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Résumé de la thése en frangais

Introduction

Le 6e rapport sur I'état et les perspectives de I'environnement européen en 2020 (SOER 2020?) publié
par I'Agence européenne pour lI'environnement (AEE) prévoyait la nécessité d'agir de toute urgence
pour relever le défi de la durabilité environnementale d'ici 2050. Dans ce contexte, Aperam, produc-
teur d'acier inoxydable, s'est engagé a réduire son impact sur I'environnement en se fixant comme
objectif d'étre neutre en carbone d’ici 2050. Pour atteindre cet objectif, la société a lancé des projets
sur des themes tels que la qualité de l'air, la réduction et la revalorisation des déchets, la réduction
des émissions de CO; et le recyclage. C'est précisément dans le domaine du recyclage que ce projet

de these a été développé.

Aperam a une capacité de production d'acier plat inoxydable et électrique de 2,5 millions de tonnes
au Brésil et en Europe et est le leader des produits de spécialité de haute valeur. Avec une production
d'acier inoxydable dans le monde d'environ 52,2 millions de tonnes seulement en 2019, il est clair que
ce matériau est tres demandé, surtout au cours de la derniere décennie. Mais qu'est-ce qui rend ce
produit, découvert par Harry Brearley® il y a plus d'un siécle maintenant, si attrayant et si demandé ?
Les aciers inoxydables, contrairement a l'acier simple qui ne contient que du fer et du carbone, sont
des aciers contenant au moins 10,5% de chrome, moins de 1,2% de carbone et d'autres éléments
d'alliage dans une matrice de fer (Figure 12). lls sont divisés, selon leur structure cristallographique,
en 4 grandes familles® : acier inoxydable ferritique (structure cubique centrée), acier inoxydable mar-
tensitique (structure cubique centrée métastable a température ambiante et structure cubique a face
centrée a haute température), acier inoxydable duplex (mélange de grains avec structure cubique
centrée et structure cubique a face centrée), et acier inoxydable austénitique (structure cubique a

face centrée).

Dans une société ou seule une petite partie des produits issus de I'industrie peut étre recyclée, I'acier
inoxydable fait partie des matériaux durables qui peuvent toujours étre recyclés. Par contre, pour étre
classé comme un produit vert, le processus de fabrication de I'acier inoxydable, méme a partir de la

ferraille, doit encore étre amélioré afin d'avoir un impact neutre sur I'environnement.

11
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Figure 1. Principales différences entre I'acier et I'acier inoxydable.
(site web Aperam).

Dans la branche européenne d'Aperam, en Belgique, le processus de fabrication de I'acier inoxydable
comporte de nombreuses étapes, de la fusion a I'ajustement de la composition et a la coulée continue.
Les brames formées par la coulée sont collectées et ensuite laminées a chaud pour former des bo-
bines. Comme les étapes précédentes du processus se déroulent a haute température dans I'air, la
surface des bobines est recouverte d'une épaisse couche d'oxyde noir. C'est pour cette raison que ces
bobines sont appelées "bobines noires". Les bobines sont ensuite envoyées a |I'une des trois usines de
laminage a froid d'Aperam, en Europe, ou elles sont traitées pour leur donner les propriétés finales

requises par le client (épaisseur, largeur, finition de surface, etc.).

Une attention particuliére a été accordée au processus de décapage, qui est un traitement qui permet
d'éliminer les impuretés superficielles de la surface d'un produit. La procédure la plus courante im-
plique I'utilisation d'une solution acide connue sous le nom de bain de décapage®. Aperam utilise dif-
férents types de bains de décapage pour mettre en ceuvre ce processus, dont les bains UGCO et
Na,SO, étudiés au cours du doctorat. Le bain UGCO est un bain de décapage breveté par Aperam,
consistant en un mélange d'acide chlorhydrique (entre 100 et 180 g/L) et de fer(lll) comme oxydant
(entre 40 et 70g/L) travaillant a une température comprise entre 50 et 75°C. Le bain de Na,SO, con-
tient du sel Na,SO4 avec une petite quantité de H,SO4, pour un pH compris entre 2 et 5 et une tempé-

rature de travail comprise entre 70 et 90 °C.

A la fin du processus de décapage, et en fonction de la campagne de traitement qui a été effectuée
sur les différents aciers inoxydables, les bains sont chargés de métaux dissous et lorsque leur concen-
tration est trop élevée, ils précipitent pour former des boues. Les boues vont donc provoquer a la fois
des défauts a la surface de I'acier et étre responsables de la baisse d'efficacité du processus de déca-
page. Aperam collecte les bains de décapage usés (en anglais, Spent Pickling Liquor, SPL) des différents

bains et les envoie vers la station de neutralisation. Le processus de neutralisation est a ce jour la

12



technique la plus utilisée pour traiter les SPLs. Il existe cependant d'autres techniques, telles que le
traitement par pyro-métallurgie, |'extraction par solvant, l'utilisation de membranes, mais presque
toutes sont tres colteuses, et certaines d'entre elles ne sont pas utiles en raison de la composition
des bains d'Aperam ; par exemple, la teneur élevée en S et F, provenant des différents bains, empéche
le traitement des SPLs par pyro-métallurgie. La neutralisation est donc la plus pratique, également
d'un point de vue économique, mais elle présente certains inconvénients tels que les problémes de
mise en décharge de grandes quantités de déchets produits a la fin du processus. Pour les raisons
économiques et environnementales ci-dessus, une alternative basée sur I'extraction des métaux et la

régénération des bains par des systemes biphasiques aqueux a été proposée au début du doctorat.
Systéme biphasique aqueux

Le systeme biphasique aqueux (en anglais, Aqueous Biphasic System, ABS) est un systéme d'extraction
liquide-liquide (LLE), constitué de mélanges de trois composants, le premier étant de I'eau, et les deux
autres étant solubles dans I'eau. Ces trois composants, lorsqu'ils sont mélangés, permettent une sé-
paration de phase dans les conditions expérimentales étudiées. Parmi ces conditions, la température
et la concentration des composants jouent un role important dans la détermination de la séparation
des phases. Dans ce manuscrit, les deux composants qui sont responsables et essentiels pour la for-
mation de I'ABS, a I'exclusion de |'eau, seront appelés inducteurs biphasiques ; ils peuvent étre des
polymeéres, des liquides ioniques (IL), des sels ou des acides. Seules certaines combinaisons d'induc-
teurs sont capables de former un ABS : polymeére A / polymére B, polymére / sel, polymeére / IL, ILA /
ILB, IL / sel et IL / acide. Dans certains cas, des additifs sont combinés avec les trois composants d'un
ABS, et ceux-ci ont des roles différents tels que favoriser la formation d'ABS, modifier le pH de travail,
ou méme faciliter la transition de certains composants d'une phase a l'autre et parfois le méme additif
peut jouer plus d'un réle. Les résultats expérimentaux obtenus dans I'étude de ce type de systéeme a
trois composants sont représentés graphiquement au moyen de diagrammes de phase, ou |'on trouve
des courbes binodales et des conodales (en anglais, tie lines). Les données expérimentales portent
notamment sur la détermination des compositions des phases supérieure et inférieure d'un systeme
a trois composants une fois la séparation des phases obtenue. La quantification des composants a été
réalisée en utilisant différentes techniques comme la spectroscopie d'absorption atomique, la réso-

nance magnétique nucléaire ou la spectrométrie de masse a plasma inductif.

Les inducteurs biphasiques utilisés pendant la these sont les polyméres polyéthylene glycol avec
Mw=400 Da (PEG-400) et polypropyléne glycol avec Mw=425 Da (PPG-425) et le liquide ionique chlo-

rure de tributyl tétradécyl phosphonium [P 44414] Cl (Figure 2).

13
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Figure 2. (A) PEG; (B) PPG, (C) [P 44.414] CI.
La décision de travailler avec le PEG et le PPG était principalement basée sur le fait que ces polymeres
jouent un role de premier plan dans les procédés d'extraction des métaux utilisant I'ABS. L'un des
premiers groupes de chercheurs a utiliser des polymeéres pour I'extraction des métaux par ABS était
celui de Robin D. Rogers et de ses collégues®. Ils ont étudié® la séparation du Tc, du Cd et du Pb en
utilisant un ABS composé de polymére / sel / H,0. Koch et al. 7 ont également utilisé le PEG pour la
récupération du chrome a partir des solutions salines aqueuses. Bulgariu et al. ® ont démontré |'ex-
traction du Cd(l1) avec des sels d'iodure (comme le Nal) en utilisant un ABS composé de PEG-1550/sul-
fate d'ammonium/H,0. Wang et al. ? ont analysé le systéme PEG (1000/2000/4000) / NaySO4 /
Na,Mo0Q, / H,0 sans ajout de produits extractant, montrant que le pourcentage d'extraction du mo-
lybdéne varie en fonction de la quantité de polymére, de sulfate de sodium, de molybdéne et de la
température. Muruchi et al. ¥° ont montré qu'il est possible de séparer sélectivement le Mo et le Re

d'un effluent minier concentré en cuivre en utilisant du PEG-4000/PPG-400.

Un des points communs entre toutes ces études est la capacité de cette classe de polyméres, quel que
soit leur poids moléculaire, a fournir un systéeme biphasique aqueux au contact d'un sel. La plupart de
ces articles discutent du caractéere hydrophobe/hydrophile des composants de I'ABS. Il semble notam-
ment que le polymeére perde son caractere hydrophile lorsqu'un composé ayant une plus grande affi-
nité pour I'eau est ajouté au systeme, comme Na,SO,. C'est sur cette preuve que la formation d'ABS

et I'extraction de métaux sont démontrées.

En ce qui concerne le liquide ionique [P 444 14] Cl, il a été choisi parce que des résultats prometteurs
ont été obtenus par mon groupe de travail dans I'utilisation de ce liquide ionique pour I'extraction des
métaux par I'ABS. Plus récemment, de nouveaux systemes ont notamment été développés sur la base
de I'utilisation de [P 44414] Cl dans I'ABS acide (AcABS). Une recherche pionniere a été effectuée par le
groupe de recherche PATH de Coutinho (Université d'Aveiro, Portugal) en collaboration avec notre
équipe, sur la compréhension de I'ABS en présence de liquide ionique en milieu acide (HCI, HNO; ou
H,S0,) 1112, Cette ligne de recherche s'est ensuite développée pour comprendre I'effet des ions mé-
talliques sur les systemes ABS a base de Ll en milieu acide, et comprendre le mécanisme de répartition

des ions métalliques®®.

Ces derniéres années, les liquides ioniques et les polymeres se sont donc révélés étre une bonne al-

ternative aux solvants organiques courants utilisés dans les extractions par solvant. Cependant, pour
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comprendre lequel des inducteurs biphasiques est le plus avantageux, il faut considérer leur efficacité
dans le processus d'extraction en fonction de leurs caractéristiques physico-chimiques et enfin de leur

caractere éco-durable.
ABS et extraction des métaux dans le bain d'UGCO

Le bain UGCO usé est caractérisé par une concentration élevée de Fe (environ 90 g/L), Cr (environ 20
g/L) et Ni (environ 8 g/L), et une quantité moindre d'autres métaux tels que Mn, Mo et Cu (< 1 g/L). La
demande d'Aperam concernant ce bain est d'en extraire le Cr et le Ni (avec une faible quantité de fer
seulement) si possible, avec déshydratation du bain et élimination du cuivre (qui est un inhibiteur de
la réaction de décapage). Comme alternative au procédé de neutralisation de ce bain, deux ABS sont

proposés et étudiés, le [P 44414] Cl / bain UGCO et le PEG-400 / bain UGCO.

Bien que ces systemes ne se soient pas avérés efficaces pour répondre aux exigences de |'entreprise,
en raison de la faible efficacité d'extraction des inducteurs biphasiques, la représentation graphique
des données expérimentales obtenues était particulierement intéressante. Ainsi, il a été décidé de
travailler avec des solutions synthétiques monométalliques, pour mieux comprendre les phénomeénes

observés avec le bain UGCO. Les métaux considérés étaient le Ni(ll), e Cr(lll), le Fe(ll) et le Fe(lll).

En ce qui concerne les systémes liquides ioniques, les courbes binodales obtenues en tragant les don-
nées expérimentales pour Ni(ll) et Cr(lll) sont celles que I'on trouve le plus fréquemment dans la litté-
rature. Ces courbes sont présentées sur la Figure 3, et montrent comment, en augmentant la concen-
tration de I'un des deux composants, la courbe se développe le long de I'axe du composant. Il s'est
avéré que le Cr(lll) favorise davantage la séparation de phase que Ni(ll) et cela peut étre constaté par
la position de la courbe binodale qui est décalée plus a gauche dans le diagramme de phase de la

Figure 3. Il en va de méme lorsque les concentrations des métaux augmentent.
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Figure 3. Courbes binodales des systémes: [P 444 14] CI/[HCI 37 % en poids]/H20, [Me]= 0 g/L (A) ; [P 444 14]
CI/[Ni(l1)+HCI 37 % en poids]/H20 a 5 g/L (m) ou 15 g/L (o) de Ni(ll) ; [P 444 14] CI/[Cr(Il)+HCI 37 % en poids]/H,0 a 5
g/L (@) ou 15 g/L (o) de Cr(lll) a 25°C. La fleche indique une augmentation de la concentration en métal.

Par contre, la représentation graphique des résultats obtenus pour des systémes composés de Fe(ll)

ou de Fe(lll) dévie de la forme classique. La Figure 4 montre, en particulier, le systeme avec Fe(lll).

Comme on peut le voir, lorsque la concentration de Fe(lll) augmente, la courbe prend une forme qui

a été appelée dans cet ouvrage "forme d'oignon". Certaines courbes binodales de forme peu com-

mune ont déja été présentées dans la bibliographie, comme celle de Neves et al. * avec une forme

d'épaule particuliére ou celle proposée par Tome et al. ©®
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Figure 4. Courbes binodales des systémes: [P 44414] Cl/[Fe(Il)+HCI 37 wt%]/H,0 a [Fe(lll)] = 0 g/L (A), [Fe(Ill)] = 2.5
g/L (m), [Fe(1)] =5 g/L (), [Fe(lll)] = 10 g/L (e) et [Fe(lll)] = 15 g/L (o) a 25°C.



Aprées avoir obtenu I'ABS en mélangeant le bain d'UGCO avec du PEG-600, une étude du systéme a été
réalisée en considérant la contribution de chacun des métaux. Aprés une bibliographie minutieuse, il
a été constaté qu'a ce jour, aucun ABS n'a été obtenu a partir de systémes polymeére/acide/H,0. Cela
a été confirmé par l'investigation suivante, mais un résultat surprenant est apparu lorsque la contri-
bution du FeCl; a été étudiée dans le systeme ci-dessus. Il s'avere que c'est précisément en raison de
la présence de la forme anionique du FeCls que des ABS sont obtenus lors de I'utilisation de PEG en
milieu acide. La Figure 5 montre la courbe binodale pour le systéeme PEG-600 / [Fe(lll) — HCI] / H,0, et
dans ce cas également, comme pour le systéme avec liquide ionique, la courbe présente une forme
peu commune, qui a été appelée "forme d'oignon". De plus, les données expérimentales pour tracer
le diagramme de phase de la Figure 5 ont été obtenues par deux méthodes d'analyse, la méthode du
point de trouble et la méthode de la bataille navale. La premiere est I'une des méthodes les plus cou-
rantes utilisées pour déterminer les points expérimentaux d'une courbe binodale ; la seconde est une
nouvelle méthode expérimentale qui a été élaborée au cours du doctorat pour accélérer le temps

d'investigation. Il a été démontré que les deux méthodes donnent les mémes résultats.

Les systemes proposés dans cette section ont montré une efficacité d'extraction élevée pour le Fe, et
une efficacité d'extraction faible pour le Cr et le Ni. De plus, il a été constaté que le liquide ionique
peut extraire 50 % en poids de Cu dans le bain UGCO. C'est sur cette derniere ligne de recherche que

des études plus approfondies sont encore nécessaires sur ce bain.
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Figure 5. Diagramme de phase obtenu par la méthode de la bataille navale et de la turbidité pour le systéme PEG-
600/[Fe(llI)+HCI 37wt%]/H20 - [Fe(lll)] = 40 g/L a 50°C. Région monophasique (e), région biphasique (o), courbe
binodale obtenue par la méthode de turbidité (A). La ligne pointillée (- - -) n'est qu'un guide pour I'ceil.
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ABS et extraction de métaux dans le bain de Na2S04

Le bain de Na,SO, contient le sel Na,SO4 avec une petite quantité de H,SO4, pour un pH compris entre
2 et 5. De plus, il est riche en Cr (principalement Cr(VI) entre 5 et 20g/L), mais contient également du
Fe, Ni, Mo et Cu. La demande d'Aperam sur ce bain est d'éliminer tous les métaux qui y sont dissous,
de les récupérer sous forme métallique ou dans des boues ne contenant pas de S, afin de régénérer
le bain de sulfate et de le réutiliser dans le processus de décapage. De la méme maniere que pour le
bain UGCO usé, le bain Na,SO4 usé a été traité avec différents inducteurs biphasiques pour obtenir un
ABS. Dans ce cas, cependant, le liquide ionique [P 444 14] Cl n'a pas été pris en compte car I'ajout de
chlorures dans le bain entraine une réduction de I'efficacité du processus de décapage. Les inducteurs
biphasiques utilisés a cette fin étaient le PEG-400 et le PPG-425. Contrairement au PPG-425, le PEG-
400 a permis de répondre immédiatement aux besoins de |'entreprise. Des essais préliminaires ont
été effectués en mélangeant 50 % en poids de PEG-400 et 50 % en poids de bain Na,SO, et, aprés avoir
analysé les phases haute et basse de I'ABS, il se trouve que 99 % en poids de Cr est extrait dans la
phase polymere, ce qui permet de nettoyer le bain de la plus grande quantité de métaux, en |'occur-

rence du chrome.

L’étude s'est poursuivie dans le méme sens que pour le bain UGCO. Des solutions synthétiques mono-
métalliques ont été préparées, et les métaux considérés cette fois-ci étaient : Ni(ll), Mn(ll), Cu(ll),
Mo(ll), Fe(lll), Cr(ll1), Cr(VI) et Mo(VI). La Figure 7 montre la représentation graphique des données
expérimentales pour certains des systémes susmentionnés. Comme il est possible de le voir, les
courbes binodales des différents métaux se trouvent toutes dans la méme partie du diagramme de
phase, et cela se produit également lorsqu'il y a un changement de température ou de concentration
de métal. La courbe binodale a également été obtenue directement a partir du bain de Na,SO, et s'est
avérée étre exactement dans la méme position que les courbes obtenues pour les systemes synthé-
tiques. Ces résultats sont donc compléetement opposés a ceux obtenus pour le systéeme a base de HCI,

qui était extrémement sensible a toute variation.
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Figure 7. Courbe binodale pour I'ABS composé de PEG-400 / Na,SO4 / H,0 et de métaux.

Lorsque la répartition des différents métaux en systémes individuels a été envisagée, le PEG-400 s'est
révélé tres efficace pour I'extraction du Cr(VI) et du Mo(VI), alors que cette efficacité a diminué pour

les autres métaux considérés (Figure 6).
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Figure 6. lons métalliques extraits dans la phase supérieure du PEG-400 en milieu Na;SO4 a partir de solutions syn-
thétiques mono-métal.

Cette tendance de l'extraction semble étre due a la spéciation différente des métaux en solution.
Aprées une recherche bibliographique minutieuse, il a été constaté que le Cr(VI) et le Mo(VI) se présen-

tent principalement sous forme d'oxoanions, tandis que le reste des métaux se trouve surtout sous
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forme cationique (Me*) (diagramme de Pourbaix). Le mécanisme proposé ici differe de celui du milieu
HCI, ou le [FeCls]" est extrait par des oxygenes partiellement chargés positivement (en raison de la
délocalisation des charges) présents dans la chaine polymere. Dans ce cas, en raison de l'interaction
avec Na+, les différentes espéces oxoanioniques sont extraites dans la phase polymere. Cette ten-

dance du PEG a extraire des espéces oxoanioniques a également été décrite par Sun et al*® en 2018.

Les résultats prometteurs obtenus lors des essais préliminaires suivis de I'explication du mécanisme
d'extraction du PEG ont permis de poursuivre |'étude de ce systéme. L'ABS obtenu pour le systéme de
bain PEG-400 / Na,SO, a ainsi été inclus dans le processus total de d'extraction et de séparation du

Cr(VI) du bain de sulfate.

La recherche s'est poursuivie en optimisant les paramétres expérimentaux du procédé de I'extraction
du Cr(VI). Il en est ressorti que la quantité optimale de PEG a utiliser était de 40 % en poids, alors que
la température de travail choisie se situait entre 70 et 80 °C. En adoptant ces parametres, il a été

possible de répondre a la plupart des exigences de |'entreprise, par exemple:

- récupérer plus de 90 % en poids de chrome dans le bain de sulfate,
- régénérer autant de bain de sulfate que possible,
- réduire au minimum la quantité de sulfates dans la phase polymére,

- et réduire la quantité de PEG a un minimum dans le bain régénéré.

Les expériences réalisées jusqu'a présent portaient sur de petits volumes. Ces expériences ont ensuite
été répétées dans des volumes plus importants. En particulier, en ce qui concerne I'ABS obtenu pour
le systeme PEG-400 / Na,SO4 bain, un micro-pilote de 10 kg a été développé (Figure 8). Dans le micro-
pilote, un mélangeur et un décanteur ont été utilisés pour réaliser ce processus. Le procédé a finale-
ment montré les mémes performances qu'auparavant, le Cr(VI) passe en phase polymére pour plus

de 90 % en poids.
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Figure 8. Instantané du processus (a droite) et schéma de I'étape 1 grand volume (10 kg) (a
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Le cas ou une colonne d'extraction est utilisée a la place d'un mélangeur et d'un décanteur a égale-
ment été étudié, mais les résultats obtenus avec celle-ci n'étaient pas satisfaisants en raison des va-
leurs de densité du polymeére et du bain de sulfate trop proches 'une de l'autre. Enfin, un mélangeur
statique a été utilisé a la place du mélangeur classique, ce qui a permis de réduire considérablement

I'encombrement de l'installation et d'obtenir de bons rendements dans la distribution de Cr(VI).

A ce stade du processus, la phase inférieure de I'ABS a été réintégrée comme source de bain frais dans
le processus de décapage, tandis que la phase supérieure contenant du PEG et du Cr(VI) a poursuivi le
processus. L'action de différents agents tels que Na,COs; ou NaOH, qui ont donné lieu a un deuxiéme
ABS pour récupérer le Cr de la phase polymeére, n'a donné de bons résultats que pour de petits vo-
lumes. Lorsque I'étape a été effectuée en grands volumes, le systéme a montré la formation d'une
troisieme phase solide indésirable. En revanche, le systeme PEG-Cr(VI) s'est comporté de maniére
particuliére lors de son exposition a la lumiére. Apres une étude approfondie de la littérature, il a été
constaté que la lumiére peut favoriser la réduction du Cr(VI) en Cr(lll) et que ce dernier précipite et se
sépare ainsi du polymere. Apreés avoir choisi la source de lumiére nécessaire pour accélérer la réduc-
tion du chrome, celui-ci a été séparé du polymére avec un rendement élevé. Le chrome en phase
solide a ensuite été caractérisé par diverses techniques et s'est révélé étre présent sous la forme de
Cr(OH)s, de CrOs et de Cr,0s. Enfin, le polymére a été régénéré par distillation et testé pour un second
cycle d'extraction. Le PEG régénéré et le PEG frais se sont avérés aussi efficaces I'un que I'autre. L'eau
obtenue a la fin du processus de distillation est trés pure et peut étre réintroduite dans le processus

de décapage.
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Le cycle global du processus est présenté a la Figure 9 et a été dépose (numéro de brevet

CN102531139B 20131106) en septembre 2019.
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Figure 9. Schéma du brevet pour la récupération du Cr(VI) dans le bain de Na,SO,.
Conclusions

L'objectif de la thése était de régénérer deux bains différents, les bains UGCO et Na,SO, utilisés par
Aperam dans le processus de décapage. Les procédés actuellement utilisés par Aperam sont basés sur
la neutralisation de ces bains a I'aide de différents agents. Cependant, bien que la neutralisation soit
tres avantageuse d'un point de vue économique, elle pose des problemes d'élimination des déchets.
L'alternative qui a été proposée est d'utiliser des systemes biphasiques aqueux pour régénérer les
bains. Les exigences de I'entreprise concernant les deux bains avaient la méme priorité et consistaient
essentiellement a nettoyer les bains de la plupart des métaux dissous, a I'exception des métaux jouant
un réle dans le processus de décapage. Des systémes d'extraction liquide-liquide appelés ABS ont été

proposés comme alternative au processus de neutralisation.

Dans le premier cas, deux systéemes ABS ont été étudiés, I'un consistant en un liquide ionique [P 424 14]
Cl et bain UGCO et I'autre composé de polymére PEG-600 et bain UGCO. Du point de vue de la sélec-
tivité de I'extraction, les deux systemes ne répondaient pas a la demande de I'entreprise, car tous deux
extrayaient le Fe du bain, qui est essentiel dans le processus de décapage du bain d'UGCO et doit donc
rester dans celui-ci. Ce qui était intéressant dans ces systémes, c'était plutot la représentation gra-
phique des données expérimentales obtenues. Les ABS sont représentés dans la littérature au moyen
de courbes binodales. Pour les systémes avec le liquide ionique et Ni (ou Cr), les courbes binodales
obtenues étaient similaires a la plupart de celles trouvées dans la littérature, c'est-a-dire que le déve-
loppement de la courbe suivait I'augmentation de la composante utilisée le long de I'axe dans lequel
la composante était située. Cependant, la courbe binodale avait une forme peu commune, appelée

dans le manuscrit "forme d'oignon", lorsque I'on considere le systeme avec liquide ionique et Fe. Le
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mécanisme d'extraction proposé est celui de I'échange d'ions, entre les composants constituant le
liguide ionique et les espéces présentes en solution. En ce qui concerne le systeme polymere, aucun
ABS n'a été démontré a ce jour lorsque PEG / HCl / H,0 sont mélangés ensemble sous certaines con-
ditions. Ce qui a été démontré dans ces travaux et qui s'est avéré étre la découverte fondamentale la
plus innovante est qu'en ajoutant du FeCls au systéme, on obtient un ABS. Le mécanisme d'extraction
proposé dans ce cas implique I'extraction de I'anion FeCly, qui se lie avec les oxygenes partiellement
chargés positivement (en raison de la délocalisation des charges) dans la chaine polymeére. L'étude de
ce bain nécessite toutefois des recherches plus approfondies, car au cours des différents tests effec-
tués, I'attention de la société s'est également portée sur d'autres métaux tels que le Cu(ll) présent
dans le bain UGCO, et I'un des résultats obtenus lors des tests préliminaires pour ce métal était la

capacité du liquide ionique a extraire environ 50 % en poids du métal.

Pour le second bain, le bain de Na,;SQO,, I'ABS principalement étudié était celui constitué de PEG-
600/bain Na,S0,. Cet ABS a immédiatement satisfait aux exigences de |'entreprise et I'enquéte s'est
poursuivie en intégrant I'ABS dans le processus général d'extraction du Cr(VI) du bain de sulfate. Ce

processus comporte trois étapes clés :

- formation d’un ABS avec un mélange de PEG et de bain sulfate ;
- la séparation du chrome de la phase polymeére accélérée par la présence d'une source de lumiére ;

- la régénération du polymeére par distillation.

Le procédé présenté pour le traitement des bains de sulfate est mis en ceuvre de maniére continue,
notamment en termes de conception industrielle. En particulier, il est nécessaire de développer la
boucle du procédé dans un pilote industriel pour vérifier la stabilité de I'ensemble du procédé sur une

longue durée et également pour vérifier le rendement et la consommation des réactifs.
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The 6th SOER 20202 (European environment - state and outlook 2020) published by the European
Environment Agency (EEA) foresaw an urgent need for action in the challenge of environmental sus-
tainability by 2050. The environmental situation is worsening considerably in Europe, as many known
pollution problems persist, and new ones are emerging. Fundamental changes in lifestyles, production
and consumption, knowledge and education are needed for Europe to move towards sustainability.
For example, European waters are affected by external pressures from pollution and physical changes.
Only 40% of Europe's surface water bodies have good ecological status and 38% have good chemical
status. The situation is even worse for seawater, as 8 million tonnes of plastic waste ends up in the

ocean every year, putting pressure on the marine environment and its ecosystems.

Regarding the air quality, it turns out that air pollution is the biggest environmental and health risk for
Europeans. Today, 80% of all EU greenhouse gas emissions come from fossil fuels?. According to the
latest numbers from 2017, only 17.5% of the EU's energy comes from renewable sources. The new
policy is based not only on improving, but also on doing things differently. Recognizing the persistent
environmental and climate challenges on a European and global scale, European environmental and
climate policy is increasingly driven by long-term sustainability objectives, as envisaged in the vision
of the EU's Seventh Environmental Action Program (7th EAP) 2050, the 2030 Agenda for Sustainable
Development and the Paris Agreement on Climate Change. The decade from 2020 to 2030 will be
crucial in determining Europe's opportunities in the 21st century. But it appears that the current rate
of progress will not be sufficient to meet the climate and energy targets for the period 2030-2050.

Among these goals we can include early climate action, improving water and soil conditions, increasing

responsibility for consumption and production, clean energy production, etc. (Figure 10).
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Figure 10. Long-term Sustainable Development goals of 6th SOER 2020?
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In fact, only in recent years, important policy developments have taken place around the frameworks
of the low-carbon economy, the circular economy and the bioeconomy. Environmental and climate
action is also pursued through broader institutional arrangements, such as climate-related expendi-
ture representing at least 20% of the EU budget for 2014-2020 and the Sustainable Finance Initiative.
All these agreements are coming from a global awareness of the need to improve our environmental

impact in all fields.

In this context Aperam, a stainless steel manufacturer, committed itself to decrease its environmental
impact with the target to be neutral in 2050. To achieve this goal, the company launched projects on
thematic such as air quality, waste reduction and revalorization, CO, emission reduction and recycling.
The process of stainless steels manufacturing is a source of several types of waste (dust, sludges, lig-
uors etc.). Among them, the chemical surface treatments of the product use large quantities of acids
which induce the formation of a large quantity of sludge containing metallic ions. These sludge are

generally landfilled as hazardous waste.

Aperam has a flat Stainless and Electrical steel capacity of 2.5 million tonnes in Brazil and Europe and
is the leader in high value specialty products. In addition to its industrial network, spread over six
production facilities in Brazil, Belgium and France, Aperam has a highly integrated distribution, pro-
cessing, and services network. Its products are sold to customers in more than 40 countries, for appli-
cation in a large variability of fields among which aerospace, automotive, catering, construction,

household appliances and electrical engineering, industrial processes, medical and oil & gas industries.
Commenting, Aperam CEO Tim di Maulo said:

‘Aperam is the world’s greenest stainless-steel producer thanks to its European production route based
on fully recyclable stainless-steel scrap, and the use of charcoal from our sustainably cultivated forests

in Brazil.”

In the 2019 Sustainability Report'’, Aperam announces its 2030 environmental objectives and ambi-
tion to be carbon neutral in its European operations by 2050, contributing to the European Commis-
sion’s Green Deal. The 2030 objectives against the 2015 baseline proposed by Aperam are: -15% CO;
emissions, -11% energy usage (electricity and natural gas), -40% water intake, -70% in dust emissions,

and target waste recycling rate >97%.
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Therefore, a great emphasis has been placed by the company on the question of recycling (Figure 11).
In addition to the standard actions that all companies take for the separate collection of normal waste,
Aperam embraces metallurgy as a recycling channel and by-product recycling - the two key aspects of
its responsibility in this area. In 2019, 24% of all Aperam’s materials (consumables etc., for a total of
5.5 million tonnes) came from recycled sources. Moreover, the company also produces metals that
are reusable several times and uses a large amount of recycled materials in its stainless steel produc-
tion process. Moreover, Aperam already revalorizes a part of its industrial wastes in one of its subsid-

iaries named Recyco. This company treats dust and oxides coming from the melting shops.
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Figure 11. Aperam residues split in 2019 (from
Aperam website).

With a stainless-steel production in the world of around 52.2 million tonnes only in 2019, it is clear
that this material is of high demand, especially in the last decade. But, what makes this product, dis-

covered by Harry Brearley® over a century ago now, so attractive and in demand?

Stainless steels, unlike simple steel which contains only iron and carbon, are steels containing at least
10.5% chromium, less than 1.2% carbon and other alloying elements in a matrix of iron (Figure 12).
They are divided, according to their crystallographic structure into 4 large families*: ferritic stainless
steel (body-centered cubic structure), martensitic stainless steel (metastable body-centered cubic at
room temperature and face-centered cubic structure at high temperature), duplex stainless steel (mix
of grains with body-centered cubic structure and face-centered cubic structure), and austenitic stain-
less steel (face-centered cubic structure). Considering the contribution that comes from each metal
that makes up stainless steel, we can see that chromium is one of the most important elements. The
corrosion resistance is directly proportional to the increase in concentration of this element. As re-
gards nickel, it influences the ductility and toughness of a stainless steel and reduces the corrosion

rate in the active state and its presence is therefore advantageous in acidic environments. There are
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also many other elements such as molybdenum, manganese, aluminum, cobalt, titanium, nitrogen,

sulfur, vanadium, tungsten etc. that are used to improve the characteristics of stainless steel (welda-

bility, deep drawing, corrosion resistance, mechanical resistance etc.).

Steel Stainless Steel
Formation of Iron Oxide Formation of Chromium
(rust) Oxide
O
_N |
Fe+C Fe+ C+Cr=10.5%
w Rust B Passive Film

Figure 12. Main differences between steel and stainless-steel steel. (Aperam
website)

In a society where only a small part of the products coming from the industry can be recycled, stainless
steel results to be one of the sustainable materials which can be always recycled. However, to be
classified as a green product, the process of manufacturing stainless steel, even from scrap, has still

to be improved toward an environmental neutral impact.

In the European branch of Aperam, the melting, the
composition adjustment and the continuous casting
of stainless steels are carried out in the two plants
in Belgium (Chatelet and Genk). The slabs formed by
the casting are collected at Chatelet where they are

hot rolled to form coils with an average weight of 25

tonnes and a thickness of between 2 and 12 mm

(Figure 13). As the previous stages of the process are

Figure 13. Rolls of stainless steel produced by Aperam. Site
of Isbergues (Fr).

at high temperature in air, the surface of the coils is

covered by a thick layer of black oxide. Therefore, these coils are called "black coils". The coils are then
sent to one of three cold rolling plants in Europe (Genk, Gueugnon and Isbergues) where they are
processed to give them the properties required by the customer (thickness, width, surface finish, etc.).
Among the first process steps the coils undergo the first pickling, which purpose is to remove the oxide
from the surface, to erase the surface defects coming from the previous steps of the process and to
remove a thin layer of metal depleted in chromium during the formation of the thick oxide. Various
acid solutions are used to remove oxide layers from the surface of the metal, in whole or in part, which

will then accumulate in the waste stream®®. Depending on the surface finishing requested by the
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customer, the coil can, after cold rolling, undergo another annealing and pickling steps. Indeed, the
cold rolling performed to reach the target thickness for the coil induces a hardening of the metal. The
metallurgical properties of the metal have to be regenerated via a final annealing. If this annealing is
performed in oxidant atmosphere, it has to be followed by the final pickling treatment which has just
to remove the thin oxide formed during the last annealing stage. The pickling baths used for this treat-
ment are less aggressive than those used for the first pickling in order to maintain the surface proper-

ties as close as possible to those provided by the cold rolling (to avoid or minimize metal consumption).

For each pickling, the baths work continuously, as shown in Figure 14.

Working bath 1 Working bath 2 Working bath 3

Treatment: Acid 1 Treatment: Acid 2 Treatment: Acid 3

Ohe ~_ -

[ PICKLING >

Figure 14. Schematic representation of 3 baths for pickling process. Each of the baths having a different composition
in acids and salts.

As the objectives of the two types of pickling are different, the baths used differ by their compositions
and/or by their concentrations. The first pickling uses a hydrochloric acid-based bath named UGCO
(UGine Chlorhydric Oxidant) by Aperam (an extremely aggressive bath) and a hydrofluoric acid-based
bath called UG3P (UGine Peroxide Pickling Process) by Aperam (a finishing bath used to remove the
last oxide spots and also silicon oxide). The final pickling uses in a first part the electro-sulfate bath
which uses indirect polarization to selectively oxidize the chromium (1) of the oxide into chromium
(V1) which dissolves in the bath. In a second part electro-sulfuric, electro-nitric and lighter UG3P baths

are used. A more detailed description of the pickling will be made in the following chapter.

The selectivity and the effect of each type of bath on the oxide layers and on the metal can be observed

looking at the repartition of dissolved metal in the different baths (Figure 15).

UGCO bath Na,S0, bath
Type of Metal | Concentration (g/L) Type of metal | Concentration (g/L)

Fe 88.86 Cr 13.51
Cr 18.87 FE 062
Ni 788 Ni 0.38
Mn 1.08

Vo 0.36 Mn 0.097
Cu 0.35 Cu 0.048

Figure 15. Concentration of metals in the UGCO (left) and Na,SO, (right) Aperam baths.
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Thus, the metal dissolved in the sulfate bath is mainly chromium as the main reaction in this bath is
the overoxidation of chromium while the partition of the metal ions dissolved in UGCO bath is close
to the mean composition of the metal (about 80% of iron, 15% of Cr and 5% of other elements) as this

bath mainly induces dissolution of the metallic surface.

The coming lines describe the composition of the baths that have been studied during this PhD and

the corresponding requests formulated by Aperam.

- Na;S0, bath. The working temperature is between 70 and 90 °C. It contains Na;SO4 with a small
amount of H,SO4, for pH in the range 2 - 5. As visible in Figure 8, the bath is rich in Cr (mainly Cr(VI),
but contains also Fe, Ni, Mo and Cu). This bath contains between 5 and 20 g/L of Cr(VI). The minimum
content of 5g/L of Cr(VI) is necessary to inhibit the dissolution of the metal surface. The bath naturally
enriches into Cr(VI) in time. When the concentration of Cr(VI) becomes close to 20 g/L, the pickling
efficiency of the bath drops and so the bath is refreshed by dumping a part of it and replacing it by a
metal free sodium sulfate solution. Due to the presence of sulfate ions, the sludge formed by the
neutralization of this bath contain a lot of sulfur which prevents their valorization by conventional
pyrometallurgical treatment. As the neutralization of the used bath is made by mixing of all the flows
and not separately on each type of flow, the contamination of the neutralization sludge by the sulfur
prevents the use of pyrometallurgical treatment for the entire stream. For this reason, the request of
Aperam concerning this bath is to remove all the dissolved metals from it in such way that the metal
ions could be recovered, under metallic form or in sludge not contaminated by sulfur, and that the

bath cleaned from its metal could be reused for the surface treatment.

- UGCO bath. This bath is a patented pickling bath consisting in a mixture of hydrochloric acid (be-
tween 100 and 180 g/L) and iron(lll) as an oxidizer (between 40 and 70 g/L) working at temperature
between 50 and 75°C. This bath dissolves the oxide layer thank to the properties of the HCl and also
dissolves a part of the metallic surface by both acid dissolution and oxidation of the metal by the
iron(lll). The pickling reactions consume the iron(lll) and form iron(ll). To maintain the oxidizing ability
of the bath, the iron(ll) is oxidized back into iron(lll) by hydrogen peroxide. The high aggressiveness of
this bath induces its fast loading in dissolved metals and a frequent need for fresh acid and hydrogen
peroxide. However, the relatively low concentration of the commercial HCl acid (about 33 w%) induces
some difficulties in the management of this bath. Indeed, if the bath evolves too far from its optimum
settings, the return to the settings in terms of acid will request dumping of the bath to enable the
addition of enough acid and will induce a loss of iron(lll). To prevent such cases, this bath is in contin-
uous management (addition and dumping) compared to all the others which are managed with addi-

tions on an hour basis. Although the presence of dissolved chromium and nickel is not detrimental for
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the pickling efficiency, they are valuable metals, and they are currently difficult to recover in such
acidic condition and in presence of large amount of iron®°. The request of Aperam concerning this bath
will be to extract Cr and Ni from it (with only a low amount of co-extracted iron) if possible, with
dehydration of the bath (preventing its detrimental dilution) and removal of copper (which is an in-

hibitor of the pickling reaction).

The UGCO and NazSOs bath treatments are of identical priority to Aperam. These two baths contain
sludge, involving quality issues. If metals are extracted, sludge will not occur, thus increasing the qual-
ity of the bath. There are no requirements about the working temperature of the recovery processes.

However, care should be taken to avoid Na,SO4 precipitation at low temperature.

Therefore, due to economic problems and the regulation related to waste treatment, this project

was proposed, focusing mainly on the following benefits:

- theincrease of the efficiency of the pickling process (that decreases when the amount of the
metal ions increases in the bath).

- the removal of metal ions allowing them to be reused (to produce further stainless steel) and
increasing the lifetime of the pickling bath.

- the price of recovered metal ion in alloy form.

- the reduction of the quantity of polluting waste for which, if treated and upgraded, the com-

pany will not have to pay to landfill it.

The goal was to develop a process that could meet both the economic and environmental demands
fixed by Aperam at the beginning of the PhD. We responded to Aperam's requests through the use of
aqueous biphasic systems (ABS); those systems consist of a minimum of three components, one of
which is always water while the other two are water soluble. ABS can be composed of polymers, ionic
liquids, neutral salts, or acids. When these components are mixed at certain concentrations and tem-
perature, they provide a biphasic system. A more detailed description of these systems will be pre-
sented in the “State of the art” chapter of this manuscript. For the moment it is important to remind
that ABS have been widely used for the extraction of biological molecules, but to date no industrial-
scale process using ABS has been proposed for the extraction of metals, with the exception of this
manuscript. So, by using different types of ABS, it was possible to meet many of the challenging de-

mands made by the company.

This manuscript is divided into 5 main chapters, excluding the introduction and conclusion:
A. State of the art

B. Materials and methods
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C. HCl bath - results and discussion
D. Na;S04 bath - results and discussion

E. Design of the industrialization of the extraction of Cr(VI) from Na;SO4 bath using PEG-400
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1. Introduction

The first part of this chapter focuses on the description of the pickling processes, and how they are
implemented in Aperam plants. As a waste product obtained from the pickling processes, spent pick-
ling liquor (SPL) results to be one of the main pollution issues for metallurgical companies. Nowadays,
several methods are used to treat SPL, but they are still very expensive and there are several problems
in disposing of their products in landfills. This is where the thesis project originated, from the need to
find an alternative to the existing processes used by Aperam to regenerate SPLs. The alternatives that
have been proposed are the aqueous biphasic systems (ABSs). A brief historical exposition will be
made starting with the first ABS up to the most recent one. The main components used in this manu-
script that make up an ABS will be described. Moreover, in the chapter, it will be shown how the
experimental data are displayed graphically. ABSs have been widely used over the years for biological
systems, but more recently they have also found their way into the recovery of metals from industrial

waste. The last part of the chapter is devoted to the new acid ABS (AcABS) for metals extraction.

2. Pickling processes and treatment of spent pickling liquors at

Aperam

Pickling is a treatment that removes superficial impurities from the surface of a product. The most
common procedure involves the use of an acidic solution known as pickling liquor, this is why it is
called “pickling”®. In metallurgy, there are six major types of pickling: cryogenic, thermal (pyrolysis),
energetic (plasma), electrochemical, chemical and mechanical. In particular, Aperam uses the last
three. When the black coils arrive at the cold rolling plant, depending on the type of surface required
by the customer, the coils undergo several annealing, pickling and cold rolling steps as displayed in

the Figure 16.
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Surface finishes
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Figure 16. Surface finishing steps for stainless steel in Aperam lines.

Whatever the requested finishing is, the black coils will almost all be treated by a first annealing and
a pickling step which aims to soften the work-hardened structure by hot rolling and to clean the sur-
face in order to facilitate the cold rolling step. Indeed, the hot-rolling and the first annealing phases
induce the formation of a thick oxide layer on the surface of the coils. Depending on the type of steel
produced, the oxides present on the surface may vary in composition. For example, in AISI 304 stain-
less steel case, oxide scale is composed of iron, chromium and nickel, with silica, manganese and mo-
lybdenum oxide traces. In general, a thick oxide layer (10-30um) consisting of a compact inner layer
of chromium-rich oxide and a brittle outer layer rich in iron and manganese oxides is found at black
coils’ surface. The purpose of the first pickling is to remove this thick oxide layer and also a few mi-
crometers of the underlying metal layer (which is depleted in Cr due to the strong oxidation and which
can present defects like scratches). The first pickling involves two steps, the mechanical pickling by a
scale breaker (device which forces the strip to make several deflections on a short radius of curvature
in order to induce cracks in the brittle part of the oxide layer) and shot blasting (blasting of small ball
of steel on the surface to remove a part of the brittle oxide layer) which aims to facilitate the action
of the chemical pickling section focused on the metal dissolution. For the latter, Aperam uses aggres-
sive baths (hydrochloric and hydrofluoric boosted with an oxidizing reagent). Then there is a cold roll-

ing stage, which enables the coil to reach the final thickness required by the customer. Since cold
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rolling induces hardening of the surface, it is necessary to anneal the metal again to restore its metal-
lurgical properties. If this annealing is carried out in a conventional gas furnace, it induces oxidation
of the surface. "Final pickling" is used to remove the oxide layer formed by this annealing without
affecting too much the surface quality of the metal. For this purpose, Aperam uses more selective and
soft baths (e.g., sulfates). After pickling, the surface must be thoroughly rinsed, otherwise stains and

defects may appear.

The ions can precipitate if they reach their solubility limits forming thus a sludge in the bath. This
sludge can induce defects in the products by creating stains and discoloration but can also induce
difficulties in the management of the bath by clogging the pipes. Therefore, when the amount of met-
als is too high, a refreshment (partial or total) is necessary. However, the presence of some metals is
essential for the efficiency of the bath as for instance iron(lll) as a reactant for UGCO bath and Cr(VI)
as an inhibitor of metal dissolution in Na,SO4 bath. If the problems of sludge formation is put aside,
increasing the concentration of the dissolved metals which are not used as reactants for the pickling
reaction will shift the equilibrium of the pickling reaction and thus reduce its efficiency to zero. At this

point the bath of acids and metal oxides must be withdrawn and replaced with a fresh bath.

