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RESUMO

LEMOS, Leandro Rodrigues de, D.Sc., Universidade Federal de Vigosa, julho de 2012.
Recuperacao de metais com alto valor agregado utilizando sistemas aquosos
bifasicos. Orientadora: Maria do Carmo Hespanhol da Silva. Coorientadores: Luis
Henrique Mendes da Silva e Fabio Rodrigo Piovezani Rocha.

Neste trabalho foram desenvolvidos novos sistemas aquosos bifdsicos (SAB),
constituidos por polimeros ((poli(6xido de etileno), massa molar 1500 g mol” e
poli(6xido de propileno), massa molar 400 gmol) e sais organicos (citrato, tartarato,
succinato ou acetato) de sodio. Os SAB L64+Na,C4HsO6+H,0 e L64+MgSO4+H,0
foram utilizados para estudar o comportamento de extragdo de Cu(ll) e Zn(II). Os
efeitos da concentracdo do complexante 1-(2-piridilazo)-2-naftol (PAN), pH do meio
reacional, natureza do eletrdlito formador do sistema e comprimento da linha de
amarracdo (CLA) do SAB, sobre a porcentagem de extracdo (%E) dos ions metdlicos
foram investigados. Cu(ll) apresentou extracdo satisfatéria (%E = (92,5 + 1,6) %) em
pH = 3,0, enquanto o melhor pH para extragdao do Zn(Il) (%E = 97,8 £ 1,4) %) foi 11. O
SAB L64+Na,C4H4O6+H,0, em pH = 3,0 e propor¢io PAN/Metal = 3 apresentou a
melhor fator de separacdo (Scuzn = 204) entre os ions estudados. O SAB
L35+MgSO4+H,0 foi aplicado para estudar o comportamento de extracdo de diversos
ions metdlicos. Em pH = 3,0 e razdo PAN/Metal = 3 foram obtido valores de fator de
separacdo entre 10° e 10* entre o Cu(Il) e os concomitantes AI(III), Fe(IlI), Cd(II),
Mn(II), Ni(Il), Co(Il) ou Zn(II). Este sistema foi aplicado para recuperar cobre de
concentrado mineral de cobre, onde o Cu(Il) foi extraido para a fase superior (FS) (%E
=(90.4 £ 1.1) %), enquanto os outros metais concentraram-se na fase inferior. Os SAB
L64+Li,S04+H,0, L64+Na3;Ce¢HsO7+H,0, L64+(NH4);C¢Hs07+H,O e PEO1500+
Na3;C¢Hs07+H,0 foram utilizados para estudar o comportamento de extragao de Ag e
alguns concomitantes (Cu, Fe e Zn) na presenca dos agentes extratores
difeniltiocarbazona (Dz) ou tiocianato (SCN’). O Ag(I) e o Cu(Il) foram extraidos
preferencialmente para a FS na presenca de Dz, enquanto que utilizando SCN" isso
ocorre apenas para o Ag(I). O SAB PEO1500+Na3;C¢Hs07+H,0 em pH = 1,0 e razao
SCN/Ag = 500 apresentou os melhores resultados para separar Ag(I) (%E = (99,9 +
1,1) %) e os outros ions (Cu(Il) (%E = (19,7 £ 0,8) %), Fe(Ill) (%E = (12,7 = 0,4) %)
ou Zn(Il) (%E = (24,8 £ 0,9) %). Este sistema foi aplicado para recuperar prata presente
em pilhas botdo, ricas em Ag e Zn, obtendo %E = (99,3 + 2,0) % e %E = (6,09 % 0,89)

% para prata e zinco, respectivamente.
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ABSTRACT

LEMOS, Leandro Rodrigues de, D.Sc., Universidade Federal de Vicosa, July, 2012.
Recovery of high values metals using aqueous two-phases systems. Adviser: Maria
do Carmo Hespanhol da Silva. Co-advisers: Luis Henrique Mendes da Silva and Fabio
Rodrigo Piovezani Rocha.

