorption and metal reduction the final 

weight is close to 308 mg; i.e., a Pd loading close to 8.8 %, w/w).  
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Figure 5-4 Pd cartography of Pd(II) loaded membranes: (a) surface and (b) vertical 

section. 

 

(3) Sizing of Pd nanoparticles on the catalytic membranes 

The high-magnification mode on SEM allows observing (a) the presence of Pd(II) (the high 

atomic weight of Pd gives a good contrast for identifying the localization of metal binding zones 

at the surface of the material), (b) the distribution of Pd nanoparticles (small spots). Figure 5-5a 

shows a rugged surface of Pd(II) loaded AP membranes. After reduction using hydrazine 

hydrate, Pd(II) is, at least partially, converted into Pd nanoparticles (small spots on Figure 5-5b, 

of lower individual surface area than the surface area of Pd(II) loaded zones, in Figure 5-5a). It 

is noteworthy that these nanoparticles are remarkably well distributed; this can be explained by 

the good dispersion of PEI in the alginate/PEI material. Similar trends were observed for 

algal/PEI beads catalysts: when PEI is incorporated as GA-crosslinked microparticles the 

distribution of small Pd nanoparticles is less homogenous than when the algal beads were 

impregnated with PEI (before being crosslinked with GA) [36]. 

Despite a few aggregates of individual Pd nanoparticles, the TEM images presented on Figure 

5-5c again confirms the good dispersion of these particles. The size of Pd particles (shown on 

Figure 5-5d) mainly ranges between 4.5 and 10.5 nm (i.e., average value: 7.61 ± 1.93 nm), 

slightly larger than those free particles previously reported [37, 38]; however, with the 

advantage of immobilization for a readily recycling or re-use. It was reported that Pd 

nanoparticles with a size of 6-8 nm are appropriate for alkene hydrogenation reactions [39]. 
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Figure 5-5 SEM micrographs of (a) Pd(II)-loaded and (b) surface of Pd nanoparticles -

loaded membranes, (c) TEM micrographs of  Pd nanoparticles -loaded membranes and 

(d) size distribution of Pd particles. 

 

(4) XPS characterization – Modes of interaction and oxidation states of Pd 

Figure 5-6 shows the XPS survey of the materials (raw membrane, AP; AP after Pd(II) loading, 

AP-Pd(II); AP-Pd(II) reduced, as the catalyst; and catalyst after 30 cycles of usage). The survey 

curves confirm the presence of N element (as a marker for PEI incorporation) and O element 

(marker of the biopolymer). The sorption of Pd is characterized by the characteristic signals of 

Pd 3d bands (and additional weaker signals, such as Pd 4p, Pd 3p, Pd 3s or Pd MNN). It is 

noteworthy that after Pd(II) sorption the sorbent bears chloride ions (Cl 2p signal); this means 

that at least a significant fraction of Pd(II) is bound as chloro-anionic species. After reduction 

(and also after 30 cycles of use) the intensity of this signal is drastically reduced (almost 

disappearing). Figure 5-7 to Figure 5-10 report the HRES spectra for specific C 1s, O 1s, N 1s, 

Pd 3d and Cl 2p. Their assignments and their relative fraction for (a) identifying the binding 

mechanisms, (b) the effective reduction of Pd(II) into Pd(0), and (c) evaluating the stability of 

the catalyst after intensive use.  
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Figure 5-6 XPS survey analysis of AP, AP-Pd(II), AP-Pd(II) Reduced (catalyst) and 

catalyst after 30 Cycles. 

  

 

 

Figure 5-7 XPS analysis of AP sorbent. 
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Figure 5-8 XPS analysis of AP-Pd(II). 
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Figure 5-9 XPS analysis of AP-Pd(II) Reduced. 

 

  

  
Figure 5-10 XPS analysis of catalyst after 30 Cycles. 
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The XPS analysis of AP sorbent confirms the presence of carboxylate groups (both on C 1s and 

O 1s signals) and amine and quaternary ammonium groups (399.1 eV (71%) and 401.1 eV 

(29 %), respectively). The protonation of amine groups and the quaternary ammonium sites are 

favorable for the sorption of anionic species (such as chloro-anionic species). After Pd(II) 

sorption the appearance of chlorine element confirms the binding of these chloro-anionic Pd 

species on the sorbent; a third band associated with N element appears as the bond between N 

and Pd. This is also confirmed by the coexistence of two pairs of deconvoluted bands (Pd 3d5/2 

and Pd 3d3/2) for Pd 3d signal corresponding to Pd-N (about 40 %), Pd-Cl (about 60 %) bonds. 

After Pd(II) reduction on the sorbent (synthesis of Pd(0) supported catalyst), the N 1s core level 

spectrum is very close to the spectrum for AP material (though the peak at high BE is now 

appearing as N-Pd species  rather than the ammonium form). It is noteworthy that the C 1s 

signal loses its symmetry for the two highest bands, representative of adventitious C, C-C and 

–C=C- that increases comparatively to the second band representative of C-OH, C-O-C and C-

N chemical groups. This probably means that the reduction conditions affected the chemical 

environment of these functional groups (including a reductive action on these groups). The 

intensity of Cl 2p signal strongly decreased and it was not possible getting a clear identification 

of the bands: the reduction releases chloride by conversion of PdCl4
2- species into Pd(0). 

Obviously, the reduction is characterized by the appearance of a new band for Pd 3d: the signal 

is deconvoluted on 3 pairs of bands corresponding to Pd-Cl (28 %), Pd-N (28 %) and Pd(0) 

(44 %) forms. This means that the reduction of Pd(II) is only partial. This may affect the 

catalytic activity of the membrane. The comparison of the XPS spectra for the different bands 

between AP-Pd(II) reduced and catalyst after 30 cycles shows that the profiles are roughly 

comparable: this is a clear demonstration of the stability of the support. The main differences 

are essentially identified in terms of relative fractions: distribution between –NH and N-Pd 

forms, and a little decrease in the proportion of Pd(0) (from 44 % to 37 %). 

These results show some trends: 

(a) metal binding occurs through electrostatic attraction/ion exchange between protonated 

amine groups (of PEI) and chloro-anionic Pd species 

(b) a partial reduction of Pd(II) happens (limited to 44 %). 

(c) there is a relative chemical stability of the AP-Pd(0) after 30 cycles of use. 

