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Résumé substantiel en francais

Le travail présenté dans ce rapport vise a explorer la possibilité d’utiliser des liquides poreux pour
I’extraction liquide-liquide de métaux.

Dans le premier chapitre, les liquides poreux et leurs applications sont présentés en prenant appui
sur un état de I’art issu de la littérature. Ce concept récent, introduit en 2007 par le Pr. Stuart James

et son équipe, suggere que la porosité d’un matériau peut exister a I'état liquide. La publication décrit
trois types de liquides poreux : le Type | regroupe les matériaux liquides composés d’hétes poreux
moléculaires et discrets, dont le point de fusion a été abaissé par une modification chimique. Le Type
Il consiste a dissoudre des hotes moléculaires dans un solvant encombrant, incapable de pénétrer les
pores. Enfin, les liquides poreux de Type Il sont une suspension stable de micro-réseaux poreux dans
un solvant encombrant, qui ne pénetre pas les pores. En 2021, un quatrieme type a été ajouté,
désignant des réseaux poreux dont la température de fusion a été abaissée pour les rendre liquides a

basse température.

Si cette classification a permis de diversifier les études, en laissant libre cours a I'imagination des
chercheurs pour jouer sur la nature des hotes poreux et la fagon de leur procurer un caractere liquide,
une nouvelle classification est proposée dans ce chapitre, se voulant plus fidele aux interactions en jeu
conférant I'état liquide, et permettant d’élargir le concept a des matériaux encore non synthétisés.
Ainsi, les liquides poreux de classe A désignent les hotes poreux (moléculaires, supramoléculaires, ou
des particules solides) dont le point de fusion est abaissé par modification chimique. La classe B
contient les dispersions ou suspensions d’hotes poreux dans un solvant qui ne pénétre pas les pores.
La classe C est constituée de matériaux composites, ou les solides poreux sont piégés dans une matrice
faiblement réticulée et fluide. Dans la classe D, ce sont les hotes poreux eux-mémes qui sont connectés
pour former un réseau poreux suffisamment désorganisé pour exister a I'état liquide.

Parmi ces différents types de liquides poreux, les liquides poreux a base de nanoparticules creuses
de silice, ont été synthétisés pour la premiere fois en 2015 par le Pr. Sheng Dai et son équipe.
Appartenant a la classe A, ils sont obtenus en greffant autour de chaque coquille, un systeme de
couronne-canopée organique induisant un effet stérique capable d’empécher la floculation des
particules. Présentant I'avantage d’étre sans solvant, ces liquides poreux possedent des cavités
nanomeétriques, accessibles par un réseau de micropores au sein de la coquille de silice entourant la
cavité. La silice étant par ailleurs un matériau aisément fonctionnalisable, il a été alors envisagé de
fabriquer de nouveaux liquides poreux aptes a I'extraction de métaux.

L’extraction liquide-liquide est un procédé largement employé dans I'industrie pour la séparation
de métaux. Il consiste a mettre en contact une phase aqueuse contenant les métaux d’intérét et les

métaux compétiteurs, avec une phase organique extractante capable de collecter sélectivement les
métaux cibles. L'immiscibilité des deux phases permet une séparation efficace. Cependant, cette
technique repose essentiellement sur de larges volumes de solvants, volatiles et trés souvent toxiques,
induisant un fort impact sur I'environnement et une dépendance a l'approvisionnement. Par ailleurs,
d’autres désavantages lourds peuvent apparaitre, comme la présence d’une troisieme phase a
I'interface, riche en métaux, créant des complications dans la gestion des flux du procédé. D’autre part,

I’extraction sur phase solide est une alternative intéressante puisqu’elle requiert une installation moins
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volumineuse pour extraire une méme quantité de métaux, et la préparation de colonnes ou de
membranes régénérables facilite la mise en place de processus continus. Il est méme parfois avancé
gue dans certains cas, la fixation de groupements chélatants sur support solide induit une plus forte
sélectivité pour I'ion ciblé, augmentant ainsi fortement les gains de I'étape d’extraction. Néanmoins,
I’exploitation de I'extraction solide-liquide a I’échelle industrielle n’est en pratique possible que pour
le traitement de volumes modérés d’effluents.

Conciliant I'efficacité de I'extraction solide-liquide (notamment en terme de réduction des déchets)
avec la facilité de transport et de stockage des liquides, le liquide poreux sans solvant s'impose en
candidat de choix pour une phase extractante alternative. Dans la littérature, les liquides poreux a base
de silice décrits étaient hydrophiles, et ils ont principalement été testés pour la sorption et la
séparation de gaz. La premiere partie de ce travail a donc consisté a adapter la synthése pour obtenir
une nouvelle gamme de liquides poreux, dont I'affinité avec I'eau pouvait étre facilement contrélée.
Par ailleurs, les supports solides généralement utilisés pour la séparation de métaux possedent des
pores suffisamment grands pour permettre d’une part leur fonctionnalisation, et d’autre part la
correcte diffusion des especes a extraire.

Ainsi, la synthése et la caractérisation d'une nouvelle gamme de liquides poreux sont développées
dans le chapitre Il. En particulier, différents types de coquilles de silice et de greffage organique ont
été employés pour la préparation des liquides poreux, afin d’obtenir des matériaux aux propriétés
physicochimiques variables. Concernant les coquilles de silice, un premier type dénommé « sHSP »
(small hollow silica particle), déja utilisé dans la premiéere étude du Pr. Sheng Dai, posséde un diametre
d’environ 25 nm et une cavité creuse d’environ 15 nm de diameétre. Les pores de la coquille de silice
ont une taille moyenne de 1.4 nm, comme déterminé par les isothermes de sorption d’azote a 77 K.
Un second type, dénommeé « bHSP » (big hollow silica particle) a également été synthétisé notamment
dans le but d’accroitre la capacité poreuse du liquide final. Ces sphéeres mesurent environ 240 nm de
diameétre (avec une grande hétérogénéité en taille et en forme, due a I'utilisation d’un surfactant pour
faconner la particule), et possedent une cavité d’environ 200 nm de diametre. Les pores de la coquille
de silice ont une taille moyenne de 3.7 nm.

La premiere voie de synthese explorée (Figure R1) consiste a adapter le systeme ionique de
couronne-canopée introduit dans I’état de I'art, en greffant de maniere covalente un organosilane
sulfonaté a la surface des coquilles (sHSP ou bHSP). Dans un deuxiéme temps, une amine tertaire
amphiphile et protonable, constituée d’une chaine carbonée en Cic.15, et de deux chaines PEGylées
symétriques de longueur variable, est ajoutée pour former la canopée sur la base d’interactions
ioniques entre le sulfonate et I'amine. En faisant varier le nombre de motifs ethoxylés sur les chaines
PEGylées de I'amine, il est donc possible de conférer un caractére plus ou moins hydrophobe au
matériau final. Dans ce travail, le nombre de motifs ethoxylés total des deux chaines a été varié entre
5 et 92 (5, 11, 22, 50, 92), choisis en fonction des disponibilités des amines dans le commerce. Les
amines ont été nommées EthA-X, ou X est le nombre de motifs ethoxylés.
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Figure R1. Greffage organique a la surface d’'une nanocoquille de silice afin de former un liquide poreux
ionique. Le greffage comprend une couronne sulfonatée (en vert) et une canopée amphiphile (en bleu)
interagissant par liaisons ioniques. La canopée est constituée de molécules d’amines tertiaires (EthA)
possédant une chaine aliphatique (Cis.1s) et deux chaines PEGylées de longueur variable. Le nombre
de motifs ethoxylés (n+m) total de ces deux chaines varient entre 5 et 92.

La seconde voie de synthese présentée dans ce rapport (Figure R2) vise a obtenir un liquide poreux
sans interactions ioniques et purement hydrophobe. Dans la littérature, le polypropylene glycol (PPG)
a déja été utilisé pour liquéfier des nanocages et ainsi obtenir un liquide poreux de classe A. Ce
polymére liquide (poids moléculaire 2000 g/mol) et hydrophobe a donc été silanisé afin de permettre
son greffage covalent directement a la surface des nanocoquilles de silice. Il est apparu que
I’optimisation de cette voie restait nécessaire, puisqu’elle n’a abouti qu’a un greffage hétérogene avec
un faible rendement, probablement a cause de I'encombrement du polymeére et de la difficulté a
disperser les coquilles de silice. Le matériau obtenu, bien que liquide, forme deux a trois phases
distinctes de densités différentes, avec des taux en silice également variables. Pour la caractérisation
physicochimique en vue de I'application en extraction liquide-liquide, la phase la plus fluide a été prise
comme modeéle.

OH

X =725 or 2,000 g/mol

Figure R2. Greffage covalent d’un polymére hydrophobe (le PPG) a la surface d’une nanocoquille de
silice afin de former un liquide poreux neutre.

Dans le troisieme chapitre, la possibilité de moduler les propriétés des liquides poreux est analysée
afin de concevoir le meilleur matériau pour I'extraction liquide-liquide. Un effort pour accroitre les
connaissances fondamentales a leur sujet, et en particulier pour comprendre I'origine de la fluidité, est
également déployé dans ce chapitre.

En premier lieu, la modification du greffage organique a permis de confirmer que le caractere
liqguide découle d’un rapport massique organique/inorganique adéquat. En effet, de trop courtes
chaines organiques (par exemple 'amine EthA-5 ou un PPG de 725 g/mol) meénent a la synthése de
solides stables, se dégradant a des températures inférieures a leur température de fusion (Figure R3).
A l'opposé, de longues chaines PEGylées conduisent également a la fabrication de solides, mais
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capables de fondre a des températures proches de celle de I'amine pure (40-50 °C). De fait, seules les
amines EthA-11 et EthA-22, ainsi que le PPGaoo ont permis I'obtention de liquides a température
ambiante. De maniére intéressante, la viscosité des amines pures (EthA) évolue dans le sens inverse
de la viscosité des liquides poreux correspondants : en terme de viscosité, on a : EthA-5 < EthA-11 <
EthA-22 ; tandis que le liquide poreux PL-EthA-5 est solide, et que le PL-EthA-11 est plus visqueux que
le PL-EthA-22. Cela ne vaut plus pour les amines longues, puisque la présence de particules solides
devient « négligeable ». Enfin, si les liquides poreux ioniques synthétisés ont une viscosité relativement
élevée (10* Pa.s), I’élévation en température (50-60 °C) induit une diminution drastique de cette
viscosité (de quatre ordres de grandeur). En outre, la présence d’interactions ioniques n’est pas
nécessaire pour la synthese de liquides poreux — bien qu’elle puisse avoir un impact sur la fenétre de
rapports organique/inorganique induisant le comportement liquide — puisque la phase fluide du
liquide poreux a base de PPG (2000 g/mol) posséde une viscosité bien plus faible que les liquides
poreux ioniques.

a) PL-sHSPs-EthAs-X b) PL-sHSPs-PPGs-X
| ’_ "rﬂq ‘{ i . i i -

o i

& mb 8| i"
»; -l ['. # i ..."\.;.... -
X= 5 11 22 50 92 725 2000
Figure R3. Photos de capillaires contenant différents matériaux poreux synthétisés : a) de type ionique
(sulfonate/EthA) ; b) de type neutre (PPG). Le rapport organique/inorganique est un paramétre
impactant fortement I'état physique du matériau final.

De maniéere générale, le caractére hydrophobe d’une phase organique se quantifie par la méthode
du logP. Malheureusement, celui-ci ne peut pas étre calculé pour des systémes aussi complexes que
les liquides poreux, contenant a la fois une part solide inorganique et un domaine organique plus
fluide. L’affinité avec I’eau a donc été simplement vérifiée qualitativement, grace a la mise en contact
du liquide poreux avec I'eau. Dans le cas des liquides poreux ioniques (a base de sulfonate et d’amine),
I'amine EthA-11 (plus hydrophobe que EthA-22 car possédant des chaines PEGylées plus courtes),
permet la séparation entre le liquide poreux correspondant et I'eau. En revanche, 'amine EthA-22
(plus longue) donne un liquide poreux complétement miscible a I'eau. En appliquant une force
centrifuge importante, on assiste méme a une précipitation des coquilles de silice (sulfonatées), tandis
qgue I'amine reste solubilisée dans I’eau. Il existe donc un seuil a I'amphiphilie de I'amine au-dela duquel
il n"est plus possible d’obtenir un liquide poreux hydrophobe.

Si la porosité des nanocoquilles de silice peut étre trés facilement quantifiée et analysée grace aux
mesures de sorption d’azote a 77 K, celle des liquides poreux est plus difficile a déterminer. En effet, a
77 K, les chaines organiques (amines ou PPG) se solidifient et deviennent vitreuses, empéchant la
diffusion du gaz dans le matériau. Par ailleurs, la problématique du dégazage (vidage de I'eau liée dans
les pores de la silice) nécessaire a la mesure, est accentuée pour le liquide poreux. Plus que la porosité,
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la propriété recherchée dans le cadre de I'extraction liquide-liquide est la perméabilité du liquide
poreux a I'eau. Une méthode a donc été développée, fondée sur la diffusion des neutrons aux petits
angles, pour affirmer la totale perméabilité d’un liquide poreux a base de silice aux liquides polaires
(en particulier I’éthanol, car il était moins aisé d’interpréter les signaux obtenus avec I'’eau). Les sources
de neutrons n’étant pas facilement accessibles, une autre approche utilisant une microbalance et un
systeme capable d’appliquer de grandes pressions de gaz est également envisagée comme une
alternative possible pour quantifier le volume libre des liquides poreux obtenus lors de ces travaux de
thése.

Dans le quatrieme et dernier chapitre, la question de la fonctionnalisation des liquides poreux est
abordée. En effet, dans I'optique de proposer ces matériaux comme phase alternative extractante
pour I'extraction liquide-liquide de métaux, il est nécessaire d’y introduire des groupements chélatants
spécifiques des métaux ciblés. En l'occurrence, trois terres rares contenues dans les aimants
permanents (notamment issus des disques durs et des batteries de véhicules électriques) sont difficiles
a recycler de nos jours: le néodyme, le praséodyme et le dysprosium. Souvent trouvées avec de
grandes quantités de fer, ces ions trivalents ont des propriétés proches, rendant difficile leur
séparation. D’apres la littérature, des agents solvatants tels que ceux appartenant a la famille des
diglycolamides (DGA) ont été identifiés comme bons extractants pour les terres rares, permettant
d’atteindre de bonnes sélectivités, notamment en extraction sur support solide. Cependant, ces DGA
n’existent pas sous forme silylée dans le commerce. La premiere preuve de concept a donc été
effectuée en utilisant un autre extractant affin des terres rares, I’acide ethylene diamine tetraacétique
(EDTA), dont la forme silylée était commerciale. Si I'EDTA est un échangeur de cation (et non un agent
solvatant) présentant une sélectivité intra-terres rares inférieure a celle permise par les DGA, il forme
comme les DGA des complexes multidentes. Il est donc probable que I'optimisation de la
fonctionnalisation conduite avec 'EDTA soit en majorité transférable aux DGA.

Dans le cadre de cette theése a été fait le constat que les hotes poreux (ici les nanocoquilles de silice)
pouvaient également servir de support solide a I'extraction des terres rares. De ce fait, deux voies de
fonctionnalisation des coquilles ont été étudiées: la co-condensation et le post-greffage. La co-
condensation consiste a introduire 'EDTA silylé en co-précurseur de silice, lors de la formation de la
coquille. Pour suivre cette méthode, il est donc nécessaire de maitriser toutes les étapes de la synthése
de la nanocoquille de silice. Si la co-condensation permet théoriquement une insertion homogéne du
groupement complexant dans le réseau de silice, elle présente également le risque de I'exclusion de
I’EDTA causé par I'encombrement plus important de ce motif. Le post-greffage est une voie alternative,
qui implique la fixation covalente de I'EDTA silylé sur la surface de la coquille de silice déja formée. Le
facteur limitant dans ce cas est le risque d’obstruction des pores dont le diameétre est inférieur ou égal
a la taille du greffon. Puisque cette méthode utilise les silanols de surface pour greffer les groupes
complexants, ceux-ci seront également moins disponibles pour le greffage des composés organiques
essentiels pour I'obtention de liquides poreux fonctionnels (sulfonate/EthA ou PPG). Il est finalement
apparu que la formation des sHSP fonctionnalisées par co-condensation permettait I'ajout d’autant
d’EDTA que le post-greffage. En revanche, le post-greffage des bHSP a permis d’augmenter
significativement le nombre de groupes complexants par gramme de matériau.

Les premiers tests d’extraction ont été conduits avec un liquide poreux ionique hydrophobe
contenant des sHSP fonctionnalisées par co-condensation (Figure R4). Ce matériau a été mis en contact
avec une solution contenant du fer (1600 ppm), du néodyme (500 ppm), du praséodyme (68 ppm) et
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du dysprosium (50 ppm) en milieu acide nitrique. La co-extraction des trois terres rares a été observée,
a hauteur de 0.012 a 0.072 mmol/g, alors que I’extraction n’a pas eu lieu avec un liquide poreux non
fonctionnalisé. En particulier, ces capacités (qui sont du méme ordre de grandeur que d’autres
adsorbants solides de la littérature) sont supérieures a celles des coquilles précurseurs des LP, utilisées
en poudre, compte tenu du faible taux de coquilles présentes dans un liquide poreux (15% dans le cas
présent). Malheureusement, le fer précipitait également dans la phase liquide poreux (sans toutefois
saturer les sites chélatants), ce qui nécessiterait une optimisation dans le futur.

Covalent grafting

SHSPs-EDTA-c R |
(before template removal)

o o “. eEDTA ' A SIT

sHSPs-EDTA-c@SIT PL-SiSPs—E DTA-c-EthA-11

lonie binding

Figure R4. Synthése d’un liquide poreux ionique hydrophobe et fonctionnalisé pour I'extraction de
terres rares.

D’autres tests sur un systéme plus simple contenant uniguement du néodyme a 500 ppm ont été
réalisés dans le but d’optimiser les performances d’extraction. Notamment, I'extraction atteinte avec
les nanocoquilles sHSP fonctionnalisées par co-condensation ou par post-greffage sont similaires. En
revanche, I'effet du pH sur la capacité des coquilles est important : a pH 6, I'extraction est 68 % plus
importante qu’a pH 3. Enfin, les bHSP possédant plus d’EDTA que les sHSP, leur capacité d’extraction
est également supérieure (+84 %). En résumé, la fenétre de pH la plus adaptée pour I'extraction avec
I'EDTA se situe entre 4,5 et 5. A ce jour, il n’a pas été possible de tester les voies d’optimisation étudiées
sur les liquides poreux hydrophobes fonctionnels, qui n‘ont pas pu étre synthétisés en quantités
suffisantes par manque de temps.

Bien que les liquides poreux employés soient hydrophobes et permettent une séparation de phase
spontanée avec I'eau, leur stabilité en milieu acide et en présence de métaux restait a vérifier. Il a ainsi
été constaté que le liquide poreux ionique a base d’amine EthA-11 n’était pas suffisamment stable, la
solubilisation de I'amine en phase aqueuse étant facilitée par la présence de nitrates et de métaux. Si
ce manque de stabilité n‘impacte pas les capacités d’extraction du liquide poreux, la perte de son
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intégrité est un désavantage pour son application en extraction liquide-liquide. En revanche, le liquide
poreux a base de PPG s’est montré bien plus stable dans les mémes conditions, malgré le greffage
partiel du polymere.

La principale perspective envisagée consisterait a fonctionnaliser les bHSP par co-condensation, ce
qui n’a pas pu étre réalisé en raison d’une trop forte différence de réactivité entre les précurseurs de
silice, qui nécessiterait une adaptation des conditions de synthese (I'EDTA étant silylé sous forme
methoxy, tandis que le précurseur utilisé pour la synthese des bHSP est le TEQOS — tetraethyl!
organosilicate). Puis dans un second temps, il serait intéressant d’utiliser ces coquilles fonctionnelles
pour la formation d’un liquide poreux a base de PPG (apres optimisation de la méthode de greffage),
avant de le tester pour I'extraction des terres rares. Une autre possibilité serait d’envisager un greffage
ionique sulfonate/amine en utilisant une amine hydrophobe possédant une chaine aliphatique et deux
chafnes PPG. Ainsi, méme en cas d’instabilité du liquide poreux en présence d’acide et de métaux,
I’hydrophobie de I'amine permettrait de la collecter en fin de procédé pour reformer simplement le
liquide poreux. Enfin, comme évoqué précédemment, la substitution de 'EDTA par des DGA silylées
serait également utile pour augmenter la sélectivité du procédé. Une autre voie d’optimisation de la
surface spécifique (et donc des performances d’extraction) pourrait consister a synthétiser des
nanoparticules fortement poreuses sans cavité interne. De telles particules, une fois chargées en ions
métalliques, deviendraient plus denses et entraineraient possiblement la sédimentation rapide de la
phase liquide poreux. Ce phénomeéne faciliterait ainsi la séparation des phases, pouvant
éventuellement compenser les effets limitants liés a la viscosité de ce matériau innovant typiquement
plus élevée que celle des phases extractantes conventionnelles.

D’autre part, les effets sur la stabilité et les capacités autorégénératives du liquide poreux apres
plusieurs contacts successifs, ainsi que les mécanismes entrant en jeu pendant I’extraction, pourraient
étre étudiés afin d’approcher la réalité de I'application en extraction liquide-liquide. Finalement, une
analyse de cycle de vie d’un systeme liquide poreux extractant serait utile pour déterminer le bénéfice
d’un tel procédé pour I'environnement.
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BET
bHSP
BJH
CD
DFT
DGA
DLVO
DSC
DTA
EDTA
EG
EthA
FTIR
HLB
HSP
ICP

IL

LLE
MOF
MS
NMR
PALS
PDMS
PEG/PEO
PG
PL
POSS
PPG/PPO
REE
SANS
SAXS
sHSP
SiEDTA
SiNP
SIT
SLD
SLE
TEM
TEOS
TGA
THF
TMOS
TOC
USAXS

Abbreviations

Brunauer, Emmett, and Teller

Big Hollow Silica Particle
Barrett, Joyner, and Halenda

CycloDextrin

Density Functional Theory

DiGlycolAmide
Derjaguin-Landau-Verwey-Overbeek theory
Differential scanning calorimetry
Differential Thermal Analysis
EthyleneDiamineTetraAcetic acid

Ethylene Glycol

Ethoxylated (tertiary) Amine
Fourier-Transformed InfraRed spectroscopy
Hydrophilic Lipophilic Balance

Hollow Silica Particle
Inductively Coupled Plasma analysis

lonic Liquid

Liquid-Liquid Extraction

Metal Organic Framework

Mass Spectrometry

Nuclear Magnetic Resonance spectroscopy
Positron Annihilation Lifetime Spectroscopy
PolyDiMethylSiloxane

PolyEthylene Glycol/PolyEthylene Oxide
Propylene Glycol

Porous Liquid

Polyhedral OligoSilSesquioxanes
PolyPropylene Glycol/PolyPropylene Oxide
Rare Earth Element

Small Angle Neutron Scattering

Small Angle X-ray Scattering

Small Hollow Silica Particle

Silanized EthyleneDiamineTetraAcetic acid
Silica NanoParticle

Sulfonated organosilicon

Scattering Length Density

Solid-Liquid Extraction

Transmission Electronic Microscopy
TetraEthyl OrthoSilicate
ThermoGravimetric Analysis
TetraHydroFurane

TetraMethyl OrthoSilicate

Total Organic Carbon

UltraSmall Angle X-ray Scattering
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bHSP
bHSP-EDTA-p
EthA-X

HSP
mPPG-sHSPs
PL-bHSPs-EthAs
PL-bHSPs-EthA-X
PL-EthAs
PL-sHSPs
PL-sHSPs-EDTA-c-EthA-X
PL-sHSPs-EthAs
PL-sHSPs-EthA-X
PL-sHSPs-PPGs
PL-sHSPs-PPG-X
PL-SiNP-EthA-X
PPGx

SHSP@SIT
sHSP-1

sHSP-2

sHSP-3
sHSP-calci
sHSP-EDTA-c

SHSP-EDTA-c@SIT
SHSP-EDTA-c-2
sHSP-EDTA-p
sHSP-wash

SiNP
SIT

Nomenclature

Big hollow silica particle
bHSP functionalized with EDTA by post-grafting

Ethoxylated tertiary amine with two PEG chains (total # of EG units X)

Hollow silica particle

Mixture of sHSPs-2 and PPGao00 Without grafting

All porous liquids based on bHSPs and SIT/EthA canopy

Porous liquid based on bHSPs and SIT/EthA canopy, with EthA-X
All porous liquids based on SIT/EthA canopy

All porous liquids based on sHSPs

Porous liquid based on functional sHSPs and SIT/EthA canopy
All porous liquids based on sHSPs and SIT/EthA canopy

Porous liquid based on sHSPs and SIT/EthA canopy, with EthA-X
All porous liquids based on sHSPs and PPG canopy

Porous liquid based on sHSPs and PPG canopy, with PPGx
Porous liquid based on SiNPs and SIT/EthA canopy, with EthA-X
Polypropylene glycol of molecular weight X g/mol

sHSP after surface modification with SIT

Set of sHSPs used to make all PL-sHSPs-EthAs

Set of sHSPs used to make PL-sHSPs-PPGs, and for SIT grafting yield study

Set of sHSPs before template removal (used as a reference)
sHSPs-2 after template removal by calcination

sHSPs functionalized with EDTA by co-condensation. Template removal

was performed after SIT grafting, on sHSP-EDTA-c@SIT.

sHSPs functionalized with EDTA by co-condensation after surface

modification with SIT

sHSPs functionalized with EDTA by co-condensation. Template removal

was performed by soft ethanol washing.

sHSPs-1 functionalized with EDTA by post-grafting.
sHSPs-2 after template removal by soft ethanol washing
Silica NanoParticle

Sulfonated organosilicon
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General introduction

Porosity is a physical property generally associated with the porous state: the first example that springs
to mind being the sponge. This important property, brought down to the micrometer or nanometer
scale, is essential in many applications such as catalysis, gas capture, energy storage or molecular
separation.! Confinement effect, pore structure and capillary condensation are all notions linked to
porosity that are often exploited to succeed in the targeted application. Porosity means the presence
of empty domains inside a material. It can be created either by porous molecules containing cavities
(molecular porosity), by supramolecular hosts, by solids containing holes, or even by the non-efficient

packing of non-porous moieties (molecules or assemblies) forming extrinsic porosity.

Presently, the types of porous materials described in literature are uncountable. They can be
microporous (pore width below 2 nm), mesoporous, or macroporous (pore width over 50 nm), and
complex materials sometimes contain interconnected pores of different sizes. To increase specific
areas (i.e., the interface between the solid phase and the surrounding fluid phase), hierarchical
porosity is often targeted: this is the case of metal-organic frameworks, zeolites, graphene oxide or
polymeric foams... In addition, this variety of porous solids can be processed into a wide range of
shapes, such as powders, porous nanoparticles, nanosheets, nanotubes, membranes, resins, or

monoliths.

In applications relying on porous solids, mechanical stress and aging are great disadvantages leading
to increased costs of monitoring and maintenance.? Moreover, solids are not mobile as liquids are, and
specific infrastructure have to be designed for them. In contrast, porosity exploited in the liquid state
could bring the advantages of manipulating liquids, including pumping processes and compact storage.

This is the promise of porous liquids, a recent concept that has become a reality in the mid-2010s.

If conventional liquids can be seen as sets of unorganized molecules, creating weak and short-time
porosity by the inefficient packing which is intrinsic to the liquid state, porous liquids contain porous
solid hosts that are brought to the liquid state by molecular engineering. Because different methods
exist to obtain the liquid state, different types of porous liquids are now identified, and they display
various properties.>* For instance, some porous liquids are solvent-free while others are stable
suspensions. Some contain angstrometric cavities while others can be qualified as nanoporous.

Depending on these final properties, porous liquids become good candidates for many applications.

Among them, metal extraction and separation is a tedious topic owing to the current challenges of

digital and energy system transformations. Because most metals are nowadays recognized as critical
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resources by international agencies, more efficient and eco-friendly processes are urgently required
for their extraction, purification and recycling.® Indeed, conventional separation processes mainly rely
on liquid-liquid extraction demanding high volumes of volatile (and potentially toxic) solvents, and
producing many waste. If solid-liquid extraction would allow reducing the volume of the plant, and the
amount of resources necessary to separate equivalent quantities of metal (by facilitating the material
recycling),® this alternative technique often displays lower efficiencies, and it needs new infrastructure

to be implemented.

Therefore, combining the advantages of porous solids (reduced volumes, recyclability, stability) and
liquids (easiness of manipulation, high efficiency and selectivity, compatible with current
infrastructure), solvent-free porous liquids containing silica nanopores are herein proposed as an
alternative extracting phase in liquid-liquid extraction of metals. In this thesis, the versatility of these
materials is investigated and exploited to meet the application, while fundamental knowledge about

this very young concept is improved.

In the first chapter, porous liquids and their applications will be introduced with the support of
state-of-the-art literature. In the second chapter, the synthesis and characterization of a new range of
silica-based porous liquids will be developed. In the third chapter, the tunability of the porous liquids
will be investigated, so as to design the best material for liquid-liquid extraction. An effort to increase
knowledge at a fundamental level, and in particular the origin of fluidity in porous liquids will also be
part of this chapter. In the final chapter, functionalization of porous liquids and an application in rare

earth elements extraction will be addressed.
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Chapter |

Introduction to porous liquids and applications

Porous liquids associate porous properties — generally reserved to solids — with the fluidity of liquids.
They are a very recent concept, born in 2007, which proves that the creation of holes inside matter is
not restrained to organized molecular systems. In this chapter, the genesis and classification of porous
liquids will be primarily detailed, before discussing their most important physical features: porosity
and fluidity. Then, current studies and potential future applications will be introduced. Finally, the use
of porous liquids for metal liquid-liquid extraction will be broached in terms of potential and

challenges.

1. History of porous liquids

1.1. Genesis
Before the concept of porous liquid was first introduced in 2007, at least three of these original

materials had been described in literature:

-In 1991, Cram et al. dissolved empty hemicarcerands in diphenyl ether, that was “too large to be
incarcerated” (Figure 1a).”® In that case, heating for 5 days at 195°C was necessary to remove the guest

(formamide) and let the cavity empty, as shown by *H-NMR.

-In 2002, Maitra and Wunder anchored oligomeric polyethylene oxide (PEO) onto polyhedral

oligosilsesquioxanes (POSS) with the aim of increasing conductivity of PEO which served as an
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electrolyte.® Other studies have been published based on their method, with no consideration for the

porosity of the materials.1%12

-In 2003, Hsu et al. showed that a metallocube with small apertures (1.85 A) could be prepared in
the free-guest state and dissolved in a number of solvents (Figure 1b).!® This could be considered as

an example of porous liquid with an inorganic host.

) .
C Cp P, \‘Cp
Prgy co" “Ru co'
CpCo(CN)a] / , / « C / | /
[Cp Di )3] EtNHy' P~/ |__gf-pr pgc?..- : p
p*Ru(MeCN)3
RU Co Ru——Co\
cp* “cp cp*’ Cp

=N,Hg*, MeNH,*, NH,*, Cs*, K*, Rb*,
TI+; —=-—CN.

Figure 1. a) Hemicarcerand synthesized by Cram et al.,” b) metallocube synthesized by Hsu et al.*?

In 2007, based on the discoveries of Cram et al. and Hsu et al., and few other publications, Pr. Stuart
L. James and his co-workers described a new class of hybrid materials containing a permanent porosity
while behaving as liquids at room (or a specified operating) temperature.® The concept of porous liquid
(PL) was given birth. Grounding on a large knowledge in the supramolecular chemistry field (especially
the encapsulation of guests through non-covalent interactions), Chaffee et al. dissolved a cryptophane-
111 cage in CDCls in 2009, specifying that the solvent was too hindered to penetrate the internal cavity
of the cryptophane. Even though it was not named a PL, dihydrogen was proven to be reversibly
captured by the cages thanks to 'H-NMR spectroscopy measurements.’* Between 2012 and 2014, the
same group reported that the alkylation of imine cages could lead to meta-stable PLs by greatly
lowering their melting point down to 40 °C.*>!® However, the penetration of alkyl chains was

thermodynamically favorable, so that the porosity was not permanent.

In 2015, the synthesis of the first three permanent PLs with direct evidence of their porosity opened
routes to a new field of research. On one hand, Pr. Sheng Dai and his team modified hollow silica
nanospheres with an ionic grafting to create a neat liquid with permanent porosity.t” On the other
hand, James and Cooper’s group proposed the dispersion of molecular cages (crown-ether substituted
imine cages or a mixture of cages called “scrambled cages”) in hindered solvents such as 15-crown-5
or hexachloropropene (Figure 2).18 In both publications, gas sorption experiments were performed to

evaluate the potential of these new materials in the fields of gas storage and gas separation.
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Figure 2. Molecular simulation for the PL made of imine cages in 15-crown-5 at 350 K (the solvent and
the crown-ether substituents of the cages are not represented).’® Yellow and red surfaces indicate

pores outside and inside the cages respectively.

1.2. Classification of porous liquids

1.2.1.Historical classification: Type I to Type IV porous liquids

In 2007, Pr. James et al. already proposed a standard classification of PLs in three categories.? Type
| PLs are neat liquids exclusively composed of host molecules containing an empty cavity. Type Il PLs
are host molecules dispersed in a sterically hindered solvent. Finally, Type Il PLs are made of solid
microporous framework materials dispersed in a sterically hindered solvent. In 2020, Ying Li further
explains the difference between a Type Il and a Type lll PL in terms of molecular hosts dissolved in a
bulky solvent for the former, and porous solid particles dispersed in a bulky solvent for the latter.? In
2021, Bennett et al. added a new category of PLs: Type IV PLs are neat liquids exclusively composed of

host microporous frameworks (Figure 3).*
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To this date, Type lll PLs are the most described in literature, benefitting from the easiness of their
fabrication. The first published Type Ill PL could be the work of Liu et al. in 2014:?° they reported a
slurry made of zeolitic imidazolate framework-8 (ZIF-8) suspended in glycol-2-methylimidazole. CO,
capture was possible, however neither any evidence of the porosity nor any information about the
suspension stability were provided. In 2018, three studies reported Type lll PLs based on suspension

of ZIF-8 (or other microporous framework particles) in bulky ionic liquids (ILs): Costa Gomes et al.

24



Chapter |
Introduction to porous liquids and applications

dispersed 5% of ZIF-8 in a commercially available phosphonium-based IL (Figure 4).3! Shan et al.
dispersed three types of hosts (ZIF-8, ZSM-5 and Silicalite-1) in a bulky IL ([DBU-PEG][NTf,]).?? Liu et al.
dispersed wet ZIF-8 in [BPy][NTf,] (dipped in methanol): this strategy allowed to increase the
interaction between the surface of the solid and the IL, thus greatly increasing the stability of the

suspension overtime
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Figure 4. Mixture of ZIF-8 and a phosphonium-based IL forming a PL. Adapted from Ref 3.

In the following years, other Type IlIl PLs have been reported, especially thanks to the fame of
metalorganic frameworks (MOFs) and ILs.3*3® Indeed, ILs are non-volatile, tunable solvents with high
structural organization, and ionic interactions are advantageous to play on steric and electrostatic
repulsion for the suspension stability. Nowadays, designing a new Type Il PL mainly consists in
choosing a highly porous MOF with small pore apertures and a low-viscosity IL with large constituents
to avoid the penetration of the solvent in the pores.® In parallel, linear polydimethylsiloxane (PDMS)
has also been identified as a good bulky solvent for MOFs, allowing the introduction of mesoporosity
in Type Ill PLs that were exclusively microporous so far.3> More recently, the perspective of fabricating
biocompatible PLs has become more palpable: Avila et al. reported PLs based on deep eutectic
solvents®” while Cahir et al. mixed CD-MOF-1 (a biocompatible MOF) in olive oil to find a suspension
stable for one day.?> In addition, a stable suspension of hydrophobic porous particles in water could

make a very simple and “green” PL.%°

Very interestingly, macroporosity has been reported for the first time in a PL, by stabilizing very
large cavities of 480 nm in PDMS through a previous non-covalent surface coating to induce particles
stabilization.3® Nevertheless, the pore aperture remain as small as 4 A, thus excluding a number of

possible application dealing with larger molecules than gas.

25



Chapter |
Introduction to porous liquids and applications

If Type Il PLs were technically the first PLs to be synthesized,”2'*!* they generally encounter stability
challenges. In addition, a very high solubility of host cages in the solvent is required (less than 20

molecules of solvent for each host molecule) otherwise their porosity are too low to be exploited.®

As written above, organic cages were functionalized with crown-ether groups to better dissolve in

t.18 Besides, an easiest synthesis route was proposed in the same

the bulky 15-crown-5 ether solven
study considering a mixture of cages made by a one-pot strategy and dissolved in hexachloropropene
(Figure 5). Four years later, Kearsey et al. published a robotic workflow to identify the best cages-
solvent combinations based on the same synthesis route with an increased concentration of cages.?
They found out that halogenated aromatic solvents with molecular weight more than 100 g/mol were

more likely to be good candidates. However, the reversibility of the imine bond formation was

detected as a problem when using imine cages for gas sorption.*

O\
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Figure 5. Synthesis of PLs based on « scrambled » cages in hexachloropropene.!®

In 2020, Deng et al. proposed a Type Il PL with a metal-organic polyhedra (MOP-18) in 15-crown-5
solvent.?® Unlike MOFs, MOP-18 could be dissolved as individual cages (5 nm large, with an inner cavity
of 1.4 nm) above 40 °C. Similarly, Jie et al. mixed an anionic porous organic cage (POC) with an excess
of 15-crown-5 to obtain a PL.22 Other promising candidates to form Type Il PLs would be cyclodextrins,

cucurbiturils and pillararenes.*

Type | PLs are the most complex to synthesize. First attempts used cyclodextrins or imine cages,

modified with long alkane chains.’>%*! However, they suffered from penetration of the organic
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moieties inside the pores. A solution could be to use branched alkanes, but Pr. James’ group also
showed the counterintuitive result that terminal-branched alkanes were responsible for an increase in
the melting point of the final material instead of lowering it. Alternatively, it seems that the covalent
grafting of a neutral polymer (polypropylene glycol) to a 2 nm copper coordination nanocage through

an “arm-first” approach prevented the penetration of the chains.*?

In 2015, Zhang et al. explored a new synthesis route based on ~20 nm large hollow silica particles
(HSPs) undergoing a surface modification with a large cationic organosilicon (Figure 6).1” This grafter
was not able to penetrate the large pore apertures of the HSP (1.9 nm). The addition of a sulfonated
polyethylene glycol derivative bonded to the cation by the mean of ionic interactions conducted to the
fabrication of a mesoporous ionic liquid. This strategy presents a great tunability, by playing on both
the host nature (that can be organic or inorganic) and the organic moieties. For instance, Liu et al.
proposed another porous ionic liquid with a surface modified silicalite as a host** while Kumar et al.
invented the first anisotropic PL based on silica nanorods.** By changing the organic corona and

canopy, new silica-based PLs were proposed for carbon capture.*4®
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Figure 6. The first PL based on HSPs, modified by a hindered cationic corona and surrounded by a

canopy formed by a sulfonated polyethylene glycol derivative.?”

Two other examples of porous ionic liquids were reported by the same group: in 2017, hollow
carbon particles were modified by the non-covalent anchoring of a polymerized ionic liquid at their
surface.*” In 2020, they made an IL made of a mixture of 18-crown-6/potassium cationic complex with
anionic POCs (Figure 7).22 Their work attempted to generalize this supramolecular complexation
strategy, but a 2:1 mixture of 15-crown-5 with POCs only resulted in a solid and it required an excess

of solvent to form a Type Il PL instead.
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Figure 7. The synthesis of two PLs following a similar but different approach: (I) the salt made of an

imine anionic cage with a complex cation led to the preparation of a Type | PL, (ll) while the mixture of
a similar salt changing the nature of the ligand necessitated an excess of this ligand acting as a solvent

to obtain a Type Il PL. Adapted from Ref 2,

Type IV PLs remain theoretical: they are based on a study showing the concept of liquid MOFs,*

but at very high temperatures (over 1000 °C).

This historical classification displays several weaknesses. In fact, the difference between a Type |l
and Type Il PL only relies on the contrast between dissolution and dispersion, when the concept is the
same: introducing host particles inside a bulky solvent at the highest possible concentration. Of course,
a soluble compound will not confer the same properties than an insoluble one,* but the classification

was meant to rely only on conceptual notions.

More importantly, the silica-based PL synthesized by Pr. Dai and coworkers in 2015 (Figure 6)'” was
claimed to be a neat Type | PL, although it is no salt like ILs. Instead, it could be seen as charged colloids
in suspension in the anionic medium. This is even more possible when switching the nature of the
interaction toward weaker ones. Only the comparison of the ionic strength with the energy required
for molecular displacement could give the answer. Indeed, a simulation of similar systems has been
performed® and it was found that linear canopies were strongly bond to the corona (separated by a

distance of 2.45 A) with a small proportion of molecules being nearly twice more distant. However, the
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result for branched canopy was far more unclear, with a very smooth peak in the radial density function
at 2.61 A and another large window between 3 and 5 A, suggesting an increased freedom in the motion

of the canopy likely due to steric hindrance.

Two carbon-based PLs have been reported so far.*”*° In the first case, hollow carbon particles were
modified by a non-covalent nt-cation interaction with an IL, followed by the replacement of the small
anion by a bulky pegylated anion to ensure the liquid behavior. This material was labelled as a Type |
PL (even though another publication mentioned it as a Type Ill PL instead?). In the second case, hollow
carbon particles were mixed with a polymerized ionic liquid displaying similar surface interactions, but
it was tagged as a Type Il PL, probably owing to the synthesis route (mixture of a host and a solvent),
rather than based on conceptual notions of the liquid behavior. They assume that the cationic head is
orientated toward the particle surface, tacitly implicating a partial dissociation of the anion to make a

layer of counter anions. With this model, the PL should be closer to a Type | PL.

Furthermore, the classification misses the possibility of obtaining a liquid matrix that would not be
made of discrete solvent molecules but by a liquid network instead (e.g., a partially cross-linked
polymer). However, Bennett et al. introduced the concept of liquid porous networks and this is why

they added the Type IV category, completely distinct from the Type 1.#

1.2.2.New classification: Class A to Class D porous liquids
In this regard, a new classification could be suggested, intended to be more faithful to the interactions
at play conferring the liquid state, and making it possible to extend the concept to as yet unsynthesized

materials (Figure 8):
Class A: discrete hosts that are directly liquid at room temperature (or below 100 °C).

Class B: discrete hosts dissolved or dispersed in a solvent made of discrete molecules, which is not

able to penetrate the pores of the hosts.
Class C: discrete hosts dispersed in a liquid network at room temperature (or below 100 °C).
Class D: porous network that is directly liquid at room temperature (or below 100 °C).

It should be noticed here that the terms “host” is deliberately vague; its definition is discussed in

Section 1.3.
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Figure 8. Four conceptual types of PLs ranged according to the origin of fluidity. Solid hosts (molecular,
supramolecular, or particles) are represented by hollow circles; organic (or eventually inorganic?)

moieties essential to bring fluidity are schemed by brown lines.

In particular, this new classification treats molecular cages and porous solid frameworks alike, given
that they are seen as discrete molecules differing from each other by their size scale. In contrast, it

focuses on the way used to obtain the liquid behavior, that could be:

i) By lowering the melting point of a porous solid (Classes A and D). Porous ionic liquids or
liquid alkylated cages have this common feature.

ii) By the solvation of porous hosts (Classes B and C) to form stable enough solutions or
suspensions. This process can be observed with discrete bulky solvent molecules (Class B)
but also with liquid networks such as partially reticulated polymers trapping porous hosts

(Class C).

Note that the hosts can be microporous, mesoporous or even macroporous (see the Section 2 for
the definitions). In Class B, the solvent could also be aqueous, provided that hosts are hydrophobic
enough to avoid water penetration. In Classes C and D, the network could be formed by chains

entanglements or by partial cross-linking of polymers for instance.
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Table 1. State-of-the-art of PLs allocated in the new classification.

Class A Class B Class C Class D
Zhang et al. (2015)Y Giri et al. (2015)*8 [MMMs like  Cardoen and Coughlin
(first one in (2004)%°
1973)%Y]

Li et al. (2017)%
Shi et al. (2018)%
Kumar et al. (2019)*
Liu et al. (2019)*
Jie et al. (2020)*
Ma et al. (2020)¥
Ben Ghozi Bouvrande

et al. (2021)>*

Wang et al. (2021)**>
Sheng et al. (2022)%
Lai et al. (2023)*

Li et al. (2023)°¢?
Yang et al. (2023)*’
Ginot et al. (2024)>%°

Jie et al. (2020)?*?
Costa Gomes et al. (2018)*!
Liu et al. (2018)*
Shan et al. (2018)3?

He et al. (2019)*°
Kearsey et al. (2019)%

Li et al. (2019)**

Cahir et al. (2020)*
Deng et al. (2020)%
Avila et al. (2023)%
Dinker et al. (2023)*®
Xin et al. (2023)>8
Corsini et al. (2024)%

Carne-Sanchez et al.
(2018) (gel)®?
Gaillac et al. (2017)
(high T°)%°
Randriamahefa et al.
(2009)*?
Wang et al. (2021)

(glue)*

Table 1 aims to summary the state-of-the-art with the terms of the suggested classification. To date,
only Class A PLs and Class B PLs were synthesized, while Class C PLs and Class D PLs mainly remain as
concepts. Bennett et al. predicted that heating mixed matrix membranes (MMMs) could lead to the

fabrication of PLs under certain conditions.*

Whatever the classification, the field of PLs would benefit from a strong definition with well-defined

limits.

1.3. Definition and frontiers
Since PLs are a very recent concept, it is necessary to insert it inside the global context of research in
material chemistry. For that, there are many frontiers to fix in the definition of a PL. For instance, the
physical state (liquid), viscosity and melting temperature have to be well defined, as well as porosity.

Speaking of suspensions and polymers, the notion of stability overtime is also essential.
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The literature focused on three key notions that were essential for a liquid to be tagged as porous:!

- The porosity must be permanent and open, so there is a way to experimentally prove it,
- The concentration of pores must be high enough to exhibit a significant gas uptake,
- The melting temperature must be below or close to the room temperature (or at a specified

operating temperature).

Forinstance, Egleston et al. excludes solutions of fullerenes from the definition of PLs because these
molecular compounds contain void but with no windows to access the cavity.! However, if proven, a
close porosity should not be discarded from the definition of PLs at a fundamental level because it
could confer other physicochemical properties to the material that do not meet straightforward
applications. For this reason, the term “host” used in the literature, and in this report, may not be the

most adequate to point a domain containing permanent pores.

The physical state of PLs must be liquid. This means that porous gels or glasses must be banished
from the definition as well, in contradiction with a previous publication.? In this context, a PL must flow
through the effect of gravity. This guideline seems reasonable especially for Class A PLs, Class C PLs,
and Class D PLs because not all complex hybrid materials have obvious melting points. Following the
definition of ILs or DES, it should be convenient to fix that the liquid behavior is to be obtained near
the room temperature, or at least below 100 °C. Hence, the liquid MOF reported by Gaillac et al. in
2017% can hardly fit this characteristic. However, this does not exclude that other liquid MOFs or other
organic or inorganic frameworks with very low melting point could be reported in the future, as

predicted by Bennett et al. in 2021.%

The term “permanent porosity” is also confusing because it can never be. When considering porous
suspensions or solutions, a notion of the stability overtime is required. For instance, the work of Liu et
al. is often mentioned as a precursor of Type Ill PL, even if the material they report is a slurry, with no
information about its stability.?® As a benchmark, one could fix that a PL has to be stable on the shelf
for a time fitting to the target application. If this feature is not respected, at least a notion of the
suspension stability must be provided. This should also be applied to possibly metastable polymers
undergoing very slow cross-linking, thus modifying the physical state from liquid to glass overtime, or
to other complex systems whose viscosity increases overtime. In addition, pores initially empty might
be slowly filled by the solvent or any surface chains grafted to make them liquid. Molecular dynamic
can help predicting such a behavior: for instance, Giri et al. found no minimum of energy when the
solvent is inside the imine cage, suggesting that the porosity will be permanent in this regard.'®
Egleston et al. proposed that any gas uptake should be reversible to prove the permanent porosity of

a PL.YIn their regard, the free-guest state is essential to separate PLs from other dissolved coordination
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cages used in many applications to this date.}* However, very hygroscopic materials such as porous
silica particles might be very hard to empty once they are surrounded by an organic matrix. If so, a
liquid might be more suitable to reversibly replace water than a gas. In addition, the liquid MOF
reported in 2017 technically does not show permanent porosity but a transient one, because ligands

are constantly moving when reassociating with the metal ions.>®

Therefore, it can be admitted that a PL should be liquid below 100 °C (it flows under gravity), and
stable for at least six months (or a specified time duration). The presence of porosity should not be
restrained to open pores existing in the free-guest state, because pores are just holes (absence of
matter) in a solid structure (molecular, supramolecular, or particles), and the pores filling with a
continuous fluid phase (gas or liquid) do not suppress this intrinsic porosity. In the case of solvent (or
grafted organic moieties) penetration, porosity should be considered if it is still possible to chase them
away from pores so other fluid guests can enter. For reader’s attention, a finer definition of porosity

and the difference with permeability are given in the following section.

2. Porosity and permeability of porous liquids

2.1. Definition
Porosity and permeability are notions generally associated to porous solids, which belong to “divided
materials”. Porosity is the volume ratio of pores over the total volume of the material, whereas
permeability expresses the ability of the material to transmit fluids. A very porous solid like clay can

show a low permeability because the pores are not well connected.

According to Rouquerol et al.,’! pores are channels or cavities contained in a material, which
increase the interface between the porous matter and a surrounding fluid phase (gas or liquid). Their
accessibility depends on their size. Pores are classified into three categories related to the size scale

they belong to:

- Micropores have characteristic width below 2 nm,
- Mesopores range between 2 and 50 nm,

- Macropores are larger than 50 nm.

Among micropores, the ultramicropores are admitted to be pores less than three times larger than
a molecule of nitrogen (or other probing gas). Additionally, pores may be accessible to guest molecules

(open porosity) or not (close porosity).

In conventional liquids, transient cavities may be created by the mean of thermal motion: they are
small and short-lived, explaining little gas uptake in some cases.®? This is why the introduction of a

permanent porosity inside a liquid opens to very promising applications. However, the apprehension

33



Chapter |
Introduction to porous liquids and applications

of porosity in the liquid state might be slightly different from the one in the solid state.! Indeed, the
solid state can host both extrinsic and intrinsic porosity due to non-efficient packing and internal

cavities respectively, while a liquid’s permanent porosity can be nothing but intrinsic.