In this work, new aqueous two-phase systems (ATPS) composed by polymer
((poly(ethylene oxide), molecular weight 1500 g mol” or poly(propylene oxide),
molecular weight 400 g mol'l), salt (sodium citrate, sodium tartrate, sodium succinate or
sodium acetate) and water were developed. The ATPS L64+Na,C4sH4O06+H,O and
L64+MgSO4+H,0 were applied to study the extraction behavior of Cu(Il) and Zn(II).
The effects of the following parameters on the percentage of extraction (%E) of the
metallic ions were evaluated: (i) amount of the extractant 1-(2-pyridylazo)-2-naphthol
(PAN); (i1) type of ATPS-forming of electrolyte; (iii) pH; and (iv) tie-line length (TLL).
Cu(Il) was efficiently extracted at pH = 3.00 (%E = (92.5 £ 1.6) %) and the highest
value of %E for Zn(II) was observed at pH = 11.0 (%E = (97.8 £ 1.4) %). A separation
factor (S) between Cu(Il) and Zn(II) of 204 were obtained using L.64+Na,CsH,Oc+H,0
system, at pH = 3,00 and molar ratio (PAN/metal) = 3. Moreover, the ATPS
L35+MgS0O4+H,0 was used to investigate the extraction and separation of Cu(Il) from
several metallic ions. At pH = 3,0 and molar ratio (PAN/metal) = 3, high values of
separation factor were obtained (103 to 104) between Cu(Il) and the concomitants
AI(IID), Fe(III), Cd(I), Mn(II), Ni(1I), Co(II) or Zn(II). To evaluate the feasibility of the
ATPS for the recovery of copper from real samples, the system was also applied to a
leachate of copper concentrate ore and Cu(Il) was mostly extracted to top phase (TP)
(%E = (90.4 = 1.1) %), while the others metallic concomitants remained in bottom
phase (BP). Finally, the ATPS L64+Li,SO4+H,0, L64+Na3;CsHs07;+H,0,
L64+(NH4);CcHs07+4H,0O and PEO1500+ Na3;Ce¢HsO;+H,O were used to perform
extraction studies of Ag and several concomitants (Cu, Fe e Zn) in the presence of the
extractants diphenylthiocarbazone (Dz) or potassium thiocyanate (KSCN). With the
addition of Dz to the system, Ag(I) and Cu(Il) were extracted to TP, while in the
presence of KSCN, only Ag concentrated preferentially in polymer-enriched phase. An
efficient separation among Ag(I) and the others metallic ions were obtained using
PEO1500+Na3;CsHsO7+H,O ATPS, at pH = 1,00 and molar ratio (KSCN/Ag) = 500,
conditions in which Ag(I) presented (%E = (99,9 + 1,1) %) and the %E values for
Cu(II), Fe(Ill) and Zn(Il) were (19,7 £ 0,8) %, (12,7 + 0,4) % and (24,8 £ 0,9) %,
respectively. Moreover, the same system was applied to silver extraction from a
leachate of button cells, obtaining %E = (99,3 + 2,0) % and %E = (6.09 + 0,89) % for

silver and zinc, respectively.
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INTRODUCAO

Com o grande avanco tecnolégico que vem ocorrendo nos ultimos anos,
aumentou-se a busca por insumos para as industrias com base tecnoldgica, como por
exemplo, metais de alta pureza. A fonte primdria para obtencdo de metais sdo os
minerais, porém com a exploracdo em um ritmo acelerado desse recurso nao renovavel,
devido a sua grande demanda, existe hoje uma baixa carga de mineral com alto teor de
metal. Por isso, minerais com baixo teor e fontes secundarias como rejeitos industriais
(galvanoplastia, industria téxtil e etc), rejeitos domésticos (pilhas, baterias de celular e
etc) e aparelhos eletronicos obsoletos (computador, celular, etc) passaram a ter um alto
valor econdmico e, portanto estdo sendo explorados para obten¢do de metais
estratégicos. Além do valor econdmico, como varios metais presentes nestes residuos
sao toxicos, recuperando-os evita-se que estes atinjam o meio ambiente minimizando os
impactos ambientais. No caso da Unido Européia, foram estabelecidas diretrizes que
incentivam o tratamento ambientalmente eficiente destes residuos.