5.4.2. Effect of Pd loading 

Previous studies have suggested that the incorporation of PEI significantly improves the 

sorption capacity for Pd(II) from acidic solution owing to the abundant amine groups on this 

material. Thus, the alginate/PEI membrane is not only potentially a stabilizer for Pd 

nanoparticles, but also a potential sorbent for Pd(II) recovery. To test the sorption property of 

AP membranes for Pd(II) from acidic solution, the sorption isotherms were carried out by 

recirculating solutions containing different concentrations of Pd(II) through a fixed mass of AP 

membrane. It is noteworthy that, due to the amount of hydrochloric acid (1.1 M) in the stock 

solution, the predominant palladium species in those diluted working solutions is PdCl4
2−. 

Figure 5-11 shows that the maximum sorption capacity reaches up to 223.6 mg Pd g-1. The 



171 
 

partial protonation of amine groups makes the sorbent cationic at mild acid pH and then capable 

of binding chloro-anions. The eventual co-existence of free amine groups might also contribute 

to bind uncharged or free Pd(II) species; nevertheless, the strong predominance of chloro-

anionic species limits the relevance of this mechanism. Table 5-2 reports Pd(II) sorption 

properties for a variety of materials. In general, phenolic hydroxyl groups-based materials such 

as tannin show the lowest sorption capacity among the listed materials. The sorption mechanism 

was reported as a combination of ligand substitution and redox reaction [40]. The raw algal 

biomass that contains a certain amount of amine and carboxyl groups shows comparable 

(slightly higher) sorption property compared to tannin. Amine group-based chitosan derivatives 

and aminated alginate and algal beads possess the highest sorption capacity; these materials can 

bind chloro-palladium complexes from acidic solution through electrostatic attraction [41] or 

coordinate to palladium(II) in neutral solution [42]. Owing to the abundant amine groups 

brought by PEI and the higher accessibility of the sorption sites on porous AP membranes, 

especially compared to the polymer beads, the membranes present much higher sorption 

capacity than other materials listed. This outstanding affinity of the membranes for Pd(II) is 

critical for improving the stability of Pd nanoparticles immobilized on this support. Indeed, a 

strong binding contributes to reduce metal leaching during the catalytic cycle; this is an 

especially important challenging for the development of efficient heterogeneous catalysts.  

 
Figure 5-11 Pd(II) sorption isotherms using AP membranes (sorbent dosage  0.25 g L-1; 

pH: 1, adjusted by H2SO4 or NaOH; contact time  48 h; T  20 oC; flow rate  30 mL 

min-1). 

 

Contrary to other nanoparticles, Pd nanoparticles immobilized on the membranes offer 

opportunities for application in fixed-bed column system in either recirculation mode or one-

pass mode. Since Pd(II) is in situ reduced into Pd(0) on the membranes, the different conditions 

during loading process may lead to a change in distribution of Pd nanoparticles on the supports, 

and thus affect the catalytic performance. Therefore, the effect of Pd loading amount, flow rate 
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and membrane height during loading process was firstly studied in recirculation mode. The Pd 

loading amount is one of the most critical factors that markedly affect catalytic activity [43]. 

To study the effect of Pd loading amount, solutions with different initial Pd(II) concentrations 

(11, 16, 21, 28, and 52 mg L-1) were recirculated through the membrane (weight: 255 ± 10 mg). 

The recovery efficiencies are 100, 99.8, 98.5, 97.1 and 71%, respectively and the corresponding 

sorption capacities are 43.8, 67.7, 84.0, 110.4 and 154.5 mg g-1, respectively.  

Table 5-2 Pd(II) sorption properties of a series of sorbents. 

Sorbent pH qm 

(mg g-1) 

Ref. 

Valonea tannin–formaldehyde resol resin 2 16.0 [44] 

Tannin immobilized collagen fiber (BTICF) membrane 4 27.7 [45] 

R. lanuginosum biomass 5 37.2 [46] 

Montmorillonite modified alginate beads 4 99.0 [47] 

Laponite modified alginate beads 4 146.9 [47] 

L. digitata/PEI beads 1 90.5 [29] 

C. crispus/PEI beads 1 142.6 [29] 

Chitosan 6 90.9 [48] 

Glutaraldehyde cross-linked chitosan resin 8 167.0 [48] 

Ionic liquid impregnated chitosan 3 187.6 [49] 

AP membrane 1 223.6 This work 

 

After metal reduction, these as-prepared catalysts loaded with different Pd amounts were 

compared for 3-NP hydrogenation. A controlled experiment was performed with the raw 

membrane. As shown in Figure 5-12a, the concentration of 3-NP is not significantly reduced 

with the raw membrane, indicating that the hydrogenation of 3-NP is negligible in the absence 

of the active phase and that the sorption of the contaminant onto the membranes is also limited. 

Despite a slight decrease when applying membranes loaded with 11 mg or 16 mg Pd, their plots 

are almost overlapped with the kinetic profile obtained with the raw material. When the amount 

of Pd increases to 21 mg or higher, the concentration of 3-NP decreases significantly with 

increasing reaction time; however, the reason causes such a sharp improvement of 

hydrogenation efficiency remains unclear. The hydrogenation completely converts 3-NP into 

3-AP within 10 min, showing the marked catalytic performance of AP/Pd catalyst. This reaction 

is well-known to follow the pseudo-first-order kinetics because an excess of HCOOH was used 

for the conversion process. To verify this hypothesis, ln(Ct/C0) was plotted against reaction time 

(Figure 5-12b). The fine linear relationship confirms that this model is appropriate to describe 

the kinetics. To compare the catalytic efficiencies, the apparent rate constants (k, s-1) and the 
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catalytic activity (kPd=k/mPd; s-1 g-1) were calculated. Due to its lowest number of Pd sites, 

AP/Pd21 mg has the slowest reaction with a k value of 6.52 × 10−3 s-1. When the loading Pd 

amount grows by 6 mg, the reaction constant rate increases to 8.18 × 10−3 s-1. Further increase 

in the Pd content from 27 mg to 37 mg does not change the rate constant value significantly. 

Similar result was reported by Jadbabaei et al. [50], who concluded that a higher Pd content 

does not necessarily result in higher catalytic activity, and the optimum Pd loading amount (i.e., 

the lowest Pd amount without sacrificing reactivity) is when the sorbed nitrophenol during the 

reaction is just non-detectable. Indeed, the kPd calculated for AP/Pd37 mg (0.25 s-1 g-1) is much 

lower than that of AP/Pd27 mg (0.30 s-1 g-1) and AP/Pd21 mg (0.32 s-1 g-1). The excessive loading 

of the support with catalytic metal (and further metal nanoparticles) may lead to agglomeration 

of particles with lower accessibility and less rationale use of the metal catalyst. Indeed, a 

previous study showed that an overloading Pd(II) on PEI particles resulted in large aggregates 

[36]. To maintain a high value for both k and kPd, AP/Pd27 mg was chosen for further experiments. 