The kinetics of diffusion of a fluid (gas or liquid) inside a porous material is related to the
permeability of the latter. Among the different characterization methods mentioned below, some

addresses more the question of porosity and others the permeability.

2.2. Methods for porosity and permeability assessment
Experimental methods were the first employed to assess the porosity of PLs. Stemming from the
supramolecular coordination chemistry, *H-NMR has often been used to demonstrate the reversibility
of host-guest interactions.”*>** This method shows the advantages of being quantitative and suitable
for volatile PLs. However, all pores may not be accessible, depending on the guest size, and complex

materials including the presence of long polymers can hardly be investigated.

The density of a PL could also be a good method to assess the presence of porosity,3! especially for
Class B and C PLs when the concentration of hosts is well-known. To be accurate, this method requires

to first ensuring that the PL is correctly emptied from any guest, as well as completely dried.

Positron annihilation lifetime spectroscopy (PALS) has raised as a method of choice to directly probe
the porosity of a liquid material. 2182227323343 |ndeed, in the case of the first “Type II” PL (Class B PL)
the resulting spectrum was found to be a linear combination of the pure solvent and the pure host
taken separately. However, the technique is not widely spread, and the measure is performed under

high vacuum, therefore not possible for PLs with any vapor pressure.

Nitrogen sorption measurements are the most famous method to quantify the porosity of solids. It
is based on the assumption that nitrogen is small enough to access any open pore. However, when
transferred to non-volatile PLs, the very low temperature imposed by the method (77 K) often leads
to the blockage of the PLs’ structure, thus creating an impermeable barrier.*° Thus, the mobility of
hindered organic chains is essential to maintain a good permeability to nitrogen. In one case however,
sorption results could be obtained with longer equilibration times (up to 120 s for each P/P, point),
suggesting a very slow diffusion kinetics.*? In this regard, CO, sorption made at 0 °C has been used to
prove that sorption was possible in a nanorods-based PL.* It was compared with the pure organic
matrix so as to show a great increase (~20 times) in the sorbed volume of gas when introducing the
nanorods as hosts. It was interested to note that a limited pressure was required in this case (P/Po =
0.03 with Pg = 34.7 bar). Increasing the pressure up to 5 bar could be realized with the use of an
intelligent gravimetric analyzer consisting of a microbalance equipped with a hermetic chamber with

a precise temperature and pressure control.®® It was found that the quantity of gas adsorbed increased
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linearly with the proportion of MOF within the IL, independently of the MOF type and the gas nature.
A careful precaution is required when concluding on any permanent porosity based on gas uptake
measurements. Indeed, a non-inert gas like quadrupolar CO; can have different affinities with the
constituents of a mixture or hybrid material and the addition of a non-porous guest might also imply a
great increase in gas uptake when compared to the solvent alone, just because of the addition of a
new external surface.! Also, it is well-known that CO, displays a strong variation of solubility in non-
porous ILs by only changing the water content.® In the case of Class D PLs, no comparison would be

possible with any solvent or organic matrix as it can be considered for other PLs.

Small-angle X-ray scattering (SAXS) and small-angle neutron scattering (SANS) are the only
techniques that can quantify close porosity. In fact, fitting SAXS or SANS curves give the scattering
length density of the probed material, that is tightly linked to its porosity. In other words, the presence
of pores, even inaccessible to external fluids, will significantly change the curve shape. If this technique
can be used for volatile PLs, it is somehow restrained to a certain size scale (i.e. between 1 and 100 nm).
Moreover, if the material contains both full and empty pores, the proportion can be hard to determine,
and it would require an additional experiment varying the contrast between scattering length densities

to “turn off” the signal of the porous host, and isolate the signal of the close porosity.

Very often, measurements of gas sorption are coupled with molecular dynamic simulations to
better locate the porosity in the PL. For instance, Giri et al. show that no minimum of energy could be
obtained when the solvent is inside the pores: thus, the penetration of the solvent within the cavity is
not thermodynamically favorable.'® They also demonstrated by this method than the same organic
cages grafted with long alkyl chains lead to a non-porous liquid because the alkyl chains were more
able to penetrate the cavity. As a result, they claim that a well-designed “Type II” PL (Class B PL) is
more likely to be a good PL than a comparable “Type I” PL (Class A PL). Li et al. used molecular
simulation to show that the use of branched ILs helped the formation of PLs by preventing
interpenetration.* Similarly, Corsini et al. predicted that a suspension of ZIF-8 in a deep eutectic
solvent allowed the retention of porosity, not only thanks to Coulomb cohesion forces between ions
(the hydrogen acceptor being a salt) but also for the low affinity of glycerol (the hydrogen donor) for
ZIF-8 (considered as a hydrophobic MOF).® Intriguingly, the mobility of glycerol molecules in accessible

pores was increased by the confinement effect.

Very recently, SANS could be employed as a technique to assess the permeability of a silica-based
PL to polar liquids (see Chapter lll, Section 1.2.2 for more details, and Appendix G).®® This was
invaluable to consider applications dealing with liquid diffusion inside a porous medium, like liquid-

liquid extraction. While investigating gas sorption and selectivity, the question of permeability has also
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been approached in a number of studies.?®*? For instance, the fabrication of PL-containing membranes
of a defined thickness allows their characterization in terms of permeance for each gas (quantity of gas
passing through the membrane per unit of time and surface of material), such that selectivity between
two gases can easily be defined as the ratio of permeances. This principle may be applied for liquids as
well: by measuring the conductivity of an ion-containing solution passing through the membrane, the

diffusion of the liquid and the ions may be quantified.

Over the years, it has then appeared that porosity and permeability assessment of PLs — while
indispensable — has to be chosen regarding the physicochemical properties of the PL (especially
viscosity and vapor pressure, but also the size scale of porous items) and in coherence with the

targeted application, when appropriate.

3. Comprehension of the liquid behavior

From the first syntheses of PLs, the desire to get more understanding about what causes the liquid
behavior has been existing, especially concerning neat liquids. The first neat PL synthesized by Pr.
James’ group was only liquid when grafting sufficiently long alkyl chains at the surface of the molecular
cages.’ Given that this strategy also increased the chance of interpenetration, they investigated the
influence of branched alkanes. They found that terminal-branched alkanes raised the melting point of
the PL, in a counterintuitive way. The same conclusion was drawn by molecular dynamics simulations
performed on PLs made of hollow silica particles and ionic corona-canopy organic matrix.*® The study
even concludes that long and linear canopies must be adopted to both decrease the viscosity and the
pore occupancy (setting a pore size of 2.4 nm which is quite large for such systems already tested
experimentally and providing a value of 1.9 nm'’). However, another study about a Class B PL made of
a mixture of poly(dimethylsiloxane) and MOF reported that the use of a star polymer instead of its
linear counterpart, lead to less viscous PLs.3® In 2023, Lai et al. used a linear and neutral polymer but
capable of hydrogen bonding, for covalent grafting onto nanocages.*? Based on distances calculations,
they showed that the brushes did not penetrate the nanocage. Depending on the polymer length, they

obtained either porous solids, glasses, gels or liquids.

lonic interactions were also believed to open a path toward the liquid behavior. In 2015, Zhang et
al. combined long organic moieties with ionic interactions.’” In 2020, Jie et al. demonstrated the
feasibility of making a porous ionic liquid based on ionic interactions between an anionic molecular
cage and a bulky cation (metal complex with crown-ether as ligand), with no long alkyl chains.?? It was
classified as a Type | PL (and belongs to the Class A herein) because the porous molecular host was
acting as the anionic part of an IL, such that no extra-solvent was required. Still, the similarity of this

system with the one described by Giri et al. in 2015 (a suspension made of imine cages solubilized in
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a crown-ether solvent thanks to other crown-ether functionalization) raises more interrogation about
the nature of interactions required for the liquid behavior. In this particular case, the presence of pair
ions probably leads to a zero vapor pressure PL whereas the suspension in crown-ether undergoes
degradation (crown-ether evaporates more easily since the melting temperature of 15-crown-5 is
96 °C, and a solid residue remains). The role of ionic strength was also studied on non-porous ionic
systems based on silica nanoparticles (called NIMs, see Chapter Il), and it was found that an isostearate

canopy was less efficient in providing good fluidity to the system than a sulfonate.®®

Impressively, Li et al. recently reported a porous mixture made of a MOF in a stimuli-responsive IL
(Figure 9). Shearing the liquid led to an organization of the molecules in the IL provoking precipitation,

while heating the solid allowed reversibility toward the PL.%®
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Figure 9. Dual-stimuli-responsive PL made of a mixture of MOFs in an IL.°® A simple shearing of the

suspension triggers the liquid-to-solid transition, which is reversible through moderate heating.

The reviewing article of Bennett et al. focuses the regards toward the solid-liquid transitions of
complex materials.* They observe that a supercooled PL could easily lead to a porous glass, especially
when speaking of neat liquids. For this purpose, a reversible glass transition must be observed, while
maintaining the porosity. They also regard porous solids as very organized materials, in which some
disorder shall be introduced to transit their physical state toward glasses, gels and even liquids. If this

is alighed with the publication of Li et al. above,®® it may be in contradiction with the fact previously
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discussed that branched alkanes are likely to increase the melting temperature with respect to their

linear counterpart.

Besides, in the case of colloidal suspensions, the stability of PLs might be explained by the
Derjaguin-Landau-Verwey-Overbeek (DLVO) theory in terms of attractive and repulsive forces. This
theory is often applied to explain the stability of surface charged colloids in suspension. It accounts for
both attractive Van Der Waals and repulsive Coulomb forces occurring from the electrical double-layer
of interacting particles. However, it seems that there has not been used of this theory for porous

suspensions until now.

Molecular dynamics can be judiciously employed to help bringing more fundamental
comprehension of the liquid behavior. For an ionic PL made of hollow silica particles, Sheng et al.
showed that a sufficient grafting density of surface silanol groups is necessary to prevent aggregation.
7 Indeed, the more polymeric chains are present, the higher the distance between two particles. This
was consistent with experimental studies concerning polymeric brushes grafted at the surface of
nanoparticles: the higher the grafting density, the more elongated the brushes.*? Also, it was shown
that a larger pore apertures resulted in more viscous PLs assigned to strong interactions between the

canopy and the pore channels.®

All in all, empiric results and simulations both concede that the matrix:host weight ratio seems to
significantly control the physical state of a porous hybrid material, be it a suspension or a neat system
with no solvent. Very probably, the viscosity of PLs would decrease when i) increasing the free volume,
and ji) increasing chains flexibility. Alike common salts, ionic interactions alone are not sufficient to
bring the liquid state because they cannot avoid structural organization of short molecules. However,
they might be able to reduce the matrix:host ratio necessary for obtaining a liquid. Even if this
hypothesis is verified thereafter, it is most probable that very fluid porous ionic liquids with low
viscosity would be harder to obtain (as it is the case for ILs). Although hydrogen bonding are not well
studied yet, it would be interesting to apply the principle of deep eutectic solvents to PLs.3® Finally,
other considerations like the use of branched molecules deserve a careful attention especially when

their role depends on the PL class (suspension or neat liquid).

It is believed that a better knowledge about specific features held by PLs (fluidity, porosity,

permeability, among others) should orientate researchers toward suitable applications.
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4. Applications of porous liquids

4.1. Current studies
Most of the studies cited before, in the wake of pioneers, evaluated the PLs as candidates for gas
capture, storage and separation. The main applications have focused on CO; capture and N,/CO,
separation, because this acidic gas usually shows high interactions with liquids (Figure
10)17:25,32:43,4548,53,55,58,70 Again, molecular simulations can help understanding the thermodynamics and
kinetics of gas diffusion and storage.”* Going further, the catalytic activity for CO, cycloaddition has

also been reported.®®
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Figure 10. CO, adsorption-desorption behavior of a Class A PL. Reproduced from reference >

Nevertheless, other gases were at the core of some works as well: Chaffee et al. studied the
adsorption of hydrocarbon and other gases (including hydrogen, xenon and CO,).** They found that
cryptophane-111 had a good affinity toward methane and smallest hydrocarbons, suggesting a good
selectivity between the latter and bigger gas like ethylene or ethane. Giri et al. were also interested in
methane, and supported their results with molecular simulations.'® Greenaway et al. measured the
performance of similar PLs in xenon and SFs adsorption and found a very high pore occupancy (72%
and 74%, respectively).”? Kearsey et al. considered releasing xenon from the PL thanks to thermal

stimulation. They also suggested to store the gas by cooling the PL and forming a gel.? Cahir et al. used
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Class B PLs for the gas separation of ethane and ethene.? They specified that no processes based on a
liquid phase were currently available for such a separation because of the lack of a selective solvent.
They also indicated that their biocompatible PLs could find applications in the medical field, with no

further investigation.

To broaden the range of available solutions, several works proposed to make new membranes
containing PLs and used them for gas separation.”"?8°>73 On the one hand, PLs can be directly anchored
onto a support, such as polymeric membranes or nanoslits of graphene oxide. In this latter case, a
great increase in gas permeability has been obtained thanks to the presence of the hollow cavities
(Figure 11).2 On the other hand, PLs can be used as homogeneous fillers for mixed matrix membranes
(MMMs). This strategy consists in mixing the PL with a solution of a polymeric membrane, before drop-
casting it to obtain a homogeneous membrane. It was shown that the use of a PL instead of the pure
microporous solid as a filler avoided particle aggregation, increased the CO,/N, selectivity and reduced

MMM’s swelling.>>"3
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Figure 11. Scheme of CO, molecules passing through a) PL/graphene oxide (GO) membrane and b) 15-
crown-5/graphene oxide membrane. The alkane chains in the nanocages are omitted for clarity.

Reproduced from reference %

In 2020, Ma et al. encapsulated small non-gaseous molecules into a porous ionic liquid based on
tetrahedral coordination cages for the first time.?” In 2019, Hemming et al. showed the possibility of
encapsulating gold, platinum, and palladium nanoparticles inside silica-based PLs then acting as
catalysts (Figure 12).7%7¢ Last year, two studies presented Class A PLs and Class B PLs applied to the
desulfurization of fuel 0il.””7® In both cases, they evidenced the role of the quaternary ammonium in

the extraction-adsorption process of sulfides.
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T

Figure 12. TEM images of a silica-based PL impregnated with a) Au, b) Pt and c) Pd. Reproduced from

reference 74

More recently, the apparition of stimuli-responsive PLs proves the very fast achievements in the
fields of PLs.%® Dinker et al. published a simultaneously photo- and thermoresponsive Class B PL that
could uptake and release CO; thanks to a reversible cis-trans isomerization of the azo-functionalized

ligand used to make the nanocage.>®”®

4.2. Potential future applications
Obviously, the next step after CO, capture would be its exploitation through electrochemical reduction
to making valuable molecules such as methane, ethylene, formic acid, and carbon monoxide.®°
Catalytic cycles should also be considered, based on already existing research in this field.**#182 Given

that metallic nanoparticles had already been encapsulated in a PL, one could think of applying lab-in-
shell chemistry in PLs for CO, processing as well as for all kind of molecular species.”*83

Considering the numerous employments of hollow silica particles described in literature (often

requiring a dispersing phase), it would be worthy to look into the potentiality of silica-based PLs in the

84-86

same fields. Hence, the fabrication of functional superhydrophobic surfaces, stable antibacterial

7 88,89 0

coatings,®” smart inks and paints, and functional glasses, as well as cosmetics,® catalysis in

74,91,92

hydrophilic or hydrophobic media, and solvent extraction are all applications for which these

innovative liquid materials could be suitable, along with gas sorption, storage and separation.

Furthermore, PLs could meet applications in electrical energy storage, for instance benefitting from
the properties of MOFs and ILs in this domain.®® In Li-ion batteries, they could act as electrolytes or be
supported onto an electrode. They might also be used as supercapacitors. Besides, they could also
serve in drug delivery or other medical applications, on condition that more research is to be
conducted about biocompatible PLs. As predicted by Bennett et al. in 2021, the extension of stimuli-

responsive PLs might open route toward applications in sensing and information storage as well.*

41



Chapter |
Introduction to porous liquids and applications

5. Potential and challenges for porous liquids in liquid-liquid extraction of
metals

5.1. Introduction to techniques of metal extraction
In 2021, 2.8 billion tons of metal have been extracted from the mine, including 2.6 billion tons of iron.%
After ore processing, the metals are generally dissolved in aqueous solutions, from which the selected
species will be extracted. For this, two types of processes for metal extraction are widely implemented
in industry: liquid-liquid extraction (LLE) and solid-liquid extraction (SLE). As presented in this section,
both techniques have advantages and drawbacks, and the choice will depend on the nature of the
metal to extract, the purity to achieve, the competitive compounds that are present, and the medium

in which they are contained.

5.1.1. Liquid-liquid extraction
Liquid-liquid extraction (LLE) is a widespread industrial technique used to separate metals or organic
molecules from a bulk containing competitive molecules, ions or complexes. In general, it consists in
contacting an organic phase containing extracting agents with an aqueous phase containing the
targeted metal(s) or molecule(s) (Figure 13). In the particular case of metals, redox chemistry and pH-

sensitive complexes usually get involved to enhance selectivity and efficiency.
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Figure 13. The principle of LLE.

However, the use of large volumes of organic solvents at industrial scales results in a high
environmental impact due to their volatility and toxicity. In many cases, the formation of a third phase
in the process forces the introduction of phase modifiers to avoid solid deposits and important losses.
Another drawback lies in the potential dependence to supply. Moreover, in some cases like the

separation of rare-earth elements, the selectivity of conventional LLE can be poor.

Two extraction mechanisms can take place during a LLE process: ionic exchange or solvation. In the

case of metal extraction, ionic exchanges are often cationic (Chemical equation 1). They occur when

42



Chapter |
Introduction to porous liquids and applications

the ligands can easily loose protons, so the cationic metal will exchange with protons at the water/oil

interface while establishing interactions with the deprotonated ligand.
[Ma+]aq + W[HE]org « [MEw]org +aH* (1)

where M2t is a metal cation and E is a deprotonable organic extractant. For instance, 2-ethyl-hexyl
phosphonic mono-2-ethyl-hexyl ester (PC 88A) is a phosphonic ester capable of a cationic exchange to

extract neodymium.*®

Regarding solvation, the metal is transferred to the organic phase by ligand complexation, and the
aqueous phase is simply depleted, according to the mechanism in Chemical equation 2. The

electroneutrality is conserved thanks to the stoichiometric co-extraction of a counter-ion.

xX[M®*]qq + ¥[XP Naq + z[Elorg © [MxXyE,] (2)

org
where M* is a metal cation, XP~ is an anionic counter-ion, and E is an organic extractant.

5.1.2.50lid-liquid extraction
On the opposite side, solid-liquid extraction (SLE) has been developed to reduce the required quantity
of materials involved in the extraction process, as well as increasing their recyclability. Sorbents
generally are porous inorganic or organic materials such as silica, carbon or polymers. They contain
functional groups able to selectively chelate the targeted metals, and they can be settled in columns

or membranes, so the process can be continuous.

Sorption mechanisms include adsorption, precipitation, and absorption. Adsorption refers to the
fixation of fluid molecules at the surface of a solid. This can take place according to two distinct
mechanisms which are: i) chemisorption, that implies the formation of chemical bonds, allowing poor
reversibility because of the high strength of the interactions, and ii) physisorption relies on weaker
interactions (electrostatic or Van Der Waals forces) without modification of the molecular structure of
the solid, so this mechanism is prevalent in extraction because of its reversibility. Precipitation is the
three-dimensional growth of a solid phase: it can be homogeneous (in the bulk), or heterogeneous (at
the sorbent surface or in the pores). Absorption means the substitution of atoms within the structure
of the sorbent, by atoms of the targeted element. It supposes similar ionic radii and charges between

the two exchanged atoms.

As with LLE, the phenomenon of ion exchange can also take place in the solid phase and constitutes
a sorption process. The extracted species is compensated by another species initially present in the

system when the latter has functional groups on the surface. An ion exchanger is a solid, often a resin,
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capable of exchanging ions with other ions from the aqueous solution in which it is immersed. In some
cases, as well as being ion exchangers, resins have complexing functions in their matrix, and they are
known as "chelating" resins. They are used, for example, in industry to obtain highly purified rare earth

elements.®®

To quantify the extraction efficiency of a material to extract a metal, its loading capacity

Qu (mmol/g) is expressed as:

1

Minat

"XV XV
MW, MW,

Qu = 3)

Where ¢/™ and c}” are the initial and final mass concentrations of metal respectively (mg/L), V the
volume of solution in contact with the material (L), MWy the molecular weight of the metal (g/mol),

and mmat the mass of material used for the extraction test (g).

Even if the fixation of the chelating agent on a support can allow reaching higher selectivity for a
specific metal with respect to LLE, the mechanical aging of sorbents is often a brake for their industrial
development. For these reasons, PLs could keep advantages from LLE and SLE, while setting the

drawbacks aside.

5.2. Porous liquids employed for liquid-liquid extraction of metals
This thesis aims to defend the potential of PLs as a non-volatile alternative organic phase for LLE.
Indeed, PLs can combine the high performances of porous solids with the ease of manipulation and
storage of liquids. By contrast with conventional LLE, the absence of solvent in Class A PLs would imply
neither possible third phase formation nor material losses due to volatility (Figure 14). Industrially, it
would allow replacing conventional processes without changing infrastructure. In this context, it was

necessary to synthesize functional hydrophobic PLs displaying high permeability and low viscosity.
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Figure 14. Comparison of conventional liquid-liquid extraction and liquid-porous liquid extraction.

Among the different types of PLs described previously, solvent-free PLs based on hollow silica
particles are good candidates because of the nanometer size of their internal cavity, the high porosity
of the silica shell and the tunability of the synthesis. Furthermore, silica can be easily functionalized by
co-condensation or post-grafting (see Chapter IV, Section 2.1). In literature, most of the silica-based
PLs are hydrophilic, following on from the study of Pr. Sheng Dai and coworkers.!” Therefore, this work
was focused on developing new silica-based PLs adapted for LLE, with a hydrophobic behavior and
functional moieties. In particular, it was centered on the extraction of rare earth elements (REEs)

contained in permanent magnets, such as neodymium, praseodymium and dysprosium.

Even though silica-based PLs were often studied for gas sorption and separation, few investigations
also took an interest in their interaction with metals. Hence, Hemming et al.”* recently demonstrated
the possibility of encapsulating nanoparticles of gold, platinum, and palladium inside the silica hollow
cores during their synthesis, without significantly affecting the grafting steps forming the PL afterward.
Furthermore, Yang et al. successfully separated heavy metals like lead and copper from a water phase
by using a magnetic silica-based PL to make the collection possible (Figure 15).>” In the course of this

thesis, a study conducted in our group also showed the possible extraction of lead by a PL thanks to its
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previous functionalization with thiols.®° These two PLs being hydrophilic, they cannot be directly
employed as organic phases in LLE yet. Regarding REEs, no research for their extraction has been

conducted to date.

Electrostatic interaction
Ko
Steric effect and entropy
increase effect

{ ~ Fea04@HS PL

Figure 15. Mechanism of Cu(ll) and Pb(Il) adsorption by a magnetic PL based on hollow silica particles

(HS stands for “hollow silica”).>’

Various challenges will be addressed in the following pages, like the synthesis optimization, the
functionalization, the viscosity, the hydrophobicity and the extraction efficiency and selectivity.
Specifically, the introduction of functional groups known for their affinity with REEs is expected to be
essential to manage correct extraction of the metals. Porous structure and permeability of the PL to
aqueous phases also deserve deep studies prior to choose the best system ensuring good diffusion of
metal ions in the silica pores. Since PLs still are a young concept, there is a lack of knowledge about
them in general. Therefore, this study also aspired to provide more fundamental information about
the liquid behavior of these materials, depending on the nature of both organic and inorganic parts.
Indeed, this could greatly help researchers designing PLs with low viscosity and specific features for

various applications.

Conclusion

The heart of this chapter consisted in introducing the recent concept of porous liquids (PLs) as an
innovative material with great potential. The genesis of PLs since the 2000s was reminded in the first
place, along with the evolution of their classification. Literature nowadays proposes four conceptual
types of PLs, but it was demonstrated how some confusions might be introduced in their definitions.
In this thesis, a new classification has been presented, based on the origin of the liquid behavior: Class
A gathers PLs made of discrete hosts that are directly liquid at room temperature (or below 100 °C). In
Class B, PLs contain discrete hosts dissolved or dispersed in a sterically hindered solvent made of

discrete molecules. Class C regroup PLs consisted of discrete hosts dispersed in a liquid network at
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room temperature (or below 100 °C). Class D describes porous networks that are directly liquid at
room temperature (or below 100 °C). In all cases, PLs are generally hybrid materials containing a solid
host (organic or inorganic) either dissolved or dispersed in hindered organic solvents, physically
treated, or chemically modified with organic moieties to be liquid at room temperature. Thanks to a
careful screening of published works, it was finally found that Class A PLs and Class B PLs are the only
kinds which are deeply studied, whereas Class C PLs and Class D PLs essentially remain at the

conceptual level so far.

Whatever the category, PLs are porous materials before anything else, and their porosity must be
accurately defined. In particular, it should not be limited to open pores existing in the free-guest state,
because pores are just holes in a solid structure, increasing the interface area between matter and a
surrounding fluid. Hence, the fact that pores are filled do not suppress this intrinsic porosity. In the
case of solvent (or grafted organic moieties) penetration, the material is still porous if it is still possible
to chase it away from pores so other fluid guests can enter. However, conventional techniques used
for assessing porosity in porous solids cannot always be directly transferred to the characterization of
PLs. For instance, nitrogen sorption at 77K is not efficient because the bulky organic moieties act as
glasses at this temperature, blocking gas diffusion thus creating an impermeable barrier. Very long
equilibration times must be respected to obtain an isotherm. Alternatively, changing the gas for CO,

allows increasing the measurement temperature, but this gas is generally not inert.

Bringing porosity to the liquid state immediately raised more questions about the origin of the
fluidity. For all types of PLs, it appeared that the weight ratio between organics (brought up for
chemical modification or as bulky solvents) and solid hosts is crucial to obtain a liquid. The presence of
ionic or hydrogen interactions can have an influence on the ratios window leading to liquids, but this

hypothesis still needs to be verified.

Although most current studies focus their attention toward gas capture, storage and separation,
the potential of PLs goes far beyond this field of application. If Class B PLs often contain only
angstrometric cavities, silica-based Class A PLs could be used as extractants for bigger organic
molecules or metals thanks to their nanoporosity. Because of their high versatility, arising from their
hybrid nature, it is easy to consider designing new PLs for a specific application. This would mean
playing on the host nature as well as on the organic parts, so as to tune physicochemical properties
(water affinity, viscosity, stability...), as well as adding task-specific groups to reach good performances.
As an example, stimuli-responsive PLs have been recently reported, and they could act as “smart”

materials in various applications.
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To explore the possibility of using PLs for metal extraction, it has been decided to study silica-based
Class A PLs in this thesis. Indeed, they have numerous advantages. The presence of porous silica shells
as solid hosts allowed using the wide knowledge about silica treatment and functionalization. Since
their synthesis is largely described in literature, it was also possible to change the size and porous
profile of the silica shells employed as first building-blocks in the PL fabrication. Finally, the fact that

Class A PLs were solvent-free brought a real benefit for the targeted liquid-liquid extraction process.

The investigation started with the synthesis and the characterization of the first hydrophobic Class
A PLs based on two types of hollow silica particles. Porosity and permeability could be tuned by
changing the nature of the silica particles, while viscosity, physical state, and affinity toward water
could be modulated by varying the chain lengths and the nature of the organic moieties, so this
versatility was deeply studied afterward. In the end, the functionalization of PLs and their application

in extraction of rare earth elements completed the work.
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As it has been discussed in the first chapter, silica-based porous liquids (PLs) might be good candidates
to act as an extracting phase in liquid-liquid extraction (LLE) of metals. To achieve this goal, the first
task consisted in adapting the state-of-the-art methods to synthesize hydrophobic and fluid porous
materials. The strategy adopted in this work aimed to harness the tunability of silica-based PLs, by
varying both the nature of the silica core (size, shell thickness, density, porosity) and the organic
moieties (affinity toward water, ionic or neutral). The first section will describe the strategies chosen
for the new synthesis methods and the publications from which they are inspired. The second and
third sections will detail the synthesis and characterization of hollow silica particles (HSPs) and PLs,

respectively.
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1. Synthesis strategy — from Nanoscale lonic Materials (NIMs) to Porous Liquids
(PLs)

1.1. From NIMs to ionic PLs: state-of-the-art
The synthesis of the first PL based on HSPs was reported by Pr. Sheng Dai and his team in 2015.Y In all
likelihood, the route they followed was inspired from different sources. Indeed, a new research field
emerged in the 2000s, about solvent-free nanofluids called “nanoscale ionic materials” (NIMs).9%8 |n

particular, the work of Pr. Emmanuel P. Giannelis and coworkers®>°%1% consisted in functionalizing

silica nanoparticles (SiNPs) by a two-steps procedure resulting in an ionic material that could be liquid
at room temperature, depending on the grafting nature. As depicted in Figure 16, a first layer (corona)
of an ionic organosilicon was covalently bonded at the surface of the SiNPs. Then, a second layer

(canopy) of a large counter ion was formed by establishing ionic interactions with the corona.

/\/ N+
: -CH;CH,CH,N(CyyHy)2(CHjy)

A’: Counteranion

Figure 16. Scheme of the structure of a NIM based on an inorganic nanoparticle chemically modified
by two layers of organic molecules interacting through electrostatic attraction. Reproduced from

Reference 8.

They found out that a long sulfonated poly(ethylene glycol) (PEG) as a canopy provided a liquid
behavior to the final material. Therefore, Pr. Dai et al. used the same grafting on the surface of porous
HSPs, giving birth to an ionic PL (Figure 17). The synthesis of HSPs was inspired from the works of Qiao
et al.® and Li et al.?®! It was also close to the synthesis route described by Liu et al.1®? During the
following years, a number of studies have used Pr. Dai’s synthesis route to explore potential

applications to nanometric PLs.*#4% The nature of porous nano-objects was varied, with examples of
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liquefied silica nanorods or zeolites, and the target application was most often CO, capture or gas

separation.
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Figure 17. Scheme of the strategy pathway of the first silica-based ionic PL synthesized by Pr. Dai et al.

Reproduced from Reference ¥’

In the context of making hydrophobic PLs for LLE, another type of grafting was considered in this
study. It derived from another NIM made by the team of Pr. Giannelis in 2008.%>1%° The cationic
organosilicon was replaced by a sulfonated one [3-(trihydroxysilyl)-1-propane sulfonic acid], named
SIT, to form a corona covalently bonded to the surface of a SiNP (Figure 18). Then an amphiphilic
tertiary amine (named EthA hereafter) was used in order to form the cationic canopy after protonation.
This commercially available amine derived from tallow amines modified by PEGylation. It had one
aliphatic chain (C16-C1s) and two PEG chains (with a total number of ethylene glycol (EG) units of 25).
Based on this work, it was presumed that tuning the hydrophilic-lipophilic balance (HLB) of the amine
by varying the number of EG units would allow tailoring the hydrophobicity of the final material as well

as its viscosity.
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Figure 18. Scheme of the synthesis of a NIM with an amphiphilic canopy: a) sulfonation of the silica
spheres is achieved by condensation with 3-(trihydroxysilyl)-1-propane sulfonic acid (SIT, 30-35% in
water) followed by protonation with strong acid resin; b) neutralization with a PEGylated tallow amine
(n+m = 25). The alkyl chain of the tertiary amine is represented as Cs, but the tallow amine derivative

which was used had alkyl chains between Cis and Cis. Adapted from Reference *°.

1.2. Synthesis tunability of silica-based ionic PLs
PLs based on HSPs can be viewed as hybrid organic-inorganic materials, and both organic and inorganic
moieties can be tuned to change the physicochemical properties of the final material. In this regard,

the nature of the silica core and the type of organic grafting were modified in this thesis.

1.2.1.Nature of the silica core
The nature of the silica core (shape, size, porosity and shell structure) might have a great influence on
the fluidity and porosity of the PL. On the one hand, Pr. Dai et al. used around 30 nm large HSPs to
make PLs!” and their fabrication followed quite similar route as the work of Liu et al. published in
2008.192 On another hand, the synthesis of larger HSPs (diameter over 100 nm) is extensively described
in literature. 8103104 Bjg HSPs also are good candidates for PLs because they usually display larger

cavities and pore channels, thus allowing the inner diffusion of larger molecules or complexes.

In this study, two types of HSPs were synthesized: small HSPs (labeled sHSPs) following the method

described by Pr. Dai et al.,*” and big HSPs (labeled bHSPs) according to the protocol of Teng et al.1%
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Figure 19 shows how these two types HSPs where prepared and turned into ionic PLs. Details of the

method are provided in Appendix A.

The fabrication of sHSPs (Figure 19a) consisted in forming large micelles of a triblock copolymer
(Pluronic F127) in water thanks to the addition of a swelling agent (trimethylbenzene, TMB), in
presence of potassium sulfate K;SO4 (to control the sol-gel kinetics in the next step). As a silica
precursor, tetramethoxy orthosilicate (TMOS) was added to form a silica network around the
hydrophilic arms of the polymer. After calcination, the template was removed, letting a hollow

mesoporous cavity and microporous pores inside the silica shell.

The method to synthesize bHSPs (Figure 19b) was derived from Stoéber’s,'® i.e. achieving the
condensation of tetraethoxy orthosilicate (TEOS) around an assembly made of cylindrical micelles of
cetyltrimethylammonium bromide (CTAB), in a basic aqueous phase containing ethanol. An additional
step of incubation into warm water allowed removing the less-condensed silica inside the core of the
micelle assembly. The template was then softly removed by using acidic ethanol under reflux. By this

way, a big silica shell surrounding a hollow cavity could be formed.
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Figure 19. Scheme of the syntheses of a) sHSPs and b) bHSPs; c) HSPs are used to create an ionic PL.
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1.2.2.Modulation of the organic grafting

To make them liquid, sHSPs and bHSPs were treated for surface modification with SIT.% Then, the
neutralization of the modified HSPs with EthA, followed by the removal of water terminated the PL
synthesis (Figure 20). Furthermore, the length of the PEG chains of the tertiary amine was varied to
tune the hydrophobicity and the viscosity of the PL. Four commercially available EthAs and one made
in the lab were included in the investigation. The total number of EG units (n+m) ranged from 5 to 92:
the shorter the chains, the more hydrophobic the molecule. EthAs were referred to as EthA-X with X
the number of EG units (5, 11, 22, 50, 92). EthA-5 to 22 were liquid, EthA-50 was a glassy solid and
EthA-92 (made in the lab) was a powder. PL-sHSPs-EthA-X and PL-bHSPs-EthA-X stood for PLs
containing sHSPs and bHSPs respectively, with a canopy made of EthA-X. In the aim to comparing with
literature, the NIMs based on SiNPs were also synthesized and named PL-SiNPs-EthA-X even though
they were not properly porous materials. More details about the method are in Appendix A.
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corona (SIT) X=h+M=5 11,23, 50, 92

Figure 20. Scheme of the chemical grafting at the surface of the silica particle, applied to obtain a

tunable ionic PL.

1.3. From ionic PLs with amphiphilic canopy to neutral PLs with hydrophobic canopy
In 2023, Pr. Panchao Yin and his team reported a non-ionic hydrophobic PL made of coordination
nanocages decorated with poly(propylene glycol) (PPG) (Figure 21).*> By changing the molecular
weight of the polymer, they obtained all the range of physical states, from the solid to the liquid, by
way of gel-like materials. This study was only the second one to introduce a non-ionic PL based on

nanocages, after the work of Wang et al. in 2021 concerning UiO-66.%3 Yet, before these studies, liquid
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POSS-containing polymer composites were also described using PPG, but they were not recognized as
PLs.12 While designing new PLs for LLE, PPG was expected to provide a good hydrophobicity and a good

stability against water.
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Figure 21. Scheme of the synthesis of a hydrophobic PL made of coordination nanocages (CNCs) and

PPG brushes. Reproduced from Reference .

Therefore, inspired from the work of Randriamahefa et al.,* a new method has been developed in
the present project to make a PL via the association of sHSPs with PPG. Figure 22 shows a
representation of the polymer grafted at the surface of a HSP. Two different lengths of polymeric
chains were tested (PPG with a molecular weight (MW) of 725 g/mol (PPG,s) and 2,000 g/mol
(PPGa2000)).

}Oova[emL

sHSP | grafting PL - sHSPs-PPG

S~ PPG MW = 2,000 g/mol
nh=234

Figure 22. Scheme of the covalent grafting of PPG at the surface of a sHSP, leading to the PL-sHSPs-
PPG.
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As described in Figure 23a, either PPGys or PPGaoe Was first silanized by forming the allyl
intermediate and making it react with triethoxysilane in the presence of a platinum-based catalyst
(Pt2[(Me,SiCH=CH,),01]s, Karstedt'%). Then it was grafted at the surface of sHSPs at room temperature

under argon during one night to give PL-sHSPs-PPG (Figure 23b).

a)
NaH (25 eq.) Allyl bromide (1 eq.)
PPG——OH —————  PPG—O Y . % PP
dry THF, RT, dry THF, 80°C,
nert atm (Ar), overnight inert atm (Ar), 48 h
Triethoxysilane (1.2 eq.)
Karstedt 3-3.5%, cat.
dry THF, 80°C,
mert atm (Ar), 4.5h
PF'G\/\/Si(()ln)3
b)

PO SO o ggps AV THERT

mert atm (Ar),
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- J
(0] OH
\Sli O
|
h
Figure 23. Synthesis of non-ionic single-component canopy-based PL (PL-sHSPs-PPG): a) Silanization of
a commercially available PPG providing the expected PPGSi(OEt); intermediate. Two different lengths
of polymeric chains were tested (PPG with a molecular weight (MW) of 725 g/mol (PPG7;s) and

2,000 g/mol (PPGaono); b) Scheme of the covalent grafting of PPG-(SiOEt)s at the surface of a sHSP,
leading to the targeted PL-sHSPs-PPG.

Details of the method are provided in Appendix A. To optimize the synthesis, different parameters
such as the temperature, the reaction time and the post-reaction treatment method have been varied,

and this study will be presented in Section 3.2.

1.4. Synthetic table of the synthesized materials presented in this chapter
To guide the reader among the different materials mentioned in the following pages, schemes of the
three types of silica nanoparticles (SiNPs, sHSPs, bHSPs), and their surface modification to obtain
corresponding PLs have been compiled in Table 2. Note that functional materials will be presented in

the last chapter, so they do not appear here.

57



Chapter Il

Synthesis and characterization of a new range of hydrophobic silica-based porous liquids

Table 2. Synthetic table of the synthesized materials presented in this chapter. Functional materials

discussed in Chapter IV do not appear here.

Silica particles

SiNPs

sHSPs

bHSPs

Silica nanoparticles
(Ludox)

Small hollow silica
particles

Big hollow silica
particles

Porous liquids

PL-sHSPs-EthA-X

PL-bHSPs-EthA-X

PL-sHSPs-PPG-X

PLs based on sHSPs

and SIT-EthA corona
-canopy

PLs based on bHSPs
and SIT-EthA corona
-canopy

Porous liquids based
on sHSPs and PPG

X=n+m
=5,11, 22,50, 92

O OH
~! '
(l)W

X =725 or 2,000 g/mol

The following section will focus on the characterization of the size and shape of silica particles, while

Section 3 will linger over the synthesis development and the characterization of PLs.

2. Synthesis and characterization of hollow silica particles

2.1. Synthesis method

Hollow silica particles (HSPs) of two different kinds were synthesized and used to make PLs (Figure 19,

cf. bookmark No.2 and No.3): sHSPs were formed by condensation of TMOS around a soft template

made of Pluronic F127 and TMB, whereas bHSPs were templated by self-assemblies of CTAB and the
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hollow cavity was created afterward by incubation into warm water (see Section 1.2.1). Details of the
methods are provided in Appendix A. In both cases, the particles were obtained with a quantitative
yield (99.7% for sHSPs; 48.5% for bHSPs stemming from the deliberate release into the bulk of a large
amount of non-condensed silica initially present in the core of the particle. This occurs during the
incubation step and it allows creating the hollow core). Commercial silica nanoparticles (SiNPs) were
also considered as a little porous reference, which had already been liquefied before, after endowing

them with two ionic organic layers as reported in literature.®

In the next section, some characterization methods are introduced and employed to provide
information about the sizes and shape of the HSPs. The details about devices, methods and samples

preparation are supplied in Appendix B.

2.2. Transmission electronic microscopy
Transmission electronic microscopy (TEM) was employed to image the three samples (Figure 24). First
of all, sHSPs and bHSPs clearly show an inner cavity without silica, as indicated by the difference of
contrast between the inside and the shell. As expected, SiNPs are dense with no contrast variation. It
was interesting to note that some of the bHSPs present a non-perfect spherical shape, along with
partial coalescence. This can be assigned to the use of a soft template for such big particles,®> along
with the different treatments that are applied to empty the particles which may lead to coalescence

between the neighboring thin silica shells.

The internal and external diameters of the particles were statistically determined by using Imagel
software counting more than 200 spheres, and the size distributions of external diameters are supplied
in Figure 25. For the counting of bHSPs, a mean diameter of mostly spherical particles was taken.
Hence, SiNPs are 17.4 £ 2.8 nm large. sHSPs are in the same size range with an internal diameter of
14.8 £ 1.3 nm and an external diameter of 25.4 + 1.4 nm. bHSPs are one order of magnitude bigger
with mean internal and external diameters of 203.6 + 58.8 nm and 236.0 + 64.4 nm respectively.
However, it was clear that two populations of spheres were present: around 40% had a diameter
around 149 nm and 60% had a diameter around 278 nm. Such a heterogeneity was not mentioned in

the original publication,'® but it was not an issue in the next steps of the PL synthesis.
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Figure 24. TEM images of a) SiNPs (x80k), b) sHSPs (x80k), and c) bHSPs (x10k). Reproduced from *°.
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Figure 25. Statistical distribution (# > 200) of external diameters deduced from TEM data analysis of

a) SiNPs, b) sHSPs, c) bHSPs.

2.3. Small angle X-ray scattering

TEM results were correlated with the structural information deduced from small angle X-ray scattering

(SAXS) and ultra-small angle X-ray scattering (USAXS) (Figure 26). Details about the theory of SAXS are

supplied in Appendix C.
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Figure 26. a) Comparison of the structural organization of SiNPs (black squares), sHSPs (red circles) and
bHSPs (blue triangles) powders by SAXS; b) USAXS-SAXS signal of sHSPs (black squares) and SiNPs (blue
circles) and the corresponding fitting curves (lines) obtained with the software SasView over the range
[0.00482;1.000] A™. The model used for fitting was a core-shell sphere structure with a sticky

hardsphere behavior. The parameters and their value are listed in Table 3.

The spectra of the three powders (SiNPs, sHSPs, bHSPs) feature an increase in scattering intensity
at low angles [0.02 — 0.5 A!], which is characteristic of nanospheres. Oscillations were fitted with
SasView software for SiNPs and sHSPs (Figure 26b) and the fitting parameters are listed in Table 3.
They are characteristic of monodisperse nanospheres and nanoshells respectively, with diameters
consistent with the ones obtained from TEM images (Table 4). The less pronounced oscillations
observable for SiNPs are consistent with a higher polydispersity for these particles. This polydispersity
could not be well fitted because of the introduction of an additional structure factor in the model to
account for the neat structure peak at 0.04 A1, This peak was characteristic of a distant of about 15 nm,
being the distance between two SiNPs. bHSPs are found to be too big and polydisperse to provide any
interpretable signal in this Q range. Theoretically, a plateau should be visible at low angles, before the
first oscillation. In the cases of SiNPs and sHSPs, an increase in intensity was observable instead (below

0.02 A'Y), suggesting a high aggregation of the particles in the powder.
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Table 3. Parameters for the fit of SiNPs and sHSPs in SasView using a sticky hardsphere model (core-

shell for sHSPs) (see Figure 26b).

SiNPs® sHSPs
Internal radius (A) 84 79.0
Shell thickness (A) - 51.0
Sld core (10°/A?) 19 0
Sld shell (10/A2?) - 8.0
Sld solv (10°%/A2) 0 0
Volume fraction 0.25 0.30
Perturbation 0.1 0.01
Stickiness 0.055 0.16
Radius polydispersity (ratio) 0.35 0.08
Thickness polydispersity (ratio) - 0.19

2For the fitting of SiNPs, an additional structure factor was multiplied to the sticky hardsphere model to fit the
structure peak at 0.04 AL,

Table 4. Diameters and standard deviations of SiNPs, sHSPs and bHSPs deduced from TEM and SAXS

measurements.

External diameter Internal diameter External diameter Internal diameter

(TEM) (nm) (TEM) (nm) (SAXS) (nm) (SAXS) (nm)
SiNPs 17.4+£2.8 - 16.8+1.5 -
sHSPs 254114 148+1.3 26.0t1.5 158+1.5
bHSPs 201.6 £46.6 184.9 £50.3 - -

2.4. Reproducibility
The influence of different synthesis parameters on the structure of sHSPs has already been studied in
a previous work.>* It was shown that a very fine control of each parameter (proportions, reaction and
aging temperature, way of adding the chemicals, etc.) would be necessary to obtain a good
reproducibility. During this work, two sets of sHSPs were synthesized and characterized prior to
conversion into PLs, following the same method (Appendix A). However, their sizes appeared to be
different, as shown by the shifted oscillation in the SAXS signal (Figure 27). The set described in the

previous section was named sHSPs-1, one the second set was named sHSPs-2.
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Figure 27. SAXS of two sets of sHSPs: sHSPs-1 corresponds to the set described in the previous sections.

sHSPs-2 is a second set performed following the same method.

The statistical analysis of TEM images led to an internal diameter of 19.4 £ 2.5 nm and an external
diameter of 37.3 + 2.8 nm for sHSPs-2. As a result, a significant difference shall be expected in the
porosity profiles of sHSPs-1 and sHSPs-2. This part will be further discussed in the following chapter
(Section 1.1.2). sHSPs-1 were the set used to make all PL-sHSPs-EthAs, while sHSPs-2 were used for

investigation about SIT grafting yield (Section 3.1.2.3), and to make PL-sHSPs-PPGs.

Regarding bHSPs, the reproducibility was even worse, because the reaction was performed at room
temperature, and this parameter played an important role in the final size of the particles.’®® In one
set, the size distribution was different, with half of the particles having a diameter of about 230 nm
and the other half having diameters homogeneously ranging from 100 to 200 nm. In other sets, a

various proportion of non-emptied particles could be observed on the TEM images (Figure 28).
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Figure 28. TEM image of a second set of bHSPs containing a proportion of non-emptied particles. Scale

bar: 2 um.

The PLs were made using the set of bHSPs presented in previous sections (Table 4), so that the size

distribution was well known, and all the particles on the TEM grid were emptied.

3. Synthesis and characterization of porous liquids

Both sHSPs and bHSPs were used as inorganic building blocks to make PLs. A range of ionic PLs (PL-
EthAs) was firstly synthesized by anchoring SIT molecules at the surface of HSPs, before adding a
second layer (canopy) anchored through ionic interactions. A second synthesis route was then
developed to turn sHSPs into a PL by the use of a neutral and hydrophobic polymer: the polypropylene
glycol (leading to a PL-sHSPs-PPG). The chemical formula of grafting are reminded in Table 2, and in
the bookmark (No.4 and No.5). In this section, the development of the PLs’ syntheses and their

characterization will be discussed.

3.1. lonic porous liquids with amphiphilic canopy: PL-EthAs

3.1.1.Syntheses development
The synthesis of a range of PL-EthAs was developed during this project, by varying the nature of the
HSPs and the length of the PEG chains contained in the amphiphilic canopy (EthA). The method is
detailed in Appendix A. First of all, yields of the different syntheses steps have been estimated, and

they are presented in Table 5 for some PL-EthAs.

It appeared that SIT grafting and ion-exchange column were the most limiting steps. Overall, the

yields of PL-sHSPs-EthAs and PL-bHSPs-EthAs lay between 6% and 7%.
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Table 5. Detailed yields of some PL-EthAs syntheses.

Yield of HSP Yield of particles turned into liquids Overall
synthesis SIT grafting? Column EthA grafting® yield
PL-SiNPs-EthA-11 - 100% 2.7% 85.5% 2.3%
PL-sHSPs-EthA-11 99.7% 6.2% 100% 95.3% 5.9%
PL-bHSPs-EthA-11 48.5%" 29.7% 30.9% 79.1% 7.2%

2In terms of amount of spheres well grafted by SIT.
b In terms of HSPs@SITor SiNPs@SIT well grafted by EthA
¢half of the silica was washed out during the incubation, creating the hollow cavity.

To determine and explain these yields, some analyses were conducted at every step for each
synthesis. They are detailed in the following sections for PL-SiNPs-EthAs, PL-sHSPs-EthAs, and PL-
bHSPs-EthAs.

3.1.1.1. Areference nanoscale ionic material: PL-SiNPs-EthAs
The synthesis of PL-SiNPs-EthAs was achieved by following the method of Rodriguez et al.>>1% After
SIT grafting in water at pH 5-6, a dialysis was performed in deionized water (Milli-Q), to remove the
excess of NaOH and unreacted SIT (leading to the SiINPs@SIT intermediate) prior to elution through an
ion-exchange column (Dowex 50W-X8) to protonate the sulfonate salts. The Total Organic Carbon
(TOC) analysis of the dialysates allowed determining the amount of unreacted SIT (about 76%), hence

a 2.1:1 mmol SIT:SiNPs grafting ratio.

Then, a diluted aqueous solution of N,N-polyethoxylated fatty amine (EthA) was prepared and
added dropwise to the solution of grafted nanospheres. The addition, which was followed by pH
measurement, could be stopped just after the equivalence point (Figure 29). It is useful to highlight
that this equivalence point corresponded to only 0.09 mmol of tethered SIT, meaning that either the
protonation in the column was not total, or the column retained product inside. The bulk a priori

contained no free SIT molecules because they were eliminated during the dialysis.
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Figure 29. pH evolution of the bulk when adding a solution of EthA-22 (dilution factor 100) to an

aqueous suspension of protonated SiNPs@SIT.
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PL-SiNPs-EthA-X was recovered after drying under vacuum. As an example, the overall yield of PL-
SiNPs-EthA-11 was only 2.3% (Table 5), when compared to the initial weight of SiNPs (1.14 g). This very
low yield was not mentioned in literature,® but it was probably due to a high retention inside the
column, and it may be improved by changing the column type.