Therefore, exhausted bath is one of the most important environmental concerns in steel mills. It is
estimated that for a production of 7,570,000 tonnes/year of steel a volume of 380,000 m3/year of SPL
is produced in Europe (2017)%. The sludge produced after neutralization is estimated to be 190,000
tonnes/year. The environmental impact of liquid waste from spent pickling solutions is significant and
their treatment is currently expensive. Their highly corrosive properties are harmful to the environ-

ment and they could present the following effects on the receiving environment®:

e Hydrolysis of ferrous salts into ferrous-ferric hydroxides, insoluble in water, results in an ocher
sediment.

e The reduction of oxygen dissolved in water produced by the above reaction decreases the
regenerative power of rivers.

e The proliferation of ferruginous bacteria and ferritic deposits affects flora and fauna.

e High Fe concentration in the solution discards waters to be used for food supply, household,

or industrial purposes.

The toxic nature of certain additives used in metal surface treatment solutions such as corrosion in-

hibitors and surfactants have harmful effects to the environment due to:

e Contents of non-ferrous metals such as Zn, Cu ... in pickling/galvanizing baths.

e Gaseous emissions (nitrous and HCI gas) during the process.
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e Liquid emissions due to subsequent washing.
e High salinity and organic load of effluents derived from the physio-chemical treatment of ex-

hausted baths.

The current technique used by Aperam to dispose of SPLs from the baths is to collect them all together

and send them to the neutralization and landfill line (Figure 17).

. fmductﬁ
' Pickling line -
Pickling Rinsing
Sludge
(sca?e , Spent
rinse water
Spent acid =
Metal enpnched acid
depleted salibion
Neutralisation
MHeutralisation sludge Neutralised
= meial hydroxides water

Figure 17. Pickling waste generated in the steel streamline®®.

Neutralization is the most economical method used to date and consists of treating the SPL with bases
or alkaline agent in order to neutralize the acidity and to transform metal ions into hydroxides which
will then precipitate. The most used reagent is the quicklime which, in contact with water, provides

slaked lime (Ca(OH),)%, and the latter reacts with HCI. The reactions are as follows:
CaO + H,0 = Ca(OH), (1)
2HCI + Ca(OH), = CaCl; + 2H,0 (2)

The products obtained are calcium chloride and water. Another advantage of the neutralization pro-
cess of the mix of all the SPLs is the possibility of using a low quantity of reagents, as one part of the

flux neutralizes part of the others.

The main drawbacks of this method include:
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a) High sludge production after neutralization. Ozdemir et al.?? showed that for 2 k-tonnes of SPL
it was necessary to use about 1.3 k-tonnes of NaOH for the neutralization process; and in
addition about 250 tonnes of iron hydroxide are produced as sludge.

b) The sludge contains the anions of almost all the baths and so S and F which are detrimental
for the use in pyrometallurgical treatment.

c) The process is characterized by slow metal precipitation kinetics. Flocculation should be used
to prevent this.

d) Problem of landfill disposal, such as contamination of groundwater due to the leaching prop-

erties of heavy metals.

In the specific case of Na;SO4 and UGCO baths, there are dedicated regeneration treatment for these
baths, and they are based on the recovery of metals and reclamation of acids?3. The two parts are
often treated in the same process. Acid regeneration requires separating the dissolved metals from

the acids and then re-concentrating the acids that can be used for further surface treatments.

For the Na,SO4 bath, regeneration involves neutralizing the bath separately using bisulfite and soda
ash to approximately pH 5 so that most of the metal precipitates. The precipitated metal is then fil-
tered out and the bath is readjusted to pH 2 with sulfuric acid. The main advantages are that the bath
is regenerated, Cr(VI) is kept in a smaller process cycle, while the main disadvantage is that a lot of
acid and soda ash are consumed and the sludge obtained as products is not treatable due to its S

content.

As for UGCO or hydrochloric baths the best way to regenerate them is with spray roasting. The spray
roasting is based on a pyro-hydrolysis reaction. The pyrolysis of FeCl, producing hydrochloric acid from

carbon steel pickling lines takes place according to the following chemical reactions:
2FeCl; + 2H,0 + % O, = 4HCl + Fe,0; (3)
2FeCl; + 3H,0 = 6HCI + Fe;03 (4)

The water and free acid components included in the initial solution rapidly evaporate at the temper-
ature of reaction. The roasting gas thus contains the entire free and bonded acid in a form that can be
absorbed. The spray roasting process works at a temperature below the sintering temperature of iron
oxide. So, the iron oxide is obtained as a red powder. The quality of iron oxide mainly depends on the

temperature and flow rate.
The drawbacks of this process are:

- The pyro-hydrolysis process is very energy intensive and expensive.
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- Theregeneration plant is very maintenance intensive due to the highly corrosive nature of the
liqguor at elevated operating temperatures.

- If the plant does not have much used bath to treat, it is not very easy and convenient to oper-
ate the process.

- These processes produce a significant amount of stack emissions containing HCI, particles and

chlorine that led to exceeding emission limits.

Alternative methods for treating acid solution with dissolved metals are the evaporation and crystal-

lization methods, the solvent extraction and membrane separation technology.

Considering the evaporation and crystallization method for SPL treatment, there are three ways of
getting free acid from them: copper recovery?* %5, ferrous sulfatemonohydrate?® recovery, ferric chlo-
ride?” recovery. With regard to, for example, ferric chloride?, the pickling liquor containing ferrous
chloride and fortified with sufficient HCI quantity is converted to ferric chloride in the presence of
oxygen in a tower at a temperature above 50 °C. The oxygen is introduced at the bottom of the tower
and ferrous chloride at the top of the tower. The ferric chloride solution from the tower is subjected
to evaporation so as to increase the concentration of the ferric chloride. The resultant concentrate is
recycled back into the tower until a concentration of about 40 % by weight of ferric chloride is ob-

tained.
The problems with evaporation and crystallization process are listed below:

- The Fe(ll) sulfate recovery offer little promise as a general solution of the problem because of
a limited market for the compound.
- The evaporation and condensation processes are very energy intensive and are not amenable

to small-scale plant.

The solvent extraction (SX) is a process that consists of transferring a soluble metal from an aqueous
to an organic phase. SX can be grouped into three classes, depending on the type of extractant used,
basic extractant (quaternary and tertiary amine), neutral extractant [tri-n-octyl phosphine oxide
(TOPO) and tri-n-butyl phosphate (TBP)] and acid extractant (CYANEX 272, DEHPA and LIX-84) 282930,
Solvent extraction appears to have great advantages over other methods, especially in terms of pro-
cess flexibility, and because it allows effluents to be treated over a wide range of metal ion concen-

trations. On the other hand, the disadvantages of using the SX are the following:

- when using basic extractants such as ALAMINE 336, emulsification occurs.
- among neutral extractants, the use of TBP leads to the formation of the third phase,

- and a high concentration of acidic extractant DEHPA is required to remove iron(lll).
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As regards to the membrane separation technology 332

, it is a physical barrier that allows certain
compounds to pass through, depending on their physical and/or chemical properties. The advantages
of this method are that it does not use any additional chemical compounds during the process, it is a
very compact system easy to automate and control. The main problem with using membranes is their

fouling, which limits their application.

Finally, for both SX and the use of membranes, the common problem is that both methods are used
to separate metals. The recovery of metals must then take place through secondary processes such as

back-extraction, electrodeposition, crystallization, or precipitation.

So far, some of the most common methods for treating SPL have been presented. The treatments
listed vary according to the type of SPL to be treated, the quantity, quality, and composition. Some of
these methods are no longer used, such as SX, and some others such as crystallization or membrane
separation technology, which, although very flexible to various requirements, they are not very suita-
ble for cost and safety reasons. Similarly, evaporation and pyro-hydrolysis are too expensive for the
recovery of economically unattractive metals. Others require extensive maintenance, such as those
that use membranes. And finally, the neutralization method, which is the most economical, causes
large quantities of sludge and problems in its storage. For the above economic and environmental
reasons, an alternative based on metal extraction and SPL regeneration through aqueous biphasic

systems (ABS) will be proposed.

4. Agueous biphasic system

4.1. Whatis an ABS?

Aqueous biphasic system (ABS) is a liquid-liquid extraction system (LLE), consisting of mixtures of three
components, first one being water, and the other two being soluble in water. These components when
mixed together provide a phase separation under some particular experimental conditions. After a
careful literature investigation, it can be stated that there is no official acronym convention to define
an aqueous biphasic system. In this manuscript the abbreviation ABS will be used instead of ATPS

(aqueous two-phase system), also widely used in the literature.

Working parameters such as temperature and components’ concentration play an important role in

the occurrence of phase demixing. Indeed, the variation of theses parameters can shift an aqueous
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monophasic system (AMS), (where all the components are in the same homogeneous phase), to a
aqueous biphasic system (ABS), (where the two phases result to be immiscible in each other and the
components will be distributed between an upper and lower phase), and vice versa and these changes

are perfectly reversible.

In this manuscript, the two components that are responsible and essential for ABS formation, exclud-
ing water, will be named biphasic inducers. They can be polymers, ionic liquids (IL), salts or acids, but
not all of them provide ABS when mixed together. The biphasic inducers that provide ABS when cou-
pled are polymer A / polymer B, polymer / salt, polymer / IL, ILa / ILs, IL / salt and IL / acid. Section
4.1.2. of this chapter will be devoted to the definition and description of the polymers and ionic liquid

used during the PhD.

In some cases, some additives are added to the three components of an ABS, and these additives have
different roles such as promoting ABS formation, changing the working pH, or even facilitating the
transition of certain components from one phase to another and sometimes the same additive may
play more than one role. In other cases, however, a compound may switch its role during the experi-
ment, i.e. if at the beginning of the experiment this is used as a biphasic inducer, at the end of the
experiment the same component may become an additive, depending on its concentration in the sys-
tem. In fact, in this manuscript, we will refer to additives as those compounds present always in lower
concentration in the system than the others. Moreover, in this manuscript, when the additive is used
to change the pH, this will be referred to as a pH adjuster, while when the additive is used to promote

the repartition of a component from one phase to another, this will be referred to as extracting agent.

As regards the order to present the components in an ABS, the following format will be adopted in

this manuscript:

** Polymer A /polymer B / H,0
% Polymer/salt / H,0

% Polymer/IL/H,0

< ILa/ILs/ H2O

« IL/acid / H0

< IL/salt/H0

For systems where there will be an additive, for example, an acid, the latter will be inserted in the

second place:

«* Polymer / [acid + salt] / water

¢ IL/ [acid + salt] / water
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The square bracket will be used in this manuscript to indicate that the biphasic inducer and additives
were prepared in the same synthetic solution or are present in the same industrial solution. In the
case where the additional contribution comes from a metal, it will be placed before the salt (or acid)

and displayed in this way:

«*» Polymer /[Me (n.ox.) + acid (or salt)] / water

< IL/[Me (n.ox.) + acid (or salt)] / water
where Me (n.ox.) is the metal ion and the corresponding oxidation number.

To simplify the terminology, throughout the manuscript, only the term “ABS” will be used to indicate
“three-components ABS” that will provide a phase repartition. In the bibliography, it has also been
shown that by increasing the number of components used (e.g. in four-components systems), it is
possible to obtain aqueous 3-phase systems (A3PS). A four-component system can consist of polymer

/ IL/ salt / H,0. However, the A3PS are out of the scope of this thesis.

In the next section, a historical overview will be presented to show in which sectors ABS have been

most widely used, from the oldest to the most recent systems.

4.1.1. Ashort history of ABS existence and usages

The first ABS dates back to 1896 when Martinus Willem Beijerinck® accidentally obtained a biphasic
system when mixing starch with gelatine. The ABS, however, found more concrete applications only
with the discovery made by Per-Ake Albertsson in 1956, where ABS was used to purify chloroplasts3*.
Since then ABSs has been used mostly for the extraction of different biological compounds such as
proteins3®, DNA3®, enzymes®’ etc. Therefore, ABS found direct use in the purification and separation
of biomolecules for more than 50 years now and in particular the most used systems were those based
either on polymer-polymer (PEG-dextran) or polymer-salt (PEG- phosphate, sulfate or citrate
salts)®3, In Table 1 are given some examples of ABS studied for extraction and purification of biolog-

ical molecules.

Type of | Representative examples
ABS ABS Composition of | Product Results Ref.
Polymer- | PEG-dextran Chitinase Successful partitioning of | 4°
polymer chitinase towards bottom

phase
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PEG-dextran

Metal nanospheres and
nanowires and DNA derivat-

ized nanowires

Successful in situ binding
Au nanospheres with Au

nanowires

41

Polymer- | PEG-K;HPO,

B-phycoerythrin

Recovery yield = 90%

42

salt Purification factor = 4

PEG4000 — different | A-amylase Purification = 53-fold 4

sulfate salts + 8.8% Purity = 86%

NaCl

Table 1. Types of ABS with representative example3®.

In addition, the scientific community finds interest in ABS not only for the purification and extraction
of biological molecules, but also for dealing with solutions coming from the metallurgical industry.
Before the arrival of ABS for metal extraction, the most widely used systems were those based on
liquid-liquid extraction using organic solvents. The introduction of polymer-based ABS systems for
metal extraction represented a big step forward mainly for environmental reasons, as organic solvents
have always been a major cause of pollution and health problems. In 1984, Zvarova et al.* published
the first article on the use of polymer-based ABS for extraction of metals. They obtained a low metal
extraction efficiency when the ABS additive-free composed of PEG / (NH4),SO4 / H,O was considered,
while including additives that vary the pH or increase the extraction efficiency of metals (SCN’), they
were able to achieve the aim of their investigation. From that moment on, ABS found increasing use
in the extraction of metals, not only of the corresponding stable elements but also for their radioactive

isotopes*4®,

With the arrival of the first ionic liquids in the 1970 (synthesis of pyridinium*” and imidazolium salts*),
they quickly started to replace the more polluting organic compounds in liquid-liquid extractions. In
particular, it was with the synthesis of protic ionic liquids (PILs) that they found an extensive use in
ABS due to their solubility in water #>*°, However, what was the reason why ionic liquids quickly at-
tracted the interest of the scientific community? To answer this question, it is necessary to go back to
the early 2000s. Researchers from all over the world gathered in a round table at a crucial meeting in
Crete, based on a NATO-sponsored advanced research seminar entitled 'Green Industrial Applications

of ionic liquids'. It was from that moment onwards that ionic liquids were considered 'green' solvents.

As they started to be recognized as more environmentally friendly than organic solvents, ILs became
an excellent alternative for obtaining ABS, both for biological processes and for metal extraction. To
date there are many studies concerning ionic liquids as necessary constituents of ABS aimed at under-
standing the behaviour of these new biphasic inducers. Many of these systems are simple ones, with

no intention of understanding how these compounds could purify molecules or extract metals®525%
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>4 Gutowski et al.>® demonstrated that the 1-butyl 3-methylimidazolium chloride, [Csamim]Cl, a hydro-

philic IL, can induce aqueous biphasic systems when contacted with concentrated solutions of the

water-structuring salt, KsPO4, forming an upper IL-rich phase and a lower KsPOs-rich phase, both of

them containing water. It was not until 2007, however, that ionic liquids dominated in ABS for biolog-

ical molecules. In fact, in 2007, Du et al. *5, for the first time, reported the extraction of protein from

human urine by using an IL-based ABS. Meanwhile, systems based on IL / salts / H,O have also found

use in metal extraction processes®’ #5958, Billard in the “Extraction of Metals with ABS”>°, in 2016,

presented a detailed list of metal ions extracted using IL-based ABS. Table 2 shows a part of the list

from the one proposed by Billard where some common transition metals are involved. Billard also

mentions systems where additive-free ABS are sufficient to achieve good extraction efficiency for met-

als, in contrast to the early ABS where additives were required.*

Metal, oxidation number

IL-ABS

Ag(l)

Au(lll)

cd()

Co(ll)

cr(in)

Cu(ln)

Fe(lll)

Ni(11)

[C1C5im]BF4/ HN03/ NaPFs/ Hzo

[C:Csim]Cl / HCI / H,0
[C:Csim]Br / HBr / H,0
[Cspyr]Br / HBr / H,0
[TBAIBr / (NH4),504 / H,0

Girard-IL / H,0
[P444E][DEHP] / H20 (i=1,2,3)
Girard-IL / H,0

[Hbet][Tf.N] / bet / H,0
Girard-IL / H,0
[P4a4E][DEHP] / H20 (i=1,2,3)
[C1Csim]FeCls/ H20
[Hbet][Tf,N] / bet / H,0
Girard-IL / H,0

[Pass14]Cl / NaCl / H,0

[P444E][DEHP] / H,0 (i=1,2,3)
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Table 2. Transition metals with corresponding oxidation number extracted by IL-
ABS processes®®.

Over the years, the environment in which ABS developed has also changed. Since metals are often
dissolved in acidic media in the metallurgical industry, various ABS were tested where the salt was
replaced by acid. The new acid-based ABS (AcABS) for metal extraction was composed by IL / acid /
H,0. A pioneering research has been carried out by Coutinho’s research group PATH (University of
Aveiro) in collaboration with our team, on the understanding of ABS in the presence of ionic liquid in
acidic media (HCI, HNOs or H,S04)**2. This line of research then has developed further into under-
standing the effect of metal ions on IL-based ABS systems in acidic media, and understanding the
mechanism of repartition of these metal ions®3. Over the past 30 years, ABS systems based on ionic
liquids have proven to be an alternative to the more outdated methods based on liquid-liquid extrac-

tion using organic solvents, and today it seems that this trend is in continuous development.

4.1.2. Traditional and novel biphasic inducers: polymers and ILs

4+ Polymers: PEG and PPG

In chemistry, a polymer is defined as a natural or artificial substance resulting from the spontaneous
or induced union (polymerization) of several identical or different molecules (monomers). Depending
on the greater or lesser number of structural units that form their molecule, polymers are distin-
guished into oligomers (dimers, trimers, etc. characterized by Mw < 10 kDa) and high polymers, the
latter consisting of molecules (macromolecules) with a molecular weight that can exceed 103kDa. The
molecular weight of a polymer® is the sum of the atomic weights of the individual atoms that make
up a molecule. It indicates the average length of the polymer chains in the bulk resin. All polymer
molecules of a particular grade do not have the same molecular weight, and each polymer is charac-
terized by a range or distribution of molecular weights. Depending on the type of polymerization, it is
possible to obtain polymers by polyaddition or by polycondensation. Moreover, there are different
classes of polymers and they vary according to their use; these include organic polymers such as plas-
tics, inorganic polymers such as silicones, or even conductive polymers that have the electrical prop-
erties typical for conductive materials (Treccani Encyclopedia Italy)®*. Among the polymers known to
date, the polyether family has been chosen for investigation, in particular polyethylene glycol (PEG)

and polypropylene glycol (PPG), since they seem to play a leading role in the metals’ repartition.
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Polyethylene glycol (PEG) (Figure 18) is part of the poly-ether family. It is synthesized using a ring-
opening polymerization of ethylene oxide to produce a broad range of molecular weights (polydisper-
sity). The most common name is polyethylene glycol and is always accompanied by the corresponding

molecular weight.

/ \
| O CHZ |
"\\
< cH; oM

Figure 18. Polyethylene glycol (PEG).

As for polypropylene glycol (PPG) (Figure 2), it is obtained through polymerization processes starting
from the monomer of propylene glycol. The main difference between PEG and PPG lies in the presence
of an additional tertiary alkyl group (-CHs) in the latter. The presence of the alkyl group in the PPG
makes the secondary hydroxyl groups of the PPG less reactive than the primary hydroxyl groups of the
PEG.

CHs

H+O/KVtOH

Figure 19. Polypropylene glycol (PPG)

In this manuscript, the polyethylene glycol will always be indicated with the abbreviation PEG followed
by the molecular weight (e.g. PEG-400), and the polypropylene glycol will be mentioned with the ab-
breviation of PPG followed by its molecular weight value (e.g. PPG-425). In this manuscript, PEG and

PPG are referred to as polyglycols when they are considered part of the same polymer family.

The solubility of these polymers in water is one of the most attractive parameters. Indeed, PPG and
PEG are highly soluble in water, making them very suitable for the use in ABS. In order to understand
the solubility of these two compounds in water, it is first necessary to refer to their carbon-oxygen
ratio (C/0)®, where C represents the alkyl groups, responsible for the hydrophobic character, and O
represents the hydroxyl groups and ether groups which favor the creation of hydrogen bonds with
water and thus its hydrophilic character. From the repetitive unit of the two polymers, it turns that
the C/O ratio of PEG is lower than C/O ratio of PPG. However, this remark only applies to low and
equal molecular weights between PEG and PPG. In fact, when the molecular weight of the two com-
pounds increases, despite the fact that the concept of polarity of the hydroxyl groups is always appli-
cable, some secondary effects such as chain interactions or the formation of helical systems, decrease

the solubility of these compounds in water®3,
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lonic liquids (IL) are salts which melt at 100°C or below. If their melting point is below 25°C, these
compounds are called room temperature ionic liquids (RTILs)% The most common cations and some
possible anions are given in Figure 20%. ILs can be classified in different ways. Apart from the catego-
ries RTILs/non-RTILs, they can be divided into two large classes, protic ILs (PILs) and aprotic ones (AlLs),
based respectively on the presence or absence of an acid proton in the cation. The acid proton gives
them good solubility in polar solvents (i.e. water), and thus the polar character®®. A third classification
of ionic liquids is obtained considering the way they are synthesized. Chloroaluminate ILs are part of
the first-generation, the more air-stable ILs are part of the second generation, the halogen-free ILs of
the third generation and, in the last few years, a biocompatible family of ionic liquids based on choline
as a cation and an amino acid as an anion is being developed considerably; this fourth generation

seems to be great alternative to the treatment of the biomasses and cellulose extraction®.

Cations Anions
" - cl F
cl _-F F
R Br F F
v Ny - : Jr !r \l’f/
R\ R T~ hlde 0\ B e
\_/ N ‘ R Cl/BcF \51 £ ONF l
1-alkyl-3 methylimidazolium 1-alkyl-1-methylpiperidinium tetrachloroaluminate ctafluoraboraie hexafluorophosphate
[Crmim] [Cﬁmpip]_ [AICLY] [BF4]- [PFé]
0
1-alkyl- l—meth}’lpyr_mlidinium | 0 0
[Crmpyr] CEj—L—or
R R M
| (O} CFy (08
+ N trfluoromethanesulfonate acetate trifluoroacetate
R/; SR R \;\R [0T4] o [CE3503] [4¢0] [t
tettaa]kylphosplmnium tetraalkylammonium 0 . 0 4] - 0
[Pn,n,w,n] [Nunnn] \/‘ \S// \\S/}\S//
P \) ({/ 3 cF” \) O// N
bis(flurosulfonyl)imide bas(trifluromethanesulfonyl)imide
[fai] or [N(s02F)) INTE] ©f [N(S0:CF3)y]

Figure 20. Most common cations and some possible anions in L%,
lonic liquids are used in different sectors such as: cosmetic, food, petrochemical, renewable energies,
and pharmaceutical industries. Several branches of chemistry deal with the use of ionic liquids, from
engineering to the use of ionic liquids as solvents and catalysts, from electrochemistry to biological
systems®*. Natalia Plechkova and Kenneth Seddon® proposed in 2008 a list of some well-known com-

panies that are using the ionic liquids in their processes; among them, it is possible to find:
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- BASF. In the BASIL process® (Biphasic Acid Scavenging utilizing lonic Liquids), developed by
BASF (Badische Anilin und Soda Fabrik), triethylamine is replaced by 1-methylimidazole, which
acts as an acid scavenger. Methylimidazolium chloride is then formed, an ionic liquid with a
melting point below the working temperature of the process (80°C).

- Difasol and DIMERSOL®. The Dimersol process, from which the DIFASOL process is derived, is
the conventional technology for the dimerization and oligomerization of light olefins.

- Degussa’®, now part of Evonik Industries, focused on trying to recover spent catalysts to im-
prove purity by using a biphasic reaction mixture where the catalyst was dissolved in an IL. A
range of imidazolium- and pyridinium-based ILs with [BF4]/[RSO4]/[NTf,] anions were inves-

tigated by Degussa for the process.

The ionic liquid used in the PhD project is the tributyl tetradecyl phosphonium chloride (Figure 21).
The choice to work with this IL was based on the promising results my team has achieved in the past
few years. In this manuscript, the alpha-numeric form of abbreviation [P 44414] Cl will be adopted to

mention the ionic liquid.

CHs

CHS(CH2)1ZCH2—P+—\/\CH3 Cl

HsC

Figure 21. Tributyl-tetradecyl phosphonium chloride, [P 444 14] Cl.

It is synthesized using a nucleophilic or electrophilic approach, as shown in Figure 2272, This ionic liquid
is part of the alkyl tributyl phosphonium halides family, and it was applied for the first time in 1980
for the hydroformylation reaction of olefins in the presence of a ruthenium catalyst”2.

Traditional approach: Inverse approach:
Quaternization Nucleophilic substitution

& & 5 5 e LE\J
-P--. R1_ R1 M X ® P..,
R/ \'I/R e i R/ 1R
R R
nucleophilic electrophilic
phosphorus

phosphorus

Figure 22. Nucleophilic (red) and electrophilic (blue) approaches to quaternary phosphonium salts (Lg: leaving group)’.
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4.1.3. Graphic representations of ABS

In the literature, ABS are displayed by using phase diagrams’3, and these are plotted for a given set of
parameters. In Figure 237% are represented two different graphical displays of ABS composed of poly-
mer / salt / H,O ( T = 20 °C). The polymer used is PEG-600 and the salt is Na>COs. It will be referred to
the representation in Figure 2374(a) as a triangular representation and in Figure 2374(b) as an orthog-
onal representation. The phase diagrams provide the same information, it is just a different way of
representing data. In particular, the type of graph (b) simplifies the phase diagram of three-compo-
nents system by only plotting two of three components on orthogonal representation. In both the

representation the percentages of the components are expressed through the equation:
(a) Component 1 (wt%) + Component 2 (wt%) + Component 3 (wt%) = 100%

Where in reference to Figure 23, component 1 is polymer, component 2 is salt, component 3 is water,

and weight percentage (wt%) corresponds to 100 w.
a) (b)
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Figure 23. Phase diagram for the ternary system composed of PEG-600/Na,COs/H,0 at 20°C: (a) ternary representation and
(b) orthogonal representation. CP=critical point of the diagram. M=random mixture in the biphasic region of the system.
Xr=composition of top phase and Xg= composition of bottom phase. The labels 100W H,0, 100w Na;COs; and 100w PEG-600
represent the weight fraction percentages of H.0, Na,COs and PEG-600 respectively’.

In this manuscript, the orthogonal representation of the phase diagram will be used instead of the
triangular one. The phase diagram is characterized by the biphasic and monophasic areas, the binodal
curve and the tie lines. The last two will be described in detail in the following part of this chapter. All
these elements represent a graphical display of the experimental results obtained during the investi-

gation on the behavior of a 3-component system (which can be, for example: Polymer / salt / water).

From an experimental point of view, the biphasic and monophasic areas represent, in the orthogonal

display, the set of all those experimental points obtained by varying the working temperature and/or
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the concentration of a three-components system. If these samples are characterized by one homoge-
neous phase where all components are dissolved, they will be located in the monophasic area,
whereas if the experimental samples exhibit a two phases repartition, they will be located in the bi-
phasic area. Each sample is represented as a point in the phase diagram for which the coordinates
correspond to the proportion in the constituting elements of the mix. Furthermore, each point in the
biphasic area is to be considered as a single and unique ABS obtained by controlling the working con-

ditions such as the concentration.

When the experimental samples are neither in a homogeneous nor in a solution composed by two
liquid phases, but present turbid appearance, these will be presented graphically by the points forming
the binodal curve in the phase diagram. Thus, the binodal curve can be referred to as the border that
delimits the monophasic and biphasic areas. These points can be collected experimentally through the
cloud point titration method, which is the most common method used to date. A large section will be
devoted in the next chapter (Materials and Methods) to the description of this method, applied more

specifically for the systems investigated in the thesis.

Figure 24 shows a phase diagram according to the orthogonal representation, where on the x-axis is
found component 1 and on the y-axis component 2, both expressed in wt%. Component 3 wt% is
calculated through equation (a). The phase diagram has been drawn for illustrative purposes only and
does not refer to any real experimental data. In the figure it is possible to see in red the binodal curve,
which, in this case, has a common shape (where common means the structure that characterize most
of the binodal curves presented in the bibliography). To the right of the binodal curve is the biphasic

area and to the left the monophasic area. Only two points in Figure 24 were chosen for explanation:

- the point A, in the monophasic area, representing a hypothetical sample where the components are
all dissolved, under certain concentration, to give a homogeneous solution (sample A characterized

by the green solution in the Figure 24).

- the point B, in the biphasic area, which also represents a hypothetical sample where, under different
concentrations from those of point A, two different aqueous solutions (homogeneous) of compound
1 and 2 (soluble) are mixed and a homogeneous solution is not obtained and a phase demixing is

observed (sample B characterized by the blue and yellow phases in the Figure 24).

The orthogonal projections of points A and B on the x- and y-axis indicate how these compounds were
prepared, i.e. the amount in wt% of component 1 and 2 required to obtain these samples. The missing

difference to reach 100% is always in water.
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Figure 24. Non-experimental phase diagram, for representative purposes only. The binodal curve is shown in red. Point A
located in the monophasic area characterized by a system, point B located in the biphasic area characterized by a two-phase
immiscible system. The arrows indicate the initial composition values used to prepare samples A and B. The dotted line indi-
cates the maximum limit of the phase diagram and corresponds to 100 (wt%) of the two components.

One of the best-known equation used to fit a binodal curve via the three-parameter equation is that

of Merchuk et al.”, initially proposed to describe polymer / salt systems. It was then also applied for

polymer / polymer and salt / salt systems.

(b)

X =Component 1 in wt%

Y = Component 2 in wt%

Y = Aexp(BX%> — CX3)

A, B, C = are constants obtained by the least-squares regression of the experimental binodal data.

In some cases, for example, when the binodal curve is sensitive to the working temperature, the con-

stants are given as a function of the working temperature variation.”®

Furthermore, for most of systems presented in literature, in the biphasic area it is possible to find the

tie lines(TLs)”>”’. In Figure 25 the tie lines are shown in grey, and each of these represents a group of

n samples which have in common the same composition in the upper and lower phase but different

volume distribution between the two phases. For example, considering the tie line in Figure 25, where
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only 3 of the n experimental samples located on this line have been highlighted, and represented in
Figure 25 by the 3 stars, these samples will have the same composition in the two phases and a differ-
ent volume distribution as showed by the sketches of samples 1, 2, and 3, drawn to the right of the
phase diagram. In all the 3 samples the component 2 will be found predominantly in the upper phase

while component 1 is predominant in the lower phase.

100% |-, § -

90%

Component 2

80%

Component 1

70%

60%

Component 2

Component 1

50%

42% |-
40%

‘9-3‘{.. ‘ Component 2

30%

Component 2 (wt%)

@ \ Component 1

20%

10%

5% ;

0% A4 N

0% 6% 10% 20% 23% 30% 40% 50% 60% 70% 80% 90% 100%
Component 1 (wt%)

M Monophasic area

Binodal curve

Figure 25. Scheme of an orthogonal ternary phase diagram composed of component 1, component 2, and water (in weight
fraction, wt%) and the respective binodal curve (red), tie-lines (grey). Upper phase (component 1-rich phase) is plotted on the y-
axis, and lower phase (component 2 rich-phase) is plotted on the x-axis. 1, 2, and 3 (*) represent total compositions of three
mixtures. The final composition of the top and bottom phase is represented by the nodes (=, *) U and L, respectively.

In general, the compositions expressed in wt% of the upper and lower phase of the n biphasic experi-

mental samples located in the same tie line, are displayed as in Figure 25, by the coordinates of points

Uand L.

The coordinates of point U:
- on the x-axis (Xu), represents the wt% of component 1 in the upper phase,
- on the y-axis (Yu), represents the wt% of component 2 in the upper phase,

and the coordinates of point L:
- on the x-axis (X.) represents the wt% of component 1 in the lower phase,

- on the y-axis (Y.) represents the wt% of component 2 in the lower phase,
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of each experimental sample (e.g. 1-2-3 sample in Figure 25) located on the same tie-line.

The most common method for the experimental determination of TLs is the gravimetric one’® where
a point is selected in the phase diagram, through which the TL will pass. The necessary components
are then weighed and mixed thoroughly. The mixture is left at controlled temperature in a decanter
overnight, and then the two fractions are weighed. Calling M, U and L the points representing the
initial mixture, the upper phase and the lower phase, respectively, X the weight fraction of component
1 and Y the weight fraction of component 2, according to the Merchuk’s empirical equation theory”

the following mass balance equations can be written:

Y 1-—
(c) vy=2 - =y
(d) Xy = 2= 20K
(e) Yy = Aexp(BX,%° — CX,®) = f(Xy)
(f) Y, = Aexp(BX,%° — €X.®) = f(X)

where f(X) is a function of the binodal curve (presented in (b)), and a is the ratio between the weight

of the upper phase on the weight of the mixture.
From the system of equations (c)-(f), is possible to derive the equation of TLs, as follows:
(g) Y =Y, — (STL)X

Where STL is the absolute value of the slope of the tie line and is given by eq. (h) and Yo is the point

corresponding to X = 0.
(h) sTL = Ju=r)

The STL can be expressed as a function of other variables, such as the tie line length (TLL). The TLL can

be calculated using the following equation:

(i) TLL = /(Xy = X.)? + (Yy — ¥,)?

Furthermore, considering the tie line of point 1 (star 1 in the graph in Figure 25), this corresponds to
segment UL and the ratio of the lengths of segments 1L and 1U corresponds to the upper and lower

phase ratio (in wt%) as shown in the following equation:

my Vupu 1L
) Tu o vty 2

my, VipL 1U
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where m, V, and p are the masses, volumes, and densities of the upper (U) and lower (L) phases. If the

phase densities are known, the volume ratio of the phases can be determined.

Another equation that has been used in the literature’ to fit experimental data and obtain a binodal
curve is the Setschenow’s equation. It relates the solubility of the non-electrolyte in the presence (S)

and absence (So) of salt to the salt concentration (Cs) as:
S

(m) log _— = Kscs
So

Ks is the constant of Setschenow 72.

In fact, according to Ananthapadmanabhan and Goddard’® phase separation in agueous polymer-salt
systems may be viewed as the phenomenon related to the effect of an electrolyte on the solubility of

a nonelectrolyte, i.e., known as the "salting-out" phenomenon.

This has been shown to be valid for several polymer/salt systems. However, Zaslavsky et al.® have
shown that in some cases the equation does not fit perfectly with the experimental values and the
binodal curve obtained. In particular, for the system analyzed by Zaslavsky and co-workers®, consist-
ing of PEG- (NH4),SO4- H,0, the binodal curve considered divided into three parts: a branch corre-
sponding to the PEG-rich phase, a branch corresponding to the salt-rich phase, and a central part.
They® thus showed that the Setschenow’s equation reflected the curve obtained in the two extreme

branches but not in the central part.

Both Merchuk's and Setschenow's equations are accepted when the experimental error is negligible
or null. In addition, nowadays many mathematical models result to be good alternatives to these
equations and, above all, both Merchuk's and Setschenow's equations have not been tested for bi-
nodal curves with different structure from the common ones. Some of these uncommon binodal

curves will be presented in the section 4.1.5 of this chapter.

4.1.4. Coexisting solid and liquid phases in the biphasic area of the phase diagram

As mentioned in the previous paragraph, a phase diagram is composed of a binodal curve where on
the left there is the monophasic area and to the right the biphasic one. The biphasic area considered
so far consists of samples characterized by a two liquids phase partition. In some cases, however, there
are also areas on the phase diagram that do not exhibit a two liquid phase repartition where the for-

mation of an additional phase can take place, e.g., a sample composed by liquid 1 + liquid 2 + a solid
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(1L + 2L + S). Since the interest of the scientific community is to investigate the repartition of the
components of an ABS into two liquid phases, the formation of a solid phase has not particularly at-
tracted their interest. It is mainly for this reason that the systems such as (1L + 2L + S), although they
have been known for a long time, have not been much investigated. In the following lines, two articles

dealing with the investigation of these areas will be presented.

Back in 1994, Cheluget et al.’! presented the coexistence of the liquid and solid phases in the biphasic
area of system composed of PPG-425 / NaCl / H,0 (T=25°C). As can be seen in the orthogonal repre-
sentation in Figure 26, to the left of the binodal curve, it is possible to see one liquid phase (A) and
therefore the monophasic part of the phase diagram. To the right of the binodal curve two liquid
phases (B) are presented, and this corresponds to the biphasic area of the system. When the mass
percentages (mass%) of the salt begin to increase more than about 26%, Cheluget and co-workers

noticed the coexistence of a solid phase and a liquid phase (C).

Kl

temperature = 298 K
polymer average molecular weight = 425

J

B

NaCll concentration (mass%)
=3 [

poly(propylene glycol) 425 concentration (mass%)

Figure 26. Phase diagram of PPG 425 + NaCl + water at 25 °C. A) one liquid phase, B) two liquid
phases and C) one liquid phase and one solid phase®.

More recently in 2001, Toboada et al.?? published a phase diagram and the corresponding binodal
curve for the system PEG-4000/Na»S04/H,0 showing that on the right of the binodal curve, the phase

diagram is characterized by areas with more than 2 liquids. In the phase diagram presented in Figure
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2782 the x-axis corresponds to PEG-4000 (Ws) and the y-axis to Na,SO4 salt (W1). Between 0 and 10 W,
of Na,S0O4 and 0 and 60 W3 of PEG-4000 the system is monophasic (L). In the same polymer range but
increasing the salt concentration (between 10-35 W) the system turns biphasic (L+L). Keeping the
polymer range constant (between 0-60 W3) and by increasing the salt concentration to a W; between
35 and 100 results in a solid phase, which Taboada et al. identify as Na,SO4salt, and two liquid phases
(S+L+L). The system becomes more complex when the concentration of PEG-4000 exceeds W53 values
greater than 60. In this case, the formation of the solid (or crystalline) phase may be due to competi-
tion in attracting water between the polymer and the salt. Water is the main component in each phase
and the dissolved components have high affinity for it. Although PEG-4000, used by Taboada and co-
workers, is more hydrophobic than the PEG-400 used in my investigation, the former has affinity for
the aqueous medium too. If the inorganic phase is depleted in water, the salt concentration will in-

crease causing direct precipitation of the salt.
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Figure 27.Phase diagram for Na,SOy4 (1) + H20 (2) + PEG-4000 (3) at 25°C. S= solid, L=liquid, C=crystal, Ls=liquid
saturated®.

4.1.5. Parameters influencing the formation and component repartition in ABS

The researcher's interest in working with ABS lies mainly in the investigation on the biphasic area ra-
ther than the monophasic one, because as soon as a biphasic sample is formed, the components that
constitute the sample will distribute between the upper and lower phase, as may also be the case
when solutions containing several metals are considered. Therefore, the aim of the researcher is to
obtain, by varying the working conditions of the system, the largest possible number of biphasic ex-
perimental samples. Graphically speaking this means increasing the number of experimental points in

the biphasic area, thus enlarging the biphasic area, and moving the binodal curve closer to the axes.
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Experimentally speaking, increasing the biphasic area means turning some of the monophasic samples
into biphasic ones, as in many cases these systems are reversible. Finally, the larger the biphasic area
is, the smaller the quantity of the components needed to obtain the ABS will be. The range of concen-
tration where the phase demixing appears can be enlarged by varying certain parameters, such as

those illustrated by the Figure 28.

Figure 28 (a) shows the binodal curves obtained by Schaeffer et al.® for the [P 44414]Cl / salts / H,0
systems at 25°C. In the phase diagram, it is shown how by varying the cation of the chloride salt used,
the binodal curve changes the position at fixed temperature. The researchers showed that considering
the dotted line in Figure 28 (a) which corresponds to [P 14414]Cl = 15 wt%, the ability of the selected
salts to induce phase separation at 25°C follows this trend: CaCl; > NaCl > KCI > MgCl, > CsCl > LiCl,
according to the Hofmeister series for cations. The Hofmeister series or lyotropic series is a classifica-
tion of ions in order of their ability to salt out or salt in proteins.®* The salting-out and salting-in effect

is related to the solubility of the components (i.e. proteins).

Figure 28 (b) shows the impact of temperature on ABS consisting of PEG-PPG / Na,SO4 / H,0. The
article published by Das et al.® shows how the binodal curve moves to the left of the phase diagram
when the working temperature is increased (from 20 to 37 °C). This observation is explained by the
researchers on the basis of the fact that, by increasing the temperature, the copolymer becomes more

hydrophobic, and the salting-out effect of the salt becomes more pronounced.

Figure 28 (c) shows the impact of pH on ABS consisting of [N44,4,4]Br / CeHsK307/CsHsO7 / H,0 at T=25
°C, (CeHsK307 is potassium citrate and C¢HsOy7 s citric acid). The aim of the investigation proposed by
Sintra et al.>! is to understand the influence of parameters such as pH on the above system in order
to be able to use it in purification processes of biological molecules. The researchers demonstrated
that by passing from pH 5 to 8, the number of biphasic samples increases and therefore the biphasic

area in the phase diagram.

Finally, Figure 28 (d) shows the research carried out by Ventura et al.2%, where the impact of the length
of the alkyl chain in the ionic liquid cation on the phase separation is investigated. The ABS analyzed
by Ventura et al. consists of [1-C,-3-C1im] Cl / K;HPO4 / H,0 at T=25°C. Figure 28 (d) then shows ABS
composed of three different imidazolium-based ILs and the inorganic salt K;HPO,4. The system pro-
posed by Ventura et al. shows that the increase in the aliphatic chain of the cation from C2 to C6 leads

to an increase in the apparition of phase demixing due to the increase in hydrophobicity of the IL.
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Figure 28. Different binodal curves that illustrated the effect of various parameters on the ability of phase demixing
83,85, 51, 86,

Not only the position, but the shape of the binodal curves can also be affected by the variation of
working conditions such as pH, salt concentration and temperature. In the phase diagrams presented
in Figure 29, some binodal curves with uncommon shape are compared to a binodal curve with com-

mon shape, where common shape means the shape most frequently found in the literature.

Figure 29 (a) and (b) belong to the investigation carried out by Neves et al.}* from CICECO group (Por-
tugal). They showed that the binodal curve of an IL/ KsPO4/ H,0 system at 25 °C, can change its shape
when different chain lengths of the ionic liquid are considered. In particular, in Figure 29 (a) Neves et
al.** obtained the binodal curve considering a system composed of [Camim]Cl / KsPO4 / H,0 at 25°C,
while the curve displays an unusual shoulder shape when the considered systems are [im]Cl / KsPOq4 /
H,0 (0), [C1im]Cl / KsPO4 / H,0 (o), [C2im]Cl / K3sPO4 / H,0 (x) at 25 °C. They** thus demonstrated that
changing the type of cation in the ionic liquid not only changes the position of the binodal curve but

also its shape.
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Figure 29(c), Tome et al.'>. proposed the phase diagram for ABS consisting of PEG 1500 / [Csmim]Cl /
H,0 at 50 (red) and 60 °C (black). The particular shape of this binodal curve was named "0" type. They
showed that the two-phase regime of PEG-IL-based ABS decreases with increasing temperature, i.e.
lower temperatures are favorable for biphasic formation. They finally stated that the formation of
PEG-IL-based ABS is controlled by the solvation of the IL anion by water, which leads to the destruction

of the hydrogen bonds established between the IL anion and the hydroxyl groups of the polymer.

Figure 29(d) shows the binodal curves for ABS composed of PPG400 / salt /H,O obtained from the

research work of Sedeghi et al.?” They showed that for these systems the binodal curve is different

from the most common one displayed in Figure 29 (a) and the biphasic area outlined by the curves

increases depending on the salt chosen according to this trend:

MgCl; > NaCl > KCI > (CH3)4NCl > NH4Cl
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Figure 29. Different binodal curves from bibliography. The arrow in figure c indicates the decrease in tempera-
ture in the system. 141587

In conclusion, it can therefore be stated that by varying certain working conditions such as pH or

temperature, it is possible to favour the pahse demixing of different systems and thus extend the

biphasic area of investigation.
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4.2.

Metal repartition in polymer and IL-based ABS

In this thesis, the investigation focused mainly on the repartition of metals in ABS. Two types of ABS

were considered, those based on polymers and those based on ionic liquids. In the next section, a

selection of articles will be presented in order to understand the mechanism behind the metal parti-

tioning processes.

4.2.1.

Polyglycol-based ABS.

Among the polymers known to date, the polyether family, in particular PEG and PPG, seems to play a

leading role in the metal extraction in the ABS. In Table 3, is showed a list of publications in chrono-

logical order of ABS consisting of polymer/salt/H,0 tested for metal extraction and in the following

lines, will be presented the metals extraction mechanisms proposed by the various researchers.

Date of System Aim First author Ref.
publication and University
1996 PEG-2000 / metals & salts / Partitioning be- R. D. Rogers and S. T. 6
H,0 haviour of metals | Griffin, USA.
in polymer-based
ABS
2000 PEG-2000 / (NH4)2S04 / Recovery of Cr(lll) | H. F. Koch from Texas 7
Na,CrO4/ H,0 Tech University, USA.
2007 PEG-1550 / (NH4),S0, / cad- Extraction of L. Bulgariu from Tech- 8
mium iodide / H,0O Cd(Il) nical University
of Romania.
2009 L35 / Li,SO4, Ni=Cd batteries | Separation of V. C. Lacerda from 8
leachate / H,0 Cd(I1) and Ni(ll) Grupo de Quimica
Verde Coloidal, Brazil
2011 L35 (or PEO-1500) / (NH4)2SO4 | Selective extrac- | P. da R. Patricio from 8
(or Li,SO4) / chloride salt of tion of Fe(lll), Grupo de Quimica
Fe(ll1), Co(ll) / Ni(ll) / H20 Co(Il) and Ni(ll) Verde Coloidal e Macro-
molecular, Brazil.
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2013 PEG-1500 / (NH4)2SO4 (or Selective extrac- | L. Bulgariu from Tech- 20
Na,S0,) / sulfatesalts of tion of Hg(ll), nical University
Hg(l1), Cd(l1), Zn(l1) / H,0 Cd(l1), Zn(I1) of Romania.