  

(a) (b) 

Figure 5-12 Effect of Pd loading amount on the membranes on the hydrogenation of 3-

NP (Pd(II) sorption process: Membrane mass  255±10 mg; Flow rate  30 mL min-1; C0 

(Pd(II))  10-50 mg L-1. 3-NP hydrogenation: C0 (3-NP)  50 mg L-1; Volume  0.1 L; pH 

(unadjusted) 2.861; Flow rate  50 mL min-1; C(HCOOH)  0.2%): (a) Ct/C0 versus 

reaction time; (b) ln(Ct/C0) versus reaction time. The inset in (a) shows the photos of the 

catalysts loaded with different amount of Pd (increasing in the order from 1 to 5); the 

controlled experiment corresponds to the blank (membrane without Pd). 

5.4.3. Effect of flow rate during Pd sorption on catalytic performance 

The recirculation-mode system proposed for metal loading in this study requires a specific 

analysis of sorption kinetics regarding the necessity to force the solution to flow through the 

sorbent and to ensure the meal ions can be well dispersed on the membranes [51, 52]. A slow 

flow rate (FL) may easily lead to an accumulation of Pd(II) at the upper layer of the cylinder 

and to longitudinal metal gradient along the membrane packing. Figure 5-13a shows that a 

higher flow rate produces catalysts with higher catalytic performance. The value of k (shown 

in Figure 5-13b) increases significantly from 1.9 × 10−3 s-1 to 7.9 × 10−3 s-1 as the flow rate goes 

up from 5 mL min-1 to 30 mL min-1. Further increasing the FL only leads to a slight 
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improvement on the apparent rate constant, the beneficial effect of increasing flow velocity 

tends to stabilize. Therefore, an even higher FL was not tested. The reason that causes this 

phenomenon should be that a higher FL leads to a more homogenous and less condensed 

distribution of Pd that allows more Pd sites to remain accessible as overloading due to 

heterogeneous dispersion may prevent sorption sites accessibility. The inset photo in Figure 

5-13a shows the bottom of the cylinder. It is clear that at a low FL, the Pd loading is 

inhomogeneous with lower loading in the yellow (close to the raw color of the membranes) 

area. This inevitably leads to Pd overloading in other part and consequently to less accessible 

of Pd sites. Therefore, a FL of 50 mL min-1 was used for Pd(II) loading process in further 

experiments. 

  

(a) (b) 

Figure 5-13 Effect of flow rate applied for Pd(II) sorption on the hydrogenation of 3-NP 

(Pd(II) sorption process: Membrane mass  255±10 mg; C0 (Pd(II))  28 mg L-1. 3-NP 

hydrogenation: Pd amount  27 mg; Volume  0.1 L; C0 (3-NP)  50 mg L-1; pH 

(unadjusted)  2.86; Flow rate  50 mL min-1; C(HCOOH)  0.2%): (a) Ct/C0 versus 

reaction time; (b) ln(Ct/C0) versus reaction time. The inset in (a) shows the photos of the 

catalysts prepared by different flow rates. 

5.4.4. Effect of membrane height during Pd sorption on catalytic performance 

The effect of membrane height was studied using different masses of membranes with a same 

diameter. The masses of the membranes are 175, 255 and 313 mg and their corresponding 

thicknesses measured are 0.58, 0.85 and 1.06 cm, respectively. The values of Pd(II) loading 

amount on the membranes are very close, which are 26.1, 27.2 and 27.7 mg g-1, respectively. 

Because the same amount of palladium (volume and concentration) has been circulated through 

the membranes of different heights, the density of Pd decreases with increasing membrane 

depth. Figure 5-14 shows that increasing the membrane thickness does not affect the 

hydrogenation efficiency; the recirculation mode may explain this result. However, the 

comparison of the apparent rate constants shows a higher relative catalytic activity for the 

thinner membrane (thickness: 0.85 cm). The less dense Pd distribution associated with the 

membrane thickness increase may thus result in fewer aggregates of the particles and thus 

increase the reduction performance. However, increasing the depth of the catalytic membrane 
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does not enhance catalytic performance. This result can be partially explained by a change in 

the effective flow velocity (permeate flux) in the catalyst module. The amount of water passing 

through these membranes with different thicknesses at a speed of 50 mL min-1 for 1 min was 

recorded for different depth of membrane. The volume passed through the membrane decreases 

from 49.8 ± 0.8 mL, to 47.8 ± 0.4 mL and to 41.1 ± 0.3 mL for depths increasing according 

0.58 cm, 0.85 cm and 1.06 cm, respectively. Increasing the depth of the catalytic membrane 

modulates the admissible flow rate under selected experimental conditions. 

  

(a) (b) 

Figure 5-14 Effect of membrane height on the hydrogenation of 3-NP (Pd(II) sorption 

process: Membrane mass: 175 mg, 255 mg and 313 mg (corresponding to the height of 

0.58, 0.85 and 1.06 cm, respectively); C0 (Pd(II))  28 mg L-1. 3-NP hydrogenation: Pd 

amount, 26.1 mg, 27.2 mg and 27.7 mg (corresponding to the height of 0.58, 0.85 and 

1.06 cm, respectively); C0 (3-NP)  50 mg L-1; Volume  0.1 L; pH (unadjusted)  2.84; 

Flow rate, 50 mL min-1; C(HCOOH)  0.2%): (a) Ct/C0 versus reaction time; (b) ln(Ct/C0) 

versus reaction time. The inset in (a) shows the photos of the catalysts prepared using 

different mass of membranes. 

 

5.4.5. Effect of solution pH and HCOOH concentration on catalytic performance 

The solution pH may affect the catalytic reaction by changing the surface charge and the 

dissociation of the substrate and the hydrogen donor. The pKa values of primary, secondary, 

and tertiary amine groups on PEI are 4.5, 6.7, and 11.6, respectively [53], while that of formic 

acid is 3.75 [54]. Figure 5-15a shows that degradation kinetics overlap when the initial pH is 

pH 3 or pH 4. Whereas when the initial pH decreases to pH 2 or increases to pH 5, the 

degradation rate decreases significantly. In addition, under these unfavorable conditions the 

residual concentration of 3-NP decreases but does not reach a plateau within selected contact 

time. The value of k calculated for pH 2 is 3.2 × 10−3 s-1 and 3.3 × 10−3 s-1 for pH 5, which are 

much lower than those of pH 3 and pH 4 (8.3 × 10−3 s-1 and 8.2 × 10−3 s-1, respectively). One 

plausible explanation can be the pH dependence of the electrostatic interaction between formic 

acid/formate and the catalyst surface [34]. A higher solution pH makes the catalyst surface more 

negative and inhibits the access of formate (HCOO−) anions; while at low pH, the competition 
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of competitor ions (brought by sulfuric acid for pH adjustment) may also decrease the binding 

of HCOO−. 