3.1.1.2. PLs containing small hollow silica particles as hollow cores: PL-sHSPs-EthAs
Concerning PL-sHSPs-EthAs, the procedure was very similar, except that it was extremely difficult to
disperse sHSPs powder in water, at any pH. It was chosen to use a high volume of deionized water (2 g
of sHSPs in 325 mL of water) and to mix at 15,000 rpm with an Ultra-turrax rotor during 5 min. Then,
the suspension was immersed in an ultrasonic bath for one minute in order to break aggregates.
However, after performing SIT grafting at high dilution and at pH 5-6, it was observed that a large
volume of powder remained undispersed (settling immediately when stopping the stirring). Hence, the
solution recovered after the dialysis was centrifuged at 4000 g for 10 min, in order to eliminate this
solid residue. A thermogravimetric analysis (TGA) indicated that this powder only contained 4% of SIT,
suggesting that likely the lack of dispersion led to this low grafting ratio. These unreacted sHSPs
accounted for almost 94% of the initial weight. On another hand, the TOC analysis of dialysis baths
indicated that about 48% of the amount of SIT initially introduced passed through the membrane,
ungrafted. This time, it seemed that no retention was observed in the column. In this regard, PL-sHSPs-

EthA-11 was obtained with an overall yield of 5.9% of correctly grafter sHSPs (Table 5).

In an attempt to increase the yield, dispersion and SIT grafting were performed in a vessel equipped
with an ultrasonic probe (20 kHz) at different times and temperatures (2 - 6 h; 30 - 60 °C). However,

no significant improvement of the SIT grafting step yield was observed under these conditions.

3.1.1.3. PLs containing big hollow silica particles as hollow cores: PL-bHSPs-EthAs
PL-bHSPs-EthAs synthesis was achieved according to a similar procedure as described above. bHSPs
were dispersed in deionized water and the resulting suspension was then added dropwise to an
aqueous solution of SIT under vigorous stirring. Again, about 48% of the raw SIT passed through the
membrane (according to the TOC measure), suggesting it did not react. In addition, a significant
amount (70%) of residual powder was recovered by centrifugation (containing 12% of SIT). Subsequent
treatments and procedures were applied following the same method as that described for PL-sHSPs.

PL-bHSPs-EthA-11 was obtained in 7.2% overall yield (Table 5).

3.1.2.Characterization: chemical composition, grafting assessment and stability
The PL-EthAs consisted in a range of new ionic silica-based PLs, and their synthesis was adapted from
different methods reported in literature. The first observation provided by TEM analyses was that the

addition of the double layers (SIT/EthA) at the surface of silica particles did not alter their shape, their

66



Chapter Il
Synthesis and characterization of a new range of hydrophobic silica-based porous liquids

size, nor their integrity. As an example, the TEM images of PL-SiNPs-EthA-11, PL-sHSPs-EthA-11, and
PL-bHSPs-EthA-11 are supplied in Figure 30. In the case of sHSPs and bHSPs, the internal cavity is well

conserved.

Figure 30. TEM analysis of a) PL-SiNPs-EthA-11 (x60k), b) PL-sHSPs-EthA-11 (x40k), and c) PL-bHSPs-
EthA-11 (x20K).

Then, the synthesized materials were characterized in terms of grafting assessment, chemical

composition, and stability.

3.1.2.1. PLs containing small hollow silica particles as hollow cores: PL-sHSPs-EthAs
The grafting efficiency was evaluated by thermogravimetric analysis (TGA), SAXS measurement and
Fourier-transformed infrared (FTIR) spectroscopy. Figure 31a shows the thermal decomposition of PL-
sHSPs-EthA-22 under air, at a rate of 5 °C/min. A comparison with the pure amine EthA-22 is also

presented in Figure 31b.
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Figure 31. a) Thermal decomposition of PL-sHSPs-EthA-22 under air at a rate of 5°C/min; b)

Comparison with pure amine EthA-22, and definition of the weight ratios used in Equations E1 and E2:

a, f, x and y, with 8 = Bgipa + Bsir- By definition: I=_2 and y=1-x.
Y Bktha

Around 130 °C, an 8.1% weight loss was attributed to water. Repetitions of the same measurement
led to water contents varying between 0% and 10%, suggesting that the material is highly hygroscopic.
A large fall in weight (60.5%) was observed at 325 °C, which was attributed to the deterioration of the
canopy. This was slightly earlier than for the pristine amine EthA-22, whose main weight loss occurred
at 360 °C, indicating that the presence of sHSPs lowers its thermal stability.'%” This observation differed
from the study of Sheng et al. where the amine is covalently grafted to the surface of the core and its
degradation occurred at higher temperatures than the pure amine.* Also, a small weight loss at 500 °C
in the signal of the pure amine (11.7%) was attributed to a molecular weight dispersion of the

commercial EthA, and it was visible in the decomposition of the PL as well. Unfortunately, it overlapped

68



Chapter Il
Synthesis and characterization of a new range of hydrophobic silica-based porous liquids

with the deterioration of the SIT corona, and both contributions accounted for 19.8% of the total
weight. To extract the SIT contribution only, a simple calculation was done, assuming that the ratio
between the main loss (x) and the small loss (y) in the signal of the pure amine was kept the same in
the signal of the PL (see Equations E1 and E2, Figure 31b for notations). Hence, the SIT (carbon
backbone and sulfonate head only) and the EthA-22 accounted for 11.2% and 69.1% of the weight
respectively. The residual weight percentage finally gave the silica content of the PL (11.6% in this
case). The organic:inorganic weight ratio was 6.9. Table 6 gives the chemical composition of the PL
before and after correction of water. The measurements were performed for all other PLs-sHSPs-EthAs

(Chapter Ill, Figure 59) and the results will be discussed in Chapter lll, Section 2.4.

1-x «a
Betha = @ r o x ¢ (E1)
Bsit = B — BEtha (E2)

Where a and f are the main and small weight losses observed in the TGA signal of the PL
respectively, and Sgsn4 and Bs;r correspond to the contributions of the small weight loss attributed to

the amine and SIT degradation respectively. x is the main weight loss in the signal of the pure amine

EthA-22 (87.5%). By definition: § =3 2 and y=1-—x.

EthA

Table 6. Composition of PL-sHSPs-EthA-22 as determined by TGA (see Figure 31).

PL-sHSPs-EthA-22 (%) Without correction from water With correction from water
H.0 8.1 X

SiO; 11.6 12.6

SIT 11.2 12.2

EthA-22 69.1 75.2
Orga:inorga 6.9

Note that in this reasoning, the condensation of free silanols forming siloxane is neglected. Indeed,
solid NMR of silicon would have been very useful to know the structure of the silica network at each
step of the PL synthesis, therefore allowing deducing the weight loss in TGA attributed to the siloxane
formation. Nevertheless, TGA of sHSPs-1 after calcination (Appendix F, Figure A10) indicated that such

a weight loss accounted for only 3.4% after correction from free water content.
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Figure 32. SAXS measurements of PL-sHSPs-EthA-22, EthA-22 and sHSPs.

In Figure 32, the SAXS analysis of PL-sHSPs-EthA-22 confirms the presence and the integrity of
sHSPs, with the presence of the same oscillations than in the signal of sHSPs. The intensity was lowered
due to the presence of the organic matrix around the sHSPs. The large band at wide angles (c.a. 1.5 A
1) was consistent with the one characteristic of silica observed in the signal of sHSPs. The structural
peak at 0.16 A'* was also present in the signal of the pristine amine EthA-22 and it was attributed to a

self-organization of the amine in nanodomains caused by the presence of water.>®
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Figure 33. FTIR spectroscopy of PL-sHSPs-22, EthA-22 and SIT.

FTIR spectroscopy confirmed the efficient grafting of the organosilicon and of the polyethoxylated

canopy (Figure 33). Two small absorption bands at 1413 cm™ (C) and 687 cm™ (E) appear after the
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addition of the SIT onto the silica spheres, that are respectively assigned to the S=0 stretching of the
sulfonate and to the vibration of the CH, groups of the propyl chain. Two other peaks at 2918 cm™ and
2857 cm™ (B) correspond to the stretching of CH; groups and an increase in intensity of these peaks
was observed after the addition of the amine due to its long alkyl chain. The very intense band at
1066 cm™ (D) includes both the Si-O-Si and the CH,-CH,-O stretching.>*'%® The two broad bands at
3433 cm™and 1645 cm™ (A) are reported to be characteristic of OH bonds in water molecules.>*1% |n
Figure 34, the FTIR signals of all the PL-sHSPs-EthAs normalized according to the peak (E) were
consistent with an increase in the number of EG units when varying the amines from EthA-5 to EthA-
50. The FTIR trace of PL-sHSPs-EthA-92 could not be normalized since the proportion of amine with

respect to the organosilicon was too high to see a well-defined peak at 690 cm™.
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Figure 34. FTIR spectra of PL-sHSPs-EthAs (X from 5 to 50) in the range 615-4000 cm™, normalized on

the peak at 690 cm™ specific of the organosilicon.

In conclusion, TEM, SAXS, TGA and FTIR data confirmed the successful grafting of SIT and EthAs
onto the surface of sHSPs. TEM and SAXS also highlighted the conservation of the cavities and silica

shells after grafting, with no trace of any damage.

3.1.2.2. PLs containing big hollow silica particles as hollow cores: PL-bHSPs-EthAs
A similar set of data was gathered for PL-bHSPs-EthAs to assess the success of the synthesis method

applied on bHSPs. As an example, the characterization of PL-bHSPs-EthA-22 is presented in Figure 35.
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Figure 35. Grafting efficiency of bHSPs in PL-bHSPs-EthA-22 proved by a) thermal decomposition of PL-
bHSPs-EthA-22 and EthA-22, b) FTIR spectroscopy of PL-bHSPs-EthA-22, EthA-22 and SIT.

The TGA (Figure 35a) allowed the deduction of the chemical composition, and no water was
detected this time. The residual weight of inorganic SiO, was 13.3%, the organic part of the SIT
molecule (carbon backbone and sulfonate head) accounted for 15.4%, and the canopy accounted for
71.3%, following the same calculation than described above. The organic:inorganic ratio was 6.5, that
is very close to the one in PL-sHSPs-EthA-22 (6.9). The FTIR spectrum (Figure 35b) was very similar to
the one of PL-sHSPs-EthA-22 in Figure 33 with the same characteristic peaks confirming the efficient

grafting of the corona and the canopy.
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Again, the successful grafting of SIT and EthA at the surface of bHSPs was assessed thanks to these

characterization.

3.1.2.3. Grafting yield and grafting density of sulfonated organosilicon (SIT)
During the synthesis of PL-EthAs, the surface modification of HSPs with the sulfonated organosilicon
(SIT) is a key point of the synthesis. Indeed, this step implies the use of surface silanol groups for
covalent binding and their quantification might be carried out by Fourier-transformed infrared (FTIR)
spectroscopy, as found in literature. In particular, Gallas et al. identified a band around 4600 cm™ they
attributed to the v + 8 vibration of the free Si-OH bonds.*° Yet, for an unknown reason, no such band
could be observed in the signal of sHSPs-2 (Appendix F, Figure A11). The maximum density of silanol
that is commonly admitted is around 5 SiOH/nm?, even though more recent studies reported it was
underestimated, and would probably be around 8 SiOH/nm?.21° Therefore, the grafting density of SIT

in SHSPs@SIT (intermediate to form any of the PL-EthAs) was expected to be in this order of magnitude.

Experimental determination of the grafting yield
Herein, different experimental analyses were conducted on a set of sHSPs grafted with SIT molecules
(sHSPs-2@SIT), and they could lead to a determination of the amount of SIT in this intermediate (all

the calculations are detailed in Appendix E).

First of all, TOC measurements of the dialysates from the washing process after grafting give the
amount of ungrafted SIT that passes through the membrane: it was found that 16% of the SIT initially
introduced was well grafted (it was 24% for sHSPs-1@SIT, as mentioned previously, but the difference
is linked to reproducibility problems discussed in Section 2.4). However, not all the sHSPs-2 were
grafted and about 90% of the initial weight of sHSPs was recovered. According to these data, a grafting

yield of 41 mmol per gram of dry sHSPs-2 was calculated.

This result was not coherent with the pH monitoring of the addition of EthA-11 during the next step
of the PL synthesis (Appendix F, Figure A12). When the neutralization occurred, it indicated a proton
quantity of 3.3 + 0.7 mmol per gram of dry sHSPs-2. This is 12 times less than the quantity deduced
from TOC. An explanation could be that excess of SIT caused a polycondensation between the SIT
molecules, thus forming large objects that could not pass the dialysis membrane. In this case, it seemed
that such agglomerates were retained by the ion-exchange column, thus explaining the difference

between the two values.

In order to validate the result of pH monitoring, TGA and elemental analysis of sHSPs-2@SIT were
carried out. The TGA traces of sHSPs-2, sHSPs-2@SIT, and SIT are given in Figure 36. The intermediate
sHSPs-2@SIT disclosed a clear weight loss of 25.5% at around 400 °C attributed to the degradation of

the organosilicon (Figure 36). According to the heat flow signal, the loss is exothermic. Moreover, SiO,
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content can be determined by the residual mass at 950 °C (64.4%). It is important to notice that for
sHSPs-2@SIT, the powder was black at the end of the analysis. Therefore, not all the carbon was totally
removed, so the silica content was probably overestimated, and the SIT content was underestimated.
In this sample, the water content was 10.1% (weight loss below 200 °C) but it is worthy of note that all
silica powders were hygroscopic so that this amount could vary between about 4 and 13% depending
on the relative humidity of the day. Computation in Appendix E led to 3.6 mmol of SIT per gram of dry

sHSPs-2, while elemental analysis gave 5 mmol of SIT per gram of dry sHSPs-2.
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Figure 36. TGAs and TDAs of sHSPs-2, sHSPs-2@SIT, PL-sHSPs-2-EthA-11 and SIT under air at a heating

rate of 5 °C/min. DTA of sHSPs does not appear for clarity.

To conclude, a mean grafting yield of 4 mmol of SIT per gram of dry sHSPs-2 can be reasonably

adopted.

Estimation of the grafting density

The grafting density of SIT could be estimated by considering the mean particle size of sHSPs-2 given
by the TEM imaging (see Section 2.4), eventually coupled to the results of the nitrogen sorption
experiment (showed in Section 1.1.2. of Chapter Ill). For a spherical particle having a diameter of
37.3 nm, the external area is 4.4-10° nm?. According to a calculation based on sHSPs-2 density detailed
in Appendix E (the density was obtained by weighing the powder packed in a graduated container),
the total external area contained in 100 mg of dry sHSPs-2 is 2.1 - 10'® nm?2. Then, a grafting density of

SIT would be 9.6 grafts/nm?, but this value is not coherent with a reasonable silanol coverage (see
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above). On another hand, when including the surface of the micropores of the shell as deduced from
nitrogen sorption experiments (Sger = 268 m?/g), the grafting density drops to 4 grafts/nm?, and this
value is closer to the one given by Bourlinos et al. for NIMs.®> It was assumed here that no SIT would

be grafted on the internal surface of the cavity.

Therefore, these calculations show that penetration of SIT inside the pores was unfortunately
occurring, for an excess of SIT introduced in the reaction medium. As a perspective, by decreasing the
amount of SIT, and reducing the temperature to ambient, one could contemplate grafting the external
surface of HSPs exclusively, then avoiding any pore blockage. Alternatively, grafting the SIT before

removing the template by a soft washing could also be a way to favor superficial grafting.

3.1.2.4. Corona-canopy grafting ratio
After SIT grafting, the addition of the EthAs onto the sulfonated corona could be monitored through
pH evolution, so the amine:SIT ratio could be accurately collected. Indeed, the grafting was stopped
just after the equivalence, implying that the amine was in very little excess (around 1.2 equivalent). An
overview of the molar ratios obtained for all the syntheses is provided in Table 7. For PL-sHSPs-EthA-
92, it was not possible to determine the real equivalence, because the slope at inflexion point was very
low. For PL-bHSPs-EthA-5, the equivalence was exceeded (2.3 equivalent) to see whether a liquid could

be obtained by increasing the amine excess. However, it appeared to remain a solid.

Table 7. Amine:SIT molar ratios for all PL-EthAs.

Amine:SIT 5 11 22 50 92
(mol)

PL-SiNPs 1.3 1.8

PL-sHSPs 1.2 1.2 1.2 1.1 -

PL-bHSPs (2.3) 1.3 1.5

Surprisingly, these ratios consistently differed from the ones deduced from TGA traces. For
instance, the TGA of PL-sHSPs-EthAs-22 presented in Section 3.1.2.1 (Figure 31) gave a EthA-22:SIT
molar ratio of 0.64. It could be partially explained by a high uncertainty about the SIT content in TGA
(estimated to 2-3% depending on spectrum interpretation), as well as a slow proton release from
sulfonates inside the silica pores due to a confinement effect increasing their pKa.'!! This would lead

to an apparent equivalence earlier that the real one when monitoring pH.

3.1.2.5. Stability and density of ionic PLs
Since PLs contain nanometric silica particles, and because they are destined to act as extracting organic

phases in LLE processes, their stability overtime and their density must be known.
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Positively, PL-sHSPs-EthAs were very stable overtime. As an example, PL-sHSPs-EthA-22 remained

stable on shelf after two years, with no hint of any sedimentation (Figure 37).

Figure 37. PL-sHSPs-EthA-22 two years after its synthesis.

In addition, the density of PL-sHSPs-EthA-22 has been accurately measured at different
temperatures, with no previous outgassing (Figure 38). At 20 °C, the density was 1.16 g/cm? and it

linearly decreased to reach 1.11 g/cm? at 80 °C.
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Figure 38. Density of PL-sHSPs-EthA-22 linearly decreasing with temperature.

3.2. Neutral porous liquid with hydrophobic canopy: PL-sHSPs-PPG

3.2.1.Synthesis development
As described in Section 1.3, PL-sHSPs-PPG (cf. bookmark No. 5) was synthesized by contacting a
silanized PPGy00 With sHSPs under argon leading to a surface covalent grafting (Figure 22 and Figure

23). A similar synthesis was also performed with PPG;s to study the influence of the polymer length
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(number of propylene glycol (PG) units) onto the physical state of the final porous material, and this
part will be discussed in Chapter lll, Section 2.4. The method is described in Appendix A, and the

development of each step of the synthesis are detailed below.

3.2.1.1. Step 1: Silanization of PPG
The silanization of PPG was achieved in two steps. A PPG-allyl intermediate was first obtained by
activating PPG with NaH before adding allyl bromide in dry tetrahydrofurane (THF). The 'H-NMR
analysis of the polymer after this allylation confirmed that the polymer was mostly mono-allyl
functionalized (Figure 39). This was assigned to the presence of primary and secondary terminal

hydroxyl groups in PPG, and stoichiometric conditions favored the reaction of primary ones.
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Figure 39. 'H-NMR spectrum of PPGyoo-allyl in CDCl3 in the range 7 — 0 ppm. Signals of grafted allyl

groups are observable at 5.11 and 5.87 ppm (vinylic protons).

Then, silanizaion was carried out by reacting PPG-allyl with 1.2 equivalent of triethoxysilane in
presence of a Karstedt catalyst'® (3-3.5 mol%Pt vs vinyl-terminated polydimethylsiloxane) at 80 °C.
After one night, the disappearance of the allyl group was controlled by H-NMR (Figure 40). After
catalyst and solvent removal, the dry silanized polymer (PPG-Si) was collected to be used at once, or

stored under argon for up to six months.
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Figure 40. 1H-NMR spectrum of PPGyg00-Si in CDCls. The inset shows the full range while the main frame
shows a zoom in the range 5 — 0 ppm. Full disappearance of vinylic protons demonstrated the

guantitative conversion of PPG-allyl into the expected silanized derivative.

3.2.1.2. Step 2: Covalent grafting
The covalent grafting of PPG200-Si onto pre-activated sHSPs (a treatment with nitric acid followed by
intensive drying was applied to activate the surface silanols) was performed in THF overnight at room
temperature, under argon. After that, the stirring was stopped and the medium was left at rest for
15 min. As for sHSPs@SIT (cf. supra), a significant amount of powder felt down to the bottom of the
flask (Figure 41). It could be separated from the bulk by sucking the supernatant with a pipette (no
centrifugation was used to avoid any loss of PL, which was believed to stay in the bulk). Afterward, THF

was evaporated from the bulk and an oil was obtained after further drying under high vacuum at 35 °C.
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bulk

powder

Figure 41. End of the reaction of PL-sHSPs-PPG: the round-bottom flask contains a sediment and a bulk.

In parallel, the precipitate was analyzed by TGA coupled with differential thermal analysis (DTA)
giving the heat flow curve (Figure 42). It could be determined that this powder mainly contained poorly
grafted sHSPs. Indeed, the washing step allowed removing most of the ungrafted PPGygno-Si
(exothermic weight loss occurring at about 240 °C before washing and 215 °C after washing, as

indicated by the heat flow signal), and less than 15% of condensed PPG,o00 remained in the material.
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Figure 42. Organic content in the sediment before and after washing, analyzed by TGA and DTA. The
TGA of sHSPs before synthesis is also shown for comparison. The weights were corrected from solvent

loss (below 100 °C), see Appendix B.

The yield of sHSPs properly incorporated in the PL with this method was 43.4%: it was much higher
than in the case of SIT grafting in water. Indeed, observations of the bulk appearance during the
reaction suggested that THF (containing PPG) was a better dispersing medium for sHSPs than water
(containing SIT), because the suspension was clearer; and this could partially explain the higher yield.
Yet, perspectives should include synthesis optimization, such as a different route involving a

bromopropyl-trimethoxysilane grafted onto the surface of sHSPs before a direct reaction with PPG2qgo.
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3.2.1.3. Competitive reactions and synthesis conditions
This synthesis route was interesting because it did not introduce any functional groups inside the
canopy. Therefore, in the context of LLE, it prevents any metal from being trapped inside the canopy
instead of diffusing inside the HSPs.>” However, a polycondensation side-reaction was expected, as

described in Figure 43.

PPG\\//A\\//SKOEﬂa + HO PPG\\//\\¢/SKOHXOE02

PPG\\//A\\//SKOE03

tim
, times

PPG

Figure 43. Polycondensation of PPG-Si might occur as a side-reaction.

For this reason, different synthesis conditions have been tested to select the best way promoting
the grafting despite the high hindering of PPGyu0 (Table 8): any condition that would speed up the
hydrolysis process was expected to facilitate the polycondensation. Instead, a dry medium, a high
dilution and room temperature could help the grafting occurring faster than polycondensation.
Besides, the sHSPs were dried for 2 h at high temperature (100-120 °C) under vacuum. Nevertheless,
it was assumed that because bound water would certainly remain in silica pores, the water molecules

adsorbed close to the surface could act as a catalyst of the hydrolysis reaction.!?

Table 8. Synthesis conditions tested to obtain PL-sHSPs-PPG. All the reactions were performed at
room temperature. The last column mentions whether the sediment was separated from the bulk
before solvent removal or not.

MppG-si Msusps Dilution Solvent Time  Separation?
(PPG) (h)

PL-a 40 mL+3mL Toluene:THF

908.6 mg 177.1 mg 21 g/L (13:1) 17.75 Yes
PL-b 1.0854 g 181.1 mg 18 g/L THF 112.25 No
PL-c

304.6 mg 45.5 mg 10 g/L THF 136.5 Yes
PL-d 2.258 385me 22 g/L THF* 18 Yes

PPG-allyl (before drying)
*THF was not perfectly dry.
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At first, toluene was used as anhydrous solvent (PL-a), but the silanized polymer PPG-Si was not
properly solubilized and few milliliters of THF should be added as a co-solvent. Therefore, dry THF was
selected for the next syntheses (PL-b to PL-d) and a comparison of PL-a and PL-d done under the same
conditions (except for the solvent) indicated that the change did not have significant impact on the

nature of the resulting materials.

Two other variations were introduced: first, the reaction time was varied from one night to five
days. Second, the separation of the sediment from the bulk at the end of reaction (before drying,
Figure 41) was also suppressed (PL-b) to see its influence of the physicochemical properties of the final
PL. It was immediately observed that no separation led to the formation of a gel sticking to the walls
of the round-bottom flask (along with a residual oily phase at the very bottom) whereas drying the

bulk alone led to a viscous liquid (PL-c).

The influence of the solvent and reaction time on the homogeneity and stability of the synthesized

PLs are discussed in the next section.

3.2.2.Characterization

3.2.2.1. Homogeneity and stability of PL-sHSPs-PPG
A PL-sHSPs-PPG was synthesized by grafting a silanized PPGyg00 at the surface of sHSPs-2 (cf. bookmark
No.5). As described above, the bulk was separated from the sediment at the end of the reaction, so
that most part of ungrafted sHSPs were removed at this step. After drying the bulk, an oil was obtained,
and it was labeled PL-sHSPs-PPG. However, it appeared to be unstable overtime: depending on the
synthesis conditions (see Section 3.2.1.3), it underwent a phase separation leading to three phases
(like PL-a) or two phases (like PL-d). Investigation based on SAXS measurements were conducted to

determine the origin and the stability of these different phases, and it is detailed in Appendix G.

In summary, it was shown that in all cases, the bottom phase contained a high amount of sHSPs,
increasing its viscosity such that it was more gel-like, while the top phase was more fluid, with a lower
sHSPs content. It underwent a slow sedimentation reaching a plateau after 20-30 days, suggesting that
partially grafted sHSPs were in suspension in free molecules of PPG. Increasing the reaction time lead
to a more stable (with one main phase) but also more viscous liquid. In the end, the conditions used
to make PL-d (dry THF, 22 g/L of PPGao, room temperature, overnight, see Table 8) were retained,
and the two phases were separated after centrifugation, to give a fluid phase (named PL-sHSPs-PPG-
fluid) and a gel phase (PL-sHSPs-PPG-gel) (Figure 44). In the following section, these two phases are

characterized separately.
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PL-sHSPs-PPG-fluid
PL-sHSPs-PPG-gel

Figure 44. a) Fresh PL-d, b) Evolution after 13 days.

3.2.2.2. Characterization of the two liquid phases of PL-sHSPs-PPG
Since PL-d was obtained in greater quantities, and because the two phases deriving from its synthesis
were stable overtime, it was chosen as a reference material to further investigate in what extent these
phases could be suitable materials for LLE. Hence, the phases were separated after centrifugation, and
individually characterized by TGA, SAXS, TEM and FTIR analyses. As described above, the bottom phase
was gel-like so it was labeled “PL-sHSPs-PPG-gel” whereas the top phase was oil-like so it was labeled

“PL-sHSPs-PPG-fluid”.
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Figure 45. TEM images of a) PL-sHSPs-PPG-fluid (x25k), and b) PL-sHSPs-PPG-gel (x30k). Scale bars:

200 nm.

First of all, TEM images of the two phases gave insight into the dispersion of the nanoshells in the
polymeric matrix (Figure 45). For this analysis, the samples were put directly on the TEM grids without

dilution into a solvent. As expected, the gel phase (Figure 45b) contained a higher density of sHSPs
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than the fluid phase (Figure 45a). However, in both cases, sHSPs were mostly found as aggregates,

surrounding by organics, and this could explain the sedimentation observed above.
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Figure 46. TGA and DTA of PPGzg00, PL-sHSPs-PPG-gel, PL-sHSPs-PPG-fluid.

According to the TGA (Figure 46), no water was observed in any of the two phases. The residual
weight at 950 °C corresponding to the silica content in the PL was 3.5 times higher in the gel phase
(21%) than in the fluid phase (6%). The degradation of PPGaoo Occurred in two steps, at lower
temperatures (165-320 °C) for PL-sHSPs-PPG-gel than for PL-sHSPs-PPG-fluid (165-385 °C). This
difference could mean that PPG in PL-sHSPs-PPG-gel is less grafted than PPG in PL-sHSPs-PPG-fluid. In
other words, there are proportionally fewer sHSPs fully grafted in PL-sHSPs-PPG-gel than in PL-sHSPs-
PPG-fluid. In all cases, the tendency of reducing the thermal stability of the pure organic moiety by the
presence of a high amount of sHSPs that was observed previously with PL-EthAs (Section 3.1.2), is

confirmed here with PL-sHSPs-PPG-gel.
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Figure 47. SAXS and USAXS signals of PL-sHSPs-PPG-gel and PL-sHSPs-PPG-fluid in the range 0.02 —
30 AL,

The oscillations in the SAXS signal (Figure 47) validate the presence of the sHSPs, and the difference
in intensity at low angles is coherent with the higher silica content of the gel phase. However, no
change in the structure can be evidenced because no structural peak -apart from the ones due to PPG

and silica- was visible in both cases.
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Figure 48. FTIR spectra of PPGyg00, PL-sHSPs-PPG-gel and PL-sHSPs-PPG-fluid in the scanning range 4000
-615cm™.
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FTIR spectroscopy (Figure 48) confirmed that the two phases contain the characteristic vibration
bands of PPG and sHSPs. CH, symmetric stretching bands and shearing band were visible at 2973-
2869 cm™ and 1457 cm™respectively,!® along with alkyl CHs and CH deforming band at 1375 cm™ and
1342 cm™ respectively.’'* The —C-C-O— group stretching is responsible for a characteristic band at
1296 cm™, and two harmonic bands at 929 cm™ and 907 cm™.1%® The —C-O-C- stretching features
occurred at 1089 cm™, and the hydroxyl contribution was a large band at 3550-3400 cm™ in the
spectrum of pure PPG and PL-sHSPs-PPG-gel. This band was less intense in the signal of PL-sHSPs-PPG-
fluid, because there were less sHSPs than in PL-sHSPs-PPG-gel and there were less terminal hydroxyl
groups than in pure PPG due to the mono-silanization. The broad band of —C-O-C- stretching overlaps
with the asymmetric stretching vibrations of Si-O-Si (TO mode at 1154 cm™ and LO mode at 1089 cm"
1) only visible in the spectra of PL-sHSPs-PPG-gel and PL-sHSPs-PPG-fluid (in particular, a broadening of
the band was clearly visible for PL-sHSPs-PPG-gel).>* The symmetric vibrations give a strong band at
803 cm™ that is absent in the signal of the pure PPG.>* The peak at 1260 cm™ was stronger in PL-sHSPs-
PPG-gel and PL-sHPS-PPG-fluid signals and it was attributed to Si-C stretching vibration,'** while the
peak at 957 cm™ is characteristic of the Si(OEt) group,!® indicating that the PPG was not totally
hydrolyzed, especially for PL-sHSPs-PPG-fluid. The two peaks at 1778 and 1735 cm™?, as well as a third
smaller one at 1235 cm™ occurring in the signals of the two phases, but not in the signal of pure PPG,

are due to ethyl acetate used to redisperse the PL after the synthesis to facilitate their collection.

Finally, mass spectrometry (MS-ESI) of the two phases (after dilution and filtration) were carried
out but it did not show any significant difference: in both phases, the major part of the m/z distribution
was around 1900, with a small part of dimers around 4000, which was also visible in the raw polymer.
This result suggests that free PPG molecules were present in both phases, with no polycondensation
occurring for these molecules, supporting the hypothesis of suspensions where the content of sHSPs
rules the viscosity (gel or liquid).

In conclusion, the two phases of PL-sHSPs-PPG (gel and liquid) disclose very similar chemical
properties: they are likely two suspensions of sHSPs in PPG, with different silica contents impacting
their viscosity and density: the gel phase contained more sHSPs and it was more dense than the fluid
phase. However, after a slow sedimentation, the phases were stable overtime in terms of silica
content. This is assigned to the successful grafting of dispersed sHSPs with silanized PPG. This
hypothesis will be confirmed by other stability tests with the PL in contact with water (see Chapter IV,
Section 5.2).
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Conclusion

In the end, a range of silica-based PLs have been synthesized and deeply characterized. Two types of
HSPs, with different sizes (25 nm for sHSPs and 236 nm for bHSPs) were successfully turned into liquid
thanks to a dual corona-canopy ionic system. TEM, TGA, FTIR and SAXS analyses confirmed the success
of the grafting which did not alter the silica core. The canopy was made of a tertiary amine containing
one hydrophobic chain (Ci6-Cis) and two PEG chains whose sizes could be varied, introducing another
degree of tunability in the synthesis method that will be discussed in the following chapter. The overall
yields of the syntheses was low (between 5 and 7% of initial HSPs remained in the final PLs) and further
optimization would include a better dispersion of HSPs before SIT grafting (by changing the solvent, or
by continuing investigations about an ultrasonic-assisted SIT grafting step). Furthermore,
reproducibility of HSPs syntheses was not completely satisfying, because HSPs sizes and yields varied
alot from one batch to another. Perhaps a better control of temperature and precursors addition could
help dealing with these issues. However, these variations did not prevent from pursuing investigations

about PLs.

A neutral hydrophobic PL was also obtained thanks to the silanization of a PPGaoo0 before grafting
it onto sHSPs. Under the conditions selected in this thesis, the PL-PPG underwent a spontaneous phase
separation. The two phases were characterized independently: they showed different viscosities (a
gel-like and a liquid-like), with two degrees of sHSPs volume fraction. The most fluid phase contained

6% of sHSPs and it was retained as the most suitable for LLE application.

As a perspective, a more efficient grafting of PPG could be obtained by firstly grafting a bromo-
terminated organosilicon onto HSPs, before adding a PPG (but the activation of the latter could be
tricky). Another route could also consist in the silanization of PPG by the mean of an isocyanate [3-
(Triethoxysilyl)propyl isocyanate, ICPTES]. This route is widely applied to silanize PEG in quantitative
yields; however, it would incorporate a chelating group in the organic part of the PL. This may impact

the efficiency of the latter in LLE.

Moreover, grafting bHSPs with PPG might be easier because of the bigger size, preventing
hindrance due to the big size of PPG. This could not be done in the course of this thesis because the

synthesis route of bHSPs resulted in less material than for sHSPs.

At this point, it is still hard to determine which PL could be the best for REEs extraction. Indeed,
factual information about intrinsic porosity of HSPs, PL’s permeability to aqueous phases, their affinity
toward water, and their viscosity, balanced with the silica content, still miss. In the following chapter,

a confrontation of all these physicochemical properties for each PL type will be detailed.
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PLs are very recent materials owning unusual combinations of physicochemical properties. Indeed,
porosity is not a concept that generally applies to liquids, and the idea that it could exist in the liquid
state still needs to be defended with strong proofs. More importantly, the state-of-the-art already
showed the possibility of tuning this porosity by playing on the nature of the host, and the method to
make it flowing (bulky solvents, covalent grafting, liquid polymers...). The first section of this chapter
will focus on the characterization of porosity profiles of the silica hosts (sHSPs and bHSPs) employed
in this thesis, as a prerequisite to showing whether the differences in their porous structure may alter
both the porosity of the PL and its potential to be a good candidate for LLE of metals. Afterwards, a

method to measure the permeability of PLs will be described and applied to an ionic silica-based PL.

Furthermore, the physical state (at room temperature), the viscosity and hydrophobicity of PLs can
also be tuned by changing the nature of organic moieties and hosts. Herein, a range of organic moieties
has been studied, to bring a better comprehension of their influence onto the physicochemical
properties of PLs, and to identify key parameters to properly tune them. In particular, the presence or
absence of ionic interactions, the role of temperature and particles size and density will be discussed
in Section 2 of this chapter, along with the organic:inorganic ratio identified as a key parameter to tune

PLs’ physical state and viscosity. Finally, the influence of the organic moiety onto the hydrophobicity
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of PLs (also having an impact onto the permeability of PLs depending on the solvent) will be evaluated

apart in Section 3.

1. Studying porosity and permeability

For a certainty, the first properties of PLs interesting to tune are their porosity and permeability.
However, measuring them in a PL is not straightforward, given that the methods developed for porous
solids generally do not fit for PLs (see Chapter |, Section 2.2). Therefore, it is important to study the
intrinsic porosity of the silica cores (herein, HSPs) in good details before any measurement concerning
PLs. Indeed, it was demonstrated by TEM in the previous chapter that the cavities were maintained
after surface modification of HSPs. In this section, nitrogen sorption will be firstly applied to SiNPs,
sHSPs and bHSPs before surface modification. The differences in porous properties assigned to a lack
of reproducibility in the synthesis method will also be underlined. Then, in the context of the targeted

LLE application, a method for assessing the permeability of PLs to liquids will be introduced.

1.1. Porosity of hollow silica particles

1.1.1. Porosity characterization with N; sorption
Knowing the size of the hollow cavity and the shell thickness of HSPs (Chapter Il, Section 2), nitrogen
sorption experiments were carried out at 77 K to compare the parameters defining the porosity of the
spheres: microporous and mesoporous volumes, pores sizes distributions and specific areas. Figure 49
shows the isotherms and the pore size distributions while Table 9 summarizes the key features of
porosity profiles of SiNPs, sHSPs and bHSPs. Appendix D introduces the technical details about N,

sorption measurements and models used in this thesis.
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Figure 49. a) Nitrogen sorption isotherms of SiNPs, sHSPs and bHSPs. Pore sizes distributions obtained
by b) DFT calculations, c) BJH model applied to the adsorption branch, d) BJH model applied to the

desorption branch.

In Figure 49a, SiNPs displayed a Type IV isotherm according to the IUPAC classification, with a H2
hysteresis at relative pressures P/P, between 0.65 and 0.85 characteristic of the liquefaction of
nitrogen in interconnected mesopores. These mesopores are created by the self-assembly of SiNPs

during drying, forming a mesoporous silicat’’

(commercial SiNPs was supplied as a suspension in
water). This resulted in a quite higher porous volume than expected (0.42 cm3/g), while the Brunauer-

Emmett-Teller (BET) specific area was 175 m?/g.

sHSPs (sHSPs-1 set) displayed a Type IV isotherm, with a H1 hysteresis at relative pressures between
0.48 and 0.87 characteristic of the hollow mesoporous cavity. The presence of an additional
microporosity (so that it was a Type | + Type IV hybrid isotherm actually) has been evidenced thanks
to the analyses of low and middle pressure zones by the t method and the BET equation (0.2 - 0.7 and
0.004 - 0.13 P/P,, respectively): the difference between the BET specific surface (691 m?/g) and the
surface obtained by linear extrapolation of the t-plot (271 m?/g) clearly proves the presence of
micropores (see Appendix D). This isotherm was therefore similar to the ones that can be obtained
with reference materials of SBA-15 type, that are micro- mesoporous silica nanoparticles made using
Pluronic triblock copolymers as soft templates.'!® The total adsorbed volume at P/P, = 1 was much

higher than for SiNPs (1.67 cm3/g) but mainly due to the interparticle void (second hysteresis above
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0.87 P/Py). The total volume adsorbed at P/P, = 0.87 and probably corresponding to the uptake inside
the particles was 0.66 cm?/g instead. The microporous volume (taken at P/P, = 0.02) was 0.21 cm?/g,

contributing to one third of the total pore volume.

The signal of bHSPs approached a hybrid Type Il + Type IV curve typical of a macroporous solid
containing micro- and mesopores. In this case, the cavity inside the particle is considered as a
macropore because its diameter overcomes 50 nm. Moreover, the presence of two steps (for relative
pressures around 0.005 and 0.3) instead of one indicates two different populations of micro- or
mesopores in the shell. It is characteristic of MCM-41 materials (nanoparticles made using CTAB as a
soft template in basic conditions).!!® The adsorbed volume of gas at P/P, = 0.87 was 0.78 cm3/g in this
case (it excludes the interparticle void even though it cannot be entirely uncorrelated from the large
core of bHSPs) and the BET specific area and the surface computed from the t method were 1121 m?/g
and 1210 m?/g respectively. Despite a less pronounced difference between these two areas than for
sHSPs, the microporous volume is still higher (0.27 cm3/g) in agreement with the significantly higher

specific surface area.

Table 9. Porosity parameters of SiNPs, sHSPs and bHSPs determined from N; sorption experiments.

Underlined pore sizes correspond to the main proportion of pores.

Total adsorbed Microporous Mesoporous Pores sized (nm)
volume (cm3/g)>  volume (cm3/g)®  volume (cm3/g)
SiNPs 0.42* 0.04 0.38 (10)
sHSPs 0.66 0.21 0.45 1.4/1.7
bHSPs 0.78** 0.27 0.51 1.5/3.7

2 p/Po=0.87;° P/Po=0.02; *mainly due to interparticle void created when drying the aqueous dispersion; **this
excludes the volume adsorbed by the macroporous core.

Besides, mesopores distribution has been deduced from a Barrett-Joyner-Halenda (BJH) model
while density functional theory (DFT) calculations have been applied to determine the distribution of
micropores and small mesopores (below 5 nm) and their contribution to the porous volume and the
specific surface (Appendix D, Figure 49b-d). Generally, the capillary condensation occurring during the
adsorption prevents from reaching a thermodynamic equilibration, such that the desorption branch is
usually used for the BJH model. However, for signals showing a hysteresis due to pores with at least
two characteristic sizes (for instance ink bottle-shaped pores), the desorption branch reports on
nitrogen release from the narrowest part of the pore. In the case of sHSPs, the mesoporous internal
core has openings connected to the silica shell, and one can presume that an analysis of the desorption
branch only delivers the size of the openings (3.9 nm in this case, Figure 49d). To verify the size of the

hollow core, the adsorption branch was considered instead (Figure 49c): a band around 14 nm
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corresponded to the mean size of the hollow core, in good agreement with TEM and SAXS data

(14.8 nm and 15.8 nm respectively).

The reader is referred to Table 9 for a summary of the main pore sizes in silica shells. SiNPs showed
interconnected mesopores due to particles self-assembly (the particles probably sintered during
drying), with two characteristic sizes around 6 nm and 9 nm. They can explain the BET surface of
175 m?%/g. Inside the shell of sHSPs, pores mainly have a size of 1.4 nm and a small portion have a
diameter of 1.7 nm. Regarding bHSPs, two populations of pores sizes are visible: a small part have a
diameter around 1.5 nm and the major part of pores have diameters around 3.7 nm. This last value is

encouraging for application in LLE, because bigger complexes are more likely to diffuse inside the shell.

1.1.2. Effect of reproducibility problems on porosity
As presented in Chapter I, Section 2.4, the reproducibility of the synthesis of sHSPs was not satisfying,
with a significant discrepancy in the size of the shell and the cavity from one set to another one. This
difference can also be seen when characterizing porosity. In Figure 50, the N, sorption isotherm of
sHSPs-2 (external diameter: 37.3 nm, internal diameter: 19.4 nm according to TEM) is compared to the

one of sHSPs-1 presented in the previous paragraph (external diameter: 25.4 nm, internal diameter:

14.8 nm).
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Figure 50. N, sorption isotherms of two sets of sHSPs. The inset shows the pore size distribution

obtained from the BJH model applied to the adsorption branch.
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If the microporous volumes and the BET specific surface areas are quite similar (0.21 cm?/g and
691 m?/g for sHSPs-1; 0.19 cm3/g and 624 m?/g for sHSPs-2), the hysteresis at high relative pressures
differs for sHSPs-2. The BJH model applied to the adsorption branch (Figure 50, inset) shows a mean
cavity size of 18.6 nm for sHSPs-2 whereas it was 13.9 nm for sHSPs-1, in coherence with TEM imaging.
The hysteresis was larger for sHSPs-2, suggesting that the pore openings were even smaller than for

sHSPs-1.

For practical reasons, the following section concerning the impact of the template removal method
on porosity (Section 1.1.3) will refer to sHSPs-2, that were also used to make PL-sHSPs-PPG. sHSPs-1

served to make PL-sHSPs-EthAs instead.

1.1.3. Impact of the template removal method on porosity
During the synthesis of sHSPs, the template was removed by calcination during 10 h at 450 °C. This
process might also induce a contraction of small pores, while strengthening the silica network.!18119
Furthermore, with the aim of functionalizing sHSPs for LLE (see Chapter IV), it was necessary to change
calcination for a softer template removal. For these reasons, the effect of a soft acidic ethanol washing

(pH 1, 24 h under reflux and vigorous stirring) on the porosity profile of sHSPs-2 was studied.
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Figure 51. N, sorption isotherms of sHSPs-2 after calcination and after washing with hot acidic ethanol

for 24 h. Inset: pore sizes distributions as deduced from BJH models applied to the adsorption branch.

Figure 51 reveals the N, sorption isotherm of sHSPs washed with ethanol, compared to the same set

of sHSPs after calcination. The signals are very similar, and the hysteresis is still present in the sample
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washed with ethanol, indicating that the hollow cavity is well accessible. However, it is slightly shifted
toward higher pressures: in the pore sizes distribution obtained by applying the BJH model to the
adsorption (Figure 51, inset), the size of the hollow core was bigger (22.3 nm after a soft washing
instead of 18.6 nm after calcination). The BET specific area was 400 m?/g, which is lower than the
reference (620 m?/g), and this could be explained by the loss of microporosity (the volume taken at
P/Po=0.02 was 0.11 cm3/g compared to 0.19 cm?3/g for the reference): either the smallest micropores
were still obstructed, or coalescence of micropores occurred. In any case, the presence of the
hysteresis indicated that the the cavity was accessible to the gas, so the shell porosity was maintained

with this soft template removal method.

Based on all these data, it was obvious that the two types of HSPs constituted good building blocks
to make PLs with a high free volume. In the next section, measurement of porosity and permeability

of such PLs are discussed.

1.2. Porosity and permeability of porous liquids

1.2.1. Failure of conventional measurement techniques
In literature, it has been previously reported that nitrogen sorption experiments did not allow
measuring the porosity of silica-based PLs, under normal conditions of outgassing (48 h at 80 °C or
100 °C), despite the good porosity of the intermediate modified porous core in the case of corona-
canopy dual systems.**®® Only one study reported a possibility to get a measure after very long

equilibration times.*?

Once more in this study, it has been shown that it was not possible to measure any porosity in PL-
sHSPs by this mean (Figure 52). In the case of PL-sHSPs-EthAs, the porosity of the intermediate
sHSPs@SIT was already obstructed because of the small size of SIT molecules: DFT calculations
reported that the hollow core was still accessible, but the quantity of adsorbed gas was greatly

reduced, suggesting that higher pressures would be necessary to fill the remaining porosity.
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Figure 52. Nitrogen sorption experiment of sHSPs@SIT, PL-sHSPs-EthA-22 and PL-sHSPs-PPG giving few

or no signal of porosity.

Concerning PL-sHSPs-PPG however, no such trouble arose since the polymer was far well hindered
to penetrate the pores. This lack of signal was therefore attributed to the low temperature (77 K)
preventing the mobility of organic chains, necessary for any species to diffuse through the organic

canopy.*

Facing this obstacle of porosity measurement, and in the aim of using them for LLE, another method
has been developed to assess the permeability of PLs to liquids — that is their ability to be filled by

liquids, with no additional pressure stress.

1.2.2. Permeability of a hydrophilic PL to polar liquids
For the first time, a direct demonstration of the permeability of a hydrophilic ionic PL-sHSP to polar
liquids has been brought thanks to a Small-Angle Neutron Scattering (SANS) experiment performed in
the course of the PhD thesis of Justine Ben Ghozi Bouvrande and published in the course of this
thesis.®%1'¥ This study was conducted onto the PL-sHSP firstly synthesized by Pr. Dai et al. with a
cationic corona and a sulfonated PEG canopy. The only difference was its functionalization with

thiols.'

Briefly, SANS experiments were performed by measuring a PL-sHSP sample after its immersion in
solutions with various ratios of hydrogenated and deuterated compounds. A mixture of hydrogenated
and deuterated ethanol (EtOH/EtOD) was used as a solvent, and the xgop ratio was tuned until reaching
a minimum of signal contrast. The scattering length density (s/d) of the mixture at this minimum
matches the sid of the PL, relating to its density. The contribution of an incoherent signal (due to
hydrogens) could be subtracted afterward. A total matching indicates a full permeability of the PL to

the solvent. The presence of a residual signal at the minimum of signal contrast can be either due to
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unfilled pores, or to unmatching parts of the hybrid material. Fitting this residual signal would help to
conclude. Details are provided in Appendixes C and G. Results obtained with the investigated PL are

presented in Figure 53.
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Figure 53. SANS spectra of a thiol-functionalized hydrophilic PL-sHSP immersed in EtOH/EtOD mixtures
with various xgop ratios a) before and b) after incoherent signal subtraction. The rotating arrow
indicates the trend of evolution in intensity at 0.003 A from Xeop = 5% t0 Xeop = 100%. Top inset of
Figure 53a displays the variation of intensity at 0.003 A’ For sake of clarity, some ratios were not

plotted in Figure 53b. Reproduced from Reference .

As plotted in the top inset of Figure 53a, the scattering intensity at small angles (arbitrarily
measured at 0.003 A) shows a strong variation with the Xzop ratio. The maximum contrast matching
(i.e., the signal with the minimum intensity) occurs for xgop = 43%, corresponding to a sld of the
EtOH/EtOD mixture of 2.42 10 A2. This value is consistent with a matching of the PL made up of silica

and organics.

To verify if the PL is fully permeable to ethanol, the residual scattering signal after incoherent
subtraction (noisy signal “Xerop = 40%” in Figure 53b) was analyzed at this ratio of maximum contrast
matching. The residual signal that can be assigned to inhomogeneity of the PL between organic and

inorganic moieties was compared to calculated curves corresponding to three scenarios (Figure 54):

i) the solvent penetrates only the organic part of the PL,
i) the solvent also penetrates the silica shell but not the internal cavity,

iiii) the solvent penetrates the totality of the PL.

Calculated data were obtained by considering a spherical core-shell form factor and a sticky hard

sphere structure factor. At higher angles, a residual signal of the organic chains in ethanol was
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calculated thanks to an Ornstein Zernike model. The parameters used for calculation are listed in

Appendix C.
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Figure 54. Small-Angle Neutron Scattering (SANS) measurement of PL permeability and calculated
curves according to three scenarii: i) the solvent penetrates the organic moieties only, ii) the solvent

also penetrates the silica shell, iii) the solvent penetrates the totality of the PL. Reproduced from

Reference °.

Figure 54 clearly shows that scenario iii) was the only one capable of explaining the observed

residual signal, showing that both micropores and internal cavities contained in the PL are fully

accessible to ethanol.

It was not possible to apply the same approach to prove the permeability to water, because an
additional peak in the signal due to a structural organization of the canopy around water domains
prevented a complete fit of the residual data (See Figure 55 and analysis details in Appendix G or in
ref 8°). However, as shown in Figure 55, the variation contrast experiment performed with H,0/D,0
mixtures reveals a consequent decrease of scattering intensity at xp20=50%, which strongly suggests

that PLs are also permeable to aqueous solutions.
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Figure 55. SANS spectra of PL-sHSP immersed in H,O/D,0 mixtures with various ratios Xp,0 a) before

and b) after incoherent signal subtraction. The rotating arrow indicates the trend of evolution in

intensity at 0.003 A from Xp,0 = 5% t0 Xp,0 = 100%. Top inset of Figure 55a displays the variation of

intensity at 0.003 A%, For sake of clarity, some ratios were not plotted in Figure 55b. Reproduced from

Reference ©°.