2016 L64 (or PEO-1500) / electro- Chromium specia- | P. da R. Patricio from a1
lyte (sulfatebased) / metallic | tion Grupo de Quimica
chromium / K,Cr,07 / H,0 Verde Coloidal e Macro-

molecular, Brazil.

2016 PEG-400 / Na;SO4/ K>Cr,07/ | Recovery of Cr(lll) | J. Liu from Chinese 92
H,O Academy of Sciences

2017 PEG-6000 / Na,COs / nitrate Selective extrac- | A. Hamta from Thermo- | %
salts of Co(ll), Zn(ll) / chloride | tion of Hg(ll), dynamics Research La-
salt of Hg(ll) / H,0 Co(ll), Zn(Il) boratory, Iran

2017 L64 (or PEO-1500) / Ni-MH Extraction of La W. C. M. de Oliveira %
battery leachate / electrolyte from Departamento de
/ H.0 Quimica, FACET, Brazil

2018 PEG(1000/2000/4000) / Extraction of P. Wang from School of | °
Na S04/ NaMo0O4 / H,0 Mo(VI) environmental and

chemical engineering,
China.

2018 PEG-400 / Na,SO4/ Cr(V1)/ Cr(V1) repartition | P. Sun from Chinese 16
H,0 in polymeric Academy of Sciences

phase

2019 PEG and PPG / CuSO. / Re / Selective extrac- L. Muruchi from Univer- | ¥©
Mo / H,0 tion of Mo and sidad de Antofagasta

Re, and Mo strip- | Chile and CICECO Portu-
ping gal.

2019 (PPG-PEG-PPG) / Na,S0O4 / Mo | Extraction of Mo | L. Das from Department | %
/ H,0 and regeneration | of Chemistry- Calcutta,

of tri-block poly- India
mer

Table 3. List of ABS, in order of date of publication, used for metal ions extraction. L35 is the tri-block polymer: EO-PO-EO,
Mw=1900; L64 is the tri-block polymer PPO-PEO-PPO, Mw= 2900.

One of the first research group to use polymers for metal extraction through ABS was the one of Robin

D. Rogers and co-workers®. They® investigated the separation of Tc, Th, Cd and Pb by using ABS
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composed of polymer / salt / H,0, specifying the existence of three different mechanisms at work: (1)
partitioning by the PEG-rich phase alone; (2) extraction of anionic metal complexes; and (3) extraction
using a water soluble complexant agent. The polymer considered in their investigation is PEG-2000

and the metals to be extracted are Cd, Tc, Th, Pb.

- Inthe first mechanism, Rogers and co-workers showed that Tc is successfully extracted when
using ABS consisting of PEG-2000 / sulfate salts / H,0. Furthermore, in their paper it is shown
that by using sodium sulfate, the repartition of Tc in the polymer phase is more efficient than
by using ammonium sulfate. Rogers and co-workers identified that the main reason for this
variation is due to the ability of sodium sulfate to have a higher salting-out capacity than am-
monium salt. From the values of AGuyqg collected in the bibliography by Rogers’ group, it ap-
pears that sodium sulfate has higher values of AGuyq and therefore it can be confirmed that it
has a greater salting-out effect than the other sulfate salts considered.

- In the second extraction mechanism proposed, it has been shown that soft metals with high
formation constants of halide complexes can be partitioned from an aqueous to a polymeric
phase. In particular, the extraction refers to Cd** and Pb?" while the halides considered as
extractants are CI, Br and I". They state that the larger the halides, the greater its polarizability
and therefore the stronger the complexation with soft metals. Therefore, Rogers et al. observe
an increase in the distribution ratio (Dm) by considering the following trend of the halide’s
contribution ClI'<Br<I. Moreover, the Dy of Cd* is always greater than Dy of Pb? in Rogers'
experiments. The species that is extracted from the polymer in these experiments is MX42(
M=metal, X=halide).

- The third category of extraction involves hard metals. They used water-soluble ligands to ex-
tract them. The task of the ligand is to give a sphere of hydrophobicity to the metal species to
be extracted, and it is through the formation of this new complex that the metal can pass into

the polymeric phase, the most hydrophobic phase of the system.

Koch et al.” used PEG as a medium for the phase transfer and recovery of chromium from aqueous
salt solutions. They demonstrated that it was possible to transfer Cr(VI) from a polymer solution con-
taining PEG-2000 to an aqueous phase and vice versa. The working pH is between 6 and 8 and the
temperature is not defined in the article. They proposed two mechanisms, the proton switch, and the
redox switch. They refer to the mechanism based on the proton switch for the process that used am-
monia to move Cr(VI) from the polymer phase to the aqueous phase, and for the process that has used
carbon dioxide to return Cr(VI) to the polymer phase. While it refers to the redox switch method when
it uses iron(ll) sulfate to reduce Cr(VI) to Cr(lll), and the latter passes into the aqueous phase. They

also observed that after the reduction process, the polymer is degraded by oxidation. Koch et al. 7
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state that this mechanism for the phase transfer and recovery of chromium is related to the fact that
PEG is to be regarded as a crown ether open chain, and thus exploits the complexing properties with
metal ions of Group 1 of the periodic table typical of crown ethers. In addition, they assert that PEG
has a sequence of oxygen ether functionalities available for hydrogen bonding with the oxo groups of

Cr(VI) anions, or for coordination with alkali metal cations in the Na>CrO4 or K,Cr,0y7 salts.

Bulgariu et al.® demonstrated the extraction of Cd(ll) with iodide species (such as Nal) using an ABS
composed of PEG-1550/ammonium sulfate/H,0, considering a pH range between 2 and 7. They
acknowledge that the acidity brought by the ammonium sulfate does not cause protonation of the
oxygens present in the ether groups of the polymer but is nevertheless responsible for the decrease
in water content in the polymer phase. They also state that the "fixation" of the metal in the polymer
phase occurs through specific interactions that depend on the metallic species present in solution and
the polymer and this is related to pH. The mechanism described by Bulgariu and co-workers is based
on the degree of hydration of the different Cd(ll)-iodide species formed in the pH range considered.
More exactly, they recognise the formation of 3 predominant species: Cdls?>(pH=2.05), Cdl,(pH=4.53)
and CdI*(pH=7.12), which will have a degree of extraction respectively of: 99.17%, 89.39% and 34.43%
in the polymer phase. In Figure 30, Bulgariu et al. precisely propose the mechanism for the extraction
of the neutral or anionic species, where in the first case Cdl; is trapped between two polymer chains,

while in the second case Cdl* is 'fixed' to the positively charged oxygen in the ether groups of the

PEG.
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Figure 30. Mechanism proposed by Bulgariu for the extraction of the neutral species (top) and the anionic species
(bottom) of Cd(ll)-iodide in the PEG phase®.

Patricio et al. ® studied the extraction behavior of the metal ions Co(ll), Fe(lll) and Ni(ll) as a function
of the amount of potassium thiocyanate used as extraction agent, using the following aqueous bipha-
sic systems: PEO / (NH4)>S04 / H,0, PEO / Li,SO4 / H>0, L35 / (NH4),S04 / H20 and L35 / (Li)>S04 / H,0.

PEO is a polymer in the PEG class that has a molecular weight over 100,000 g/mol. They used the
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triblock copolymer L35, HO-(EQ)11(PO)16(EO)11-H, with an average molar mass (MM) of 1900 g/mol,
or with poly (ethylene oxide) (PE01500), with MM = 1500 g.mol™* for ABS formation. The investigation
was carried out considering 4 working pH: 1.0, 1.5, 2.0, 4.0. The maximum extraction percentages
obtained by Patricio and co-workers are: Co(ll) (99.8%), Fe(lll) (12.7%) and Ni(ll) (3.17%) when the ABS
was composed of PEO-1500 / (NH4),S04 / H,0 containing 1.4 mmol of KSCN at pH 4.0. Whereas, when
the same ABS was used at pH 2.0, the maximum extraction percentages for iron and nickel were 99.5%
and 4.34%, respectively, while for Co(ll) it remained constant at (99.8%). The researchers then tried
to find out what extraction mechanism was involved in their systems. It would appear that the thiocy-
anate ions form anionic complexes with Co(ll). It is known that such complexes do not form easily in
aqueous solution and therefore, they move to the upper phase of the system, which corresponds to
the more hydrophobic phase and where the copolymer is present. In fact, according to Patricio et al.,
it is precisely because of the hydrophobic and hydrophilic character of the two phases that this extrac-
tion mechanism is achieved. Furthermore, the difference in PEO1500 and L35 behavior is associated
with the higher hydrophobicity of the copolymer macromolecule, which has propylene oxide (PO)
units on its chain. Patricio and colleagues then add that, even though the macromolecules are solvated
in the aqueous medium, there is less interaction between the PO units and the water molecules, thus
favoring the intermolecular interactions of the PO units themselves, showing that this is the result of

the so-called hydrophobic effect.

Wang et al.® analyzed the PEG(1000/2000/4000) / [Na;MoO4 + Na,S04)/ / H,0 system without the
addition of extractants, showing that the degree of molybdenum extraction varied according to the
amount of polymer, sodium sulfate, molybdenum and temperature. In particular, they showed that
the extraction increased as the concentration of sodium sulfate increased due to hydration of the
latter. In addition, an increase in the molecular weight of the polymer also seems to be responsible
for the increase in Mo(VI) extraction. Wang et al., proposing the extraction mechanism, say that
Mo(VI) is extracted in the PEG phase through electrostatic attraction between the polymolybdate an-
ion and the protonated ether groups present in the polymer. In particular, they acknowledge that due
to the hydrophobic character of the polymolybdate anion and the salting-out effect of sodium sulfate,

the extraction mechanism can take place.

Muruchi et al. 2 showed that it is possible to selectively separate Mo and Re from a copper concen-
trate mining effluent. Specifically, they exploited the potential of the ABS composed of poly-
mer/Cu,S04 /H,0 to separate Mo(VI) and Re(VII) from Cu(ll), and then Mo was stripped with an am-
monium salt, resulting in a high-purity hybrid polymetallate complex. The polymers tested by Muruchi
and co-workers are PEG (molecular weight from 2000 to 20K) and a mixture of PEG-400 and PPG-400.

The species extracted are the oxoanionic forms of Mo and Re, i.e. polyoxomolybdates and ReO4.
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Speciation of the different elements was confirmed through molecular dynamic simulation. In addi-

tion, chloride salts were added to enhance the hydrophobicity of the polymer phase. The chloride salts

were chosen based on two main characteristics, they must not induce a biphasic system when they

come into contact with PEG-4000 and they must not complex with the metals present in solution. The

research group obtained the following results when the mine effluent was treated with the simple

system consisting of PEG-4000 / Cu,SO, / H,0 at 35 °C and pH=2:

68

The addition of chloride salt confirmed the preferential extraction of Mo and Re and the de-
gree of extraction increased when moving from NaCl to LiCl to KCI. They correlated this ten-
dency to the hydration molar entropy values (ASuy¢°) of the salts considered, showing that the
salts that interact most with water have a high ASwy4°, so they will also have a high salting-out
capacity and will prefer to stay in the aqueous phase. In fact, the copper sulfate already pre-
sent in solution, having low values of ASyq4°, is not able by itself to act as an effective salting-
out agent. In all the research conducted by Muruchi et al., the extraction coefficients of Mo
and Re are always Kmo>Kge..

The lower charge density of polyoxometalate complexes (in particular of the species
H11Mo070,83) was associated with a higher affinity for the more hydrophobic polymer-rich
phase in the ABS proposed so far. With this in mind, Muruchi et al. decided to also test poly-
mers that could be more hydrophobic than PEG-4000. With this experiment they showed that
by switching from PEG-2000 to PEG-20K the Mo extraction was markedly enhanced and the
impact on the Re was less pronounced. However, using PEGs with a high molecular weight
meant that the viscosity of the solution increased considerably, thus also reducing the kinetics
of mass transfer. To avoid this problem, Muruchi and co-workers proposed to test a polymer
mix consisting of different distributions of PEG-4000/PPG-400 respectively 1:0, 3:1, 1:1, 1:3,
0:1. The system seems to follow an increasing trend for Mo extraction when going from 1:0
to 1:3 (PEG-4000/PPG-400) and reaches a maximum in the last case. At 0:1 (PEG-4000/PPG-
400) the Mo partition coefficient decreases. As for Re, starting at 1:0 and reaching 0:1 (PEG-
4000/PPG-400), the extraction efficiency follows a slightly decreasing trend.

Finally, the precipitation of Mo from the PEG phase with an efficiency greater than 97% was

carried out using ammonium salts.



The entire Muruchi et al. 1° process is shown in Figure 31.
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Figure 31. Potential process proposed by Muruchi et al. 1°
They concluded their research by saying that the effluent solution analyzed has the advantage of al-
ready containing within it further dissolved species based on metal sulfates, to be exact: 7.0 g/L of
AI**, 5.0 g/L of Mg?, 0.8 g/L of Mn?*, and 0.4 g/L of Fe?*/>*; the presence of these species accentuates
the salting-out phenomenon allowing phase separation. In addition, the fact that copper is in Cu?
form at the investigated pH (pH=2) while Re and Mo are in oxoanionic form allows the polymer to

preferentially extract the latter two species.

Lie et al.°? in 2016 demonstrated that it was possible to reduce Cr(VI) to Cr(lll) by using PEG with dif-
ferent molecular weights (400 to 10,000) and under the sunlight irradiation. The investigation proved
that the photo-reduction rate of Cr(VI) increased with decreasing pH of the solution and molecular
weight of PEG, and increased with light intensity. Furthermore, the rate of Cr(VI) reduction increased
with increasing amount of PEG and reached maximum values at pH below 3. Finally, both PEG and
Cr(lll) were recovered through the use of a highly concentrated solution of Na,SO, to induce the for-
mation of a stable PEG- aqueous biphasic system. Experimentally, what Lie et al. did was to prepare a
stock solution at a pH= 3, of PEG and Cr(VI), which was then left under the action of sunlight for a day.
The Cr(VI) was then able to reduce to Cr(lll). Then a very concentrated solution of Na,SO, was prepared
and added to the previously mixed PEG and chromium. The four samples from these experiments are

shown in Figure 32 (from the left to the right, figure directly linked with Lie et al’s paper):

1. Chromium solution kept in the dark (without PEG).
2. PEG and chromium solution kept in the dark (with PEG).
3. Chromium solution exposed to sunlight (without PEG).

4. PEG and chromium solution exposed to sunlight (with PEG).
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Figure 32. Comparison of Cr(V1) reduction in dark control and under solar irradiation with/without addition of

In each of experiments, the initial pH solution value is 3.0 and the light intensity tested by Lie et at.
was 50*103 lux and the working temperature was 25 °C. The added quantity of PEG 2000 used by these
authors was 2 g and the initial Cr(VI) concentration was 100 mg/L. Reaction time was 20 min. Only
sample number 4 showed decreasing concentration in chromium in the solution, confirmed by Lie and

co-workers through ICP-MS analysis.

The mechanism proposed in this paper is based on the polymer-Cr(VI) interaction. They have shown
that all Cr(VI) species present in solution are photochemically inert when they are not in contact with
PEG. When the contact with the polymer occurs, in the presence of light, the photo-reduction of Cr(VI)
to Cr(lll) also takes place. At this point the oxygens in the polymer chain protonate giving [PEG-nH]"™*
while the chromium will be found in an anionic form in solution [Cr(VI) species]™ (pH =3). Lie et al. %

stated that in solution the chromium complexes with the polymer according to the following reaction:

A) [Cr(VI) species]™ + [PEG-nH]™ & [PEG-nH]™*[Cr(VI) species]™

It is assumed that the reaction goes through intermediate stages with formation of radicals. The sec-
ond step involves the formation of aldehydic groups in the PEG structure; this was confirmed by them

through FTIR analysis, 1H NMR and 13C NMR, and the reaction proposed is:

B) [PEG-nH]™*[Cr(VI) species]™+ hv = Cr(lll) + aldehyde

They conclude by saying that the higher the acidity of the solution, the more favorable is the protona-

tion of PEG and the reduction of Cr(VI) to Cr(lll).
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More recently in 2018, Sun et al.’® proposed the same mechanism but with some variation and with-
out considering the light. The first difference between the two experiments was in the way the solu-
tion was prepared. Whereas Lie et al. had successively added Na,SO, solution to an initial solution of
PEG and Cr(VI), in this case, Sun and co-workers start with a solution of Cr(VI) and sodium sulfate and
then add the polymer. In both cases the working temperature is 25 °C. Here again, it is shown that the
repartition of Cr(VI) is related to the amount of protons in the solution. If the pH is low enough to
protonate the polymeric oxygens and thus give a PEG-H*, then Cr(VI) will be extracted in an anionic
form. An important point added by Sun's et al. study is that it defines the process of extraction by
electrostatic interactions between the polymer cation and the metal anion. Sun and co-workers also
highlight the fact that in a sodium sulfate solution, the polymer can also form the PEG-Na* structure,
and not just the PEG-H" structure. The main Cr(VI) species considered by re HCrO,4 for pH below 4 and
CrO4* for pH above 4.

Furthermore, by using dynamic molecular simulation (Figure 33), Sun et al. demonstrated that almost
all HCrO,~ was distributed in the inner sphere of the PEG aggregates, some Na* was kept in the PEG
aggregates, while the majority of SO4%~ and CrO4* was distributed in the aqueous solution outside
around the PEG aggregates. The inner part corresponds to a polymeric phase similar to the one studied
in the present work and the outside part is the aqueous phase of the biphasic system. Therefore, from
molecular dynamic simulation, Sun and co-workers deduce that HCrO, interacts with PEG-Na*, but did
not exclude that also CrO4%, having a larger negative charge, could interact with PEG-Na*. The fact that

they do not interact is due to the hydrophilic/hydrophobic character of these compounds.

——PEG-HCrO]
PEG-Cr0’

a(r)

T T T T

0o 5 10 15 20 25 30
r(A)

Figure 33. (a) Snapshot of the simulation box at equilibrium state (CrO42- is represented by the green spheres. HCrO,4~ is repre-

sented by the yellow spheres. The carbon, hydrogen, and oxygen atoms in PEG molecules are represented by the cyan, white,

and red spheres, respectively.) (b) The radial distribution of the chromium atoms of HCrO4~ or CrO42- around all of the monomers

of PEG molecules in the aggregates.

Sun et al. also considered the radius distribution function of water around Na*, CrO4%-, SO4>~, HCrO4",
and PEG, thus introducing the concept of hydrophobicity and hydrophilicity in a biphasic aqueous sys-
tem. The radius distribution function, denoted in equations by g(r), defines the probability of finding

a species at a distance r from another tagged species. In our case the common particles are the water
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molecules, and these are compared to the molecules listed above. Figure 34 shows the results ob-
tained by Sun and co-workers through molecular dynamics calculations, and proves that, considering
the graph A of Figure 34 of the sodium-water interaction, there will be a high probability of finding the
sodium ions close to the water molecules (characteristic peak at r=2.5A) (a - Figure 34 ). While consid-
ering the graph B of Figure 34, by the same principle, there will be a high probability of finding CrOs*
and SO4% close to water molecules and a lower probability for PEG and HCrOg4. This means that Na*,
SO4* and CrO,* are more hydrophilic than PEG and HCrOy, so the first species will prefer to be in the

non-polymeric phase and the PEG and HCrOy, in the polymer phase.

Moreover, Sun and co-workers also used the concept of polarizability, which is linked to the hydration
properties of the ions. In particular, they say that, compared to the chromate CrO;* which has a double
charge, HCrO4 with a single charge has a higher polarizability. This also explains why the hydration of

chromate is larger than HCrO4".

As can be seen from the articles just described, one of the points in common between the studies is
precisely the ability of this class of polymers, regardless of molecular weight, to change attitude when
they come into contact with a salt, in ABS. Most of these articles deal with the hydrophobic/hydro-
philic character of ABS components. In particular, it appears that the polymer loses its hydrophilic
character when a compound with a higher affinity for water is added to the system, such as Na,SO,. It

is on this evidence that ABS formation and metal extraction is demonstrated.
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Figure 34. Radius distribution function of water around Na*, CrO4-, SO4?~, HCrO,, and PEG molecules.
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4.2.2. IL-based ABS

When ionic liquids started to be considered by the scientific community as greener solvents than or-

ganic ones, they quickly found their way into ABS applications. Table 4 shows IL-based ABS used for

metal extraction. The articles are listed in chronological order. In addition, the following lines will out-

line how the scientific community has described the various mechanisms of action of ionic liquid-based

ABS for metal extraction.

Date of System

publi-

cation

2000 TBAB / (NH4):SO4 / metal
ions solution [Cd(ll) /
Co(Il) / Cu(ll) / Fe(lll) and
Zn(1)] / H20

2002 TBAB / (NH4)2S04 / Cr(V1)
solution / H,0

2013 [Cxmim]Br / Rb,CO3/
Cs,COs3 / H,0

2014 [Bmim]Cl / KzHPO4; silver
target / H.0

2015 [P444C1COOH]CI / NaCl /
ScCls / H20

2015 [P24414]Cl/ NaCl/
CoCly/NiCl,/ H,0

2018 [C4Caim]triflate / NaCl (or

CSC|) / SrClz/ EUC|3) / Hzo

Aim

Selective separa-
tion of Cd(ll) from
Co(l1), Cu(l1), Fe(ll)
and Zn(ll)
Selective extrac-
tion of Cr(VI)
Understanding of
the phase diagram
at different T
Separation of Cd
from silver target
Selective extrac-

tion of Sc(lll)

Selective extrac-
tion of Co(ll) from
Ni(l1)
Understanding of
ABS formation by
molecular dynamic

simulation

First author and University

Y. Akama from University of

Chemistry, Tokyo - Japan.

Y. Akama from University of
Chemistry, Tokyo - Japan.
G. Yin from Key Laboratory of

Macromolecular Science China

K. Ghosh from Chemical Sci-
ences Division, India

D. Depuydt from KU Leuven,
Department of Chemistry, Bel-
gium (Binnemans Group)

B. Onghena from KU Leuven,
Department of Chemistry, Bel-
gium (Binnemans Group)

R. Schurhammer Chimie de la
Matiére Complexe, UMR
CNRS, Strasbourg — France

Ref.

49

50

96

45

97

98
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2018 [P44414]Cl / HClI (or NaCl) / = Selective extrac- N. Schaeffer from CICECO- 13
NiMH leachate batterie / tion of Co(ll) from Aveiro Institute of Materials,

H,0 Ni(11) Department of Chemistry,
Portugal (Coutinho Group)

2020 [Pa2414]Cl/ Mn(ll), Co(ll),  Selective separa- N. Schaeffer from CICECO- 3
Ni(ll) / synthetic solution tion of Min, Co, and = Aveiro Institute of Materials,
mimic leached battery / Niin a Fully Aque- | Department of Chemistry,

H,0 ous System Portugal (Coutinho Group)

Table 4.List of IL-based ABS, in order of date of publication, used for selective metal ions extraction. TBAB is tetrabu-
tylammonium bromide.

Akama et al.>® used ionic liquid ABS to extract Cr(VI1). The system they considered is composed of TBAB
/ (NH4)2S04 / H,0 where TBAB is tetrabutylammonium bromide. Sigma Aldrich refers to TBAB as a
qguaternary ammonium salt with characteristics similar to ionic liquids. It has been placed in this part
because it behaves like an ionic liquid in the ABS. In Akama et co-workers’ article®®, the extraction
efficiency of TBAB for Cr(VI) was shown to be greater than 90% and the mechanism governing the
extraction is based on the formation of the HCrO4 -TBAB* ion pair. In 2015, Depuydt et al. >’ demon-
strated the extraction of Sc(lll) using an ABS based on [P444 C;COOH]CI / NaCl / H,O at 25°C. In their
paper they also demonstrated the stripping of Sc(lll) from the ionic liquid phase using oxalic acid. The
pH was always kept below 4 to avoid hydrolysis of Sc(ll1). Finally, they showed that more than 90% of

Sc(Ill) is extracted in the ionic liquid phase according to the following reaction:

3[P,,,C,COOH]CI + S¢** 5 (P,,,C,CO0),ScCl, + 3H*
where Sc(lll) forms a chloro-complex and this is extracted from towards the ionic liquid. The same
group of researchers®® then demonstrated how to separate Co(ll) from Ni(ll) using an ABS consisting
of [P 44414]Cl / NaCl / H,0. In this second study Co(ll) is separated from Ni(ll) with an efficiency of more
than 90% when only 11 wt% NaCl is used in the ABS. More recently, N. Schaeffer et al.*® proposed the
separation and recovery of Mn(ll), Co(ll) and Ni(ll), characteristic elements of nickel metal hydride and
lithium ion batteries. In this paper®, the researchers first recovered Mn(ll) by oxidizing it by ozone,
then treated the Co(ll) and Ni(ll) solution with ionic liquid [P 24414]Cl, extracting Co(ll) in the ionic liquid
phase by exploiting the ability of Co(ll) to form chloro-complexes. Finally, Co(ll) was precipitated with
sodium carbonate. ABS based on ionic liquids therefore exploits the formation of a new ionic pair and
it is thanks to the ionic exchange between species that the extraction mechanism that occurs for metal

ions can also be demonstrated.
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4.3. Acid-based ABS

Over the past 30 years, ABS based on ionic liquids and polymers have proved to be particularly useful
for metal extraction. Only recently a big step forward in the ABS world has been made for the extrac-
tion of metals in highly acidic conditions for the treatment of spent batteries liquor, mining waste
stream or stainless-steel spent processing baths. The interest in dealing with these former solutions,
where the metals are under simplest from, gave rise to acid-based ABS (AcABS). AcABS!® are aqueous
biphasic systems where the inorganic salt of classic ABS is replaced by an inorganic acid. Regarding the
ionic liquids, in 2011, Claudio et al.*! investigated the impact that acid has in ABS based on IL. How-
ever, the concept of AcABS was only born in 2018 when Gras et al.®* proposed these systems for
metal extraction. In particular, Gras and co-workers'®* from LEPMI laboratory in collaboration with
CICECO, examined AcABS composed of [P 44414]Cl / HCl / H,O to demonstrate the partitioning of the
metals Co(ll), Fe(lll), Ni(ll) and Pt(IV) in hydrochloric acid solution. In addition, in this article, great
attention was given to the temperature investigation in AcABS. Figure 35 shows the influence of tem-

perature on the system studied by Gras et al.1°,

30 4 24°C O Mixtures
50° 36°C

] seC

15"+

[Pa4a14) [C] Wt %

HCl wt %
Figure 35. Binodal curves for the system [P 44 414][Cl]-HCI-H;0 at various tem-

peratures and the composition of mixture points A—E studied. Lines are

guides to the eyeml.

In Figure 35 it can be seen that by considering the system [P 44414] Cl / HCl / H,0 and going from 24 to
56°C, the binodal curve shifts from right to left, and thus the biphasic area increases. In addition, the
five experimental points shown in Figure 35 were analyzed by Gras et al.1°! to understand the distri-

bution of metals under these experimental conditions. The experiment showed that Co(ll), Fe(lll) and
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Pt(IV) are extracted in the ionic liquid rich phase, both at 24 and 50°C. Ni(ll) remains in the acidic
aqueous phase. Gras and co-workers®! state that this selective character of the ionic liquid is related
to the species present in solution. At high HCl concentrations, the predominant species for Fe(lll) is
FeCly, for Pt(1V) is PtCleZ, for Co(ll) CoCls” and CoCls while Ni(ll) hardly exists as a negatively charged
chlorine-complex in water. Hence they'®* confirm the tendency of the ionic liquid to preferentially
extract Fe(lll), Co(ll) and Pt(IV). Finally, Gras et al.'°! applied the investigated system to a real HCl

leachate solution of NiMH batteries and obtained the same results.

This investigation opened the door to the use of AcABS for the separation of metals in highly acidic
environments. The acid considered in Gras et al.''®* research was HCl, but it is well known that often,
especially when dealing with solutions from the metallurgical industries, they®* exploit the capabili-
ties of several acids (HCI, H,SO4 or HNQs) for their production and finishing processes. A thorough
investigation of acid and temperature contribution in AcABS was carried out by Mogilireddy et al. 1.
Figure 36 shows the phase diagrams for the investigation with different acids and the investigation of
temperature influence. They demonstrated the great impact that HCI, H,SO4 and HNOs acids have on
the position and shape of the binodal curve in [P 444 14]Cl/acid/H,0 system and thus on the phase
separation and demixing. When passing from HCI to H,SO, and finally arriving at HNO;, for the system
[P 44414]Cl/acid/H>0 the binodal curve shifts from right to left, and thus the biphasic area increases in
the order HNO; < H,SO4< HCI. In addition, for the [P 44414]Cl / HCI /H,0 system, they showed that the
binodal curve of the system took on a characteristic “onion shape”, which became more pronounced

the higher the temperature was raised.
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Figure 36.0n the left, phase diagrams of AcABS composed of [P 444 14]Cl, water and the acids HCI (0), H:SO4 (0) and HNOs (4).
The mixture points E, F and G belong to HNOs-based system and H, | and J to H,SO4-based system. On the right, 2D represen-
tation of the binodal curves, starting from the blue and arriving to the purple at :25 °C, 36 °C, 45 °C, 50 °C and 56 °C; illustration

of phase behavior for the mixture point of composition A (11.5 wt% acid; 20 wt% IL; 68.5 wt% H,0) at 25 and 50 C; metal

solutions were used for visual distinction of phasesn.
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In addition, to combine the usefulness of the previous ABS with the new AcABS, N. Schaeffer et al.1®
proposed the concept of synergistic aqueous biphasic systems to indicate a mixed ABS-AcABS ap-
proach, where in an AcABS consisting of a biphasic inducer/acid/H-0, the salt is added. The research-
ers state that the usefulness of using the two systems together is to be able to treat acidic solutions
from industrial waste where the amount of CI" is not sufficient to induce an AcABS system. Adding
more HCl would result in more corrosion in the process equipment and more cost to neutralize the
solution. For this reason, one part of HCl was replaced by NaCl. Reducing the acid concentration also
makes it possible to promote the electrodeposition of metals, which would otherwise be impossible

due to the high acidity. Three systems were analyzed N. Schaeffer and co-workers%:

- AcABS: [P 444 14] Cl / HCl / H,O
- ABS: [P 44414] cl / NaCl / H,O
- ABS-ACcABS: [P 44414] Cl / HCl / NaCl / H,0

A mixed metal ion solution containing 0.1 mol/L CoCl,-6H,0, 0.1 mol/L NiCl,-6H,0, and 0.1 mol/L
MnCl,-4H,0 was used for all the experiments, the working temperature is 25°C and the impact of NaCl
was investigated in 3 different amounts in the third system, at 1, 2 and 4 wt%. They demonstrated'®
how the addition of a small concentration of NaCl leads to a large decrease in the corresponding HCI
concentration required to induce phase separation. Finally, as far as metals are concerned, the AcABS-
ABS system proposed by Schaeffer et al. 1° show that Co(ll) is extracted in the ionic liquid phase, Mn(lI)

is divided between the two phases, while Ni(ll) is not extracted.

In the chapter related to the investigation on the UGCO bath, will be described the AcABS composed
of [P 44414] Cl / [metal + HCI] / H,0. As far as the polymer based AcABS is concerned, to the best of my
knowledge, there is no scientific research on it, and a large chapter of the thesis will be devoted to the

new developments obtained for these systems.

4.4. Can ABS based on PEG, PPG or [P 24414] Cl be a useful and green alter-
native to classical liquid-liquid extraction systems with organic sol-

vents?

Many parameters have to be considered in order to understand whether PEG, PPG and [P 444 14] Cl
can be considered as a green alternative to the organic solvent. Among them, there are handling,
economy, toxicity, ability to be recovered etc. However, to answer the "green" question, it must first

be understood whether these compounds meet the standards promoted by green chemistry.
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Anastas and Warner'® in “Green chemistry: Theory and Practice” (Oxford 1998) stated that:

“Green chemistry is the utilization of a set of principles that reduces or eliminates the use or generation

of hazardous substances in the design, manufacture, and applications of chemical products.”

Among the main objectives of green chemistry, there are those of minimizing or eliminating the pro-
duction of waste material, avoiding the use of toxic and / or dangerous reagents and solvents, and
developing technologies that exploit renewable materials. Reactions that use mineral acids or inor-
ganic bases often in stoichiometric quantities, represent the major source of inorganic waste, difficult
to recycle and dispose of. The elimination of this type of waste, together with the replacement of
dangerous and toxic reagents such as phosgene or dimethyl sulfate, is one of the greatest achieve-

ments/goals of green chemistry.

William M. Nelson in 2002 proposed'® an interesting table, answering some questions about the

'green' nature of ionic liquids (Table 5).

Greening of ionic liquids G|P|U

e Does the solvent use lead to less energy expenditure? *

e Does the solvated species react more efficaciously and selectively?

e Does the solvent improve atom-economy?

e What is solvent distribution into environment? *
e Will the solvent be absorbed by organism and how will it affect them? *
e |sthe solvent toxic? Can it be detoxified? *

Table 5. William Nelson’s table. G: good; P: poor; U: unknown.

What makes ILs attractive compared to the organic solvents is the possibility of changing their physical
properties simply by changing their structure or one of their ions. This allows them to be adapted to
the specific purpose for which they are intended (“tunability”), and they are therefore referred to as
'designer-solvents'. In fact, in ILs, the two components, cation and anion, give the compound different
characteristics, so only by choosing different combinations of ions, it is possible to change the chemi-
cal-physical properties of the compound such as extraction selectivity, hydrophobicity, viscosity, etc.
As far as polymers in the liquid form are concerned, these can also be referred to as a kind of engi-
neering solvent, if the idea that a polymer can be synthesized by choosing various repetitive units is

considered. These repeating units, which may for example contain a hydroxyl group instead of a nitric
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one, or a bulkier group such as an aryl group, or a long alkyl chain which decreases the solubility in
water, can vary the selectivity of the polymer extraction and its activity in ABS. A second common
point between these biphasic inducers concerns the workability of these two compounds. In our pro-
ject, for the majority of cases, the working temperature is around 70-80°C. In this condition, the IL and
the polymer are both in the liquid state, and this is an essential aspect for the industrial scale. In addi-
tion, at this temperature the two biphasic inducers are not volatile, unlike most organic solvents.
Moreover, both the ionic liquid and the polyglycols used in this work can be regenerated by simple

distillation.

Another parameter for determining whether it is safe to work with these products is their degree of
toxicity. The World Health Organization INCHEM (Internationally Peer Reviewed Chemical Safety In-
formation) classified the pure polyethylene glycols with inverse toxicity to molecular weights. Absorp-
tion from the gastrointestinal tract decreases with increasing molecular weight'%. Polyethylene glycol
is employed extensively in pharmaceutical and biomedical areas. For the Agency of Toxic Substances
& Disease Registry, in contrast to ethylene glycol, a potent cause of acute toxicity in humans, propyl-
ene glycol is a “generally recognized as safe” (GRAS) additive for foods and medications. Propylene
glycol rarely causes toxic effects, and then only under very unusual circumstances. Propylene glycol is
widely used in food and tobacco products, pharmaceuticals, and cosmetics. Concentrations in foods
range from <0.001% in eggs and soups to about 15% in some seasonings and flavorings. Regarding the

195 investigated the relationship between the

degree of toxicity of [P 4444] Cl, Petkovic and co-workers
length of the alkyl chain and the toxicity of alkyl tri-butyl phosphonium chlorides IL on a specific group
of fungi, Aspergillus nidulans conidia. They stated that the toxicity of ionic liquid increases with in-
creasing the alkyl chain length%. The question of toxicity to aquatic life remains in case of release by

accident.

A difference between the two biphasic inducers lies in their extraction mechanism. As shown in sec-
tion 4.2 of this chapter, the ionic liquid forms complexes with the metal ion while the polymer acts
with different interaction forces (such as hydrogen bonds, electrostatic interactions, etc.) to capture
them. It can be deduced from this that the ionic liquids and polyglycols considered have different

selectivity because they extract different metal clusters.

Price is probably the most interesting parameter at industry level. As concern the polyglycols, 1 kg of
PEG-200 costs €50-150 and 1 kg of PPG-425 costs €150-250 (source: Sigma Aldrich). The price in-
creases with the molecular weight of the polymer. Furthermore, compared to the price indicated
above for PEG and PPG, the [P 44414] Cl has a much higher price of about 1500 euros per kg. However,

for both polyglycols and ionic liquid, as the quantity of polymer or IL purchased increases, the price in
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relation to the quantity of product also decreases, which can be interesting news for industrial pur-

poses.

So it can be said that both ionic liquids and polymers are a good alternative to common organic sol-
vents, but to understand which of the biphasic inducers is the best, their efficiency in the extraction
process linked to their chemical-physical characteristics and finally their eco-sustainable character has

to be considered.

5. Conclusions

The environmental impact of spent pickling liquor (SPL) from stainless steel refining processes has led
Aperam to look for alternative methods to regenerate it. In addition, the techniques used today to
treat SPL are often expensive (pyro-hydrolysis) or cause problems in the disposal of their waste by-

products (neutralization). The alternative proposed to Aperam is ABS.

The extensive investigation carried out by the scientific community over the last 30 years on ABS based
on polymers and ionic liquids for metal partitioning has achieved interesting results demonstrating
the usefulness of these systems. The group' s decision to continue working with ABS was based on the
successful results of using these highly specific systems. Many separation mechanisms are now well
known, such as those for oxoanions by polyglycols or the formation of a new ionic pair by the ionic
liquid [P 44414] Cl. In addition, a big step forward in the development of these systems was achieved
in recent years, when AcABS were introduced. These systems have proven to reach very high separa-

tion efficiencies for metals dissolved in acidic solutions.

The research proposed in this work has developed in two strands, a more fundamental one dealing
with the understanding of the mechanisms and experimentation in the laboratory, and a more applied
one that has allowed us to work with a micro-pilot for the development of ABS. To date, ABS have
been tested mainly in systems containing low concentrations (mg/L) of metals, and only in a few cases
AcABS have been proposed to deal with larger concentrations (g/L) of metals (battery recycling). In

this work, metals dissolved in acid solutions reach concentrations of up to 10 g/L.

However, ABS systems also have limitations, partly due to the fact that, as regarding to AcABS, they
are fairly new systems and still need further investigation. Moreover, as ABS is water-based, the bi-
phasic inducers have to be hydrophilic, drastically reducing the number of inducers to be used. The

issue of the toxicity of certain ionic liquids also cannot be underestimated.

The next chapter will describe the analytical methods, instruments and protocols used during my in-

vestigation.
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1. Introduction

This chapter will provide the information needed to understand and reproduce the experiments car-
ried out during the PhD. After giving an exhaustive list of the chemical compounds used, the two
methods for obtaining binodal curves will be presented. The last section will describe the different
analytical techniques used during my research. For each technique, a brief description of the appa-
ratus, the principle of the different techniques and the methods of analysis used will be presented. A
schematic procedure of the investigation is shown in Figure 37 where the sample, which presents a
phase repartition, is first displayed in a phase diagram (point A in the biphasic area) and to its right all

the analysis techniques used for its characterization can be found.

Experimental sample corresponding

to point A on the phase diagram

- Turbidity method
- Battleship method

Upper phase

| TOC — NMR for polymer and IL content
\ AAS — ICP-MS for metal concentration
RN Bphasicares pH-meter for [H*] concentration

\A . ::> TGA and Karl-Fischer for water content

- Lowerphase | | IC for chloride determination

—_— Photometric kit for sulfates determination
ESI-MS for metal speciation

—

Component 2 (wt%)

Manophasic area

% 5% 10% 15% 20% 25% 30
Component 1 (wt%)

Figure 37. Procedure for determining an ABS and characterizing it using analytical tools.

2. Chemicals

Table 6 lists all the chemical compounds used during the PhD. The table is divided into four columns
corresponding to the chemical formula, commercial name, supplier, and purity grade indicated by the
supplier. Regarding the water used in the experiments, it was passed through a Milli-Q apparatus pu-
rification system commercialized by Merck (18MQ). Table 7 shows a list of biphasic inducers used
during the PhD. In the next chapters the results of the experiments carried out with the biphasic in-

ducers listed in Table 7 will be presented.
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Compound Commercial name Supplier Purity
HCI Hydrochloric acid Sigma-Aldrich | 37% = 12 mol/L, in water
H,S04 Sulfuric acid Carl Roth 96% in water
HNO; Nitric acid Carl Roth 65%
Na SO, Sodium sulfate Carl Roth 98%
NaCl Sodium chloride Merck 99%
Na,COs Sodium carbonate Carl Roth 98%
NiCl,.6H,0 Nickel chloride hexahydrate Rectapur 98%
CrCl5.6H,0 Chromium chloride hexahydrate Fluka 98%
FeCl,.4H,0 Ferrous chloride tetrahydrate Merck 98%
FeCls.6H,0 Iron chloride hexahydrate Merck 99%
Mo3(02CCH3)s | Molybdenum acetate dimer ChemLab 97%
CuS0a4.5H20 Copper sulfate pentahydrate Rectapur 98%
Na;Mo00..2H,0 | Sodium molybdate dihydrate Merck 97%
NaMnO4.1H,0O | Sodium permanganate monohydrate | Merck 98%
KMnQO4 Potassium permanganate Rectapur 98%
MnSQ0,4.1H,0 Magnesium sulfate monohydrate Carl Roth 98%
Fe,(S04); Ferric sulfate Fluka 98-99%
NiSO4.6H,0 Nickel sulfate hexahydrate Acros 98-99%
Na,Cr,07.2H,0 | Sodium dichromate hexahydrate Alfa Aesar 98-99%
Cry(S04)3 Chromium sulfate anhydrous Alfa Aesar 98-99%
CuS04.5H,0 Potassium sulfate pentahydrate Alfa Aesar 98-99%
Table 6. Chemical compounds used during the PhD.
Commercial Molecule Providers Chemical structure
name
PEG Polyethylene glycol Chem-lab |{( CH2\|
H/.( \\CH/ );\OH
2
DBP Di-block polymer com- | Sigma Al-
posed of PEG-PPG drich
TBP Tri-block polymer com- | Sigma Al-
posed of PPG-PEG-PPG drich
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3EGDE Tri-ethylene glycol dime- | Sigma Al- HC/O\/\O/\/O\/\O/CH:;
3
thyl ether drich
4EGDE Tetra-ethylene glycol dime- | Sigma Al- HiC g O 0 O - CHa
thyl ether drich
PE Polyethyl Si Al |T| |TI
olyethylene igma Al- ?_Cf
drich H H/,
CHj
PPG Polypropylene glycol Sigma Al-
H+ OH
drich O
n
POXES Polyoxyethylene stearate | Sigma Al- B
drich
[Pasa414] Cl Tributyl-tetradecyl phos- | Interchim CHg )
phonium chloride CH3(0H2)120H2_P+W\/\CH cl
3
HsC

Table 7. Polymers tested during the PhD.

3. Methods for obtaining binodal curves

During my PhD, two different methods were used to obtain binodal curves, the turbidity method and
the battleship method. In the next section we will see how to obtain the curves using these methods

and especially the advantages and disadvantages of each of them.

¢ Turbidity method

The binodal curves for the systems, listed in Table 8, were obtained using the turbidity method, also
known in literature as the cloud point titration method.07/1919 | will use all over the manuscript the
first term, turbidity method, to refer to this procedure. The table is divided into two main parts, relat-
ing to the use of ionic liquid and polymer. Further sub-categories are present, and the division was

made considering the medium in which the ABS was obtained: HCI, HNOs, H,SO4 and Na;SO4/H,S0..
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For the last medium (Na;SO4/H,S0.), it is important to note that sodium sulfate is the most common
component and sulfuric acid was only added to bring the pH to 1.8. All experimental points of the
binodal curves presented are given in the section Annex - HCl and Na,SO, medium investigation. A
more detailed investigation has been carried out considering the influence of temperature (mainly
from 25°C to 50°C) and the contribution of the metal ion concentration (mainly from 1g/L to 40g/L)

for some of the system listed above.

lonic liquid Polymer
HCI medium
[P 44414] CI/[HCI 37 wt%]/H,0 PEG-600/[Fe(lll)+HCI 37 wt%]/H,0

[P 44414] CI/[Cr(III)+HCI 37 Wt%]/HzO M.S.

[P 44414] CI/[Fe(I1)+HCI 37 wt%]/H,O | M.S.

[P 44414] C|/[FE(|||)+HC| 37 Wt%]/HzO M.S.

[P 44414] CI/[Ni(I1)+HCI 37 wt%]/H.0 | M.S.

HNOs medium

[P 44414] C|/[HN03 65 Wt%]/HzO

H,SO4 medium

[P 44414] Cl/[H2504 98 wt%]/H,0

Na;S04/ H,S04 medium

PEG-400/N82504 bath

PEG-400/[N82504 Salt]/Hzo

PEG-400/[Ni(||)+ H2504 + Na2504]/H20

PEG-400/[F€(|”)+ HzSO4 + Na2504]/H20

PEG-400/[CF(|”)+ H2504 + NaZSO4]/H20

PEG-400/[CF(V|)+ HzSO4 + Na2$O4]/H20

PEG-400/[CU(||)+ HzSO4 + Na2$O4]/H20

PEG-400/[MO(||)+ HzSO4 + Na2504]/H20

PEG-400/[M n(II)+ HzSO4 + Na2504]/H20

PEG-400/[MO(V|)+ HzSO4 + N32$O4]/Hzo

Table 8. Binodal curves obtained in different media. The table is divided in ionic liquid systems on the left and polymer systems
on the right. M.S. = systems investigated but provided a monophasic behavior.

The setup used to obtain the binodal curve via the turbidity method is shown in Figure 38. It consists
of a double wall vessel with a maximum volume of 10 mL that is wrapped in a thermal mesh to control
the temperature. The temperature is regulated by water circulating in the double wall system and

controlled by a thermo-cryostat. The vessel is lidded to keep the solution at a constant temperature
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inside and to prevent evaporation. The solution is also kept under constant agitation through a magnet

(400 rpm). The components required to obtain the binodal curve were added using glass pipettes.

Figure 38. Apparatus for cloud point titration method at LEPMI laboratory.