  

(a) (b) 

Figure 5-15 (a) Effect of solution pH on the hydrogenation of 3-NP (Pd amount  27 mg; 

C0 (3-NP)  50 mg L-1; Flow rate  50 mL min-1; C(HCOOH)  0.2%); (b) Effect of HCOOH 

concentration on the hydrogenation of 3-NP (Pd amount, 27 mg; C0 (3-NP)  50 mg L-1; 

Flow rate  50 mL min-1). 

 

The effect of the concentration of HCOOH was studied to select the optimal amount of HCOOH 

for 3-NP hydrogenation. The concentration of 3-NP was fixed at 50 mg L-1, while that of 

HCOOH varied from 0.025 % w/w to 0.4 % w/w (corresponding to molar ratio of HCOOH/3-

NP of 20 to 320) (Figure 5-15b). At low formic acid concentration (i.e., lower than 0.1 % w/w), 

the catalytic efficiency and the rate of 3-NP conversion are strongly decreased. Increasing the 

concentration of HCOOH above 0.2 % w/w does not significantly influence the catalytic 

activity. Thus, a HCOOH/3-NP molar ratio of 160 (0.2 % w/w of HCOOH for 3-NP 

concentration close to 50 mg L-1) was chosen for further study. These conditions correspond to 

a strong excess of hydrogen donor and a negligible variation in its concentration during the 

catalytic reaction; this may explain that the kinetic profile can be modeled using the pseudo-

first order rate equation. 

5.4.6. Effect of flow rate during catalytic  

The overall hydrogenation efficiencies are very similar at all flow rates (data not shown). 

However, the apparent rate constant, shown in Figure 5-16a, significantly increases with 

increasing flow rate. In the mode of recirculation, a slow flow rate reduces the amount of 

wastewater to be treated in a given time. In this case, a higher flow rate (i.e., a shorter contact 

time) may be generally preferred for a better catalytic performance. Therefore, in further studies, 

60 mL min-1 was chosen as the optimum flow rate as the higher flow rate of 70 m Lmin-1 showed 

no significant difference.  
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(a) (b) 

Figure 5-16 (a) Effect of flow rate on the hydrogenation of 3-NP (Pd amount  27 mg; C0 

(3-NP)  50 mg L-1; C(HCOOH)  0.2%); (b) Reuse of the catalyst for 3-NP hydrogenation 

(Pd amount  27.3 mg; C0 (3-NP)  50 mg L-1; Flow rate  60 mL min-1; C(HCOOH)  

0.2%). 

 

5.4.7. Turnover frequency (TOF) and recyclability of the catalyst  

Besides the high catalytic activity and ease of recovery, a high catalytic stability is another 

highly required property for practical application. A reuse test was carried out over 30 cycles 

using AP/Pd catalyst. Owing to the specificity of the recirculation sorption system, separation 

process is not necessarily required; the membrane catalyst was washed using 100 mL of water 

and reused directly in the next round by replacing the treated solution with a freshly-prepared 

3-NP solution. This should be advantageous in terms of easiness for practical applications. The 

results shown on Figure 5-16b indicate the catalytic activity of the Pd nanoparticles stabilized 

on AP membranes maintains unchanged for 14 successive cycles; significant decrease only 

appears after 20 cycles. This confirms that AP/Pd membranes are stable and reusable at least 

for 20 cycles. In most cases, the loss of catalytic activity is primarily due to metal leaching or 

support degradation. Indeed, the Pd loading amount of the catalysts determined by H2SO4-H2O2 

digestion before and after 30 cycles is reduced by from 25.4 mg to 23.3 mg (8.3 % loss, shown 

in Table 5-3). The metal loss is partially caused by the support loss; mass loss of the catalyst 

before and after the 30 cycles is found to be 3.89%. Despite these facts, the catalytic activity of 

AP/Pd catalyst at 30-th cycle is still acceptable; actually, the loss on rate coefficient at the last 

cycle does not exceed 18 %. This can be explained by the well dispersion of Pd nanoparticles 

on AP membranes even after consecutive cycles; only a few aggregates of the nanoparticles are 

observed in the TEM image (shown on Figure 5-17, see SI) and the mean size measured is 8.00 

± 2.08 nm, which is close to the raw catalyst. The XPS analysis of recycled catalyst also 

confirmed minimal changes compared to original catalyst (Figure 5-9 and Figure 5-10). 

Another possible reason could be the partial decrease in the fraction of Pd effectively reduced 

on the catalyst (from 44 % to 37 %). 
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Table 5-3 Mass loss and Pd amount of AP/Pd membranes before and after 30 cycles. 

Sample Total mass (mg) Pd concentration (mg g-1) Pd amount (mg) 

Raw AP/Pd 316.4 80.3 ± 1.2 25.4 ± 0.4 

Reused AP/Pd 304.1 76.5 ± 1.7 23.3 ± 0.4 

 

 
Figure 5-17 TEM image of reused AP/Pd catalyst. 

 

Table 5-4 compares the catalytic performance of AP/Pd membranes with catalysts reported in 

the literature for the hydrogenation of nitrophenol compounds. When treating 100 mL of 50 mg 

L-1 3-NP solution, the rate constant is slightly lower than Pd/silica [55], but very competitive 

compared to other catalysts [56-61]. The outstanding catalytic activity should be due to high 

amount of Pd loaded and well dispersion of Pd nanoparticles. Moreover, when compared to Pd 

nanoparticles supported on a similar material (algal biomass beads [36]), the rate constant 

improves significantly. This is owing to the much more porous structure of AP membranes and 

the unique treatment system (fixed-bed column system) that allow more effective mass transfer 

process. In order to further compare the catalytic activity of AP/Pd membranes with other 

catalysts reported previously, the turnover frequency (TOF, defined as the number of 3-NP 

molecules per metallic Pd per minute based on the total mass of metallic Pd, the unit is mmol 

mmol-1 min-1) of AP/Pd was evaluated from apparent rate constant (k). The value of TOF is 

0.184 mmol mmol-1 min-1 when the concentration of 3-NP is 700 mg L-1, which is higher to 

those of Pd/Fe3O4 composites [62] and Pd-TNCs [63], but much lower than other catalysts [55, 