This experiment allowed therefore showing that both micropores and internal cavities contained in
the PL are fully accessible to polar liquids, which confirms that this material can be considered as a

candidate for metal extraction by LLE.

A drawback of this method lays in the need of accessing a neutron source, thus restricting the
possibilities of experimenting. Therefore, another method to probe PLs’ porosity is under
development, based on the gas sorption at high pressure and room temperature, followed by
gravimetry. Among other advantages, this method could help the comparison with other types of
MOFs-based PLs, and the impact of the core change (sHSPs vs bHSPs for example) on the PL porosity

could be easily assessed.

2. Tuning solid-to-liquid physical state and viscosity

One of the aims of this thesis is to open discussion about the origin of the fluid behavior of PLs, in order
to increase the knowledge about their physicochemical properties before harnessing their high
tunability. In particular, “designing” the liquid state — instead of the solid state — seemed to rely on
some parameters that had to be better defined. For this reason, two families of PLs have been
investigated and compared in terms of physical state and viscosity. The first group (PL-EthAs) contained
adual SIT corona - EthA canopy system® grafted on SiNPs, sHSPs or bHSPs. The second group (PL-PPGs)
consisted of a neutral hydrophobic PPG grafted on sHSPs (cf. Appendix A, Bookmark).
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Table 10 gathers melting temperatures, physical states at room temperature and viscosities at 50 °C
and 10 s of PLs-EthAs and PL-PPGs synthesized with various number of EG units in EthA (from 5 to 92)
and two different PPGs (PPG72s and PPGaoo0), onto three types of silica spheres: SiNPs, sHSPs and bHSPs.
Viscosities are taken at 50 °C so as to be able to make comparison between materials which are solid
at room temperature. Figure 56a shows pictures of PL-sHSPs-EthAs at room temperature and Figure

56b shows the two PL-sHSPs-PPGs.

Table 10. Physicochemical properties of PL-EthAs and PL-PPGs depending on the nature of the silica
particles (SiNPs, sHSPs, bHSPs) and the length of the organic moiety (X being either the number of EG

units in EthAs or the number of PG units in PPGs). Viscosities are measured at 50 °C and 10 s. PL-

sHSPs-PPG-2000 refers to the fluid phase presented at the end of Chapter Il.

5 ‘ 11 ‘ 22 ‘ 50 ‘ 92 ‘ 725 2,000

liquid liquid solid
PL-SiNPs 14.2°C 54.8°C
10.8+0.5Pa.s*
solid liquid liquid solid solid solid liquid
PL-sHSPs B melting 10°C 2.8°C 40.6°C 54.8°C no melting
28.6+2.0Pa.s* 3.1+05Pas* 17.9+6.0Pa.s* 0.14+0.05 Pa.s
solid liquid liquid *viscosities are
PL-bHSPs [EEERS 15.3°C given at 50 °C and
36.1+0.5Pa.s* 10s?
a)  PL-sHSPs-EthAs-X b) PL-sHSPs-PPGs-X

X = 5 11 22 50 92 725 2000

Figure 56. Pictures of a) PL-sHSPs-EthAs with various EthAs (in ascending order of EG chain length),
and b) PL-sHSPs-PPG-725 and PL-sHSPs-PPG-2000.
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By studying Table 10, it is obvious that melting temperatures of solids and viscosity of liquids
depend on the length of the oligomeric or polymeric chains as well as the silica core nature.>®
Alternatively, ionic interactions and hydrogen bonding may play an important role in the fluidity of the

PL. Thus, the comparison of PL-sHSPs-EthAs and PL-sHSPs-PPGs will help clarifying this point too.

Based on these results, the following sections will discuss the influence of four key parameters on

the physical state and viscosity of the PLs:

The influence of the ionic interaction is treated in Section 2.1,

The influence of temperature is presented in Section 2.2,

- The nature of the silica particles, their size and density, are studied in Section 2.3,

The influence of the organic:inorganic ratio is considered in Section 2.4.

Note that PL-sHSPs-EthAs were made with sHSPs-1 while PL-sHSPs-PPGs were made with sHSPs-2,

for technical reasons.

2.1. Influence of ionic interactions on the liquid behavior
As heritage from the fields of nanoscale ionic materials (NIMs) and ILs, weak interactions like ionic and
hydrogen bonding are often supposed to generate local and global mobility into complex systems.®
Yet, different PLs with good fluidity were synthesized through covalent binding of neutral molecules
or in suspension with neutral bulky solvents.*>3 These PLs were all containing small molecular cages

as hosts.

To verify whether a liquid based on silica nanoshells could be obtained without ionic interactions,
a neutral chemical modification has been tested at the surface of sHSPs: two PPG of two molecular
weights (725 and 2,000 g/mol, labeled PPG7,s and PPGyo00) have been silanized and grafted onto the
surface of sHSPs under the same conditions (Appendix A, c¢f. bookmark No.5). After the post-
treatments detailed in the previous chapter (separation between PL and unreacted powder), the two
materials were yielded: PL-sHSPs-PPG-725 was a sticky solid that did not melt whereas PL-sHSPs-PPG-
2000 was liquid at room temperature (Figure 56b), after its separation from the gel phase described
in Chapter Il (Section 3.2). The later was one to two orders of magnitude less viscous than PL-sHSPs-

EthAs (0.14 Pa.s at 50 °C, Table 10).

According to the literature, PLs have already been synthesized by grafting 2 nm-large nanocages
with PPG of various sizes.** The conclusion was similar: liquids were obtained with 25 and 40 propylene
glycol (PG) units; corresponding to molecular weights of 1,450 and 2,320 g/mol. Shorter or longer
oligomers led to solids (glassy or powders). Of course, the size and density of the nanocages and the

grafting density of PPG were not comparable, but it appeared that the polymer length window for
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obtaining a liquid with their system was very similar as this observed in the present study. This point

will be further discussed from the point of view of the organic:inorganic ratio (Section 2.4).

In conclusion, the presence of ionic interactions in a PL s likely to increase the viscosity, as observed
for ILs when compared to deep eutectic solvents. Going one step further, it seems that stronger ionic
interactions (in a certain point of view, approaching the covalent link) would induce a decrease in
viscosity. According to a study of Bourlinos et al. conducted on NIMs,®> a too weak interaction like the
one between a quaternary amine and an isostearate failed providing fluidity to SiNPs. Other molecular
dynamics simulations of ionic silica-based PLs showed that strong ionic interactions increased chains

mobility compared to weaker ionic bonding.*

2.2. Influence of temperature on physical state and viscosity
The PL-sHSPs-EthAs were synthesized by grafting all the available EthAs-X onto sHSPs-1@SIT. The
picture in Figure 56a reveals their physical state: not all the materials are liquid at room temperature
and this can be linked to the nature of the silica core (see Section 2.3) and to the organic:inorganic
ratio (see Section 2.4). From Table 10, it can also be observed that some solids have a low melting

point (like PL-sHSPs-EthA-50 at 40.6 °C) while others do not melt at all (like PL-sHSPs-EthA-5).

In order to understand the influence of temperature onto the physical behavior of a PL, differential

scanning calorimetry (DSC) of all PL-sHSPs-EthAs were performed at a rate of 4 °C/min (Figure 57).

Ts (-55.6°C) T, (10°C) Te (85.6°C)
L’——\-
T (-63.8°C)
T, (2.8°C)

Bl

g PL-sHSPs-EthA-5

ra PL-SHSPs-EthA-11

5 / ——PL-sHSPs-EthA-22

T T, (40.6°C) ——PL-sHSPs-EthA-50
PL-sHSPs-EthA-92

T, (54.8°C)
-100 -50 0 50 100 150 200 250

Temperature (°C)

Figure 57. DSC profiles of PL-sHSPs-EthAs with tagged melting temperatures. No melting was observed
for PL-sHSPs-5 but it underwent a glass transition at 85.6 °C. At the opposite, no glass transition was

observed for PL-sHSPs-EthA-50.
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A clear melting peak was observed for PL-sHSPs-EthA-50 and PL-sHSPs-EthA-92, at temperatures
close to the melting temperatures of the corresponding pure amines EthA-50 and EthA-92. In the case
of PL-sHSPs-EthA-11 and PL-sHSPs-EthA-22, only weak peaks were visible making interpretation
difficult. No fusion was observed for PL-sHSPs-EthA-5 but a glass transition at a temperature Tg of
85.6 °C. Furthermore, for the two liquids PL-sHSPs-EthA-11 and PL-sHSPs-EthA-22, a slight variation in
the signal could also be interpreted as a glass transition (at -55.6 °C for PL-sHSPs-EthA-11 and -63.8 °C
for PL-sHSPs-EthA-22). This would be in agreement with the data reported by Zhang et al. and Kumar
et al. for PL-sHSPs with hydrophilic ionic grafting: in both works, T of PLs were around -55 °C.2** In
contrast, Sheng et al. reported T¢ in the range [0°C; 35°C] when simulate the thermal behavior of silica-

based PLs with four different amines as canopies.*

Unfortunately, no analyses could be conducted on PL-sHSPs-PPG during this project, but Lai et al.
published glass transitions of the liquids (made of nanocages and PPGs of different lengths) occurring

between -40 °C and -70 °C (Figure S4 in the Supporting Information of the publication).*?

In addition to being a good indicator for a better comprehension of the fluidity of PLs, the viscosity
is an important parameter for industrial applications: in LLE, a viscosity under 2 mPa.s is required to
separate the phase without centrifugation (by natural decantation).'?® Therefore, the viscosities of
liquid PL-EthAs were measured on a rheometer at different temperatures. Figure 58a and Figure 58b

the results for PL-sHSPs-EthA-22.
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Figure 58. a) Viscosity of PL-sHSPs-EthA-22 plotted at different temperatures versus the shear rate
(log-log scale); b) Viscosity of PL-sHSPs-EthA-22 at different temperatures (log-log scale), recorded at
10 s (black squares) or extracted from a Bingham fitting of the measurements (blue triangles). Error

bars are added, but there are too small to be visible in the logarithm scale.
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Note that condensation occurred at 15 °C, leading to a significant decrease in viscosity, therefore
the corresponding value has not been reported on the figures. At 20 °C, the viscosity of PL-sHSPs-EthA-
22 is very high (10* Pa.s), but it exponentially decreases when increasing the temperature: at 50 °C,
the viscosity is around 3 Pa.s. This trend is consistent with the results obtained by Lin et al. for SiNPs-
based NIMs (SIT corona and linear diblock amine canopy),* and it is consistent with the behavior of
many liquids (among which hydrocarbons) ruled by an empirical equation introduced by Whalter in

1928 and credited to Le Chatelier.'??

As expected, a non-Newtonian behavior was observed for the liquids (Figure 58a), and the curves
could be modelled by a Bingham fitting (with an exception for the viscosity at 20 °C that did not follow
the same behavior). This means that a threshold value exists between a zone of non-Newtonian
behavior (at low shear rates) and a zone of Newtonian behavior (at higher shear rates). The values of
viscosities obtained with this model (Figure 58b) were close to the one obtained at 10 s™* for each PL

(corresponding to a shear rate at the beginning of the zone of Newtonian behavior).

Even though viscosities are strongly decreasing when the temperature increases, they are still three
or four orders of magnitude higher than viscosities of conventional solvents used for LLE processes.
The phase separation step would then require relying on centrifugation instead of natural decantation.
Counterintuitively, it has been shown in literature that the use of branched molecules (in the present
case, tertiary amines) are not the best option to decrease the viscosity of PLs.1**° Hence, the use of a

linear amphiphilic or hydrophobic amine could lead to less viscous PLs.

The viscosity of PL-sHSPs-PPG-2000-fluid was measured at 25 °C and 50 °C on a microviscosimeter.

It decreased from 0.41 Pa.s at 25 °C to 0.14 Pa.s at 50 °C.

As expected, higher temperatures significantly decrease the viscosity of PLs, which is very promising
for LLE processes. Furthermore, the ability of the PL to be filled by water should drastically increase its

density during the contact, thus facilitating the decantation process.'?

In the following sections, the viscosity will be used as an indicator to highlight the role of the silica
particles and the organic:inorganic ratio on the physical properties of PLs. In order to compare with
PLs that were solid at room temperature, viscosities at 50 °C will be retained. They are the ones

indicated in Table 10.

2.3. Influence of size and density of silica particles on physical state and viscosity
In Section 1.1.1, porosity profiles of three types of silica particles (SiNPs, sHSPs, bHSPs) have been
presented. Table 11 shows how this porosity could be strictly related to the particles density. Indeed,

SiNPs were the densest particles (1 + 0.06 g/cm?) because they were non-porous. The gap with the
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density of pure silica (2.2 g/cm?3) is due to interparticle free volume. sHSPs were half less dense
(0.5 + 0.1 g/cm?) because of the presence of the hollow cavity and the micropores inside the silica shell,
implying less matter in the same volume. Finally, bHSPs were even less dense (0.1 +0.06 g/cm?)
because of their larger cavity, and a great proportion of larger pores (3.7 nm) inside the shell. The latter

were also strongly porous.

Table 11. Main characteristics of SiNPs, sHSPs and bHSPs: internal and external diameters are
statistically deduced from TEM images, the packing density was measured by weighing a powder in a
graduated container, and information on porosity were taken from nitrogen sorption experiments

presented in Section 1.1.1.

External Internal Packing Porous o
. . . Seer b Pores size
diameter diameter density [m?/g] volume [nm]
(TEM) [nm] __ (TEM) [nm] [g/cm’] & [em®/g]
SiNPs 17.4+£2.8 - 1.02 £0.06 175 0.42 -
sHSPs-1 254+14 148+1.3 0.56+0.1 691° 0.66 1.4/1.7/3.9
bHSPs 236.0+t64.4  203.6+58.8 0.12+0.06 1121 0.78 1.5/3.7

2 The presence of micropores overestimates the specific surface; ® P/Po = 0.87; © Size of pores in silica shell;
Underlined pores sizes correspond to the main proportion of pores.

According to Table 10, PL-SiNPs-EthA-22 was more viscous (10.8 + 0.5 Pa.s) than PL-sHSPs-EthA-22
at 50 °C (3.1 £ 0.5 Pa.s). Given that SiNPs and sHSPs are in the same size range (17 and 25 nm,
respectively), the difference can be essentially attributed to the spheres density. Yet the density was
not the only cause for a high viscosity: PL-bHSPs-EthA-22 was the most viscous PL (36.1 £ 0.5 Pa.s),
although bHSPs were the lightest spheres. Given that the silica content was similar in both cases (this
point will be developed in the following section 2.4), their larger size (one order of magnitude higher)
therefore contributes to decreasing the molecular mobility. Lin et al. reported no influence of the silica
core on viscosity.'?! However, the size variation of SiNPs they studied ranged between 7 nm and 22
nm, so it cannot be compared with the size variation considered herein. Idem in another study
considering different sizes of HSPs:* a slight shift in viscosity was observed at 25 °C (0.66 Pa.s for the
smallest cores (9 nm) and 0.25 Pa.s for the biggest cores (32 nm)), but viscosities at 50 °C were all

equal.

As a conclusion, the obtained results illustrate a balance between particles sizes and densities in
the contribution to the physical state and viscosity (when liquid) of the final material. While varying
the density (with the same organic canopy) comes down to varying the organic:inorganic weight ratio
(see the following section 2.4), the particles size acts separately. For designing a convenient PL in terms

of viscosity and physical state, it will be necessary to take into account both parameters.
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2.4. Influence of organic:inorganic ratio on viscosity

The impact of the organic:inorganic ratio on the physicochemical properties of PLs was evidenced
by the comparison of different PL-sHSPs-EthAs: among the five materials synthesized, not all of them
were liquid at room temperature (Table 10, Figure 56a). In the case of PL-sHSPs-EthA-5, the
organic:inorganic ratio was not sufficient to liquefy the HSPs and the formed solid did not even melt
(it underwent degradation before melting). EthA-11 and EthA-22 led to liquids at room temperature,
with lower melting temperature and viscosity for PLs containing EthA-22 (which is again
counterintuitive because EthA-22 is more viscous than EthA-11 when taken alone). Finally, two solids
melting at low temperature (40.6 °C and 54.8 °C) were obtained with EthA-50 and EthA-92. These
temperatures were close to the melting temperatures of corresponding pure amines, suggesting that
at higher organic:inorganic ratio, the PL behaves more like the pure amine. This was not observed in
the simulations of Sheng et al. from which they conclude that longer canopies contribute to PL mobility

(provided a sufficient grafting yield).*

As expected, the viscosity at 50 °C followed the same tendency as the melting temperature (Table
10). A minimum of viscosity was found for PL-sHSPs-EthA-22 (3.1 + 0.5 Pa.s at 50 °C), whereas PL-
sHSPs-EthA-11 was more viscous (28.6 + 2 Pa.s) than PL-sHSPs-EthA-50 (17.9 + 6 Pa.s). However, the
viscosity of PL-sHSPs-EthA-92 was measured at 57 °C, just above its melting point (55 °C), and it
happened to be lower than other PLs, with a value of 2.0 £ 0.5 Pa.s. This result suggests that at high
molecular weights, PEGylated amines are playing a role of plasticizer and decrease the viscosity, even

if the melting point remains relatively high.

All these results can be translated in terms of organic:inorganic weight ratio (¢), by looking at the
chemical composition of PLs given by TGA (Figure 59, Table 12). Indeed, this number depends on four
key parameters all impacting the physical state and viscosity of the materials: the core size, the core
density, the grafting length, and the grafting density (depending itself on the core surface and the

grafting size).
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Figure 59. a) TGA of PL-sHSPs-EthAs, b) Chemical compositions of PL-sHSPs-EthAs given by TGA, c) TGA

of PL-EthAs-11, d) Chemical compositions of PL-EthAs-11, e) TGA of PL-EthAs-22, f) Chemical

compositions of PL-EthAs-22. PLs are made with sHSPs-1 set. Adapted from Reference *°.

Reasonably, the silica content logically decreases with the increase in the EthA size. Thus, liquids at

room temperature were obtained for (EthA+SIT):SiO, weight ratios ¢ of 5.2 (PL-sHSPs-EthA-11) and

6.9 (PL-sHSPs-EthA-22). These results are in line with the work of Lin et al. about NIMs, where it has

105



Chapter llI
Studying and tuning the physicochemical properties of porous liquids

been shown that the viscosity increased linearly with the silica core fraction (increasing of 20% when

the silica content increased from 15% to 30%).1%

Table 12. Organic:inorganic weight ratios ¢ of PLs deduced from TGA. Note that PL-bHSPs-EthA-5 was
made with 2.3 eq. of EthA-5 (see Chapter Il), and the number indicated for PL-sHSPs-PPG-2000

corresponds to the fluid phase. The gel phase has a weight ratio of 3.8 instead.

Orgamc:morgamc PL-EthA-X PL-PPG-X
(w/w) ratio ¢
X= 5 11 22 50 92 725 2,000
solid liquid liquid solid solid solid liquid
PL-SiNPs 2.0 3.1
PL-sHSPs 3.2 5.2 6.9 10.2 >400 2.1 15.7
PL-bHSPs (5.6) 5.8 6.5

For a given length of EthA (for instance EthA-11 or EthA-22, Figure 59c-f), it is interesting to note
that the organic:inorganic ratio was always lower (~2.5 times) for PL-SiNPs than PL-sHSPs or PL-bHSPs
(Table 12). This can be correlated to i) the calculations of SIT grafting density at the surface of sHSPs
detailed in Chapter Il, Section 3.1.2.3: the SIT molecule was not only grafted on the external surface of
HSPs, but it also diffused inside the shell before grafting at the surface of micro- or mesopores, thus
increasing the SIT content; ii) the higher density of SiNPs inducing more inorganic weight for the same
area of grafted particles. By this way, the proportion of organics in PLs was greatly increased with

respect to non-porous references, explaining the higher viscosities recorded with PL-SiNPs (Table 10).

As described above, PL-sHSPs-PPG-725 was a solid at any temperature (below its degradation).
From TGA, it can be deduced that its organic:inorganic weight ratio was 2.1 (32.6% of SiO,, Figure 60),

so the observation is in good coherence with what found for PL-sHSPs-EthAs.
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Figure 60. TGA and DTA of PL-sHSPs-PPG-725 under air at 5 °C/min.

From TGA spectra of fluid and gel phases of PL-sHSPs-PPG-2000 presented in Chapter I, Section
3.2.2.2, the organic:inorganic weight ratios were 15.7 and 3.8 respectively. Interestingly, these ratios
are out of the scale obtained for PL-sHSPs-EthAs: PL-sHSPs-PPG-2000-fluid shows a higher
organic:inorganic ratio than PL-sHSPs-EthA-50 (15.7 vs 10.2) when the latter was a powder at room
temperature (melting at 41 °C), and the former was very fluid (0.14 Pa.s at 50 °C). In addition, PL-sHSPs-
PPG-2000-gel displayed a slightly higher organic:inorganic ratio than PL-sHSPs-EthA-5 which was solid
(3.8 vs 3.2), but this one was almost liquid. The fact that not all PPG molecules are covalently grafted
probably contributes to a better fluidity of both phases. Furthermore, the absence of ionic interactions
and the use of a linear polymer instead of a tertiary amine may have a great impact on the window of

organic:inorganic ratios leading to liquids.

Figure 61 shows the viscosities of PLs at 50 °C plotted over their organic:inorganic weight ratio ¢.
However, no general trend could be deduced from this graphics, because the two grafting types are
not comparable, as underlined above. In the literature concerning liquid composites (inorganic
particles acting as “fillers” in a liquid polymeric matrix), the mathematical models used to predict the

viscosity of a composite all rely on the volume fraction of particles.>®
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Figure 61. Viscosity of PLs at 50 °C and 10 s over their organic:inorganic weight ratio ¢ as deduced

from TGA.

In the present case, by a simple line of reasoning, the volume of canopy (roughly linked to the
number of atoms) useful to get a liquid was reckoned: a SIT molecule contains 5 atoms on the main
chain (3 C, 1S, 10). EthAs contain 17-19 atoms on the hydrophobic chain (16-18 C + 1 N). Apart from
EthA-5, the lateral chains are longer than the carbon chain: 20 atoms for EthA-11, 36.5 for EthA-22,
and 78.5 for EthA-50 but they are likely to fold. Therefore, the organic moiety of the PL needs to have
a volume roughly ranging from 25 to 45 atoms in order to provide the liquid behavior (by adding the
SIT contribution). Regarding PL-sHSPs-PPGs, a chain of PPG7;s contains 42 atoms in average (excluding
the branched methyl), and this was too short to get a liquid after grafting on sHSPs. PPGzo00 contains
108 atoms in average but its folding is expected to be important, reducing the length by almost two.

However, the volume ratio window for getting a liquid was not the same than for the ionic PLs.

As a result, an organic:inorganic volume ratio could be estimated based on the length and width
of the organic chains described above along with the size of the particle as deduced by TEM. The values
are gathered in Table 13. It is worthy of note that more precise volumes of canopies may be deduced
from simulations of the molecular organization around the particle, or by other average methods like

SAXS.

108



Chapter llI
Studying and tuning the physicochemical properties of porous liquids

Table 13. Organic:inorganic volume ratios (¢) of PLs.

Organlc:mt.:organlc PL-EthA-X PL-PPG-X
(v/v) ratio
X= 5 11 22 50 92 725 2,000
solid liquid liquid solid solid solid liquid
PL-SiNPs 2.22
PL-sHSPs 0.65 0.71 1.34 3.55 8.99 0.84 1.39
PL-bHSPs 0.11

In Figure 62 are plotted the viscosities of PLs at 50 °C depending on the organic:inorganic volume
ratio ¢. In this plot, a minimum of viscosity is obtain for volume ratios about 1.2. However this graphics
cannot explain why solids (PL-sHSPs-EthA-5 and PL-sHSPs-PPG-725) are obtained at the same volume
ratio as a liquid (PL-sHSPs-EthA-11). This is because the volume fraction only depends on the core size

and the grafting length, but not on the core density nor the grafting density.
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*
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Figure 62. Viscosity of PLs at 50 °C and 10 s over their organic:inorganic volume ratio ¢ as deduced
from TEM (core size) and estimation of the canopy volume by considering molecular folding of long

chains. Refer to Figure 61 for labels of each point (with corresponding colors).

Therefore, it has been empirically tested to plot the viscosity over the product & of the
organic:inorganic weight and volume ratios (£ = ¢ x ¢, Figure 63). In this case, PLs with acceptable
viscosity are found in a middle zone (§ € [9 — 30]), while solids are obtained for very low and very high
numbers. However, one has to remember that PL-sHSPs-EthA-92 was a fluid liquid after its melting

point (55 °C). Therefore, this empirical law may find limitations for very far ¢ numbers.
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Figure 63. Viscosity of PLs at 50 °C and 10 s over the product of organic:inorganic weight and volume

ratios £ = ¢ x . Refer to Figure 61 for labels of each point (with corresponding colors).

All these studies indicated that the physical state of a hybrid porous material could be predicted by

considering:

- The size and density of the inorganic cores (a larger size induced less mobility),

- Theinorganic:organic ratio (with a suitable window related to the fluidity of the pure molecule
serving as a canopy, as well as to the size and density of the cores). It can be highlighted that
a £ number between 9 and 30 seems to be a general rule to design a fluid PL,

- The temperature, which drastically decreases the viscosity of liquids.

Moreover, it was obvious that the presence of ionic interactions and the use of branched amines
increased the viscosity and reduced the window of organic:inorganic weight ratios suitable to obtain
liquids. However, all these parameters — and especially the nature of the canopy — also had an effect

on the affinity of the PL toward water.

3. Tuning hydrophobicity

The aim of this work consisted in developing hydrophobic PLs to use them as single extracting agent in
LLE of metals. Nevertheless, the PL chosen as extractant should not be completely immiscible to water,
so the metal diffusion can take place. Unfortunately, hydrophobicity was not easy to assess by
guantitative methods. Indeed, the logP method consisting in calculating the theoretical sharing
coefficient of water between the PL and octanol, was not relevant in the case of such complex

materials. Furthermore, the PLs were often too viscous to form microdrops in a water bulk that could

110



Chapter llI
Studying and tuning the physicochemical properties of porous liquids

have given quantitative information about their surface tension. For these reasons, only a qualitative

assessment has been conducted.

Considering the amphiphilicity of EthAs, hydrophobicity of the corresponding ionic PLs was
expected to be tuned by varying the length of the two PEG arms (cf. bookmark No.4), and observations
about this evolution will be reported in the first section. Then, the results will be used to compare with
the affinity of the PL made of PPGyo00 and sHSPs toward water (cf. bookmark No.5). A peculiar attention

will be paid to the effect of ionic interactions.

3.1. Amphiphilic canopy-based ionic porous liquids: PL-EthAs
Because EthAs are amphiphilic, it was expected than some of the PL-EthAs would be hydrophobic

whereas others would be hydrophilic, depending on the length of the two EG arms.

The two PL-sHSPs-EthAs that are liquid at room temperature — PL-sHSPs-EthA-11 and PL-sHSPs-

EthA-22 —have been contacted with water. The behavior of the two phases after contact are presented

in Figure 64.
H,O
Porous liquid Precipitate
H,0:PL 3:1 H,0:PL 1:1 H,0:PL 20:1
PL-sHSPs-EthA-11 PL-sHSPs-EthA-22

Figure 64. PL-sHSPs-EthA-11 and PL-sHSPs-EthA-22 in contact with water.

In the case of PL-sHSPs-EthA-11, a phase separation was observed, while with PL-sHSPs-EthA-22,
the PL was soluble. After adding more water and centrifuging, this hydrophilic PL-sHSPs-EthA-22 was
even destabilized: the amine was solubilized into water, while the sulfonated silica precipitated. These
observations were supported by TOC analyses of the water phase: around 10% of EthA-11 was
solubilized in water, and 100% of EthA-22 (see calculation in Appendix B). This suggests the presence

of an EG arm-length threshold for the amine to provide sufficiently hydrophobic behavior to the PL.

The stability of PL-sHSPs-EthA-11 in contact with water was also confirmed by TGA and SAXS data
(Figure 65).
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Figure 65. a) TGA of PL-sHSPs-EthA-11 before (black) and after (grey) contact with water. The signal

before contact was corrected from water loss; b) SAXS of PL-sHSPs-EthA-11 before and after contact

with water, along with the aqueous phase after contact.

In Figure 65a, a slightly higher silica content in the PL after contact (18.4% instead of 16.1% after
applying a correction from water loss) corroborates the slight loss of amine solubilized in water. The
weight losses of EthA and SIT were at the same temperatures, indicating no structural change caused
by the contact of water. In Figure 65b, the SAXS signature of sHSPs was the same before and after
contact, with similar slope and oscillations. The apparition of a characteristic peak at 1.5 A in the
signal of PL after contact reflected the presence of some water into the organic phase. However, a
guantification of this water by Karl-Fisher titration was not possible owing to the high viscosity of PL-
sHSPs-EthA-11 making it impossible to correctly charge into the device. In the signal of TGA, no weight
loss linked to free water occurred before 200 °C. However, it was noticed that 51% of the initial weight
poured inside the crucible disappeared before the analysis started (few hours passed between the
crucible preparation and the analysis). This was probably due to spontaneous water drying. On the
other hand, the aqueous phase after contact showed no oscillations in SAXS (Figure 65b), but only a

structural peak at c.a. 0.2 A attributed to the residual amine in a diluted phase.

As a result, the hydrophobicity of PL-EthAs could be adjusted by simply changing the length of PEG
arms of commercially available EthAs (basically found in cosmetics industry). In this study, the PL-
sHSPs-EthA-11 allowed a spontaneous separation from the water, so it can be considered for the LLE

application.

3.2. A neutral single-component canopy-based porous liquid: PL-sHSPs-PPG-2000
Grafting PPG polymer onto the surface of sHSPs (cf. bookmark No.5) was also achieved with the aim

of increasing the hydrophobicity of the PL. In this regard, the stability of the fluid phase of PL-sHSPs-
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PPG-2000 against water was investigated in the same way as for PL-EthAs. Results are presented in

Figure 66.

a) i b) ] —— PL-sHSPs-PPG before contact
) 1 Va2 PL-sHSPs-PPG after contact
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Figure 66. a) Phase separation of PL-sHSPs-PPG-2000-fluid and water (PL: H20 1:5 w/w), b) SAXS of PL-
sHSPs-PPG-2000-fluid before and after contact.

In Figure 66a, the phase separation was clearly visible, confirming that the polymer conferred a
high hydrophobicity to the PL. The meniscus was not perfectly horizontal because the PL also stuck to
the plastic walls of the tube. The opacity of the PL could suggest the presence of microdrops of water
inside the PL. Unfortunately, Karl Fisher titration of water could not be carried out because of the high
viscosity of the PL preventing its proper loading into the device. However, in Figure 66b, the SAXS signal
before and after contact revealed that there was no structural difference in the sample before and
after contact (in the size scale 1-100 nm). In particular, no water characteristic peak was visible at wide
angles (expected at 2 A?), and this could be due to spontaneous drying after phase separation and
capillary preparation. Besides, the TOC analysis of the aqueous phase indicated that 6% of the PL had

been dissolved: this is twice less than PL-sHSPs-EthA-11.

In order to verify whether the silanization and grafting was necessary for making a stable PL, a
control made of a simple suspension of sHSPs-2 in PPGaooo (labeled mPPG-sHSPs) was also put in

contact with water (Figure 67).
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H,O + sHSPs
H,O

PPG

PL-sHSPs-PPG
PPG + sHSPs + H,0 !

Figure 67. mPPG-sHSPs (left) and PL-sHSPs-PPG-2000-fluid (right) in contact with water. The phase

separation was spontaneous in both cases.

A simple observation of the two capillaries (control and PL) in Figure 67 revealed that three distinct
phases were formed during the contact of the control (mPPG-sHSPs) with water, while only two were
visible when the PL was contacted with water. As for the PL, the control underwent a clear phase
separation with water. Yet, a second phase separation probably due to instability of the suspension

also occurred.

The five phases were analyzed through SAXS measurements for accurate interpretation (Figure 68).
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Figure 68. Phase separation of a) mPPG-sHSPs after contact with water, b) PL-sHSPs-PPG after contact

with water, studied by SAXS at various altitudes Z of the capillary.

On the one hand, SAXS spectra of the mPPG-sHSPs control (Figure 68a) showed that most sHSPs
precipitated while a little part were dissolved in water. The precipitate also contained PPG and water,
as shown by the analysis of the wide angles zone (above 0.5 A) in the signal at low Z altitude (1.6

0.1 mm). When going up along the capillary, water disappeared from the signal, and the quantity of
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sHSPs was reduced (less intensity in the oscillations part) while the presence of PPG was more
pronounced. Then, a phase with PPG alone was clearly visible at Z= 6.4 £ 0.6 mm. Finally, the water
phase (Z=7.6 £ 0.7 mm) also contained few sHSPs as suggested by the very weak oscillations at small

angles, but no PPG (only the water peak was visible at 1.1 A%).

On the other hand, PL-sHSPs-PPG-2000-fluid was far more stable, because only two phases formed
in contact with water (Figure 68b): the bottom phase mainly contained PL-sHSPs-PPG-2000-fluid, with
a slight decrease in silica content when approaching the interface. The interface (Z=7.5 £+ 0.7 mm)
contained a mixture of PL and water. Finally, the water phase displayed a signal with no trace of
oscillations (no sHSPs were dispersed in water). This result proves that sHSPs were stable in the PL

phase.

As a conclusion, even though quantitative assessment of PLs hydrophobicity was not possible,
simple contact experiments with water allowed demonstrating the correct phase separation between
hydrophobic PLs and water, that is desirable for LLE. In the case of ionic PL-EthAs, too long PEG arms
in the amine induce a too high affinity with water, thus deconstructing the PL. In this particular case
where amphiphilicity is present, a balance between hydrophobicity and PL fluidity (a too short amine
led to a solid) must be considered. In addition, it was found that PL-PPGs were more stable when in
contact with water (modest losses in the water phase), assigned to the neutrality and the higher

hydrophobicity of the polymer.

Conclusion

In this chapter, the tunability of silica-based Class A PLs was highlighted. On the first place, the nature
of their porosity could be varied thanks to the use of two different types of hollow silica particles:
sHSPs were relatively small (around 25 nm in diameter) and their shells contained micropores (1.4 nm
in average). bHSPs were larger (around 240 nm in diameter) and they contained mesopores (3.7 nm in
average) as well as micropores in their shells. If the small size of sHSPs led to less viscous PLs, the small

pores could be a disadvantage for metallic complexes diffusion in LLE.

Unfortunately, the techniques used to assess porosity of solids can hardly be transferred to PLs.
Indeed, the low temperature at which nitrogen sorption adsorption is generally performed induce a
liquid-to-glass transition in the PL, thus blocking the access to the porosity of the inorganic pore. In the
context of an application in LLE, the permeability toward liquids was an important feature to assess.
Therefore, an original SANS experiment has been developed and allowed to show that a hydrophilic
ionic silica-based PL was fully permeable to polar liquids. It would be very interesting to perform the
same measurement on the new hydrophobic PLs presented in this thesis. However, given that SANS

are not easily accessible, another method to assess the permeability of PLs to gas could be considered:
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it consists in loading the PL in a micro-balance, placed in a chamber able to hold high gas pressures. In
consequence, the measurement could be performed at room temperature and the high pressure could
allow overcome the problem of slow gas diffusion in the organic matrix. This technique has already

been applied in other types of PLs made of a mixture of MOFs and ILs.

Furthermore, it was found in this study that the physical state and viscosity of PLs strongly depend
on the organic:inorganic weight ratio, as well as the size and density of the inorganic core. This result
is consistent with the literature. Temperature could also have a great impact in decreasing the viscosity
of PLs that were liquid at room temperature, and this is very promising for any application in LLE.
However, the presence of ionic interactions was not necessary to liquefy HSPs, because it was possible
to obtain liquids by grafting a neutral polymer, and the viscosity was even lower. This polymer also
conferred a stronger hydrophobicity to the PL as compared to the amphiphilic tertiary amines
employed to make the canopies of the first range of ionic PLs (PL-EthAs). It is expected that this
hydrophobic character would affect the permeability of the PL to water. Thinking about
hydrometallurgical applications, it would also be interesting to study the miscibility of these PLs in

other solvents (polar, protic, aprotic, non polar, ILs...).

In the following chapter, the two kinds of hydrophobic PLs (ionic and neutral) will be evaluated as
candidates for LLE. The work focused on the extraction of three rare earth elements widely spread in
modern technologies and classified as critical metals: neodymium, praseodymium and dysprosium.

The functionalization of PLs will be introduced before presenting preliminary extraction tests
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After all the efforts deployed to synthesize, characterize, and explore the tunability of the new silica-
based PLs, the research can be orientated toward the targeted application of metal extraction. This
chapter is focused on the extraction of rare earth elements (REEs) which are of particular interest in
the current geopolitical context, as it is described in the first section. The general methods to obtain
functional PLs are further developed in the second section, before presenting the synthesis of the first
functional PL. In the third section, preliminary tests of extraction are reported. Next, some
optimizations of the extraction performances of simple systems are detailed in section 4. Finally, the

assessment of PLs’ stability completed the evaluation of these new candidates for LLE in section 5.

1. Context

1.1. Rare Earth Elements (REEs) in Europe
This thesis aims to demonstrate the potentiality of PLs to be applied in LLE of metals, and particularly
“critical metals” such as REEs. REEs are a family of metals containing the 15 lanthanides plus yttrium
and scandium. They share the electronic f-orbitals conferring them unique properties such as high
conductivity, interesting luminescence, exceptional thermal stability etc. They are found in many fields,

like micro-electronics, photochemistry, energy as well as in defense and medical solutions.%123:124
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Most times, they are used as residual ingredients of a metallic “cocktail”, designed for associating

specific properties of each metal to be performant in the target application.

Despite that they are often used in low quantities, REEs have been classified as “critical metals” by
the European Union, because they have become necessary to achieve the numerical transition as well
as to develop technologies for harnessing renewable energies.! Even though their abundance is
relatively high in the Earth’s crust, it exists few places where they are found in high yields, sufficient
for industrial exploitation.!?® Therefore, there are almost no mines on the European territory and only
three countries — China (40%), Malaysia (31%) and Russia (25%) — owned the quasi-monopole of their

exportation in 2022 (Figure 69).

Rare earth elements imports to EU, 2022 —1%
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Figure 69. Share of REEs imports countries in European Union in 2022. Source: Eurostat.

eurostat@

REEs share very similar chemical properties. Very often, they are split into two categories: light REEs
refer to the lightest lanthanides: lanthanum to gadolinium, while heavy REEs include the rest (terbium
to lutetium, plus yttrium). Scandium is an exception because it possesses a much smaller ionic radius,

and it does not belong to any of the two groups (Figure 70).123

! For more information about predictions of metals consumption for new technologies by 2050, the reader is
referred to the work of Olivier Vidal.12>126
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Figure 70. Periodic table of elements defining light REEs and heavy REEs. Source: Science Notes.

Recycling REEs from electric and electronic devices already present in Europe has raised as the best
solution to decrease the geopolitical dependence to these countries, by ensuring an alternative supply.
For instance, permanents magnets used in hard disk drives, electric vehicles and off-shore wind
turbines consist in an important urban mine of neodymium (Nd), praseodymium (Pr) and dysprosium

(Dy), together with iron (Fe) and bore (B).

1.2. Conventional techniques of REEs extraction
In 2012, the United States Environmental Protection Agency identified four steps in REEs processing
from secondary sources: collection, dismantling, separation, and processing.'?® The dismantling step
consists in removing the host matrix without changing the chemical composition of the ore. Extraction
techniques are involved in the separation process to obtain concentrates in REE oxides. Processing

these concentrates allows producing them under interesting chemical forms with high purity grade.

In industry, REEs extraction is commonly achieved by the combination of pyro- and
hydrometallurgical operations. The latter generally include a leaching of metallic species in acidic or
alkaline medium, which can be selective or not, followed by a separation by selective precipitation,

solid-liquid extraction (SLE), LLE or ion-exchange processes.

1.2.1.Selective precipitation
Crystallization and selective precipitation were the first methods to be applied to REEs separation,
even before ion-exchange columns.'** Although they allowed the isolation of all REEs in the early

1900s, they could not reach high selectivity between the different elements, and a high number of
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successive steps was necessary, leading to poor yields. Selective precipitation can be driven by affinity

differences toward a ligand, or by redox switches.

1.2.2.50lid-liquid extraction of REEs
SLE is a very efficient method for metal extraction, because it uses small volumes of sorbents for the
extraction process, with generally correct regeneration abilities thanks to good chemical stability.® As
aresult, SLE processes often generate few wastes. In addition, the use of resins or membranes facilitate

continuous processes implementation.

In some cases, the immobilization of good extractants onto porous supports like silica or polymeric
resins through covalent bonding allows high efficiency along with improved selectivity.'?” Very often,
the extractants used in SLE are the same than the ones used in LLE (cf. following section). Regarding
REEs extraction, the family of diglycolamides (DGA) has been identified as particularly good chelating

t. 127712 For instance,

agents, showing interesting selectivity when they are immobilized on a suppor
Figure 71 represents an example with three different DGA [diglycol-2,4-diamido-propyltriethoxysilane
(DGA-N), 3,6-dioxaoctanediamido-propyltriethoxysilane (DOODA-N), and furan-2,4-diamido-
propyltriethoxysilane (FDGA-N)] grafted inside the pores of a KIT-6 mesoporous silica (cubic pores of

about 10 nm). Depending on the chelating angles, affinity toward specific REEs could be observed.'?’

Mo (s,

Figure 71. Scheme of three DGA [diglycol-2,4-diamido-propyltriethoxysilane (DGA-N), 3,6-

dioxaoctanediamido-propyltriethoxysilane (DOODA-N), and furan-2,4-diamido-propyltriethoxysilane
(FDGA-N)] fixed inside silica pores with different chelating angles. Balls represent REEs. Reproduced

from Reference 7.

However, in most cases, the selectivity of SLE processes is low, and extraction capacities are
moderate. In consequence, they are favored where few competitive metals are present in the

leachate.
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1.2.3.Liquid-liquid extraction of REEs
As presented in Chapter |, Section 5.1.1, LLE (or solvent extraction) consists in contacting an organic
phase containing selective extracting agents with an aqueous phase containing the targeted species
and impurities. The choice of the good extracting agent allows dealing with large volumes of very

complex mixtures of metals,?® with substantially higher selectivity and efficiency than in SLE.

Typically, three types of extracting agents are commonly employed in industrial LLE of REEs: cationic
(di-(2-ethyl-hexyl) phosphoric acid (D2EHPA, Cyanex 272), solvating (tributyl phosphate (TBP)), and
anionic (Aliquat 336, Versatic 10) solvents (Table 14).%5123130 |n particular, they are chosen depending
on the nature of the aqueous phase deriving from the leaching (pH, counterion like chloride, nitrate,
sulfate...). Other ligands acting by solvation, such as diglycolamides, are also deeply investigated,
because they can easily be synthesized and show lower affinity toward transition metals and actinides

than toward trivalent lanthanides.?”/13%.132

In terms of extraction performances, some extracting agents are reported to be more selective of
light REEs while others would preferentially extract heavy REEs. Especially for solvation extractants,®®
it is usual that extraction efficiency increases with the atomic number across the lanthanides series.
However, Aliquat 336 (anionic exchanger) shows better affinity toward light REEs in nitrate medium,*?
while DGAs with short alkyl chains display better extraction capacity for Ln(Ill) and An(lI1).13? In

addition, europium and cerium can be extracted separately more easily because they are not trivalent

like other lanthanides.

Despite the good efficiency and selectivity that can be reached with these LLE systems, they often
consume much material. It is admitted that one ton of solvent are generally required to produce one
tone of REE oxide.'®* LLE also encounters several other problems, such as third phase formation leading

to process complications, low contact area, and large amounts of waste.®
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Table 14. Conventional industrial extractants for REEs in LLE. Adapted from Reference 2

Extractants Chemical Name Structure

Cyanex 272 Di-2,4.4-trimethylpentyl phosphinic acid {['IT-, (I;H_t
CHy=C=CH=CH=CH,

e N
CHs “\
{.'u;,.-ﬁ.'-m ig-{IIH-(.'I 1, /

CH;  CH;

D2EHPA Di-2-ethylhexyl phosphoric acid C,Hy
CH3={CH;)e=CH-CH,0O

=]

=)

Q

>,

CHs=(CH: ).\ "H-CH,0

PC8BA 2-Ethylhexyl phosphonic acid mono 2-ethylhexyl ester C.El_-
CHy -{(Ilj}-LH-([[L\ /0
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/ OH
CH;<C H;}u-(l,H-(.H
C:H.
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Aliquat 336 Tri-octyl methylammonium chloride
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\/\/\/\/ New, "

Cr

1.2.4.lon-exchange processes for high-grade REEs
In the 1950s, ion-exchange was the only method available to separate REEs industrially. Nowadays, it
is still employed to treat small quantities of REEs up to high-grade purity.*®3% Very often, REEs
complexes are in the cation form, so cationic exchanges are mostly implemented. In particular,
ethylenediaminetriacetic acid (EDTA) and N-hydroxyethylethylenediaminetriacetic acid (HEDTA) have

been identified as good eluants to strip the trapped REEs from ion-exchange columns.'?*'34 The two
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molecules are represented in Figure 72. With these systems, the stability constants of the complexes

are usually higher for heavy REEs, such that REEs are eluted in decreasing order of atomic number.!33

H$“; Nael

EDTA HEDTA

Figure 72. Ethylenediaminetriacetic acid (EDTA) and N-hydroxyethylethylenediaminetriacetic acid

(HEDTA) used in ion-exchange REEs extraction.

1.3. Innovation for REEs extraction
To reduce the toxicity and energy requirements of conventional processes, the scientific literature has
given rise to a number of alternatives, from synergistic systems to ion foam flotation, passing by the
substitution of volatile solvents in LLE by ILs or deep eutectic solvents (DES). In this regard, PLs could

also constitute an innovative solvent extracting phase in LLE.

1.3.1.Synergistic liquid-liquid extraction or solid-liquid extraction
Recently, synergistic LLE or SLE have emerged as interesting processes for metal extraction.®® They
consist in the association of two extractants, whose one plays a synergistic role: the combination of
their extracting properties generally enhances the selectivity toward a metal, thus boosting the
extraction performances of the system, and reducing the volumes of organics required to treat the

same amount of leachate. In LLE, synergy can also be harnessed to prevent the third phase formation.

For instance, D2EHPA (phosphoric acid) and Cyanex 272 (phosphinic acid) were successfully used
together to extract dysprosium and separate it from europium,’® while a mixture of N,N,N’,N'-tetra(n-
octyl)diglycolamide (TODGA) and tri(n-butyl)phosphate (TBP) in an IL gave access to very high intra-

lanthanides selectivity.®

1.3.2.lonic liquids and deep eutectic solvents
Since conventional LLE means high volumes of solvents, often accompanied by aqueous ammonia used
for the saponification of acidic extractants, ILs are seen as a greener alternative. Indeed, they have
lower toxicity than organic solvents due to their zero vapor pressure, and they can show a very good
extraction efficiency.’3”138 They also show the advantage of suppressing the third phase manifestation.

However, their high viscosity is an obstacle for scaling up ILs-based processes. Therefore, supercritical
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CO; can be used as a low viscous diluent to enhance mass transfer. Interestingly, functional groups can
be introduced in the design of the IL, bore by either one of the two ions, or both.13”!3 The main
extraction mechanism encountered for REEs in ILs is a cationic exchange, but it is unfortunately
suppressed by the presence of long alkyl chains on the cation. Thus, the IL hydrophobicity — mandatory

for LLE — must be obtained through a hydrophobization of the anion instead.

Being ILs’ cousins, DES have recently emerged as a new class of non-volatile solvents with lower
viscosity and simpler synthesis.'*® Even more recently, the first hydrophobic DES have been reported,

E 36,141~

and few studies investigated their ability for LL 143 Concerning lanthanides extraction with

hydrophobic DES, it has been observed that a compromise had to be found between loading and

selectivity.1*

1.3.3.lon foam flotation
lon foam flotation has been studied for 65 years,** and it presents the advantages of releasing few
wastes, with a good and cost-effective regeneration of the extracting material. It was shown to work
well with ultra-trace levels of metal concentration, so it can be suitable for effluents
decontamination.'#® A scheme of the process is presented in Figure 73. lon concentration is achieved
by complexation with a specific surfactant of opposite charge, able to form a foam under gas sparging.
Forming the foam allows increasing the interface between effluent and surfactant. After the foam

collapses, it leads to a liquid retentate, highly concentrated in metal.

A A N

™

| | Foam |
/{ | 4,-’ ‘\/

Collapsed

Foaming solution foam solution

v

<« Residual
solution
Sintered — L
\:‘/ L glass \ )N
) \ A
Gas injection ﬁ ﬁ
Initial state Foaming process Final state Time

L J

Figure 73. Principle of ion foam flotation. 1: rotameter, 2: sample syringe and port, 3: gas cylinder, 4:

flotation column, 5: gas dispersion frit, 6: foamate reservoir. Adapted from Reference /.
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1.3.4.Porous liquids
Because they permit the cohabitation of a high porosity with the liquid state, silica-based PLs could
combine the high efficiency and selectivity of LLE with the material regeneration ability found in SLE.
It would also suppress the emission of volatile organic compounds, and it could prevent the formation
of a third phase. As reported in Chapter |, two studies already have shown the possible extraction of

lead in PLs.>”®% However, no work have been published in the field of REEs extraction yet.

Therefore, this thesis was inspired from investigation as much in LLE as in SLE: good stability,
hydrophobicity and low viscosity were imposed by the LLE process, while good selectivity and
efficiency were foreseen with the functionalization of the silica hosts following methods applied in SLE.
Indeed, it has already been observed that the functionalization of a PL with thiols was necessary to
extract lead.'*® Therefore, it is likely that no REEs extraction will be observed without functionalization

with a specific ligand.

A slight difference with SLE processes relied in the relatively small size of pores (1.4 — 3.7 nm) in
PLs, because HSPs must not be too large to maintain the liquid state (Chapter lll, Section 2.3), unlike
conventional SLE sorbents usually owning large pores (e.g. KIT-6 mesoporous silica have a 10 nm pore
width).*?” Finally, the regeneration of the PL would be a great advantage over conventional LLE

processes.

2. Functionalization of a porous liquid

As mentioned above, the functionalization of the PL is presumed to be necessary for the success of
REEs extraction. To do so, the presence of silica nanoparticles has to be harnessed: it is believed that
not only can they introduce porosity into the liquid but serve also as functional hosts for metals. With
the aim of enhancing efficiency and selectivity toward REEs, functional moieties are anchored in the
silica pores. The methods to perform functionalization of silica are described hereafter. Then, the

choice of the functional group and the synthesis of a functional PL for REEs extraction are described.