The protocol used is as follows. The first step consists of preparing the biphasic inducers. For experi-
ments conducted at room temperature, the ionic liquid [P 444 14] Cl which is a solid, has been left for
few minutes under agitation with several drops of water, to allow the ionic liquid to pass in the liquid
state. The amount of water was taken into account in the final calculations and considered as "added
water" to the total water amount of the system. On the other hand, for experiments conducted at T
above 35°C, it was not necessary to dissolve the ionic liquid since it is then liquid. Regarding PEG-600,
it is in the solid state at room temperature but at 25 °C it becomes liquid; while as far as PEG-400 is
concerned, this has been used directly as it is already in a liquid state at room temperature. With
regard to their melting temperatures, this corresponds to 11°C for IL, 4-8°C for PEG-400 and 22°C for
PEG-600, (Sigma Aldrich website) which can easily explain the need to dilute the compound with water
in some cases. The working temperature was one of the most challenging parameters to control be-
cause the room temperature varied depending on the season. Moreover, some of the systems pre-
sented above are extremely sensitive to temperature variation and their state changes quickly (from
monophasic to biphasic, and vice versa) namely if they pass from the inside to the outside of the ther-
mal vessel. After preparing the biphasic inducer, this was weighed and introduced into the thermal
vessel. The experiments were carried out starting from a known amount of ionic liquid or polymer
between 3 and 5 g. This decision was taken to reduce the consumption of biphasic inducers used dur-

ing the experiment.
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The second step consists of preparing the other two components of the ABS: water and acid (or salt)
solution with or without metals. A section of this chapter will be devoted to the preparation of metal
stock solutions. A known quantity of UPW has been weighed and placed inside a beaker. For the solu-
tion containing only acid, the procedure is the same as for water. The acid was taken directly from its
bottle, put in the beaker, covered with a plastic film, the pipette was inserted and the whole was
weighed. The insertion of the acid into the beaker was carried out under fume hood. Once the three
components of ABS, biphasic inducer, acid (or salts) solution with or without metals and water have

been prepared, the experiment begins.

The third step consists of obtaining the binodal curve. Starting from the component 2 (may it be pol-
ymer or IL), which is free from component 1 (acid or salt solution with or without metals) and compo-
nent 3 (water), this is represented by point A on the phase diagram in Figure 39. The point A is never
to be found at 100 wt% since both the added water and the purity of the component 2 decrease this
value. For clarification, it is important to state the difference between "added water" and component
3 (water). Added water is only used to dilute the biphasic inducer in order to pass it into a liquid phase
and prepare it for the experiment, as already defined in previous sections. Component 3 is the water
necessary to return the samples to the homogeneous state and then used to investigate the experi-
mental points in the monophasic area of the phase diagram. In order to obtain the binodal curve,
which is to be considered as a border line between the monophasic and the biphasic area, it is neces-
sary to modify the solution that corresponds to point A by varying its composition. The point B ob-
tained after this variation is experimentally presented as a turbid sample and corresponds to the step
before reaching the biphasic area. The better the operator's ability to recognize the turbid sample, the
more accurate the binodal curve will be. So, to arrive at point B, drops of component 1 have to be
added to the initial sample A. The position of B is to be considered on line AC1, where C1 is the point
that corresponds to the composition of the solution of component 1. Experimentally, the more drops
are added, the more the distance AB increases. Figure 39 also shows the AW-WZ case where the op-
erator does not recognize the turbid point B during the experiment, there may be a case for reaching
the W point, or any point on the line between A and C1 in the biphasic area. Since the aim of the
experiment is to define a binodal curve, in this extreme case, the operator can obtain the point Z by
adding component 3 to the system, following the direction towards the origin of the axes. Thus, the
difference in distance AB and AW lies in the number of drops of component 1 used in the two cases,
and this will be higher for AW than for AB. If, however, the operator can immediately recognize the

turbidity of the sample at point B, by adding a few drops of component 3, this leads to point C, where

88



the solution is back to the monophasic state. Point C will therefore lie on the line linking B and the
origin of the axes. In addition, in the procedure of going from A to B, C, D etc., | have waited some
minutes after adding the acid, because in such small volumes even a few drops of acid trigger an exo-
thermic reaction which has two disadvantages, the first is the evaporation of the solution and the
second is the need to re-establish the working temperature. To avoid these, a lid can be placed on the

working beaker and a thermometer was used to monitor the temperature variation.

The last step is to process the data obtained. Experimentally, what is measured is the quantity in g of
component 1 (acid or salt solution with or without metals) and component 3 (UPW), which are added
gradually when passing from A to B to C etc. Each time component 1 and 3 are added to the system,
the 2 beakers are reweighed and so on until the end of the experiment. The loss in weight of the
beaker in component 1 and 3 represents the drops of the components respectively used to pass from
one side of the binodal curve to the other. The values in the figure are expressed in wt% through the

use of the following equations:

[(g Component 1/g tot) + (g Component Z/g tot) +(g Component 3/g tot)] * 100 = 100 g/g tot (1)
g tot = Z 8 Component x (x=1,2,3) (2)
g/8 tor= Wt% (3)

100

S0

80

~
o

2
-
260
o~
= .
50 . .
E Biphasic
8_ Area
€ a0 -
]
o
30
! Monophasic
20 4
Area
10 |
; o |
o ¥ 4o
0 10 20 30 40 50 60 70 20 S0 100

Component 1 (wt%)
Figure 39. Binodal curve for system composed by a biphasic inducer, acidic solution, and water. The point A, B, C, D, E, F, G,
W, Z, are experimental points found through turbidity method. The black arrows represent the ideal case where the operator
immediately recognizes the turbid solution. The red arrows indicate the case where the operator does not recognize the turbid
solution. The dotted lines are eye guides indicating the direction that the arrows will follow, and this coincides with the origin
of the axes for monophasic samples, while it will coincide with the C1 point for biphasic samples.
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The turbidity method is the most common method used in the literature. The main advantage of using
this method is that a low concentration of biphasic inducers is used, thus avoiding their waste. How-
ever, it has not always been convenient for my investigation. First of all, this method relies on the
ability of the operator to well distinguish the turbidity point which is more difficult when the used
solutions are strongly colored like the ones which have been investigated during this thesis. In fact,
the uncertainty of the turbidity method is related to the ability of the operator to well-distinguish
between the biphasic or the monophasic behavior of the sample within the binodal curve vicinity. This
is even linked to the number of drops (1 or 2) to pass from one region to the other. Another disad-
vantage of using this method is the acquisition time of the curves. To obtain a minimum of 40 experi-
mental points, 4 hours of work are required. The time is even longer when the treated systems are
very sensitive to temperature, i.e. when the system changes from monophasic to biphasic or vice versa
without any change in components. In general, the investigation of the change of binodal curves as a
function of temperature was the main reason that prompted me to look for an alternative method to

the turbidity one, the battleship method.

++ Battleship method

During my PhD, an alternative method for preparing binodal curves was developed. The battleship
method allowed us to obtain phase diagrams more quickly for temperature investigation and espe-
cially in cases where it was not possible to recognize the turbidity point during the cloud point titration

method (e.g. solutions too dark as for the UGCO bath).

For the “battleship” method, several samples were prepared in glass vials (Figure 40) by mixing differ-
ent amounts of polymer or IL, water and stock solutions of acid and metal salts. Then the temperature
of the vials was controlled in the range 25 °C — 50 °C by the use of a water bath. At the given temper-
ature, a visual observation easily allowed sorting the samples as either monophasic or biphasic. The

temperature of the bath was controlled through the use of a thermometer.

Figure 40. Samples obtained by the battleship method.
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As with the turbidity method, also for the battleship method there are there are pros and cons. The
main advantage of using this method is the considerable reduction in time required for investigation
when performing temperature-dependent experiments. Disadvantages include, for example, the case
where samples are left in continuous contact between the upper and lower phase, this contact must
not cause mass transfer in the system during the extended time spent in contact between the two
phases. In addition, the samples must be stored in a place protected from light, in case the system is
photosensitive, closed, to prevent the samples from absorbing water from the surrounding environ-
ment and at a constant temperature, to prevent evaporation at high temperature. In addition, great
care must be taken when samples are left at very high temperatures, especially it is recommended
not to close the sample cap, as working with acids, at high temperatures may cause gas formation and
therefore explosion. For the battleship method, the uncertainty is due to the reasonable number of

samples prepared by the operator to confirm with exactitude the border of the binodal curve.

The two methods have been proven to give coherent experimental results as shown in Figure 41 where
the experimental points (black and white circles) obtained with the battleship method are exactly in
the area of the graph corresponding respectively to the biphasic and monophasic part delineated by

the binodal curve (triangles) and obtained through the turbidity method.
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Figure 41. Phase diagram of the system PEG-600/HCI (37wt%)/ Metal ions. The black dots and the empty circles are experi-
mental points obtained through the battleship method and indicate the monophasic and the biphasic part of the graph
respectively. The triangles correspond to the experimental points of the binodal curve obtained by the turbidity method.
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4. Analytical techniques for element characterization in liquid state

¢ TOC determination through CO detection

Total organic carbon (TOC) analysis was performed to determine the polymer content in a system
composed of polymer / acid / H,0. Carbon-based compounds are known to be able to form countless
bonds. However, it is possible to divide carbons into two large groups, inorganic carbon, and organic
carbon. Inorganic carbon forms bonds directly with oxygen, as in carbon dioxide, bicarbonates or car-
bonates and other ions such as cyanides, cyanates and thiocyanates (for example, limestone is a cal-
cium carbonate, a form of inorganic carbon). Organic carbon, on the other hand, can form bonds with
various elements such as hydrogen, nitrogen, or other carbon atoms and in general with organic com-
pounds. The inorganic carbon together with the organic carbon form the total carbon according to the

following diagram:
TC=TIC+TOC (4)

where TC = total carbon

TIC = total inorganic carbon

TOC = total organic carbon

It is also possible to find volatile organic compounds (VOC) among the various types of carbons. In
general, volatile organic compounds have low vapor pressure at a given temperature and can be re-

moved from a solution by bubbling a gas through a sample.

TOC is based on the determination of CO, produced by oxidation of organic compounds. The oxidation

can be carried out in two ways!°:
e By thermal combustion

The sample containing the carbon is acidified with phosphoric acid to transform the inorganic carbon

into CO; by the following reaction:
COs* + 2H* = CO; (g) + H20 (5)

The first half of the acidified sample is sent to an analyzer for CO, measurement by infra-red detector.
This is how the TIC is measured. The other half is injected into a combustion chamber where the tem-
perature is raised to 600-700 °C, and in some cases up to 1200 °C. Here all the carbon (TC) reacts with

oxygen to form carbon dioxide. The sample is then sent to a cooling chamber and finally to the infra-
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red detector. Usually, the detector used is a non-dispersive infra-red spectrophotometer. The TOC
(total organic carbon) is determined by subtracting to the total carbon (TC) obtained from the burnt

sample, the total inorganic carbon (TIC) obtained from the acidified sample (equation 4).
e By wet oxidation

The first part of the protocol is similar to the thermal combustion; the sample is acidified with phos-
phoric acid and in this case also ammonium persulfate is added. Half of the acidified sample goes into
an infra-red detector (TIC measurements) and the other half is sent to an oxidation chamber where it
is irradiated with ultraviolet rays by a mercury vapor lamp. In this way free radicals are formed from
persulfate which react with all available carbon to form carbon dioxide. Both samples are then passed
over membranes to determine the amount of CO; present. The TOC was determined following equa-

tion (4).

The thermal combustion method was used to perform my investigations. The instrument used is a
TOC-Vcsn, SHIMADZU. The experiment was carried out with the help of the Mme D. Tisserand, in

charge of the TOC setup at ISTerre laboratory, UGA (University of Grenoble Alpes).

% pH-meter for acidity determination and titration with NaOH or HCI (37%)

The acidity of different samples has been determined either by direct pH measurement using a pH

electrode or by acid-base titration. According to the definition:
pH =- |Og1o [H30+] (6)

it is possible to evaluate the concentration of [H30*] (or [H*]) in the tested solution.

111 ;

A pH meter* is an electric device used to measure the quantity of H* which gives the measure of the

acidity or alkalinity of the solution.

Fundamentally, a pH meter consists of a combined glass electrode, which is composed of several parts.
The first part is a reference electrode and the second is a system able to measure the equilibrium of
H* inside and outside the glass aperture of the electrode. The electrode consists in the measurement
of an equilibrium which in electrochemistry is associated with a given potential, calculated through

the Nernst’s equation:

0.059 [Red]™
n 09 [Ox]™

E = E°
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(7)

which depends on the activity of the reactants and products. Depending on the activity of the H* in
the outside solution, the internal system reaches (?)a given potential. As it is not possible to measure
a potential alone (we always measure a tension which is a difference of potentials) the tension is
measured compared to an included reference electrode which has a known potential, so from the

tension it is possible to deduce the potential of the electrode and find back the concentration of H*.

The calibration curve was performed with stock solutions of pH= 4, 7 and 10. The pH is measured at

LEPMI laboratory, with SI Analytics, Titration Titroline® 6000/7000.

+» Polymer and water determination by TGA and Karl-Fischer

The thermogravimetric analysis (TGA) has been used for two main purposes: the measurement of the
polymer content in the two phases after obtaining an ABS and the measurement of the water content
in the ionic liquid [P44414]Cl. TGA is a method of a thermal analysis in which the evolution of the sample
weight is recorded while its temperature is progressively increased.!'? In order to optimize the poly-
mer determination, several samples of water / HCI mixtures of different proportions, PEG-600 / HCI /
water and PEG-600 / metal ions / HCI / water were tested. The objective of analyzing three different
types of mixtures was to understand the effect that the polymer or metal ions have on the water and
HClI matrix solution. As for the determination of the water content into the ionic liquid, this was taken
directly from the bottle and analyzed with the TGA. The crucible used for all the experiments was
made from alumina. The instrument is a Mettler Toledo, with an accuracy of 0.0025% and the analyses
were performed thanks to the help of Mr. Vincent Martin, responsible of the TGA device, situated at

Leumi laboratory, UGA (University of Grenoble Alpes).

The water content of the ionic liquid [P 24414]Cl has been determined also by coulometric Karl Fischer
titration'!® where the iodine is electrolytically generated. During the titration, iodine is added to the
sample and the amount of iodine used to consume all the water contained in the sample is determined
by measuring the current needed for the electrochemical generation of the iodine. When reacting
with water, the brown iodine is reduced to the colorless iodide. The ionic liquid samples were pre-
pared under a glove box. The detection upper limit of the apparatus is 300ppm water. The sample was
injected through a syringe and the maximum volume used is 2-3 mL. The Karl-Fischer apparatus used

is a TITROLINE, 7500 KF placed at LEPMI laboratory - UGA.
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<+ Determination of metals concentration by AAS and ICP-MS

The atomic absorption (AA) and emission (AE) spectrometer was used to determine the concentration
of metals in APERAM baths, synthetic solutions and the distribution of metals in biphasic systems. AAS
is an analytical technique used for both quantitative and qualitative determination of metal ions in

114 is so named because a flame is used to atomize a

solution. The atomic absorption spectroscopy
sample. The atoms then interact with photons from the hollow cathode lamp and these photons are
absorbed by the samples under certain conditions. The chemical-physical principle on which photon
absorption is based on the fact that the atomic energy levels are discrete, therefore the electronic
transitions allowed by radiative excitation are characteristic for each atom. Unlike molecules, atoms
do not contain rotational or vibrational sub-structures and, therefore, the absorption of an electro-
magnetic radiation by excitation at a higher energy level does not occur for a frequency band but at a

discrete wavelength. This implies that for each wavelength to which a electronic transition corre-

sponds, quantitative measurements can be made by applying Beer Lambert's law:
A= |Og1o |0/| (8)
=- |Og10T (9)

Where the absorbance (A) is equal to the logarithm to the 10 of the ratio of the incident intensity, /o
over the transmitted intensity, I. T corresponds to the transmittance. The measurements were accom-
plished by calibration using single metal standard solutions. All calibration curves were based on six
standards, including blank. The calibration ranges were selected in between 1 mg/L and 50 mg/L (1 —
4 — 10 — 25 — 50 mg/L). Standard solutions for AAS analyses were prepared by diluting a 1000 mg/L
single element solution in 250 mL of total volume for each calibration point for each metal. The sam-
ples to be analyzed were diluted so that the concentration range for each metal could be between 5

and 50 mg/L.

Atomic emission spectroscopy!!® (AES) measurements were also possible with the same instrument.
In fact, Na(l) was determined by this method, where the thermal energy of the flame excites the atoms
of the injected compound into excited electronic states which will emit light once they return to their
fundamental state (photon emission). Each element therefore has its own characteristic emission light
with a given photon energy. Also, in this case it was necessary to use a calibration curve; for Na(l) the
range of the selected calibration curve was between 0 and 2 mg/L. The AAS/AES instrument is a Perkin

Elmer Pinaacle 900F with an accuracy of + 0.5%.
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Inductively coupled plasma mass spectrometry (ICP-MS) has been used to determine the purity of the
water recovered at the end the process proposed in the Patent chapter. The inductively coupled
plasma-mass spectrometry (ICP-MS) is an analytical technique based on the use of inductively coupled
plasma combined to mass spectrometry. It is a very sensitive technique capable of determining various
inorganic metallic and non-metallic atoms present in concentrations as low as one part per billion
(ppb). It uses an ICP plasma torch to ionize the sample and a mass spectrometer for separation and
detection of the ions produced. The apparatus used is a ICP-MS (PerkinElmer NexION 2000), located
at Phelma department — G-INP. The experiment was carried out by engineer Vincent Martin, of the

Lepmi laboratory, responsible for the apparatus.

®,

*» lon chromatography for chloride determination

Through the ion chromatography (IC) it was possible to estimate the concentration of free Cl" in the
UGCO bath. lon exchange chromatography, or simply ion chromatography (IC), separates ions and
polar molecules based on their affinity to the ion exchanger. At the column outlet the conductivity
detector 1 (881 Compact IC prol) is placed allowing the concentration determination, the recording
time is 40 minutes, the integration is done automatically by the instrument, and the type of column is
a Metrosep A. Supp 15-250/4. The composition of the eluent is 3mM NaHCO; + 3.5mM Na,COs. The
working temperature is 45 °C. The model used is METROHM, 881 Compact IC PRO.

0,

+» Sulfates determination by photometric kit

A photometric kit was used to measure sulfates through colorimetric analysis. In colorimetry a white
light, natural or artificial, is used as the source of rays and the analysis is carried out with an instrument
called a colorimeter or photometer. A colorimetric analysis is based on the principle that many sub-
stances reacting with a chemical compound produce a color change whose intensity will be propor-
tional to the concentration of the substance being measured. When a substance is exposed to a source
of rays of intensity (lo), part of the radiation is absorbed by the substance. The remaining light is trans-
mitted to a detector. The difference in intensity is used to determine the concentration of the specie
in the colored solution. The amount of absorbed radiation is given by the Lambert-Beer law. The ab-

sorbance is also given by:
A=g *C*| (10)
where:
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A is the absorbance and is dimensionless;

&) is the proportionality constant, called the molar extinction coefficient; it is a constant for a given
substance, provided at a given temperature and wavelength [L/(mol.cm)];

Cis the concentration of the substance (moles/liter);

| is the optical path length, i.e. the distance the light beam travels through the sample (cm).

Therefore, by knowing these factors, the concentration (C) can be calculated from the absorbance of

the substance in relation to the transmitted radiation (l).

For the sulfates determination, standard solutions containing barium ions were used. The latter react
with the sulfates to give the poorly soluble barium sulfate at pH between 2 and 10 (pH range to be
observed)!®. The resulting turbidity is measured by the photometer. Samples containing sulfates are
pre-diluted in a concentration range of 100 to 1000 mg/L. The standard deviation of the method is

10.3 mg/L SO4*.-The instrument used is a Spectroquant Nova 60 A supplied by Merck.

¢ PEG and IL concentration determination by NMR

Proton nuclear magnetic resonance (*H-NMR) was used to quantitatively determine the concentration
of the polymer and the ionic liquid in the different phases of the ABS obtained during the investiga-
tions. In addition, the presence of organic impurities in the ionic liquid [P44414] Cl was verified using
NMR too. NMR is a technique based on the measurement of the precession of the spin of protons or
other nuclei characterized by magnetic moment when subjected to a magnetic field. In particular, the
'H-NMR protocol for PEG-400 and [P44414] Cl quantification has been carried out. It is based on D20
and DMSO (dimethyl sulfoxide) as solvent. The solvent was prepared mixing 200 uL of DMSO and
8,75mL of D,0. The position of the DMSO chemical shift is located close to that of the two compounds
of interest, without interfering with them, while previous attempts demonstrated that by using CeHe,
its chemical shift was located too far from that of polymer signal, so the data treatment leads to curve
distortions detrimental to the calibration accuracy. The sample was prepared considering a total vol-
ume of 450 pL where 358 uL is in solvent (DMSO + D,0) and about 95 L is in phase to be analyzed.
Depending on the type of phase from an ABS, when considering first the polymeric one, this has to be

diluted by a factor of 10, while the non-polymeric phase was used directly without dilution. The diluted
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solution must be present in a homogeneous phase By mixing PEG/water with composition from 10-

90wt% to 55-45wt%, the calibration curve showed in Figure 42 was obtained.
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Figure 42. Calibration curve for NMR protocol for PEG determination.

The apparatus used is an NMR 400MHz, BRUKER, Advance Il HD located at LEPMI laboratory — UGA.

The experiment was carried out by me.

R/

+» ESI-MS for metal speciation determination and distribution of molecular weight of PEG-

400

Electrospray lonization— Mass Spectrometry (ESI-MS)'7118 was used to determine the speciation of
the metals in solution. ESI does not fragment the macromolecules into smaller charged particles, ra-
ther it turns the macromolecule being ionized into small droplets by converting a solution-phase ana-

lyte into gas-phase ions. These droplets will then be further de-solvated into even smaller droplets,

Metallicions MAM — 15 112(5[12|5 |12
Ni(11) vl
cr(in) vl
Fe(ll) V|V
Fe(ll1) vV v~
Metal ions concentration (g/L)— 5 20 35

Table 9. Stock solutions of metal ions used for ESI-MS analysis.
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which creates molecules with attached protons. These protonated and de-solvated molecular ions will
then be passed through the mass analyzer to the detector, and the mass of the sample can be deter-
mined. The solvent used in this investigation is water. Other solvents were tested like ethyl acetate or
dichloromethane, however the last one presented complex molecule with the metals in the solution.
The intensity of the peaks is not considered in this protocol. Even if the concentration of injection of
the apparatus (5u/L) and the dilution factor to prepare the solution are known parameters, it would
have been necessary to have a calibration curve to define the concentration of the species. Therefore,
the results are only for a qualitative interpretation. Different samples were analyzed by ESI-MS (Table
9). Among these, stock solutions of Ni(ll), Cr(lll), Fe(ll) and Fe(lll) at 5 and 12M of HCI and at different

concentrations of metal ions were analyzed.

Furthermore, the UGCO bath was analyzed by ESI-MS alone and after mixing it with 20 wt% of PEG-
600, the two phases were characterized by the instrument. The experiments were performed at dif-
ferent dilution factors (d = 50,100). Only the first part of each ESI-MS spectrum is related to the metal
ions of interest (from 0 to 200 m/z). After 200 m/z the source provokes an ionization process creating
a dimerization of the metal ions, from that point it is not possible to understand if the presence of the
dimer is due to the source or it is a real dimer in the solution, or both the cases. A further experiment
was performed thanks to ESI-MS to investigate the degradation of PEG-600 and its ability to complex
with metal ions. The apparatus is a Bruker Amazon Speed. The source is the electrospray ionization
source connected to a mass spectrometer. The experiment was carried out in collaboration with Laure

Fort, Rodolphe Gueret and Amelie Durand from the Molecular Chemistry Department of Grenoble.

0,

¢ Fe(l1)/Fe(lll) speciation through colorimetric technique

The concentration of Fe(ll) species in a mix solution of Fe(ll) and Fe(lll) in HCl medium (37 wt%) was
determined by titration with KMnO4. This protocol is applicable for a concentration of Fe(ll) from 5g/L

to 80 g/L.

The reaction occurring during the colorimetric technique, consists of the oxidation of Fe(ll) in Fe(lll):
5Fe? + MnOs +8 H* = 5Fe® + Mn?* +4 H,0 (11)

Five moles of Fe(ll) were oxidized in Fe(lll) using one mole of MnOy".

The stock solution containing Fe(ll/IIl) species was diluted by a factor of 10. Two milliliters of the di-

luted solution were adjusted with an arbitrary volume for the analyses (this last volume was not a
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parameter to be considered due to the general equation taken into account where are considered the
moles and not the concentration of the stock solution). The solution of permanganate was prepared
with an exact normality and introduced in a volumetric flask for the titration. Drop by drop the solution
was mixed with the clear stock solution of Fe(ll/IIl). The process finished when the stock solution starts

to have a pinkish color.
The equation used for the calculation of Fe(ll) (g/mL)is:
[Fe?*] = V (KMnOy) eq X [KMNO4] x M (Fe) x FD / Vpe (12)

V(KMnQ,) = the volume (mL) of permanganate used for the titration.
[KMnOQ,] = the normality of the permanganate (neq/mL, precise value).
M(Fe) = molecular weight of Fe (55,85 g/mol)

FD = dilution factor x used for the preparation of the stock solution diluted

Vpe = volume (mL) used of the diluted stock solution

5. Composition of different sulfate and chlorinated baths

During the PhD, different samples of UGCO and Na,SO4 baths were sent from Aperam for analysis and

metal extraction purposes. The metal composition of the aliquots was determined through AAS.

Regarding the samples from UGCO bath (Figure 43), they were sent in three different periods 2017,
2018 and 2019. For the samples received in 2017 and 2018, the concentrations of Fe(lll) (78 g/L) and
Cr(ll1) (20 g/L) are the same in all the samples, however, in the bath of 2019 Fe(lll) is presented at
almost 95 g/L. While the concentration of Ni(ll) is higher in the bath of 2017 (almost 15 g/L), it is about
5 g/L in the bath received in 2018 and 2019. The density was found to be the same in all baths samples
received, equal to 1.3. While the H* concentration is 5.7 mol/L for the 2017 bath, 3.4 mol/L for the
2018 bath and 5.6 mol/L for the 2019 bath.

100



100 mBath 2017 mBath 2018 M@Bath 2019
90 ]
80
70
60
50

40

in the UGCO bath

30

: Il »..

Fe(Il) cr(l Ni(11) Cu(l)

Species concentration (g/L)

Figure 43.UGCO bath composition of three different aliquots sent by Aperam.

Regarding the aliquots of Na;SO, bath (Figure 44), three aliquots were received during 2018, two com-
ing from the Isbergues site, received at the beginning of 2018 and at the end of 2018, and one coming
from the Gueugnon site and received at the end of 2018. As far as the concentrations of Cr(VI), Fe(lll)
and Ni(ll) in these samples are concerned, they are approximately the same, about 12 g/L of Cr(VI),
and less than 1 g/L of Fe(lll) and Ni(ll). As far as the concentration of Na(l) is concerned, it remains
constant in the baths from Isbergues (about 47 g/L) while it is present in greater quantity when con-
sidering the bath received from Gueugnon (about 67 g/L). The same happens for SO,%, in the two
baths coming from Isbergues it is found at 105 g/L, while in the bath coming from Gueugnon it is
present for about 155 g/L. The density of the samples is between 1.15 and 1.18, while the pH is about

1.8-1.9 for the samples from Isbergues and rises to 2.4 for those from Gueugnon.
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Figure 44. Na,SO4 bath composition of three different aliquots sent by Aperam.

In both cases, the samples from the UGCO bath and the Na,SO4 bath were taken and sent at different
times ofthe pickling processes. The pickling process is a continuous process, the baths are never re-
made from zero, and to enable the baths to work continuously, they are regenerated with fresh baths
containing water, acids or salts. From this can be deduced that the concentration of acids, for example,
always fluctuates over a range of values. For the dissolved metals, it is the same principle, the metals
are coming from the pickled alloy, however, there are several types of stainless steel and also several
campaigns of treatment where the types of steel are separated. So, if the samples have been taken
during the pickling of austenitic steel, the pickling bath used for this treatment should have a high
guantity of nickel because of the dissolution of this grade. However, if the sample was taken at the
end of a ferritic campaign (ferritic have no Ni in their composition), the content in Ni in the bath will
be lower. Hence, the different concentration levels of freshly sampled baths are showing the variabil-

ity of composition of the industrial baths.

During the PhD, it was decided to work with baths that had close concentrations in order to be able
to compare the obtained results. In the following chapters, for the purposes of analysis, the composi-
tion of the baths that was considered is as presented in Table 10, for the UGCO bath and in Table 11
for the Na,SO4 bath.

Components and parameters _
Fe (I1) (g/L) 50

Fe (1) (g/L) 50

cr (1) (g/L) 19.3

102



Ni (I1) (g/L) 4.6
Cr (g/L) 200
[H*](mol/L) 4-5
density (g/mL) 1.28

Table 10. Composition, pH and density of UGCO bath.

Components and parameters | Na,SO,4 Bath
Cr (V1) (g/L) 11.8

Ni (11) (g/L) 0.4

Fe (1) (g/L) 0.5

Na (1) (g/L) 46.7

SO4* (g/L) 106

pH 1.8

density (g/mL) 1.14

Table 11. Composition, pH and density of Na,SO4 bath.

6. Stock solution single or multi-metal to mimic the UGCO bath and

Na,SO4 bath.

In order to better understand the partitioning mechanism that takes place in Aperam baths, single and

double metal synthetic solutions were prepared using the same species concentrations as in the baths.

All the stock solutions made to mimic the Na,SO4 bath (showed from Figure 46 to Figure 55) have been
prepared by mixing a metallic salt and Na,SO, in H,O and the pH has been adjusted with H,SOa. First
of all, a known quantity of metallic salt was added to the beaker. Consequently, the acid was added
and everything was stirred overnight to allow the total dissolution of the salt in an acidic environment.

The next day the sample was left under agitation in contact with a heat

source for 30 minutes at a given temperature to prepare the compound for itk CH,
the working conditions of the process. The preparation and weight of the c|)_9\\OX(:)/\<O
acid/metallic salt mix was carried out under a fume hood, and also in this o‘i\go\\({lvié/
case the beaker was covered with a plastic film. All the solutions have been H3C>/\\\/O

CHgj

prepared to contain approximately 5g/L of metal ion, 105 g/L of SO4%, 50 g

/Lof Na(l) and pH around 1.8. The decision to prepare these solutions in this Figure 45. Mo(ll) acetate dimer
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way was made to imitate the concentrations present in the Na,SO, bath and then to compare the
obtained results. The 5 g/L concentration of the metals was chosen based on their solubility. All metals
are soluble under the proposed conditions except Cr(lll) and Mo(ll). According to the analysis with AAS
the concentration of Cr(lll) and Mo(ll) present in the stock solution is equal to 0.62 g/L for Cr(lll) and
0.8 g/L for Mo(ll). The salt used for the experiment with Mo(ll) is a molybdenum acetate dimer (l1)
(Figure 45) because only in this form could this metal be found commercially. While, Cr(VI) and Mo(VI)
come from their sodium salts, and the remaining metals from their corresponding sulfate salts. All the
biphasic samples, considered to determine the extraction efficiency of PEG-400, were prepared fol-
lowing the same distribution in PEG-400/stock solution single-element: 20/80, 30/70, 40/60 wt%. At
10/90 wt% of PEG-400/stock solution all the systems are monophasic. With regard to the samples in
Figure 53, it was not possible to determine the composition of the upper and lower phase because as
soon as the PEG-400 was mixed to the stock solution of Mn(VIl) a reaction occurred and a dark pre-
cipitate appears on the bottom of the flask. For establishing the extraction efficiency of PEG-400, all
samples were prepared at room temperature (the room temperature in the laboratory at the time of
the experiment was 19°C). For obtaining the binodal curves the working temperature has been set to
25°C, controlled using a thermal bath. The ABSs for the aforementioned solutions will be analyzed in

Chapter D.

Figure 46.From the left to the right: Stock solution Cr(VI) in Na;SO./H,0;
biphasic samples: 20/80, 30/70, 40/60 wt% of PEG-400/stock solution.
Stock Solution: 5g/L of Cr(VI), from Na,Cr,0,*2H,0 salt, 105g/L of SO/,
52.3g/L Na(l), pH=1.80.

Figure 47.From the left to the right: Stock solution Mo(VI) in Na,SO,/H,0;
biphasic samples: 20/80, 30/70, 40/60 wt% of PEG-400/stock solution. The
istock solution is made by 5g/L of Mo(VIl), from Na,MoO,*2H,0 salt, 105g/L
of 0.2, 52.43g/L Na(l), pH=1.87.

1 cu()

Figure 48.From the left to the right: Stock solution Cu(ll) in Na;SO,/H;0; bi-
lohasic samples: 20/80, 30/70, 40/60 wt% of PEG-400/stock solution. The
Istock solution is made by 5g/L of Cu(ll), from CuSO4 *5H,0 salt, 105g/L of
50,2, 45g/L Na(l), pH=1.87.

cr(in)

Figure 49.From the left to the right: Stock solution Cr(lll) in Na,SO,/H,0; bi-
phasic samples: 20/80, 30/70, 40/60 wt% of PEG-400/stock solution. The
istock solution is composed by 0.62 g/L of Cr(lll), from Cry(SOy4)3 anhy. salt, 93
g/l of SO7, 43.63 g/L Na(l), pH=1.77
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Figure 50.From the left to the right: Stock solution 1) in Na,SO4/H,0; bi-
lohasic samples: 20/80, 30/70, 40/60 wt% of PEG-400/stock solution. The
Istock solution is composed by 5g/L of Ni(ll), from NiSO,*6H,0 salt, 105g/L of
50,2, 45g/L Na(l), pH=1.86.

ﬁ Fe(lll)

- ——— e
Figure 51.From the left to the right: Stock solution Fe(lll) in Na,SO./H;0;
biphasic samples: 20/80, 30/70, 40/60 wt% of PEG-400/stock solution. The
stock solution is composed by 5g/L of Fe(lll), from Fe,(SO,); anhy salt,
105g/L of SO, 45g/L Na(l), pH=1.84.

=t

Figure 52.From the left to the right: Stock solution Mo(ll) in Na;SO,/H,0; bi-
lohasic samples: 20/80, 30/70, 40/60 wt% of PEG-400/stock solution. Stock
ISolution with 0.81 g/L of Mo(ll) from CsH1,Mo0,05 — Molibdenum acetate di-
imer, pH=1.75, 104.1 g/l of SO4%, 49.85 g/L of Na(l), 7.2 g/L of H,S0,.

Figure 53.From the left to the right: Stock solution Min(VI1) in Na;SO4/H,0; bi-
phasic samples: 20/80, 30/70, 40/60, wt% of PEG-400/stock solution. Stock
Solution: 5g/L of Mn(VIl) from NaMnO, *1H,0 salt, pH=1.83, 105g/L of SO/,
150g/L of Na(l), 4.3 g/L of H,SO,.

Figure 54. From the left to the right: Stock solution Mn(ll) in Na;SO4/H,0;
biphasic samples: 20/80, 30/70, 40/60 wt% of PEG-400/stock solution.S4
is monophasic. Stock Solution with 5g/L of Mn(ll) from MnSO,*1H,0 salt,
IpH=1.85, 105g/L of SO, 45g/L of Na(l), 4.5 g/L of H,S0,.

s - T

' i Co(ll) + o(VI)
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Figure 55. From the left to the right: biphasic samples: 20/80, 30/70, 40/60
wt% of PEG-400/stock solution. Stock Solution with 5g/L of Mo(VI1), and 5g/L
of Cu(ll), from NaMoO,*2H,0 and CuSO,*5H,0 salt respectively, pH=1.85,

105¢g/L of SO, 50g/L of Na(l), 9.5 g/L of H,SO,.

The concentration of metal ions used to prepare each stock solution made to mimic the UGCO bath

was about 5 g/L. All different species investigated (Fe(ll), Fe(lll), Cr(lll)) were soluble at the same work-

ing conditions, except for Ni(ll) which some traces of non-dissolved salt remained solution. The con-

centration of this last element was determined by AAS and results to be 4 g/L. The decision to work

with 5g/L and not more, comes from the difficulties to dissolve the species in HCl medium. The HCI

concentration was equal to 5M. The preparation of these solutions is analogous to that for sulfate

bath stock solutions.
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7. Extraction and repartition efficiency

The extraction efficiency of the ionic liquid or the various polymers used in this manuscript, is deter-

mined by the following equation:

Meg )

e. e.(U) 00 = x 100

Meg )

x 100

e. e.(L) % =

(13)
Where:

- e.e.u% corresponds to the extraction efficiency of the IL (or polymer), expressed in weight
percentage, on the upper phase of an ABS.

- e.e.% corresponds to the extraction efficiency of the IL (or polymer), expressed in weight
percentage, on the lower phase of an ABS.

- Me;is the initial mass (in the stock or industrial solution) of metal, expressed in grams.

- Meyu) is the final mass of metal in the upper phase of an ABS, expressed in grams.

- Mesy is the final mass of metal in the lower phase of an ABS, expressed in grams.

With regard to the repartition efficiency of metals in the upper and lower phases of an ABS, this was

calculated according to the equations:

Meg % = Mew) x 100
L O N
(U) ME(U) + ME(L)
Me
Meg, % = ®___ 100

Me(U) + Me(L)
(14)
Where:

- Mew% is the metal repartition expressed in weight percentage, in the upper phase of an ABS.
- Mew% is the metal repartition expressed in weight percentage, in the lower phase of an ABS.
- Me) is the mass of metal expressed in grams, in the upper phase of an ABS.

- Me is the mass of metal expressed in grams, in the lower phase of an ABS.

Both the extraction and repartition efficiency are influenced by a large number of factors, such as:
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o the experimental error that occurs when measuring the volume distribution between two
phases in an ABS;

e the formation of crystals that occurs during the investigation with temperature, which
reduce the accuracy of AAS measurements;

e The dilution factors of the solutions analyzed were often found to be too high in relation
to the corresponding calibration curves required by the instrument (e.g., d=10K to analyze
Na(l) with AAS);

For these reasons, it was therefore very challenging to achieve a favorable mass balance, since it ap-

peared that:
Initial values - Final values # 0 (15)

Where initial values refer, in particular, to the grams of metal used to prepare a solution (or already
present in an industrial solution), and final values correspond to the grams of metal in the upper and

lower phase of an ABS.

Furthermore, in both cases the volume of the upper and lower phase in an ABS was a very important

parameter taken into account during the calculations as it is known that:
Me = [Me] x Vol. phase (14)

to obtain the mass of the metal (Me), expressed in g, the concentration of the metal [Me] obtained
during the different analysis and expressed in g/L, must be multiplied by the volume of the phase (Vol.
phase) Where the metal is to be found, and this is expressed in L. Equation (14) also shows how the
calculations were carried out to go from the concentrations (g/L), obtained in the various analysis

techniques, to the mass (g) of metal and consequently to the repartition and extraction values.

Conclusions

Both the turbidity and the battleship methods are effective in obtaining the experimental points nec-
essary for the investigation of various three-components system. Through these methods it is then
possible to represent a binodal curve on the phase diagram, for each system investigated, when this
naturally provided an ABS. Each phase diagram and corresponding binodal curve for the different sys-
tems investigated will be presented in the following chapters. Once a biphasic sample has been ob-

tained, this is to be considered as an individual ABS as it is characterized by unique set of working
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conditions (concentration, pH, temperature, etc.). The sample is then analyzed using various instru-

ments to determine its upper and lower phase compositions.
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1. Introduction

The UGCO bath is a patented pickling bath. It uses hydrochloric acid to dissolve the oxide layers and
Fe(lll) which reduces to Fe(ll) and oxidizes the metals present on the surface of the stainless steel
facilitating thus the dissolution process. The operating pickling conditions of the bath are maintained
through the addition of a fresh acid and by oxidizing Fe(ll) to Fe(lll) via the addition of the hydrogen
peroxide. The bath needs a continuous maintenance (i.e. adjustment of the composition), since its
high aggressiveness allows the dissolution of large quantities of metals, which precipitate then in the
form of a sludge. Moreover, the management of the settings of this bath is complicated by the relative
low concentration of the commercial HCl acid (33w%) and a partial dumping of the bath is required in
order to free tank volume for the addition of fresh acid. Nowadays the most common method used
by Aperam is to neutralize the used pickling baths and send the sludge to a landfill. The best method
to regenerate this bath would be the spray roasting followed by a distillation column to regenerate
the acid, but the process is very expensive. The request of Aperam concerning this bath is to extract
Cr and Ni from it, with only a low amount of iron co-extracted if possible, together with a dehydration
of the bath and the removal of the present copper (which is an inhibitor of the pickling reaction). In

Table 12 it is possible to see the metal concentrations of the spent pickling liquor coming from the
UGCO bath. Fe is the most present element in the bath, 89 g/L, followed by Cr and Ni, 18.87 g/L and
7.8 g/L respectively. Mn (1 g/L), Mo and Cu (<1g/L) are also present. In order to meet Aperam's de-
mand for this bath and find an alternative to spray roasting, ABS systems based on ionic liquid or

polymers were tested.

UGCO bath
Type of Metal Concentration (g/L)
Fe 88.86
Cr 18.87
Ni 7.88
Mn 1.08
Mo 0.36
Cu 0.35
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Table 12. Metal concentration in UGCO bath.

2. Preliminary tests on ABS formation and metal extraction on SPL

from UGCO bath

The first series of tests were aimed at obtaining ABS using the UGCO bath. For this purpose were
chosen the ionic liquid [P 24414]Cl and the polymer PEG-600. As described in the state of the art, both
the biphasic inducers have already been widely used to obtain an ABS and extract metals. As for PEG-
600, it was mixed with the UGCO bath according to a repartition of 30 / 70 wt% respectively at 25 °C,
and this provides an ABS. The upper and lower phases, of the ABS, were analyzed by AAS. The polymer
is mainly in the lower phase, and it extracts about 45% of iron, while nickel and chromium remain in

the upper phase. Almost 40 wt% of H* is to be found in the polymer phase (Figure 56).

100%
0%
BO%
70%
60%

g 50%

£ 40%
30%

ABS composed of 30 / 70 wt%
Of PEG-600/ UGCO hath at 25 °C

Aqueous upper
phase

20%
10%
0%

element repartition {wt%:) and volume
repartition (vel%)

Ni Cr Fe H*  Vol.rep.

Lower phase W Upper phase

Figure 56. Element repartition (wt%) and volume repartition (vol%) for ABS composed of PEG-600 / UGCO bath (30/70
wt%) at 25°C.

As for the ionic liquid, it was mixed with UGCO bath in a ratio of 20 / 80 (wt%) respectively, at 20 °C,
and the mix provide an ABS. When using more than 30 wt% of IL, a part of the IL remains in solid form
under UGCO bath conditions. The IL is in this case in the upper phase of the system, and it extracts

about 37 wt% of Fe while Cr and Ni remain in the bath (Figure 57).
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Figure 57. Element repartition (wt%) and volume repartition (vol%) for ABS composed of [P 44414] Cl / UGCO bath
(20 / 80 wt%) at 20 °C.

This type of experimentations did not therefore lead to the fulfilment of Aperam's request to purify
the UGCO bath from Ni(ll) and Cr(lll). However, the result obtained, in particular with PEG-600, was
very surprising since an ABS was obtained using a polymer under very acidic conditions and high metal

concentration.

3. Properties of ABS in HCl media

The following sections of this chapter have been supplemented by the article entitled "Uncommon
biphasic behavior induced by very high metal ion concentrations in HClI/H,O/[P 4 4 4 14] Cl and

HCI/H,O/PEG-600 systems", published on 30 September 2020.

3.1. Systems without metals

The extraction efficiency of PEG-600 (45 wt% of iron extracted) or [P44414] Cl mixed with UGCO bath
when ABS was obtained did not allow to meet Aperam'’s initial request to clean the bath from all met-
als except the iron. For this reason, it was particularly challenging to continue working directly with
the UGCO bath because the high number and concentration of species in it (metal ions, salts, acids,
water) and above all the dark colour of the bath did not allow to further investigate. In particular, it
has been tried to obtain a phase diagram and the corresponding binodal curve by using the turbidity

method for the polymer / UGCO bath or IL / UGCO bath system, but it was very hard to understand
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when the system turned from monophasic to biphasic due to the bath colour. The idea was therefore
to simplify the real system, starting with the investigation of metal-free ABS. As far as the ionic liquid
is concerned, Figure 58 shows the phase diagram and the binodal curve for the system [P 44414]Cl/[HCI

37 wt%]/H,0 at T=25 °C compared with the one already existing from Mogilireddy et al.**°

A
A
45 | A a
=z A
é\i A A Biphasic
2 A A region
=35 1 A
o AA A
i A i
— iy ‘
3 4 i
a 25 1 Monophasic
= region o
4 A
15 T r T T |

10 12 14 16 18 20
HCI (wt%)

Figure 58. Binodal curves of the systems: [P 444 14] Cl/[HCI 37 wt%]/HO (IL = Cytec) (A )10; [P 44414] Cl/[HCI 37
wt%]/H,0 (IL = Interchim) — this work (4);

This difference between the two binodal curves without metal ions is ascribed to the different provid-
ers (i.e. Cyphos® IL 167- Cytec'® versus Interchim, this work). According to the literature, phospho-
nium based ILs are prepared by nucleophilic addition of tertiary phosphines to haloalkanes.®>'?° The
used phosphines can contain several isomers and other impurities (such as phosphine oxides) that can
then be found in the resulting IL'?° and depending on their quantity influence the ABS formation. The
different level of impurities is probably responsible of binodal curves shifts, although no information
on this particular phenomenon has been found in the literature. Fortunately, this observation did not
impact the results of this study as only Interchim’s product has been used in this work. However, this
part of the investigation requires more study, on understanding the causes that lead the two binodal
curves to be in a different space of the phase diagram. In contrast, it has been checked that using
different HCl providers (i.e. Fluka and Sigma Aldrich) does not induce discrepancies in the binodal de-

terminations (Figure 137 - Annex).