64, 65]. However, it is noted that in this study, a much less poisonous agent (HCOOH), 

compared to NaBH4 that was previously used in these literatures, was applied as hydrogen 

donor. In addition, all the catalyst composites listed are all nano-scale, which could lead to the 

difficulty of recovery or poor stability. For example, Xue et al. [58] observed a decrease on 

catalytic activity when reusing Pd/polypyrrole nanocapsules after the first hydrogenation. 
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Similarly, another study [66] showed that the catalytic activity of Pd/CuO nanoparticles 

decreased gradually during 6 cycles. Wang et al. [62] reported that the catalytic activity of 

Pd/Fe3O4 spheres decreased significantly in subsequent runs; the conversion decreased from 

85% in the first cycle to 22% in the fifth cycle. These results indicate that the catalyst undergone 

gradual and relatively fast deactivation. They attributed this deactivation to the interaction 

between the aminophenol molecules and the Pd nanoparticles; the lone pair electrons on the N 

atom in aminophenol coordinate to the 4d orbitals of the palladium atoms, and as a result the 

catalytically active sites of the Pd nanoparticles are poisoned. The abundant amine groups on 

the membranes, a large size of the support and the uniqueness of the treatment system that 

requires no solid-separation process help the stability of AP/Pd catalyst for reusing in 

successive cycles. Therefore, compared to these nano-scale catalyst composites, the main 

advantages of AP/Pd membranes are: (1) no requirement of separation process after treatment, 

(2) high stability and (3) flexibility concerning the treatment system. Indeed, the membranes 

can be easily applied in fixed-bed system, using recirculation mode or one-pass mode.  

Table 5-4 Comparison of the catalytic hydrogenation of nitrophenol compounds using 

various catalysts. 

Composites Type 
k × 103 

(s-1) a 

nnitrophenol 

(mmol) 

nPd 

(mmol) 

TOF 

(min-1) 
Ref. 

HABA/PEI (Pd) Millimeter-scale beads 0.022 − − − [36] 

Ni–Pt Nanoparticles 1.93 − − − [56] 

PNIPA gels (Ag) Core–Shell nanoparticles 3.50 − − − [57] 

Pd/polypyrrole Nanocapsules 8.87 − − − [58] 

Pd/Fe3O4@SiO2

@KCC-1 
Nanocomposites 1.96 − − − [59] 

Pd/nano-silica Nanocomposites 8.00 − − − [60] 

Pd/polyelectrolyt

e brushes 
Nanocomposites 4.40 − − − [61] 

Pd/microgels Nanocomposites 1.50 − − − [61] 

Pd/RGO b Nanocomposites − 1 1.2 6.38 [64] 

Pd1(Co)15/RGO Nanocomposites − 1 0.5 396 [64] 

Pd/silica Nanocomposites 11.80 − − 1.126 [55] 

Concave Pd-

TNCs 
Nanoparticles − 2×10−4 1.5×10−4 0.148 [63] 

Flat Pd-TNCs Nanoparticles − 2×10−4 1.5×10−4 0.095 [63] 

Solid Pd/Fe3O4 Nanocomposites − 2.16 0.02 0.01 [62] 

Hollow Pd/Fe3O4 Nanocomposites − 2.16 0.02 0.015 [62] 

Pd/graphene Nanohybrids 2.35 2.9×10−4 5×10−8 13.63 [65] 

AP/Pd Foam 9.70 0.036 0.25 0.082 c 

AP/Pd Foam 1.53 0.50 0.25 0.184 c 

a k: apparent rate constant. b RGO: reduced graphene oxide. c: this study. 
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5.4.8. Synthesis of AP/Pd and pathway of 3-NP hydrogenation 

Figure 5-18 shows the mechanism of preparation of AP/Pd catalysts and suggests the reaction 

pathway for the 3-NP hydrogenation by HCOOH. The pKa of carboxyl groups on alginate is 

approximately 4, while those of primary, secondary, and tertiary amine groups on PEI were 

reported as 4.5, 6.7, and 11.6, respectively [53]. Therefore, a simple pH adjusting makes the 

crosslinking between negatively charged carboxyl groups on alginate and positively charged 

amine groups on PEI possible. Besides, to improve the stability of the membranes, the free PEI 

on alginate was further crosslinked with GA as a post-treatment. In this case, alginate 

constitutes the support for PEI-GA; meanwhile, the PEI-GA crosslinking, in turn, improves the 

stability of the membranes. This double crosslinking avoids the collapse of the porous structure 

of the membranes. Unlike the conventional methods for preparing alginate-based membranes, 

AP membrane does not require strict drying conditions. An air drying process barely shrinks 

the porous material. The high percolating property allows palladium solution pass the material 

in a fixed-bed column system with a high flow rate, leading to good dispersion of Pd. After 

metal reduction, Pd nanoparticles can be firmly immobilized by the abundant amine groups on 

AP membranes, contributing to the high stability of the catalyst when reusing. This is consistent 

with the result from the “recyclability of the catalyst” section. To conclude, AP support plays 

an essential role in the determining the dispersion and stability of Pd nanoparticles:  

(a) the surface of AP is positively charged due to the abundant amine groups on PEI, while Pd 

nanoparticles are generally negatively charged. Thus, Pd nanoparticles can be firmly 

immobilized through electrostatic interaction;  

(b) the presence of alginate helps in distributing amine groups to the whole mass of AP 

membrane, preventing the aggregation of Pd nanoparticles trapped by amine groups;  

(c) the unique structure (porous membrane) allows the application in fixed-bed column system. 

Thus, when loading metal ions, the high flow rate (such as 50 mL min-1) can be applied and is 

beneficial to the good dispersion of Pd. 
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Figure 5-18 Mechanism of preparation of AP/Pd catalysts and proposed reaction 

pathway for the 3-NP hydrogenation by HCOOH 

 

The decomposition of formic acid was reported to proceed through either the carboxyl (COOH) 

route or formate (HCOO) route [67]. The former process begins with the C-H bond dissociation 

and continues with the OH one, while the latter one starts with the O-H bond breaking, forming 

stable bidentate formate HCOOB intermediate. The presence of Pd nanoparticles induces the 

capture of hydrogen from HCOOH and thus assists the dissociation of HCOOH. Thereafter, the 

H· radical attacks the positively charged nitrogen of 3-NP, catalyzing the hydrogenation of 3-

nitrophenol to the 3-aminophenol.  

5.4.9. Tests in dynamic systems (one-pass mode) 

To evaluate the catalytic performance of AP/Pd in the one-pass mode, the continuous reaction 

was carried out using the following experimental conditions: 100 mL of solutions with different 

initial 3-NP and HCOOH concentrations (molar ratio of HCCOH vs. 3-NP was maintained at 

160) were fed through the catalytic membranes at different flow rates. The effluent was 

collected out of the reactor in fractions (4 mL for each). The outlet solutions look clear with 

generation of micro bubbles; this indicates the excess HCOOH is coming out along with 3-AP. 