2.1. Methods for particles functionalization: state-of-the-art
In general, two methods are employed to functionalize silica: post-grafting and co-condensation. Post-
grafting consists in grafting a functional group onto the silica surface by the mean of surface silanols.
Co-condensation is the incorporation of the functional group inside the silica network during its

formation. Both methods start from an organosilicon, bearing the functional moiety.

2.1.1.Post-grafting
Post-grafting reaction can be decomposed into two steps: the first step is the hydrolysis of terminal

ethoxy or methoxy groups to form Si-OH bonds at the end of the functional organosilicon (Chemical
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equation A). The second step is a condensation of either two silanols (Chemical equation B) or a silanol
and an alkoxide (Chemical equation C) to form a siloxane bond (Si-O-Si), and releasing water or alcohol

respectively.#®

(A) = SiOR + H,0 - = SiOH + ROH with R = Me or Et
(B) = SiOH + = SiOH - = Si0Si = + H,0 (water condensation)
(C) = SiOR + = SiOH — = Si0OSi = + ROH (alcohol condensation)

Adding water in the medium would promote hydrolysis against condensation. On the reverse, the
presence of ethanol (or methanol for methoxy groups) would slow down hydrolysis and promote water
condensation. Furthermore, hydrolysis can be favored by an acidic medium (silanols in the protonated
form) with an excess of water, while condensation can be catalyzed in a basic medium (silanols in the
deprotonated form). Playing on this balance is significant when taking into account the competitive

reaction of condensation between two organosilicon molecules.

2.1.2.Co-condensation
Functionalizing silica materials by co-condensation consists in introducing the functional group directly
when forming the silica network during the sol-gel process (Figure 74). In this method, the functional
organosilicon is introduced as a silica co-precursor along with tetraethyl orthosilicate (TEOS) or
tetramethyl orthosilicate (TMOS), the most common silica precursors. In general, small organosilicons
like aminopropyl triethoxysilane (APTS) and vinyl triethoxysilane (VTS) are used to avoid any structure

alteration of the silica network.4%:1>0

S8 surfactant

+

-+ TEOS
N

+ RTES
R

Figure 74. Co-condensation reaction between TEOS and a functional alkoxysilane (RTES stands for “R-

triethoxysilane”) with a micelle-forming surfactant. Reproduced from reference #°.

This method can disperse the functional groups more homogeneously in the silica material than the

post-grafting, but the latter can be less accessible for complexation.
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2.2. A functional porous liquid for REEs extraction

2.2.1.Choice of the functional group
EDTA (Figure 72) was selected because it is generally reported as a good extractant for REEs3* and it
was commercially available in the organosilicon form. However, it was also reported in literature that
it displayed a poor intra-REEs selectivity (the complexation free enthalpy between two adjacent REEs
being about 6.5 KJ/mol, this is not sufficient to reach a correct intra-REE selectivity!?}). It was presumed
that whatever the strategy adopted for functionalization, it should be transferable to diglycolamides,
that are similar in size, and show better selectivity.?”12® Nevertheless, it should be noticed that EDTA
acts as an cation-exchanger extractant, while DGAs are solvating extracting agents instead. Therefore,

the optimization of conditions for extraction (especially the pH) may differ.

2.2.2.From functional silica particles to the first functional porous liquid
Regarding silica-based PLs as hybrid organic-inorganic materials, this work focused on functionalizing
only the inorganic part for REEs extraction. No additional task-specific groups to capture REEs were
added in the organic moieties. Therefore, the same synthesis routes as described in Chapter Il for non-

functional PLs were applied starting from EDTA-functionalized hollow silica particles (HSPs-EDTA).

In particular, the first extraction tests were carried out using a hydrophobic ionic PL based on sHSPs
functionalized with EDTA by co-condensation (denoted PL-sHSPs-EDTA-c-EthA-11). Note that the
presence of organic EDTA in the silica network implied to use a soft template removal technique
instead of calcination. To avoid the penetration of SIT inside the pores (an issue that has been discussed
in Chapter Il, Section 3.1.2.3 and Chapter lll, Section 1.2.1), this template removal was performed after
tethering SIT molecules at the surface of sHSPs-EDTA. The complete synthesis pathway is described in

Figure 75.
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Covalent grafting
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Figure 75. Method for the synthesis of a functional ionic PL (PL-sHSPs-EDTA-c-EthA-11) by sHSPs

functionalization with EDTA using co-condensation.

2.2.2.1. Functional hollow silica particles
Co-condensation was chosen in the first place to functionalize HSPs. Indeed, it was probable that post-
grafting would induce pore-blockage, as well as creating a barrier for the SIT when fabricating the PL’s
organic corona-canopy. Nevertheless, the fact that EDTA was a large molecule compared to more
spread APTS or VTS exposed to the risks of size exclusion during the sol-gel process, and silica shell

weakening.

The detailed method is given in Appendix A. Briefly, a micelle was formed exactly as for the
synthesis of non-functional sHSPs described in Chapter Il. Around this soft template, co-condensation
of TMOS and silanized EDTA (SiEDTA) led to the formation of a core-shell particle denoted sHSPs-EDTA-

c (“c¢” standing for “co-condensation”) (Figure 75).

2.2.2.2. Functional porous liquid based on an ionic amphiphilic canopy
After the functionalization of sHSPs, the sulfonate SIT was grafted at the surface of the particles
following the same method as previously. In order to remove the template without damaging EDTA

and SIT groups, a soft acidic ethanol washing was further adopted, as the one already presented in the
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previous chapter, Section 1.1.3. This sHSPs-EDTA-c@SIT intermediate was then used to make a

functional ionic PL with EthA-11 canopy (PL-sHSPs-EDTA-c-EthA-11) as before (Figure 75).

2.2.2.3. Characterization
sHSPs-EDTA-c (cf. bookmark No.6) have been imaged by TEM before SIT grafting and template removal
(Figure 76a). The micrograph confirms the good formation of hollow silica spheres, with rougher
surface compared to sHSPs (see Chapter II). A small proportion of the spheres were also partially
broken. The statistical analysis of their sizes (Figure 76¢-d) indicated a mean external diameter of 36.3
+ 3.7 nm and a mean internal diameter of 23.8 + 3.4 nm. If their size is similar to the calcined reference
sHSPs-2 (37.3 nm), their cavity is larger (it was 19.4 nm for sHSPs-2). Indeed, the presence of hindered

molecules during the sol-gel process may have contributed to the size reduction of the shell thickness.
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Figure 76. a) TEM image of sHSPs-EDTA-c before SIT grafting and template removal. Scale bar: 50 nm;

Statistical sizes distributions (# = 210): b) external diameter, c) internal diameter, and d) shell thickness.

The presence of EDTA could hardly be monitored by FTIR (FTIR spectrum presented in Figure 77):
the signal of sHSPs-EDTA-c (before SIT grafting and template removal) was compared to a non-

functional reference also containing the template (named sHSPs-3 hereafter). A strong carbonyl peak
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was expected in the 1600-1700 cm™ region accounting for the presence of EDTA. In fact, two peaks
were visible at 1634 and 1602 cm™, in both signals. They were enhanced for the sHSPs-EDTA-c.
However, it was not clear to what extent this increase in intensity could be attributed to the carbonyl
groups. Indeed, the quantity of EDTA groups in the silica network was weak (SIEDTA:TMOS molar ratio
was 1:16 when initiating the sol-gel process), and the presence of OH groups (that were more
numerous in the functionalized powder of EDTA) could hid the signal of the carbonyl. In addition, the
wide —OH band at 3500-3200 cm™ was also stronger for sHSPs-EDTA-c than for sHSPs-3, even after
extensive drying. It could be assumed that the presence of EDTA groups induces more water molecules
bound to the surface, or more silanols groups due to a less condensed silica network, along with the

three hydroxyl groups of the carboxylates in EDTA.

Transmittance

sHSPs-3
sHSPs-EDTA-c

L | L | L | L | L | L | L
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Figure 77. FTIR spectra of sHSPs-EDTA-c before SIT grafting and template extraction compared with

sHSPs-3 before calcination (a non-functional reference containing the template).

Besides, high resolution TEM (HRTEM) coupled with energy-dispersive X-Ray (EDX) spectroscopy
has been tested onto sHSPs-EDTA-c to probe the presence of nitrogen from EDTA molecules in the
silica network. Unfortunately, the presence of organics prevented from obtaining a resolution high

enough to draw any conclusion.

Finally, elemental analysis of sHSPs-EDTA-c before SIT grafting and template removal was
performed, and 42.1 mmol of nitrogen were found in 100 mg of powder. This would mean a
concentration of 210 mmol/g of EDTA groups in the powder. In the TGA of the same sample (see

Appendix F, Figure A13), the contribution of the organic content to the weight loss was 11.3%.
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Combining both techniques, it could be deduced that the contribution of EDTA groups to this amount
was 5.8% (see also the calculation in Appendix F). It would mean a SiIEDTA:TMOS molar ratio of 0.0149
instead of the expected 0.0625 (1:16), being 4 times less than the amount of SiEDTA initially
introduced. This could be due to an exclusion of SIEDTA during the co-condensation process. Note that
in this reasoning, the contribution of siloxane bonds formation due to the presence of free silanols at
the surface is not taken into account. Solid NMR of silicon and nitrogen would have been helpful to
determine precisely the number of EDTA groups in the sample, and the silanols content likely to form
siloxane bonds during the TGA. This content is probably higher than for non-functionalized sHSPs after

calcination because SiEDTA are not necessarily linked by the three ends of Si(OEt); groups.

Further information about chemical composition of the functional PL (PL-sHSPs-EDTA-c-EthA-11)
could be deduced from TGA presented in Figure 78. Below 200 °C, a 9.3% weight loss corresponded to
free water molecules, and this content was similar to the one in the non-functional reference PL-sHSPs-
2-EthA-11. Then, three successive weight losses (75.5%) that can hardly be uncorrelated were
attributed to the degradation of the amine EthA-11, EDTA groups and SIT groups. Finally, the SiO,
inorganic content at 950 °C was 15.2% (16.8% after correction from the water content). The difference
with the inorganic content of the non-functional reference (19.9%, or 21.9% after water correction)
can be attributed to the presence of EDTA as well as a slightly different amine content. This would
mean that the EDTA content is below 5%. A calculation to estimate the real content of EDTA groups in
the PL was performed based on TGA and elemental analysis (see above), and it is described in Appendix

F. It resulted that about 1% of organic EDTA were present in the PL (being 36.3 - 102 mmol/g).
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Figure 78. TGA and DTA of PL-sHSPs-EDTA-EthA-11 (orange) and a non-functional reference (PL-sHSPs-
2-EthA-11; black), under air at a rate of 5 °C/min.

In the following sections, extraction tests were performed on functional and non-functional
materials to verify whether extraction was observed with both types or only with the functional

materials.

3. Extraction of REEs from permanent magnets with a functional porous liquid

3.1. Case study of permanent magnets
Permanent magnets are present in many technological objects, such as hard drive disks, batteries,
wind turbines etc. It exists different types of permanent magnets, but the most commonly used in high
guantities are the so-called Nd-Fe-B magnets. Such magnets contain significant amounts of Nd, Pr and

Dy, along with iron and bore.

Precisely, the extraction of these three REEs is targeted in this thesis, and the presence of iron as a

competitive cation is also considered.

Concerning extraction of Nd and Dy through conventional LLE processes, phosphorous-based
extractants such as TBP or D2EHPA show good efficiency when the metals are in a nitric medium. The
quaternary amine Aliquat 336 also achieve good selectivity.”> Most processes involving Nd and Dy
primarily extract both REEs simultaneously, before separating them by chelating the dysprosium

(heavy REEs generally have better affinity to chelatants).

In the present case, EDTA does not allow good intra-REEs selectivity (Section 2.2.1), so a co-

extraction of the three REEs was expected.

3.2. Extraction method
Preliminary extractions tests were carried out by following a general method: 25 mg of materials (HSPs
or PLs) were contacted with 5 mL of a solution S1 containing metals (Fe 1600 ppm, Nd 500 ppm, Pr 68
ppm, Dy 50 ppm) in nitric acid at pH 2, to imitate a leachate from hard drive disks recovery.'®! For the
functional PL PL-sHSPs-EDTA-c-EthA-11, only 5 mg were introduced because of the lack of material.
The contact was performed under vertical agitation at 40 rpm during 24 h. The phase separation was
performed after centrifugation at 4500 rpm for 10 min. The aqueous phase was then analyzed by TOC
and ICP to determine the quantity of carbon and metals and to compare with the mother solution

before contact.

Inspired from the SLE field, the extraction capacity Qv (mmolv/gmat) of a material for a specific metal

M was defined as:
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(1)

cime_cfme]>< 1

Om = [ MW, MWy,

Mmat

Where ¢;™ and c}” are the initial and final mass concentrations of metal respectively (mg/L), V the
volume of solution S1 in contact with the material (L), MWy the molecular weight of the metal (g/mol),

and mmat the mass of material used for the extraction test (g).

3.3. Preliminary results

3.3.1.Hollow silica particles
Extraction tests were firstly performed with sHSPs-EDTA-c@SIT intermediate because the spheres
were emptied (from the template) after SIT tethering. The calcined reference sHSPs-1 was also used
for comparison, but no extraction was recorded for any metal. Extraction capacities for each metal are

gathered in Table 15.

Table 15. Extraction capacities of sHSPs-EDTA-c@SIT for each metal contained in S1.

Extraction capacity Quw (mmol/g.sp)  Extraction capacity Qu (mmol/gsio,)

Fe 1.006 1.137
Nd 0.144 0.163
Pr 0.018 0.020
Dy 0.006 0.007

Surprisingly, iron was extracted more preferentially than REEs, when EDTA is known to be more
selective toward REEs than toward iron. However, its presence potentially catalyzed the precipitation
of iron with the silica powder at this pH. Indeed, HRTEM and EDX analyses performed after contact
showed the presence of iron aggregates around the sHSPs (Figure 79); but it is possible that these
aggregates just formed during drying on the grid. In any case, the prevalence of iron in the mother
solution would have saturated chelating sites if its extraction had involved a chemical process. Instead,
extraction of neodymium, praseodymium and dysprosium implied that EDTA groups were present and

accessible to the REEs.
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Figure 79. HRTEM of sHSPs after contact with S1: a) electronic image; b) EDX cartography showing the

presence of aggregates of iron.

3.3.2.lonic porous liquids
Functional PL-sHSPs-EDTA-c-EthA-11 and non-functional PL-sHSPs-EthA-11 were tested in the same
extraction conditions. Again, no extraction was observed for the non-functional PL, except for the
precipitation of iron. This indicates that no contribution of the corona-canopy system in the extraction
of REEs was to be expected. Table 16 shows the extraction capacities for each metal obtained for the

functional PL.

Table 16. Extraction capacities of PL-sHSPs-EDTA-c-EthA-11 for each metal.

Extraction capacity Qv (mmol/gp) Extraction capacity Qu (mmol/gsio,)

Fe 4.172 27.4
Nd 0.072 0.47
Pr 0.027 0.18
Dy 0.012 0.079

At first sight, extraction of Nd (0.072 mmol/gp.) seems to be reduced by two when compared to the
spheres alone. Nevertheless, it has to be considered that only 15.2% of silica was present in the PL,
according to TGA (Figure 78). In consequence, the extraction capacity of Nd is even exalted in the PL

(0.47 mmol/gsio, is thrice more than 0.163 mmol/gsio, found for sHSPs-EDTA-c@SIT). Concerning the

minor elements Pr and Dy, the capacity of PL was higher than the one of the spheres alone (and even

higher when considering only 15.2% of silica in the PL: 0.18 mmole./gsio,, and 0.079 mmolp,/gsio,. This

may be explained by a slower diffusion of metals inside the PL than inside the sHSPs,*” thus allowing

Pr and Dy to occupy sites before their saturation with Nd.
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By comparison, it was shown that a similar but hydrophilic ionic PL functionalized with thiols and
tested for lead extraction had a capacity of 0.058 mmol/gp, that was again higher than the capacity of
the spheres alone, when normalized by the quantity of silica in the material.®° Other solid sorbents
used for REEs extraction showed similar capacities: a mesoporous silica functionalized with DGAs had
a capacity for the lutetium of 0.069 mmoliu/gpowder.*?® However, SiNPs (139 m?/g) decorated with EDTA
groups (13.1 pmolepta/m?, implying a multilayer formation) showed higher extraction efficiency for Nd
and other REEs (2.5 mmolng/gpowder, at pH 6).2°! This could be due to the better availability of EDTA
grafted on the external surface of SiNPs, along with the higher pH. In addition, a recent study of LLE of
Nd, Pr, and Dy has been conducted with lipophilic derivatives of EDTA.'? It is reported that a loading
capacity of 1.2 - 102 molyg/L for Nd in nitrate medium could be achieve with a concentration of
extractant of 1.5 - 102 mol/L. This would represent a capacity of 0.94 mmolng/georaiipo. Considering an
approximate EDTA content of 1% in the PL (see Section 2.2.2.3 and Appendix F), the loading capacity
found for Nd in Table 16 would be 7.2 mmolna/geota, being almost 10 times more than the uptake

found in LLE using free lipophilic derivatives of EDTA.

In conclusion, it was shown that extraction of REEs was possible with a hydrophobic PL, implying
that EDTA groups were present and accessible to the cations. The performances can still be optimized,
by playing on the pH and the amount of accessible EDTA groups. Moreover, the lack of selectivity
between REEs is not surprising, because EDTA was not the most selective agent for this application. In
the next section, a study for optimizing extraction capacities is performed on a simple system based

on one single element (Nd).

4. Optimization of extraction performances

For sake of simplicity, the optimization of extraction was carried out with HSPs alone, with the aim of
transferring the results to the PL afterward. First of all, EDTA is sensitive to pH and this part will be
discussed in Section 4.1. Furthermore, a question raised about how increasing the EDTA:SiO, ratio
inside the particle. For this, two other parameters will be investigated: the grafting method (co-
condensation, as above, or post-grafting) (Section 4.2), and the size of the spheres (i.e., sHSPs or bHSPs)
(Section 4.3). Because selectivity was not regarded in the first place, all of these three studies have

been conducted using single-metal solutions of neodymium in nitric acid.

4.1. Influence of pH on the extraction of neodymium
As most cations exchangers, EDTA is not efficient at very low pH.®%*>3 Indeed, its pKa values (free form)
are 2, 2.7, 6.2 and 10.3 but these values may differ for the silanized form of the molecule (only three
carboxylic groups). To understand to what extent pH can impact extraction efficiency, six solutions of

Nd (500 ppm) and HNOs (103 M) at pH 3, 3.5, 3.9, 4.5, 4.9 and 6, were prepared by adjusting pH with
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NaOH. Extraction was performed with a new set of functional sHSPs (sHSPs-EDTA-c-2) that were
emptied by soft template washing (in hot ethanol), so that no SIT molecules were present in this case.
Characterization of this set of sHSPs-EDTA-c-2 is provided in Appendix F. Extraction tests were carried
out using 15 mg of powder and 3 mL of solution, let in contact at room temperature during 24 h under
stirring. After phase separation by centrifugation, the aqueous phase was analyzed by ICP as

previously.

Figure 80 shows the extraction capacities of sHSPs-EDTA-c-2 for Nd as a function of pH. As expected,
the extraction capacity of the functional spheres increased when increasing the pH (+ 68% between
pH 3 and 6), with a less pronounced increase after pH 4.5. In comparison with the extraction capacity
of sHSPs-EDTA-c@SIT in contact with S1 (0.144 mmolns/g), provided in the previous section (Table 15),
the capacities are greatly enhanced here. Therefore, a good pH zone for the extraction would lie

between pH 4.5 and pH 6.
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Figure 80. Extraction capacity of sHSPs-EDTA-c-2 for Nd in nitric acid as a function of pH, and

comparison with a non-functional reference (sHSPs-2).

4.2. Effect of the grafting method on the extraction of neodymium
To avoid degradation of sHSPs during their formation, co-condensation was performed with only few
amounts of EDTA groups (1:16 molar ratio SIEEDTA:TMOS). In order to increase extraction performances
of functional sHSPs, adding more functional groups would be desirable. Hence, the post-grafting
functionalization of EDTA onto the surface of calcined sHSPs-1 has also been tested to compare
extraction capacities (see section 2.1.1). It was performed in water at pH 5-6 as for SIT grafting (see
Appendix A). The material was labeled sHSPs-SIEDTA-p (“p” standing for “post-grafting”, cf. bookmark

No. 7), and characteristic information about this sample are supplied in Appendix F.
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sHSPs-EDTA-p was tested in similar conditions as sHSPs-EDTA-c-2 in the previous section, with Nd
solutions in nitric acid at pH 3, 3.5, 4, 4.9 and 6. Results are plotted in Figure 81, where the capacities
of sHSPs-EDTA-c-2 and sHSPs-2 have been reported for comparison. From this graph, one can conclude
that this new sample reaches very close extraction capacities to the ones obtained for sHSPs-EDTA-c-
2. Here, a plateau was clearly reached after pH 4, so the pH zone suitable for a correct extraction lies
between pH 4 and pH 5. Note that few repetitions of the experiment should have been done, but it

has not been possible by lack of time.
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Figure 81. Extraction capacity of sHSPs-EDTA-p (post-grafting) for Nd in nitric acid as a function of pH,

compared to sHSPs-EDTA-c-2 (co-condensation) and the non-functional reference sHSPs-2.

Yet, post-grafting and co-condensation do not substantially change the number of EDTA groups by
gram of material that are accessible for extraction. According to the TGA of the two samples (after
water correction), sHSPs-EDTA-c-2 contained 13.4% while sHSPs-EDTA-p contained 12.9% of organic
EDTA (Figure 82). This result suggests a good diffusion of EDTA groups in the pores for both methods,
allowing their grafting even deep inside the shell. In addition, the degradation of EDTA in sHSPs-EDTA-
p occurred slower (between 250 and 600 °C) than in sHSPs-EDTA-c-2 (between 250 and 450 °C); and
this may imply oligomerization processes at the surface of sHSPs-EDTA-p, conducting to a multilayer

formation.
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Weight (%)

Figure 82. TGA and DTA of sHSPs-EDTA-c-2 and sHSPs-EDTA-p after water correction.

Besides, it was found that doing two successive EDTA post-grafting onto the same sample was not
efficient in increasing extraction capacities. This can be explained by the absence of diffusion of SIEEDTA
molecules inside the pores of sHSPs because of their small size. Indeed, the nitrogen sorption
isotherms of the powder before and after EDTA grafting are shown in Figure 83. Isotherms show the
presence of hysteresis loops even after grafting, suggesting that the hollow cavity is still accessible to
the gas. The BET specific area decreased by 15.6% after the first grafting step. After the second grafting
step, no further significant decrease (< 6%) in the specific area was observed. The fact that only partial
pore blockage occurred, with moderate loss of the specific surface area, confirms that SiEDTA

molecules could not deeply diffuse inside the silica shell. TGA also corroborates these results, because
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the weight loss corresponding to organic EDTA was similar (14.9%).
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Figure 83. Nitrogen sorption isotherms of sHSPs-1 and sHSPs-EDTA-p after one single grafting, and two

successive grafting of EDTA groups.

In conclusion, it seems that physical limitations prevent from increasing the capacities by simply
increasing the number of EDTA groups. Alternatively, changing the particle nature (from sHSPs to

bHSPs) was likely to have more impact because of the change in the specific surface area.

4.3. Effect of the size of hollow silica particles on the extraction of neodymium

For the third study concerning optimization of extraction performances, bHSPs were used as another
support for EDTA post-grafting, and the method was identical to the one described above (Sections
2.1.1 and 4.2, Appendix A). This sample was named bHSPs-EDTA-p (cf. bookmark No. 7) and its
characterization is detailed in Appendix F. It was tested with solutions of Nd in nitric acid at pH 3.5 and
4.9, and the extraction capacities were as high as 1.252 and 1.484 mmol/g of bHSPs, respectively
(Figure 84). This is 58% and 84% more than the capacities of sHSPs-EDTA-p at the same pH (0.794 and
0.808 mmol/g of sHSPs).
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Figure 84. Extraction capacities of bHSPs-EDTA-p (post-grafting), compared to sHSPs-EDTA-c-2 (co-

condensation), sHSPs-EDTA-p (post-grafting), and sHSPs-2 (non functional), as a function of pH.

To explain the result, the TGA of bHSPs-EDTA-p was compared to the TGA of sHSPs-EDTA-p (Figure
85). After applying a correction from the water content, bHSPs-EDTA-p contained 21.1% of organic
EDTA (compared to 12.9% for sHSPs-EDTA-p). This result can be easily linked to the higher specific
surface area of bHSPs along with their larger pores probably allowing more diffusion of SiEDTA
molecules. Therefore, the higher EDTA content in bHSPs allows increasing the extraction capacities for

a same powder mass.
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Figure 85. TGA and DTA of bHSPs-EDTA-p and sHSPs-EDTA-p.

All'in all, these optimization tests allowed to fix that the better working condition would be at a pH
between 4.5 and 5. It was found that post-grafting of sHSPs with EDTA groups did not allow to increase

the amount of functional groups when compared to the functional sample synthesized by co-
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condensation. However, the use of bHSPs as a support did increase the number of EDTA per gram of
materials, because of the higher specific surface area of the big spheres, along with the larger pores

facilitating the diffusion of the organosilicon during the grafting.

Interestingly, this method did not block the porosity of bHSPs (and sHSPs) as expected, and a
perspective would be to turn these functional spheres into a PL before performing new extraction
tests. However, the fact that EDTA groups are grafted onto the surface silanols would probably
decrease the ability of bHSPs (or sHSPs) to be liquefied through covalent grafting. Another perspective
would therefore consist in synthesizing bHSPs-EDTA by co-condensation. This could not have been
done, because bHSPs are made with TEOS and not TMOS, while SIEDTA contained methoxy-terminated
silane groups. Hence, an adjustment of the synthesis method to find the good conditions for a correct

EDTA incorporation is required.

5. Stability of porous liquids toward acid and metals

Before considering a functional PL for any LLE process, assessing their stability in contact with an
aqueous medium was of utmost importance. In this regard, simple contact tests of non-functional
hydrophobic PL-sHSPs-EthA-11 and PL-sHSPs-PPG-2000-fluid were carried out with water, nitric and

acetic acid solutions, and metals-containing aqueous solutions.

5.1. Hydrophobic ionic porous liquid: PL-sHSPs-EthA-11
The first hydrophobic PL to be synthesized and characterized was PL-sHSPs-EthA-11, and it contained

an ionic bonding between corona and canopy, as depicted in the bookmark No. 4.

For contact tests, 25 mg of PL were contacted with 5 mL of water or aqueous solutions (S1 to S5,
Table 17). Nitric acid was tested in the first place for this stability study, because it is a very common
leaching medium for REEs.'?® The pH was low (pH 2) because it corresponds to the conditions of the
preliminary extraction tests presented in Section 3. Acetic acid was also tested for comparison, since
it could be considered as an alternative leaching medium in the view of a less impacting

hydrometallurgy.t3!
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Table 17. Solutions used for contact tests.

Acid Metals
S1 Nitric acid 10% M -
S2 Acetic acid 0.5 M -
S3 - Fe (1260 ppm), Nd (500 ppm), Pr (68 ppm), Dy (50 ppm)
S4 Nitric acid 102 M Fe (1260 ppm), Nd (500 ppm), Pr (68 ppm), Dy (50 ppm)
S5 Acetic acid 0.5 M Fe (1260 ppm), Nd (500 ppm), Pr (68 ppm), Dy (50 ppm)

After 24 h, the phases were separated and TOC present in the aqueous phase was analyzed to
determine the amount of amine EthA-11 solubilized (implying a PL instability). In the cases of water
and nitric acid, the ratio of amine solubilized in the aqueous phase was calculated from the

concentration of carbon according to Equation (1):

f
P [ Me_ o MWkina ]
(mEthA)aq _ MW NgthA

(MEtha)prL (Mgtha)pL

(2)

Where (mEthA)gq and (mgpa)b, are the masses of EthA-11 in the aqueous phase after contact,

and in the PL before contact (from TGA), respectively; mg is the mass of carbon in the aqueous phase

after contact, as deduced from TOC, MW, and MW 4 are the molecular weights of carbon and EthA-
11 (12.02 g/mol and 725 g/mol, respectively), and NgthA is the number of carbon in EthA-11 (38,

considering a mean aliphatic chain of 16 carbons).

In the case of acetic acid, the carbon weight in the aqueous phase mg was corrected from acetic

acid contribution, deduced from the initial concentration (0.5 M). The results are gathered in Table 18.

Table 18. Amount of amine EthA-11 solubilized in the aqueous phase, after contacting PL-sHSPs-EthA-
11 for 24 h, as determined by TOC analysis. Uncertainties for acetic acid are coming from the exclusion

of the calculated contribution of acetic acid.

Amine EthA-11 loss (%)

Water ~10%
S1 (nitric acid) 18%°
S2 (acetic acid) 22+2%
S3 (water + REEs) 66%
S4 (nitric acid + REEs) all
S5 (acetic acid + REEs) 38+2%

“slightly underestimated due to a manipulation error.
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Visually, the phase separation between PL-sHSPs-EthA-11 and water was well defined, as discussed
in Chapter Ill, Section 3.1. Despite this observation, TOC analysis allowed to determine that about 10%
of the amine was already solubilized in water. Furthermore, the same experiment conducted in nitric
acid (102 M, solution S1) almost doubled this instability, with c.a. 18% of EthA-11 present in aqueous
solution. Finally, adding a mixture of REEs (solution S4) led to a total dissolution of the amine in the
aqueous phase. Tests with acetic acid (0.5 M, solution S2) destabilized the PL in the same way, with
about 22% loss of EthA-11. However, adding the metals in this medium (solution S5) only solubilized
38% of the amine, that is curiously even less than with the mixture of REEs in pure water (66%, solution

S3).

In the end, even though the PL stability does not affect its potential for extraction, it appeared
obvious that an ionic system was not the best system for an application in LLE, because it would induce
difficulties for recycling the PL. Other stability tests were therefore conducted with PL-sHSPs-PPG-

2000-fluid, containing a neutral hydrophobic polymer, the polypropylene glycol.

5.2. Hydrophobic neutral porous liquid: PL-sHSPs-PPG-2000-fluid
A scheme showing the chemical nature of PL-sHSPs-PPG-2000-fluid is presented in the bookmark No.5.
In the absence of ionic interactions and with no amphiphilic behavior of the organic part, it was
expected that the stability toward acid and metals would be improved with respect to PL-sHSPs-EthA-
11. For the contact tests, 40 mg of the sample PL-a-fluid (see Chapter Il) was contacted with either
1 mL of water, or solutions S1, or S4 (see Table 17). The aqueous phases were analyzed by TOC, and

the dissolution of PPG in the aqueous phase determined using Equation (1) (replacing EthA by PPG).

Table 19. Amount of PPG lost in the aqueous phase, after contacting PL-sHSP-PPG-2000-fluid for 24 h

with different solutions, as determined by TOC analysis.

% of PPG in the aqueous phase

Water 6%
S1 (nitric acid) 25%
S4 (nitric acid + REEs) 19%

From the results in Table 19, one can conclude that this PL was more stable in water than PL-sHSPs-
EthA-11, with hardly 6% of PPGaoo transferring to the aqueous phase. Surprisingly, nitric acid had a
strong destabilizing effect, because 25% of PPG2o00 Was dissolved in the acidic solution. This could be
explained by the high amount of ungrafted polymer in PL-sHSPs-PPG-2000-fluid, as presented in
Chapter I, Section 3.2.2. In this case, the PL should more stable after the first contact, loosing less

material. Further, the addition of metals had little impact on the PL stability, and they even contribute
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to stabilize them. The metals may prevent from the formation of solvation shells surrounding free PPG

molecules.

To complete the investigation, the organic phases were analyzed by SAXS after contact and phase

separation (Figure 86).
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Figure 86. SAXS analyzes of PL-sHSPs-PPG-2000-fluid before and after contact with aqueous solutions

and further phase separation (water, nitric acid S1, nitric acid + metals S4).

The contact with water did not alter the structural organization of the PL, as demonstrated by the
perfect superposition of the signals. Even the peak of water (expected at 2 A') was not visible in this
case, suggesting a poor water uptake. After contact with nitric acid, the intensity of oscillations
increased. This may be caused by the concentration of sHSPs in the PL, due to the partial dissolution
of ungrafted PPG in the aqueous phase during contact, as discussed above. Finally, after contact with
metals in nitric acid, the signal is even more intense at small angles (below 0.5 A), and oscillations are
almost invisible. This suggests a higher contrast between silica and the surroundings. For instance, the
presence of iron aggregates in the PL could increase the scattering intensity and change the contrast.
Indeed, such aggregates were observed when imaging sHSPs alone, after extraction (see Section 3.3.1).
Iron could also be present inside the nanometric cavities: as a perspective, a fit would be necessary to
confirm this hypothesis. Aggregation of iron could moreover modify the shape of sHSPs, thus leading

to less defined oscillations.

These results are encouraging because they show a good structure conservation for the PL.
However, they also illustrate the difficulty to deal with suspensions instead of covalent binding for
hydrometallurgical applications. As a perspective, they should be completed by an investigation on the

effect of successive contacts on this stability.
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6. Opening: extraction of a neutral hydrophobic and functional porous liquid

Despite time was running out to perform deeper investigation with neutral PPG-based PLs, preliminary
tests were carried out with the single-element optimized system (Nd in HNOs at pH 4.5). The three sets
of functional HSPs: sHSPs-EDTA-c-2, sHSPs-EDTA-p, and bHSPs-EDTA-p, were grafted by silanized
PPGao00 to form PLs. For each of them, the fluid phase was separated from the gel phase. Both phases
were contacted with the metallic aqueous solution for 24 h at room temperature. Then, the separation
was performed by centrifugation and the aqueous phase was analyzed by ICP. However, no extraction
could be observed from any of the three PLs, even for the gel phases containing a high amount of HSPs

(~20%).

From the result of the stability study in the previous section, it was assumed that contact with nitric
acid could allow washing the PL from non-grafted PPG molecules that may hinder the chelating sites.
Therefore, the functional PL based on sHSPs-EDTA-c-2 was washed four times with 1.0 mL of HNOs 10°
2 M. The aqueous phases were analyzed by TOC to determine the amount of PPG removed at each
cleaning step (Table 20). Even at the fourth washing (lasting one night), carbon was still found in the
aqueous phase. A small precipitate was also visible at the bottom, suggesting a destabilization of the
PL: SAXS of the PL (the remaining fluid phase) after the washing also showed a significant decrease in

the intensity of the oscillations, implying that some sHSPs were washed out as well.

Table 20. Amount of PPG washed out at each step of PL washing with nitric acid, as determined from

TOC analysis.
PPGy000 Wwashed out (%)
Washing #1 (1.25 h) 5.8
Washing #2 (2 h) 2.7
Washing #3 (1.2 h) 1.6
Washing #4 (17.7 h) 9.9
Total 20

Nevertheless, the PL after washing was put into contact with the Nd-containing solution at pH 4.5,
and a small extraction of 3% was observed (0.049 mmolng/gr corresponding to about

2.5 mmolna/gsio,). Therefore, the free PPG molecules could effectively be the cause of the loss of

extraction. This could be remediated by optimizing the grafting. In addition, warming the tube during
the extraction test could help chain mobility and free the chelating sites from hydrogen presence

(hydrogen bonding due to PPO patterns, and terminal hydroxyl groups of PPG).
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Conclusion

This chapter broaches the subject of PL potentiality for LLE from the perspective of REEs recovery.
Regarding silica-based PLs as hybrid organic-inorganic materials, this work focused on functionalizing
only the inorganic part for REEs extraction. EDTA was selected as a functional group because it is
generally reported as a good extractant for REEs and it was commercially available in the organosilicon
form. In a first approach, EDTA was introduced inside the silica shells by co-condensation during the
sol-gel synthesis, and TEM confirmed the right formation of hollow spheres. Then, a functional
hydrophobic ionic PL was obtained based on these functional spheres and a corona-canopy system
with the amine EthA-11. Extraction of neodymium, praseodymium and dysprosium was possible,
implying that EDTA groups were present and accessible to the REEs. Extraction capacities of the PL
were even exacerbated when compared to the functional spheres alone. However, EDTA displayed

only poor selectivity between the different REEs.

To optimize extraction performances, regardless of the selectivity, further studies were conducted
with single-metal solutions containing Nd and functional HSPs. In coherence with the fact that EDTA is
a pH-sensitive molecule, it was found that pH had a great influence on extraction capacities, with an
increase by + 68% between pH 3 and 6. If changing the functionalization method for post-grafting had
no impact on extraction capacities, switching from sHSPs to bHSPs (functionalized by post-grafting)

allowed increasing by up to 84% the Nd loading in the powder.

To promise PLs as relevant candidates for LLE, it was also necessary to assess their integrity after
contact with the aqueous phases. Concerning the ionic PL, it was unfortunately not stable in a mixture
of REEs in nitric acid, and the amine was totally solubilized in the aqueous phase. Even though the PL
stability does not affect its potential for extraction, it appeared obvious that an ionic system was not
the most suitable system for a virtuous application in LLE, because of a poor ability to recycling. On the
other hand, the neutral PL based on PPGyp00 Was twice more stable in water than the ionic one, and
only 19% was lost in the REEs solution. If these results are encouraging because they show a good
structure conservation for the PL, it was also believed that losses could be reduced by optimizing the
grafting yield of PPG at the surface of HSPs (instead of having partially grafted HSPs@PPG in suspension
in non-grafted PPG). In fact, these experiments illustrate the difficulty to deal with suspensions instead
of covalent binding for hydrometallurgical applications, and they should be completed by an
investigation on the effect of successive contacts on this stability, as well as on its extraction
performances and recyclability. Furthermore, this property of the acidic solution could be harnessed
to wash out free PPG molecules from a functional neutral PL. This washing step was necessary to
further observe neodymium extraction with this PL. Indeed, it seemed that the presence of an excess

of PPG prevented the chelation of the metal to EDTA groups.
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As further perspectives, it would be also interesting to study the mechanisms of extraction in a PL.
Since PLs can combine adsorption and solvation (or ionic exchange) processes that are usually
completely distinct, it would be worthy to conduct a deep study: would the extraction mechanisms be
closer to the ones in LLE or in SLE? Would they be more complex? In addition, the substitution of EDTA
by diglycolamides would probably open routes to more selective and efficient extractions, as it is

already the case in the SLE field.

Moreover, it would be interesting to suppress the internal cavity by producing very porous particles
with large pores to increase the surface contact. A high metal uptake could then increase the particles
density, thus inducing a fast sedimentation of the loaded PL, facilitating the separation process despite
the quite high viscosity of PLs. Furthermore, varying the pore sizes in the silica particles could also

allow favoring the selectivity toward a specific lanthanide or another.

147



148



General conclusion and outlook

The work presented in this report aimed to evaluate the potential of silica-based porous liquids (PLs)
for liquid-liquid extraction (LLE) of metals. In particular, it focused on the synthesis of new hydrophobic
and functional PLs, able to extract rare earth elements such as neodymium, praseodymium and
dysprosium. To reach this goal, the tunability of these hybrid materials was harnessed for controlling

their porosity, their affinity toward water, and their viscosity.

This PhD work has been compiled in the manuscript, which was divided into four chapters. In the
first chapter, PLs and their applications were introduced with the support of state-of-the-art literature.
In the second chapter, the synthesis and characterization of a new range of PLs were developed. The
third chapter dealt with porosity and permeability assessment of PLs, along with their tunability, so as
to design the best material for LLE. An effort to increase fundamental knowledge about them, and in
particular the origin of fluidity was also part of this chapter. In the final chapter, functionalization of

PLs and an application in rare earth elements extraction was addressed.

The recent concept of PLs (born in 2007) implies that porosity can exist in the liquid state. The first
publication described three types of PLs: Type | consists of liquid materials composed of discrete,
molecular porous hosts whose melting point has been lowered by chemical modification. Type |l
involves dissolving molecular hosts in a bulky solvent that is unable to penetrate the pores. Finally,
Type Ill PLs are a stable suspension of porous frameworks in a bulky solvent that does not penetrate
the pores. In 2021, a fourth type was added, designating porous networks whose melting temperature

has been lowered to make them liquid at low temperatures.

While this classification has allowed the diversification of studies, giving researchers free rein to
play with the nature of the porous hosts and the way in which they are given a liquid behavior, a new
classification is proposed in Chapter |, intended to be more faithful to the interactions at play
conferring the liquid state, and making it possible to extend the concept to as yet unsynthesized
materials. Thus, Class A PLs refer to porous hosts (molecular, supramolecular, or solid particles) whose
melting point is lowered by chemical modification. Class B contains dispersions or suspensions of
porous hosts in a solvent that does not penetrate the pores. Class C consists of composite materials,
where the porous solids are trapped in a weakly cross-linked, fluid matrix. In Class D, the porous hosts
themselves are connected to form a porous network that is sufficiently disorganised to exist in a liquid

state.
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The definition of a PL is open to discussion, especially considering what a “pore” can be in the liquid
state. In fact, the presence of porosity should not be restrained to open pores existing in the free-guest
state, because pores are just holes (absence of matter) in a solid structure (molecular, supramolecular,
or particles), and the pores filling with a continuous fluid phase (gas or liquid) do not suppress this
intrinsic porosity. In the case of solvent (or grafted organic moieties) penetration, porosity should be

considered only if it is still possible to replace them by other fluid guests.

Among the different types of PLs, the ones based on hollow silica nanoparticles (HSPs) were
synthesized for the first time in 2015 by Prof. Sheng Dai and his team. Belonging to Class A, they are
obtained by grafting an organic corona-canopy system around each shell, inducing steric hindrance
preventing flocculation of particles. With the advantage of being solvent-free, these PLs have
nanometric cavities, accessible via a network of micropores within the silica shell surrounding the
cavity. Silica is also easy to functionalize, so it was decided to produce new silica-based PLs suitable for
extracting metals. Their synthesis and characterization appear in Chapter Il, while Chapter Il states
the tunability of their physico-chemical properties, as solid-to-liquid transition, viscosity, and

hydrophobicity.

Hence, two types of hollow silica particles (HSPs) were firstly synthesized: small hollow silica
particles (sHSPs) were spherical and 25 nm-large, with a hollow cavity of 15 nm and micropores of
1.4 nm inside the silica shell. Big hollow silica particles (bHSPs) were more heterogeneous in size and
shape, with a mean diameter of 240 nm, a cavity of 200 nm and pores of 3.7 nm inside the silica shell.
Then, two synthesis routes were applied to obtain PLs with these HSPs: a method based on an ionic
corona-canopy system, where the corona was a sulfonate covalently linked to the surface of HSPs, and
the canopy was a tertiary amine with long chains, bonded by ionic interactions to the sulfonate; and
another method using a neutral hydrophobic polymer, the polypropylene glycol (PPG) that was

silanized prior to be grafted onto HSPs.

In the first method, amines were made of an aliphatic chain (16-18 carbon atoms) and two PEG
chains with a various number of ethylene glycol units. The shorter these chains, the more hydrophobic
the PL. However, the balance between hydrophobicity and fluidity was important, because a too short
amine did not bring fluidity to HSPs, and the material was solid. Hence the organic:inorganic weight
ratio appeared as the most significant parameter to monitor the physical state and viscosity (when
liquid) of the hybrid porous materials. This result was corroborated by the second method, because a
too short PPG (725 g/mol) led to a solid, whereas a longer PPG (2,000 g/mol) allowed obtaining a PL at
room temperature. Although the viscosity of PLs remained high (10* Pa.s for ionic PLs, 0.41 Pa.s for the

neutral PL based on PPGyo00), it was found that increasing the temperature up to only 50 °C reduced it
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drastically (10°-10! Pa.s depending on the ionic PL, 0.14 Pa.s for the neutral PL). In addition, the size
and density of HSPs also played a role on PL’s viscosity, because of the combination of two
mechanisms: for a same organic:inorganic ratio, the lower density of bHSPs would decrease the
viscosity, but their big size reduced chains mobility so that the PL’s viscosity was finally higher. All these

studies indicated that the physical state of a hybrid porous material could be predicted by considering:

- The size and density of the inorganic cores (a larger size induced less mobility),

- The organic:inorganic ratio (with a suitable window related to the fluidity of the pure molecule
serving as a canopy, as well as to the size and density of the cores). It can be highlighted that
organic:inorganic weight ratios superior to 5 seem to be a general rule to design a fluid PL,

- The temperature, which drastically decreases the viscosity of liquids.

In the second method, a 2,000 g/mol PPG could be grafted onto sHSPs, but the steric hindrance of
the polymer, along with the relatively poor dispersion of sHSPs in the solvent, did not allow to
incorporate all the sHSPs, while free PPG molecules remained. This led to an inhomogeneous material,
displaying two or three phases (depending on the synthesis conditions) with different viscosities and
densities. After small angle X-ray scattering analysis of the phases, it appeared that the densest phase
contained more silica spheres, while the lightest phase underwent very slow sedimentation. If the
synthesis remains to be optimized, the lightest phase was considered as sufficiently stable to select it
as a candidate for LLE. Also, its high fluidity when compared to ionic systems is a real advantage for

the extraction process.

Chapter 1l also focused on PLs’ porosity and permeability assessment. While the porosity of HSPs
can be easily determined by standard methods applied to porous solids, such as nitrogen sorption
measurement performed at 77 K, it is harder to transfer them to the assessment of PL’s porosity. On
one side, measurements performed at low temperature induce a transition of organic moieties from
liquid to glass, thus blocking the access to the porosity of inorganic cores. On the other side, switching
from N3 to CO; (or other gas) to perform the measurement at higher temperatures rises other issues
owing to the interaction of CO, with most compounds. An alternative could be to use an intelligent
gravimeter placed in a chamber able to hold high gas pressures (10-20 bar) to force the diffusion
barrier. Considering an application in LLE, the permeability of PLs toward liquids (and especially
aqueous phases) was more interesting to assess. In this regard, a method has been developed by using
small-angle neutron scattering technique: the contrast between the PL and the polar phase reached a

minimum close to zero, suggesting the total filling of the PL.

Moreover, the incorporation of ethylene diamine triacetic acid (EDTA) functional groups in the HSPs

was performed via co-condensation and post-grafting (Chapter IV). It led to solid porous hosts able to
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extract three rare earth elements: Nd (major), Pr, and Dy (minors). These functional spheres were also
turned into a PL, and the extraction capacity of the latter was increased by 3 times for Nd and 10 times
for Pr and Dy, with respect to the spheres alone, when considering the low silica content in the PL
(15%). Iron was also introduced as a competitive metal: its aggregation and precipitation were

observed, but it did not block the chelating sites, which remained free for REE extraction.

Finally, the stability of two hydrophobic PLs toward acidic solutions containing metals was studied.
It appeared that ionic PLs based on corona-canopy systems were not stable in presence of nitric acid
and metals, because of the amphiphilicity of the canopy: the amine was totally solubilized in the
aqueous phase while the sulfonated HSPs precipitated with the extracted metals. In contrast, the
neutral PL made of sHSPs and PPG was much stable, with 19% of polymer loss in the metals-containing

aqueous phase.

As first perspectives, further development would be required to improve the syntheses yields. A
number of ideas have already been identified. In particular, preventing the HSPs aggregation by
maintaining them wet at any step of the PL’s synthesis could help adressing the poor dispersion of
HSPs, which was observed in every media and was pointed out as very limiting. Achievement of
ultrasonic-assisted reactions according to appropriate methods would likely represent a promising
strategy pathway. Lastly, performing repetitive grafting steps onto the same set of HSPs could be

indeed a less elegant but certainly an efficient procedure.

For sure, other hydrophobic PLs could also be interesting for LLE. For instance, other porous
materials than silica could be used (like carbon), and different organic grafting could also be
considered. A straightforward alternative to the syntheses presented in this thesis could consist in
making another ionic PL with enhanced hydrophobicity, thanks to a canopy made of a tertiary amine
carrying one aliphatic chain and two PPG chains (called “PrA” for propoxylated amine, Figure C1).
Indeed, the synthesis route employed herein to make PL-EthAs should be easy to adapt for such
amines. A first attempt has been carried out, by grafting two PPG72s arms onto an octadecylamin, but
the corresponding PL turned out to be a solid at room temperature, which started to melt only around
70 °C. However, it was assumed that longer PPG chains should allow obtaining a liquid. Thus, even
though the amine separates from the HSPs during contact with metallic solutions, the fact that it is
hydrophobic should make it easier to collect after contact, thanks to its hydrophobicity, so as to make

a new PL after metal stripping from precipitated HSPs.
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Figure C1. Synthesis of an ionic PL based on a hydrophobic canopy (PrA standing for propoxylated

amine).

Nevertheless, it was presumed that a neutral PPG canopy-based PL would make a more suitable
extracting phase for LLE processes. Based on considerations about the organic:inorganic ratio, grafting
PPGa000 onto the surface of bHSPs should turn the latter into a liquid, even if the big size of bHSPs may
require a longer PPG (like a 4,000 g/mol PPG) to decrease viscosity. Given that bHSPs showed superior
porosity than sHSPs, with a thicker shell and larger pores, they can be functionalized with a higher
amount of functional groups. Therefore, they probably make the best hosts for metals. Alternatively,
silica particles of same size and pore distribution but with no internal cavity would permit an even
higher specific surface. In all cases, a determination of the critical size of pore channels for metal
diffusion would be useful to balance the high specific area and a good diffusion of cations. Finally, the
grafting of PPG onto the surface of HSPs should be further optimized, to obtain stable and
homogeneous materials, with no phase separation. To this end, another route can be considered,
involving the covalent grafting of bromopropyl trimethoxysilane onto HSPs, before making them react
with (previously activated) PPG. Assuming that a too strong hydrophobicity may impact the extraction
process negatively, a diblock linear copolymer with a hydrophilic head (silanized) and a hydrophobic
tail could be designed and synthesized, with a good organic:inorganic ratio. Such an oligomer could be
directly grafted onto a porous silica particle to obtain a hydrophobic PL separating with water, while

maintaining a good diffusion of metal ions along the polymeric brushes.
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Because they may combine solvation and ion-exchange, PLs could show very interesting global
mechanisms of extraction. Indeed, the ligands being anchored onto a solid support, it is probable that
the mechanism of extraction would be — at least locally — similar to that observed in solid-liquid
extraction. Besides, the substitution of SiEDTA with silanized diglycolamides (DGAs) would be
interesting to enhance selectivity between different REEs: because of the solid substrate, the
selectivity would be dependent on the chelating angle of the DGA molecule and the grafting density,
as already reported in literature. Moreover, a very efficient extraction might involve a high increase
in the density of silica particles (especially if they have no internal cavities), and this could help the

phase separation during LLE process in spite of the relatively high viscosity of the PL phase.