As regards to the polymer, the system PEG-600 / [HCI 37 wt%] / H,O did not provide an ABS. However,
having obtained a biphasic system in the preliminary tests when the polymer was directly mixed with
the UGCO bath, it was surprising that metal-free system did not behave in the same way. For this
reason, the investigation went further, trying to understand the contribution of each metal present in

the UGCO bath, and comparing the polymer-based ABS results with the IL-based ABS.
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3.2. System with single metal

Synthetic stock solutions consisting of a single metal ion were prepared in order to understand which
of the metals present in the bath is responsible for obtaining the biphasic system. The synthetic solu-
tions have been investigated not only considering the contribution of PEG-600, but further experi-
ments have been carried out considering the [P44414] Cl ionic liquid contribution. For this purpose,
four mono-element stock solutions of Ni(ll), Cr(lll), Fe(ll) and Fe(lll) were prepared in HCI (12M). Start-
ing from the stock solutions of the given metal ion, by mixing them with the ionic liquid [P 44414] Cl
and the polymer PEG-600 separately, the corresponding phase diagrams and binodal curves were in-
vestigated (only in case of ABS formation). The systems considered are the ones presented in the fol-

lowing table:

lonic liquid

[P 44414] CI/[Ni(11)+HCI 37 wt%]/H,0

[P 444 14] Cl/[CF(|||)+HC| 37 Wt%]/HzO

[P 44414] Cl/[Fe(l1)+HCl 37 wt%]/H,0

[P 444 14] CI/[Fe(III)+HCI 37 Wt%]/HzO

Polymer

PEG-600/[Ni(ll)+HCI 37 wt%]/H-0

PEG-600/[Cr(1)+HCI 37 wt%]/H,0

PEG-600/[Fe(l1)+HCl 37 wt%]/H.0

PEG-600/[Fe(1ll)+HCI 37 wt%]/H-0

Table 13. IL-based ABS and polymer-based ABS with metal contribution and HCl media.

All the experimental points obtained for the binodal curves listed above are presented in the tables in
the Annex — HCl section.

The investigation was carried out considering a metal concentration range between 0 g/L and 15 g/L
to mimic the UGCO bath conditions. The effects of metal salts observed by us are very uncommon in
the literature. To the best of our knowledge, only two papers have evidenced changes in temperature
of a system by addition of rather large amounts of a metal salt or an oxide: Rim et al.??! evidenced the
effect of large Cr(lll) nitrate additions (from 0 to 10 g/L) in the cloud point of an aqueous/surfactant
system while Fagnant and co-workers?? got a decrease of the cloud point temperature by ca. 20 °C
by adding up to 4 wt% of Nd,0s in the HbetTf;N/H,0 system. The HbetTf;N is betainium bis (trifluoro-
methyl-sulfonyl) imide ionic liquid. However, these two systems are somewhat different from the cur-

rent work. Our data address several aspects of the impact of high metal ion concentrations onto the
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binodal curves for one [P 44414]Cl-based and one PEG-based ABS. Considering two rather different
systems consisting of [P 44414]Cl and PEG-600, the latter being a neutral molecule while the former is

formally a salt, the following description was divided into two parts, for these.

3.2.1. IL-based systems

The fact that metal salts could be part of IL-based ABS is not new. As reviewed by Freire and co-work-

123 some examples with Ca(ll) and Mg(ll) can be found in literature. Moreover, ABS containing Al(Ill)

ers
salts'?* have also been described. Yin et al. investigated ABS composed of ILs and either Rb(I) or Cs(1)%.
The amounts of metal salts in such systems are in the range of ca. 5 to 45 wt% and the ILs used belong
mainly to the imidazolium family, although ILs constituted by phosphonium and pyridinium cations
can also be found. IL-based ABS induced by Sr(ll), Eu(lll) and Cs(l) have also been the topic of molecular
dynamic simulations>*. However, these systems can only bear metal ions that are not liable to hydrol-

ysis because their working pH is close to neutrality, so the variety of metal elements composing them

is somehow limited.

On the other hand, metal salts, introduced as traces in already formed ILs-based ABS, experience a
partition between the upper and lower phases. This is in turn used to perform selective extraction,
with numerous examples involving Sc(I11)%7, Cr(V1)®°, Ru(I11)*?%, Co(Il) versus Ni(11)12¢, Ag(l) versus Cd(I)**,
and Cd(l1) versus Co(ll), Cu(ll), Fe(lll) and zZn(I1)*. Again, imidazolium, phosphonium and ammonium
ILs’ families are the most studied. Similarly, these systems are not compatible with metal ions suffering
hydrolysis. More recently, the extraction of metal ions, i.e. Pt(IV) and Fe(lll), at the trace levels, has

been performed in novel AcABS'?,

Our study differs markedly from these previous works for two main reasons: i) the presence of HCI
does prevent hydrolysis of the metal ions; ii) the metal ions, present in large amounts, can be regarded
as modifiers of the original ABS composed of [P 44414]Cl, HCI (at 37 wt%) and H,0, and not as trace

level solutes.

Figure 60 displays the binodal curves obtained for several initial Cr(lll) concentrations ranging from 0
to 15 g/L. The addition of Cr(lll) to the solution leads to an increase in the biphasic domain of the
system, shifting the binodal curve to the left side (i.e. lesser amount of HCl is needed to promote

biphasic regime), while the shape of the curves does not show any significant change.
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Figure 60. Binodal curves of the systems: [P44414]CI/[HCI 37 wt%]/H,0 (IL = Interchim) — this work (A); [P4414]CI/[Cr(ll1)+HCI 37
Wt%]/H20 — [Cr(lI1)] = 2.5 g/L (®); [PasaralCl /[Cr(Il1)}+HCl 37 wt%]/H,0 — [Cr(Il)] = 5 g/L (0); [Paaa1alCI/[Cr(II)+HCI 37 wt%]/H,0 —
[Cr(11)] = 10 g/L (m); [Paaa1a] CI/[Cr(11)+HCI 37 wt%]/H,0 — [Cr(llI)] = 15 g/L (o) at 25°C. The arrow indicates the increase in metal
concentration.

Figure 59 displays the binodal curves obtained for several initial Ni(ll) concentrations ranging from 0
to 15 g/L. The same behavior is observed for both Cr(l1l) and Ni(ll) containing systems, i.e. an increase

in the concentration of metals in the solution leads to a growth of the biphasic domain of the system.
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Figure 59. Binodal curves of the system: [P 44414] Cl/ [HCI 37wt%]/H,0 — [Me(x)] =0 g/L (A); [P 24414] CI/[Ni(Il)+HCI 37 wt%]/H,0
— [Ni(I1)] = 2.5 g/L (®); [P 444 1a] CI/[Ni(I1)+HCI 37 Wt%]/H20 — [Ni(I1)] = 5 g/L (0); [P 444 14] CI /[Ni(11)+HCl 37 wt%]/H0 — [Ni(I1)]
=10 g/L (m); [P 44414 ClI /[Ni(l)+HCI 37 wt%]/H>0 — [Ni(Il)] = 15 g/L (o) at 25°C. The arrow indicates the increase in metal
concentration.

However, when comparing identical concentrations of Ni(ll) and Cr(lll) in the same graph, as shown in
Figure 61 for 5 g/L and 15 g/L, it is relevant to notice significant differences in the increase of the
binodal region when Ni(ll) is changed to Cr(lll). The experimental points corresponding to Cr(lll) are
always on the left of the points corresponding to Ni(ll) for the same concentration of metals. It seems

that chromium (lll) has always a higher capacity than nickel (ll) to induce the biphasic system.

The experimental curves also show that as the metal concentrations are increased, the difference be-

tween the curves of the two metals is more significant. Molecular weight of Ni (58.69 g/mol) is slightly
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higher than the molecular weight of Cr (51.99 g/mol), so the difference is of ca. 11% and may explain
part of the observed differences. However, this should induce a constant effect over the studied range
of metal concentrations, which is not experimentally observed. Therefore, the difference cannot be
solely ascribed to the difference of molar weight of the two studied components and other phenom-

ena should be considered.
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Figure 61. Binodal curves of the systems: [P 44414] ClI/[HCI 37 wt%]/H>0, [Me]=0 gL (A); [P 44414) CI/[Ni(I1)+HCI 37 wt%]/H,0
at 5 g/L (m) or 15 g/L (o) of Ni(ll); [P 444 14] CI/[Cr(lI)+HCI 37 wt%]/H,0 at 5 g/L (e) or 15 g/L (o) of Cr(lll) at 25°C. Arrow
indicates increase in metal concentration. The arrow indicates the increase in metal concentration.

Therefore, the addition of Ni(ll) and Cr(lll) salt, at 25 °C, leads to an enlargement of the biphasic area,
in comparison with the system in the absence of metal ions (Figure 60 and Figure 59). It is possible to
confirm that this effect is metal concentration-dependent, being more significant above ca. 1 g/L of

metal ion, it increases with concentration and is more pronounced for Cr in comparison to Ni (Figure

61).

Figure 62 and Figure 63 display, respectively, the binodal curves for the systems [P44414]Cl/[Fe(ll)+HCI
37 wt%]/H,0 and [Pa4414]Cl/[Fe(Ill)+HCI 37 wt%]/H,0 obtained for several Fe concentrations. A rather
particular behavior is seen when Fe(ll) or Fe(lll) is used instead of Ni(ll) or Cr(lll). There is still an in-
crease in the biphasic domain of the system when the Fe concentration is increased but there is also

a substantial change in the shape of the curve as compared to curves obtained for Ni(ll) or Cr(lll).
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Figure 62. Binodal curves of the system [P 44414] Cl/[Fe(ll)+HCI 37 wt%]/H,0 at: [Fe(Il)] = 0 g/L (A), [Fe(ll)] =1 g/L(m), [Fe(ll)] =
10 g/L (o) and [Fe(ll)] = 15 g/L () at 25°C. Dashed lines (- - -) are only a guide for the eye.
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Figure 63. Binodal curves of the system [P 444 14] CI/[Fe(lll)+HCI 37 wt%]/H,0 at [Fe(lll)] = 0 g/L (A), [Fe(lll)] = 2.5 g/L (m),
[Fe(l1)] =5 g/L (o), [Fe(ll)] = 10 g/L (®) and [Fe(Ill)] = 15 g/L (o) at 25°C (Point A position explained later in the discussion
section).

In general, the binodal curves found in the literature are smooth decreasing curves, oriented from top

left to bottom right. Curves presenting this kind of deformation have been scarcely reported in the

literature. As explained in the state of the art chapter, two IL-based ABS binodal curves with this char-

acteristic “onion shape” were reported by Neves et al.!?® and Mogilireddy et al.*® However, in the

former case the curves are deformed under the effect of the IL, namely by number of alkyl groups

present at the cation, the cation side alkyl chain length and the presence of double bonds, aromatic

rings and hydroxyl groups on this alkyl chain. In the latter case, the curves are deformed under the

effect of the temperature of the system. By contrast, the deformation of the curves observed in Figure

62 and Figure 63 is simply obtained by raising the Fe concentration in the solution at fixed tempera-

ture. Moreover, the elbow of these curves is oriented towards right in an opposite direction compared

to Mogilireddy et al.’*®, whose curves were oriented towards left.

119



PhD Thesis | Eris Sinoimeri

Finally, Figure 64 (obtained via the battleship method explained in the Experimental analysis section)
highlights the influence of the temperature in the system [P 44414] Cl/[Fe(ll)+HCI 37wt%]/H,0 at [Fe(ll)]
= 20.
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Figure 64. Phase diagram obtained with the battle ship method for the system [P44414] Cl/[Fe(ll)+HCl 37wt%]/H>0 — [Fe(ll)] = 20
g/L. Monophasic samples at both T =25 °C and 50 °C (m), biphasic samples at both T=25 °Cand T=750°C (A) and samples that
become biphasic passing from 25 °C to 50 °C (o). Experimental points B, C, D. The arrow (=) indicates the displacement direction
of the point B, C, D increasing the wt% of IL (see text). Dashed lines (- - -) are only a guide for the eye.

One of the striking results of this work is the change in the shape of the binodal curves upon Fe(ll) or
Fe(lll) addition (Figure 62 and Figure 63), which tends to disappear at a higher temperature (see Figure
64). At 25 °C, the effect of Fe(ll) or Fe(lll) addition onto the shape of the binodal curves is different
from that observed for Ni(ll) or Cr(Ill) (this work) or Na(l)®. It is evident that the physico-chemical
mechanisms behind the effects of the salts in the phase demixing cannot be solely ascribed to the

oxidation state of the metal and are far more complex.

Data displayed in Figure 62 and Figure 63 evidence a rather unusual phenomenon as soon as Fe ions
are added to the system. In the absence of Fe ions, the sample (point A, Figure 63) is monophasic.
Adding increasing amounts of pure IL to this sample will move the point towards a pure IL composition
(reached upon infinite addition of pure IL only), along the arrow and the sample will remain in a mo-
nophasic state whatever the amount of added IL. By contrast, in case Fe(lll) ions are added in HCI at
2.5 g/L, point A corresponds to a biphasic region and by addition of pure IL amounts, the sample will
change from biphasic to monophasic along the arrow at ca. 15 wt% of HCl and 15 wt% of IL. Increasing
the amount of Fe(lll) ions will modify the values at which the sample will turn monophasic, stressing
the complexity of the phenomena involved in such biphasic/monophasic behavior. There is another

aspect of the binodal curves in the presence of Fe(lll) ions that can be deduced from the plots in Figure
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63. Extrapolations of the three binodal curves converge towards an equivalent point on the x-axis,
corresponding to the chemical composition of ca.2 wt% HCl and no IL (see dashed-dotted lines in Fig-
ure 63). However, such an intersection with the x-axis is chemically impossible, as it would mean that
a sample composed of water and, for example, 5 wt% of HCl would be biphasic, which is not the case.
Similar reasoning leads to the conclusion that the binodal curves cannot cross the y-axis either. As the
binodal curves cannot present a critical point as for the gas-liquid equilibrium, the only possibility to
extend any of the binodal curves in Fig. 5 in a chemically meaningful way is to have an onion-shaped
curve as experimentally observed in Figure 64 for [Fe(ll)] = 20 gL' at T = 25°C. In this case, starting
from a monophasic sample composition corresponding to point B, adding increasing amounts of pure
IL will first turn the sample to a biphasic state (C) and in a second step, back to a monophasic state

(D), along the arrow B, C, D.

Many works have been devoted to the empirical fitting of classical binodal curves.'?® These empirical
expressions have already been shown to be irrelevant for the fitting of onion-shaped curves as those

evidenced in this work®.

On a more theoretical aspect, several papers have dealt with the formation mechanism of IL-based
ABS. Some explanations focus on entropic reasons while others put the emphasis on Gibbs free en-

ergy. Recently, Schaeffer and co-workers!°

suggested an explanation for the ABS formation in the [P
a4414] Cl / HCl / H,0 system and the effect of NaCl addition based on the comparison of entropy of
hydration of NaCl and HCI. Using dynamic molecular simulations and experimental data, they sup-
ported the idea that the phenomenon is related to a competition for the water molecules between
Na*, [P 42414] " and H50", together with the relative interactions occurring between all these ions. For
these authors, [P 44414] Cl forms micelles, the size of which is increased by the presence of Na*. By
contrast, the presence of H3O" has no direct effect on the micelles size but impacts micelles interac-
tions, bringing water molecules to the micelles and thus being unfavorable to ABS formation. Due to
these different interactions arising from NaCl or HCl addition, the system [P 44414] Cl / HCI / H2O is less
prone to ABS formation than ABS containing other chloride salts, in particular, NaCl. Indeed, Schaeffer
et al.)® proposed to use a mixture of NaCl and HCl instead of a pure AcABS only with HCI. In this way,
the metal extraction efficiency is preserved and a lower amount of HCl is used. To summarize, addi-
tions of NaCl induce a shift of the binodal curve of the system [P 44414] Cl / HCI / H20 to the left, with

no change in the shape of its binodal, while keeping a reasonable amount of HCl allows extraction of

metal ions prone to hydrolysis.

In our work, chloride salts of Ni(ll), Cr(lll), Fe(ll) and Fe(lll) were used instead of Na(l). Based on litera-

ture data®®!, the order of conventional standard molar entropies of hydration of the studied ions
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(AhyarSi°cony, at 25°C and expressed in JK*mol™?) is as follows: Na(l) >> Ni(ll) > Fe(ll) > Cr(Ill) > Fe(Ill). As
suggested by Schaeffer et al.1%°, the purpose of our work was to extend the range of chloride salts and
to evaluate their effect on the phase separation. However, as demonstrated in Figure 61, at the same
concentration the ABS formation is favored in the case of Cr compared to Ni. Moreover, the unusual
shape of Fe containing system is not well explained by this parameter either and hydration entropy

parameter fails thus to explain our experimental results.

For example, the binodal curve of the system with 5 g/L of Fe(lll) is an almost vertical linear curve (see
Figure 63), which crosses the onion-shaped binodal curve of the Fe(ll)-based ABS. It is important to
note that the Anya:Si°conv Values for Ni(ll) and Fe(ll) are very similar (-307 JK*mol* for Ni(ll) and -318 JK°
'mol? for Fe(ll)), as well as both Cr(lll) and Fe(lll) ions (-448 JK*mol? for Cr(lll) and -490 JK*mol? for
Fe(ll)), but the shapes of the corresponding binodal curves are fully distinct, either between Ni(ll) and
Fe(ll) or between Cr(lIl) and Fe(lll). These differences in the shape of respective binodal curves indicate

that AnyarSi’conv is Not the only parameter to be considered.

The second type of explanation for the ABS formation is related to the Gibbs free energy of hydration
of ions (AnyaG°). Marcus et al.*?,in 1991, determined the An,q:G° of a wide range of ions and developed
the concept of the hydration of metal ions. In 2007, Bridges and co-workers*® formed salt/salt ABS
composed of K3PO4, K,CO3, (NH4),S04, and hydrophilicimidazolium-, pyridinium-, phosphonium-based
ILs. They demonstrated that, like in the polymer-salt ABS, the salting-out strength of the highly
charged inorganic salts (i.e. water-ion interaction stronger than water-water interactions) follows the
Hoffmeister series which can be related to the ions’ Gibbs free energy of hydration (An,aG°). The molar
Gibbs energy of hydration of the studied ions (AG ) differs (Ni?*= -1980; Cr3*= -4010; Fe?*= -1840;
Fe3*= -4265, all expressed in kimol?) and the values follow the order: Fe(ll) > Ni(ll) > Cr(Ill) > Fe(lll).
The order of this series is identical to the one of the series based on entropy considerations, except
for Ni(ll) and Fe(ll), which are inverted. As a consequence, the points raised above (shape of the bi-
nodal curves and atypical behavior of Fe(ll) versus Fe(lll)) remain unexplained, and thus the conclusion

is that Gibbs free energy consideration is not sufficient to explain our whole data set.

Apart from the AnyarSi°conv OF Gibbs free energy possible involvement in the formation of ABS, the chlo-
ride ion is another important partner in the systems under study which role should not be minimized.
Onghena et al.'?® worked with [P44414]ClI/NaCl/H,0 while Gras et al.*?” used [Pa4414]CI/HCI/H,0, both of
them to separate Co(ll) and Ni(ll). These two studies pinpoint the decisive effect of Co(ll)-CI complex-
ation and anionic species formation for its extraction to the IL-rich upper phase via an anion exchange,
while Ni remains in the aqueous phase as a cation due to its limited coordination with chloride anions.

In these works, the concentrations of Co and Ni were in the traces range'? or ca. 1 g/kg'%, to be
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compared to our maximum value equal to ca. 12.5 g/kg. We have also used chloride salt and can thus
confirm, that the increased concentration of Ni used in our work does not affect the observed results,

which are similar to the previous ones, i.e. Ni remains in the lower aqueous phase and is not extracted.

Therefore, one possible additional phenomenon at work in the formation of [P 44414] Cl / [Me(x)+HCI
37 wt%] / H,0 ABS is the complexation of metals with chloride and evolution of their chemical speci-
ation caused by concentration and temperature changes of the system. Values for the first complexa-
tion constant, Ky, for various metal ions and several temperatures can be found in the literature.’3*
Unfortunately, there’s a lack of reliable data related to the chloride systems, namely when the influ-
ence of increasing temperature is looked for. We have only been able to found these values for per-
chlorate based systems: for Fe(lll) in 1 mol/L HCIO,, values range from K; = 0.36 (14.3-16.3 °C); 0.46
(25 °C); 0.49 (30.1 °C) until 0.68 (44.3 °C). The K; increases with the temperature, which can be corre-
lated with the enlargement of the biphasic region, i.e. when the temperature was changed from 25 to
50 °C. As a consequence of the formation of FeCl,, the new compound [P 44414][FeCls] is thus theo-
retically formed, although there is no proof yet that the two ions are associated. Other iron-containing
ILs, based on dialkylimidazolium cations, have been shown to display a thermomorphic behavior in
pure water, with a Lower Critical Solution Temperature (LCST)!3>. To the best of our knowledge, a LCST
behavior for [P 44414] [FeCls] has not been reported but could be involved in the change of the binodals
we observed. Similarly, considering Cr(lll) in 4.4 mol/L HCIO4 medium, following values evidence an
increase in Ki: K; =-0.62 (30 °C); -0.42 (46.3 °C); -0.19 (63.5 °C) until 0.16 (95.4 °C). Finally, comparing
the chloride complexation constants of Cr(lll) and Ni(ll) in almost identical media (K for Cr(lll) = 0.18
measured in 1 mol/L NaClO4 medium and K; of Ni(ll) = -0.25 measured in 1.5 mol/L NaClO4 medium),
it is observed that it also correlates with the ability of Cr(Ill) to display a larger biphasic area than Ni(ll)

(Figure 61). However, the involved physico-chemical phenomenon remains unclear.

Moreover, the differences in complexation constants do not explain the particular shape of binodal
curves for iron containing systems. The deformation may be related to the extraction phenomenon,
but it should be further investigated. These comparisons are thus only limited ones and are not sub-

stantiated by a deeper theoretical approach.

123



PhD Thesis | Eris Sinoimeri

3.2.2. Polymer-based systems

By using PEG-600 instead of the ionic liquid [P 44414] Cl, no biphasic behavior is observed for the system
PEG-600/HCI 37 wt%/H,0 whatever its composition, as ranges from 0 wt% to 99 wt% of PEG-600 and
from 0 wt% to 37 wt% of HCl have been explored. Similarly, the systems PEG-600 / [Me(x)+HCI 37wt%]
/ H20 with Fe(ll), Ni(ll) and Cr(l1l) are monophasic at 25 °C and at 50 °C, whatever the composition. By
contrast, the systems PEG-600/[Fe(lll)+HCI 37 wt%]/ H.0 with [Fe(lll)] = 10 g/L and 40 g/L (Figure 65)
display a large biphasic area, being this area increased with the increase of [Fe(lll)] concentration at

both temperature.
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Figure 65. Phase diagram obtained by turbidity method for the systems PEG-600/[Fe(llI)+HCI 37wt%]/H20 —
[Fe(ll)] = 10 g/L (@) and 40 g/L (o) at 25 °C.

As well as in the case of the IL-system, the binodal curves obtained for the polymer-system with Fe(lll)

at 50 °C (Figure 66) present a different shape compared to the classical binodal curves found in the
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Figure 66. Phase diagram obtained by battle ship and turbidity method for the system PEG-600/[Fe(Ill)+HCI
37wt%]/H,0 — [Fe(Ill)] = 40 g/L at 50°C. Monophasic region (), biphasic region (0), binodal curve obtained by the
turbidity method (A). The dashed line (- - -) is only a guide for the eye.

Figure 67 compares binodal curves of the system PEG-600/[Fe(lll)+ HCI 37wt%]/H,0 ([Fe(lll)] = 10 g/L

and 40 g/L) obtained at T =25 °C and T = 50°C (Please note that only a small portion of the binodal
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curve from Figure 5- triangles - is shown in Figure 67 — empty squares). These results evidence, inde-

pendently of Fe(lll) concentration, a widening of the biphasic area when the temperature increases.
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Figure 67. Binodal curves obtained by turbidity method for the system PEG-600/[Fe(ll1)+HCI 37wt%]/H,0 — [Fe(lll)] =
40 g/L at 50°C (o) and at 25°C (m) and for the systems PEG-600/[Fe(llI)+HCI 37wt%]/H,0 — [Fe(lll)] = 10 g/L at 50°C (o)
and at 25°C (e).

Our data have already pinpointed Fe(lll) as specific IL-based ABS inducer (owing to the shape of the
binodal curves, Figure 63) and this ion is also peculiar in the case of PEG-based ABS. However, one can
notice differences between the PEG-based and IL-based systems involving Fe(lll) ions as far as the
temperature is concerned. Actually, as T increases from 25°C to 50°C, the onion shape behavior be-
comes more obvious for the IL-based systems (Figure 63). As already discussed for the IL-based sys-
tems, these data cannot be described by using traditional empirical models, owing to the onion shape
of the binodal curves. This remark is also valid for the Setschenow equation (Ni et al.”®), another em-
pirical function that is nevertheless related to some physicochemical parameters of the system and

has been proposed for the mutual solubility of an electrolyte and a polymer.

By contrast to the IL-based ABS, one can find many works devoted to PEG-based ABS and the possible
reasons behind the formation of the biphasic state or its absence, as in the case of PEG-600/[HCI 37
wt%]/H,0. Among the proposed hypotheses can be cited those referring to the changes in the hydra-
tion of the polymer or to the existence of strong interactions between multivalent cations, particularly

metal ones, and ether oxygens of PEG and will be discussed below under the light of our data.

First, the absence of biphasic state for mixtures of PEG-600, HCl and water should be explained. Hud-
dleston et al**® stated that the formation of a biphasic regime by dissolving water-soluble polymer and
inorganic salts results from the competition for hydration between the polymer and the salts. This is
dependent on the relative hydrophobicity of the polymer (based on polymer type or average molecu-
lar weight) and the salting-out strength of the inorganic salt ions, i.e. ions’ Gibbs free energies of hy-

dration®®. Water is the main component in this system and PEG-600 is highly hydrophilic, interacting
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actively with 2 or 3 water molecules per each ethylene oxide (EO) unit. As most ionic species, Cl-anions
are also highly water-soluble. Therefore, to induce a phase demixing, the salt should exhibit a salting-
out aptitude enough to dehydrate, at least partially, the PEG-600. Although hydrogen chloride (HCI)
when dissolved in water behaves as a strong electrolyte, its preferential hydration is not strong
enough to dehydrate and expel the hydrophilic PEG-600 to another incompatible phase. Thus, all com-
pounds are remaining dissolved in a monophasic aqueous solution. Additionally, as demonstrated by
Tomé et al.’®, it has also to be considered that ClI" anions can establish an equivalent of hydrogen
bonds with the -OH end group of the PEG polymers, favoring their mutual solubility in water. There-
fore, in addition to the water solvation of the ether groups of the oxygen chain, the formation of ABS
when mixing aqueous solutions of PEG and chloride-based salts is also a result of the ability of the PEG

terminal groups to preferably interact with water or the chloride anion (Pereira et al.**!).

Second, the biphasic inducing property of Fe(lll) should be examined, together with the inefficiency to
do so of the other metal ions tested in our work. As already discussed for the IL-based data, it is known
that the complexation constant®3? of Fe-Cl is higher than the Ni-Cl or the Cr-Cl complexation constants.
The charge density!* of the metal ions is also quite different (Ni?* = 82; Cr® = 261; Fe?* = 181; Fe?* =
349, all expressed in C.mm=3) and follows the order: Ni(ll)<Fe(Il)<Cr(Ill)<Fe(lll). If the behavior is influ-
enced by the charge density, then the ABS formation “ability” would follow this order (in both cases,
i.e. IL and PEG), which is not the case. Moreover, it does not explain the iron case particularities. Fi-
nally, the molar Gibbs energy of hydration of ions (AGhyar) values already given above differ markedly
for the studied ions, whereas very close values are ascribed in the literature for Ni(ll) and Fe(ll) and
then again for Cr(lll) and Fe(lll). So if the biphasic behavior and partition phenomenon were governed
solely by this parameter, one could expect that Ni(ll) and Fe(ll) will behave similarly and then again

Cr(Ill) and trivalent iron, which is clearly not the case.

To go a step further, one has to recall that the formation of a biphasic state imposes electro-neutrality
to both the upper (PEG and iron-rich) and lower phases. From the electrospray ionization — mass spec-
trometry (ESI-MS) analyses, the main species present in the acidic solution of Fe(lll) and HCI (37 wt%
=12 mol/L) is [Fe(Ill)Cl4] (Figure 139 - Annex). This implies that the [Fe(l11)Cl4]  species, which is respon-
sible for the biphasic formation, is accompanied by a positively charged species during the phase sep-
aration. In our system, the only available cation is the H*. Therefore, one has to consider at the same

time the ability of H* and [FeCl4] to be trapped in the PEG-rich phase.

Regarding the cationic moiety, Sartori et al.}** described PEG’s ability to absorb ions from solutions
containing an alkali-metal cation (Li*, Na*, Rb*, K" and Cs*) and a series of anions including CI". Further-

more, they showed that the polymer strongly interacts with the cations they examined. This leads to
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the formation of a positively charged surroundings that “attracts the anions (...) to the vicinity of the
PEG molecule”?®. Although H* was not studied in the work of Sartori et al., it is reasonable to assume

that the proton plays the role of an alkali metal cation in our system.

However, this first hypothesis does not exclude the strong contribution of the anion to the system

partition. Bulgariu et al.}*

suggested that chloride anionic species based on Zn(ll), Hg(ll) and Cd(ll) are
“fixed”” by the O-groups present in the ether chain of the PEG by ionic forces. It could thus be envi-

sioned that the same phenomenon occurs with [Fe(lll)Cl4] .

As shown in Figure 68, the chemical structure that can be proposed is the intramolecular bonding

between two polymer chains of PEG that are connected via the water molecules.

The anioniciron species interacts then with the oxygens present within the polymer. It is important to
underline that the interaction between Fe and O is not based on a covalent bond but is rather an ionic
interaction due to the differences in the electronegativities of the two atoms. This is supported by the
ESI-MS results that showed the absence of a stable covalent bond between the PEG and the metal
ions (Figure 136 - Annex). In this sense the schematic view, as displayed in Figure 68 is in line with the

143

comment of Sartori and co-workers'*, who pinpointed that “the anions remain mainly outside the

III

polymer coil”. Furthermore, it seems that in a high concentrated HCl| medium, the structure of the

Fe(lll) is an equilibrium between an octahedral (Figure 68-C) and a tetrahedral structure (Figure 68-

D)145.
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Figure 68. Mechanism of PEG extraction of Fe(lll). 10-A: inter-chain connection proposed by Bulgariu et al.*3; 10-B: Fe(lll)
connection with the ether group of the polymer; 10-C: octahedral structure of the species (Fe(lll)Cls); 10-D: tetrahedral
structure of the species (Fe(lll)Cl,); Adapted from ref. Bulgariu et al.*3.
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4. ABS and metal extraction in UGCO bath

The fascinating ability of the PEG-600 to act as a biphasic inducer when mixed with a 12M HCl solution
and in the presence of high concentrations of Fe(lll) prompted further investigation in order to under-
stand whether there were other PEG-like biphasic inducers that could promote ABS formation in acidic
medium and with the presence of metals. For this reason, it was considered, on occasion, PEG with
different molecular weights (PEG-400, PEG-8000), secondly different polymer blocks (di and tri-block
polymer), then the monomers (3EGDE, 4EGDE) and finally a compound with some functional groups
different from PEG (POXES). A test was also carried out with (EG+CCI), which belongs to the family of
deep eutectic solvents. Table 14 lists the compounds just mentioned above, and it is also indicated

which of them can give an ABS.

Sample Commercial name Molecule ABS
S1 PEG-400 polyethylene glycol 400Mw Yes
S2 PEG-600 polyethylene glycol 600Mw Yes
S3 PEG-8000 polyethylene glycol 8000Mw No
S4 DBP di-block polymer No
S5 TBP tri-block polymer No
S6 3EGDE triethylene glycol dimethyl ether Yes
S7 4EGDE tetraethylene glycol dimethyl ether Yes
S8 PE polyethylene No
S9 EG+CCI Ethylene glycol + choline chloride No
S10 POXES polyoxyethylene stearate No

Table 14. List of polymers used to induce a biphasic system with the UGCO bath.

All samples were prepared with a ratio of 20 / 80 wt% of polymer / UGCO bath. In order to uniform
the results with the other biphasic inducers, which are soluble up to a maximum of 20 wt%, the ex-
periment concerning PEG-600 / UGCO bath, already proposed in the preliminary tests, has been re-

peated considering the same repartition of the other systems.

As far as PEG with different molecular weights is concerned, the polymers appear in three different
states at 20 °C, considering the different molecular weights, PEG-400 is in the liquid state, PEG-600 is
jelly-like towards solid, while PEG-8000 is in the solid state. The ability of PEG-400 to be in a liquid

state at 20 °C makes this polymer easier to use than PEG-8000, while many researchers®®?* have

129



PhD Thesis | Eris Sinoimeri

described the great ability of PEG with high molecular weight to promote the ABS formation. However,
increasing the molecular weight of the polymer is not always an advantage, in fact, increasing the
molecular weight of the PEG also means decreasing its solubility, due to the hydrophobic character of
the -CH;- groups in the chains (State of the Art — PEG solubility in water). Consequently, since ABS
consists of at least 3 components, where one is water and the other two must be water-soluble, if we
increase the molecular weight of the polymer considerably, at this point, a classical liquid-liquid ex-
traction instead of an ABS is favored. In short, it is necessary to find the suitable polymer that can be
soluble in water, be in a liquid state to be more easily processed at room temperature, but which also
has a good ability to provide a biphasic system and at the same time a good extraction efficiency. In
fact, PEG-8000 provided an ABS, but the polymeric phase is very viscous and therefore impossible to
work with, so it has not been considered, while PEG-400 interacted optimally by providing an ABS,
with the two phases having a water-like viscosity. The polymeric blocks considered are DBP (di-block
polymer) consisting of PEG-PPG and TBP (tri-block polymer) consisting of PPG-PEG-PPG with different
distribution ratios. The idea of using these polymeric blocks comes from a careful bibliographic re-
search® that shows how these polymers can combine the chemical-physical properties of the corre-
sponding components, the PEG and the PPG. In fact, on the one hand we have PEG characterized by
the hydroxyl groups responsible for the solubility of this polymer in the aqueous phase, on the other
hand we find the branched structure of PPG which presents a tertiary methyl group in the repetitive
unit responsible for the steric encumbrance of the polymer. Finally, neither DBP nor TBP were suitable
for the investigation because DBP provided a solid mix after coming into contact with UGCO bath,
while TBP behaved like PEG-8000, i.e. once the biphasic sample was obtained, the lower phase was
too viscous to work with. As far as the monomers 3EGDE and 4EGDE are concerned, these were con-
sidered for their attractive price. In fact, 250g of these monomers cost exactly half of the same amount
of PEG-600 (Sigma Aldrich website). The DES composed of ethylene glycol plus choline chloride (1:1)
does not provide a biphasic system, and the same occurred with polyethylene (PE) and polyoxyeth-

ylene stearate (POXES).

To sum up, only 4 of these compounds induce an ABS (Figure 69), and these are polyethylene glycol
with different molecular weight (PEG-400, PEG 600), tri ethylene glycol dimethyl ether (3EGDE) and
tetra ethylene glycol dimethyl ether (4EGDE). After analysis with AAS, in Figure 69 it is possible to see
that monomers and polymers extract from 15% to 40% of iron, and more than 90% of nickel and chro-
mium remain in the Aperam bath. The position of the biphasic inducer in the various systems was
made by approximately considering the density of these in relation to that of the UGCO bath and the
color. The 3EGDE and 4EGDE are to be found the upper phase of the biphasic sample, while PEG-400
and PEG-600 in the lower phase.
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phases after ABS formation.

On the one hand, the new biphasic inducers responded very well to obtaining ABS with the UGCO
bath, but on the other hand they confirmed the same extraction trend of promoting iron recovery

over other metals.

Aperam's attention then shifted to Cu(ll), which is present in the UGCO bath in concentrations of less
than 1 g/L, but which would be a problem if present in larger quantities as it would inhibit the pickling
process in this bath. The sample considered for this investigation was prepared with a distribution in
[P 44414] CI / UGCO bath of 30/70 wt% respectively at 20 °C (Figure 70). The ionic liquid is in the upper
phase of the ABS. The trend of metals investigated so far remains the same, Ni(ll) and Cr(lll) are not

extracted while Fe(ll) and Fe(lll) are extracted at 80/100%, while Cu(ll) goes into the ionic liquid phase
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Figure 70. Metallic ion extraction mixing 30 / 70 wt% of [P 444 14] Cl / UGCO bath.
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The study of Cu(ll) extraction requires more investigation; one must first understand the tendency of
ILs to extract the metal as a function of their concentrations, investigate different working tempera-
tures, and test other compounds that may favour Cu(ll) extraction. In this connection, a short-term
research project on the extraction of this metal was carried out with the collaboration of Master's
student Patricia Folio. She tested some deep eutectic solvents and defined their extraction efficiency
on the UGCO bath. As DES is not the subject of my thesis, for a global understanding of the work, a

summary of Folio's project is presented in Section HCl, Annex.

5. Conclusions

For metal-free systems and in 12 M HCl, the mixture [P 44414] Cl / [HCI 37 wt%] / H,O is an ABS, while
the corresponding system with PEG-600 is not. In addition, further investigation is required regarding
the difference in the position of the binodal curves for ionic liquid supplied by different providers. It
turns out that for the [P 44414] Cl supplied by Interchim (used in this work) the biphasic region is larger

than for the same ionic liquid supplied by Cytec!®.

The challenging treatment of UGCO bath led us to shift our attention to a more fundamental study on
the understanding of the mechanisms that drive mainly the polymer and the ionic liquid to prefer iron
extraction over the other elements. For this reason, we start working with systems containing only
one metal at a time, and the result was surprising. In particular, we investigate the impact of 4 differ-
ent types of metal ions: Fe(ll), Fe(lll), Ni(ll) and Cr(lll). In the case of IL, it was possible to obtain a
biphasic system with all four different metal ions, separately. The peculiarity of these systems lies in
the particular onion shape form that presents the binodal curve of the system with Fe(Il)/(Ill). Regard-
ing PEG-600-based systems, only Fe(lll) can induce a biphasic system in the presence of HCI, and also

in this case the binodal curve has an atypical shape.

The investigation of the influence of factors such as the presence of metals and the temperature on
the binodal curves of ABS is important at the fundamental level for the understanding of these sys-
tems. In particular, close to the elbow of the onion-shaped binodal curve, addition of PEG will turn the
system from monophasic to biphasic and finally back to monophasic for rather small amounts of pol-
ymer. This means that the sample is susceptible to mono/bi phasic state changes upon small concen-
tration changes, and this could be an interesting experimental and theoretical point to study in the

near future.
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For a more practical aspect, these investigations have also a very pronounced benefit, given the high
potential for industrial use of this knowledge. There are many industrial aqueous liquid wastes that
contain a very high concentration of iron. Our work demonstrates that there is an economic and effi-
cient way to significantly reduce the amount of iron ions in these wastes by adding PEG polymer. A
clear advantage is that the more concentrated the iron is, the lower amount of PEG is required to
remove this element from its solution. Once iron is extracted, it should be easier to recover the other
minor but valuable elements possibly present, either by traditional means (electrodeposition, precip-
itation etc.) or by inducing the formation of another ABS system. Furthermore, it is already known4®
that increasing the molecular weight of the polyethene glycol, the biphasic area increases but at the

same time the solubility in water of the polymer decreases, so this is another parameter to play with.

Work on these lines is currently under progress in our laboratory.

Therefore, for the matrix solutions containing metal ions, acid, and water, such as the spent pickling
liquor from UGCO bath, and for the stock solutions of single metals, both the polymer and ionic liquid
provided an ABS, but the extraction trend obtained in the preliminary tests with the two biphasic
inducers did not fulfill the company's request to extract all the metals from the bath. In addition, Aper-
am's initial request concerning the possibility of dehydrating the UGCO bath did not see full fulfilment
when using ABS. In fact, as far as IL is concerned, its use made it possible to extract a small volume of
water from the bath (5vol%), since the volume of the ionic liquid-rich phase increased in relation to
the amount of IL used for the ABS. In contrast, when the polymer was used, it was distributed in both
phases of the ABS, and it was not possible to notice whether the polymer had absorbed some of the

water from the UGCO bath.

It was only later that attention turned to copper, which was shown to be extracted from [P 44414] Cl
with an efficiency of 55 wt%. Promising results were also obtained by the master student Particia Folio,
(Section HCl — Annex), which used DES for the extraction of this element. For this reason, this research
needs further investigation by developing a method that can selectively extract Cu(ll) from the UGCO

bath.
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1. Introduction

The Na,SO4 bath is an electrolytic bath used by Aperam during the pickling process to remove oxides
on the surface of the stainless steel. As can be seen in Table 15, the sulfate bath contains mainly Cr
(mostly in the form Cr(VI)) but also Fe, Ni, Mn and Cu. The bath must contain a minimum amount of
Cr(VI1) of 5 g/L, as this minimum concentration will inhibit the dissolution of the metal surface. How-
ever, when the value of Cr(VI) reaches approximately 20 g/L, the pickling efficiency of the bath drops.
Thus, a fraction of the Cr(VI) loaded pickling bath is discarded and a new metal-free sodium sulfate
solution is added to the bath. The loaded pickling bath fraction is sent to the neutralization plant, and
the sludge obtained at the end of the process is sent to the landfill. The high amount of S present in
the sludge prevents it from being treated by pyrometallurgical procedures. Aperam's request on this
bath is to remove all metals dissolved in it, recover them in metallic form or in sludge not containing

S, so as to regenerate the sulfate bath and reuse it in the pickling process.

Na SO, bath
Type of metal | Concentration (g/L)
Cr 13.510
Fe 0.620
Ni 0.380
Mn 0.097
Cu 0.048

Table 15. Metal concentration in Na,SO,4 bath.

The alternative to the neutralization process proposed for the treatment of the spent pickling liquor
(SPL) fraction is ABS. In the chapter "State of the art" it has been shown how it was possible to obtain
an ABS by using a system composed of polyglycols / Na,SO4 / H,O at a given temperature and pH and
the high efficiency of this system in extracting metals. This type of ABS will be investigated throughout

the chapter, considering also the contribution of the metals into it.
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2. Preliminary tests on ABS formation and metal extraction on SPL

from Na;SO4 bath

The biphasic inducers tested on the Na,SO,4 SPL to induce an ABS and extract metals are PEG (of dif-
ferent molecular weights) and PPG-425. The composition of the SPL used for this series of investiga-
tions is shown in chapter Materials and methods, section 3. In the chapter "State of the art" it has
been shown that the ability of these polymers to extract metals was linked by the presence of a salt,
where both are playing the role of biphasic inducers and are necessary for obtaining an ABS. Due to
the composition of the sulfate bath, this facilitates the formation of ABS, as the high concentration of
sodium sulfate creates a suitable environment for testing polymer-based ABS. Regarding the ionic lig-
uid used in the UGCO bath, [P 44414]Cl, this was not taken into account in the experiments on SPL from
the Na,S0O, bath, because it involves the addition of CI, which are not recommended as they reduce

the efficiency of the pickling process.

A first series of tests were carried out by treating the SPL from the sulfate bath with PPG-425. Four
samples were prepared with different repartitions of SPL of Na,SO,4 bath and polymer at 80°C. As can
be seen from Figure 71, the appearance of ABS was noted under all experimental conditions tested,
however according to the AAS analysis the extracted amounts of metals, in particular of Cr(VI), in the
polymeric phase, were very low(less than 5 wt%). Therefore, the PPG-425 investigation was not con-

tinued further.

Figure 71. Samples prepared for demonstrating the PPG-425 extractio éfficiency on the Na,SO,4 bath. Starting
from the left to the right: 10/90-20/80-30/70-40/60 wt% of PPG-425/ Na,SO4 bath.
A second series of test was carried out to determine the contribution of PEG to the ABS formation and
metal extraction. Initially, PEG with a Mw=600 was tested, which is in the solid state at room temper-
ature, then it was decided to continue the experiments with PEG-400, which exists in a liquid form at
room temperature. Better results, compared to PPG-425, have been obtained when PEG-400 was

tested. The sample in Figure 72 shows an ABS prepared starting from a repartition of 50/50 wt% in
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PEG-400 / SPL from Na,SO4 bath. More than 99.7% of Cr is extracted in the polymer upper phase while
Ni, Fe and Na,SO, salts remain in the aqueous phase. The polymer is to be found in the upper phase

for more than 99%.

Figure 72. Sample prepared to demonstrate the PEG-400 extraction efficiency on the Na,SO,4 bath. Repartition
used 50/50 wt% of polymer/bath.

The results obtained in preliminary tests with PEG-400 made it possible to meet two of Aperam'’s initial
requests for this bath:

- to clean it of most metals, and in this specific case of chromium

- the recovered metal solution contains the lowest concentration of sulfate

For these reasons, it was decided to continue the investigation with this polymer.

3. Properties of ABS in Na;SO4 media

3.1 System without metals

First of all, the system without metal was studied. In Figure 73 it is possible to see the phase diagram
and the corresponding binodal curve for the ABS consisting of PEG-400 / Na;SO4 / H,O at T=25 °C. The
binodal curve was prepared in this specific case, starting from a stock solution of sodium sulfate
(Na;SO4 = 150 g/L) and adjusted to pH=2 with H,SO,. These values have been chosen to mimic the
conditions of the SPL from the sulfate bath. The experimental points of the curve can be found in

Section Na,S0O4, Annex, table 26 -30.
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Figure 73. Binodal curve for ABS composed of PEG-400 / Na,SO,4 / H,0

Sodium sulfate, and PEG-400, act as biphasic inducers in the PEG-400 / Na,SO, / H,0 system, in con-
trast to the PEG-400 / HCI 37 wt% / H,0 system presented in the previous chapter, where HCI did not
play the role of a biphasic inducer and therefore did not enable the formation of ABS. The contribution
of sodium sulfate and different additives in polymer-based ABS has been widely discussed in the bib-

liography over the years 1471882 The free energy of hydration'?

of Na,S0; is large enough ((absolute
value), AG°hyd (Na*) = -365 kJ mol?, AG°hyd (SO4*) = -1080 kJ mol? at 298.15 K) that gives to the salt
a high affinity for the non-polymeric phase. Moreover, for biological systems, the cation and anion
contribution in the inorganic salt for polymer-based ABS systems follows the Hoffmeister series. With
various approximations that are beyond the scope of the present investigation, this series can also be

applied to the repartition of metals.