As shown in Figure 5-19, when the flow rate is lower than 10 mL min-1, the 3-NP concentration 

of the effluents is lower than 0.5 mg L-1, regardless of the initial concentration. However, for 

an initial 3-NP concentration of 150 mg L-1 or 200 mg L-1, as the flow rate increases to 20 mL 

min-1 or more, the reaction is not complete; the 3-NP concentration of effluents increases with 

increasing feed solution volume. An explanation may be the lack of enough Pd nanoparticles 

for treating the substrate for the selected residence time. This could be also explained by the 

progressive poisoning of AP/Pd catalysts by acidic species. Deng et al. [68] reported that 

supported Ru catalysts was poisoned when the concentration of formic acid or formate was 

higher than 10 mmol L-1. The catalytic oxidation of formic acid produces poisoning species, 

which blocks the active sites of the Pd catalyst. As described above, formic acid decomposition 
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proceeds via either the formate (HCOO) or carboxyl (COOH) intermediate. Yoo et al. [69] 

observed that 60−82% of H2 is produced via HCOO intermediate on Pd, indicating that the 

active sites were more likely blocked by COOH intermediate. Moreover, the carboxyl 

intermediate route produces CO, which could be another source of poisoning [69]. To 

regenerate the catalyst, a washing step was conducted to desorb the poisons by passing 40 mL 

of water; thereafter, the 3-NP solution was continuously fed through the regenerated catalyst. 

Results shown on Figure 5-19d demonstrate that the catalytic performance of AP/Pd 

membranes can be easily recovered after washing with water, regardless of the feeding speed: 

poisoning species are weakly bound to AP/Pd membranes (easy elution). 

 
Figure 5-19 Hydrogenation of 3-NP in one-pass mode (Pd amount  27.2 ± 0.3 mg; C0 (3-

NP)  100-200 mg L-1; Flow rate  5-30 mL min-1). 

 

5.5. Principales conclusions 

Les membranes Alginate/PEI synthétisées dans le cadre de cette thèse sont hautement 

macroporeuses, caractérisées par un porosité d’environ 70 %. Cela leur confère un haut pouvoir 

de percolation, avec  des flux de l’ordre de 25 mL cm-2 min-1 (i.e., 15 m h-1 en drainage simple 

sous pression de la colonne d’eau de 0,006 bar). Elles sont par ailleurs mécaniquement stables : 

soumises pendant 3 jours à une agitation intense de 150 tr/min, la perte de masse de la 

membrane n’atteint pas 3 %.  

Elles permettent une fixation importante du Pd(II), atteignant 224mg Pd g-1 à pH 1. L’analyse 

semi-quantitative des membranes (MEB-EDX) confirme qu’en mode optimisé (débit élevé : 50 
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mL min-1 ; vitesse supérieure à 6 m h-1) l’adsorption s’effectue de manière homogène dans la 

membrane (surface et section). Le pHPZC de la membrane proche de 6,3 permet de supposer que 

les groupements fonctionnels aminés protonés en milieu acide permettent la fixation du 

palladium sous forme d’anions métalliques (PdCl4
2-). Cette hypothèse est confirmée par 

l’analyse XPS qui met en évidence la présence de chlore sur la membrane après adsorption du 

palladium, mais aussi d’interactions entre les groupes aminés et le Pd. Après réduction au 

moyen d’hydrate d’hydrazine, le palladium n’est que partiellement réduit : en surface le taux 

de réduction atteint 44 % (mesuré par XPS). L’analyse par XPS de la membrane ayant été 

utilisée pendant 30 batchs successifs révèle une excellente stabilité du matériau. L’observation 

en MET montre une dispersion homogène du palladium à la surface des feuillets de la 

membrane, avec des tailles de particules nanométriques de 7 à 8 nm (distribution centrée autour 

de 7,6 nm). 

La comparaison des performances catalytiques (toutes conditions égales par ailleurs) de 

membranes ayant été chargées en Pd avec des flux croissants de la solution métallifère montrent 

qu’une vitesse limite est nécessaire afin de stabiliser la vitesse de conversion du 3-NP en 3-AP. 

En effet, pour un débit supérieur ou égal à 30 mL min-1 (i.e., vitesse superficielle : 3,7 m h-1) la 

vitesse de conversion se stabilise : le coefficient apparent de vitesse cinétique de pseudo premier 

ordre approche k1 = 0,008 s-1 (seulement 0,0019 s-1 pour un débit de 5 mL min-1). Un débit 

élevé de la solution de palladium permet une distribution plus homogène du métal catalytique 

dans la membrane (tout en limitant la formation d’agrégats). 

Cette formation d’amas de NPs de Pd peut également intervenir lorsque la membrane est 

excessivement chargée en Pd. L’efficacité d’un catalyseur est souvent améliorée en réduisant 

la taille des nanoparticules. Les tests réalisés sur des membranes chargés avec des quantités 

croissantes de Pd ont montré que l’activité catalytique se déclenche à partir d’une charge 

minimale de Pd (21 mg Pd/255 mg membrane) et augmente avec cette charge jusqu’à un taux 

de 27 mg Pd/255 mg membrane (k1 = 0,0082 s-1) ; au-delà, l’activité catalytique tend à se 

stabiliser (k1 = 0,0095 s-1 pour une charge de 37 mg Pd/255 mg membrane). La vitesse optimale 

d’alimentation de la membrane dans la phase d’hydrogénation atteint un palier pour un flux de 

60 mL min-1 (i.e., vitesse superficielle : 7,4 m h-1) : ce résultat confirme l’importance d’assurer 

une conduite forcée de la solution au travers du réseau poreux (hétérogène en raison de la taille 

différente des pores et de la tortuosité du réseau poreux) 

L’activité catalytique se maintient remarquablement stable pour 20 étapes successives de 

conversion du 3-NP en 3-AP, puis progressivement diminue (out en maintenant un niveau de 

conversion de 81 % de la conversion obtenue au premier cycle). 

Dans le cas d’un traitement direct sans recirculation (mais à débit plus faible < 20 mL min-1 ≈ 

vitesse superficielle : 2,5 m h-1) de très bonnes performances sont obtenues (conversion totale 

du 3-NP dans une solution de 100 mL à 200 mg L-1, avec une membrane chargée à 27 mg 

Pd/255 mg membrane). Pour des débits plus élevés une perte d’efficacité est enregistrée. 