Another possibility to avoid silica functionalization would consist in pre-impregnating a powder of
particles containing very large pores in a solution of nanoparticles of the targeted metal, to create
nucleus inside the cavities of particles. Turning such particles into liquid could form a very efficient PL

for the extraction of the specific metal, benefitting from the presence of the internal cavity.

In this regard, the stability of PL after successive contact with water should be investigated, and its
regeneration ability should also be deeply studied. Metal stripping could be performed by lowering
the pH to destabilize the complexes. In addition, a comparative life cycle assessment of a PL proposed
as an extracting phase in LLE would be useful to quantify the impact of such a process on environment,

compared to processes already implemented.

Finally, PLs could also be used in other hydrometallurgical processes than LLE. For instance, a
hydrophilic PL could be used as a selective and recyclable medium for metal leaching. Regarding metal
extraction, binary aqueous systems containing an aqueous leachate and a miscible PL could undergo
phase separation by addition of salts. All these prospects are promising for the future of PLs in

hydrometallurgy.
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Appendix A

Methods for the syntheses of hollow silica particles and porous liquids

Materials

Ludox HS40, tetramethyl orthosilicate (TMOS), (3-mercaptopropyl)trimethoxysilane (MPTMS),
potassium sulfate (K2SQ,), tetraethyl orthosilicate (TEQS), cetyltrimethylammonium bromide (CTAB),
Pluronic F127, 1,3,5-trimethylbenzene (TMB), poly(propylene) glycol [PPG-725, PPG-2000 (Mn ~ 725
and 2,000 g/mol respectively)], sodium hydride (NaH, 60% in mineral oil), acetone, and celite were
purchased from Sigma-Aldrich. Allyl bromide (99%), aqueous ammonia (NH,OH, 25%), dry
tetrahydrofurane (THF), and activated charcoal were purchased from Fisher. Ethanol (EtOH, 96%), pure
toluene, nitric acid (HNOs, 69.5%), and sodium hydroxide (NaOH) were purchased from Carlo Erba
(Fisher). 3-(trihydroxysilyl)-1-propane sulfonic acid (SIT, 30-35%) was purchased from Gelest.
Triethoxysilane (TES, 97%), silanized ethylenediaminetetraacetic acid (SiEDTA, 45%), and platinum-
divinyltetramethyldisiloxane complex in vinyl terminated poly(dimethylsiloxane) (3-3.5% Pt) (Karstedt
catalyst) were purchased from ABCR-Roth Sochiel, France. Ethoxylated amines (EthAs) came from
three different sources: Rokamin SR5 (EthA-5), Rokamin SR11 (EthA-11), and Rokamin SR22 (EthA-22)
were supplied by PCC Group, Ethox SAM50 (EthA-50) was supplied by Ethox Chemicals, and EthA-92
was synthesized according to the method reported by Atta et a/.*>* The detailed procedure as well as
NMR spectra of EthA-22, EthA-50 and EthA-92 are included at the end of this Appendix. Deionized
water with a resistivity of 18.2 MQ.cm and a TOC value below 5 ppb was provided by a Milli-Q direct 8
water purifier device (Merck, France).

For metals solutions: neodymium (Nd) (ll) nitrate hexahydrate (99.9%) and praseodymium (Pr) (ll1)
nitrate hexahydrate (99.9%) were purchased from Sigma-Aldrich. Dysprosium (Dy) (lll) nitrate
pentahydrate (99.9%) was purchased from Alfa-Aesar. Iron (Fe) (Ill) nitrate nonahydrate (99+%) was
purchased from Acros Organics (Fisher).

Synthesis of sHSPs

8.33 g (0.66 mmol) of F127, 8.33 g (69.3 mmol) of TMB, and 7.25 g (41.6 mmol) of K,SO, were mixed
together with 500 mL of water in a 1L-round bottom flask maintained at 13.5 °C, and stirred during
4 h.Then, 20.25 g (133.0 mmol) of TMOS and 6.5 g (33.1 mmol) of MPTMS were added and the mixture
was let at 13.5 °C during 24 h then aged at 100 °C under stirring during 24 h. The product was then
filtered on a 5-13 um paper and washed three times with water. It was then calcined during 10 h at
450 °C and the solid (c.a. 10 g) was grinded before being used.

Synthesis of sHSPs-wash

To investigate the influence of the template removal method on the porosity, another set of sHSPs,
named sHSPs-wash, was synthesized exactly as sHSPs, until the washing and filtration step. However,
the template removal was performed through a soft ethanol washing (200 mL containing HCl 10" N)
at reflux overnight.
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Synthesis of sHSPs-EDTA-c-2

sHSPs-EDTA-c-2 was a sample corresponding to sHSPs functionalized with EDTA groups by co-
condensation. The low molar ratio 1:16 of SIEDTA:TMOS silica precursors was chosen to preserve the
shell integrity. Apart this modification, the synthesis was identical to sHSPs-wash.

Synthesis of sHSPs-EDTA-p

1.17 mL (0.9 mmol) of SIEDTA (45% in water) was solubilized in 20 mL of water, while 500 mg of sHSPs
was dispersed in 30 mL of water and mixed at 15,000 rpm with an Ultra-turrax rotor during 5’. After
one minute of sonication (30 W), the silica suspension was added dropwise to the SiEDTA solution
under vigorous stirring. The pH was adjusted at pH 5-6 with HCl 1 M, then the solution was heated at
70 °C to start the hydrolysis and it was left at 70 °C during 19 h. It was then filtered on polyvinylidene
difluoride (PVDF) 0.45 um membrane filters to remove the excess of HCl and unreacted SiEDTA.

Synthesis of bHSPs

0.450 g (1.23 mmol) of CTAB were dissolved in a solution containing 52.5 mL of EtOH, 150 mL of
deionized H;0, and 3 mL (40.2 mmol) of a 25% aqueous NH; solution. 3 mL (13.4 mmol) of TEOS was
added quickly and the suspension was let under stirring during 24 h at room temperature to make the
condensation of TEOS. The product was washed three times with EtOH by centrifugation, before being
incubated in 1.2 L of water and heated at 70 °C during 20 h to dissolve less-condensed silica in the
particles’ core. The bHSPs were washed again three times with EtOH. To remove the CTAB template,
360 mL of an EtOH solution containing HCI (10 N) was heated at 60 °C, and the spheres were
suspended overnight in this medium. The spheres were recovered after centrifugation and they were
then washed three times in EtOH prior to a further extraction performed in acidic (HClI 102 N) aqueous
EtOH heated at 60 °C during 3 h. The final product (c.a. 400 mg) was obtained after washing three
times in EtOH and drying under vacuum.

Synthesis of bHSPs-EDTA-p

bHSPs-EDTA-p were functional bHSPs obtained by post-grafting of the previous sample (100 mg of
powder were dispersed in 30 mL of water), using SIEDTA [500 uL (0.4 mmol) in 20 mL of water] as
described for sHSPs-EDTA-p above.

Synthesis of PL-SiNPs-EthAs

2.860 g (19.0 mmol) of Ludox HS40 solution were diluted in 25 mL of deionized water (from Milli-Q).
6.4 g (10.1 mmol) of SIT solution were diluted in 25 mL of deionized water, in a 100 mL-round bottom
flask. The silica suspension was added dropwise to the SIT solution under vigorous stirring. The pH was
adjusted at pH 5-6 with NaOH 1 M, then the solution was heated at 70 °C to start the hydrolysis and it
was left at 70 °C during 24 h. It was then dialyzed with a 6000-8000 kDa membrane to remove the
excess of NaOH and unreacted SIT prior to elution through an ion-exchange column (Dowex 50W-X8)
to protonate the sulfonate salts. The Total Organic Carbon (TOC) analysis of the dialysis external water
baths allowed determining the amount of unreacted SIT (= 76%). Hence, 2.4 mmol of SIT were grafted
upon 1.14 g (19.0 mmol) of silica spheres. Finally, a v:v 100 times diluted aqueous solution of EthA was
prepared (the dilution was only ten times for EthA-92) and added dropwise to the solution of grafted
nanospheres. The addition, which was followed by pH measurement, could be stopped just after the
equivalence point. The product was dried under vacuum at 35 °C before yielding the expected material,
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namely PL-SiNPs-EthA-X, where X is the global number of the ethylene oxide units in the EthA (e.g. PL-
SiNPs-EthA-22 when using EthA-22). As an example, the overall yield of PL-SiNPs-EthA-11 was 2%,
mainly due to a poor dispersion of the silica spheres in water.

Synthesis of PL-sHSPs-EthAs

2 g of sHSPs were dispersed in 325 mL of deionized water and mixed at 15,000 rpm with an Ultra-turrax
rotor during 5’. After 1 min of sonication (30 W), the dispersion was added dropwise to a solution
containing 14.3 g (22.6 mmol) of SIT solution and 325 mL of deionized water under vigorous stirring.
The following steps (pH adjustment, dialysis, protonation of tethered sulfonate groups, and
subsequent neutralization by the EthA) were performed according to similar procedures to those
described for PL-SiNPs-EthAs but with two slight adaptations. First, the solution recovered after the
reaction with the SIT was concentrated by evaporation under reduced pressure to 100 mL before
pouring it into dialysis tubes. Second, the solution recovered after the dialysis was centrifuged at
4000 g for 10’ in order to eliminate some precipitated aggregates. PL-sHSPs-EthA-11 was obtained with
an overall yield of 6%.

Synthesis of PL-bHSPs-EthAs

PL-bHSPs-EthAs synthesis was achieved following a similar procedure to that described above. 300 mg
of bHSPs were dispersed in 50 mL of deionized water and the resulting solution was then added
dropwise to a solution containing 3 g (4.75 mmol) of SIT solution and 50 mL of deionized water under
vigorous stirring. Subsequent treatments and procedures were applied using the same method as
described for PL-sHSPs-EthAs. PL-bHSPs-EthA-11 was obtained in 7% overall yield.

Synthesis of PL-sHSPs-SiEDTA-EthA-11

The synthesis of PL-sHSPs-EthA-11 was modified to introduce functional groups inside the shell of
sHSPs, and create PL-sHSPs-SiEDTA-EthA-11. F127 (1 g), K;SO4 (0.72 g), TMB (1.2 mL) were dissolved in
60 mL of deionized water and left for 4 h at 13.5 °C under stirring. Then, 2.48 g (16.0 mmol) of TMOS
and 0.87 g (1.0 mmol) of SIEDTA were added to the solution. After 24 h, the temperature was set to
100 °Cfor another 24 h. Afterward, the mixture was filtered on 5-13 um paper and washed three times
with water to obtain a wet white gel. The material was dissolved in 50 mL of deionized water and
dispersed with an Ultra-turrax rotor (5’) then sonicated for 1’. A solution of SIT (3.58 g) in 50 mL of
deionized water was prepared, and the suspension of silica spheres was added dropwise under
vigorous stirring. The pH was adjusted to 5-6 with NaOH 1 M and the mixture was heated for 24 h at
70 °C. After 5 days of dialysis with deionized water (8 batches), the suspension was centrifuged to
eliminate non-grafted spheres. The supernatant was dried and dispersed again in an EtOH/aqueous
HCI mixture (pH 1). The dispersion was heated to reflux under stirring for 24 h to extract the template.
After a filtration and three washing with ethanol, the solid was dried and dispersed again in water,
before elution through an ion-exchange column to protonate the sulfonate salts and obtain sHSPs-
EDTA@SIT. Finally, it was grafted with EthA-11 by following the previous procedure and the
functionalized PL (PL-sHSPs-EDTA-EthA-11) was collected after drying under vacuum.

Synthesis of PL-sHSPs-PPG-2000

5 g of NaH (60% stabilized in mineral oil) was washed three times with pentane under argon and
dissolved in 50 mL of dry THF. 10 g of dry PPGyg00 previously dissolved in 90 mL of THF was then added

159



Appendix A
Methods for the syntheses of hollow silica particles and porous liquids

to the reactive solution under argon. The mixture was stirred overnight at room temperature to
activate the polymer, then 1 mL of an allyl bromide solution (5 mmol, dilution factor 2.33) was added.
After 48 h at 80 °C, the excess of NaH was quenched with 7 mL of EtOH (96%) and the salts were filtered
and washed with THF. The filtrate was evaporated and the yielded polymer was dissolved again in
120 mL of ethyl acetate. The organic phase was washed with 70 mL of deionized water. After
decantation (20 min), the organic phase was washed again with NaCl saturated water (70 mL) and the
decantation process lasted one night. Then the organic phase was dried with sodium sulfate, dispersed
again three times with dichloromethane, and the solvent was removed to obtain the dry mono-allyl
functionalized PPG (PPG-allyl) in a 90% vyield.

2.25 g (1.0 mmol) of PPG-allyl was diluted in 50 mL of dry THF under argon. A solution made of
230 ulL of triethoxysilane (1.2 mmol) and 50 mL of dry THF was prepared under argon, and added to
the PPG-allyl solution under vigorous stirring. 34 uL of a Karstedt catalyst (3-3.5%Pt in vinyl-terminated
polydimethylsiloxane) was then injected with a syringe to start the reaction. The reaction medium was
heated at 80 °C during one night, and the disappearing of the allyl group was controlled by *H-NMR.
After that, it was filtered onto celite and activated charcoal to remove the catalyst. Then, the solvent
was removed and the dry silanized polymer (PPG-Si) was used at once, or stored under argon for few
days. The yield was 88%.

Meanwhile, 510 mg of sHSPs were activated for 2 h in 200 mL of 10% nitric acid solution at 100 °C.
They were then washed three times with ultra-pure water and strongly dried (80 °C during one night
and under high vacuum at 130 °C for 4 h). After drying, the weight of the powder was 385 mg.

The last step consisted in grafting the silanized PPG onto sHSPs. The PPG-Si was dissolved in 100 mL
of dry THF and the activated sHSPs were poured inside the flask. They were left reacting overnight at
room temperature under argon. After that, the stirring was stopped and the medium was left at rest
for 15 min, so that the unreacted powder could be separated from the bulk by pipetting the bulk (no
centrifugation was used to avoid any loss of PL). THF was evaporated from the bulk and the PL was
obtained after further drying under high vacuum at 35 °C. About 43% of the initial amount of sHSPs
were present inside the final PL. Usually, two phases were obtained and they were separated after
centrifugation before distinct characterization. To facilitate the collection of the PL from the round-
bottom flask and transferring it into the centrifuge tube, it was dispersed in ethyl acetate and the
solvent was allowed to evaporate slowly at room temperature.

Synthesis of PL-sHSPs-PPG-725

The same synthesis route was applied to obtain PL-sHSPs-PPG-725 from sHSPs and PPGy;s. 4 g of PPGy2s
were activated in 50 mL of dry THF with 5 g of NaH (60% in mineral oil) previously washed three times
with pentane. After one night, 1.1 mL of the allyl bromide solution was added (see above) and the flask
was heated at 80 °C for 24 h under argon. NaH was then quenched with 7 mL of EtOH (96%) and the
solution was filtered and washed with THF before removing the solvent with a rotavapor. The polymer
was dispersed again in 60 mL of ethyl acetate. The organic phase was washed with 50 mL of deionized
water. After decantation (20 min), the phases were separated and the organic phase was washed again
with 50 mL of NaCl saturated water. Then, the organic phase was dried with sodium sulfate (10 min
stirring) before being filtrated. The solvent was removed under reduced pressure (rotavapor), and the
intermediate PPG-allyl was collected.
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0.544 g (0.705 mmol) of this product was dispersed again in 25 mL of dry THF under stirring. 130 uL
of trietoxysilane was dissolved in 25 mL of dry THF and this solution was added dropwise to the
polymer solution. After that, 17 uL of the Karstedt catalyst (3%) were added quickly. The reaction lasted
4 h at 80 °C under argon. Finally, the PPG-Si was filtered through activated charcoal to remove the
catalyst before immediate use.

sHSPs were activated in nitric acid as described above. 0.293 g of dry activated sHSPs were
dispersed in 50 mL of solution of PPG-Si-725 in THF. The reaction lasted overnight at room temperature
and the bulk was then separated from the unreacted powder with a pipette. The bulk was dried to
yield the PL-sHSPs-PPG-725 (0.49 g).

Synthesis of mPPG-sHSPs

A mixture of sHSPs and PPGaooo in dry THF was performed in the same proportions than for PL-sHSPs-
PPG. The mixture was let under argon overnight at room temperature. There was no sediment after
15 min of rest, so the whole mixture was dried under vacuum.

Synthesis of EthA-92

The procedure was reported in ref 1%, A mixture of 13.5 g (50.1 mmol) of octadecylamine (ODA), 200
g (97.6 mmol) of poly(ethylene glycol) (Mn ~ 2050 g/mol, Sigma-Aldrich) (PEG-2050), 14.2 g (99.3
mmol) of 2,2-dichlorodiethyl ether (DDE), and 7.9 g (197.5 mmol) of NaOH in 270 mL of xylene was
refluxed under N; atmosphere for 5h. After cooling to room temperature, the solvent was filtered
under suction in order to remove the precipitated salt (NaCl) and the filtrate was evaporated under
reduced pressure. The residual powder was washed with diethylether (to remove unreacted amine
and low molecular weight by-products) and then recrystallized in ethylacetate. Crystals were collected
after filtration under suction and subsequent washing with cold ethylacetate and pentane. The product
was dried under vacuum for 4h to yield 165g (75%) of the expected compound as a white powder, and
it was characterized by NMR and compared to commercial EthAs (Figure Al).
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Figure Al. Stacking of the *H NMR spectra of EthA-22 (blue), EthA-50 (red) and EthA-92 (green). Similar
spectra can be observed, be it for commercial or synthesized amines. Reproduced from ref *°,

161



Appendix B
Techniques for Characterization of Materials

Appendix B

Techniques for Characterization of Materials

Full name / device Device Device Sample preparation Measurement Software & data
location calibration method treatment
1H-NMR Nuclear magnetic Briiker Advance 400 MHz Dissolution in CDCl3 8scans,d130s TopSpin
resonance / ICSM,
Marcoule, France
Densimeter ENS de Lyon, France Anton Paar DSA 5000 Air, water at 2 mL syringe with no 20-80 °C
25°C bubbles
DSC Differential scanning Mettler Toledo DSC1 Empty pan ~10-20 mg in capped 40 N2, cooling -100 °C at Melting temperature
calorimetry / ICGM, uL aluminum crucibles 5 °C/min, isotherm taken at the melting
Montpellier, France 5 min, heating to peak maximum
150 °C at 4 °C/min
Elemental ICGM, Montpellier, varioMICRO CHNS v4.0.2, 2mg
analysis France Elementar Analysensysteme
GmbH
FTIR Fourier-Transformed PerkinElmer Spectrum 100 Solid or liquid, ATR mode; 615- PerkinElmer
Infrared / ICSM, homogeneously 4,000 cm%; resolution Spectrum V 10.4.3
Marcoule, France dispersed on the beam 4 cm™; 4 scans.
path
MS Mass spectrometry / PAC  Synapt G2-S (Waters) Dilution in ESI mode; 0 — 8,000
Chimie Balard, dichloromethane, m/z
Montpellier, France filtration PTFE 0.2 um
N, sorption ICSM, Marcoule, France Micromeritics TriStar 11 3020, Outgassing 80 °C, 48 h 77 K, P/Pp0.001-0.99 BET/t-
outgassing: Micromeritics minimum method/BJH/NLDFT
VacProp 061
pH-meter ICSM, Marcoule, France 781 pH/lon Meter Metrohm Standards at Equilibration under
pH 4.01, 7.00, stirring
10.00
Rheology ICSM, Marcoule, France RM200 CP-4000 cone-plate Gap 50 um, >5 min equilibration 1-10 s up and down Bingham fitting,
rheometer (Lamy Rheology), temperature after loading the sample  twice then 5-50 s by Rheomatic-P V2.1.0.4
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MK-CP2020 cone (angle 2°,

equilibration

increment, T°: 15, 20,

diameter 20 mm), Peltier 20-30 min 25,3040, 50,57 °C
plate (15-60 °C)
SANS Small-angle neutron Monochromatic beam 1 mm H20 Quartz cuvettes type 10 min-4 h depending  Grasp 9.25b for data
Scattering / Institut (relative FWHM 10%), 3He 120-QS of 1 mm onthe Qrange and on  reduction”
Laue-Langevin (ILL) detectors. Configurations: pathway (Hellma, the sample SasView 5.0.4 for
Grenoble, D11 beamline  wavelength of 4.6 A and Maullheim, Germany) modeling
sample-to-detector distance
of 1.7 and 16.5 m (Q-range
0.002-0.4 A}
SAXS Smal-angle X-Ray Home-made, bench by Polyethylene 2mme-thick capillaries 1800 s (600 s for PySAXS 3.26 for data
Scattering / ICSM, Xenocs, X-Ray source: standard (Kapton adhesive tape sHSPs) treatment (by Olivier
Marcoule, France molybdenum anode (0.71 A), for PL-bHSPs-11 that was Taché, CEA Paris-
MAR Research 345 detector too viscous) Saclay), SasView
(770 mm from the sample) 5.0.4 for modeling
USAXS Ultra-small angle X-Ray Home-made, X-ray source: tetradecanol Capillaries and tape, 3-6 h depending on PySAXS 3.26 for data
Scattering / SWACS-Lab 8 keV, beam of 0.8x0.8 mm depending on the the sample treatment, SasView
Platform (CEA, Saclay, and flux of 108 photons.s?, samples 5.0.4 for modeling
France) detector: Dectri Pilatus 200K
(114 cm from the sample)
TEM Transmission Electron JEOL 1400+ 100 kV, sCMOS Solid were dispersed in Imagel for statistical
Microscopy / Microscopy JEOL Matataki Flash camera, EtOH and deposited on a size distribution
Platform, Montpellier, LaB6 filament carbon-coated grid (>200 spheres,
France (Holey type), liquids except for sHSPs-2:
were directly deposited 103)
TGA Thermogravimetric Mettler Toledo Empty pan ~10-20 mgin 70 uL Air, 5 °C/min, 25- STARe Software
analysis / ICSM, alumina’s crucibles 1000 °C V13.00
Marcoule, France
TGA/DTA Thermogravimetric Setaram Empty pan ~10-20 mg in 100 pL Air, 5 °C/min, 25- Calisso
analysis/Differential alumina’s crucibles 1000 °C
thermal analysis / ICSM,
Marcoule, France
TOC Total Organic Carbon / Shimadzu TOC-VCSH Potassium Dilution d10 Total organic carbon
ICSM, Marcoule, France phthalate
standard

* Dewhurst, C. D. Graphical Reduction and Analysis Small-Angle Neutron Scattering Program: GRASP. J. Appl. Crystallogr. 2023, 56 (5), 1595-1609. https://doi.org/10.1107/5S1600576723007379.
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Correction from water (or solvent) content in TGA

From a given TGA curve, with a H,O (or solvent) content of @u,0, the

corr

corrected silica content ag;p, in the corresponding material can be

deduced from the equation (1):

uncorr

Si0
corr __ 2
sio,

(1)

can be deduced

1-— AH,0

Then, for each temperature, the new weight ratio y°""

UNCorT gne thanks to equation (2):

corr
sio,

from the uncorrected y

ycorr =|1- (1 _ yuncorr _ aHZO) X — 2 (2)
Si0,
Where y“€0T" and y“°"" are the weight ratios of the initial curve and

the corrected curve at any temperature, respectively. ay, o is the water

uncorr

content, agjo 74

and agjp, are the silica weight ratios of the initial curve

and the corrected curve, respectively.

corr

To obtain the corrected TGA curve, y is calculated at each

temperature, and multiplied by 100.
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Concentration of amine in water from TOC

The ratio of amine solubilized in the aqueous phase was calculated from the
concentration of carbon according to Equation (3):

f
f me % MWktha
(mEthA)aq _ MW NgthA (3)
(MEtha)pr (MEtha)prL

Where (mEthA)gq and (Mgepa)b, are the masses of EthA-11 in the

aqueous phase after contact, and in the PL before contact (from TGA),

respectively; mg

as deduced from TOC, MW, and MWkg.p4 are the molecular weights of
carbon and EthA-11 (12.02 g/mol and 725 g/mol, respectively), and NgthA
is the number of carbon in EthA-11 (38, considering a mean aliphatic chain

is the mass of carbon in the aqueous phase after contact,

of 16 carbons).



Appendix C
Small Angle X-Ray Scattering (SAXS) and Small Angle Neutrons
Scattering (SANS)

Small Angle X-Ray Scattering

Principle

SAXS is a technique used to obtain structural information about nano-objects between 1 and 100 nm.
It is based on matter-light interaction: the X-ray emission wavelengths lie in the range 10%-10? m so
the photons directly interact with electron clouds of atoms.

For laboratory apparatus, a monochromatic X-ray source (generally copper or molybdenum)

generates a beam (wave vector E;) that crosses the sample (Figure A2). The intensity is collected by a
detector as a function of the scattering angle 20. This angle depends on the electronic density of the
atoms in the sample.

4

~ ( Detector
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] ~ ~ %
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X-ray beam : ~ N
ko =27/ ! ,
2=0.1-0.15 nm g 1 1 S —
> ® ' 1 1 z
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Figure A2. Principle of SAXS measurements. Adapted from Reference *°.

Interactions between photons and electrons are elastic, so the scattered wave vector k; has the
same modulus as the incident wave vector:

Rl =[] = 2 i
|0|—|1|—7 €Y)

Where A is the incident wavelength. The scattering vector Q is defined as:

41
Q=|k,—k¢| = 7sin(@) @)
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In the simple case of monodisperse particles, the scattered intensity can be expressed as a function
of the scattering vector by:

1(Q) = npP(Q)S(Q) (3)

With n, = % the number of scattering particles per volume unit, ¢, is the volume fraction of
P

particles, Vp is the particle volume. P(Q) is the form factor, it only depends on the particle size and
shape. S(Q) is the structure factor, it reflects correlations between particles, like specific organization
and interactions.

For monodisperse spheres, the form factor P(Q) can be computed according to:

sin(Qrp) — Q7p - COS(QT'P))Z
(Qrp)3
Where Ap is the scattering length density contrast between a particle and its environment, and rp
is the particle radius. Note that grr(l) P(Q) = (Vp - 4p)2.

P(@) = (Vp-4p-3 )

For core-shell spheres, the form factor is the linear combination of the form factors of empty cores
and solid (full) particles.

P(Q) = (F(Q)core + F(Q)Fullparticle)2 (5)

With
sin(Q7core)=QTcore c0S(QTcore)
(Qrcore)® (6)

F(Q)core = Veore - (pcore - pshell) "3

Sin(QrFull particle) - QrFull particle * COS(QrFull particle)

(QrFull particle)3

()

F(Q)Full particle = Ve particle * (pshell - penv.) "3

Where radii Tpyy particie and Teore, and scattering length densities peore, Psners and Peny, are
defined in Figure A3:

penv,

Figure A3. Parameters definition describing a hollow silica particles: radii r and scattering length
densities p.

Analytical equations of various form and structure factors are available in literature. For a pair of
monodisperse spheres, the structure factor S(Q) has the expression:

_ sin(2Qrp)
S =1+ Qe )
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The most typical structure factor in case of solution of particles is the hard sphere structure factor.
It considers that each particle cannot occupy the volume of another sphere (also named excluded
volume structure factor). A sticky hard sphere structure factor is also often used to account for
particles that attractively interact at short distances.

For a copper source, the wavelength A is 1.54 A; for a molybdenum source, the wavelength A is
0.71A.

Ultra small angle X-ray scattering (USAXS) relies on the same principle but, thanks to either a longer
sample-to-detector distance, or a smaller beamsize and beamstop, or to a higher wavelength, it is able
to detect scattered intensity at lower angles, allowing the characterization of bigger objects like large
particles or aggregates of particles.

In practice, the sample-to-detector distance was calibrated for each run by using silver behanate as
a reference. All samples were loaded into 2 mm quartz capillaries.

Data treatment

Data treatment was performed using PySAXS software, developed by Olivier Taché (CEA Paris-Saclay,
LIONS lab). First of all, a mask was applied to hide the direct beam and focus only on the scattering
signal. After isotropic integration of the 2D signal, the absolute intensity /as is calculated from the
measured intensity /mes thanks to the following expression:

Imes=®eff'AQ'6'T't'1abs 9

Where (Deff is the effective detector diameter, A2 is the solid angle, 6 the sample thickness (cm),
T the sample transmission (ratio between incident intensity and transmitted intensity), and t the time
of measurement (s). The instrument factor (@55 - 442) was corrected thanks to the lupolene standard.
In practice, the correction factor K = @5 - A0 is obtained by measuring a calibrated standard, here a
polyethylene for which /o = 6.13 cm™at Q=3.7 A™.

The signal of an empty capillary (EC) obtained in the same conditions as the sample is also
subtracted to exclude the walls contribution, according to the expression:

Isample — 1 l Imes _ [%Ces
abs Qeff'AQ SIT ¢t TEC . tEC

(10)

Data analysis

The fit of signals was achieved with Sasview software (V 5.0.4) below 1 A. In Equation 3, two factors
contribute to the signal: the form factor P(Q) and the structure factor 5(Q).

Form factor

When fitting sHSPs and PLs signals, the form factor of core-shell particles was the most suitable. The
core-shell form factor P(Q) of a hollow particle with an external diameter of 37.3 nm and an internal
diameter of 19.4 nmis represented in Figure A4. For this figure, the scattering length density of porous
silica was set to 8- 10¢ / A%
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I (cm™)

Figure A4. Form factor P(Q) of a hollow silica particle contributing to the total SAXS signal.

Structure factor

Regarding the structure factor 5(Q), it depends on the presence of the aggregation of particles and on
the structural organization of the sample. A structure peak visible at a specific Q angle reveals a

correlation distance ofg, caused by a repetitive pattern. For instance in Figure A5 presenting the SAXS

signal of an ionic porous liquid, a structure peak at 0.16 A is visible. Note that in diluted medium,
structure peaks can be quenched to see only the form factor contribution.

10+
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I

3 4
— 014
0.01+
1E-3 4

T T T
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QA"

Figure A5. SAXS of PL-sHSPs-EthA-22 (see Chapter I1) containing a structure peak at 0.16 A™.
Aggregates or stickiness may induce a characteristic slope at low angles instead of a plateau.

Peaks in the wide angle region (over 0.5 A') are characteristic of the crystallinity of the different
compounds. In the case of amorphous silica particles (alike sHSPs-2 presented in Chapter Il), a broad

peak is present at 1.64 A (Figure A6).
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Figure A6. SAXS of sHSPs-2 (see Chapter Il).

Contrast

As explained above, the scattering depends on the contrast of density between scattering objects and
the continuous phase. It is expressed as the difference between scattering length densities (p) of two
media (in cm). For X-rays, it writes:
Zﬁv—1 Zi"1g
p A (11)
Where 1}, is the molecular volume of the medium, (Z; - 1) is the coherent scattering length of each
scattering atom, with Z; their atomic number and r, the Thompson scattering length (2.82 - 10° A).

The scattering length density of dense silica is typically 1.8 - 10° A2. For porous silica shells, the fit
allows to deduce their real scattering length density, that is included between 0 and 1.8 - 10" A2. Hence,
their volume pore content can be assessed quantitatively by this method.

Volume fraction of objects

When Q = 0, P(Q) and 5(Q) - constants (Equations 4 and 8), so that the absolute intensity of the
plateau at very small angles is proportional to the (4p?¢,Vp) factor value. Knowing the volume of
objects and the contrast of density, the intensity of SAXS signal at low angles g is therefore proportional
to the volume fraction of scattering objects ¢,,. In the case of PL-sHSPs-PPG-2000 showing different
phases (Chapter Il), this volume fraction corresponds to sHSPs density in the polymeric matrix. Given
that sHSPs are big (compared to X-ray characteristic wavelengths), the plateau was not reached at Q =
0.02 A1, However, the evolution of the maximum intensity of the first oscillation was assumed to be
representative of sHSPs density evolution (Figure A7).
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Figure A7. SAXS of PL-sHSPs-PPG-2000 at various altitudes Z along the capillary. Ap is deduced from
the difference of maximum intensities of the first oscillation because it is assumed to represent the
difference of absolute intensities of the plateau (see dash bars).

Small Angle Neutrons Scattering

Principle

The principle of small-angle neutrons scattering (SANS) is the same, with the differences being that:
- measurements are performed on nuclear reactors,
- neutrons do not interact with electrons but with protons in the material,
- the signal scattered by the material is not governed by the same contrast.

For neutrons, the scattering length density depends on the coherent scattering length b, of the

scattering atoms:

N .
i=1 bcor l

A (12)

p(neutrons) =

Unlike X-rays, the coherent scattering length of neutrons is not linear with the atomic number of

the elements and can vary significantly between closely related elements. The large difference in b,

between hydrogen and deuterium (b, (H) =3.74 10> m and b, (D) = 6.67 10> m) is often exploited
to vary the contrast of a solution.

The SANS data presented in this thesis were measured on the D11 beamline at the Institut Laue-
Langevin (ILL) in Grenoble in collaboration with Sylvain Prévost. The D11 beamline allows access to
wave vectors Q ranging from 0.003 to 1 AL, To access a wide range of angles, measurements are taken
at several sample-to-detector distances. Samples were measured in 2 mm quartz cells.
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Assessing the permeability of porous liquids to liquids

Principle of contrast variation analysis

The objective of this work was to use the cavities of the porous liquid (PL) to extract metals in solution.
Therefore, it was necessary to assess whether aqueous solutions carrying metal cations can diffuse
into the silica shells and their internal cavities. To this end, the study presented in Chapter Ill, Section
1.2.2 consisted in measuring the SANS signal of a PL in the presence of partially hydrogenated and
deuterated solutions. By varying the contrast Ap of these solutions, this method allows the evaluation
of the material's permeability to the tested solution by collapsing the SANS signal when the
hydrogen/deuterium solution has a scattering length density equal to that of the material. For this
purpose, H,0/D,0 mixtures with different ratios were prepared.

The scattering length density (SLD) of silica for neutrons is psio, = 3.68 x 10'® cm™. Given that the
SLD of hydrogenated water is py,0 = -0.56 10'° cm™ and that of deuterated water is pp,o0 = 6.39 10'° cm

2, an estimation of the proportions of the H,0/D,0 mixture needed to extinguish the signal from the
silica can be obtained using the following equation:

X.PH,0 T Y-Pp,0 = Psio, (13)

With x and y being the proportions of each component. For dense silica with a mass density of
2.33 g/cm3, the values expected to extinguish the signal are therefore:

x=039%9ety =0.61

In order to observe the extinction of the SANS signal as a function of the H,O/D,0 ratio, several
ratios were selected around this value as well as at the extremes of each component. The samples
were prepared in 2 mm thick quartz cells, in which between 150 and 300 pL of H,0/D,0 solution were
mixed with 50 to 150 mg of material.

It is important to note that neutrons are also sensitive to the incoherent scattering length binc of
each element. This produces a constant signal that contains no structural information and it adds to
the coherent scattering signal, thus contributing to the overall signal as background noise.

The value of the incoherent scattering length of hydrogen is very high compared to that of
deuterium (binc(H) = 25.3 10"2® m and bin(D) = 4.00 10> m), so neutron measurements are commonly
performed by replacing hydrogenated solvents with deuterated solvents. In the present case, where
the contrast between materials and the solution was varied by changing the hydrogenated/deuterated
ratio, it was necessary to subtract the incoherent signal from the data containing hydrogenated water.

SANS experiment for PL permeability demonstration

To verify if the PL is permeable to liquids, SANS experiments were performed by measuring a PL sample
immersed in solutions prepared with various ratios of hydrogenated and deuterated compounds. In
such experiment, the filling of the porous cavities of the PL is expected to match the scattering contrast
when the scattering length density of the solution equals to the one of the material. This experiment
is described in part 1.2.4 of Chapter lll. The residual signal was compared to calculated curves
corresponding to three scenarios (Figure A8):

i) the solvent penetrates only the organic part of the PL,

ii) the solvent also penetrates the silica shell but not the internal cavity,

171



Appendix C
Small Angle X-Ray Scattering (SAXS) and Small Angle Neutrons Scattering (SANS)

iiii) the solvent penetrates the totality of the PL.

i)

3
10 ®  PL immersed in EtQH/ELOD with
40% E10D

107 - . Calculated spectra with:
3 % Pw,  EEE=s case i) Core and silica shell empty
] T, - — case i) Core empty

1.:,“ - N _=.. ——caseiii) PL completely filled

Intensity (cm™)
=

10" 4

1024

S oyt
10° 10* 10"
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Figure A8. SANS measurement of PL permeability and calculated curves according to three scenarii: i)
the solvent penetrates the organic moieties only, ii) the solvent also penetrates the silica shell, iii) the
solvent penetrates the totality of the PL. Reproduced from Reference .

The parameters used for this calculation of each scenario are listed in Table Al. A spherical core-
shell form factor and a sticky hard sphere structure factor were used to model the SANS data. At higher
angles, a residual signal of the organic chains in ethanol was calculated thanks to an Ornstein Zernike

model.
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Table Al. Parameters used to calculate SANS signal of a silica-based PL (containing thiols) in presence
of EtOH/EtOD solution with xEtOD = 40% according to case i) the solution enters the organic shell but
not the micropores of the silica spheres ii) the solution fills most of the micropores of the silica sphere
but the internal cavity is not accessible iii) the PL is fully penetrated by the solution.

Sample Shape Factor “Core-multishell Sphere”
PL with Background . Silica Shell Organic Shell
Scale 1 Core radius (A) . )
Xetop = 40% (em™) Thickness (A) Thickness (A)
Case i), ii),
0.001 0.3 115 68 40
iii)
Sample Shape Factor “Core-multishell Sphere”
PL with sld silica sld organic sld
sld core
XetoD = . shell shell solvent
(10°/A%) . . .
40% (106/A2) (10%/A2)  (10%/A?)
Case i) 0.1 2.06 2.17 2.23
Case ii) 0.1 2.33 2.17 2.23
Case iii) 2.23 2.33 2.17 2.23
Sample Ornstein Zernike
PL with .
Scale 2 lo (cm™) €(A)
Xetop = 40%
Case i), ii), iii) 0.7 0.085 7
Sample Polydispersity Structure Factor « Sticky hard sphere »
PL with Xetop = . . Volume
Radius PD (A) Shell PD (A) Perturbation Stickiness
40% Fraction
Case i), ii), iii) 0.12 0.12 0.1 0 0.097

The scaling factors were fixed to the volume fraction of PL and of ethanol solution. They were
estimated by considering the mass of PL of 106.3 mg immersed in 0.2mL of the ethanol solution (the
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density of PL being equal to 1.05 g.cm™). A core multi-shell form factor was considered as a contrast is
expected between the organic shell and the ethanol. For xEtOD = 40%, it gives:

Psory = 0.4 X pgrop + 0.6 X prroy = 0.4 X 6.095-107° + 0.6 X (—0.344 - 107°)
Psoly = 2.23 107 /A2 (14)

In all cases i), ii) and iii), the organic shell was considered to be filled with the ethanol solution. Its
thickness was approximated to 30 A, leading to @ Porganic sher Of 2.17 10%/A2, which is consistent with 3%
of organic PEG and OS and 97% of ethanol solution.

In cases ii) and iii), the shell was considered to be filled with 12% of EtOH/EtOD mixture (40%) with:
Psilica shell = 0.12 x Psoiv 0.88 x Psioy-sH = 2.3310° A_Z

In case iii) the core was considered to be filled with the ethanol solution at xgop =40%,
corresponding to a SLD of 2.23 10 A2,

To fit the data at higher angles, an Ornstein Zernike (OZ) correlation length model was considered
to simulate the density fluctuation between the ethanol solution and the organic chains of OS and PEG.
The following equation was taken:

Iy
1+ (Q$)?

Where I, and € are the intensity at small Q (cm™) and the correlation length (A).

IOZ(Q) = (15)
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Nitrogen sorption experiments

Principle

Measurement

In general, porosity of microporous or mesoporous solids (pore width < 50 nm) is quantified by the
mean of nitrogen sorption isotherms at 77 K. Samples are primarily dried under high vacuum
(102 mbar) and heating (about 100°C) for one or more days. Adsorption and desorption of gas are
recorded at relative pressures between 0 and 1. The general shape of isotherms allows identifying

porous structures of materials.

Description of isotherms

Isotherms are classified into six categories presented in Figure A9a, according to the International
Union of Pure and Applied Chemistry (IUPAC). Some of them present hysteresis loops which can give
additional information about pores distribution profiles.

a) b)
I I Adsorbed volume
i
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S
=
8
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S
o
o
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>
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Figure A9. a) IUPAC Classification of nitrogen adsorption-desorption isotherms at 77K; b) Description
of the adsorption branch of an isotherm (hybrid | + 1V).

Most current isotherms are Type |, Type Il and Type IV isotherms: Type | are characteristic of
microporous materials: pores fill at low pressures (the narrower the pores, the lower the pressure) and

after their saturation, a horizontal line is obtained. Type Il discloses multimolecular adsorption at the
surface of non-porous or macroporous objects: the layer of adsorbed gas progressively thickens.
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Finally, a Type IV isotherm is obtained in the case of mesoporous materials: capillary condensation
occurs, and desorption is no more reversible, so that a hysteresis loop is observed.

In most cases, complex adsorbants are associated to hybrid isotherms. For instance, a material
containing both micro- and mesopores would probably show a hybrid I+IV isotherm.

In Figure A9b, interpretation of the adsorption branch of a hybrid [+1V isotherm is schemed: at very
low pressures (point A), micropores start to fill up with gas molecules, and the volume of adsorbed gas
strongly increases. At the inflexion point B, the smallest pores saturate and the microporous volume
can be read directly on the isotherm. In the next domain C, monomolecular adsorption occurs: when
it ends, all the solid surface is statistically covered by one layer of gas molecules. Finally, multimolecular
adsorption occurs at the surface of biggest pores (point D), with a layer-by-layer filling. In this domain,
above a specific pressure, the volume of adsorbed gas increases more quickly, due to the capillary
condensation in mesopores. When the pressure is equal to the vapor pressure, liquefaction of gas
implies the divergence of adsorbed gas quantity.

Data analysis

To obtain quantitative information about porosity of materials, different mathematical models can be
applied to the isotherms. Among them, t-plot and Brunauer-Emmett-Teller (BET) theory are used to
obtain values of specific pore areas. They are based on the hypothesis of layer-by-layer adsorption of
gas at the surface of pores. The Barrett-Joyner-Halenda (BJH) model can also be applied to determine
the distribution of mesopores inside a material. Finally, Density Functional Theory (DFT) calculations
can complete the analysis with providing information about the distribution of micropores.

BET

BET theory relies on many hypotheses. The most important ones are a multilayer filling, and the
adsorption energy being worth the liquefaction enthalpy from the second layer. In addition, the
Langmuir hypothesis is also applied, assuming that there is only one type of independent site, with no
interaction between adsorbed gas molecules. Therefore, a BET specific area can be deduced from
Equation (1), at relative pressures below 0.35.

P
Py 1 -1 P
= et [ | M
p n4,.C [n“C] P,
na(l—P—O) m m

With n® the quantity of adsorbed gas (mol/g), Pithe equilibration relative pressure, n%, the quantity
0

of adsorbed gas that is necessary to cover all the surface with a monomolecular layer (mol/g), and C a
constant linked to the adsorption molar energy. n%, and C are defined as:

a a 1
C=E andnm=ﬁ 2)
With a the slope and b the intercept of the line obtained from Equation (1).

The quantity of adsorbed gas that is necessary to cover all the surface with a monomolecular layer
is linked to the surface itself by the equation:

Appr = nj 0 Ny 3)

176



Appendix D
Nitrogen sorption experiments

With g, the area occupied by a molecule of gas (0.16257 nm? for nitrogen), and N4 the Avogadro
number (6.022 - 102 mol?).

t-method

The t-method was proposed by de Boer to determine the surface of pores large enough to welcome a
multimolecular adsorption layer (“external surface”). This area is equal to the BET specific area in the
case of non-porous, mesoporous or macroporous materials. However, when micropores are present,
the BET specific area is only “apparent”, because hypotheses mentioned above are no more verified.

Therefore, a significant difference between the t-area and the BET area is necessarily due to the
presence of micropores.

In this method, the thickness t of a multimolecular layer is linked to number of adsorbed layers N
and the thickness of a monomolecular layer e (0.354 nm for nitrogen):

t = Ne (4)

For a non-porous solid taken as a reference, N can be calculated with the expression:

na
N=— (5)
nm
Where n® is measured at each relative pressure and n%, is deduced from the BET equation. Hence,
for nitrogen at 77K and t expressed in nm, we have:

a

n
t = 0354n—a (6)

m
And the external surface a(t) can be computed, by taking into account the volume of adsorbed
molecules, as:
a(t) = 0.0346 - s(t) (7
Where s(t) is the slope of the line obtained with Equation (6).

This principle can be applied for porous materials, by plotting t as a function of n%/n%,, and looking
at the linear region corresponding to multimolecular adsorption.

To avoid depending on the BET equation, other analytical expressions of the thickness t as a
function of P/P, were proposed, like the Harkins and Jura equation:

0.5

0.1399
t= (8)

0.034 — log (P%)

This equation allows to fit to the linear plot n® = f(t) for P/Py < 0.8. It is the one that has been
employed in this work.

Interestingly, this method has not been applicable on all sets of bHSPs because the linear plot led
to non-physical values. It could be due to their high heterogeneity and their complex pore architecture
challenging the basic hypotheses of the method. However, data from the sets presented in this thesis
could be analyzed by the t-method.
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BJH

To characterize the distribution of mesopores, the BJH model taking advantage of capillary
condensation inside mesopores was applied. It assumes that mesopores are all independent with a
well-defined geometry, the adsorption at the surface of mesopores is similar to an adsorption onto a
plane surface, and the Kelvin law giving the relationship between gas condensation pressure and
curvature radius rx of the meniscus is applicable. For nitrogen, the Kelvin law can be written:

0.415
Tk = — P )

log (P%)

It is commonly admitted that the surface of the material already covered by nitrogen is perfectly
wetting, so that the contact angle is null. For cylindrical pores, the pore radius rp is linked to the Kelvin
radius rg by:

p =Tk +t (10)
The thickness t was determined by the Harkins and Jura equation (8).

Usually, the desorption branch is more representative of interactions because the equilibrium is
not completely reached during adsorption process. For most materials, it can be used for calculations.
However, in the present case, the presence of internal mesoporous cavities inside sHSPs induces a very
large hysteresis loop in the isotherm, completely changing the characteristic sizes determined from
the BJH model. It was assumed that the adsorption branch was more representative of the internal
cavity, while the desorption branch revealed the size of smaller mesopores inside the shell, connected
to the cavity.

In both cases, the pore volume at the n* step of adsorption or desorption can be related to the
thickness of the multimolecular layer at this step (Equation 11):

o
Vo= P,
P <Tp n—t )

With 1}, , the pore volume at the nth step, 7, , the mean radius of pores at the n'" step, t, the

n—

Sat-g]

=1

thickness of the multimolecular layer at the n' step, an the volume of liquid evaporated (desorption)
or added (adsorption), and A, ; the area of pores at the it step.

DFT

Unfortunately, the distribution of micropores could not be directly measured experimentally with the
device available in the laboratory. Therefore, density functional theory calculations were performed.
The model used was the one generally introduced for oxide surfaces and cylindrical pores, and it was
implemented directly in the software. Note that the fit was not completely satisfying because of the
lack of points recorded at very low pressures, but it was sufficient to provide consistent estimations of
the pore sizes.
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Grafting yield

The grafting yield of the sulfonated organosilicon SIT could be estimated from different analyses. TGA,
Elemental Analysis, TOC analysis of the dialysate, and pH-metry during EthA grafting are all methods
that could lead to a quantification of the SIT grafted on the sHSPs.

A comparison of these methods was performed on one single set of calcinated sHSPs.

TOC of the dialysate

First of all, the TOC amount measured in the dialysate just after the grafting indicated that 84% of the
SIT introduced initially was washed during the dialysis (when counting 6 carbon in one molecule, then
assuming no polycondensation at all). Hence 16% of the SIT introduced initially was successfully grafted
onto the spheres. Moreover, a precipitate mass of sHSPs poorly grafted by SIT (as verified by TGA
afterward) was separated from the bulk. The weight of this precipitate was about 970 + 20 mg (the
initial weight of sHSPs was 1.0008 g, including ~9% of water), but contained 84% of silica according to
TGA (the rest being SIT (4%) and water (12%)). All in all, the weight of sHSPs that were well grafted
(mfg'slgea) could be estimated to 96 mg + 20 mg out of the gram of sHSPs initially introduced (931 mg
of dry sHSPs) (Equation 1) ; and the amount of SIT well grafted on these spheres was estimated to

3.9 mmol (Equation 2), being 4.1 mmol per 100 mg of dry sHSPs.

marAted — gAY _ gon o =0.91 x 1.0008 — 0.84 x 0.97 = 0.096 g )

With mé’,‘jsps (g) is the weight of sHSPs initially introduced for the grafting of SIT, m,..s (g) is the
weight of powder recovered after the dialysis (unwell grafted sHSPs), a and g are the proportion of
dry sHSPs in these two powders according to TGA (excluding water, SIT and residual carbon).

ini

grafted __ nim' _ nres =y x Mgt _ Myeg (2)
SIT — st SIT — T arafted
MWg;r MWS?;af ¢

5.250 0.97
grafted __ — —
=016 X ———0.04 x = 0.0042 — 0.0003 = 0.0039 mol
it 202.6 122 mo

With nf{,‘% (mol) and mf{,‘} (g) the molar quantity and the weight of SIT initially introduced for the
grafting, respectively, ngsp (mol) the molar quantity of SIT found in the precipitate of unwell grafted
sHSPs, y the proportion of SIT grafted according to TOC analysis (0.16), § the proportion of SIT

contained in the precipitate after dialysis, MWs;+ (g/mol) the molecular weight of ungrafted SIT and
MWS‘Ingfted (g/mol) the molecular weight of the organic part of the SIT as considered by TGA

(excluding the three condensed O-Si).
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pH monitoring of PL-EthA-11

The pH monitoring of the addition of EthA-11 to a solution of sHSPs@SIT lead to 0.31 mmol of SIT for
about 96 mg + 20 mg of sHSPs (estimated), being 0.33 + 0.07 mmol of SIT/100 mg of sHSPs. This is 12
times less than the quantity deduced from TOC.

An explanation could be that excess of SIT caused a polycondensation between the SIT molecules,
thus forming large objects that could not easily pass the dialysis membrane. However, these
agglomerates were retained by the ion-exchange column because of their charge.