3.2. System with single metal

Single metal stock solutions were prepared to investigate the contribution of metals in the system
PEG-400 / Na,SO4 / H,0. The solutions used are described in section 4 of the Materials and Methods
chapter. The metals considered for investigation are: Ni(ll), Mn(ll), Cu(ll), Mo(ll), Fe(lll), Cr(lll), Cr(VI)

and Mo(VI1). The concentration of each metal in the solutions is around 5 g/L, except for Cr(lll) and
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Mo(Il), which were only soluble at concentrations below 1 g/L. Na,SO, is to be found at concentration

of about 150 g/L and the pH is around 2.

3.2.1. Element contribution and their distribution in the system PEG-400 / [Me + Na;SO4] / H>0

Six binodal curves have been prepared for the corresponding system PEG-400 / [Me + Na,S0.] / H,0O
at 25°C (Figure 7):

1. PEG-400/[Fe(Il)}+Na;S04]/H.0

2. PEG-400/[Ni(ll)+Na;S0.]/H,0

3. PEG-400/[Cr(l11)+Na,S04]/H,0

4. PEG-400/[Cr(VI)+Na,S0.]/H-.0

5. PEG-400/[Mo(VI)+Na,S04]/H,0
The binodal curves with metals were compared to the one already obtained for the metal-free system
(Figure 73). As can be seen in Figure 74, the binodal curves are all in the same position in the phase
diagram and they present the same shape. It can therefore be deduced that the binodal curves are
not affected by the different types of metals, or their oxidation number (Cr(lll) - Cr(V1)).The binodal
curves obtained for systems composed of PEG-400 in sulfate medium are therefore stable whatever
the T and metal concentration, which is an advantage for its use in industrial conditions (which can
vary) compared to the binodal curves obtained in hydrochloric medium that depend on all parameters

(T, C...) and are therefore less friendly to use in industrial processes.
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Figure 74. Binodal curve for ABS composed of PEG-400 / Na;SO, / H,0 and metals.

Figure 75 shows the results obtained when determing the polymer extraction efficiency in PEG-400 /

[Me + Na»S0O4] / H20 system at 25°C. For each metal considered in the investigation, three ABS were
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prepared with a polymer/ synthetic single metal solution partition of 20 / 80 - 30 / 70 - 40 / 60 wt%
respectively. In all cases, 99 wt% of the polymer is present in the upper phase of the ABS. The extrac-
tion of Cr(VI) is constant at around 99 wt%, in the three ABS composed of different amounts of PEG-
400 (wt%). For Mo(Vl), an evolution can be seen from 92 wt% to 99 wt% of extracted metal when the
amount of polymer used in the systems increases from 20 wt% to 40 wt%. For the remaining tested
species, a decreasing trend of extraction can be observed as the amount of polymer used in the sys-
tems increases. In particular, Fe(lll) decreases from about 70 wt% to 30 wt%, Mo(ll) decreases from
about 65 wt% to 38 wt%, Cr(lll) goes from 55 wt% to 15 wt%, while Cu(ll), Ni(ll) and Mn(ll) go from
about 30 wt% to 10 wt% in the polymer phase when the amount (wt%) of PEG-400 used for ABS in-

creases from 20 wt% to 40 wt.
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Figure 75. Metal ions extracted in the upper PEG-400 phase in Na;SO4 media starting from synthetic solutions
mono-element.

As regards to the partitioning of sodium in the different stock solution single metal (Figure 76), it ap-
pears to follow a common and decreasing trends for all the systems. This analysis certainly requires
more investigation, to confirm the values obtained. In addition, the determination of sulfate in differ-
ent synthetic solutions is ongoing and this would allow a better understanding of the extraction mech-

anisms.
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Figure 76. Na(l) repartition (wt%) in the polymer phase for the systems of Fe(lll), Ni(ll), Cu(ll), Cr(VI) and
cr(i).

Figure 77 shows that the volume of the upper polymeric phase for the examined ABSs increases as the
amount of polymer used for extraction increases, except for Fe(lll). When the wt% of PEG in the initial
mixture increases, then the final volume of the PEG-phase increases, and this can be explained also by
considering the binodal curves of the systems proposed in Figure 7. In fact, when increasing the PEG
content in the mixture, the position of the mixture on the graph moves towards the direction of the
PEG. With regard to Fe(lll), at 20 wt% of PEG-400 , the volume of the upper phase is around 80 wt%,
when the 30 wt% polymer is used, the volume of the upper phase drops below 80 wt% and then when
the amount of polymer used in the system increases to 40 wt%, the volume in the upper phase exceeds
the value of 80 wt%. More experiments are needed to give an explanation of the behavior of Fe(lll).
Finally, it is interesting to note that the distribution volumes between one metal and another do not
superimpose but seem to be influenced by the different type of metal. This part would deserve a

dedicated study, as it was not carried out during the project.
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Figure 77. Volume distribution for each stock solution mono-element.

While the binodal curves are superimpose, and there is no influence of metals on their position, the
extraction efficiency of PEG-400 seems to be particularly affected by the type of metal and by its form
(oxidation number, speciation). Regarding the metals speciation, the different studies in literature
deal more with describing methods that determine the presence of one species over another in an
aqueous solution, and it has been difficult to find concordant results when considering a complex sys-
tem. What can be said for sure is that considering our stock solutions with pH around 2 and concen-
tration of 5 g/L in metals, the species with number of oxidation +Il and +llI, will be found mainly in

their cationic dissociated form (Me"), as confirmed by the Pourbaix diagrams in Figure 78.

144



EVis.he) EVis.h. Cu (FACTIFACTSAGE)

20 12—
PAN = e
W el -
12 e :
FQJ - o4 IS
oel | _ 5
\ CofOH](5) S
=04 Fe,0nH,0 ™. HCuDy
= Feir )
w oo w\ Cu042]
. . Cul#] ta
om— CuyQ(s)
0.4{ F A
— [ R~ - Culs) \\
20| b -
12| Fe o
! 1 Wt T 13
a 2 4 ] g w 1z u 3 0 3 6 9 12 15 oH pH

pH i Ni [FACTIFACTSAGE)

\mognzom

. \m
NOHH -
Ni[24] HNiOo[]
_ .y
NigH(s) LION

5 7.9 1w
Figure 78. Pourbaix diagrams for Fe, Mn, Cr, Ni and Cu at T=25°C. Red lines have been inserted at pH=2 to
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Regarding Cr(VI), it exists mainly in two forms, as chromate (CrO4*)and dichromate (Cr,0-%) (Figure

0

o O ©
0 % o]
o/o [ o 0/ %\,

Figure 79. Chemical structures of chromate (left) and dichromate (right)

2-

79).

In the stock solution prepared from Na,Cr,0; *H,0 salt, it is possible to assume that the metal is mainly

present as dissociated salt, dichromate (Cr,07)* as anion and Na* as cation:

Na,Cr,0; 2 2Na* + (Cr207)2'
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The predominance of dichromate is confirmed also in this case by the diagram in Figure 80. Focusing
on the red line, which corresponds to the concentration (5g/L) used in my investigation, at pH around

2, the predominant species is Cr,07%.
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Figure 80. Speciation diagram of Cr(VI) at different pH and concentration (g/L). The red line indicates the concentra-
tion considered during my investigation (5g/L).

Moreover, taking into account the variation in color in the ABS consisting of PEG-400 / [Cr(V1)+Na3S04]
/ H,0 at 25 °C presented in Figure 81, it can be noticed that, starting from A, which corresponds to the
initial stock solution, adding PEG-400 at a ratio of 20/80 wt% of polymer/stock solution leads to sample
B. Sample B shows that the dichromate ions (orange) are located in the polymeric upper phase while
the chromate ions (yellow) are mostly in the lower aqueous phase. After 24 hours, under exposure to

sunlight, the lower phase of sample C, turns green, probably due to the reduction of Cr(VI) in Cr(lll).

‘ ’ . +PEG-400

hv
i —_— —
.‘y' 24h

Figure 81. Reaction that occurs when PEG-400 is mixed with Cr(VI) stock solution.in partition 20/80 wt% of poly-
mer/stock solution Cr(VI) . A) stock solution; B) Biphasic system as soon the polymer encounters the stock solution;
C) samples after 24h, left in direct contact with light.

Considering the color distribution in ABS, the repartition of Cr(VI) in the upper phase PEG-400 is almost
100% on the dichromate (orange color). For chromate (yellow), however, the repartition was not con-
sidered in this investigation. What is certain is that chromate is distributed less than 100% in the pol-

ymer phase and is largely present in the lower phase of the system.
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As far as Mo(VI) is concerned, in Table 16 is possible to see that above pH=2.5, the most common

species is the oxoanionic one in polyanionic form (Yonggiang et al.1*%).

pH <1.8 <2.5 <4 <5 <7 >7

Species MoO3"  H,Mo;03; HMo,03; Mo,05;  Mo,03  MoO3~
lz]/n 0.6667  0.1212 0.1562 0.1935 0.2222 0.4
|zZ/M  0.01562 0.003774 0.004726 0.005682 0.006579 0.0125

Table 16. Ratio of charge, mass and charge density of Mo(VI) under different pH. |z| is the absolute value of ions

charge, n is atomic number of ions, M is molar mass of ions. |z|/M is the charge density149.

Another oxoanionic species that is present in all the stock solutions is SO4%. The sulfates, dichromates
and polymolybdates will then interact with the cationic species present in solutions to maintain the

neutrality in both the upper and lower phases.

In particular, considering the values of the stability constants (log K) of sulfate (S04%) of some cations

with oxidation number +l, +Il and +lll present in solution (Table 17):

Species | log K
Na* 0.70
Cr3* 2.60
Mn?* | 2.26
Fe3* 4.04
Ni? 2.32
Cu* | 2.36

Table 17. Stability constant of the species with SO4.

It can be said that Fe(lll)-sulfate complex is the most stable (log K = 4.04), followed by Cr(lll) (log K =
2.60), while Ni(ll), Cu(ll) and Mn(ll) have values very close to each other (log K between 2.26 and 2.36).
In last place is present Na(l) (log K = 0.70). The more stable the compound, the less dissociated it will

be in solution. It is possible to conclude that the trend of stability will be as follows:
Fe3* >> Cr¥* > Cu?* = Ni?* = Mn?* > Na*

It is important to mention that PEG is well known to promote interactions with groups 1 and 2 of the
periodic table, in our case we refer in particular to Na(l). In fact, as demonstrated by Rogers et al. >0
PEG behaves like crown ether ligands. The latter have proven to be valuable compounds due to their
known size selectivity for hard metal ions, as well as for their successful use in conventional solvent

extraction systems of elements of groups 1 and 2 of the periodic table. Furthermore, the extraction
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efficiency of PEG is also well known with respect to oxoanionic molecules, and in particular, Sun et

al.’® showed that PEG could extract Cr(VI) through Na(l) interaction (State of the Art).

By combining the polymer extraction efficiencies obtained during the investigation and the infor-
mation derived from the literature research, in Figure 82 is proposed an mechanism extraction that
describes what occurs in the ABS composed by PEG-400 / [Me + Na;SO4] / H,0. The figure is divided
into a polymeric upper phase and a salt-rich lower phase. In the polymeric phase it is possible to find
two PEG chains linked together by water molecules, as also proposed by Bulgariu et al. . Moreover, it
is assumed that water molecules can also be found outside the chains (A), and their presence indicates
the affinity that the polymer has with the aqueous biphasic system in which it is located. Next poly-
molybdates (B) and dichromates (C), are extracted as oxoanionic structures and interact with the pol-
ymer chain via Na(l), as stated by Sun et al. ® Then we find the sulfates, which also interact with the
polymer chain via Na(l). Next are all those structures that are more or less stable under the present
working conditions, Fe(lll), Cr(lll) etc., which will be extracted as sulfate salts and will always interact
with the polymer via Na(l). Dissociated cationic species and water-solvated structures of the metals

investigated will be found in the salt-rich lower phase of the ABS.

PEG-400 phase

H*  H
N~ [Fe(n) SO,

‘ /
H* EN@* Na' Na*

a N?J, N§+ N§+ Na*
[Mo(VI1),0,, 1> ‘ .‘ :

[Cr(VI);O?]?' [SO,* [Cr(|||}éo4]2-

Na,SO, phase [Me(I1)(SO,)]°
2P [Me{l)(50,)]° Me?* e(Eed [Cr (1) (50,)1°
0 +
[FE(H”z(SOa)a] H H+ [Cr(ll|)1[504]310 Na*
Na 5042— Cr3* Cr3* [Me(I1)(SO,)1°
Mez+ 50 2 0 427 0
4 H* Na* [Fe(111)5(SO,)5] [Fe(lI1)5(SOy)5] Me2+

Figure 82. Extraction mechanism of PEG-400 proposed in this work.
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The results just presented for the system PEG-400 / [Me + NaySO4] / H,0 differ considerably from
those obtained with the system PEG-600 / [Me + HCls7w%] / H20 presented in the previous chapter. In
particular, for the PEG-600 / [Me + HCls7 wi%] / H20 system, an ABS could only be obtained by consid-
ering Fe(lll) contribution. While, in the case of PEG-400 / [Me + Na,S04] / H20 system, it provides an
ABS also when different other metals such as Ni(ll), Cr(ll1), Cr(V1), Mo(VI) etc., are considered. In addi-
tion, the system PEG-400 / [Fe(lll) + HCI ] / H20 provides an unusual binodal curve, which we have
named "onion-shape", while with PEG-400 / [Fe(lll) + Na,S0O,] / H,O presented in Figure 63, the binodal
curve shows a classical form, which can be found already in several publications. The mechanism of
Fe(lll) extraction using PEG in hydrochloric medium is also different from the sulfate extraction pro-
posed in this chapter. In the previous chapter, Fe(lll) was presented in an anionic form with Cl" in
solution, so a mechanism was proposed whereby FeCls interacts directly with the O* present on the

polymer chain, as also proposed by Rogers and co-workers® and Bulgariu et al. &

3.2.2. Metal concentration and temperature influence

The investigation continued by obtaining binodal curves for systems composed of different concen-
trations of the same metal (Cr(VI)) and at different temperatures (25 °C and 40 °C). The results pre-
sented in Figure 83 show that the binodal curves, by varying the concentration or temperature, are

not influenced by the studied experimental conditions and so they do not move in the phase diagram.

By comparing the results obtained for the temperature investigation with the one presented by Das
et al.%, (State of the Art) where the research group used a copolymer consisting of PEG-PPG they
demonstrated that in the ABS composed of PEG-PPG / Na,SO4 / H,0, the binodal curve shifts to the
left as the temperature increases. Therefore, it can be deduced that the choice of polymer plays a key

role in the investigation.
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Figure 83. Binodal curves for the systems PEG-400 / [Cr(VI) + Na,SO4}/ H,0, considering (blue) [Cr(VI) = 5 g/L
and T = 25 °C, (yellow) [Cr(VI) =5 g/L and T = 40 °C, (green) [Cr(VI) =20 g/L and T = 25 °C.

Although the temperature impact on ABS formation is negligible, this was a challenging parameter to

control, in fact, as can be seen in Figure 84, at 15°C, the systems promoted crystal formation or solid

precipitation after the ABS was obtained.

Figure 84. (left) Crystal’s formation at T=15°C in the upper and lower phase of the samples composed by 20/80
wt% of PEG-400/stock solution of Cr(lll) 0.64 g/L.(right) Precipitation effect on the upper and lower phase of sam-
ople containing 20/80 wt% of PEG-400/Stock solution of Fe(lll) 5 g/L after exposition at 15°C.

Navarro et al.»®? demonstrated how in a Na,S0;-H,0 system, anhydrous Na,SO, is reported to precip-
itate directly from solution at temperatures above 32.4°C (curve 3 - Figure 85). Below 32.4°C, the sta-
ble phase is mirabilite (Na;SO4*10H,0 in curve 1 - Figure 85), which rapidly dehydrates below 20°C to
form anhydrous Na,SOs. Furthermore, as discussed in section 2.4. State of the art, Taboada et al. &

also recognize the formation of different types of solids when located to the right of the binodal curve.
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A practical disadvantage of working with these systems was the impossibility of storing the solutions
for long periods, since a variation in temperature (higher or lower than room temperature) favored
the formation of crystalline salts. Furthermore, solid formation was found to be irreversible in these
systems. For this reason, the optimum working temperature range was between 20 °C and 25 °C. Fi-
nally, it is important to underline that the investigated systems contain 10 g/L of H,SO4 which in-
creased the solubility of the metallic salts and reduced the formation of crystals. Therefore, the crys-

tallization temperature proposed by Navarro et al.»®? is perhaps not totally applicable to my systems.
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Figure 85.Na,;SO4-H>0 system. Temperature vs. concentration diagram (M= mirabilite= Na;SO4*10H;0; T = the-
nardite= Na,SO4 anhydrous; 1 = solubility curve for Na;SO,*10H,0; 2 = solubility curve for Na;SO,*7H,0; 3 = solu-
bility curve for Na SO, anhydrous; 4=Na;S04/Na,SO4*10H,0 boundary system),

Crystal formation and solid precipitation is also promoted when working at room temperature. As
discussed in the State of the art, Taboada et al.8? presented the existence of different regions for the
PEG-400 / NaSO,4 / H,0 system at 20 °C, and they stated that the formation of a third solid phase is
favored when the wt% of polymer exceeds 40 wt%. In particular, in my investigation, the Fe(lll)-sulfate
system showed a larger tendency compared to other solutions to form crystals under the same work-
ing conditions, after ABS formation. Thus, it can be assumed that the crystal formation can also impact
the volume repartition, indeed, it is thought that the presence of crystals prevents a linear increase in
the volume of the upper phase when increasing the amount of polymer used in the system. (Fe(lll) in
Figure 77). It can be assumed that the formation of the solid (or crystalline) phase may be due to
competition between the polymer and the salt in attracting water. Sine we are in an aqueous biphasic
system, both the phases contain water. Although PEG-4000, used by Taboada and co-workers®, is less
soluble than PEG-400 used in my investigation, both they have high affinity with the aqueous medium.
If the salt-rich phase is depleted of water, the salt concentration will increase and thus a precipitate

will appear, and so it becomes a question of solubility.
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3.3. System with double element

The investigation of synthetic solutions continued by examining whether the matrix effect between
metals could influence their distribution in the ABS. The matrix effect is also to be related to the sulfate
bath, where several metals are present at the same time. For this purpose, a comparison has been
made between the extraction efficiency of PEG-400 in the single-element stock solutions (Cu(ll) and
Mo(VI) separately) and in a stock solution containing both Cu(ll) and Mo(VI). The stock solution is
made by 5g/L of Cu(ll), 5g/L of Mo(VI), pH=1.85, 100g/L of SO4, 50g/L of Na, 10 g/L of H,SO4. Three
biphasic samples were obtained by mixing different amounts of PEG-400 and synthetic Cu(ll)+Mo(VI)
solution. The samples after the phase separation are shown in Figure 86 and they consist respectively

of 20/80, 30/70 and 40/60 wt% polymer/double-element stock solution.

R s X
canged " L

Figure 86.Samples obtained by mixing different wt% of PEG-400 + stock solution Cu(ll)+Mo(VI); s1 = 20/80, s2 = 30/70, s3 =
40/60, in wt%, of PEG-400/stock solution.

Figure 87 shows the polymer extraction efficiency considering single metal stock solution (dotted
lines) and double metal stock solution of Mo(VI) and Cu(ll) (solid lines). It appears that the polymer's
extraction efficiency is higher when the metals are together in double-element stock solution starting
from 20 wt% of PEG-400 used to obtain a biphasic system. The extraction efficiency has closer values
when 30 wt% of PEG-400 is used for extraction and reaches equal values for 40 wt% of PEG-400. This
is a preliminary experiment that needs to see further research to be confirmed. In fact, it would be
interesting to see the contribution of other metals as well, and to understand whether there is a com-
mon trend that leads PEG-400 to increase its extraction efficiency when the different species are all

found together or vice versa.
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Figure 87. PEG-400 extraction efficiency considering Cu(ll) and Mo(VI) in the same stock solution
(straight line) or separately (dotted line).

4. Binodal curve with Na,SO4 bath

A further investigation was made to compare the binodal curve for the two previously presented ABS
consisting of PEG-400 / Na,SOq salt / H,O and PEG-400 / [Cr(VI) + Na;SO, salt] / H,0 and the PEG-400
/ Na,SO4 bath system at 25 °C. The metal concentration of the sulfate bath used to obtain the binodal
curve is shown in section 3.5. State of the art. The main differences between the solutions are in the
concentration of Cr(VI), which is present at about 5 g/L in the synthetic solution and about 11 g/L in
the sulfate bath, and the presence of other metals in the bath. The binodal curves presented in Figure
88 are nearly superimpose on the phase diagram. It can therefore be confirmed that the type of metal,
their concentrations, and also the combination of several metals does not influence the ABS proper-

ties.
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Figure 88. Binodal curves for the ABS composed of: (yellow) PEG-400/Na,SO, bath; (grey) PEG-400/ [Cr(VI) -
Na;SO4 salt] / H,0; (black) PEG-400/ Na,SO, salt / H,0 at 25 °C.

5. Conclusions

Both the preliminary tests and the experiments carried out on the single metal stock solutions seem
to respond perfectly to Aperam's request to clean a solution similar to the sulfate bath of metals, in
this specific case from Cr(VI) which is the most abundant species in the Aperam bath. It has also been
demonstrated in this chapter that the extraction mechanism of PEG-400 favors the extraction of
oxoanionic compounds over cationic species in solution. For this reason, in the next chapter will be
shown all the experiments carried out directly on the sulfate bath, and the ABS obtained for the PEG-
400 / Na,SO4 bath/water will be integrated in a global loop for the development of the extraction
process of Cr(VI) through the use of PEG-400 in the Aperam bath.

154



E. Design of the industrial
extraction of Cr (VI) from

NazS0; bath using PEG-400

© Antonio Atanasio Rincén, Sustainably Yours/EEA



PhD Thesis | Eris Sinoimeri

156



1. Introduction

The high amount of spent pickling liquor (SPL) produced by steel refining processes is one of the main
causes of pollution for metallurgical companies. Nowadays, Aperam treats the SPL coming from the
Na,SO4 bath and characterized by a high amount of Cr(VI) (20 g/L) via neutralization processes. Cr(VI)
is first reduced to Cr(lll) with bisulfite or Fe(ll), then lime is added to the mixture to raise the pH and
form hydroxide, which precipitates. The hydroxides are then separated from the liquid part by filtra-
tion. The sludge is landfilled, and the liquid part (mainly water) is poured into the river. The sludge
obtained at the end of the neutralization process are loaded with sulfate ions, which prevents them
from being revalorized through pyrometallurgical treatments. Aperam's request for this bath is to
clean the bath of metals, to recover them either in metallic form or in a form not contaminated by
sulfates, and to reuse the cleaned bath in the pickling process. The ABS proposed in Chapter D seems
to be a good alternative to the neutralization processes used so far by Aperam, since through the PEG-
400 / Na,S04 / H,0 system it was possible to clean the sulfate bath from Cr(VI), the most abundant
species in this type of SPL. This chapter will first describe the various experiments carried out aimed
at implementing the extraction process proposed in chapter D. Finally, the ABS will be inserted into
the general loop of the chromium extraction and recovery process. Each stage of the loop will be

presented in this chapter using the term: step 1, step 2, step 3 etc.

2. Step 1: extraction of chromium with a PEG-400 based-ABS

2.1. Optimization of the Cr(IV) extraction process

The influence of experimental parameters such as working temperature, amount of polymer used for
extraction and kinetics of chromium extraction was considered during the investigation to evaluate

their impact on the extraction process.

The first aspect analyzed was the working temperature. The aim of investigating temperature is to
understand whether it can influence the repartition of metals or the volume distribution during the
extraction process. Two samples were prepared for the experiment with a constant repartition of PEG-
400 / Na,SO4 bath of 27/73 wt% respectively. They were then placed in a thermal bath, one at 25 °C
and the other at 75 °C. Once the biphasic system was achieved, the two phases of each sample were

separated, and the concentration of metals was determined by AAS. Figure 89 shows the repartition
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of elements and of volumes expressed in wt% in the polymeric upper phase of the system. As the
temperature increases, the extraction efficiency of the polymer decreases for the elements consid-
ered (Cr(VI), Ni(ll), Fe(ll1), and Na(l)), and the same occurs for the volume (wt%) of the polymer upper

phase.
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Figure 89. Element and volume repartition (wt%) for the system composed by 27 wt% of PEG-400 and
73wt% of Na,SO4 bath at two different given temperatures, 25°C and 75 °C.

The working temperature chosen throughout the investigation was 70 - 80 °C, as this also corresponds
to the working temperature to which the sulfate bath is exposed during the pickling process (70 - 80
°C), thus creating a continuous working line between the pickling process and the regeneration of the

temperature-depleted bath.

The second series of experiments conducted concerned the influence of different amounts of polymer
used in the extraction process. For this purpose, 5 samples were prepared with a PEG-400 /Na;SO4
repartition of 20/80 - 25/75 - 30/70 - 40/60 - 50/50 (wt%) at 80 °C. Figure 90 shows the repartition for
the polymeric upper phase. As the amount of polymer (wt%) used to obtain a biphasic system
increases, the amount (wt%) of chromium extracted in the polymer phase increases while the amount
(wt%) of nickel and iron decreases. The concentration expressed in wt% of Na,SO, salt also decreases

in the polymer upper phase when the amount of PEG used in the mixture increases.
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Figure 90. Extraction efficiency of PEG-400 considering different samples made up respectively of 20%, 30%, and
40% of PEG-400 and the difference in Na;SO4 bath. Values taken from table 23.

The amount of polymer used for the remainder of the investigation is 40 wt%, as this value was
found to be a good compromise between the extraction efficiency for Cr(VI), the amount of sulfates

present in the polymer phase and the volume of bath regenerated.

The extraction kinetics was examined by measuring the Cr(VI) concentration after mixing 60 wt% of
Na,S04 bath and 40 wt% of PEG-400 at T=80°C. As soon as a distinctive upper and lower phase sepa-
ration was visible in the sample, characterized by the formation of a meniscus, 8 aliquots were taken
every 0.5 minutes in a total time interval of 5 minutes. The result shown in Figure 91 demonstrates
that more than 8 g/L of Cr (initial Cr concentration 11 g/L) was extracted from PEG-400 at the time of

t=0.5 minutes and after few seconds the Cr(VI) value reaches a stable concentration
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Figure 91. Extraction kinetics of Cr(VI) in the extraction process by using PEG-400

In addition, the mixing time of the polymer and the sulfate bath was approx. 1 - 2 minutes. The quiet

time for phase separation was found to be 0.5-1min.

2.2. Test using laboratory pilot scale
The ABS proposed in the previous section consisting of 40wt% PEG-400 / 60wt% Na,SO, bath at 70/80
°C for the extraction of Cr(VI) from the sulfate bath prepared in the laboratory with a weight of 200 g

was repeated on a larger scale of 10 kg (Figure 92).
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The sulfate bath used for the experiment was first analyzed with AAS for the determination of metals’
concentrations; the values are shown in Table 18. Chromium is the most abundant metal (11.6 g/L),
nickel and iron are present at less than 1 g/L, while sodium sulfate is present at high concentrations

(Na(l) = 48 g/L and SO,*= 104 g/L).
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Figure 92. Snapshot of the process (on the right) and schematic diagram of step 1 big volume (10 kg)
(on the left).

Density 1.145

pH 1.95

[Cr](g/L) | 11.6
[Fe] (g/L) | 0.7
[Ni] (g/t) |03
[Na] (g/L) | 48

[SO4*] (g/L) | 104

Table 18. Composition, pH, and density of the Na,SO4 bath filtrated.

The working temperature chosen is 70 - 80 °C. Large-scale reproduction was possible after the acqui-
sition of a stirring system (C), a separation reactor (E) and the pumps (D). The two inputs A and B,
respectively Na,SO4 bath and PEG-400, are both introduced into the mixing reactor through two
pumps (D) which inject the components in the correct ratio for extraction (40 wt% of PEG-400 and 60
wt% of the bath). The mixing solution has been carried out in the reactor C called jacketed reactor that
maintains the temperature around 70 — 80 ° C. The reactor is composed of a mixer which allows mixing
and continuous contact between the two primary components (A and B). When this reactor is filled,
the PEG solution is transferred by overflow into the reactor E. The separation reactor has a typical

funnel shape, where the phase separation is operated. The phase composed of PEG-400 and
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chromium, located in the upper part of the reactor, is evacuated by overflow into the container F,
while the aqueous phase with the other elements, situated in the lower part of the reactor, goes into

the container G.

Almost 6 kg of Na SO, bath and 4 kg of PEG-400 were required for the implementation of step 1 in a
large scale. With 5.2 kg of the initial mixture it was possible to fill the separation reactor, while the
remaining 4.8 kg allowed the continuous process (of which 2.88 kg bath and 1.92 kg PEG-400) to be
carried-out. The total time of the operation was 18 minutes, of which 11 minutes were spent on filling

the reactor and 7 minutes on the continuous treatment.

The mass balance calculations proposed in Table 19 show that all the input values correspond to the
output ones; only sodium seems to give divergent values, probably due to the determination method

necessitating excessive dilutions.

Element | Input (g) | Output (g) | Balance
Cr 29.1 28.3 -3%

Fe 1.7 1.6 -7%

Ni 0.8 0.8 -3%

Na 121 143 18%
SO4 246 221 -10%

Table 19. Mass balance step 1 big volume (10 kg).

As soon as the formation of the upper and lower phases of the system was achieved, three aliquots
were taken every 2 minutes and analyzed to determine their composition in metals, Na(l), SO4> and
polymer. Figure 93 shows that the composition distributions remain constant throughout the process,
with a slight increase in Na(l) at t = 4 minutes. It is also important to emphasize that the polymer
extracts a low amount of sulfates (around 15 wt%), so that the chromium passing into the polymer
phase is not contaminated by the latter. Furthermore, at the end of the process the volume partition

was 67 (wt%) upper phase and 37 (wt%) lower phase.
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Figure 93. Metal extraction values for step 1 big volume.

One of the most challenging parameters to control during the investigation was the temperature. The
polymer and the sulfate bath were pre-heated at T=40 °C before being fed into the mixing reactor.
This temperature was chosen mainly because at 50 °C a precipitation of solid phases occurred in the
Na,SO4 bath (Figure 94 on the left). Moreover, we tried to keep the temperature constant in the reac-
tor between 70 °C and 80 °C, because as shown in the Figure 94 (on the right), if the temperature
exceeded 80 °C due to a temperature control error, the system would promote the formation of crys-
tals or solid precipitation. In particular, the solid was only detected during the cooling down step of
the process since this had no opportunity to settle as the process was in continuous flow and under
stirring. As discussed in chapter 4 of the thesis, the formation of crystals or solid precipitate must be
avoided as this causes a change in the concentration of the species present in the Na,SO4 bath. More-
over, it has been shown that the species that precipitates is mainly sodium sulfate, and the high con-
centration of this in the bath is essential for obtaining the biphasic system, as it plays the role of salting
out agent in ABS. Finally, it should be noted that there is a considerable amount of H,SO, in the bath

(about 10 g/L), which prevents the precipitation or the formation of crystals at lower temperature.
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Figure 94. On the left - formation of crystal structures in the Na,SO4 bath with a temperature superior of 50°C.On the
right - solid precipitation occurred during the continuous process.

2.3. Extraction column for Cr(VI) partition

The results obtained with the mixing and settler reactor confirmed that the phase separation and
homogenization is nearly instantaneous after stopping the mixing, and mixing is nearly instantaneous.
For this reason, both the mixing reactor and the settler have been replaced by an extraction column
(Figure 95). The selected column is made of glass, with a filling (glass Raschig rings) of about 160 mL
of useful volume (about 60 cm long and 3 cm in diameter) operating in counter-current regime. With
acknowledgement to Dr Nadine Commenges-Bernole for having performed the experiments with the

extraction column.

The test was carried out by preheating the polymer and the sulfate bath at 50 °C. The working tem-
perature in the column was 75 °C. The flow rates initially calculated to meet the optimum conditions

defined in the process were mpeg = 0.66 Mpath, Qbath = 100 mL/min and Qpes = 62 mL/min.
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Figure 95. Snapshot of the extraction column process (on the left) and corresponding schematic diagram (on the
right).

Although the column is practical to use and does not take up a lot of space in the process, compared
to the mixing and the settler reactor, it was difficult to create the counter-current feed because of the
very small difference in density between the bath and PEG-400. In fact, PEG-400 was not light enough
and did not rise up the column, which made it difficult to create the ABS under the optimal and defined
conditions for the operation of the process. It was impossible to recover the expected phases at the
top and bottom of the column and the recovery of a bath-PEG mixture at the bottom of the column

proved to be unusable. Therefore, the investigation with the extraction column was abandoned.

2.4. Static mixer for Cr(VI) partition

Due to the density difference which is negligible for the polymer and sulfate bath on the extraction
column, it was decided to retain the settler and replace the mixing reactor with a static mixer (Figure
96). The static mixer consists of a pipe with helical core inside, to ensure the strong in situ mixing of
the 2 components. Three types of static mixers were tested, characterized by 24 or 36 elements,
lengths: 276 - 334 - 552 mm, internal @ 7 or 10 mm, and different shape of the elements. The flow
rates initially calculated to meet the optimum conditions defined in the process were Quatn =
600mL/min and Qpec = 400mL/min, corresponding to 60 wt% in PEG-400 and 40 wt% of Na,SO4 bath
at 75°C.
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static mixer

overflow
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bath
phase

Figure 96. Snapshot static mixer process (on the left) and corresponding schematic diagram (on the right).

The results of the static mixers (green) are presented in Figure 97, and these are compared to the
values obtained with the mixer and settler reactors (blue). Thanks to the static mixers, it is possible to
extract a greater quantity (Wt%) of metals in the polymer phase than the mixer and settler reactor.
Moreover, the static mixers are very economical, not very complex, need only low maintenance and
no footprint is required for their installation. On the other hand, the experiment conducted in the
mixer and settler reactor provided a greater volume (vol%) of bath cleaned of metals than the static

mixers.
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Figure 97.Extraction efficiency (wt%) of PEG-400 in the polymer phase, using a mixing and settler reactor
(blues) and a static mixer (green .
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2.5. What is the fate of Upper phase step 1 and the Lower phase step 1?

After treating the sulfate bath with the polymer, an upper phase step 1 (UPS1) rich in PEG-400 and
Cr(VI), and a lower phase step 1 (LPS1) concentrated mainly in sodium sulfate were obtained (Figure
98). With regard to LPS1, Aperam checked the compatibility and the efficiency of the cleaned bath.
The results indicated that LPS1 can be reinserted into the Na,SO4 bath to be used for further pickling
cycles after addition of water and correction of the pH. As for UPS1, different treatments will be pro-

posed in the next section.

PEG-400

Upper phase
PEG-400,Cr, H,0
Na, S0,

Lower phase
Fe, Ni, Na, SO,

H,0, Cr, PEG-400

Figure 98. Step 1 of the process.

3. Step 2: separation of Cr(VI) from PEG-400 and Cr(lll) recovery

3.1. UPS1 treatment with Na;COs and NaOH

The objective of step 2 is to separate the Cr(VI) in the polymer phase from UPS1, so that the polymer
can be cleaned and used for further extraction processes, and the Cr(VI) recovered. As mentioned in
the State of the Art, an ABS consisting of three components must have two biphasic inducers. UPS1
already contains PEG-400 which plays the role of the first biphasic inducer, so it was decided to add a
salt to remove Cr(VI) from the polymer phase. Na,COs was first tested on the UPS1 and then Na,SO..
As soon as the Na,CO; came into contact with UPS1, a biphasic system occurred and the same hap-
pened with Na,SOs. For what concerns Na,COs, 4 samples were prepared at 80°C, with a Na,COs; dec-
ahydrate/ UPS1 repartition of 10 /90 -20 /80 - 25/ 75 and 30 / 70 wt%. Na,COs; decahydrate was
added in the UPS1 in the solid form. After the formation of an upper and lower phase which we will
call UPS2 (upper phase step 2) and LPS2 (lower phase step 2) respectively, these were separated, and
composition and volume repartition were determined. The values are shown in Figure 99. The polymer

is to be found for more than 99% in the upper phase. By increasing the Na,CO3 (wt%) used for the ABS
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formation the amount of Cr(VI), Na(l) and SO4* in the polymer phase increases (from 2 to 10 wt%).
The volume of the polymer phase decreases (from 61 to 56 vol%) as the amount (wt%) of carbonate

increases.

Na,CO, decahydrate

-5 100%
C
® o - 90%
= J 0
X P G 80%
v 2 0% oL 56.40%  56.10%
= - . .
c =N 5%
o cuw 47%
2 9 8 50% —a—(Cr(Vl)
Y E
@ £ a 40% PEG-400
o
08 3 30% Na(l

Q
= 2 E Ly 504
5 v = =—8—\/0l.rep.
£ £ Q  10% I
[T

> 5% 10% 15% 20% 25% 30% 35%

Na,CO, decahydrate (wt%) used for the process

Figure 99. Extraction efficiency of Na,COsdecahydrate in the UPS1.

The decahydrate salt was then replaced by its anhydrous equivalent, as it was supposed that the

Na,CO; decahydrate might dilute UPS1 too much.

For this analysis 4 samples were prepared at 80 °C, with Na,COs; anhydrous / UPS1 repartition of 5 /
95-6/94-7/93 -8 /92 wt% respectively. Na,CO3 anhydrous has been added in the form of a solid
and is soluble in UPS1 up to a maximum of 8 wt%. Figure 100 shows the repartition values of the Cr(VI),
Na(l), SO4* and PEG-400 and the volume repartition of the upper phase. The polymer is more than 99
wt% distributed in the upper phase. As the amount (wt%) of anhydrous Na,CO; used to obtain the
biphasic system increased, the values of SO4* and Na(l) remained low and constant in the polymer
phase (around 5 wt% SO,* and about 15 wt% Na(l)). Cr(VI) shows a slight decrease in the polymer
phase as the amount (wt%) of anhydrous Na,COs used increases. Finally, the volume repartition de-

creased (from 88 to 80 vol%) in the upper phase as the amount (wt%) of Na,COs anhydrous increased.
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Figure 100. Extraction efficiency of Na,COs3 anhydrous in the UPS1.

The main drawback we encountered with anhydrous salt was that we had to investigate a very limited
concentration range (5 wt% to 8 wt%) for the salt since at higher quantities (wt%) the salt reached its
solubility limit. It was decided to investigate the behavior of this system when a constant amount of
salt (5wt%) was used and different amounts of water were added. For this purpose, 3 samples con-
sisting of Na>COs anhydrous / (added water) / UPS1 of 5/5/90-5/10/85 and 5/ 20/ 75 wt%
respectively were prepared. Again, as can be seen in the Figure 102, more than 99 wt% of the polymer
is in the upper phase, Na(l) is not particularly affected (about 20 wt%) by the increased addition of
water to the system, the volume of the upper phase decreases slightly (from 85 to 81 vol%) with the
addition of water, while both sulfate and Cr(VI) increase their concentration (wt%) in the polymer

phase when 5 to 20 wt% of water is added.
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Na,CO, anhydr. 5(wt%) + added water
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Figure 102. Extraction efficiency of Na2CO3 anhydrous plus added water in the UPS1

Further tests were carried out considering anhydrous Na,SO. and with the addition of water. anhy-
drous Na,SO4 was tested to see if it could fulfil the same role as anhydrous Na,COs, i.e. to separate
Cr(VI) from PEG-400.The results are shown in Figure 101, in both graphs are shown the values of Cr(VI)
and volume repartition when on the left it is used the anhydrous salt, while on the right by using a
constant concentration of anhydrous Na,SO, of 5 wt% and adding 10 or 20 wt% water to the system.
In the first graph on the left, by increasing the amount (wt%) of anhydrous salt used to obtain the
biphasic system, Cr(VI) slightly increases in the upper polymer phase (from 93 to 96 wt%) and the
partition volume decreases (from 84 to 75 wt%). On the other hand, taking a constant amount of
anhydrous salt (5 wt%) and adding 10 or 20 wt% of water (Figure 101 on the right), both the Cr(VI) and
the partition volume do not show great variations (about 92-93 wt% of Cr(VI) remains in the polymer

phase and the volume of the phase shown in the figure is about 84-86 vol%).

Na,S0, anhydrous . Na,50, anhydr. 5(wt%) + added water

g 100% 93% % 28 100% 92% 93%
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Figure 101. (left) Extraction efficiency using Na,SO4 anhydrous on the UPS1. (right) Extraction efficiency using 5wt% of
Na,SO4 anhydrous and added water on the UPS1.
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Summarizing the results obtained for the two types of salts investigated, sodium sulfate can firstly be
excluded, as it does not play the intended role. Whereas for an optimum process, Na>COs; anhydrous
salt at 7 wt% could be used, since in this way, the salt is soluble in UPS1, and the polymer phase ob-
tained contains a low amount of Cr(VI) (16 wt%). Water should not be added to the system as this

would reduce the amount of Cr(VI) extracted.

From an economic point of view, Na,COs is one of the most affordable salts available (2 euros/kg). As
for the new species that the salt introduces into the system, no various highly polluting halogens are
involved, but the formation of carbonates must be taken into account. To further reduce the number

of species introduced into the system, NaOH 30% was tested instead of Na,COs.

The NaOH was taken from an aqueous solution NaOH 30%. Eight samples were prepared at 80°C, with
a different distribution in NaOH 30% / UPS1 of2/98-2.5/97.5-5/95-7.5/92.5-10/90-15/85
-20/80- 25/ 75 (wt%) respectively. As shown in Figure 103, by increasing the NaOH 30% concentra-

tion used for the extraction, the amount of Cr(VI) (wt%) and the volume (vol%) of the polymeric phase

decrease.
NaOH 30%
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Figure 103. Extraction efficiency of NaOH 30% mixed with UPS1 at 80 °C.

When we consider the efficiency of anhydrous Na>COs; and NaOH 30% examined so far, the lower
phase obtained with the soda is easier to process since it tends to remain liquid without crystallization
even at room temperature, which is not the case for the lower phase obtained with Na,COs. In addi-

tion, by using 25 wt% NaOH it is possible to remove from PEG-400 approximately 98 (wt%) Cr(VI).

A common disadvantage between NaOH 30% and anhydrous Na,CO3; was the formation of a third

phase when working with larger volumes (250mL) (Figure 104).
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Figure 104. Triphasic systems when considering Na,COjs (left) and NaOH 30% (right) to separate the chromium
from the polymer in big volume.

The LPS2 (lower phase step 2), coming from the mixing of 7wt% anhydrous Na,COs and UPS1 in small
volume and containing mainly chromium separated from PEG-400, was then treated to precipitate

cr(in).

The first series of tests consists of mixing LPS2 and NaHSOs at different distributions 25 /75 -30/ 70
-35 / 65 wt% respectively. The solution was left under stirring for 30 minutes at 80°C (samples A—B —
C Figure 105). After centrifugation of the samples for 30 minutes at 25°C, the concentration of chro-
mium remaining in the liquid phase was measured with AAS. The amount of chromium decreased in
solution as the amount of NaHSO3 used for precipitation increased. Almost 40 wt% of Cr(lll) precipi-
tates in solid phase, while the rest stays in the liquid phase. This can be explained by the fact that
bisulfite has the role of reducing Cr(VI) to Cr(lll), and its addition also changes the pH of the solution,

which, by becoming more basic, allows Cr(lll) to precipitate, probably in the form of Cr(OH)s.

The second test was carried out by considering a variation of pH (sample D - Figure 105). The initial pH
of the LPS2 solution is 10. The acidification of chromium solution (from LPS2) made by using always
NaHSOs;, allows a good reduction of chromium from Cr(VI1) to Cr(lll). However, the pH after the addi-
tion of a large amount of bisulfite had reached a range between 4-5. In order to reduce all the Cr(VI)
to Cr(lll) it was necessary to further decrease the pH; for this purpose, H,SO, was added to reach pH=2.
The last step consists of precipitating the Cr(lll) by using NaOH 30%, (until pH=8). The sample D in
Figure 105 is composed by 70 wt% LPS2, 10 wt% NaOH, 5wt% NaHSO; and 15 wt% H,SO.. The amount

of chromium precipitated was around 30 wt%.
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Figure 105. (left) Samples prepared for chromium precipitation through NaHSOs. A) 25 wt%, B) 30 wt% and C) 35 wt% of
sodium bisulfate used. (right) Second test for chromium precipitation.

Although the separation efficiencies of Cr(VI) using anhydrous Na,CO3; or NaOH 30%. were very high,
the two compounds showed the disadvantage of crystallising at large volumes, and the proposed pre-
cipitation protocol also did not show a good recovery efficiency of Cr(lll) (30 wt%). For these reasons,

another method was proposed to separate and precipitate Cr(lll) at the same time.

3.2. UPS1 treatment by light

During the treatment of ABS obtained by mixing the polymer and the sulfate bath, a particular behav-
ior was noticed. In particular, when the UPS1 samples were left under the exposure of sunlight, the
solutions became darker after few days and a precipitate was formed. The three samples are pre-
sented in Figure 106; they differ in their exposure time to light. The first sample on the left corresponds
to the UPS1 immediately after the phase separation, the second corresponds to the UPS1 exposed to
sunlight for 12 hours and the third one is the UPS1 that was left for more than 24 hours in contact

with the sunlight.

Figure 106. UPS1 exposed to the sunlight. Starting from the left to the right: UPS1 as soon as was separated
from the lower phase in the step 1, UPS1 exposed to the sunlight for 12 hours, UPS1 exposed to the sunlight for
24 hours.

This behavior was also described by Lie et al.?> and Sun and co-workers®® in their studies (State of the

Art - section 4.2.1.). An attempt was made to understand whether the same mechanism proposed by
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Lie et al. and Sun et al. could also be applied to these systems. Table 20 summarizes the working
parameters and species used by Lie and collaborators and Sun et al. and those that concern to this

investigation.