L’empoisonnement progressif des membranes peut être compensé par une cycle de nettoyage 

(eau bi-permutée) afin de régénérer la membrane catalytique.  
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Chapter 6 Conclusions and perspectives 

 

In conclusion, we summarize the main achievements obtained in this PhD thesis and describe 

next steps for further investigation perspectives. 

6.1. Research conclusions 

In this research work, highly percolating membranes were successfully synthesized with low 

energy drying procedures. These new membranes can be used for natural draining, free 

percolation without pumping. Since the objective of this thesis is to develop new alginate-based 

membranes for their applications as adsorbents and catalysts in water treatment, we conclude 

their performance in sorption and catalytic section in the following. 

6.1.1. Sorption section 

In the sorption part, the presence of carboxylic groups (alginate matrix) and amine (primary, 

secondary and tertiary amines from PEI) brings to the composite material multi-functionality 

and affinity for a broad range of metal ions. 

(1) In the case of chromate (including Cr(VI) and TCr ) sorption from acid solutions, the uptake 

kinetics are poorly affected by the flow rate but the time required for reaching equilibrium is 

quite long (about 3 days) though most of the sorption occurs within the first 24 h of contact. 

The pseudo-second order rate equation fits relatively well the kinetic profile, although the poor 

porosity at the surface probably controls the mass transfer (resistance to intraparticle diffusion). 

The sorption isotherms can be modeled using the Sips equation (for TCr profile) or the 

Langmuir equation (for Cr(VI) profile). The maximum sorption capacities reach values as high 

as 314 mg Cr(VI) g-1 and 331 mg TCr g-1 at pH 2.  

The sorption properties are poorly affected by the presence of chloride and nitrate anions or 

calcium and copper cations (even in large excess: 800 mg L-1); however, the presence of sulfate 

ions shows a much greater impact with substantial depreciation of sorption capacities. Tested 

on simulated electroplating wastewater, alginate/PEI membranes reveal sorption capacities 

comparable to the levels reached with pure synthetic solutions. Finally, despite the efficiency 

in desorption is weak, the process sounds promising for the polishing treatment of such 

industrial effluents. 

(2) In the case of Se(VI) sorption by membranes, the optimum sorption is observed at pH 2 due 

to strong affinity of protonated (primary) amine groups for anionic species. The sorption 

isotherms are fitted by the Langmuir equation (better mathematical fit obtained with the 3-

parameters equation of Sips): maximum sorption capacity reaches up to 83 mg g-1. The flow 

rate (circulation mode) influences kinetic profiles at a superficial flow velocity below 2 m h-1; 

above, the flow rate has a weak impact on the removal rate. The pseudo-first order rate equation 

fits well kinetic profiles, though the equilibrium sorption capacities calculated by the pseudo-

second order rate equation are closer from experimental equilibrium values. Sulfate anions 
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(with chemical properties very close to SeO4
2-) have a marked effect on selenate binding 

contrary to chloride and nitrate anions. Selenium can be easily desorbed from loaded sorbent 

using 0.01 M NaOH solutions (consistently with pH impact on Se(VI) sorption). The sorbent 

shows remarkable stability in the performances of both sorption and desorption, for at least four 

cycles. 

(3) The sorption and competitive sorption of Hg(II) and Cu(II) in single and binary systems by 

the membranes was investigated. Results shows that the sorption capacity of Cu(II) can be 

negligible at low pH (below pH 2) and increased with increasing pH from 2 to 6, while the 

Hg(II) sorption capacity slightly changed from pH 1  (0.76 mmol g-1) to pH 6 (0.84 mmol g-1); 

this demonstrates that the membrane can efficiently bind Hg(II) in a wide pH range (1-6) and 

has an extraordinarily high selectivity of Hg over Cu especially in acidic condition. The kinetic 

studies find that under selected experimental conditions, Cu(II) sorption by membrane is faster 

than Hg(II) and the uptake kinetics of Hg(II) and Cu(II) are well fitted by the pseudo-second-

order kinetic model based on the R2 of 0.999. Langmuir, Freundlich and Sips are proposed for 

fitting the sorption equilibrium data in single system and best fit is obtained with the Sips 

equation. Simultaneously, the maximum sorption capacities for Hg(II) and Cu(II) reach to 1.60 

mmol g-1 and 0.66 mmol g-1 respectively, which are higher than experimental values. 

Competitive Sips model can well predict the sorption data in binary system. The results show 

that the increase of Hg(II) concentration led to a dramatical fall in the sorption capacity of Cu(II), 

while there is no obvious decrease is found in Hg(II) sorption as the concentration of Cu(II) 

increased; this confirms that the membrane has a much higher affinity for Hg(II) than Cu(II). 

Thus, the membrane has promising performances for the removal of Hg(II) from aqueous 

solutions. Furthermore, the membrane is particularly useful for selective Hg(II) recovery from 

the Hg-Cu system, opening a new horizon in acidic wastewater treatment. 

(4) The sorption of Cu(II) and Se(VI) by different crosslinking levels of PEI-GA resins was 

investigated, since the as-prepared membrane is operated using the proper reaction of alginate 

with amine groups of PEI, followed by a stabilizing crosslinking of primary amine groups (on 

PEI) using GA. Results show that the amount of GA for PEI crosslinking does not affect the 

adsorption for selenate, especially when the PEI-GA ratio is less than 2. Moreover, the 

adsorption efficiency for Se(VI) is hardly affected by storage conditions, while that for Cu(II) 

decreases significantly after 20-day storage compared to the freshly prepared ones. In addition, 

the adsorbents could selectively recover Se(VI) from Se(VI)-As(V) system and Cu(II) from 

Pb(II)-Cu(II) system. The results of this study should be useful for the synthesis and storage of 

various PEI-based or amine-rich adsorbents applied for the removal of aqueous contaminants 

including anions and cations. 

6.1.2. Catalytic section 

In the catalytic part, the study confirms that the prepared membrane which have a high affinity 

for Pd(II) (the maximum sorption capacity is 224 mg Pd g-1), can be also used for manufacturing 

heterogeneous hydrogenation catalyst. The loaded Pd(II) can be partially reduced into Pd(0) 

nanoparticles using hydrazine hydrate (N2H4·H2O) in alkaline solution (based on XPS analysis, 
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the yield of reduction is close to 44 %). The average size of Pd nanoparticles is close to 7-8 nm 

(measured by TEM). Pd-supported catalytic foam is successfully applied for 3-NP 

hydrogenation using HCOOH as hydrogen donor in a recirculation mode (batch mode). The 

best Pd(II) loading condition correspond, for a 255-mg amount of foam, to: an initial Pd(II) 

concentration of 28 mg L-1 at pH 1 (volume: 1 L), and flow rate of 50 mL min-1. In the case of 

3-NP hydrogenation, best operating conditions correspond to: (a) initial pH: 3-4; (b) flow rate: 

60 mL min-1; (c) HCOOH/3-NP molar ratio: 160. 