TGA of sHSPs@SIT

TGA of sHSPs@SIT gave the mass composition of this material: 10.1% of H,0, 25.5% of SIT and 64.4%
of Si0,. Considering that the SIT is linked by three arms to the silica network, this can be converted
into 0.21 mol of SIT for 90 g of dry material (so 61 g of sHSPs) (Equations 3 and 4). Therefore, TGA gave
a total grafting yield of 0.36 mmol per 100 mg of sHSPs, in good agreement with pH monitoring.

grafted
grafted __ SIT 25.5

N = g = T = 021 mol (3)
MWSIT 122
mIel = s — ML, = mgiop — NI X MWy = 64.4— 021 x28=60.6g  (4)

With mflrfﬂed (g) and mg;0, (g) the weight of SIT and inorganic SiO, determined by TGA for 100 g

of material, respectively, and the molecular weight MWs; (g/mol) of silicon.

Elemental analysis of sSHSPs@SIT

Elemental analysis of sHSPs@SIT indicated a quantity of SIT of 0.31 mol per 100 g of material. Using
the TGA composition above, this meant 0.31 mol of SIT for 61 g of sHSPs, i.e. 0.5 mmol of SIT per
100 mg of sHSPs.

As a result, a mean grafting yield is 0.4 mmol of SIT (2.4 - 10%° molecules) per 100 mg of dry sHSPs.

Grafting density

For a diameter of particle of 37.3 nm (sHSPs-2) at room temperature and humidity, the external surface
Spart and the volume V)4, of the sphere are 4.4:10° nm? and 2.7-10" nm?® respectively. The density of
the powder of sHSPs djsps (at room humidity and temperature) is about 0.5 + 0.06 - 102! g/nm?3. The
particle packing factor P of an unpacked powder is generally admitted to be about 0.6. Therefore, the
total external area A contained in 100 mg of dry sHSPs (130 mg of sHSPs at room humidity) is about
2.1-10%° nm? (Equation 5). Therefore, the grafting density would be 9.6 molecules/nm? (Equation 6).

P X Viot P X mgsysps
A= Ny X Spgrp = ——— =_— "% x§ (5)
part part part part
Vpart Vpart X dsHSPs

0.6 x130-1073

— 3 _ 19 o002
A= 27 10% x 05 . 10-21 X 4.4-10° =2.5-10"° nm*/100 mg of dry powder

Grafting yield X Ny 0.4-107% x 6.02-10%°

1 ST 1019 = 9.6 molecules /nm?(6)

Grafting density =

Where N4, is the number of sHSPs contained in 100 mg of dry powder and mysp (g) is the mass
of the powder at room humidity and temperature.
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However, the maximum silanol coverage of a silica surface is admitted to be 5 per nm?, even though
recent studies show a maximum of 8 silanol per nm2.1° The hypothesis of the organosilicon partially
penetrating the pores is then highly probable. Another possibility would be that an excess of SIT caused
a polymerization of the latter around the silica particle, thus forming a corona with much more SIT
than expected. In all cases, the porosity was lost when measuring isotherms of nitrogen sorption of
SHSPs@SIT.

Considering that the BET specific area of sHSPs (624 m?/g) corresponds to the surface of the
micropores of the shell (necessarily overestimated because of the condensation of the gas in
micropores), and that the specific area deduced from the t method (268 m?/g) includes the internal
and the external surface of the sphere, one can compute the grafting density of SIT in the case that all
the micropores and the external surface are grafted (but not the internal surface) (Equations 7 to 9).
Calculations are made considering an external diameter of 37.3 nm and an internal diameter of
19.4 nm.

Semethod = Sint "+ Sext " = 268 m? /g @)
We define:
o Samen_ sh o
Ses;)trpnon Sg"ftM
STEM — 4mr}, = 4 x 3.14 x (19.4/2-107°)? = 1.18 - 1075 m?
STEM — 4mr2,. = 4 x3.14 x (37.3/2-107°)% = 437 - 1075 m?
1.12
Y= 337 =027
So that:
sorption
sogrin = Seted = 211 m/g
And:
St 7" = Simotnod — Sext” " =57m?/g
Hence,

Ay = Sggr — SOTPHOM — 694 _ 57 = 567m?2/g = 6.24- 10'° nm?/100 mg of dry powder

int
Finally, we have:

Grafting yield X Ny 0.4-107% x 6.02 - 10%*
A, - 6.24 - 1019

Grafting density = = 3.9 molecules/nm? (9)
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TGA of sHSPs-1
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Figure A10. TGA of sHSPs-1 under air at 5 °C/min after correction from free water content. The siloxane
formation (release of H,O molecules) accounts for 3.4 % of the weight loss after water correction.

FTIR of SHSPs-2
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Figure A11. FTIR spectrum of sHSPs-2 in the range 5000-615 cm™. No vibration band of v + § vibration
of the free Si-OH bonds was seen at 4600 cm™.
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Titration curve of the addition of EthA-11 to form PL-sHSPs-2-EthA-11

pH

0 5 10 15 20 25 30 35
Volume of EthA-11 d100 solution (mL)

Figure A12. Titration curve of PL-sHSPs-2-EthA-11

EDTA content in sHSPs-EDTA-c and PL-sHSPs-EDTA-c-EthA-11

Based on TGA and elemental analysis, it was possible to estimate the amount of EDTA groups (weight
ratio) which were present in the functional PL.

Elemental analysis of sHSPs-EDTA-c before template removal led to 210 mmol/g of EDTA in the
powder stored at ambient humidity. Considering a molecular weight of 275.2 g/mol (corresponding to
the organic part of SIEDTA : C11N,O6H19), the weight ratio of EDTA in sHSPs %EDT ASHSPS js:

WEDTAorg

%EDTASHSPS = nSHsPS « ———x 100 = 5.8% (1)
SHSPs

Where n3HsFS, MWEDTAOW, and mgysps are the molar quantity of EDTA groups in sHSPs before

template removal (mol), the molecular weight of the organic part of SiIEDTA (275.2 g/mol), and the
mass of powder (sHSPs-EDTA-c before template removal) at room humidity (g), respectively.

TGA of the same sample (Figure A13) indicated that 11.3% of organics were present in the powder
at room humidity. From the calculation above, it can be decorrelated between EDTA groups (5.8%) and
template (5.5%). The inorganic content %Si05"SP was 84.8% and the water content was 3.9%. Here,
the contribution of silanols condensation to the weight loss could not be quantified, so it was

neglected.
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Figure A13. TGA of sHSPs-EDTA-c before SIT grafting and template removal (air, 5 °C/min).

Hence, in a powder sHSPs-EDTA-c after template removal, the amount of EDTA groups would
account for:

%EDT ASHSPs 1 mmol

EDTA]SHSPs = X =23.3-1072
[ ] %SiOZSHSP + %EDTASHSPS MWEDTAorg

(2)

While the amount of TMOS would be:

:SHSPs
Sio;

X
%Si05H5F + %EDTASHSPs — MWs;o,

mol
[TMOS]*HSPS = % — [EDTAPHS™ = 1.54-1072 == (3)

Therefore, the EDTA:TMOS ratio in the powder is:

[EDTA]*"SPs  0.0233
[TMOS]SHSPs — 1.54

= 0.0151

Initially, the molar ratio 1:16 (0.0625) was introduced for the co-condensation process, being 4
times more that what found experimentally.

After correction from water content, TGA (Figure A13) gives an organic content of 11.8% in the dry
powder of sHSPs: by proportionality, this would mean a content of 6.1% of EDTA groups in the dry
powder.

According to the TGA of PL-sHSPs-EDTA-c-EthA-11 (Figure 78), there is 15.2% of silica inside. By
neglecting the contribution of SIT molecules to this inorganic content (because it is impossible to
evaluate in this case), the weight ratio of EDTA groups in the PL %EDT AL is in fine:

185



Appendix F
Supplementary material

%Si05*t
%EDTAPL = %EDTAdry SHSPs w O/S;dﬁ =1.0% (4)
0ol 2

Where %EDTAYY SHSPS o4, 5i0FL, and %SiOfry SHSPS are the weight contents of EDTA in the dry
powder of sHSPs-EDTA-c before template removal, the inorganic content in the PL, and the inorganic
content in the dry powder, respectively.

This weight ratio of 1% corresponds to a concentration in EDTA groups of 36.3 - 102 mmol/g of PL.

sHSPs-EDTA-c-2

sHSPs-EDTA-c-2 have been analysed by TEM and SAXS after template removal, before SIT grafting
(Figure A14). The micrograph in Figure Ald4a confirms the good formation of HSPs, with rougher
surface compared to nonfunctional sHSPs. A small proportion of the spheres were also partially
broken. The statistical analysis of their sizes indicated a mean external diameter of 37.8 nm and a mean
internal diameter of 24.2 nm. If their size is similar to sHSPs-2 (37.3 nm), their cavity seems to be larger
(it was 19.4 nm for sHSPs-2). Oscillations in the SAXS spectrum (Figure A14b) originate from the good
monodispersity of sHSPs-EDTA-c. The noise in 0.3-1 A is due to a problem in the calibration, but this
does not affect the curve at smaller angles (much higher intensities).

a) b)

10* g
102 L

10° F

I (cm™)

102 107 10°
Q (A"

Figure Al14. a) TEM image of sHSPs-EDTA-c-2, Scale bar: 50 nm; b) SAXS spectrum of sHSPs-EDTA-c-2.

Furthermore, nitrogen sorption measurements of sHSPs-EDTA-c-2 compared to the sHSPs-wash
reference (see Chapter lll, Section 1.1.3) washed with ethanol are shown in Figure A15. Interestingly,
the hysteresis disappeared for the functionalized sample, which could mean two things: either the
cavity was still filled with the template, because the presence of EDTA groups in the pores prevented
an efficient removal, or the cavity was empty, but the access to it was blocked by EDTA groups. Given
that the specific surface area was not negligible (189 m?/g), it was hard to believe that the template
was still present (otherwise it would have blocked all the porosity). Plus, a finer analysis of the 0.8-0.9
P/P, zone suggested the presence of a first hysteresis before the one due to interparticles void.
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Figure A15. Nitrogen sorption isotherms of sHSPs-EDTA-c-2 and sHSPs-wash at 77K.

Therefore, the TGA of sHSPs-EDTA-c-2 before and after template removal helped confirming that
the template was well removed (Figure A16). Indeed, after correction from water, the content in
inorganic silica was 80.6% and 86.6% before and after the template removal, respectively. The earlier
weight loss at 270 °C visible in the trace before template washing (with a corresponding peak in the
heat flow measurement on the DTA curve) disappeared in the trace after template washing. After
washing, the remaining weight loss (13.4%) was likely due to EDTA groups exclusively.

100 20
before template removal
after template removal
% r Heat flow before template removal | 15
Heat flow after template removal
90 |
.y 10 <
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Figure A16. TGA and DTA traces of sHSPs-EDTA-c-2 before and after template removal by soft washing
(under air, 5 °C/min).
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Also, in the FTIR spectra, a clear diminution of the bands at 2882 and 2970 cm™ accounting for
CH,/CHjs stretching were assigned to the disappearing of the template. As explained in Chapter IV, the
carbonyl group from EDTA groups did not give a strong peak in the 1700 - 1600 cm™ region, because
of the too strong signal of the silica network.

T «\( "":’_A';“"«M " ‘_/N ( “

Transmittance

before template removal
after template removal

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Figure Al17. FTIR spectra of sHSPs-EDTA-c-2 before and after template removal.

SHSPs-EDTA-p

Silanized EDTA (SiEDTA) has also been tethered onto the surface of sHSPs-1, and the resulting powder
was labelled sHSPs-SiEDTA-p. Characterization was performed using TEM, SAXS and nitrogen sorption
isotherms. In Figure A18, the TEM images show smooth particles, as well formed as sHSPs-1. In some
images as the one presented in Figure A18b, very small dark nanoparticles were also visible and they
were attributed to excess of polycondensated EDTA forming aggregates that did not pass the filter
during washing. The reason for this interpretation is that when achieving a second post-grafting onto
the first one (in an attempt to increase the grafting yield), the amount of these dark nanoparticles
increased (Figure A18c).

a) b)
10°
0L sHSPs-1
sHSPs-EDTA-p
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Figure A18. a) TEM image of sHSPs-EDTA-p. Scale bars 50 nm, b) SAXS of sHSPs-EDTA-p before (sHSPs-
1) and after (sHSPs-EDTA-p) SiEDTA post-grafting.
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From SAXS analysis in Figure A18b (before and after grafting), it can be deduced that the presence
of EDTA did not affect the structure of the spheres (oscillations are at the same Q).

Finally, FTIR spectroscopy was carried out to check the presence of the chelatant, and in particular
the carboxyl groups of EDTA (Figure A19). Surprisingly, the peak at 1722 cm™ attributed to the C=0
bond vibration was not strong as expected. As before, this might be explained by the strong signal of
silica (Si-O-Si and Si-O bonds) shadowing the other vibrations, along with the overlapping with the —
OH vibration.

Therefore, the TGA alone was used to confirm the good functionalization (note that elemental
analysis could be interesting to do as well, but it has not be performed on this sample because of the
lack of time).
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Figure A19. FTIR spectra of sHSPs-1 (before SIEDTA post-grafting) and sHSPs-SiIEDTA-p (after grafting).

bHSPs-EDTA-p

TEM images of bHSPs-EDTA-p were identical to the ones of bHSPs (Figure A20), and the sizes were
statistically distributed as before the grafting.

Figure A20. TEM images of a) bHSPs (before SIEDTA post-grafting ) and b) bHSPs-EDTA-p (after grafting)
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Similarly, the nitrogen sorption experiment in Figure A21 |led to the same type of isotherm as before
the grafting, with BET specific surface area lower (749 m?/g). This was due to the diffusion of EDTA
groups inside the larger pores (3.7 nm), as also demonstrated by TGA in Chapter IV (more EDTA groups
were grafted by gram of materials than for sHSPs-EDTA-p). The size of the pores was reduced to 3 nm
according to DFT calculations.
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Figure A21. Nitrogen sorption isotherms of bHSPs-EDTA-p before (bHSPs) and after (bHSPs-EDTA-p)
EDTA grafting.

Alike sHSPs-EDTA-p, the FTIR spectra before and after EDTA grafting (Figure A22) did not allow to
clearly identify specific bands for the carbonyl groups, even though the band at 1630 cm™ was
significantly more intense (the —OH band was also stronger, so it could be assigned to water molecules
bounding to EDTA). In this particular sample, a band at 1400 cm™, that could be assighed to N-C
elongation, was also visible. However, this band was already visible in all non functional HSPs samples
(in a lesser extent), so the contribution of EDTA was not easy to acurrately determine.
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Figure A22. FTIR spectra of bHSPs-EDTA-p before (bHSP) and after (bHSPs-EDTA-p) EDTA grafting.
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A neutral PL based on PPG was synthesized by grafting a silanized PPGzqq0 at the surface of sHSPs-2 (cf.
bookmark No.5). As described in Chapter Il, Section 3.2.1, there was a sediment of sHSPs-2 grafted
with a very little amount of PPG at the end of the reaction. It was separated from the bulk, so that
most part of ungrafted sHSPs was removed at this step. After drying the bulk, an oil was obtained, and
it was labeled PL-sHSPs-PPG.

However, this PL appeared to be unstable overtime: depending on the synthesis conditions (see
Table A2), it underwent a phase separation leading to three phases (like PL-a) or two phases (like PL-
d). Investigation based on SAXS measurements were conducted to determine the origin and the
stability of these different phases.

Table A2. Synthesis conditions tested to obtain PL-sHSPs-PPG. All the reactions were performed at
room temperature. The last column mentions whether the sediment was separated from the bulk
before solvent removal or not.

MppG.si MsHsps Dilution Solvent Time (h) Separation?
(PPG)
PL-a 40 mL+3mL Toluene:THF
908.6 mg 177.1 mg 21 g/L (13:1) 17.75 Yes
PLb 4 0854¢ 181.1 mg 18 g/L THF 112.25 No
PL-c
304.6 mg 45.5 mg 10 g/L THF 136.5 Yes

PL-d 2.25gPPG- 385 mg (before

allyl drying)
*THF was not perfectly dry.

22 g/L THF* 18 Yes

The example of PL-a is given in Figure A23: a SAXS capillary was prepared on the day of the PL
synthesis, and surprisingly after 2 days, three distinct phases were clearly visible (Figure A23a). The
upper phase was limpid while the other two lower phases contained bubbles, as revealed by optical
microscopy (Figure A23b). The first assumption consisted in a slow sedimentation of sHSPs inside the
PL. However, the fact that the phases were distinct was not clear with this hypothesis. A first study was
conducted overtime with SAXS measurements performed at different heights in the capillary when the
three phases were in equilibrium, and after their separation. Then, the influence of the synthesis
conditions (solvent and reaction time) on the phase separation was also studied. Finally, the stability
of a control made of PPG and sHSPs (without grafting) served as a reference point.
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Figure A23. a) A SAXS capillary containing PL-a after three days of aging. Three phases were clearly
visible. b) Interface of the two upper phases as seen with an optical microscope.

Comprehension of the natural phase separation

The Figure A24 shows SAXS curves of the capillary containing PL-a, measured at various Z positions. As
depicted in Figure A24a, SAXS performed on the three phases resulted in different SAXS intensities. As
precisely demonstrated in Appendix C, the evolution of intensity at low angles Q along the capillary is
proportional to the evolution of the volume fraction of silica nanoparticles. In the present case, the
maximum intensity of the first oscillation has been plotted over the height Z in Figure A25: the intensity
evolution with Z revealed three distinct phases. The bottom phase contained the highest amount of
sHSPs, while this amount gradually decreased in the middle phase to finally reach a minimum in the
top phase.

This evolution was consistent with a slight shift of the structure peak at 1.4 A toward higher angles
when increasing the silica content (see zoom in Figure A24b). Moreover, a weak increase in the
intensity of the second structure peak at 0.9 A in the middle phase was observed, suggesting a slight
change in the organization of the polymer, but it could not be further understood with the available
data.
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e z=04+0.04 mm v
2 1 top PPGzooo S o:
— E I bottom
01k =
0.01 &
C " ) MR | L L P R |
0.01 0.1 1

QA"

QA"

Figure A24. a) SAXS signals of PL-a after natural phase separation (measurement occurred 92 days
after the capillary preparation). The maximal intensity at the first visible oscillation are representative
of the sHSPs content at each altitude Z (dash line at 0.03 A%); b) Zoom on the structure peaks between
0.4 and 2.2 Atin a linear scale.
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Figure A25. Maximum intensity (first oscillation at 0.03 A) of the SAXS signal plotted as a function of
the height Z in the capillary. The arrow highlights an unexpected increase in intensity just beneath the
second interface.

The co-existence of these three phases remains unexplained, but it was also interesting to notice
that a higher silica content was observed just beneath the second interface (indicated by the arrow in
Figure A25). It can be assumed that these phases are due to a different level of surface grafting for
sHSPs, as well as a different level of polycondensation between the polymeric chains, leading to
immiscible materials with distinct densities.

Before using such a heterogeneous PL for LLE, it was important to assess the stability of these
phases in equilibrium overtime: in 270 days, their height did not evolve. SAXS intensities at small angles
were measured overtime for each phase. In Figure A26, the maximal intensities of the first visible
oscillation at various altitudes Z were plotted over time in a linear scale. The first conclusion was to
that the bottom and middle phase seemed stable overtime (Figure A26a-b), while the top phase
underwent a significant decrease in silica content (72%) before reaching a plateau after about 25 days
(Figure A26c¢c). No sediment with very high silica content was visible in the bottom phase, but a thin
deposit (less than 0.5 mm) would not have been measurable by SAXS. However, the phenomenon was
emphasized when monitoring each phase separately after centrifugation. The top phase was very fluid
whereas the bottom phase was gel-like, so after their separation, the “top” phase was labeled “PL-a-
fluid” phase while the “bottom” phase was labeled “PL-a-gel” phase.
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Figure A26. Stability of PL-a overtime followed by SAXS. Measurements at different altitudes Z along
a) the bottom phase, b) the middle phase, c) the top phase.
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Overtime, the fluid phase underwent a slow sedimentation (during about 30 days), with a decrease
in silica content at every heights in the capillary. The sediment formation was tightly linked to the
disappearing of the bubbles initially (Figure A27a-b) present, and it was visible to the naked eye after
10 days (Figure A27c).

However, the silica content seemed to be stable in the fluid phase after 30 days, even though the
heterogeneity in altitude was still present (with a difference between the top and the bottom — just
above the sediment — of about 66% with respect to the bottom silica content). It could be attributed
to an equilibrium of sHSPs in suspension with sHSPs in the deposit.
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Figure A27. a) Evolution of the silica content along the capillary containing PL-a-fluid deduced from
SAXS intensities variation; b) Evolution of the silica content overtime at different altitudes Z; c)
Formation of the sediment followed by microscopy: 3 days, 25 days, 53 days.

Unfortunately, the gel phase was not obtained in sufficiently high quantities to perform reliable
measurements of stability. However, it is expected that a higher viscosity would lead to an even slower
sedimentation if occurring. All in all, the separation of phases by centrifugation cannot prevent the
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sedimentation from occurring in the fluid phase, but it is still slow (30 days) so the suspension can be
seen as metastable.

For an application in LLE, the fluid phase seems more convenient, because of its lower viscosity,
even if the gel phase seemed more stable in terms of sedimentation. To optimize this synthesis, a
deeper investigation was required to provide lights onto the stability troubles, and to understand how
improving it. As a result, different hypotheses were tested, such as the influence of solvent, reaction
time, and post-treatment methods. They will be discussed in the next sections.

Influence of the solvent

The impact of the solvent used for the synthesis (from toluene: THF mixtures to THF alone) had little
impact on the stability of the PL. This was deduced from the observation of a phase separation
occurring with PL-d after few days (the picture was taken after 13 days in Figure A28b). However, only
two distinct phases were visible in this case, and they were separated after centrifugation to give a
fluid phase and a gel phase again. Initially, the same trend of very slow sedimentation was visible for
the fluid phase, with a plateau at a low silica content after a long time (6%, according to TGA).

N

—

-_._;-_ —

Figure A28. a) Fresh PL-d, b) Evolution after 13 days.

These two phases were further characterized (see Chapter Il, Section 3.2.2.2), because they were
synthesized in higher quantities than PL-a.

Influence of the reaction time

Obviously, only few sHSPs were successfully grafted by this method. Increasing the reaction time from
one night to five days lead to a more stable but more viscous PL (PL-c, Figure A30).

The initial silica content was equivalent to the middle phase in PL-a, and it stayed homogeneous,
with no significant loss after 183 days. A little sedimentation could be observed and confirmed by SAXS.
However, after centrifugation of a larger amount of PL-c, a more significant upper phase could be
observed (Figure A29).

Figure A29. PL-c after centrifugation.
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Figure A30. Stability and homogeneity of PL-c overtime, studied by SAXS. a) Comparison of PL-c
structure with PL-a-middle by SAXS. Maximal intensities of the first visible oscillation are represented
as a function of b) altitude Z at a given time (day 183), c) time for each altitude Z. The picture of the
capillary was taken on Day 197.

This experiment confirmed that a longer reaction time could lead to a more cohesive material,
thus increasing its stability but also its viscosity. For application in LLE however, a low viscosity is
essential to ensure efficient phase separation for industrial processes. Therefore, the synthesis
conditions leading to PL-d were selected and the fluid phase was systematically separated from the gel
phase and stirred again before any manipulation.
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Abstract

Silica based porous liquids (PLs) are innovative and versatile liquid materials with a high potential,
although their application is often restricted to gas sorption. In this work, we propose to evaluate their
potential to extract metals. For this goal, we have adapted their synthesis to provide PLs functionalized
with thiols that are expected to chelate metallic contaminants, such as lead. As the accessibility of
liguids and metals to the PL’s porous network is one of the key points for their application, we
developed an original small-angle neutron scattering experiment to verify that the PL is permeable to
polar liquids. Then, preliminary extraction tests have successfully been carried out, with an extraction
of lead cations by complexation on one-third of accessible thiol groups. This work demonstrates that
the extraction of metal species by a PL is possible and opens many perspectives for optimization.

Keywords

porous liquids, nanomaterials, silica nanoshells, lead extraction, SANS.
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Introduction

Porous liquids (PLs) are a novel kind of materials combining the properties of porous solids with fluid
behavior. Their concept was first introduced by O’Reilly et al. in 2007:* they describe these materials
as homogeneous liquids generally made of host particles or host molecules with a permanent porosity
that are either dispersed in a sterically hindered solvent or chemically modified or physically treated
to ensure a fluid behavior at room temperature. Among the different classes of PLs, those based on
porous nanoitems are of great interest for metal extraction because of the possibility to have hollow
cores of nanometric size. They were successfully synthesized by Zhang et al.? in 2015, who based their
synthesis on the surface modification of silica nanoshells by two layers of organic molecules. Since
then, an increased interest in these materials has risen.3”’

Despite their high potential, applications of PLs are nearly always restricted to gas sorption and gas
separation, even when the host particles are large.%®° While metal extraction using solid porous silica
or other similar materials is well developed,’®! it is surprising that very little research has been
conducted to date with PLs.?? PLs were recently considered for metal adsorption. Hemming et al. have
shown the possibility of encapsulating nanoparticles of gold, platinum, and palladium during the
synthesis of a functionalized silica-based PL with the aim of developing a liquid support for
heterogeneous catalysis.’® Alternatively, Yang et al. developed a magnetic silica-based PL to separate
copper and lead ions from a water phase.* Because of their low volatility and their high porosity, they
are considered promising candidates to substitute organic phases in liquid-liquid extraction (LLE)
processes. Among the hydrometallurgical processes, LLE plays an important role in metal extraction.
It is used as a separation/purification technique where metals are transferred from an aqueous to an
organic phase.’ While effective, LLE faces sustainability challenges, including reducing emissions and
optimizing solvent use.'® Envisaged as alternatives to the organic phases, PLs could address these
challenges and reduce the environmental footprint of LLE processes by minimizing the use of
hazardous organic solvents and by improving extraction efficiency.

Lead is a heavy metal with high toxicity and bioaccumulation properties, implying that
decontamination treatments must be achieved with an excellent performance. Adsorption, membrane
filtration, and ion-exchange are currently the most widely studied systems for water treatment.”
Among adsorption techniques, activated carbon® and porous silical* are widely used materials
because of their high porosity, their good biocompatibility, and their low cost. Besides, materials in
liquid or gel form are usually preferred for skin decontamination.'®?° Hence, silica-based PLs could

combine the performances of the porous silica with the advantages of a fluid behavior.

In this study, a silica-based PL was used as a solvent-free extracting agent for the extraction of lead
from an aqueous solution. As illustrated in Figure A31, we followed the synthesis methodology
proposed by Zhang et al.? and applied an optimized characterization® to synthesize PLs based on silica
hollow spheres (HS) grafted with organic coronas. The PL was primarily functionalized with thiols to
enhance lead capture in the silica shells.
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Figure A31. Scheme of PL-ref and PL-thiols syntheses.

After its complete characterization, the accessibility of the PL’s porous network to polar liquids was
assessed thanks to an original small-angle neutron scattering (SANS) experiment. Finally, extraction
tests were performed, and the material was analyzed after the extraction to provide insights on the

extraction mechanism.
Materials & Methods

Materials

1,3,5-trimethylbenzene (TMB, 98%), Pluronic F127, potassium sulfate (K;SOs), tetramethyl
orthosilicate (TMOS, 98%), mercaptopropyl trimethoxysilane (MPTMS, 95%), poly(ethylene glycol) 4-
nonylphenyl 3-sulfopropyl ether potassium salt (with an average 20 ethoxy units), acetone, and
cysteine hydrochloride hydrate (99%) were purchased from Sigma-Aldrich, France. Toluene (pure) and
ethanol (96%) were purchased from Carlo-Erba, France. N,N-didecyl-N-methyl-N-(3-
trimethoxysilylpropyl) ammonium chloride (42% in methanol) was supplied by ABCR-Roth Sochiel,
France. A standard solution of lead (1003 ppm) in 3-4% nitric acid was purchased from SCP Science,
Canada and diluted 2.5 times (400 ppm) with water prior to use. 5,5’-Dithiobis(2-nitrobenzoic acid)
(DNTB, 99%) was purchased from Alfa-Aesar, Massachusetts.

For thiol titration, a phosphate buffer at pH = 8 was made with 5.34 g of dibasic potassium
phosphate (Sigma-Aldrich, 99%) and 222 mg of monobasic potassium phosphate (Sigma-Aldrich, 99%)
in 200 mL of water.
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Methods

Thiol-functionalized silica HSs were synthesized as described in a previous study.® Their fabrication is
based on the formation of a soft template made of an oily swelling agent (TMB) and a triblock
copolymer (Pluronic F127). TMOS and MPTMS were used as silica precursors in the presence of K;SO,,
with MPTMS being employed to add thiol groups inside the silica gel. The organic molecules were then
removed by a Soxhlet washing with ethanol with varying time durations (from 1 to 5 days) in order to
maintain the thiol integrity. These spheres are referred to as HS-thiols. As a reference for extraction
tests, nonfunctionalized HSs were also synthesized in the same way. Instead of the Soxhlet washing,
they underwent a calcination step at 550 °C under air for 10 h after the sol-gel process to remove both
the template and the thiol groups. They are named HS-calci.

Afterward, the PL was obtained as described previously,® thanks to the grafting of a cationic
organosilicon [N, N-didecyl-N-methyl-N-(3-trimethoxysilylpropyl) ammonium] at the surface of the HS
in a first step, followed by the addition of a sulfonated polyethylene glycol derivative to form a canopy
through ionic interactions with the organosilicon layer (Figure A31). This last step led to a liquid at
room temperature after washing with hot toluene and drying. To avoid any loss, the material was then
collected by dissolving it again in acetone and drying in a small flask under vacuum for 1 hour. The
functionalized PL was obtained by grafting HS-thiols, and it was labelled PL-thiols. The
nonfunctionalized PL was obtained by grafting HS-calci, and it was labelled PL-ref.

The extraction of lead was achieved by contacting the PL-thiols (100 mg) with 5 mL of an aqueous
phase containing lead at 400 ppm. The separation was performed with membrane filter containing
tubes (from Vivaspin, 30 kDa MWCO) that could go inside the centrifuge to overcome the issue that
the PL was hydrophilic. For the sake of comparison, the extraction was also done with the
nonfunctionalized PL (PL-ref, 133 mg), as well as with HSs (25 mg) with or without thiols inside their
shells. The concentration of lead in the aqueous phases was measured by inductively coupled plasma
(ICP) analysis.

Characterization

Thiol titration in HS-thiols was performed by chemically reacting the spheres with the DNTB reagent,:
and quantification was made by UV-visible spectroscopy on a Varian Cary 50 Bio (Agilent Technologies)
spectrometer, with the software Varian UV Scan 3.00. The sample was prepared as follows: a
phosphate buffer at pH8 was prepared and outgassed under argon atmosphere for 30 min. Then,
5.0 mg of HS-thiol powder was crushed and dispersed in 25 mL of buffer. Three milliliters of this
solution were then mixed with 5 mL of water and 2 mL of buffer. Separately, 40 mg of DNTB was
dissolved in 5 mL of a buffer. All compounds were deoxygenized under argon for 10 min before use.
Finally, 20 uL of the reactive solution (containing DNTB) was added to the preheated mixture
containing HS-thiols at 40 °C. After 40 min of reaction, the absorbance was measured at 409 nm (see
Figure A39). To quantify the thiol concentration, an etalon curve was also done with a cysteine solution
(8.0 mg in 25 mL of buffer) (Figure S6, Supporting Information).

The accessibility of the internal cavities of the PLs was assessed by using SANS measurements. SANS
measurements were performed at the Institut Laue-Langevin (ILL, The European Neutron Source,
Grenoble, France) on the instrument D11 (lowest momentum transfer small-angle diffractometer)
operated with a monochromatic beam (relative fwhm 10%) and with 3He detectors. Configurations
with a wavelength of 4.6 A and a sample-to-detector distance of 1.7 and 16.5 m were used to cover
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a total g-range from 0.002 to 0.4 A where q is the magnitude of the wavevector [g = (47t/A) sin(8/2),
& being the scattering angle]. All measurements were performed under atmospheric pressure and at
room temperature. Samples were contained in quartz cuvettes type 120-QS of 1 mm pathway (Hellma,
Millheim, Germany). Standard corrections for sample volume, neutron beam transmission, empty cell
signal subtraction, and detector efficiency were applied to obtain the scattered intensities. The
absolute scale (cm™) was calculated by normalization with the incident neutron beam. Data reduction
was performed with Grasp 9.25b,%? accounting for the detector background (measured with °B,C),
transmission, sample pathway, parallax, scattering by D,0O, and dividing by the scattering of 1 mm of
H,0 as a flat field correction. The intensity of 1 mm of H,O was used as a secondary standard to obtain
the absolute scale. Data are available on demand (DOI 10.5291/ILL-DATA.9-10-1628). Data modeling
was performed with Sasview 5.0.4. As described in the following, core-shell models were taken into
account to reproduce the experimental data, with a Baxter sticky hard sphere structure factor.
Instrumental resolution was not taken into account.

Aqueous phases of extraction tests were collected and analyzed by ICP optical emission
spectroscopy measurements. The device was an iCAP 7400 Duo Full MFC from Thermo Sicentific
equipped with Thermo Scientific Qtegra Intelligent Scientific Data Solution version 2.10 software.
Calibration was carried out with standard solutions (1000 mg/L, SCP Science), and samples were
diluted 100 times in HNO; (1%) prior to the analysis. The extraction capacity was defined as

Cmoth _ Cma
MW MW

Mmat

Qe =

Vsol

where Q. is the extraction capacity (mmol.g) of the porous material, Cvots is the massic concentration
of the mother solution, Cua is the massic concentration of the aqueous phase after extraction, MW is
the molecular weight of the metal, mpyq: is the mass of the porous material, and Vi, is the volume of
the aqueous phase.

Further characterizations of the materials before and after extraction were obtained by
transmission electronic microscopy (TEM), energy-dispersive X-ray spectroscopy (EDS),
thermogravimetric analysis (TGA), Fourier-transform infrared spectroscopy (FTIRS), and nitrogen
sorption with Brunauer—-Emmett-Teller (BET) and density functional theories (DFT).

TEM was performed on a JEOL 1400+ apparatus with an emission gun operating at 120 kV, equipped
with a LaB6 filament and a sCMOS JEOL Matataki Flash camera. Samples were first dissolved in EtOH
before their deposition on a 400 mesh carbon-coated copper grid.

Additionally, imaging of HS-thiols after extraction and corresponding EDS analyses were achieved
on a high resolution JEOL 2200 FS microscope (HRTEM) at 200 kV. EDS signals were accumulated at
different positions by a silicon drift EDX detector (SDD Oxford Instrument XMaxN 100 TLE) combined
with an STEM setup.

A Mettler-Toledo (Greifensee, Switzerland) TG device (with STARe Software) was used to
characterize the chemical composition of the materials. The samples were put in alumina crucibles,
and they were heated under air from 25 to 800 ° Catarateof 5° C/min.
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Nitrogen sorption analysis was carried out at 77 K with a Micromeritics (Norcross, GA, USA) ASAP-
2020 instrument. Powders were outgassed for 48 h at 80 ° C prior to measurement, and PL-thiols
were outgassed under nitrogen at 80 ° C for 96 h. Specific surface areas were computed by following
the BET model in the P/P, region [0.01; 0.25]. The diameters of the micropores were obtained thanks
to DFT

calculation using the ASAP 2020 V3 software and a model based on cylindrical pores and an oxide
surface.

FTIR analysis was achieved on a PerkinElmer (Wellesley, MA, USA) Spectrum 100 spectrometer in
transmission mode in the range 380-4000 cm™, with a resolution of 4 cm™. Scans were repeated four
times.

Results & Discussion

Synthesis of thiol-functionalized porous liquids

Thiol-functionalized PLs (PL-thiols) were obtained by following the method described previously by Dai
and coworkers.? As illustrated in Figure A31, silica HSs (HS-thiols) are prepared through a sol-gel
process, templated with F127 surfactants. The PL is further obtained by a surface modification of HS-
thiols with a large cationic organosilicon [N,N-didecyl-N-methyl-N-(3-trimethoxysilylpropyl)
ammonium], followed by the addition of a second ionically bound layer of a sulfonated PEG derivative.
In the present study, the calcination of the HS was replaced with a Soxhlet washing in ethanol to
remove the template without destroying the thiols introduced during the silica condensation step. A
nonfunctionalized PL (PL-ref) starting from calcined HS (HS-calci) was also synthesized for comparison.

In Figure A32a, the TEM image of HS-thiols shows monodisperse spherical particles with a total
diameter of 37.8 + 1.8 nm containing a hollow cavity (22.8 £ 1.7 nm of diameter). Similarly, the TEM
image of the PL-thiols shows that the grafting process does not alter the HSs (Figure A32a). SANS
experiments of HS-thiols and PL-thiols (Figure A32b) show oscillations in the range 0.01 — 0.1 A%,
followed by a plateau at angles below 0.01 Al. Parameters used to calculate fitting curves of the
experimental signals are listed in Table S1 in Supporting Information. In particular, a spherical core-
shell form factor and a sticky hard sphere structure factor were used, confirming the spherical shape
of the nanospheres. Diameters obtained with this model were in excellent agreement with the ones
determined by TEM (23 and 37 nm of internal and external diameters, respectively). The discrepancy
between experiment and calculation in the 0.002-0.015 Q-range for the PL-thiols sample can easily be
assigned to the aggregation of the nanospheres, which cannot be accounted with a simple model.
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Figure A32. a) Pictures and TEM images and b) SANS signals of HS-thiols and PL-thiols. For TEM,
magnification is, respectively, x100k and x60k. For SANS, scatters and lines correspond to the

experimental data and fit, respectively.

As mentioned above, the functionalized PL (PL-thiols) was synthesized by a surface modification of
the HS-thiols (Figure A31). The efficiency of this double-step organic grafting on HS-calci was already
assessed in previous studies,?® and the results were similar for HS-thiols. In particular, the TGA trace
(Figure A33a) suggested the presence of 88% of organic grafting (including thiol groups) and 7% of
silica constituting the residual mass. This slightly lower silica content compared to PL-ref (8% of silica)
is explained by the presence of thiols and the variability of the synthesis method. Two weight losses
were visible for the organic parts: the main loss between 200 and 400 °C was attributed to the
polymeric canopy whereas the smaller decrease between 500 and 600 °C was due to the covalently
bonded organosilicon. In PL-thiols, this latter weight loss was switched slightly toward higher
temperatures (600 — 700 °C) compared to PL-ref, probably because of the degradation of thiols
occurring at the same time. The last 5% of the total mass were lost between 100 and 200 °C, and they
were attributed to residual acetone from the synthesis (trapped inside the silica spheres). Besides, the
FTIR spectra of PL-ref and PL-thiols were similar (Figure A33b), and they were consistent with previous
published studies.>® In particular, the presence of organosilicon was verified by the adsorption band
of the C-N bond at 1243 cm™. The intense bands at 1096 and 2868 cm™* characteristic of C-O-C and CH,
stretching, respectively, along with the broad band at 3422 cm™and the weak peak at 1350 cm™ owing
to the OH stretching of the hydrogen bonds and S=0 stretching of the sulfonate group, respectively,
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confirmed the presence of the sulfonated PEG. In Figure S1 (Supporting Information), the FTIR spectra
of HS-calci and HS-thiols clearly show the presence of the organic moieties, with the stretching peak
at 2912 cm™ corresponding to the CH; backbone of the silica co-precursor (MPTMS). The silica network
itself displayed a strong signal with the Si-O-Si antisymmetric stretching at 1045 and 1186 cm™ (TO and
LO mode, respectively) and the symmetric stretching at 804 cm™.2 The weak S-H stretching peak
expected in the 2600-2550 cm™ region was unfortunately not visible because of the proportionally too
strong signal of the silica.
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Figure A33. a) TGA traces of PL-ref and PL-thiols under air at 5 °C/min, b) FTIR spectra of PL-ref and PL-
thiols.

Optimization of the template removal

To remove the surfactant and TMB from the cavity of the HS, without degrading the thiol groups, a
Soxhlet washing with ethanol was performed. In order to optimize it, the porosity of HS-thiols was
followed by nitrogen sorption measurements when varying the time of washing (24 h and 120 h), and
it was compared to the porosity of HS-calci (Figure A34a). HS-calci displayed a type IV + type | hybrid
isotherm disclosing the presence of micropores and a hysteresis at relative pressures between 0.4 and
0.9 typical of the large mesoporous cavities.>® According to the BET model, a specific surface area of
323 + 5 m?g! was obtained for this sample, and DFT calculations revealed the presence of a high
proportion (71%) of 1.4 nm-large micropores inside the silica shell. In comparison, HS-thiols washed
for only 24 h showed less porosity with a specific surface area of 199 + 5 m2 gL, In particular, the cavity
was not completely empty given that the hysteresis loop was not visible in this signal. In addition, a
comparatively less significant increase in the adsorbed gas volume at low relative pressures was
observed, indicating that the micropores were also partially obstructed. Therefore, HS-thiols
underwent an extensive washing for 5 days (120 h) to determine whether all the template could be
extracted totally. Indeed, the nitrogen sorption measurement after 120 h displayed a high porosity,
with a specific surface area similar to the one of HS-calci (308 + 2 m? g!), and a substantial increase in
the adsorbed volume in the micropore region was visible. Indeed, DFT calculations showed 75% of
1.4 nm-large micropores. Finally, the presence of the hysteresis in the region 0.4-0.9 P/P, suggests the
presence of an empty cavity that is accessible to the gas and supports the conclusion that the removal
of the template was effective. Furthermore, the porous volume of the micropores could be directly
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read on the curve at 0.09 P/P, (after applying a correction factor specific for nitrogen), and it was
0.095 cm3 g1, Based on these results, the porosity of the silica shell of HS-thiols (volume of micropores
in the volume of the silica shell) was estimated to 12%, and this value was used to refine the fit of SANS

measurements.
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Figure A34. a) Nitrogen sorption isotherms of HS-calci (black), HS-thiols washed by Soxhlet after
t; = 24 h (green), and HS-thiols washed by Soxhlet after t; = 120 h (blue), b) TGA of HS after calcination
(HS-calci, black), and before (red) and after (blue) Soxhlet washing for 120 h (HS-thiols). The star
indicates an artefact from the device.

In the TGA traces (Figure A34b), the silica content of HS-calci was 94%, mainly because of the
presence of water, given that the silica network is highly hygroscopic. In contrast, the silica content of
HS-thiols after and before the Soxhlet washing (120 h) were 71 and 48% respectively. Hence, the thiol
part accounted for near to 30% of the total weight of the materials, and this number was consistent
with the literature.'®* The organic template represented about 20%.

Porous liquid porosity measurement

To assess the porosity of PL-thiols, a nitrogen sorption analysis was performed after an extensive
outgassing under nitrogen for 4 days at 80 °C. However, no signal was obtained under these conditions
(Figure A35). This suggested that the porosity of HS-thiols was either completely obstructed or that
the pores were filled with a solvent from the last steps of the synthesis. Because of confinement, this
solvent may be too hard to remove under normal outgassing conditions. Since the organosilicon was
carefully chosen not to penetrate the pores, the hypothesis of a residual solvent was more likely to be
considered. To verify this, a study of the permeability of PL-ref and PL-thiols to liquids was conducted
by using SANS analysis.
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Figure A35. Nitrogen sorption isotherms of HS-thiols and PL-thiols.

Permeability of the porous liquids to liquids

It is of high importance to evaluate the pore accessibility to polar liquids before considering PLs for
metal extraction. SANS measurements were therefore performed on the PL-ref after its immersion in
aqueous solutions of various volume fractions of D,0: xp,0 = V(D20)/(V(H20)+V(D20)). Neutron

scattering experiments indeed present the unique property of allowing measuring a sample structure
with a gradual contrast by immersing it in solutions with various ratios of hydrogenated and deuterated
compounds.? If the scattering signal collapses at some ratio, such a so-called contrast matching
experiment allows determining the scattering length density (s/d) of the material (which is related to
its density). For porous materials, it is necessary that the liquid solution penetrates the whole porosity
to match the contrast. In the case of complete matching (i.e., scattering extinction), such an
experiment therefore demonstrates that the liquid fully penetrates the internal cavities of the
material. If some signal remains visible at the maximum contrast matching, it may be due to unfilled
pores or to unmatched parts of the material (e.g., for hybrid materials). In case of the residual signal
at the maximum contrast matching, a fit is necessary to conclude on the solvent accessibility to the
PL’s porous network.

Figure A36 presents a SANS contrast variation experiment with PL-ref immersed in various
H,0/D,0 solutions. A constant was further subtracted to account for an incoherent background mainly
due to hydrogen atoms (Figure A36b).
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Figure A36. SANS spectra of PL-ref immersed in H,O/D,0 mixtures with various ratios xp0 a) before

and b) after incoherent signal subtraction. The rotating arrow indicates the trend of evolution in
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intensity at 0.003 A from Xp,0 = 5% t0 xp,0 = 100%. The top inset of Figure 6a displays the variation of

intensity at 0.003 AL, For sake of clarity, some ratios were not plotted in Figure 6b.

As plotted in the top inset of Figure A36a, the scattering intensity at small angles (arbitrarily
measured at 0.003 A) shows a strong variation with the ratio Xp,0. The maximum contrast matching

(i.e., the signal with the minimum intensity) occurs at xp,0 = 52%, corresponding to an sld of the
H,0/D,0 mixture of 3.06 10° A2 This value is consistent with a matching of the PL made up of silica

and organics (s/duensesiica= 3.46 10 A2 and sldosirec=0.24 10° A2, see details in Supporting
Information).

Moreover, a strong structural peak is visible at 0.09 A and its intensity increases gradually when
increasing xp,o ratios. Even after subtracting the incoherent signal (Figure A36b), this peak hides the

residual signal of the PL and prevents performing a proper fit at xp,o ratios close to the matching

contrast. Since this peak was not visible in the case of the dry PL (Figure S2, Supporting Information),
it was attributed to the structural organization of the amphiphilic organic shell in the presence of
water.?’> To confirm this hypothesis, water was replaced with a simple hydrotrope as ethanol, which is
expected to prevent the formation of such nanodomains.

The contrast variation experiment was therefore performed with PL-ref and PL-thiols in the
presence of mixtures of hydrogenated and deuterated ethanol (EtOH/EtOD). Results obtained with PL-
ref and PL-thiols are, respectiveley, presented in Figure S3 (Supporting Information) and Figure A37.

a) ] < PL-thiols in EtOH/EtOD with X o, = s
) ] s o 1l by 10 . PL-thiols in EtOH/EtOD with X0, =
o “«
) 20% 2100 1024 e 5%
4 z «
7"10 3 \ 40% 2 50 20%
] o 3 1 “ 40%
g 50% 2z, 10'4 ’
CJ ] —— 60% - “, 50%
= ] 80% 0 20 40 60 80 100 c o « < 100%
"? 1 . Xerop (%) s 1074 pRYEL S RPPRR
@ — 100% = e,
S 10+ 2 1011 s
o 103 =
g 2 -
- 2 10?4
107+
10°4
E 104
T T 10-5 T T
0.01 0.1 0.01 0.1
Q@A™ QA"

Figure A37. SANS spectra of PL-thiols immersed in EtOH/EtOD mixtures with various ratios Xeop a)
before and b) after incoherent signal subtraction. The rotating arrow indicates the trend of evolution
in intensity at 0.003 A from Xp,0 = 5% 10 Xp,0 = 100%. The top inset of Figure 7a displays the variation

of intensity at 0.003 A, For sake of clarity, some ratios were not plotted in Figure 7b.

The strong structural peak present in the case of water disappeared in the case of ethanol,
confirming that it was due to a structuration of the organic shell of the PLs in the presence of water. It
is also interesting to notice that the ratio of maximum contrast matching occurs at xgop = 43% for PL-
thiols, corresponding to an sld value of 2.42 10° A2, The lower sld value for PL-thiols than for PL-ref is
consistent with a higher content of organics in this PL due to its functionalization with thiols. In order
to verify if the PL is fully permeable to ethanol, it remains necessary to investigate the origin of the
residual scattering signal at this ratio of maximum contrast matching.
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SANS data measured with xgop = 40% was therefore compared with three calculated curves
corresponding to the three scenarios illustrated in Figure A38: i) the solution enters the organic shell
but not the micropores of the HS; ii) the solution fills all the micropores of the HS but the internal cavity
is not accessible; iii) the PL is fully penetrated by the solution. At higher angles, a residual signal of the
organic chains in ethanol was calculated thanks to an Ornstein-Zernike model. The parameters used
for calculation are listed in Table S2 (Supporting Information).

It appears clearly that case iii) provided the best fit with the experimental data, with a dramatic
decrease in the signal intensity. This experiment therefore demonstrated that both micropores and
internal cavities contained in the PL are fully accessible to polar liquids, which confirms that this
material can be considered as a candidate for metal extraction by LLE or surface decontamination.

i) ii) iii)
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Figure A38. SANS data of PL-thiols immersed in EtOH/EtOD with xerop = 40% and SANS spectra
calculated with models corresponding to the three scenarios illustrated on the top of the figure: i)
solution enters the organic shell but not the micropores of the HS; ii) solution fills all the micropores
of the HS but the internal cavity is not accessible; iii) PL is fully penetrated by the solution.

Extraction tests

PLs are promising candidates for metal extraction because of the high surface area of the nanoitems
they contain. In particular, their fluid behavior could be interesting for metal extraction. A
functionalization of these tunable materials is expected to be important for the extraction of a targeted
metal. Herein, extraction tests on an aqueous solution of lead were performed either with the HS or
with the PL, both with and without thiols functionalization. After mixing the porous materials (25 mg
of HS and 100-130 mg of PL) with an aqueous solution containing 400 ppm of lead, the separation was
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performed by centrifugation with membrane filter containing tubes (from Vivaspin). The results of
extraction after 24 h of contact at room temperature are gathered in Table A3. For HS-thiols, the
highest extraction yield was 43.9 £ 1.1%, corresponding to an extraction capacity of 0.079 + 0.003
mmole, gmat*. Regarding PL-thiols, the extraction yield was higher (58.3%), corresponding to an
extraction capacity of 0.058 +0.002 mmolp, gmat *. According to the TGA of HS-thiols and PL-thiols
(Figure A33a and Figure A34b), only 10% of the weight of the PL is attributed to the thiol-containing
HSs. Hence, a theoretical extraction capacity would only amount to 0.008 mmole, gmat * based on the
results obtained for solid HS-thiols. Therefore, the capacity was largely increased (7 times) by the
presence of the organic moieties. Furthermore, HS-calci and PL-ref containing no thiols showed no
performance in lead extraction. These results show that not only are the thiol groups accessible but
also that their presence is essential for the success of the extraction, and that no extraction can be
attributed to the organic corona alone.