Working conditions Lie et al. Sun et al. This work
Polymer used 400 < PEG < 10.000 PEG-2000 PEG-400
Metal investigated Cr(Vv1) Cr(VI) Cr(V1)
Metal speciation HCrO4 HCrOs Cr.07*
Concentration of metals Cr =0.02 mol/L Cr=0.02 mol/L | Cr>0.15 mol/L
Temperature investigated 25°C 25°C 80°C

pH investigated 0.5-6 0.5-6 3

Table 20. Working parameters proposed by Lie et al., Sun et al. and this investigation.

While Lie et al. has shown that the light source is necessary for the reaction, Sun and co-workers do
not consider any light source during their investigation. These two positions allowed us to arrive at a

third option, which will be presented in the following lines.

Our investigation of Step 2 for Cr(VI) reduction and precipitation started by understanding the impact
of the light source on the UPS1. We had noticed that sunlight could promote the reaction, but this
resulted to be very long and challenging to control, so it was decided to irradiate the sample with
different light sources. Preliminary tests with the UV spectrometer (Figure 107) also showed that Cr(VI)
was reduced to Cr(lll) within about seven hours of investigation. No additional light (sunlight or lamp)
was directed at the sample. This was an experiment performed in the dark of the UV-vis spectropho-

tometer, so the only light was from the beam when measuring the sample.

[Cr(V1)] = 85 mgL? Cr(IlN) = 80 mgL?; (94%)
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Figure 107. Conversion of Cr(VI) (left) to Cr(lll)(right) by UV-visible spectrophotometer. Monophasic solution contain-
ing 85 mg/L Cr(Vl), 560 g/L PEG-400, pH=2 obtained by the addition of H,SO4, working temperature 65 °C.
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The light box used for this investigation is showed in Figure 108.

Figure 108. Light box used as UV source for step 2.

The different light sources examined are presented in Figure 109. As can be seen, the different sources

have distinct parameters, particularly with regard to their contribution in UV or visible energy.

mesures at 20cm sc:I:-;;Ita:ox UV dryer garland garland Int. | big box neons
brightness in visible {lux) 12 000 < 2000 7000 30000 /
total energy (W/m?) 12 3 17 35 6
percentage in UY (%) 25% 45% 0% 0% 100%
energy in UV [W/m?) 3 2 0 0 6
energy in visible {W/m?) 9 2 17 a5 0

Figure 109. Characteristics of the various apparatus used for the investigation.

Figure 110 shows the behavior of three samples containing UPS1:

- Grey curve, sample left in the dark.
- Green curve, sample exposed to sunlight.

- Yellow curve, sample exposed to UV light.

The graph in Figure 110 is obtained by measuring the Cr(VI) concentration in solution (UPS1) by using
AAS, at different exposure times. The initial metal concentration in UPS1 is approximately 9.5 g/L. First
of all, it is important to notice, that the reaction occurs even in the dark, or at least when the light
source is very weak. Furthermore, the precipitation of chromium follows the same trend when the
sample is in the dark and when it is exposed to sunlight. The slope of the curve is more negative more
when the UPS1 sample is irradiated with a UV light source. Indeed, in this case, after about 3.5 hours

of experiment, starting from 9.5 g/L, the concentration of Cr(VI) drops to almost 7g/L in the UPS1.
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These series of experiments only showed that UV light could help accelerate the reaction to a certain

extent. In general, however, the reaction occurs slowly in all three cases.

10
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Figure 110. Cr(g/L) precipitation in function of the time at 2 different exposures of the light and at the
darkness.

Further analyses were carried out to see which of the pure UV, UV-visible and pure visible sources
would be most effective in reducing and precipitating chromium. A set-up consisting of a UV-visible
source was used for both the UV-visible light and to obtain a purely visible source, where the UV
radiation was blocked through the use of a membrane working as an anti-UV filter. These membranes
were placed on top of the crystalliser where UPS1 is contained. The experiment was conducted at 80
°C. In Figure 111 it is possible to see the concentration of Cr(VI), measured by AAS in solution (UPS1),

at different exposure times considering different light sources.

In 5 hours of experiment, the following results were obtained:

- using pure UV light, the amount of Cr(VI) in solution decreased from about 8 g/L to 6 g/L.
- using pure visible light, the amount of Cr(VI) in solution decreased from about 7 g/L to 3.5 g/L.

- finally, by using UV-visible light, the amount of Cr(VI1) in solution decreased from about 8 g/Lto 1 g/L.
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Figure 111. Cr(VI) precipitation in function of the time for three different light source:
pure UV, UV-visible and pure visible light.

In order to compare the values in Figure 111, it is necessary to assume that some parameters, such as
the intensity of the light source, are considered constant. We can therefore conclude that, UV-visible
source is the one that allows to reduce the greatest amount of Cr(VI) in the same investigation time,

compared to the other two light sources. However, this experimentation requires more investigation.

Considering the values in Cr recovery using different lamps, a series of tests was carried out to inves-
tigate the variation in pH in the UPS1 for the case of the UV-visible light source. Figure 112 shows that
chromium concentration decreases from 8 g/L to about 1 g/L during the 5 hours of exposure to the

light and at the same time the pH increases from 3 to 10.
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Figure 112. Cr precipitation in function of pH.
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Following the pH change in the solution, it is possible to hypothesize the oxidation-reduction reaction
that occurs during the action of light on Cr(VI). We assumed that the acidity of the solution favors the

reduction of the dichromate to Cr(lll) and this is demonstrated by the following reaction:

RED.1) Cr,0,> + 14 H* + 6 e > 2Cr 3 + 7H,0 E=1.33-0.138 pH

The Cr,0+* is considered to be as [Cr(VI) species]™. On the other hand, PEG is oxidized, as was also
confirmed by Sun et al. The reaction is presented schematically in the following lines, but as already

mentioned, it is considered that radicals are involved.

0X.1) PEG + nH* > [PEG-H]™

0X.2) PEG + nNa* - [PEG-Na]™

It is suggested that both Ox.1 and Ox.2 occur in solution, ox.1 is responsible for the hydrogen bonds
between the polymer and water while ox.2 is the reaction responsible for the extraction process of
Cr(VI). In UPS1 the polymer is to be found linked to the anionic [Cr(VI) species]™in the form of [PEG-

Na]™*[Cr(VI)species]™. Finally, through the use of a light source, the following reaction takes place:

[PEG-Na]™*[Cr(VI) species]™ + hv = Cr(OH)s + PEG + Na(l)

Cr(Ill) precipitated in situ with free OH" in the form of Cr(OH)s. The final solution free most Cr(VI) is

dark colored probably due to the low amount of Cr(VI) that still is to be found in polymer phase.

Figure 113 shows a graphical representation of what happens in step 2. At pH=3 the dichromate is
bound to PEG-Na"". When UV light is applied and after the first hours of reaction, the pH arrives to 7
and the precipitate begins to form, as the Cr(VI) is reduced to Cr(lll), and Cr(lll) starts to bind to the
low amount of OH" present in solution. The product of the reaction starts to accumulate while the
reaction keeps in progress. After 24 hours, all Cr(VI) was reduced to Cr(lll). The Cr(lll) is now to be
found in Cr(OH)s form. In this last step, moreover, the Na* no longer having dichromate with which to

achieve neutrality, will be in equilibrium with OH".
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Figure 113. Graphical explanation of the mechanism of reaction of step 2.

Several other parameters were investigated by my colleague Jérome Cognard for the implementation
of step 2. These include namely the contact surface between UPS1 and the light source. It was con-
firmed that the greater the surface of exposure to light, the faster was the chromium hydroxide pre-
cipitation. The test was carried out by first working in a beaker with an exposure surface of 12 cm? and
then with a crystallizer with an exposure surface of 95 cm?. Another parameter investigated was the
number of filtrations to be carried out during step 2. The purpose was to prevent light absorption by
the Cr(OH); and so to promote the reaction process. It was finally demonstrated that by increasing the
number of filtrations during step 2, the kinetics of reduction of chromium also increased. In detail, we
will see in the next section how filtration was performed in order to recover the precipitated solid

phase.

3.3. Recovery and characterization of solid precipitation

For small volumes, filtration of the liquid phase of UPS1, after light irradiation, was initially performed
manually using a Blichner funnel. Subsequently, for large volumes, a filter press was used. The filter
press consists of a stack of textile filter sheets, resistant to the injection of solid/liquid mixtures at high
pressure and has been primarily used to provide simultaneously a large treatment flow rate and good
efficiency. The advantages of using a filter press include efficiency, reliability, robustness and low

maintenance. Figure 114 shows the filter press used in this investigation.
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Ligdid'is €harged and solids
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Figure 114. Filter press used for large volumes (left). Schematic working mechanism of the filter press (right)

Three different types of textile filter sheets were tested in different pore size: 10um, 25um and 46um.
After measuring the fluid pressure as a function of time, of the three membranes (Figure 115), the 25
um membrane was chosen as it represented a good compromise between not too high pressure and

the entrapment of medium-sized solids.
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Figure 115. Pressure of the fluid in function of time of experiments for three different
membranes used in the filter press.
The mechanism of action of the filter press equipped with a pump involves the injection of the solution

exposed to the light source into the filter press, which retains the solid precipitate and sends the liquid
solution back to the irradiation setup This cycle ends when all the Cr(VI) has been reduced to Cr(lll)
and the solid precipitate is completely retained in the filter press sheets. Four different types of pre-

cipitate are shown in Figure 116:

A) solid obtained from small volumes of sample exposed to UV-visible light
B) solid obtained considering large volumes of sample exposed to UV-visible light
C) solid obtained considering small volumes of sample exposed to pure visible light
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D) solid obtained considering large volumes of sample exposed to pure visible light

R it g
A

o

Figure 116. Four different types of precipitates obtained during the investigation.

Subsequently, the solid was collected, washed with water, dried, and finally characterized by different

techniques for qualitative and quantitative investigation.

In Figure 117, it is possible to see the wide scan (or survey spectrum) on the top and the high-resolu-
tion spectrum on the bottom of the X-ray photoelectron spectroscopy (XPS) analysis for the solid (C in
Figure 116). Thanks to XPS, it was possible to determine which types of elements (qualitative ap-
proach) are present in the precipitate (top graph in Figure 117) and their molecular structure (bottom
graph in Figure 117). As the spectra indicate (top of the Figure 117), the major component of the solid
is chromium. Due to the characteristic peaks of chromium (Cr2p) and oxygen (O1s) in the spectrum,
and after bibliographic investigation®*'>*1% it can be deduced that these peaks are obtained from

the contribution of the following species: Cr(OH)s, CrO; and Cr,0s.
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Figure 117. Wide scan or survey spectrum at the top and the high-resolution spectrum at the bottom of XPS anal-
ysis of the solid precipitation at the end of the step 2. Starting from the first band on the left to the third on the
right there are Cr(OH)s, CrOs and Cr;0s.

The presence of chromium in the solid precipitate was further confirmed qualitatively by Energy
Dispersive X-Ray Analysis (EDX). In fact, the 3 spectra in Figure 119 show predominantly the presence
of chromium. The main difference between the 2 spectra is the washing procedure applied to the the
solid. From bottom to top spectrum the solid was rinsed several times with water until the

characteristic S peak disappeared.
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Figure 119. EDX spectrum for solid sample C in Figure 116. The main peaks in the spectra are characterized by the Cr,
O, Na, C, Si and S. The blue arrow and the corresponding circle of the same color indicate the position of the sulfate.

Finally, the last qualitative analysis on sample C in Figure 116 was performed with X-Ray diffraction

(XRD). The spectrum in red in Figure 118 shows the characteristic peaks of sodium sulfate, before

washing the solid. The spectrum in blue corresponds to the same solid after washing. No peak for

sodium sulfate appears in the latter case. No further crystal structures were noted in the solid. XRD is

suitable for the detection of crystalline structures, and the absence of peaks in the blue band indicates

that the compounds in the solid are in an amorphous state. The Snapshot in Figure 118 was obtained

by Scanning Electron Microscopy (SEM) for the unwashed solid sample, and represents sodium sulfate.
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Figure 118. XRD and SEM for solid sample C in Figure 116.
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3.4. The sort of solid precipitate and liquid phase step 2

The water-washing procedure was thus a crucial step for the quality of the final product, in fact, the
precipitated chromium can be now treated by pyrometallurgy as it contains a low quantity of S. The
liquid phase obtained from step 2 contains mostly polymer and water, and this will be sent to the next

step of the process (Figure 120).

Upper phase hv Liquid phase
PEG-400,Cr, H,0 PEG-400, H,0
Na, 50,, Cr, Na, 50,

Solid precipitate
Cr,

PEG-400, Na, 50,

Figure 120. Step 2 of the process.

4. Step 3: PEG-400 recovery for further extraction cycles

The liquid phase containing mostly PEG-400 and water arrives at step 3 of the process, which concerns
the dehydration of the polymer. This step allows the polymer to be concentrated and reused. When
the polymer is regenerated and used for further extraction cycles, it must contain a minimum or zero
amount of water, as this would change the working condition of extraction in the sulfate bath. A sig-
nificant increase of water in the polymer in each extraction cycle would result in the disappearance of

the biphasic system.
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4.1. Distillation process

Distillation has been proposed as a method of dehydration of PEG-400. The apparatus used is a com-

mon distillation column as shown in Figure 121.

Figure 121. Step 3 - Distillation process proposed in this work (700g of polymer treated).

Before starting the distillation process, TGA was carried out on the liquid phase step 2 (Figure 122).
TGA allows the measurement of the weight of a substance while it is being heated with controlled
temperature increase. As the temperature increases, the weight of the substance decreases. In our
case, we can consider the liquid phase from step 2 as a matrix solution containing several substances.
Therefore, the TGA graph will show as many stairs of the curve as there are substances in solution,
that disappear at different temperatures. We will refer to evaporation temperature for volatiles com-
pounds, degradation temperature for polymers and incineration temperature for metals, to indicate
the temperature at which the compound starts to lose weight. In our specific case, in Figure 122 start-
ing from the left, we find the first step of the curve, which corresponds to the most volatile elements
present in the liquid phase. It has been assumed that the most volatile element in the liquid phase
coming from step 2 is water so that step refers to the loss of water when the temperature in the
apparatus increases. The TGA allows to make a quantitative analysis so it can be confirmed that be-
tween 50 °C and 100 °C of investigation, about 35% of water from the total weight of the solution has
disappeared, that corresponds to almost 95% of the total water. As the temperature increases, the
water will be completely removed from the tested sample. At about 200 °C we see a second step
appear. From the literature, we know that PEG-400 starts to degrade at temperatures higher than 200
°C. Therefore, we can associate this second step to weight loss of the polymer. The totality of polymer

disappears at 350 °C. After 350 °C the last elements (salts and metals) start to decompose.
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Figure 122. TGA analysis on the liquid phase from step 2.

From the results obtained with the TGA, a temperature between 120 °C and 150 °C was chosen for
the distillation process in order to extract as much water as possible and to prevent the PEG-400 from

being degraded.

More than 90 wt% of water was thus recovered and analyzed by ICP-MS. The water recovered from
the process was highly pure (values shown in Table 21 expressed in ug/L). The presence of zinc can be

attributed to the instrument.

ICP-MS analyses on the water from distillation step 3(ug/L)

Na [Zn |[Ni |Cr [Fe |[Cu [Mn | Mo |Ag |Pb

85 |20 |8 2 2 2 1 0 0 0

Table 21. Metal concentration in ug/L in water recovered after step 3.

Moreover, the PEG recovered after distillation was analyzed by steric exclusion chromatography (SEC).
SEC was used to determine the molecular weight distribution of the polymer. The spectrum is obtained
by considering the retention time of the compound as a function of polymer concentration. As can be
seen in Figure 123, the pure PEG (in red) and the PEG obtained at the end of the distillation (in blue)
gave the same characteristic PEG-400 distribution. The difference in area is due to the presence of

water, in fact, the PEG-400 used in the extraction results to be more concentrated.
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Figure 123. Steric exclusion chromatography spectrum for demonstrating PEG-degradation. Pure PEG in red and
PEG after distillation step 3 in blue

We can therefore confirm that the PEG-400 obtained at the end of the process was not degraded, and

the black color it exhibits may be due to traces of chromium and other metals (> 1 wt%) present in it.

4.2. Recycled polymer and pure water

A schematic overview of step 3 is presented in Figure 124 where after distillation, PEG-400 continues

the process, while pure water can be re-introduced into the sulfate bath for farther pickling processes.

Liquid phase A PEG-400
PEG-400, H,0 | >

Cr, Na, S0,

H30, Cr, Na, 50,

H,0

Cr, PEG-400, Na, 50,

Figure 124. Step 3 of the process.

After being dehydrated the PEG-400 was tested directly on fresh Na,SO, bath. The experiment was
carried out with the same polymer/sulfate bath partition (40 / 60 wt% respectively) and the same
working conditions proposed in step 1 of the process (T= 80 °C). The values presented in Figure 125
show that PEG-400 recycled after distillation maintains its high extraction efficiency (93 wt% of Cr(VI)
extracted in the polymer phase) and this can be compared to fresh PEG-400 extraction efficiency (96

wt%). In both cases the polymer is 99 wt% in the upper phase. Approximately 6 wt% of Fe(lll) and Ni(ll)
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pass into the polymer phase for both fresh and recycled PEG-400. The volume distribution is approxi-
mately the same, 80 vol% of upper phase is obtained when using fresh PEG-400 and 78 vol% of upper

phase is obtained when using recycled PEG-400.

This is the last step to close the process loop and in the next section will be presented the process of

extracting Cr(VI) from the sulfate bath in a global view.
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Figure 125. Species concentration (wt%) and volume repartition (vol %) in the upper polymer phase of ABS ob-
tained by using 40 wt% of PEG-400 fresh (yellow) and recycled (orange) at 80 °C.

5. Global view of the process loop

Figure 126 outlines the sequence of operations to be carried out for optimal implementation of the
process according to the 3 steps described so far in the chapter. The process can be carried-out con-
tinuously since the spent pickling liquor (SPL) fraction can be taken directly from the Na,SO, pickling
bath or from any other container into which it would have been transferred (1). The SPL fraction ar-
rives at the mixing reactor (or a static reactor) (2) where PEG-400 is added in the ratio of 40 / 60 wt%
(polymer / SPL respectively) at T=80 °C. The polymer is stored in a dedicated container (3). As soon as
the polymer and SPL come into contact, an aqueous biphasic system is obtained, and the two phases
end up in a gravity settler (4) where they are separated. At the upper part, we have the polymeric
phase, and at the lower part, the non-polymeric phase. The non-polymeric phase can be re-used as a
fresh bath in the pickling process, as it contains mostly Na,SO4, water and only traces of metals. The

polymer phase is brought into contact with the light source (5), and via a photochemical reaction the
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chromium precipitates under a solid form. The solid part is filtered (6), washed, collected in a tank (7)
and finally sent for pyrometallurgical treatment, since the precipitate has low S content. The liquid
part, on the other hand, which contains mostly PEG-400 and water, is distilled (8), resulting in a dehy-
drated PEG-400, which can be accumulated in the container (3) and reused for further extraction pro-

cesses, and water, which is reinjected into the sulfate bath.

The overall process cycle was submitted (patent number CN102531139B 20131106) in September
2019.

POIVmer J Recovered
- - polymer

2 4 8
1
i Mixi 3 t
Na,50, bath vl | Filtration Distillation
reactor | reactor irradiation
5 6
non-polymer phase ‘
water
=
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Figure 126. Schema of the patent for Cr(VI) recovery from Na,SO,4 bath.

6. Conclusions

The process presented in this chapter is being continuously implemented, especially in terms of indus-
trial design. Step 1 saw a more detailed analysis and development on both at micro and macro-indus-
trial scale and the reproducibility of small and larger volumes (10 kg) was confirmed. Step 2 showed
that, in about 5 hours of exposure to visible light, it was possible to reduce the concentration of Cr(VI)
from 8 g/L to 1 g/L in the polymeric solution. However, this step needs more investigation to study
the different light sources and to understand the photochemical reaction that takes place. Finally, in
step 3, 90 wt% of PEG-400 was recovered after distillation; the resulting water was very pure (traces
of metals in ppm) and the recovered PEG-400 was used for one further extraction process obtaining

93 wt% of chromium extracted (efficiency value for fresh PEG-400 is between 89 and 94 wt%).
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From an industrial point of view, the patent needs to see more implementation, and these are some

of the next steps for industrializing the process:

190

Scaling up the process loop in an industrial pilot to check the stability of the whole process on
long running duration and also to verify the yield and consumption of the reagents.

Meeting with external partners: engineering companies, suppliers, local authorities if required
(legal or environmental organization).

Definition of precise specifications for each equipment and each instrumentation (process
sensors).

Order, receive and set up equipment and instrumentation.

Connection of all networks to existing site utilities (electricity, water, air, waste instrumenta-
tion etc.).

Initiation of industrial tests for validation of equipment, instrumentation, and control of pro-
cess efficiency.

Written procedures and safety rules for workers / QHSE service.

Organize logistics (timing, workers, supply of inputs, transport, storage, output management
etc.)

Planning of maintenance work
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The urgency to act on the environmental sustainability challenge outlined in the latest European En-
vironment Agency report (SOER 20201) has shifted the focus of most European companies to the new

environmental regulations to be implemented by 2050.

Aperam, world leader in the production and treatment of stainless steel, has taken up the challenge
by committing itself to reduce its environmental impact with the aim of being carbon neutral by the
target date. To achieve this, the company has launched projects on topics such as air quality, waste

reduction and reuse, CO; reduction and recycling.

Itis precisely in the area of recycling that the thesis project was developed, in particular, it focused on
the regeneration of acidic baths used for the pickling process. The pickling process consists of a metal
treatment used to remove superficial impurities from the surface of a product. In particular, two dif-
ferent baths were considered during the investigation, the UGCO and Na,SO, baths. The process cur-
rently used by the company to treat used baths is based on the neutralization of acidity and precipi-
tation of metals by using various chemicals. However, although neutralization is very efficient and
interesting from an economic point of view, it causes problems with waste disposal. The alternative
that has been proposed is the aqueous biphasic systems (ABS). ABS is a liquid-liquid extraction system,
consisting of two biphasic inducers and water. In recent years, these systems have been shown to be
particularly advantageous in metal extraction processes. Furthermore, the ABS are graphically repre-
sented by a phase diagram and the corresponding binodal curves. The company's demands on the two
baths involved the cleaning of the baths of most dissolved metals, except for those essential for the

efficiency of the pickling process.

For the UGCO bath, two ABS were investigated, one consisting of the ionic liquid [P 44414] Cland UGCO
bath and the other of the polymer PEG-600 and UGCO bath. From an extraction selectivity point of
view, the two systems did not meet the company's request, since both preferentially extracted only

Fe, which is essential for the pickling process and must therefore remain in the bath.

However, what made these systems very interesting was the behavior that certain metals exhibited.
To better understand this behavior and the phase repartition mechanisms that occurred in each ABS,

single-metal systems mimicking UGCO bath conditions were investigated.

For the systems with the ionic liquid and only Ni (or Cr), the binodal curves obtained were similar to
most of those found in the literature. However, the binodal curve had an uncommon shape, referred
to in this manuscript as an "onion shape", when the system with ionic liquid, HCl and Fe was consid-
ered. The proposed extraction mechanism is that of ion exchange, between the parts that constitute

the ionic liquid (anion and cation) and the species present in solution.
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As regards the polymer system, no ABS has been demonstrated to date when PEG / HCl / H,0 are
mixed under certain conditions. Surprisingly, when Fe(lll) was added to the system, it provided ABS.
The new system consisting of PEG-600 / [Fe(lll) + HCI] / H20 has proven to be unique in the ABS field.
The proposed extraction mechanism in this case involves the extraction of the FeCls, which binds with
the oxygens in the polymer chain. Moreover, during the various tests carried out, the company's at-
tention also shifted to other metals such as Cu(ll) present in the UGCO bath, which at high concentra-
tions causes issues with the pickling process. It was shown in the manuscript that the ionic liquid was
able to extract about 50 wt% of Cu(ll) from the UGCO bath. This study, however, requires further in-
vestigation. In addition, the issue of bath dehydration, one of the company's initial requests on the

UGCO bath, was not considered, as the focus was mainly on the repartition of metals in ABS systems.

For the Na,SO, bath, the ABS mainly investigated was that consisting of PEG-400/ Na,SO4 bath. The
ABS was integrated into the general process of extracting Cr(VI) from the sulfate bath, and this consists

of 3 main steps.

As far as step 1 is concerned, that consists of the ABS used to extract Cr from the Na,SO4bath, this was
reproduced on a micro-pilot scale of 10 kg, through the use of a mixer-settler, or static mixer followed
by a settler. The use of the static mixer brought better results than the mixer, considering the effi-
ciency of extraction, the space it takes up in the installation, the ease of use and maintenance and the
price of the equipment. Step 1 was also performed with synthetic single metal solutions. The systems
investigated showed that, by varying the type of metal, its concentration or the working temperature,
the obtained binodal curves were identical, unlike the systems in HCl medium for the UGCO bath
where the systems were very sensitive to such variations. The stability of ABS in the sulfate medium
makes these systems very advantageous from an industrial point of view. The extraction selectivity
of PEG-400 towards Cr is linked to the form in which the metal is in solution. In fact, after a careful
literature search, it has been shown that oxoanionic structures, such as the dichromate present in the
Na,SO4 bath, are the ones preferably extracted by (?)the polymer, and the latter will act as a crown

ether.

In step 2 the separation of the chromium from the polymer phase accelerated by the presence of a
light source occurred. However, in the manuscript, it was proven that the separation takes place also
in dark conditions. Various types of light sources have been tested, but it is not yet certain whether

the presence of UV light part in the source can promote or not the photochemical process.

Step 3 of the process involved the regeneration of the polymer and its re-use in the extraction process.
The regeneration of the polymer consists of its dehydration through a distillation column in order to

remove the polymer of the water absorbed during the process. The presence of water would in fact
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dilute the sulfate bath and could prevent the formation of further ABS when the polymer is used for
subsequent extraction cycles. The regenerated polymer was used only once to determine its extrac-
tion efficiency and was found to have the same efficiency as the fresh polymer. Further cycles of re-

generation need to be investigated to determine how many times the PEG can be used.

The process of extracting Cr(VI) from the sulfate bath was successfully submitted in September 2019.
To this day, it is being implemented continuously, especially in terms of industrial design. In fact, there
is a need to scale up the process loop in an industrial pilot to check the stability of the whole process

on long running duration and to verify the yield and consumption of the reagents.

In this work, ABS have been shown to be effective in meeting new requirements in terms of recycling
and ecological processes. Moreover, the possibility of using specific biphasic inducers to replace the
organic solvents required in the extraction process makes these systems even more environmentally
friendly. It was also shown that it is possible to treat concentrated metal solutions under acidic condi-
tions (AcABS), which makes these systems promising for various industrial applications, such as treat-
ment of industrial wastes. Although the use of ABS for industrial applications still requires extensive
investigation, especially with regard to the choice of biphasic inducers and their extraction mechanism
for certain metal species, it is safe to say that the results obtained in the research carried out during
the three years of my PHD allow me to recognize ABS as a good substitute for conventional extraction

processes using organic solvents for the species investigated.
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Annex

1. HCl media and UGCO bath

1.1. Free chloride in the UGCO bath
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Figure 127. CI- free determination through lon Chromatography for the UGCO bath investigation. The value is given in mg/L

1.2. PPG investigation on the UGCO bath — Victor Matia Fernandes Master’s project

The student Victro Maia Fernandes conducted a study on the extraction efficiency of PPG-425 in the
UGCO bath. Three samples were prepared by mixing 20/80, 30/70 and 40/60 wt% of polymer/ bath
respectively. After obtaining the corresponding ABS, the upper and lower phase of the systems were
analyzed. Figure 2 shows the composition of the upper polymer phases of the various systems. Only
Fe(lll) passes into the polymer phase between 30 and 40 wt% while Cr(Ill) and Ni(ll) both remain in
the bath. The volume of the upper phase increases as the amount of polymer used for extraction

increases.
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Figure 128. Metal reparations and volume repartition for different systems composed of PPG-425 / UGCO bath.

1.3. DES investigation on the UGCO bath — Patricia Folio Master’s project

The priorities of the UGCO bath have changed over the years, afterwards it became interesting for the

company to extract Cu(ll) in order to reuse it for the production of other stainless steel. The investiga-

tion conducted by the Master student Patricia Folio was aimed at obtaining ABS using deep eutectic

solvents (DES). DES are mixtures of two components mainly a quaternary ammonium halide salt and

a hydrogen bond donor such as amines, alcohols or acids which form a low eutectic melt. Three dif-

ferent groups of DES were used as biphasic inducers: green DES, phosphorus-based DES, and ammo-

nium chloride-based DES.

“Green” DESs

The different combinations of molecules presented in Table 22 resulted in the green DESs.

CHs i
e Hac—cl:H—c
3
OH OH

CHs OH Lactic acid

DL-Menthol
O o]
/\/\/\/\)I\ J/\/\/\/\)‘\OH
OH P

Decanoic acid Oleic acid
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/\/\/\/\/\)I\OH

Lauric acid

Table 22. List of “green” DES used for liquid-liquid extraction.

As shown in Figure 129, Most of the green DESs considered in the investigation extract mainly Fe,
except for Lactic acid: DL-Menthol (1:2), which can extract also a part of all the other metallic ions.
The Lactic acid is a shorter carbon chain than other organic acids and contains two hydroxyl groups. It
has been shown that increasing the number of OH groups in the molecule the “extraction activity” of
these molecules increases. Almost 40% of Fe is extracted using Lactic acid (2 OH groups) and less than
25% of Fe is extracted using molecules with just 1 OH group. By increasing the length of the acid chain,
the extraction of Fe decreases (same molar ratio 2:1). Moreover, by increasing the molar ratio of DL-
Menthol, Fe extraction increases. In Lactic acid: DL-Menthol (1:2), Ni and Cr are characterized by the
same extraction efficiency (5-7%), Cu is extracted at 20% and Fe at 40%. In general, Fe is always ex-

tracted.
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Figure 129. Metallic ions extraction with “green” DES from Table 9.
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The second group of DESs investigated are Cyanex 923° (Figure 130) and Tri-hexyl tetradecyl phospho-

nium chloride + Decanoic acid (Figure 131).

R

0

0

,'|fW WPW W‘YW S

P
1]

Figure 130. Cyanex 923®, mixture of trihexyl phosphine oxide (a), trioctyl phosphine oxide (b), di-
octylhexyl phosphine oxide (c) and dihexyloctyl phosphine oxide (HBA).

l + -
Hsc(H:eC)s‘T_(CHz)mCH:; Cl
(CHg)sCH3

(CHp)5CH3

WOH

0

Figure 131. Trihexyl tetradecyl phosphonium chloride+ Decanoic acid.

As shown in Figure 132, by increasing the molar ratio of [P 666 14] Cl, Fe extraction increases (from 62

=% to 75%). By using Cyanex, almost the same extraction value in Fe and Cu is obtained compared

with other DES. Moreover, by using the IL instead to DL-Menthol, the IL prefers the extraction of Fe

(the DL-Menthol extracts around 20-25% of Fe and 0% of Cu while the [P ¢6614] Cl extracts around 60%

of Fe and almost 100% of Cu).

100
a0
80
70
60
50
40

30

% melallic ions exlraction

20

10

BDecaonoic acid: P&&a614CI1 (2:1)
BDecanoic acid: P&6&614CI (1:1)
BDeconoic acid: P&6&614C1 (1:2)
BCyanex 923

[ ]

Fe Ni Cr

Cu

Figure 132. Metallic ions extraction for phosphorus-based DES.
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Ammonium chloride-based DES

From Figure 7 to Figure 9 is shown the extraction efficiency of different ammonium chloride based

DESs.

DES composed of Tetra-heptyl ammonium chloride + oleic acid (2:1) has a low extraction efficiency for
the metals considered (green - Figure 133). Testing DES composed of Tetra-heptyl ammonium chloride
+ decanoic acid (or lauric acid) gives the same extraction efficiency, so it can be said that increasing
the carbon chain length of the acid part from 10 to 12 there is no significant change, and it is difficult

to see a trend (blue and red - Figure 133).

00 B Lauric acid: tetraheptyl
%0 ‘ammonium cloride {2:1)
Lavric acid 80
Decanoic acid: tetraheptyl
70 ' ammonium choride {2:1]
cw, 60 —
1 10C o 1, Oleic acid: tetraheptyl
50 ammonium chloride {2:1

OH
40

% de Métal extrait

Decanoic acid
P 30

Tetraheptyl ammonium chloride
Fe Ni o Cu

Figure 133. Extraction efficiency for ammonium chloride-based DES composed of Tetra-heptyl ammonium chloride with:
(blue) Lauric acid (2:1), (red) Decanoic acid (2:1), (green) Oleic acid (2:1).

H Decanoic acid: tetraheptyl ammonium
chloride {2:1)

B Decanoic acid: tetrahexyl ammonium
chloride {2:1)

100

20

80
70
10C Tetraheptyl ammonium chloride, =Ef 60
o + E
/\/\/\/\J\OH E 501
2
2 40+
Decanoic gcid 30 -

20 4

10 -

R

Tetrahexyl ammonium chloride

Figure 134. Extraction efficiency for ammonium chloride-based DES composed of Decanoic acid with: (blue) Tetra-hep-
tyl ammonium chloride (2:1) and (red) Tetra-hexyl ammonium chloride (2:1).
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The efficiency of DES composed of Tetra-heptyl ammonium chloride + decanoic acid (2:1) (blues - Fig-
ure 134) was compared to that of DES composed of Tetra-hexyl ammonium chloride + decanoic acid
(2:1) (red - Figure 134). The extraction efficiency of Cu was found to be the same, while decreasing the
length of the alkyl chains in the quaternary ammonium chloride salt (from heptyl to hexyl) the extrac-

tion efficiency of iron doubled.

[l Decanoic aicd: tetraheptyl ammonium chloride {2:1)
M pecanoic acid: dimethyldioctadecyl ammonium chloride (2:1)
100

10C Tetraheptyl ammonium chloride a0
[o]

MA/\)L + =
OH

Decanoic acid

% de Métal extrait
g

Dimethyldioctadecyl ammaonium chlordie

Figure 135. Extraction efficiency for ammonium chloride-based DES composed of Decanoic acid with: (blue) Tetra-heptyl
ammonium chloride (2:1) and (red) Dimethyl dioctadecyl ammonium chloride (2:1).

DES composed of Tetra-heptyl ammonium chloride + decanoic acid (2:1) was then compared to DES
composed of Dimethyl dioctadecyl ammonium chloride + decanoic acid (2:1) (Figure 135). It was found
that by switching from a linear to a longer, curled structure of the alkyl chains in the quaternary salt,

the extraction efficiency of Fe increased and that of Cu decreased.

To conclude, the results obtained during the investigation have shown that:

- Green DES (in particular, Lactic acid: DL-Menthol (1:2)) extracts almost 40% Fe(lll) and 20% Cu(ll).

- DES based on phosphorus (in particular, Decanoic acid: [P ss614] Cl (2:1)) extracts almost 60% Fe(lll)
and 100% Cu(ll).

- DES based on ammonium chloride (in particular, Decanoic acid (or Lauric acid) + Tetra heptyl ammo-

nium chloride (2:1)) extracts almost 20% Fe(lll) and 100% Cu(ll).

This last result seems to be very interesting to meet the company's needs to extract Cu from the UGCO

bath. For this, further investigation is necessary.
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1.4. Binodal curves for systems composed of IL (or polymer) / synthetic solution single-metal

that mimic the UGCO bath composition / water.

Table S1: [P44414] Cl / HCI / H,0 at 25 °C (turbidity method)

Hcl [P24414]CI
(wt%) (wt%)
13.7 45.2
13.9 42.9
14.5 394
14.7 37.6
14.8 36.4
15.1 35.0

Table S2: [Paaa14] CI / HCI / CrCls / H,0 [Cr(lll)] = 2.60 g/L at 25 °C (turbidity method)

Table S2: [Paaa14] Cl / HCI / CrCl3 / H,0 [Cr(lIl)] = 2.60 g/L at 25 °C (turbidity method)

Hcl [P14414]CI
(wt%) (wt%)
0.0 74.8
13.1 40.6
13.4 38.4
13.7 36.4
13.9 34.9
Hcl [P14414]CI
(wt%) (wt%)
0.0 74.8
13.1 40.6
13.4 38.4
13.7 36.4
13.9 34.9

Table S3: [Paga14] Cl / HCl / CrCl3 / H,0 [Cr(lIl)] = 5.11 g/L at 25 °C (turbidity method)

HCI [P44414]CI
(wt%) (wt%)
0.0 72.2
12.7 40.4
13.0 37.8
13.4 35.9
13.6 33.8

Table S4: [Paaa14] Cl / HCI / CrCl3 / H,0 [Cr(lIl)] = 10.0 g/L at 25 °C (turbidity method)

HCI [P44414]CI
(wt%) (wt%)

0.0 72.1
11.7 41.8
12.1 39.4
12.4 37.0

15.2
15.3
15.5
15.5
15.7
15.7
15.9
16.0

14.1
14.3
14.5
14.7
14.9
15.0
15.2

14.1
14.3
14.5
14.7
14.9
15.0
15.2

13.9
14.1
14.3
14.5
14.6
14.8
15.0

12.7
13.0
13.2
13.4
13.5
13.6

34.0
33.1
32.3
31.7
31.0
30.3
29.5
29.1

33.3
31.9
30.6
29.4
28.4
27.4
26.4

33.3
31.9
30.6
29.4
28.4
27.4
26.4

32.2
30.7
29.5
28.5
27.3
26.1
25.1

34.8
33.0
31.4
30.0
28.5
27.4

16.0
16.2
16.1
16.3
16.3
16.3
16.4
16.5

15.3
154
15.6
15.7
15.8
15.9
16.0

15.3
15.4
15.6
15.7
15.8
15.9
16.0

15.2
15.3
15.4
15.6
15.7
15.8
15.9

13.8
14.0
14.1
14.2
14.3
14.4

28.6
28.1
27.8
27.3
26.9
26.5
26.2
25.9

25.5
24.6
23.9
23.1
22.4
21.8
21.2

25.5
24.6
23.9
23.1
22.4
21.8
21.2

24.3
23.3
22.6
21.8
21.2
20.5
19.9

26.5
25.5
24.7
23.9
23.2
22.5

16.6
16.7
16.7
16.8
16.9
16.8
16.9

16.1
16.2
16.3
16.4
16.5

16.1
16.2
16.3
16.4
16.5

16.0
16.1
16.2
16.2

14.5
14.6
14.7
14.8
14.9

25.4
24.9
24.5
24.3
23.9
23.6
23.3

20.7
20.2
19.7
19.2
18.8

20.7
20.2
19.7
19.2
18.8

19.4
18.9
18.4
18.0

21.9
21.3
20.5
19.7
19.1
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Table S5: [Paas14] Cl / HCI / CrCl3 / H,0 [Cr(Ill)] = 15.33 g/L at 25 °C (turbidity method)

Hcl [Pasa14]CI 11.9 34.0 13.3 24.7 14.2 19.7
(wt%) (wt%) 12.1 32.4 13.4 23.9 14.3 19.2

0.0 71.7 12.4 30.7 13.6 23.1 14.4 18.6
10.5 43.8 12.6 29.2 13.7 22.2 14.4 18.1
10.9 40.9 12.8 27.8 13.9 21.5 14.5 17.6
11.3 38.6 12.9 26.8 14.0 20.9 14.6 17.2
11.6 36.2 13.1 25.7 14.1 20.3

Table S6: [Paaa1a] CI / HCI / NiClo/ H20 [Ni(l1)] = 2.51 g/L at 25 °C (turbidity method)

HCI [Pa14414]CI 14.5 32.1 15.6 25.0 16.5 20.1
(wt%) (wt%) 14.7 31.0 15.8 24.1 16.6 19.6
134 40.8 14.9 29.7 16.0 23.4 16.7 18.9
13.6 38.8 15.1 28.6 16.1 22.6 16.8 18.2
13.9 36.8 15.2 27.6 16.2 22.0

14.1 35.0 154 26.7 16.3 21.4

14.3 33.4 15.5 25.9 16.4 20.7
Table S7: [Paas414] Cl / HCI / NiCl,/ H,O [Ni(Il)] = 5.01 g/L at 25 °C (turbidity method)

HCI [P14414]CI 13.8 35.3 14.8 28.7 15.6 24.1
(wt%) (wt%) 14.0 33.6 15.0 27.6 15.7 23.4
12.9 41.8 14.3 32.2 15.2 26.6 15.8 22.7
13.2 39.8 14.5 30.9 15.3 25.8 15.8 22.0
13.5 37.0 14.6 29.7 154 24.9 16.1 21.2

Table S8: [Paaa14] Cl / HCI / NiCl,/ H,0 [Ni(Il)] = 10.00 g/L at 25 °C (turbidity method)

Hcl [Paaa14]CI 13.2 34.2 14.5 25.9 15.5 20.3
(wt%) (wt%) 13.4 32.5 14.7 24.8 15.6 19.7
11.9 43.5 13.7 30.9 14.8 23.9 15.6 19.6
12.3 40.4 13.9 29.3 15.0 22.8

12.6 38.0 14.1 28.1 15.2 21.9

12.8 35.9 14.3 27.0 15.3 21.1

Table S9: [Paaa14] Cl / HCl / NiCly/ H,0 [Ni(Il)] = 15.05 g/L at 25 °C (turbidity method)

Hcl [Pa4s14]CI 12.4 36.2 13.8 27.0 14.8 21.4
(wt%) (wt%) 12.7 34.4 14.0 25.9 14.9 20.7
11.0 46.1 13.0 32.6 14.2 24.9 15.0 20.0
11.4 42.9 13.2 31.1 14.3 23.9 15.1 19.3
11.7 40.5 13.3 29.9 14.5 23.0 15.2 18.6
12.1 38.3 13.6 28.4 14.6 22.2

Table S10: [Pasq14] Cl / HCI / FeCl,/ H20 [Fe(ll)] = 1.05 g/L at 25 °C (turbidity method)

Hcl [Paaa14]CI 13.5 42.7 14.4 37.0 15.0 33.9
(wt%) (wt%) 13.7 40.1 14.5 35.8 15.1 33.4
13.1 44.7 14.3 38.5 14.8 34.7 15.1 33.2
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15.2
15.2
15.4
15.5
15.7
15.7
15.8
16.0
16.0
16.1
16.0
l16.1
16.2
16.3
16.3
16.4
16.4
16.5
16.5
16.7
16.7
16.7
16.8
16.8
16.8
16.9
16.9

Table S11: [Pasq14] Cl / HCI / FeCl,/ H20 [Fe(ll)] = 10.0 g/L at 25 °C (turbidity method)

32.3
31.7
31.1
30.4
29.6
29.1
28.5
28.1
27.8
27.5
27.1
26.7
26.3
26.0
25.7
254
25.0
24.7
24.3
24.0
23.8
23.4
23.1
22.9
22.6
22.5
22.2

HCI [P44414]CI
(wt%) (wt%)
12.5 39.8
12.6 38.1
13.0 36.3
13.2 35.0
13.3 33.9
13.5 32.5

Table S12: [P4sq14] Cl / HCI / FeCl,/ H20 [Fe(ll)] = 15.0 g/L at 25 °C (turbidity method)

HCl | [Pa4414]CI
(wt%) (wt%)
11.7 42.5
11.9 41.0
12.0 39.6
12.1 38.7
12.2 37.9
12.3 36.7

16.9
16.9
17.0
17.0
17.1
17.1
17.2
17.2
17.2
17.4
17.4
17.4
17.5
17.6
17.7
17.7
17.8
17.8
17.9
17.9
18.0
18.0
18.1
18.1
18.2
18.2
18.2

13.7
13.8
14.0
14.0
14.1
14.2
14.2
14.3

12.5
12.5
12.6
12.6
12.8
12.9
12.9
13.0

22.0
21.8
21.5
21.3
21.1
20.8
20.4
20.2
19.9
19.6
19.3
18.9
18.4
18.0
17.6
17.3
17.1
16.8
16.6
16.4
16.0
15.8
15.4
15.1
14.8
14.6
14.4

31.7
30.7
29.9
29.2
28.4
27.8
27.0
26.6

35.7
34.9
34.1
33.5
32.7
32.0
31.4
30.8

18.3
18.3
18.4
18.4
18.5
18.5
18.5
18.6
18.6
18.6
18.6
18.8
18.6
18.7
18.7
18.7
18.7
18.7
18.8
18.8
18.8
18.8
18.8
18.9
18.9
18.9
18.9

14.4
14.5
14.5
14.6
14.3
14.4
14.2
14.2

13.1
13.2
13.3
13.3
13.4
13.5
13.6
13.6

14.2
13.9
13.7
13.5
13.4
13.2
13.0
12.8
12.6
12.4
12.2
12.0
11.7
11.6
11.4
11.3
11.1
11.0
10.9
10.8
10.6
10.5
10.3
10.2
10.1
10.0
9.9

25.8
25.2
24.6
24.1
10.2
9.8
9.7
9.4

30.2
29.4
28.7
28.2
27.9
27.5
27.0
26.6

19.0
19.0
19.0
19.0
19.0
19.0
19.0
18.9
19.0
19.0
19.0
19.0
19.0
19.0
19.0
19.0
19.0
19.0
19.0
19.1
19.1
19.1
19.1
19.1

14.1
14.1
13.7
13.7
13.6

13.6
13.6
13.8
13.8
13.8

9.8
9.7
9.6
9.6
9.5
9.4
9.4
9.3
9.2
9.1
9.0
9.0
8.9
8.8
8.7
8.7
8.6
8.5
8.5
8.4
8.3
8.2
8.2
8.1

9.1
8.9
8.5
8.2
8.0

26.2
25.9
25.6
25.1
24.8
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Table S13: [P4a414] Cl / HCl / FeCl,/ H,0 [Fe(ll)] = 20.0 g/L at transition temperature: 25 to 50 °C (bat-
tle ship method)

HCl | [Pasais] 10.4 20.0 8.7 30.0 3.5 20.0
(wt%) (o] 10.7 5.0 10.4 30.0 8.7 50.0
(wt%) 7.9 20.4 12.2 30.0 5.2 5.0
27.0 23.0 7.0 5.0 11.1 30.0 17.4 50.0
13.9 10.0 7.4 17.9 3.5 10.0 13.9 50.0
6.9 10.0 5.4 18.5 7.1 44.9 4.2 10.0
13.9 30.0 17.5 39.6 3.5 30.2 1.9 14.9
13.9 20.0 21.0 39.9 5.2 24.8 3.5 39.9
17.5 50.0 7.1 49.8 5.1 35.1 1.8 24.9
4.9 12.0 7.0 30.0 7.1 39.3 1.8 10.0
7.0 20.0 4.5 12.5 10.6 49.5