Under selected experimental conditions, the kinetic profiles can be modeled using the pseudo-

first order rate equation. The catalyst can be recycled: used for 30 successive cycles, it appears 

that the catalytic activity decreases after 20 cycles. In the one-pass mode (dynamic operating), 

the progressive poisoning of the catalyst decreases the hydrogenation efficiency; however, 

washing the catalyst with water allowed readily restoring catalytic activity. 

6.2. Research perspectives 

Based on this thesis, we have achieved to synthesize highly percolating membranes and 

investigated their applications in removal and recovery of metal ions from aqueous solution. 

Our results showed that the membranes have relatively high affinities for metallic anions and 

recover anions from the complex solutions, in particular at acidic conditions. However, we also 

found the membrane has no preference of metallic cations; this make more studies and 

modifications could be done on possible improving the sorption capacity of the membrane in 

cations. 

Moreover, we have studied the application of membrane in Pd(II) recovery and as catalysts for 

3-NP hydrogenation. This also offer very promising perspectives for developing membranes as 

stable catalytic supports based on their highly-percolating properties, confinement of catalytic 

nanoparticles, re-usable and easy to regenerate. 

Furthermore, the obtained gelation membrane from the reaction between alginate and PEI 

shows special properties like water-holding, easy shaping and further functionalization, 

allowing for continuously development in their application. For example, taking gelation 

network as a solid template to fabricate superhydrophobic membrane for efficient oil-water 

separation would be an interesting research topic. 
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Résumé 
L'alginate est un polymère hydrophile et biocompatible portant de nombreuses fonctions carboxyliques 
et de nombreux groupes hydroxyles. Ce travail a développé et optimisé le procédé de fabrication de 
membranes à haut pouvoir de percolation à base d'alginate. Ce procédé simple permet, par mélange de 
deux solutions d’alginate et de polyethyleneimine (PEI), d’obtenir un hydrogel structuré dont la stabilité 
est améliorée par réticulation (des fonctions aminées de la PEI par le glutaraldéhyde (GA)). Cette double 
interaction (PEI/alginate, PEI/GA) permet d’obtenir après séchage à l’air libre (donc peu énergivore et 
sans moyen sophistiqué contrairement aux procédés conventionnels) de produire des membranes 
macroporeuses autorisant la percolation par drainage simple de solutions. Ce matériau a été développé 
et utilisé pour deux types d’applications : (a) l’adsorption d’ions métalliques (cationiques et anioniques), 
et (b) l’hydrogénation de composés nitrophénoliques par catalyse hétérogène. Les membranes et leur 
interaction avec les ions métalliques ont été analysées par FTIR, MEB, et XPS. L'adsorbant est 
caractérisé par la présence de groupements carboxyliques et de fonctions aminées qui offre de 
nombreuses possibilités d’interaction avec les ions métalliques en jouant tant sur des propriétés de 
chélation (carboxylates, amines libres) que sur des propriétés d’échange ionique/attraction 
électrostatique (amines protonés) en fonction de la typologie du métal, de sa spéciation et du pH de la 
solution. Ces différentes possibilités ont été illustrées par une série d’expérimentations portant sur des 
ions métalliques tels que : Hg(II), Cu(II), Se(VI), Cr(VI), As(V). Ces différentes études ont permis 
d’illustrer : l’affinité particulière des membranes pour les anions métalliques (préférentiellement aux 
cations) en raison notamment de la plus grande disponibilité des fonctions aminées protonées. Par 
ailleurs, une étude complémentaire a été menée sur de la PEI réticulée par le GA (conditionnée sous 
forme de poudre) pour explorer l’effet de réticulation de la PEI sur la fixation des ions métalliques. 
L’étude a permis de démontrer que le taux de réticulation a un effet modéré sur l’adsorption des ions 
Se(VI). Enfin, après avoir brièvement étudié l’adsorption du Pd(II) sur les membranes, il a été procédé 
à une réduction du Pd(II) fixé sur le support (partiellement converti en Pd(0)) afin de synthétiser des 
membranes Pd/PEI/Alginate pour étudier une réaction simple d’hydrogénation du 3-NP en 3-AP. Ceci 
démontre la faisabilité d’application de ces supports pour une utilisation en catalyse hétérogène. 
Mots clés : alginate; membrane macroporeuse; ion métallique; adsorbant; catalyse  

Summary 
Alginate is a hydrophilic and biocompatible polymer with abundant free carboxyl and hydroxyl groups. 
This work developed and optimized the process for the fabrication of highly-percolating membranes 
based on alginate. The simple process has been designed by mixing alginate and polyethyleneimine (PEI) 
to obtain a structured hydrogel and subsequently improved stability by crosslinking between 
glutaraldehyde (GA) and amine groups of PEI. This double interaction (PEI/alginate, PEI/GA) makes it 
possible to produce macroporous membranes, after air-drying (without energy-consuming and 
sophisticated drying procedure), allowing natural drainage. The prepared membranes have been used 
for two applications: (a) sorption of metal ions (cationic and anionic), and (b) hydrogenation of 
nitrophenolic compounds by heterogeneous catalysis. The membranes and their interactions with metal 
ions were analyzed by FTIR, SEM, and XPS. The adsorbent was characterized by the presence of 
carboxylic groups and amino functions, which offers numerous possibilities for interacting with metal 
ions by complexation (i.e., carboxylates, free amines) and ion exchange/electrostatic attraction (i.e., 
protonated amine groups) depending on the pH of solution and metal speciation. These different 
possibilities have been illustrated by a series of experiments on metal ions such as Hg(II), Cu(II), Se(VI), 
Cr(VI), As(V). These various studies illustrate the particular affinity of membranes for metal anions 
(preferentially to cations) due in particular to the greater availability of protonated amino functions. 
Furthermore, an additional study was conducted on PEI crosslinked with GA (as a powder) for exploring 
the effect of the crosslinking of PEI on the binding of metal ions. The study demonstrated that the 
crosslinking rate has a moderate effect on the sorption of Se(VI) ions. At last, after briefly studying the 
sorption of Pd(II) on the membranes, a reduction was made of Pd(II) loaded on the support (partially 
converted to Pd(0)) in order to synthesize catalysis for the hydrogenation of 3-NP to 3-AP. This 
demonstrates the feasibility of applying these supports for heterogeneous catalysis. 
Key words: alginate; macroporous membrane; metal ions; adsorbent; catalysis. 