Um dos processos que vem sendo muito utilizado para a obtencdo de metais a
partir de minerais com alto teor metdlico é o processo pirometalirgico. Porém, na
exploracdo de minerais com baixo teor e de residuos (pilhas, baterias e sucatas
eletronicas) este processo € economicamente invidvel, sendo utilizado o processo
hidrometalirgico. Este processo consiste basicamente em trés etapas principais:
lixiviagdo, purificagdo/pré-concentracdo e eletrodeposicao. Na etapa de lixiviagdo o
metal de interesse € levado da fase s6lida para uma fase liquida (solucdo aquosa). Em
seguida ocorre a separacdo do metal de interesse dos demais concomitantes presentes na
matriz através de técnicas de separacdo, que podem ser precipitacdo, flotacdo ou

extragdo por solvente tradicional (EST), sendo esta a etapa mais critica do processo,



pois necessita-se de uma separacdo eficiente entre as espécies que exibem
comportamento semelhante [1-2]. Apds a etapa de separacdo, o metal de interesse €
reextraido para uma solugdo aquosa que € destinada a etapa de eletrodeposi¢ao, onde o
metal € depositado na forma sélida no catodo.

A EST ¢é extensamente aplicada para separagdo do metal de interesse na
hidrometalurgia. Isto ocorre porque a EST permite a utilizacdo de diferentes solventes
organicos e agentes complexantes, além da possibilidade de mecanizac¢do e automacao,
0 que a torna potencialmente eficiente. Apesar dos atrativos, esta técnica ndo estd de
acordo com os principios da Quimica Verde [3], por empregar solventes que muitas
vezes sdo toxicos, cancerigenos e/ou inflamdveis. Uma técnica alternativa a EST € o
sistema aquoso bifdsico (SAB), pois o SAB é formado majoritariamente por dgua e seus
outros constituintes s3o menos impactantes ao ambiente, pois podem ser reutilizados e
alguns sao biodegradaveis [4]. O SAB tem sido utilizado na separagdo [2], pré-
concentracdo [5] e purificacdo [6] de diversos analitos.

O SAB foi descoberto em 1896 por Beijerinck ao misturar solu¢des aquosas de
gelatina e dgar ou gelatina e amido solivel. Em uma dada faixa de temperatura e
concentracdo essas misturas ficavam turvas e, apds um tempo em repouso, separavam-
se espontaneamente em duas fases liquidas limpidas. Sendo que uma fase ficava rica em
gelatina e a outra rica em dgar ou amido soldvel. No entanto, a primeira aplicacdo do
SAB surgiu apenas em 1956 com os trabalhos de Per-Ake Albertsson, que deixou
evidente para a comunidade cientifica a grande potencialidade da aplicacdo deste
sistema para a particdo/purificacdo de materiais bioldgicos, desde proteinas até células
[7].

O SAB ¢ formado espontaneamente pela mistura de solu¢des aquosas de: dois

polimeros quimicamente diferentes e hidrossoliveis [8], ou um polimero e um eletrélito



[9], ou ainda pela mistura de dois eletrdlitos [10]; em condi¢des termodinamicas criticas
especificas [11]. Para uma determinada composicao global, geralmente definida em
termos de porcentagem massa/massa, % (m/m), o SAB formado por uma solucdo de
polimero e uma solugdo de eletrélito geralmente apresentard uma das fases rica em
polimero e a outra, rica em eletrélito. Em ambas as fases, o componente majoritario € a
agua [12].