This extraction capacity is lower than the one observed by Yang et al. with their magnetic PL,*
despite the absence of functionalization of the silica shell in their material. Indeed, they observe a
surprisingly high adsorption capacity of around 1 mmol g%, but it is worthy of note that the hybrid
liquid with no pores they used as a comparison also displayed a significant adsorption capacity of
0.6 mmol g, It is not clear in this case to what extent the presence of the HSs played an important
role in the total extraction of the metal. Besides, the extraction capacities observed for similar systems
in solid-liquid extraction are also higher.?"2 For instance, Wu et al.?’ reported a capacity of 0.5 mmol g°
! for a thiol-functionalized mesoporous silica. However, if their material were dispersed at 10% in an
organic matrix, it would be expected to decrease to about 0.05 mmol/g that is slightly lower than the
capacity displayed by the PL-thiols.

Table A3. Extraction yields and extraction capacities of HSs and PLs with and without thiols.

Hollow silica spheres Porous Liquid
Without thiols With thiols Without thiols With thiols
(HS-calci) (HS-thiols) (PL-ref) (PL-thiols)
Extraction (%) No extraction 439+1.1 6.3+2 58.3+1.3
Extraction capacity o traction 0.079 + 0.003 (5 + 40)x10° 0.058 + 0.002
(mmoleb/gmat)
Extraction capacity i raction 0.079 + 0.003 (6.3 + 50)x10° 0.58 +0.02

(mmoleu/gsioz)

Lead extraction mechanisms

The mechanism of extraction of lead was studied by TEM and EDX analyses. TEM images of HS-thiols
after extraction (Figure S4, Supporting Information) did not allow observation of lead inside the
cavities and around the spheres. As a result, one can assume that lead did not precipitate and was
located in a cation form inside the silica shell. Moreover, the EDX cartography (Figure S5, Supporting
Information) suggested that the lead and the sulfur signals were located on the silica HSs; however,
the resolution of the analysis was too poor to conclude whether lead was effectively linked to the thiol
groups inside the silica shells.
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To quantify the ratio of metal over chelating groups, it was necessary to titrate the thiol groups in
HS-thiols. Even though TGA gives an estimation of the total number of thiols, it was expected that not
all thiols would be accessible. Indeed, the use of the co-condensation method implies that functional
groups are well dispersed in the silica network, so they are not necessarily close to an open pore
surface. In order to further quantify the accessible thiols in HS-thiols, a titration method using the
Ellman’s reagent has been applied. 2 Briefly, it consisted of contacting the powder of HS-thiols with a
mixture of water and phosphate buffer (pH8) containing the DTNB reagent (Ellman’s reagent) at a
known concentration (Figure A39). The absorbance was measured at 409 nm, and the concentration
was deduced from an etalon curve obtained by using cysteine as a standard (Figure S6, Supporting
Information). In this manner, a concentration of 0.31 mmol g of accessible thiols was found for HS-
thiols (corresponding to about 3.4% of the total thiol groups).

;
=
=

AT

1) Ultrasound
2) 40°C, 40°, Ar

Absorbance measurement
— ) - 105

Ellman’s reagent,
— in water/phosphate buffer

e a— Powder of HS-thiols

Figure A39. lllustration of the thiol titration in HS-thiols by reaction with DTNB (Ellman’s reagent) under
an argon atmosphere. The concentration was deduced from an etalon curve obtained using cysteine
as a standard. The figure was partly generated using Servier Medical Art, provided by Servier, licensed
under a Creative Commons Attribution 3.0 unported license.

Considering this number of accessible thiol groups of 0.31 mmol g, one can conclude that there
was one lead atom for three thiols. According to the literature, the coordination number of lead with
thiols is usually 1,%3° meaning that about one-third of the thiols may contribute to the complexation
of lead. Because the thiols are introduced in the silica network by co-condensation, it is likely that two-
thirds of the accessible thiols are located in too highly sterically hindered pores, preventing a good
complexation.

Conclusion

In this study, a silica-based PLs was functionalized with thiol groups to evaluate its potential application
for lead extraction, which is essential for applications such as LLE, water, or skin decontamination. A
complete characterization of the obtained materials (HSs and PL) allowed validating the synthesis
methodology and revealed that the porous network of the PL requires extensive drying to be fully
empty. As the accessibility of this porous network to aqueous solutions and metals is essential to
applying PLs for LLE, an original SANS experiment was proposed to verify that PLs are permeable to
liquids. By immersing PLs in various solutions and performing a so-called contrast variation experiment,
we successfully demonstrated that both the micropores of the silica coronas and the internal cavities
of the silica hollow nanospheres were accessible to liquids. The PLs were further tested for the LLE of
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lead. The functionalization of the PL with thiols led to a good extraction capacity, whereas the absence
of thiols implied no extraction. Interestingly, the presence of the organic corona induced an enhanced
extraction since the extraction capacity of the PL was more than 7 times higher than that of pure
spheres (when taking into account the lower mass fraction of spheres in the PL). It was finally estimated
that around 32% of the accessible thiols were occupied by a lead ion. This study therefore provides a
proof-of-concept for using silica-based PLs for LLE of metals and reveals the important parameters for
optimizing an efficient extraction. PLs need to be functionalized with a chelating agent to improve
metal extraction, revealing that extraction occurs primarily in the micropores of silica coronas and that
the internal mesocavity may not be necessary for such applications. Lead extraction could therefore
be improved both by a higher density of accessible grafted thiols and thicker silica coronas.

Supporting Information

The Supporting Information is available free of charge at:
https://pubs.acs.org/doi/10.1021/acs.jpcb.3c08295.
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Abstract

Developing greener hydrometallurgical processes implies offering alternatives to conventional
solvents used for liquid-liquid extraction (LLE) of metals. In this context, it is proposed to substitute the
organic phase by a hydrophobic silica-based porous liquid (PL). Two different sulfonated hollow silica
particles (HSPs) are modified with various polyethoxylated fatty amines (EthA) forming a canopy that
provides both the targeted hydrophobicity and liquefying properties. This study shows that these
properties can be tuned by varying the number of ethylene oxide units in the EthA: middle-range
molecular weight EthAs allow obtaining a liquid at room temperature, while too short or too long EthA
leads to solid particles. Viscosity is also impacted by the density and size of the silica spheres: less
viscous PLs are obtained with small low-density spheres, while for larger spheres (c.a. 200 nm) the
density has a less significant impact on viscosity. According to this approach, hydrophobic PLs are
successfully synthetized. When contacted with an aqueous phase, the most hydrophobic PLs obtained
allow a subsequent phase separation. Preliminary extraction tests on three rare earth elements have
further shown that functionalization of the PL is necessary to observe metal extraction.

Keywords

Porous liquids, silica hollow spheres, nanoscale ionic materials, hydrophobicity, solvent extraction.
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Introduction

Liquid-liquid extraction (LLE) is a widely used separation technique for many applications, ranging from
analytical methods to water treatment or industrial hydrometallurgical processes.! In this latter case,
LLE is the most common technique applied since it can handle large amounts of metals, by generally
employing low-cost compounds. For instance, it is largely applied in the recycling chemistry of critical
metals such as rare earth elements from permanent magnets.? Besides, liquids are far simpler to
manipulate and store than gas or solids. LLE unfortunately implies the use of huge amounts of solvents
and diluents, thus having a high environmental cost,? and it also faces the well-known drawback of
the formation of a third phase.® Therefore, alternatives are required, and a number of studies are
focusing on new eco-friendly formulations** or non-volatile organic phases like ionic liquids or deep-
eutectic solvents.>” Flotation is also considered to develop new routes of separation.® Solid-liquid
extraction is usually proposed as an alternative to replace the solvent phase by a porous solid capable
of extracting the elements of interest generally with excellent capacity and selectivity.>*! Despite
these good performances, the use of solids requires to change infrastructure with respect to already
existing ones. Given that they combine the properties of porous solids with the easiness of
manipulating liquids, porous liquids might be good candidates as an alternative to the solvent phase
in LLE.

Porous liquids (PLs) have been a fast-growing field of research since their concept was first
introduced by O’Reilly et al.*? in 2007. They describe liquid materials at room temperature or below
100 °C that have an intrinsic porosity, due to the presence of host cage molecules, particles or
networks, either dispersed in a hindered solvent, chemically modified, or physically treated to ensure
a liquid behavior through weak interactions. This intrinsic porosity is sustainable and significant enough
to consider these materials as carriers for many species. Despite their high potential, the application
of PLs is consistently restricted to gas sorption so far.2*"%6 |n fact, among the different kinds of PLs that
exist, most of them contain cavities less than 1 or 2 nanometers large, implying that the pores would
be too small to welcome larger species like metal ions or metalorganic particles. In contrast, silica-
based PLs are promising materials for metal extraction or catalysis because of their low cost, tunable
and relatively easy synthesis, and the nanometric size of their cavities.'*'” Hence, Hemming et al.'®
recently demonstrated the possibility of encapsulating nanoparticles of gold, platinum and palladium
inside the silica hollow cores during their synthesis, without significantly affecting the grafting steps
forming the PL afterward. Furthermore, Yang et al. successfully separated heavy metals like lead and
copper from a water phase by using a magnetic silica-based PL to make the collection
possible. 1575757571 |n addition, at variance with LLE requiring the use of high amount of toxic volatile
solvents, solvent-free silica-based PLs account for a process with low impacts on the environment.

Silica-based PLs were synthesized for the first time by Zhang et al.** in 2015. This synthesis consists
in grafting a cationic organosilicon to the surface of hollow silica particles (HSPs), then adding a second
layer of a sulfonated polyethylene glycol (PEG) derivative bound by ionic interactions. This last step is
responsible for the liquid behavior of the porous material, along with its hydrophilicity, and no
additional solvent is required. Many of the latest studies reported in the literature are restricted to
systems based on Zhang’s method,>?*2® and only few knowledge has been gathered about their
synthesis and their tunable properties up to now. Very recently, Ben Ghozi Bouvrande et al.?® assessed
various experimental conditions for the synthesis of silica-based PLs and highlighted the impact of
different parameters (such as temperature and emulsion formulation) on PLs final properties.
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Meanwhile, Lai et al.?* investigated the impact of the grafting density and the molecular weight of the
tethered groups on the permeability and the viscosity of the PL.

Considering the numerous applications involving HSPs described in the literature, it would be
worthy to consider their extension to silica-based PLs. Hence, the fabrication of stable antibacterial

26-28 29,30

coatings,? functional superhydrophobic surfaces, smart inks and paints,”*° and functional glasses,

1831 cosmetics,®? and LLE are all applications

as well as catalysis in hydrophilic or hydrophobic media,
that could fit to these innovative liquid materials, along with gas sorption and separation. To broaden
the applications of PLs, it is necessary to adapt the synthesis to tune their structural and
physicochemical properties. For instance, LLE requires a hydrophobic PL, as well as adjustable and
functionalizable silica cores. In particular, the cavities of the HSPs used by Zhang et al. are small (14 nm
of internal diameter) whereas syntheses of bigger HSPs with larger pores inside the shell are largely
described in literature (with internal diameters over 100 nm).?”-33-3> Forming a porous liquid with such
big cavities could lead to an even broader range of applications. In particular for LLE, a bigger cavity
could mean more room for a possible metallic nucleation, while larger pores could facilitate the

diffusion of metallic ions inside the shell.

This study proposes a new route to synthesize hydrophobic PLs with adjustable size of cavities. As
illustrated in Figure AAla, PLs with various particles size, density and porosity were prepared: small
non-porous silica nanoparticles (SiNPs) and porous HSPs with two different sizes (“small” HSPs, which
are few tens of nanometers large, referred to as sHSPs, and “big” HSPs, which are few hundreds of
nanometers large, referred to as bHSPs) were compared. Inspired from the work of Rodriguez et al.%,
the particles where then covalently grafted by a sulfonated organosilicon. These modified silica
spheres were further liquefied by the neutralization of the sulfonated surfaces with commercially
available N,N-polyethoxylated fatty amines (EthAs) forming the organic canopy (Figure AA1b). The
length of the hydrocarbon tail of these amphiphilic amines derivatives was considered as sufficiently
hydrophobic and was fixed (mixture of Cis to Cis alkyl chains) whereas the length of the two PEG
substituents was varying with a total number of ethylene oxide units (n+m) ranging from 5 to 92,
allowing to tune the hydrophobicity of the final material.

Before achieving the synthesis of the corresponding PLs, the silica spheres were synthesized and
characterized in terms of shape, size, density and porosity. The physico-chemical properties of PLs
were also determined (physical state, melting temperature, viscosity, and molecular structure). Given
that hydrophobicity is a key parameter for an application in LLE, it has also been assessed for two PLs
by evaluating their behavior when contacted with water. Finally, preliminary extraction tests on three
rare earth elements (neodymium, praseodymium, dysprosium) generally found in permanent magnets
were conducted on PLs after their functionalization with a specific chelating ligand.
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Figure AAL. Synthesis of the porous liquids. a) The main four steps of the synthesis: HSP formation,
calcination, covalent grafting of the sulfonated organosilicon, and ionic binding with the ethoxylated
fatty amine. b) Scheme of the final grafting at the HSP surface. For the sake of simplification, a generic
structure of commercially available modified tallow amines was given as polyethoxylated derivatives
of hexadecylamine. The overall number of ethylene oxide units (n+m) was varied from 5 to 92.

Results and discussion

Synthesis and characterization of the hollow silica particles

The basic building blocks of the PLs are the HSPs, whose size, cavity diameter, and shell porosity can
be tuned by using different synthesis methods. In this study, three kinds of silica cores were
investigated. Small hollow particles, sHSPs were synthesized with the use of the oily 1,3,5-
tetramethylbenzene (TMB) and the amphiphilic F127 as templating agents.!* Calcination of the
resulting material provided the expected sHSPs in quantitative yield. Big hollow particles, bHSPs were
obtained by following a procedure derived from the Stéber method®® with an additional incubation
step in water leading to the formation of the hollow cavities of bHSPs (Figure AA1la). Besides,
commercially available SiNPs were used as a non-porous reference. Transmission electron microscopy
(TEM) imaging allowed to observe the cavity of the HSPs and to distinguish them from the SiNPs that
showed no contrast difference between their core and their surface (Figure AA2).
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Figure AA2. TEM images of a) SiNPs (x80k) b) sHSPs (x80k), and c) bHSPs (x10k).

It can be noticed that some of the bHSPs present a non-perfect spherical shape. This can be assigned
to the use of a soft template for such big particles.?’” The internal and external diameters could be
extracted from the images. SiNPs have a diameter of 17.4 + 2.8 nm, sHSPs are in the same size range
with an external diameter of 25.4 + 1.4 nm, and an internal diameter of 14.8 + 1.3 nm, while bHSPs are
one order of magnitude bigger with mean external and internal diameters of 236.0 + 64.4 nm and
203.6 £ 58.8 nm respectively (Figure S2, Supporting Information). These results are gathered in Table
AA1 and Table S1 (Supporting Information). TEM results were correlated with those deduced from
SAXS and USAXS (Figure AA3). The three powders provide an increase in scattering intensity at low
angles, which is characteristic of nanospheres. Oscillations were fitted with SasView software for SiNPs
and sHSPs. They correspond to monodisperse nanospheres and nanoshells respectively, with
diameters consistent with the ones obtained from TEM images (Table S1, S2 and Figure S3, Supporting
Information). The less pronounced oscillations observable for SiNPs are consistent with a higher
polydispersity for these particles. bHSPs are found to be too big and polydisperse to provide any proper
fit in this Q range.

104 4

I”1I0'2 - 1(I)1 - I””10°
QA"

Figure AA3. Comparison of the structural organization of SiNPs (black squares), sHSPs (red circles), and
bHSPs (blue triangles) powders by SAXS-USAXS.
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Additionally to the size of the particles, their density and their porosity are expected to play a role
on the dynamics and on the viscosity of the final PL. The packing densities of the three powders were
measured by packing a calibrated mass of the materials in a graduated container and measuring their
volume (Table AA1). SiNPs are the densest particles (1.02 + 0.06) because of their smallest size and
insignificant porosity. In the same manner, sHSPs are denser than bHSPs (0.56 + 0.06 and 0.12 + 0.06
respectively) because they are smaller and less porous.

Table AAL. Relationship between the size, packing density and porous properties of the powders for
the three silica cores used to synthesize hybrid liquids.

External Internal Packing Porous -
. . . Seer w  Poressize
diameter diameter density [m?/g] volume [nm]
(TEM) [nm]  (TEM) [nm] [g/cm’] & Lem¥g]
SiNPs 17.4+2.38 - 1.02 £ 0.06 175 0.42 -
sHSPs 25.4+1.4 14.8+1.3 0.56 + 0.06 6912 0.66 1.4
bHSPs 236.0+64.4 203.6 +58.8 0.12+0.06 981 0.78 1.5/3.7

AThe presence of a high content of microporosity in SHSPs induces an artificial increase in the BET specific surface
area; PPorous volume recorded at P/Po = 0.87 to exclude the interparticle void; “Pores size in the silica shell for
sHSPs and bHSPs, the underlined value corresponds to the most represented.

To correlate the density with the porosity of the spheres, N, sorption measurements were also
performed (Figure AA4) and the main characteristics are gathered in Table AA1. For the SiNPs, a Type
IV isotherm (named according to the IUPAC classification) was obtained, with a low volume of
adsorbed gas (0.42 cm?/g), suggesting the presence of a few mesopores. Similarly, sHSPs displayed a
Type | + Type IV hybrid isotherm, with an H1 hysteresis at relative pressures between 0.5 and 0.87,
revealing a large distribution of mesopores (the cavities) and the presence of a microporosity in the
shell. The porous volume is estimated at 0.66 cm?3/g (see details in Section S2, Supporting Information),
and the diameter of the pores is 1.4 nm based on density functional theory (DFT) calculations (Figure
AA4, insert). The signal of bHSPs approaches a hybrid Type Il + Type IV curve typical of a macroporous
solid containing micro- and mesopores. In this case, the cavity inside the particle is considered as a
macropore because its diameter overcomes 50 nm. Moreover, the presence of two steps (for relative
pressures =~ 0.005 and 0.3) instead of one indicates two different populations of micro- or mesopores
in the shell. The porous volume is 0.78 cm?/g (see Section S2, Supporting Information) and this high
porosity is consistent with the lowest density discussed previously. The distribution obtained by DFT
confirms that the major part of the pores has a diameter of 3.7 nm and the minor part has a diameter
of 1.5 nm. The presence of mesopores is encouraging for application in LLE.
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Figure AA4. Adsorption/desorption isotherms of N, sorption at 77K in SiNPs (black), sHSPs (red), and
bHSPs (blue). Insert: pore size distribution expressed by surface area (DFT).

Synthesis and characterization of the porous liquids

Synthesis of porous liquids

The PLs synthesis involved the modification of silica spheres with surrounding amphiphilic brushes
whose chain mobility, ionic interaction strength, and hydrophilic/lipophilic balance (HLB) were
expected as some of the main key parameters ruling the properties of the modified materials. This
modification consisted first in the covalent grafting of a sulfonated organosilicon, namely the 3-
(trihydroxysilyl)-1-propane sulfonic acid (SIT), onto the surface of the silica particles achieved in heated
lightly acidic (adjustement at pH 5-6 with NaOH 1M) aqueous solutions (Figure AA1).° It was then
followed by the protonation of the tethered sulfonate groups by using a cation-exchanger column.
Finally, the recovered high sulfonic acid-containing material was allowed to establish an ionic
interaction with stoichiometric amount (neutralization monitored by pH-meter) of a fatty ethoxylated
amine (EthA) carrying two PEG arms containing a tunable number of ethylene oxide units (n and m
withntm =5, 11, 22, 50, 92; labelled EthA-5 to EthA-92). These amines were all commercially available,
except for EthA-92 that was synthesized in the laboratory according to the procedure described by
Atta et al.>” by ethoxylation of the stearylamine with the corresponding PEG (see section S1, Supporting
Information). All modified materials were distinguished according to the nature of the silica sphere
precursor and the n+m value of the associated EthA (e.g., PL-sHSPs-22 was made with sHSPs and EthA-
22). For liquids based on SiNPs, they were labeled PL-SiNPs even though these materials are non-
porous. Their physico-chemical properties have been summarized in Table AA2.

Size and shape analysis of PLs

In Figure AA5, TEM images show that the particles’ shapes and sizes are not altered by the chemical
modification. Additionally, the particles appear less aggregated on the copper grid than in Figure AA2,
suggesting the presence of the organic molecules between the particles. However, the PEG length
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seemed to have only little impact on the distance between particles (Figure S4 and Table S4,
Supporting Information) and was =~ 30 nm in all cases.

Structural analyses of PLs with SAXS and USAXS measurements (Figure S5, Supporting Information)
corroborated these results. The remaining oscillations are characteristic of the silica cores integrity. A
structural peak is moreover present for all the PLs, corresponding to a correlation distance of 3.9 to
4.0 nm (except for PL-sHSPs-92 in Figure S5b). This peak reflects a structural contribution of the
amorphous amine since it is also present in the signals of the pristine amines in Figure S5d (except for
EthA-50 and EthA-92). As observed previously,® this peak was attributed to nanostructuration of the
PEG chains induced by water.

Assessment of the grafting efficiency

The grafting efficiency was primarily evaluated by TGA and FTIR spectroscopy. Figure AA6a shows the
thermal decomposition of pure EthA-22 and PL-sHSPs-22 under air, at a rate of 5 °C/min.
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Figure AAG6. Grafting efficiency of sHSPs in PL-sHSPs-22 proved by a) thermal decomposition of PL-
sHSPs-22 and EthA-22, b) FTIR spectra of PL-sHSPs-22, EthA-22 and SIT.
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A large fall in weight (68%) was observed at 325 °C, which is attributed to the deterioration of the
canopy. Also, a small percentage of the weight loss (= 6%) was visible at = 380 °C, which may be due
to a molecular weight dispersion of the commercial EthA. Indeed, this dispersion was also visible in the
decomposition of the pure amine. Furthermore, the weight loss in the signal of EthA-22 occurred at
higher temperatures, indicating that the presence of silica nanoparticles lowers its thermal stability.3®
A second major weight loss at 550 °C (12.4%) was caused by the deterioration of the SIT corona, and
the residual weight percentage finally gave the silica content of the PL (10.9% in this case). In addition,
at temperatures = 100 °C, a small weight loss of 2.6% was revealed, corresponding to residual water
contained in the PL. Repetitions of the same measurement led to water contents varying between 1%
and 5%, suggesting that the material is highly hygroscopic. The measurements were performed for all
the PLs (Figure S6, Supporting Information), and two histograms are represented in Figure S7
(Supporting Information) to summarize these results (Figure S7a considers the impact of the chains
lengths whereas Figure S7b shows the impact of the core nature). When the amine length was varied
from n+tm =5 to 92 (Figures S6a, S7a), the weight content corresponding to the canopy was
consistently increased. Details on the molar ratios of Amine/SiO, and Amine/SIT are provided in Tables
S5, S6 (Supporting Information).

FTIR spectroscopy confirmed the efficient grafting of the organosilicon and of the polyethoxylated
canopy (Figure AA6b). Two small absorption bands at 1413 cm™ (C) and 687 cm™ (E) appear after the
addition of the SIT onto the silica spheres, which are respectively assigned to the S = O stretching of
the sulfonate and to the vibration of the CH; groups of the propyl chain. Two other peaks at 2918 and
2857 cm™ (B) correspond to the stretching of CH, groups and an increase in intensity of these peaks
was observed after the addition of the amine due to its long alkyl chain. The very intense band at
1066 cm™ (D) includes both the Si-O-Si and the CH,-CH,-O stretching.?®*° The two broad bands at 3433
and 1645 cm™ (A) are reported to be characteristic of OH bonds in water molecules.?®**! In Figure S8
(Supporting Information), the FTIR signals of all the PL-sHSPs normalized according to the peak (E) were
consistent with an increase in the number of ethoxy groups when varying the amines from 5 to 92.

Physical properties of porous liquids

PLs were further characterized to investigate their macroscopic properties, and how they are
influenced by the nature of the silica core and of the canopy. For comparison, it is worthy to note that
pure amines EthA-50 and EthA-92 are in a solid state whereas the three low molecular weight amines
(EthA-5, EthA-11, and EthA-22) are in a liquid state at room temperature. Table Aa2 gathers the
physical states of PLs obtained at room temperature while varying the number of ethoxylated groups
of the canopy from 5 to 92, onto three types of silica spheres: SiNPs, sHSPs and bHSPs.

Among all the PLs based on sHSPs, only PL-sHSPs-11 and PL-sHSPs-22 display a liquid behavior at
room temperature. PL-sHSPs-5 becomes solid because of a too-high ratio of silica content over organic
molecules. On the other hand, PL-sHSPs-50 and PL-sHSPs-92 are also solid at room temperature. This
behavior is assumed to be caused by crystalline domains in longer ethoxylated chains with hydrogen
bonding occurring and leading to less mobility.?* Additionally, a longer ethoxylated chain is more likely
to interact with a neighboring silica particle, creating a network-like structure.* DSC measurements
allowed to compare the melting temperatures of all the PLs (Table AA2; Figure S9, Supporting
Information). They are consistent with the previous observations.
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Table AA2. Physical state of PLs at room temperature, along with their melting temperature (Tm) in °C
and the viscosity (1) in Pa.s at 50°C and y = 10 s™ (italic). The picture shows all the PL-sHSPs at room
temperature.

Hydrophobicity
n+m 5 11 22 50 92
liquid liquid solid L B B0 LT
PL-SiNPs 14.2°C 54.8°C B
10.80.5 Pa.s l. I B
solid liquid liquid solid solid ?
PL-sHSPs no 10°C 2.8°C 40.6°C 54.8°C ‘& B i
melting ’, s .
28.6 +2.0 Pa.s 3.1+0.5Pa.s 17.9+6.0Pa.s j S - ;
solid liquid liquid 5 11 22 50 92
PL-bHSPs  50.5°C 15.3°C
36.1+0.5Pa.s

Furthermore, the viscosities of the PLs were measured at different temperatures, and Figures S10,
S11 (Supporting Information) show the results for PL-sHSPs-22. Note that condensation occurred at
15 °C, leading to a significant decrease in viscosity, therefore the corresponding value has not been
reported on Figure S10. At 20 °C, the viscosity of PL-sHSPs-22 is very high (10* Pa.s), but it exponentially
decreases when increasing the temperature: at 50 °C, the viscosity is = 10° Pa.s. This value is
comparable to the ones reported in literature for similar PLs.*>%

The impact of the PEG length of the EthAs on the viscosity was studied at 50 °C. The viscosity of the
PLs-sHSPs at a flow shear rate (y) of 10 s™ are reported in Table AA2. A minimum of viscosity was found
for PL-sHSPs-22, in accordance with the physical states and the melting points that were discussed
previously. However, the viscosity of PL-sHSPs-92 was measured at 57 °C, just above its melting point
(55 °C), and it happened to be lower than other PLs, with a value of 2.0 £ 0.5 Pa.s. This result suggests
that at high molecular weights, PEGylated amines are playing a role of plasticizer and decrease the
viscosity, even if the melting point remains relatively high.

The influence of the silica core was also studied by measuring the viscosity of PL-SiNPs-22, PL-sHSPs-
22 and PL-bHSPs-22 at 50 °C and 10 s (Table AA2). The lowest viscosity was obtained for PL-sHSPs-22
(3.1 £ 0.5 Pa.s) because of i) the small size of sHSPs with respect to bHSPs, and ii) the small density of
sHSPs with respect to SiNPs. An intermediate viscosity of 10.8 £ 0.5 Pa.s was found for PL-SiNPs-22. By
contrast, PL-bHSPs-22 displayed a higher viscosity (36.1 + 0.5 Pa.s), suggesting that the large diameter
of bHSPs contributes to a decrease in molecular mobility, even though the density of these spheres is
very low (Table AA1). However, it is worthy to note that when it comes to lightest amines, the trend is
different. In fact, a liquid behavior was observed for PL-bHSPs-5 above 50 °C, while PL-sHSPs-5 was a
solid at any temperature. Thus, in this latter case, the density of the spheres has a more significant
impact than their diameter. In conclusion, the obtained results illustrate a balance between the
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particles sizes and densities in the contribution to the viscosity of the final PL, that is intrinsically linked
to the size of the organic canopy.

Hydrophobicity and stability in water

By varying the number of ethoxylated units in the lateral PEG chains of the amine in the canopy of PLs,
it was possible to obtain either hydrophilic or hydrophobic materials.

A simple test was first conducted by mixing a small quantity of PL-sHSPs-11 and PL-sHSPs-22 with
water (1:3 w/w and 1:1 w/w respectively). After centrifugation, PL-sHSPs-11 separated well from the
aqueous phase (Figure AA7a) whereas PL-sHSPs-22 and water were forming one viscous phase (Figure
AA7b). When adding more water (1:20 w/w, Figure AA7c), PL-sHSPs-22 was totally solubilized in the
aqueous phase and the centrifugation just allowed to observe a small fraction of silica in the bottom
of the tube. Therefore, it can be assumed that the amine was solubilized in water, leading to the
deterioration of the canopy of the PL in this latter case.

PL-sHSPs-11 PL-sHSPs-22 PL-sHSPs-22
contacted with contacted with contacted with
water (1:3 w/w) water (1:1 w/w) water (1:20 w/w)

Figure AA7. Impact of contacting water with PL-sHSPs-11 and PL-sHSPs-22.

In order to confirm these results, SAXS measurements have been achieved on the different phases
of the samples (Figure AA8). In Figure AA8a concerning PL-sHSPs-11, the oscillations and the structural
peak at 0.16 A characteristic of the PLs is maintained after contact with water, suggesting that the
structure of the PL was not altered by the water. However, some water entered the PL, as indicated
by the large “solvent” peak at = 1.5 A that indicates the presence of both silica and water. In the
aqueous phase, the oscillations disappeared but the increase in intensity at small angles can be
attributed to the presence of silica shells and organic molecules. Hence, a small amount of PL is
expected to be solubilized in water. In the case of PL-sHSPs-22 (Figure AA8b), a small amount of water
does not significantly change the structure of the PL whereas a higher dilution leads to a signal really
similar to the amine EthA-22 in water (cyan curve). This corroborates the previous observation of a
precipitate in Figure AA7c: the solid corresponds to the sHSPs grafted with the sulfonated
organosilicon derivative while the amine EthA-22 is solubilized in water. These results suggest that
there is a threshold in the number of ethoxylated units that can be present without making the PL
hydrophilic.
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Figure AA8. Effect of the water on the structure of a) PL-sHSPs-11 measured by SAXS. Black: PL-sHSPs-
11 before contact, green: PL-sHSPs-11 after contact, and red: the aqueous phase of the contact test,
b) PL-sHSPs-22. Black: pure PL-sHSPs-22, green: PL-sHSPs-22 and a small amount of water (1:1 w/w),
red: PL-sHSPs-22 and a huge amount of water (1:20 w/w), cyan: Etha-22 solubilized in water (1:2 w/w).

TGA and total organic carbon (TOC) analyses were also performed to quantitatively support these
results. In the case of PL-sHSPs-11 contacted with water, the organic phase contained 51% of water,
but it dried spontaneously at room temperature in few hours. It is assumed that this water was trapped
inside the silica particle and the first hydrophilic corona. After drying, the TGA signal totally overlapped
the one of PL-sHSPs-11 before contact, confirming the SAXS data concerning the stability of this PL
against water (Figure S12a, Supporting Information). Furthermore, 10% of the PL-sHSPs-11 was lost in
the aqueous phase, according to the TOC analysis. This small fraction confirms the hydrophobicity of
the PL conferred by the amine EthA-11. In the case of PL-sHSPs-22, TGA showed that after aqueous
contact, 6.4% of organic molecules were present in water, along with 0.7% of silica (Figure S12b,
Supporting Information). These values led to a 100% of the initial weight of PL-sHSPs-22 that had been
dissolved in water (except for a negligible weight of silica that has precipitated).

At this point, it is interesting to note that because EthAs with n+m up to 50 were industrial
amphiphilic compounds derived from tallow mixtures, the length of the alkyl chain could not be
accurate and lay between 16 to 18 carbon atoms. In the case of EthA-92 that was synthesized in the
laboratory, the number of carbon atoms was set to 18 as the starting material was the octadecylamine.
In all cases, these carbon chains were considered to provide a sufficient hydrophobic character to the
overall material. Therefore, this study concerned only the influence of PEGs length, and no peculiar
attention was paid to that of the alkyl tail.

Functionalization and application in rare earth extraction

To apply PLs in LLE, not only have they to be hydrophobic and contain large pores, but a
functionalization is also expected to ensure an enhanced and specific extraction of the targeted metal.
In this study, functionalization of the sHSPs by co-condensation of tetramethyl orthosilicate (TMOS)
with silanized ethylenediaminetetraacetic acid (Si-EDTA) was performed at 16:1 TMOS:Si-EDTA molar
ratio, and rather than calcination, a further step of washing with EtOH and HCI (pH1) for 24h was
implemented. Preliminary tests of LLE on three rare earth elements (neodymium, praseodymium,
dysprosium) were performed. To simulate a magnet lixiviate, they were dissolved in nitric acid at pH 2
at initial concentrations of 500 ppm, 68 ppm and 50 ppm for Nd, Pr, and Dy respectively. This solution
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was contacted with either PL-sHSPs-11 or PL-sHSPs-SiEDTA-11 during 24h at room temperature. The
metal concentrations in the agqueous phases were measured by Inductively Coupled Plasma (ICP)
analysis and the resulting extraction yields and extraction capacities are given in Table AA3. The PL-
sHSPs-11 with no functional groups did not show any extraction of rare earth elements, whereas PL-
sHSPs-SiEDTA-11 displayed measurable extraction yields and significant loading capacities (Q.) for the
three metals. This proof of concept therefore shows that the presence of functional groups is necessary
to perform efficient LLE with such PLs.

Table AA3. Extraction yield and capacity of Nd, Pr and Dy by PL-sHSPs-11 and PL-sHSPs-SiEDTA-11.

PL-sHSPs-11 PL-sHSPs-SiEDTA-11

Es (%) Q. (mmol/g) Es (%) Q. (umol/g)

Nd Traces - 2.3 71.9
Pr Traces - 6.0 26.7
Dy Traces - 4.3 11.5

Conclusion

A range of new silica-based porous liquids (PLs) based on modified silica spheres reversibly surrounded
by an amphiphilic canopy has been developed by successfully varying the nature of both silica cores
and canopies. For the sake of comparison, small non-porous silica nanoparticles (SiNPs) and porous
hollow silica particles (HSPs) of two different sizes were first designed as starting silica cores before
their surface modification with sulfonic acid groups. Acido-basic reaction between these functional
groups and an ethoxylated fatty amine (EthA) led to the formation of the canopy. Liquefying properties
and hydrophobicity were also both tuned for the first time according to the number of ethoxylated
units (n+m) born by the EthA, which was varied from 5 to 92. Only six synthesized materials were
observed to display a liquid behavior at room temperature. Considering the effect of the silica particle
nature, it was evidenced that the density and the diameter of the silica spheres both played a role on
the physical properties of the final PLs. Comparing SiNPs and sHSPs, the lower density of sHSPs implied
a decrease in viscosity of the final PL. Besides, PLs obtained with these latter silica cores were less
viscous than the one obtained by using bHSPs, even though they are much less dense. Regarding the
effect of the organic grafting, it has been shown that the physical state of the final material also
strongly depends on the number of ethylene oxide units in the EthA that forms the canopy. Hence,
intermediate-range molecular weight amines (n+m = 11 and 22) led to liquids at room temperature,
whereas high molecular weight amines led to solids that melted at low temperature (40-55 °C). The
lightest amine did not allow to obtain a liquid at any temperature when grafted on sHSPs. In addition,
using EthA-11 led to hydrophobic PLs whereas EthA-22 made the PLs hydrophilic. In order to test the
hydrophobicity of the obtained PLs, PL-sHSPs-11, and PL-sHSPs-22 were contacted to pure water. A
solubilization in water was observed for the less hydrophobic PL-sHSPs-22, while a clear phase
separation could be obtained with the more hydrophobic PL-sHSPs-11. This unprecedented result is
an essential prerequisite for considering applying PLs to liquid-liquid extraction (LLE). Preliminary LLE
tests have been performed on three rare earth elements (Nd, Pr, Dy). It was shown that metal
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extraction is possible with such hydrophobic PLs and that it requires their previous functionalization
with a chelating ligand (EDTA). Further studies will include an optimization of the ratio chelating
ligand:silica as well as the evaluation of other chelating groups like diglycolamide to enhance the intra-
lanthanide selectivity of extraction. Finally, since the use of a short organosilicon could lead to a
blockage of the microporosity in the silica shell, therefore decreasing the accessibility to the empty
cavities, optimization of the synthesis should include the use of a bigger organosilicon, or an efficient
removal of the template after the organosilicon grafting.

Materials & Methods

Materials

Ludox HS40, tetramethyl orthosilicate (TMOS), (3-mercaptopropyl)trimethoxysilane (MPTMS),
potassium sulfate (K;SO.), tetraethyl orthosilicate (TEOS), cetyltrimethylammonium bromide (CTAB),
PluronicF127, and 1,3,5-trimethylbenzene (TMB) were purchased from Sigma-Aldrich. Aqueous
ammonia (NH4OH, 25%) was purchased from Fisher. 3-(trihydroxysilyl)-1-propane sulfonic acid (SIT,
30-35%) was purchased from Gelest. Ethanol (EtOH) and sodium hydroxide (NaOH) were purchased
from Carlo Erba. Silanized ethylenediaminetetraacetic acid (Si-EDTA, 45%) was purchased from ABCR.
Ethoxylated amines (EthAs) came from three different sources: Rokamin SR5 (EthA-5), Rokamin SR11
(EthA-11), and Rokamin SR22 (EthA-22) were supplied by PCC Group, Ethox SAM50 (EthA-50) was
supplied by Ethox Chemicals, and EthA-92 was synthesized according to the method reported by Atta
et al.¥ The detailed procedure as well as NMR spectra of EthA-22, EthA-50, and EthA-92 are included
in the Supporting Information (see section S1). Deionized water with a resistivity of 18.2 MQ.cm and a
TOC value below 5 ppb was provided by a Milli-Q direct 8 water purifier device (Merck, France).

Synthesis

Hollow silica particles syntheses

sHSPs were synthesized according to the method described by Zhang et al.** as follows: 8.33 g
(0.66 mmol) of F127, 8.33 g (69.3 mmol) of TMB, and 7.25 g (41.6 mmol) of K,SO, were mixed together
with 500 mL of water in a 1L-round bottom flask maintained at 13.5 °C, and stirred during 4 h. Then,
20.25 g (133.0 mmol) of TMOS and 6.5 g (33.1 mmol) of MPTMS were added and the mixture was let
at 13.5 °C during 24 h then aged at 100 °C under stirring during 24 h. The product was then filtered on
a 5-13 um paper and washed three times with water. It was then calcined during 10 h at 450 °C and
the solid (c.a. 10 g) was grinded before being used.

bHSPs synthesis was inspired from the method of Teng et al.3® that was derived from the Stdber
method.* It consisted in dissolving 0.450 g (1.23 mmol) of CTAB in a solution containing 52.5 mL of
EtOH, 150 mL of deionized H,0, and 3 mL (40.2 mmol) of a 25% aqueous NHjs solution. 3 mL
(13.4 mmol) of TEOS was added quickly and the suspension was let under stirring during 24 h at room
temperature to make the condensation of TEOS. The product was washed three times with EtOH by
centrifugation, before being incubated in 1.2 L of water and heated at 70 °C during 20 h. The bHSPs
were washed three times with EtOH. To remove the CTAB template, 360 mL of a EtOH:HC| 103 N
mixture was heated at 60 °C, and the spheres were suspended overnight in this medium. The spheres
were recovered after centrifugation and they were then washed three times in EtOH prior to a further
extraction performed in a EtOH:HCI 102 N mixture heated at 60 °C during 3 h. The final product (c.a.
400 mg) was obtained after washing three times in EtOH and drying under vacuum.
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Porous liquids syntheses

PL-SiNPs synthesis

PL-SiNPs synthesis was inspired by the work of Rodriguez et al.3®*¢ concerning Nanoscale lonic
Materials (NIMs): 2.860 g (19.0 mmol) of Ludox HS40 solution were diluted in 25 mL of deionized water
(from Milli-Q). 6.4 g (10.1 mmol) of SIT solution were diluted in 25 mL of deionized water, in a 100 mL-
round bottom flask. The silica suspension was added dropwise to the SIT solution under vigorous
stirring. The pH was adjusted at pH 5-6 with NaOH 1 M, then the solution was heated at 70 °C to start
the hydrolysis and it was left at 70 °C during 24 h. It was then dialyzed with a 6000-8000 kDa membrane
to remove the excess of NaOH and unreacted SIT prior to elution through an ion-exchange column
(Dowex 50W-X8) to protonate the sulfonate salts. The Total Organic Carbon (TOC) analysis of the
dialysis external water baths allowed determining the amount of unreacted SIT (= 76%). Hence,
2.4 mmol of SIT were grafted upon 1.14 g (19.0 mmol) of silica spheres. Finally, a v:v 100 times diluted
aqueous solution of EthA was prepared (the dilution was only ten times for EthA-92) and added
dropwise to the solution of grafted nanospheres. The addition, which was followed by pH
measurement, could be stopped just after the equivalence point. It was useful to highlight that this
equivalence point led to only 0.09 mmol of SIT, meaning that either the protonation in the column was
not total, or the column retained some product inside. The product was dried under vacuum at 35 °C
before yielding the expected material, namely PL-SiNPs-n+m, where n+m is the global number of the
ethylene oxide units in the EthA (e.g. PL-SiNPs-22 when n+m = 22). As an example, the overall yield of
PL-SiNPs-11 was 3%, mainly due to a poor dispersion of the silica spheres in water (see details in Table
S3, Supporting Information). This point might be improved by an ultrasonic-assisted reaction between
the spheres and the SIT.

PL-sHSPs synthesis

2 g of sHSPs was dispersed in 325 mL of deionized water and mixed at 15,000 rpm with an Ultra-turrax
rotor during 5’. After 1 min of sonication (30 W), the dispersion was added dropwise to a solution
containing 14.3 g (22.6 mmol) of SIT solution and 325 mL of deionized water under vigorous stirring.
The following steps (pH adjustment, dialysis, protonation of tethered sulfonate groups, and
subsequent neutralization by the EthA) were performed according to similar procedures to those
described for PL-SiNPs but with two slight adaptations. First, the solution recovered after the reaction
with the SIT was concentrated by evaporation under reduced pressure to 100 mL before pouring it into
dialysis tubes. Second, the solution recovered after the dialysis was centrifuged at 4000 g for 10’ in
order to eliminate some precipitated aggregates. PL-sHSPs-11 was obtained with an overall yield of 4%
(Table S3, Supporting Information).

PL-bHSPs synthesis

PL-bHSPs synthesis was achieved following a similar procedure to that described above. 300 mg of
bHSPs were dispersed in 50 mL of deionized water and the resulting solution was then added dropwise
to a solution containing 3 g (4.75 mmol) of SIT solution and 50 mL of deionized water under vigorous
stirring. Subsequent treatments and procedures were applied using the same method as described for
PL-sHSPs. PL-bHSPs-11 was obtained in 1% overall yield (Table S3, Supporting Information).

Synthesis of porous a liquid functionalized with EDTA (PL-sHSPs-SiEDTA-11)

PL-sHSPs-SiEDTA-11 was synthesized according to a similar method to that described for sHSPs
synthesis. F127 (1 g), K2504 (0.72 g), TMB (1.2 mL) were dissolved in 60 mL of deionized water and left
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for 4 h at 13.5 °C under stirring. Then, 2.48 g (16.0 mmol) of TMOS and 0.87 g (1.0 mmol) of SiEDTA
were added to the solution. After 24 h, the temperature was set to 100 °C for another 24 h. Afterward,
the mixture was filtered on 5-13 um paper and washed three times with water to obtain a wet white
gel. The material was dissolved in 50 mL of deionized water and dispersed with an Ultra-turrax rotor
(5’) then sonicated for 1’. A solution of SIT (3.58 g) in 50 mL of deionized water was prepared, and the
suspension of silica spheres was added dropwise under vigorous stirring. The pH was adjusted to 5-6
with NaOH 1 M and the mixture was heated for 24 h at 70 °C. After 5 days of dialysis with deionized
water (8 batches), the suspension was centrifuged to eliminate non-grafted spheres. The supernatant
was dried and dispersed again in an EtOH/HCI solution (pH 1). The dispersion was heated to reflux
under stirring for 24 h to extract the template. After a filtration and three washing with ethanol, the
solid was dried and dispersed again in water, before elution through an ion-exchange column to
protonate the sulfonate salts and obtain sHSPs-SIEDTA@SIT. Finally, it was grafted with EthA-11 by
following the previous procedure and the functionalized PL (PL-sHSPs-SiEDTA-11) was collected after
drying under vacuum.

Characterization methods

Total organic carbon (TOC) measurements were performed with a Shimadzu TOC-VCSH analyzer
calibrated with potassium phthalate solution.

Pure SiNPs, HSPs and PLs were imaged by Transmission Electron Microscopy (TEM) on a JEOL
(Tokyo, Japan) 1400+ at 100 kV, equipped with a sCMOS JEOL Matataki Flash camera and a LaB6
filament. The solid samples were first dissolved in EtOH before their deposition on a carbon-coated
grid whereas those which were liquid at room temperature were not diluted in solvent (except for PL-
bHSPs-11 that was dissolved in EtOH to increase the contrast). Sizes were measured with Imagel
software, on a minimum of 200 spheres (core, shell, total) to get a representative panel of the sample.

Structural information about HSPs and PLs were obtained thanks to Small Angle X-Ray Scattering
(SAXS) and Ultra-Small Angle X-Ray Scattering (USAXS) measurements. The SAXS device was a home-
built one at the ICSM (Marcoule, France) using a bench built by Xenocs with a molybdenum anode as
X-ray Source (0.71 A) and a MAR Research 345 detector at 770 mm from the sample. The USAXS device
was a homemade instrument located at the SWACS-Lab platform (CEA, Saclay, France), equipped with
a X-ray source (8 keV) that produced a collimated beam and a flux of 0.8x0.8 mm and 108 photons/s
on the sample respectively. The detector (Dectris Pilatus 200K) was located at 114 cm from the sample
and calibration was achieved by using tetradecanol. Samples (powders and liquids) were put inside
2 mm-thick capillaries. PL-bHSPs-11 was too viscous to enter a capillary, therefore a Kapton adhesive
tape was used instead. The exposition time was 1800 s except for sHSPs (600 s). Calibration was done
using a polyethylene standard. Data treatment was done with PySAXS 3.26 and modeling was
performed with SasView 5.0.4.

The specific surface area of HSPs was deduced from N, sorption experiments coupled to a Brunauer-
Emmett-Teller (BET) analysis. The pore size distribution was computed thanks to the Barrett-Joyner-
Halenda (BJH) model and the Density Functional Theory (DFT). The device was a Micromeritics TriStar
I 3020 (Georgia, USA). HSPs and SiNPs were previously outgassed with a Micromeritics VacProp 061
at 80 °Cfor 48 h.

Thermogravimetric Analyses (TGA) gave access to the composition of PLs. The measurements were
performed on a Mettler Toledo (Greifensee, Swiss) device with the STARe Software V13.00, under air
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atmosphere, from 25 °C to 1000 °C at a rate of 5 °C/min. The samples (= 10-20 mg) were kept in a
70 plL alumina’s crucible.

Differential Scanning Calorimetry (DSC) was used to determine the melting temperature of PLs and
EthAs. The measurements were conducted on a Mettler Toledo DSC1 located in the University of
Montpellier, France, under N, atmosphere. First, the samples were cooled downed to -100 °C at
5 °C/min. After an isotherm lasting 5 min, a heating rate of 4 °C/min was applied to reach 150 °C. The
melting temperature is taken at the melting peak maximum.

Fourier Transform Infrared Spectroscopy (FTIR) was carried out on Perkin Elmer (Wellesley, MA,
USA) Spectrum 100 spectrometer in Attenuated Total Reflectance (ATR) transmission mode. A small
amount of powder or net liquid was homogeneously dispersed on the beam path. The wavenumber
range was from 615 to 4000 cm™. The beam resolution was 4 cm™. Each measurement was repeated
four times.

The viscosity of PLs was analyzed at different temperatures on a RM200 CP-4000 cone-plate
rheometer from Lamy Rheology (Limonest, France), equipped with a MK-CP2020 cone (angle 2°,
diameter 20 mm) and a Peltier plate able to set a temperature between 15 and 60 °C. The gap was set
to 50 um. The curves could be modeled by a Bingham fitting (with an exception for the viscosity at
20 °Cthat did not follow the same behavior) directly on the Rheomatic-P V2.1.0.4 software. The values
of viscosities obtained with this model were close to the one obtained at 10 s™ flow shear rate for each
PL (corresponding to a shear rate at the beginning of the zone of Newtonian behavior).

Hydrophobicity of PL-sHSPs-11 and PL-sHSPs-22 was determined by contacting a certain amount of
PL with water at various water:PL weight ratios, and the phase separation was assessed after,
depending on the involved PL, 5 to 20 min of centrifugation at 4000 to 15500 g. The TOC analysis of
the aqueous phase was used to determine the quantity of organic molecules that were transferred
into the aqueous phase.

Metal concentrations in the aqueous phase before and after extraction were analyzed by
Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES) on an iCAP 7400 Duo Full MFC
from Thermo Scientifi (Waltham, Massachusetts). The software was Thermo Scientifi Qtegra Intelligent
Scientific Data Solution Version 2.10. Samples were first diluted 100 times in HNO3 1%. A calibration
line was obtained from standard solutions (1000 mg/L, SCP Science).

Metal extraction

An aqueous solution containing 500 ppm of Nd, 68 ppm of Pr, and 50 ppm of Dy in nitric acid at pH 2.2
was prepared. 5.0 mL of this solution was contacted with either 30 mg of PL-sHSPs-11 or 50 mg of PL-
sHSPs-SiEDTA-11 and it was let under stirring at room temperature for 24 h. The two phases were
separated immediately and the aqueous phase was analyzed by ICP. The extraction efficiency Es was
defined as:

Cma

Ey, = (1 - ) x 100 (1)

Moth

With Cuoth the massic concentration of the metal cation M into the mother solution and Cwua its
massic concentration into the aqueous phase after extraction.

The loading capacity Q. (mmol.g) was computed according to the following equation:
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Q= g @)

Vsol
With MW the molecular weight of the metal, mmq: the mass of the porous material, and Vs, the

volume of the aqueous phase.

Supporting Information

Supporting Information is available from the Wiley Online Library or from the author.
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