Always biphasic points: green
Transition points: yellow
Always monophasic points: blue

Table S14: [Paaa14] Cl / HCl / FeCls/ H20 [Fe(lll)] = 2.5 g/L at 25 °C (turbidity method)

Hcl [Pasa14]CI 13.9 28.6 15.0 21.0 15.0 16.0
(wt%) (wt%) 14.2 27.4 15.0 20.3 14.9 15.2
10.9 47.3 14.3 26.1 15.1 19.7 14.8 14.5
12.0 41.0 14.5 25.3 15.1 19.0 14.7 13.8
12.6 37.9 14.5 24.4 15.1 18.4 14.4 12.7
13.0 35.0 14.7 23.5 15.1 18.0

13.4 32.6 14.9 22.6 15.0 17.3

13.5 30.4 15.0 21.8 15.1 16.6

Table S15: [Paaq14] Cl / HCI / FeCls/ H20 [Fe(ll)] = 5.17 g/L at 25 °C (turbidity method)

HCl | [Pa4414]C 12.8 41.7 13.7 30.1 13.5 23.0
(wt% | (wt%) 13.1 38.8 13.8 29.3 13.1 21.4
) 13.4 37.6 13.7 28.3 13.1 20.8
12.1 51.3 13.2 36.1 13.7 27.6 12.9 19.3
12.4 49.2 13.4 34.7 13.8 27.0 12.1 51.3
12.5 47.2 13.5 33.6 13.7 25.6 12.4 49.2
12.6 45.7 13.7 32.1 13.5 24.5
12.7 43.9 13.8 31.4 13.6 23.9

Table $16: [Pasq14] Cl / HCI / FeCls/ H20 [Fe(ll1)] = 10.2 g/L at 25 °C (turbidity method)

HCl | [Pa4414]C 12.7 | 40.7 12.7 | 32.8 12.1 27.0
(wt% | (wt%) 126 @ 387 126 | 31.3 11.7 | 25.7
) 12.8 37.2 12.5 30.2 11.5 24.4
12.5 45.2 12.7 | 35.5 12.4 29.2 11.2 23.3
12.6 | 42.7 12.8 | 33.8 12.2 28.2 10.6 | 21.5
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12.5

8.1
7.1
5.4
4.9
4.5
4.0

9.9 19.7 7.8 14.9 55 9.3
9.5 18.4 7.3 13.5 4.9 7.9
8.7 16.7 6.1 10.7 4.6 7.1
Table S17: [P4aa14] Cl / HCI / FeCls/ H,0 [Fe(lll)] = 15.1 g/L at 25 °C (turbidity method)
Hcl [Pa4s14]CI 9.2 24.5 3.8 8.0
(wt%) (wt%) 8.1 21.2 10.5 46.6
10.5 46.6 7.1 18.2 11.7 40.0
11.7 40.0 5.4 13.6 11.5 36.6
11.5 36.6 4.9 11.9 10.7 31.9
10.7 31.9 4.5 10.5 10.2 28.0
10.2 28.0 4.0 8.9 9.2 24.5

Table S18: PEG-600 / HCI / FeCls3/ H,O [Fe(lll)] = 10 g/L at 25 °C (turbidity method)

Hcl PEG-600
(wt%) (wt%)
17.9 27.5
18.8 24.5
19.5 234

Table S19: PEG-600 / HCI / FeCls/ H,O [Fe(lll)] = 10 g/L at 50 °C (turbidity method)

HCl | PEG-600
(wt%) (wt%)

18.3 20.4

18.8 18.4

Table S20: PEG-600 / HCI / FeCls/ H,0 [Fe(lll)] =40 g/L at 25 °C (turbidity method)

HCl | PEG-600
(wt% | (wt%)
)

11.8 29.8
134 26.7
13.6 25,5
13.9 24.4
14.1 23.3
14.3 22.3
14.5 21.4
14.6 20.3
14.9 19.3
15.0 18.5
154 17.7
154 17.2
15.5 16.5
15.5 15.6
15.8 15.2

19.7
19.8
20.0
20.4
20.7

19.1
19.3
19.6
19.8

15.9
16.1
16.2
16.4
16.6
16.7
17.2
17.2
17.4
17.5
17.5
17.3
17.5
17.5
17.5
17.6
17.6
17.7

21.9
20.9
20.0
19.1
18.1

16.9
15.7
14.6
13.6

14.5
13.8
13.2
12.5
11.9
11.6
10.9
10.5
10.0
9.6
9.4
8.9
8.6
8.4
8.3
8.2
8.1
8.0

20.8
21.0
21.4
21.5
21.5

19.9
20.1
20.3
20.5

17.7
17.8
17.8
17.8
17.9
17.9
17.8
17.9
17.9
17.9
18.0
18.0
18.0
18.1
18.1
18.1
18.1
18.2

17.4
16.5
15.9
15.5
15.1

12.7

11.8

10.8
9.9

8.0
7.9
7.8
7.7
7.6
7.5
7.3
7.2
7.1
7.0
7.0
6.9
6.8
6.7
6.6
6.5
6.4
6.3

21.6
21.9
22.0
22.1
22.6

21.0
21.0
21.4
21.8

18.2
18.2
18.3
18.3
18.3
18.5
18.5
18.5
18.6
18.7
18.7
11.8
13.4
13.6
13.9
14.1
14.3
14.5

45.2

21.2
18.2
13.6
11.9
10.5
8.9

14.4
13.7
13.1
12.4
11.7

9.2
8.7
8.1
7.4

6.2
6.0
5.9
5.7
5.6
5.5
5.3
5.2
5.1
5.0
4.8
29.8
26.7
25.5
24.4
23.3
22.3
21.4
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14.6 20.3 17.2 10.9 17.8 7.8 18.1 6.4
14.9 19.3 17.2 10.5 17.8 7.7 18.2 6.3
15.0 18.5 17.4 10.0 17.9 7.6 18.2 6.2
154 17.7 17.5 9.6 17.9 7.5 18.2 6.0
154 17.2 17.5 9.4 17.8 7.3 18.3 5.9
15.5 16.5 17.3 8.9 17.9 7.2 18.3 5.7
15.5 15.6 17.5 8.6 17.9 7.1 18.3 5.6
15.8 15.2 17.5 8.4 17.9 7.0 18.5 55
15.9 14.5 17.5 8.3 18.0 7.0 18.5 5.3
16.1 13.8 17.6 8.2 18.0 6.9 18.5 5.2
16.2 13.2 17.6 8.1 18.0 6.8 18.6 5.1
16.4 12.5 17.7 8.0 18.1 6.7 18.7 5.0
16.6 11.9 17.7 8.0 18.1 6.6 18.7 4.8
16.7 11.6 17.8 7.9 18.1 6.5

Table S21: PEG-600 / HCI / FeCls/ H,0 [Fe(lll)] = 40 g/L at 50 °C (turbidity method)

HCl | PEG-600 13.6 18.2 14.3 14.1 15.1 10.4
(wt%  (wt%) 13.7 17.6 14.4 13.6 15.2 9.8

) 13.8 17.0 14.5 13.1 15.3 9.3
12.9 22.2 13.9 16.4 14.6 12.6 12.9 22.2
13.1 20.7 14.0 15.9 14.6 12.0 13.1 20.7
13.3 19.7 14.1 15.2 14.8 11.4 13.3 19.7
13.4 18.9 14.2 14.6 15.0 10.9 13.4 18.9

Table S22: PEG-600 / HCI / FeCls/ H20 [Fe(lll)] = 40 g/L at 50 °C (battle ship method)

HCl | PEG- | 15.7  20.0
(wt%) @ 600 | 188 101
(wt% | 17.3 448 21.7 106

| 188  40.0 185  30.7

| 203 350 220 298

| 14.1 350 248 207

| 140 | 401 282  10.0

| 15.7  29.7 152 30.3

| 140  29.7 186  31.0

| 17.6 292 140 300

| 17.4 221 170 205

17.5 126 172 10.1

Monophasic points: blue
Biphasic points: green
Table S23: [Ps4414) Cl / HNOs / H,0 at 25 °C (turbidity method)

HNO; | [Pass 4,0 53,7 0,7 7,6 0,2 2,0
(wt%) | JCl 3,8 51,9 0,4 3,7 0,2 1,9
(wt% 2,0 23,3 0,4 3,5 0,2 1,7

) 1,1 12,3 0,3 2,8 0,2 1,4
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Table S24: [P4aa14] Cl / H2SO4 / H20 at 25 °C (turbidity method)

H:S04 | [Pasaza] 4.6 19.3 9.0 14.9
(wt%) cl 5.6 18.8 9.7 13.8
(wt%) 6.3 17.7 9.8 12.7
0.0 97.1 6.6 17.0 10.5 12.0
1.4 22.7 7.5 16.6 10.7 11.1
3.5 21.9 7.9 16.0 11.1 10.6
3.9 19.7 8.2 15.4 11.6 10.0
50 -
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Figure 137. Binodal curves of the system PEG-600/[Fe(lll)+HCI 37wt%]/H,0 [Fe(lll)] = 40 g/L at 25 °C obtained using two

different HCl providers, Fluka () and Sigma Aldrich (o).
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Figure 136. Polymer investigation by ESI-MS. A: polymer phase analyzed after mixing 80wt% of stock solution
Fe(lll) 35 g/L in 12M HCl and 20 wt% of PEG-600, B: fresh polymer PEG-600; Simulation with the software of the
ESI-MS machine to show the form of peaks of PEG-Fe (C), PEG-Cr (D), PEG-Ni (E), PEG-CI (F).
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The Gaussian distribution of the PEG-600 obtained is the one expected (with a maximum peak
around 600 Mw, the value showed in figure 22b is equal to 625 m/z because in this case the PEG is
charged by 1 CI, due to the source.
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Figure 138. Gaussian’s curve of PEG-600 indicates the distribution of the polymer in solu-
tion
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Figure 139. ESI-MS results of the acidic solution Fe(lll) + HCl (37 wt% = 12M). Peaks at 197.64 m/z are the characteristic
peaks of [Fe(lll)Cl4]- (molecular weight of the species).
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2. NazSO4 media and sulfate bath

2.1. Binodal curves for the systems composed of IL (or polymer) / synthetic solution sin-
gle-metal (or Na;SO4 bath) / water.

Table S26 - PEG-400 / Na,SO,4 Bath (turbidity method) at 25°C (1% part)

PEG- | Na;SO. 1579 | 80.82 16.92 | 75.06 17.73 | 70.13
400 Bath 15.87 = 80.51 16.91 | 74.66 17.78 | 69.80
(wtde) | (wt%) 15.94 | 80.02 16.86 = 74.02 17.84 | 69.56
143 | 8.08 16.10 | 79.44 16.94 | 73.76 17.97 | 69.25
1510 | 84.39 16.12 = 78.98 17.00 = 73.51 18.04 | 68.61
15.18 | 84.06 627 | 7843 17.05  73.26 1815 | 68.15
1524 | 83.73 16.40 | 77.90 17.12  73.04 18.25 = 67.67
1530 = 83.19 16.44 = 77.43 17.25 = 72.51 18.30 @ 67.44
15.35 82.91 16.60 76.93 17.28 72.11 18.48 66.99
1543 | 8255 16.64  76.46 1739 | 7157 18.60 = 66.58
1553 | 82.25 1669 | 7619 1750 72.11 1863 | 66.36
15.57 ' 8175 16.83 | 75.61 17.56 = 70.84 18.65 = 66.10
1571 | 81.43 16.87  75.32 17.61 = 70.60 18.62 = 65.98
1573 | 81.20

Table S27 - PEG-400 / Na,SO4 Bath (turbidity method) at 25°C (2™ part)

PEG- | Na;SO, 21.22 | 62.45 21.92 | 59.79 22.63 | 56.95

400 | Bath 2130 62.01 21.99  59.38 22.75 | 56.73
(wt%) | (wt%) 21.40 = 61.75 22.10 = 59.01 22.81 5631
18.03 | 65.96 21.49 | 61.33 2219 | 58.63 22.87 | 55.93
20.75 | 63.77 2157 | 60.91 2228 5832 22.99 | 55.66
21.15 | 63.20 21.74  60.63 22.68  58.20 23.19  55.08
21.09 | 62.85 21.84  60.21 22.55 5731

Table S28 - PEG-400 / Na,SO4 Bath (turbidity method) at 25°C (3™ part)

PEG- | Na,SO 24.13 | 51.53 2536 | 47.72 26.77 | 42.14

400 | ,Bath 2422 | 51.20 25.70 | 47.19 2690 @ 41.61
(wte) | (wt%) 24.28 | 50.90 25.66 @ 46.52 26.98 | 41.21
2286 | 55.16 24.49 | 50.46 25.83 | 46.11 2731 | 40.50
23.52 | 54.69 2456 = 50.12 25.86 = 45.82 27.57 | 39.70
23.42 | 53.89 24.63 | 49.83 25.61 | 45.14 27.81 | 39.08
23.68 53.44 24.71 49.53 2584 | 44.54 28.08 38.49
23.75 | 53.11 2476 | 49.32 25.96 | 44.09 2841 | 37.79
23.84 | 52.80 24.96 = 48.94 26.07 = 43.60 28.65 | 37.07
2391 | 5245 25.01 | 48.62 26.48 | 43.11 28.84 | 36.52
24.12 | 51.32 25.23 | 48.26 26.60 | 42.45 29.04 | 36.18

212



29.44 | 35.37 30.85 | 32.56 32.12 | 30.19 33.36 | 27.89
29.89 | 34.55 31.36 | 31.30 32.57 | 29.39
30.43 | 33.62 31.64 | 30.84 33.05 | 28.63

Table S29 - PEG-400 / Na,SO4 Bath (turbidity method) at 25°C (4™ part)

PEG- | Na,SO, 33.80 | 26.04 37.10 | 21.76 4221 | 1636
400 Bath 34.21  25.30 38.45  20.26 42.89 15.76

(wt%) | (wt%) 3472 | 24.80 40.90 = 18.49 4428 = 14.55

32.97 | 27.56 35.09  24.16 40.64  17.73 4469 1432

32.97 | 27.56 36.24  22.99 41.43 | 17.07

34.00 2714

Table S30 - PEG-400 / Na,SO4 Bath (battleship method) at 25°C
MONOPHASIC POINTS

PEG- | Na;SO, 59.8 5 15.1 84.9 20.1 54.8
400 Bath 69.8 2.2 10.6 59.7 10.1 50.1
(Wt%) | (wt%) 79.8 2 20 59.8 20 50
50 10
90 2 10.3 54.8 49.8 10.2
BIPHASIC POINTS
PEG-  Na,SO, 59.7 20 34.9 65.1 30.1 54.8
400 Bath 60 30 39.9 60.1 54.9 10
(wt%) | (wt%) 64.5 15.2 45.1 54.9 54.9 20.1
49, 15.2
9.6 > 64.8  25.1 50 50 554 | 29.7
1‘:’3 ;;'1 20 80 55 45 549 40
. 7
o . 25.2 74.8 30 59.8 49.8 20.4
4
30.3 69.7 39.7 60.3 49.9 40

69.7 10.3

Table S30 - PEG-400 / Na,S0O, salt / H,0 (turbidity method) at 25°C

PEG- | Na;SO. 247 | 7.8 335 | 44 414 | 27
400 | salt 258 7.3 343 41 435 | 24

(wt%) | (wt%) 270 638 357 3.8 445 | 22
00 | 133 292 | 62 36.6 3.6 453 2.1
205 | 106 294 | 57 373 | 3.4 464 19
205 | 97 301 54 381 32 475 18
23 | 91 31.8 5.0 39.0 3.1 49.6 = 16
235 | 84 324 47 403 | 28

Table S31 - PEG-400 / [Fe(Il1)+Na;S04] / H,0 (turbidity method) at 25°C
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PEG- | only 26.4 7.2 35.4 4.1 51.0 17
400 | Na,SO, 27.1 6.6 37.5 3.7 55.2 14

(w%) | (wtd) 28.3 6.2 39.1 3.3 51.0 13
0.0 11.7 30.1 5.6 41.7 2.9

24.4 8.9 31.4 5.1 44.0 25

24.5 /.8 33.2 4.6 47.1 2.0

Table S32 - PEG-400 / [Ni(l1)+NaS04] / H,0 (turbidity method) at 25°C

PEG-  only 22.8 8.5 33.3 4.2 47.1 1.9
400 | Na;SO4 27.9 7.0 36.2 3.6 49.2 1.6
(w%) | (wt%) 28.9 5.9 39.6 2.9

00 | 123 320 50 420 24

20.0 9.8

Table S33 - PEG-400 / [Cr(l11)+Na;S04] / H,0 (turbidity method) at 25°C

PEG-  only 29.1 6.0 38.1 3.2 45.1 2.1
400 | Na,SO; 30.9 5.3 39.7 3.0 %
(W%) (Wt%) 33.0 4.7 41.4 2.7 46.1 1.9
[+)
0.0 11.8 347 42 227 Y %
28.7 8.4 % 48.3 1.7
35.2 4.0 ) 5 %
27.5 6.8 37.0 36 44, .

%
Table S34 - PEG-400 / [Cr(VI)+Na;S04] / H,0 (turbidity method) at 25°C ([Cr(VI)]=5 g/L)

PEG- | only 261 | 80 358 | 338 467 | 19
400  Na,SO, 278 6.8 385 33 49.0 16

(w%) | (wt%) 296 5.9 402 28 526 @ 13
00 | 131 310 52 428 24

223 | 102 339 46 447 | 21

Table S35 - PEG-400 / [Cr(VI)+Na;S04] / H,0 (turbidity method) at 40°C ([Cr(VI)]=5 g/L)

PEG- | only 254 | 7.7 344 45 434 | 25
400 | Na;SO, 26.6 7.1 34.8 4.2 45.0 2.2
(w%) | (wt%) 28.8 6.5 37.2 3.8 47.3 1.9
202 | 105 30.8 5.8 384 33 49.6 @ 17
21.7 | 92 321 53 403 | 3.0 51.6 1.5
23.7 8.4 32.6 4.9 41.1 2.8

Table S36 - PEG-400 / [Cr(VI)+Na;S04] / H,0 (turbidity method) at 25°C ([Cr(VI)]=20 g/L)

PEG- only 29.5 6.1% 34.3 4.7% 37.2 3.8%
400 Na>SO4 % % %

(w%) (wt%) 323 5.3% 35.3 4.2% 37.5 3.6%
28.5 6.8% % % %

%
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39.6 3.1% 47.5 2.0% 53.0 1.4%

% % %

42.2 2.6% 48.2 1.8% 53.8 1.2%
% % %

43.8 2.4% 50.8 1.5% 72.9 0.7%
% % %

Table S37 - PEG-400 / [Mo(VI)+Na;S04] / H,O (turbidity method) at 25°C

PEG- | only 244 85 355 39 46.9
400 | Na,SO, 271 71 387 32 49.0

(wi%) | (wt%) 288 6.0 412 26 51.7
00 | 131 327 | 5.1 435 2.3

208 | 103 326 45 457 2.0

1.8
1.6
1.3

215



PhD Thesis | Eris Sinoimeri

List of tables

Table 1. Types of ABS with representative example®. ..........ccccooeeviiieieieicececececeeee 46
Table 2. Transition metals with corresponding oxidation number extracted by IL-ABS
PPOCESSES™. ...oeeiueetieueeteeteeteete et et et et ese e st eteeteeteese s ensesteseeaseteebeeteetensesbessessessebeebeebestensensenseneerens 48

Table 3. List of ABS, in order of date of publication, used for metal ions extraction. L35 is the
tri-block polymer: EO-PO-EO, Mw=1900; L64 is the tri-block polymer PPO-PEO-PPO, Mw=

2900, ittt et e e et ettt eeeeeteta b aeeeeet e et eaeeeeette b aaeeeeeaaeraraaaaaan 64
Table 4.List of IL-based ABS, in order of date of publication, used for selective metal ions
extraction. TBAB is tetrabutylammonium bromide...........cccoeciiiieiiiii e, 74
Table 5. William Nelson’s table. G: good; P: poor; U: unknown.........cccceeeeiieeiieiieeesciiee e, 78
Table 6. Chemical compounds used during the PhD. ...........cccooeiiiiiiiie e 84
Table 7. Polymers tested during the PhD. ......ccocuiiiiiiiii e 85

Table 8. Binodal curves obtained in different media. The table is divided in ionic liquid systems
on the left and polymer systems on the right. M.S. = systems investigated but provided a

[aaTeTaleT o] o1 ol o T=Y o F- 1V o SRR 86
Table 9. Stock solutions of metal ions used for ESI-MS analysis. .......cccccoeevieeeeciieeieciiee e, 98
Table 10. Composition, pH and density of UGCO bath...........cccccviiiriiiiiiicieeceee e, 103
Table 11. Composition, pH and density of Na;SO4 bath. .....c..ccoovciiiiiiiiiii e 103
Table 12. Metal concentration in UGCO bath..........cccvviiiiiiii i 111
Table 13. IL-based ABS and polymer-based ABS with metal contribution and HCl media....115
Table 14. List of polymers used to induce a biphasic system with the UGCO bath............... 129
Table 15. Metal concentration in Na;SO4 bath. ........cccviiiiiiiiiice e 137

Table 16. Ratio of charge, mass and charge density of Mo(VI) under different pH. |z| is the
absolute value of ions charge, n is atomic number of ions, M is molar mass of ions. |z|/M is

the CharZe AENSIEYI. ...ttt et e bt sbe et e sbeentssreeneestis 147
Table 17. Stability constant of the species With SO4Z.........ccocveeereveeieeeeeece e 147
Table 18. Composition, pH, and density of the Na,SO,4 bath filtrated...........ccccccvveeeninenns 161
Table 19. Mass balance step 1 big volume (10 Kg). ..cccveeeveieiiiecieeceecee e 162
Table 20. Working parameters proposed by Lie et al., Sun et al. and this investigation. .....174
Table 21. Metal concentration in pg/L in water recovered after step 3. ....cccccevveeeevreeneennee. 186
Table 22. List of “green” DES used for liquid-liquid extraction...........cccceeevcivieinciieeiiiiieeennns 199

216


file:///C:/Users/Eris/Desktop/Thesis%20definitiva-7%20Aprile%20(da%20inviare).docx%23_Toc68780331
file:///C:/Users/Eris/Desktop/Thesis%20definitiva-7%20Aprile%20(da%20inviare).docx%23_Toc68780332
file:///C:/Users/Eris/Desktop/Thesis%20definitiva-7%20Aprile%20(da%20inviare).docx%23_Toc68780332
file:///C:/Users/Eris/Desktop/Thesis%20definitiva-7%20Aprile%20(da%20inviare).docx%23_Toc68780339
file:///C:/Users/Eris/Desktop/Thesis%20definitiva-7%20Aprile%20(da%20inviare).docx%23_Toc68780346
file:///C:/Users/Eris/Desktop/Thesis%20definitiva-7%20Aprile%20(da%20inviare).docx%23_Toc68780346
file:///C:/Users/Eris/Desktop/Thesis%20definitiva-7%20Aprile%20(da%20inviare).docx%23_Toc68780346
file:///C:/Users/Eris/Desktop/Thesis%20definitiva-7%20Aprile%20(da%20inviare).docx%23_Toc68780348

List of figures

Figure 1. Principales différences entre I'acier et |'acier inoxydable. (site web Aperam)......... 12
Figure 2. (A) PEG; (B) PPG, (C) [P 44414] Clu eveeeieeeeeeeee ettt et 14
Figure 3. Courbes binodales des systémes : [P 44414] Cl/[HCI 37 % en poids]/H,0, [Me]=0 g/L
(A) ; [P 244414] CI/[Ni(I1)+HCI 37 % en poids]/H,0 a 5 g/L (m) ou 15 g/L (O) de Ni(ll) ; [P 444 14]
CI/[Cr(l1)+HCI 37 % en poids]/H,0 a 5 g/L () ou 15 g/L (o) de Cr(lll) a 25°C. La fleche indique
une augmentation de la concentration en MEtal. ........cccvvveiiiiiiiiiiei e 16
Figure 4. Courbes binodales des systémes: [P 44414] CI/[Fe(lll)+HCI 37 wt%]/H,0 a [Fe(lll)] =0
g/L (), [Fe(ll)] = 2.5 g/L (m), [Fe(I)] = 5 g/L (), [Fe(ll1)] = 10 g/L (e) et [Fe(lll)] = 15 g/L (o) a

Figure 5. Diagramme de phase obtenu par la méthode de la bataille navale et de la turbidité
pour le systéme PEG-600/[Fe(lll)+HCl 37wt%]/H20 - [Fe(lll)] = 40 g/L a 50°C. Région
monophasique (®), région biphasique (0), courbe binodale obtenue par la méthode de

turbidité (A). La ligne pointillée (- - -) n'est qu'un guide pour I'cgil. ..c..ceeevereeeeiiirieeeeiieeeeee, 17
Figure 6. lons métalliques extraits dans la phase supérieure du PEG-400 en milieu Na,SO. a
partir de solutions synthétiques Mono-MEétal. ...........cccuviiiiiiiii i 19

Figure 7. Courbe binodale pour I'ABS composé de PEG-400 / Na,SO, / H,0 et de métaux....19
Figure 8. Instantané du processus (a droite) et schéma de |'étape 1 grand volume (10 kg) (a

== 1ol a =) TSRS 21
Figure 9. Schéma du brevet pour la récupération du Cr(VI) dans le bain de Na,SO.. ............. 22
Figure 10. Long-term Sustainable Development goals of 6th SOER 20202........c..cceevvvvevvenns 27
Figure 11. Aperam residues split in 2019 (from Aperam website)........ccceevveevieeecieecceeennen, 29
Figure 12. Main differences between steel and stainless-steel steel. (Aperam website)....... 30
Figure 13. Rolls of stainless steel produced by Aperam. Site of Isbergues (Fr). .......ccueeen....e. 30
Figure 14. Schematic representation of 3 baths for pickling process. Each of the baths having
a different composition in acids and Salts. ........eeeeeciiiiicciie e 31
Figure 15. Concentration of metals in the UGCO (left) and Na,SO, (right) Aperam baths......31
Figure 16. Surface finishing steps for stainless steel in Aperam lines. .......cccccoevcveeeiiciveeeennnee, 38
Figure 17. Pickling waste generated in the steel streamline®.........coovvevivieeeiiiiece e 40
Figure 18. Polyethylene glyCol (PEG). ......ooccueieiiieeiee ettt ettt ettt et e e ave e s va e e eaae s 49
Figure 19. Polypropylene glyCol (PPG) .....ccuuie ittt et et 49
Figure 20. Most common cations and some possible anions in IL%. ..........cccooevviiieveveieennnns 50
Figure 21. Tributyl-tetradecyl phosphonium chloride, [P 2421a] Clecoocvvveiiiiiiiiiee e 51
Figure 22. Nucleophilic (red) and electrophilic (blue) approaches to quaternary phosphonium
SIS (LE: 1@AVING BrOUP) e ettt ettt et ettt et et eteeaeete st et ese s enseneeneas 51

Figure 23. Phase diagram for the ternary system composed of PEG-600/Na,COs/H,0 at 20°C:
(a) ternary representation and (b) orthogonal representation. CP=critical point of the diagram.
M=random mixture in the biphasic region of the system. Xr=composition of top phase and Xzg=
composition of bottom phase. The labels 100W H,0, 100w Na,COs and 100w PEG-600
represent the weight fraction percentages of H,0, Na,COs and PEG-600 respectively’. ...... 52
Figure 24. Non-experimental phase diagram, for representative purposes only. The binodal
curve is shown in red. Point A located in the monophasic area characterized by a system, point
B located in the biphasic area characterized by a two-phase immiscible system. The arrows
indicate the initial composition values used to prepare samples A and B. The dotted line
indicates the maximum limit of the phase diagram and corresponds to 100 (wt%) of the two
[ofo] 101 e o] aT=T0) K- U U PP PP PP PP PP PPPPPPPP 54

217


file:///C:/Users/Eris/Desktop/Thesis%20definitiva-7%20Aprile%20(da%20inviare).docx%23_Toc68780353
file:///C:/Users/Eris/Desktop/Thesis%20definitiva-7%20Aprile%20(da%20inviare).docx%23_Toc68780354
file:///C:/Users/Eris/Desktop/Thesis%20definitiva-7%20Aprile%20(da%20inviare).docx%23_Toc68780355
file:///C:/Users/Eris/Desktop/Thesis%20definitiva-7%20Aprile%20(da%20inviare).docx%23_Toc68780355
file:///C:/Users/Eris/Desktop/Thesis%20definitiva-7%20Aprile%20(da%20inviare).docx%23_Toc68780355
file:///C:/Users/Eris/Desktop/Thesis%20definitiva-7%20Aprile%20(da%20inviare).docx%23_Toc68780355
file:///C:/Users/Eris/Desktop/Thesis%20definitiva-7%20Aprile%20(da%20inviare).docx%23_Toc68780356
file:///C:/Users/Eris/Desktop/Thesis%20definitiva-7%20Aprile%20(da%20inviare).docx%23_Toc68780356
file:///C:/Users/Eris/Desktop/Thesis%20definitiva-7%20Aprile%20(da%20inviare).docx%23_Toc68780356
file:///C:/Users/Eris/Desktop/Thesis%20definitiva-7%20Aprile%20(da%20inviare).docx%23_Toc68780357
file:///C:/Users/Eris/Desktop/Thesis%20definitiva-7%20Aprile%20(da%20inviare).docx%23_Toc68780357
file:///C:/Users/Eris/Desktop/Thesis%20definitiva-7%20Aprile%20(da%20inviare).docx%23_Toc68780357
file:///C:/Users/Eris/Desktop/Thesis%20definitiva-7%20Aprile%20(da%20inviare).docx%23_Toc68780357
file:///C:/Users/Eris/Desktop/Thesis%20definitiva-7%20Aprile%20(da%20inviare).docx%23_Toc68780358
file:///C:/Users/Eris/Desktop/Thesis%20definitiva-7%20Aprile%20(da%20inviare).docx%23_Toc68780358
file:///C:/Users/Eris/Desktop/Thesis%20definitiva-7%20Aprile%20(da%20inviare).docx%23_Toc68780359
file:///C:/Users/Eris/Desktop/Thesis%20definitiva-7%20Aprile%20(da%20inviare).docx%23_Toc68780360
file:///C:/Users/Eris/Desktop/Thesis%20definitiva-7%20Aprile%20(da%20inviare).docx%23_Toc68780360
file:///C:/Users/Eris/Desktop/Thesis%20definitiva-7%20Aprile%20(da%20inviare).docx%23_Toc68780361
file:///C:/Users/Eris/Desktop/Thesis%20definitiva-7%20Aprile%20(da%20inviare).docx%23_Toc68780362
file:///C:/Users/Eris/Desktop/Thesis%20definitiva-7%20Aprile%20(da%20inviare).docx%23_Toc68780363
file:///C:/Users/Eris/Desktop/Thesis%20definitiva-7%20Aprile%20(da%20inviare).docx%23_Toc68780364
file:///C:/Users/Eris/Desktop/Thesis%20definitiva-7%20Aprile%20(da%20inviare).docx%23_Toc68780365
file:///C:/Users/Eris/Desktop/Thesis%20definitiva-7%20Aprile%20(da%20inviare).docx%23_Toc68780366
file:///C:/Users/Eris/Desktop/Thesis%20definitiva-7%20Aprile%20(da%20inviare).docx%23_Toc68780366
file:///C:/Users/Eris/Desktop/Thesis%20definitiva-7%20Aprile%20(da%20inviare).docx%23_Toc68780367
file:///C:/Users/Eris/Desktop/Thesis%20definitiva-7%20Aprile%20(da%20inviare).docx%23_Toc68780368
file:///C:/Users/Eris/Desktop/Thesis%20definitiva-7%20Aprile%20(da%20inviare).docx%23_Toc68780369
file:///C:/Users/Eris/Desktop/Thesis%20definitiva-7%20Aprile%20(da%20inviare).docx%23_Toc68780370
file:///C:/Users/Eris/Desktop/Thesis%20definitiva-7%20Aprile%20(da%20inviare).docx%23_Toc68780371
file:///C:/Users/Eris/Desktop/Thesis%20definitiva-7%20Aprile%20(da%20inviare).docx%23_Toc68780372
file:///C:/Users/Eris/Desktop/Thesis%20definitiva-7%20Aprile%20(da%20inviare).docx%23_Toc68780373
file:///C:/Users/Eris/Desktop/Thesis%20definitiva-7%20Aprile%20(da%20inviare).docx%23_Toc68780374
file:///C:/Users/Eris/Desktop/Thesis%20definitiva-7%20Aprile%20(da%20inviare).docx%23_Toc68780374
file:///C:/Users/Eris/Desktop/Thesis%20definitiva-7%20Aprile%20(da%20inviare).docx%23_Toc68780375
file:///C:/Users/Eris/Desktop/Thesis%20definitiva-7%20Aprile%20(da%20inviare).docx%23_Toc68780375
file:///C:/Users/Eris/Desktop/Thesis%20definitiva-7%20Aprile%20(da%20inviare).docx%23_Toc68780375
file:///C:/Users/Eris/Desktop/Thesis%20definitiva-7%20Aprile%20(da%20inviare).docx%23_Toc68780375
file:///C:/Users/Eris/Desktop/Thesis%20definitiva-7%20Aprile%20(da%20inviare).docx%23_Toc68780375
file:///C:/Users/Eris/Desktop/Thesis%20definitiva-7%20Aprile%20(da%20inviare).docx%23_Toc68780376
file:///C:/Users/Eris/Desktop/Thesis%20definitiva-7%20Aprile%20(da%20inviare).docx%23_Toc68780376
file:///C:/Users/Eris/Desktop/Thesis%20definitiva-7%20Aprile%20(da%20inviare).docx%23_Toc68780376
file:///C:/Users/Eris/Desktop/Thesis%20definitiva-7%20Aprile%20(da%20inviare).docx%23_Toc68780376
file:///C:/Users/Eris/Desktop/Thesis%20definitiva-7%20Aprile%20(da%20inviare).docx%23_Toc68780376
file:///C:/Users/Eris/Desktop/Thesis%20definitiva-7%20Aprile%20(da%20inviare).docx%23_Toc68780376

PhD Thesis | Eris Sinoimeri

Figure 25. Scheme of an orthogonal ternary phase diagram composed of component 1,
component 2, and water (in weight fraction, wt%) and the respective binodal curve (red), tie-
lines (grey). Upper phase (component 1-rich phase) is plotted on the y-axis, and lower phase
(component 2 rich-phase) is plotted on the x-axis. 1, 2, and 3 (*) represent total compositions
of three mixtures. The final composition of the top and bottom phase is represented by the

nodes (*, =) U GNd L, reSPECLIVEIY. .........ccccuveeieecieieeeciee e ettt ecte e e st e e esvae e e s srae e e s aae e e e naaeea s 55
Figure 26. Phase diagram of PPG 425 + NaCl + water at 25 °C. A) one liquid phase, B) two liquid
phases and C) one liquid phase and one solid phase®l. ............ccoevvvveveiiivivieieeeeee e 58
Figure 27.Phase diagram for Na,SO, (1) + H,0 (2) + PEG-4000 (3) at 25°C. S= solid, L=liquid,
C=crystal, Ls=liquid saturated®.............ceouiiiieiiicieeceeeceee ettt ettt eae e 59
Figure 28. Different binodal curves that illustrated the effect of various parameters on the
ability of phase demixing 8385 5188 et s 61
Figure 29. Different binodal curves from bibliography. The arrow in figure c indicates the
decrease in temperature in the system. 21587 e 62
Figure 30. Mechanism proposed by Bulgariu for the extraction of the neutral species (top) and
the anionic species (bottom) of Cd(ll)-iodide in the PEG phase®........ccoccevivievivieieieseeiean, 66
Figure 31. Potential process proposed by Muruchiet al. 1% .......ccoeeivveviiicieiiceee e 69
Figure 32. Comparison of Cr(VI) reduction in dark control and under solar irradiation
WIth/WIthOUTt addition OF PEG. c...eevveiiieiiiieiceieeeee et eeeetette et e e e e et e eeesssesssaeseeeessssassssraeseeessens 70

Figure 33. (a) Snapshot of the simulation box at equilibrium state (CrO4* is represented by the
green spheres. HCrO4 is represented by the yellow spheres. The carbon, hydrogen, and
oxygen atoms in PEG molecules are represented by the cyan, white, and red spheres,
respectively.) (b) The radial distribution of the chromium atoms of HCrO4~ or CrO4* around all
of the monomers of PEG molecules in the aggregates.......cccccvvveeiiieiiiiiee e 71
Figure 34. Radius distribution function of water around Na*, CrO4*", SO4%7, HCrO4~, and PEG
MNOIECUIES. ...ttt ettt sa bt e s bt e e sabe e s bt e e sabeesabaeesabeesabeesabteesabaesnseean 72
Figure 35. Binodal curves for the system [P 44414][Cl]-HCI-H;0 at various temperatures and the
composition of mixture points A—E studied. Lines are guides to the eye®. ........ccovevvvvennnne. 75
Figure 36.0n the left, phase diagrams of AcABS composed of [P 44414]Cl, water and the acids
HCI (0), H,SO,4 (0) and HNOs (A). The mixture points E, F and G belong to HNOs-based system
and H, | and J to H,SO4-based system. On the right, 2D representation of the binodal curves,
starting from the blue and arriving to the purple at :25 °C, 36 °C, 45 °C, 50 °C and 56 °C;
illustration of phase behavior for the mixture point of composition A (11.5 wt% acid; 20 wt%
IL; 68.5 wt% H,0) at 25 and 50 C; metal solutions were used for visual distinction of phases*®.

................................................................................................................................................. 76
Figure 37. Procedure for determining an ABS and characterizing it using analytical tools..... 83
Figure 38. Apparatus for cloud point titration method at LEPMI laboratory. ..........ccuee...e.e. 87

Figure 39. Binodal curve for system composed by a biphasic inducer, acidic solution, and
water. The point A, B, C, D, E, F, G, W, Z, are experimental points found through turbidity
method. The black arrows represent the ideal case where the operator immediately
recognizes the turbid solution. The red arrows indicate the case where the operator does not
recognize the turbid solution. The dotted lines are eye guides indicating the direction that the
arrows will follow, and this coincides with the origin of the axes for monophasic samples, while
it will coincide with the C1 point for biphasic samples.........coceeiiciiieicciiie e 89
Figure 40. Samples obtained by the battleship method............ccoccoeiiiiiiiiiic e, 90
Figure 41. Phase diagram of the system PEG-600/HCI (37wt%)/ Metal ions. The black dots and
the empty circles are experimental points obtained through the battleship method and
indicate the monophasic and the biphasic part of the graph respectively. The triangles
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JINi(I)+HCI 37 wt%]/H,0 — [Ni(ll)] = 15 g/L (o) at 25°C. The arrow indicates the increase in
Y=y ] W oleT g Yo=Y Y =1 d o ] o AU URPRt 117
Figure 59. Binodal curves of the systems: [P44414]ClI/[HCI 37 wt%]/H>0 (IL = Interchim) — this
work (A); [Paaa1a]CI/[Cr(lI1)+HCI 37 wt%]/H20 — [Cr(Il1)] = 2.5 g/L (®); [Pa4a14]Cl /[Cr(ll1)+HCI 37
Wt%]/H,0 — [Cr(l)] = 5 g/L (0); [Paaara]Cl/[Cr(l)+HCI 37 wt%]/H,0 — [Cr(Ill)] = 10 g/L (m);
[P24414] CI/[Cr(111)+HCI 37 wt%]/H,O — [Cr(lll)] = 15 g/L (o) at 25°C. The arrow indicates the
increase in metal CoNCENTIratioN. ......cccuiiiiie e e e e e e e 117
Figure 61. Binodal curves of the systems: [P 24414] CI/[HCI 37 wt%]/H.0, [Me]=0 gL (A); [P 44
414] CI/[Ni(l1)+HCI 37 wt%]/H,0 at 5 g/L (m) or 15 g/L (o) of Ni(ll); [P 444 14] CI/[Cr(lIl)+HCI 37
wt%]/H,0 at 5 g/L (e) or 15 g/L (o) of Cr(lll) at 25°C. Arrow indicates increase in metal
concentration. The arrow indicates the increase in metal concentration. .........ccccccvveenneee. 118
Figure 62. Binodal curves of the system [P 44414] Cl/[Fe(ll)+HCI 37 wt%]/H,0 at: [Fe(ll)] =0 g/L
(A), [Fe(I)] =1 g/L(m), [Fe(ll)] = 10 g/L (o) and [Fe(ll)] = 15 g/L () at 25°C. Dashed lines (- - -)
are only @ gUIdE fOr the @YE. c....uiii e et ree e e 119
Figure 63. Binodal curves of the system [P 44414] CI/[Fe(lIl)+HCI 37 wt%]/H,0 at [Fe(lll)] = 0 g/L
(8), [Fe(ll)] = 2.5 g/L (m), [Fe(lll)] = 5 g/L (o), [Fe(llN)] = 10 g/L (e) and [Fe(lll)] = 15 g/L (o) at
25°C (Point A position explained later in the discussion section).......ccccceeeeeciveeeeciiieeeeennenn. 119
Figure 64. Phase diagram obtained with the battle ship method for the system [Psss14]
Cl/[Fe(I1)+HCI 37wt%]/H,0 — [Fe(ll)] = 20 g/L. Monophasic samples at both T=25 °Cand 50 °C
(m), biphasic samples at both T=25 °Cand T=50 °C (A) and samples that become biphasic
passing from 25 °C to 50 °C (o). Experimental points B, C, D. The arrow (=) indicates the
displacement direction of the point B, C, D increasing the wt% of IL (see text). Dashed lines (-

--) are only @ gUIdE fOr thE YE.......ei ittt e be e s bae e eaae e 120
Figure 65. Phase diagram obtained by turbidity method for the systems PEG-600/[Fe(lll)+HCI
37wt%]/H20 — [Fe(Il)] =10 g/L (®) and 40 g/L (0) @t 25 °Cu.eeeeuveeereeecreeeeiee ettt 124

Figure 66. Phase diagram obtained by battle ship and turbidity method for the system PEG-
600/[Fe(ll1)+HCI 37wt%]/H,0 — [Fe(lll)] = 40 g/L at 50°C. Monophasic region (e), biphasic
region (0), binodal curve obtained by the turbidity method (A). The dashed line (- - -) isonly a
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Figure 67. Binodal curves obtained by turbidity method for the system PEG-600/[Fe(lll)+HCI
37wt%]/H,0 — [Fe(lll)] = 40 g/L at 50°C (o) and at 25°C (m) and for the systems PEG-
600/[Fe(Il1)+HCI 37wt%]/H,0 — [Fe(Ill)] = 10 g/L at 50°C (0) and at 25°C (®). .....ceecvvrvererennnne 125
Figure 68. Mechanism of PEG extraction of Fe(lll). 10-A: inter-chain connection proposed by
Bulgariu et al.*3; 10-B: Fe(lll) connection with the ether group of the polymer; 10-C: octahedral
structure of the species (Fe(lll)Cls); 10-D: tetrahedral structure of the species (Fe(lll)Cls);
Adapted from ref. BUlZariu €t al.®......c.ooiieii ettt 128
Figure 69. Metal ions repartition in the biphasic inducer phase for samples: 3EDGE, 4EGDE,
PEG-600 and PEG-400. The samples on the left indicate the volume repartition and the
position of the biphasic inducers and the aqueous phases after ABS formation.................. 131
Figure 70. Metallic ion extraction mixing 30 / 70 wt% of [P 44414] Cl / UGCO bath.............. 131
Figure 71. Samples prepared for demonstrating the PPG-425 extraction efficiency on the
Na,SO4 bath. Starting from the left to the right: 10/90-20/80-30/70-40/60 wt% of PPG-425/
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Figure 72. Sample prepared to demonstrate the PEG-400 extraction efficiency on the Na,SO4
bath. Repartition used 50/50 wt% of polymer/bath. .......c..cccveveeveineicieiereccieeceecee e 139
Figure 73. Binodal curve for ABS composed of PEG-400 / Na;SOs4/ Hy0 ..cevvveeuveeereeenrennee. 140
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Figure 75. Metal ions extracted in the upper PEG-400 phase in Na,SO, media starting from
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Figure 76. Na(l) repartition (wt%) in the polymer phase for the systems of Fe(lll), Ni(ll), Cu(ll),
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Figure 78. Pourbaix diagrams for Fe, Mn, Cr, Ni and Cu at T=25°C. Red lines have been inserted
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Figure 80. Speciation diagram of Cr(VI) at different pH and concentration (g/L). The red line
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Figure 81. Reaction that occurs when PEG-400 is mixed with Cr(VI) stock solution.in partition
20/80 wt% of polymer/stock solution Cr(VI) . A) stock solution; B) Biphasic system as soon the
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Figure 83. Binodal curves for the systems PEG-400 / [Cr(VI) + Na2SO4}/ H,0, considering (blue)
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Figure 84. (left) Crystal’s formation at T=15°C in the upper and lower phase of the samples
composed by 20/80 wt% of PEG-400/stock solution of Cr(lll) 0.64 g/L.(right) Precipitation
effect on the upper and lower phase of sample containing 20/80 wt% of PEG-400/Stock
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Figure 85.Na,;S0O4-H,O system. Temperature vs. concentration diagram (M= mirabilite=
Na,S0,*10H,0; T = thenardite= Na,SO4 anhydrous; 1 = solubility curve for Na,SO,*10H,0; 2 =
solubility curve for NaSO,*7H,0; 3 = solubility curve for Na,SO, anhydrous;
4=Na3S04/Na;S04*10H;0 boundary SYSTEM), ....ccveeeveeeieeecree et e 151
Figure 86.Samples obtained by mixing different wt% of PEG-400 + stock solution
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Figure 87. PEG-400 extraction efficiency considering Cu(ll) and Mo(VI) in the same stock
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Figure 90. Extraction efficiency of PEG-400 considering different samples made up
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