No equilibrio termodinamico, a composi¢ao quimica das duas fases é geralmente
representada por um diagrama de fases, como na Figura 1, onde na abscissa estd
representado a concentracdo de eletrélito e na ordenada a concentracdo do polimero
presente no sistema. Assim, esta representacdo informa, em quais composicoes globais
o sistema se encontra homogéneo ou heterogéneo, sendo essas duas regides separadas
pela linha binodal. A posi¢ao da linha binodal varia de acordo com o tipo e massa molar
do polimero, natureza quimica do eletrdlito, temperatura e pH do meio [13]. Existem
diferentes métodos para obter a linha binodal, sendo geralmente utilizados os métodos
de titulacdo turbidimétrica e de anélise das composi¢des das fases [12].

Além disso, no diagrama de fases sdo também representadas as linhas de
amarragdo (ex: linha CgsCp) que, para uma determinada composi¢ao global do sistema
(ponto Cpg), fornece a composicao das duas fases em equilibrio, representadas pelos
pontos Cgs (fase superior) e Cyg (fase inferior) (figura 1). A obtengdo das linhas de
amarracdo é de grande importancia, pois todas as misturas com composicoes globais
representadas por pontos, presentes em uma mesma linha de amarragcdo, fornecerdo
fases superiores com propriedades termodindmicas intensivas (ex: composi¢ao)
idénticas, porém com propriedades extensivas (ex: volume) diferentes. O mesmo

principio aplica-se as fases inferiores.
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Figura 1. Diagrama de fases expresso em coordenadas retangulares de um SAB

formado por polimero, sal e dgua.

O comprimento da linha de amarragdo (CLA) é um parametro termodinamico,
frequentemente utilizado para medir a diferenca das propriedades termodindmicas
intensivas entre as fases em equilibrio. Este parametro é calculado em funcdo das
diferencas de concentragdes dos componentes em cada fase, conforme indicado na

equagdo:

cra=[c; - +(cs -cif]? m

S 1
em que, Cp e P sdo as concentragdes de polimero (% (m/m)) na fase superior e

e : ci cl . ~
inferior, respectivamente, enquanto ~$ e ~$ sdo as concentra¢des do sal (% (m/m)) na

fase superior e inferior respectivamente. A medida que o valor do CLA aumenta, torna-
se maior a diferenca de composi¢do entre as fases, podendo elevar, consequentemente, a

eficiéncia na extracdo e/ou parti¢cdo do analito de interesse.



O SAB apresenta diversas vantagens quando comparado a EST, como um
ambiente adequado para preservacdo da atividade bioldgica de alguns solutos [14] e
baixa tensdo interfacial, o que aumenta o processo de difusao através das fases [15]. O
SAB € largamente utilizado como uma técnica de separacao [16] e muitos trabalhos t€ém
utilizado esse sistema para a aplicagdo em determinagdo, pré-concentracao e separacao
de diferentes solutos, como fendis [5], células organicas [17], proteinas [18],
membranas [19], DNA [20], anticorpos [21], nanoparticulas [22], moléculas de corantes
[23], e fons [24].

A extracdo de fons metdlicos foi iniciada apenas em 1984 por Zvarova et al [25],
neste trabalho foi investigada a extragao destes fons na auséncia e presenca de extratores
soliveis em dgua. Apesar deste trabalho mostrar a potencialidade do SAB para extracao
de ions metélicos, os autores ndo consideraram os pardmetros que influenciam a
particio do soluto, tais como: composi¢do do sistema (diferentes valores de CLA),
temperatura, hidrofobicidade do polimero e natureza do eletrélito formador do sistema.
A partir de entdo Rogers e colaboradores publicaram diversos trabalhos mostrando a
influéncia destes parametros na particdo de fons metdlicos em sistemas aquosos
biféasicos [26-28].

Até 2007 acreditava-se que era possivel a utilizagdo apenas de agentes extratores
hidrofilicos em SAB, restringindo assim o uso desta técnica. Entretanto, Rodrigues e
colaboradores [29] em 2008, mostraram que a utilizacdo de copolimero tribloco na
formacdo do SAB permite o uso de agentes extratores escassamente soliiveis em dgua,
aumentado assim a gama de aplicacOes desta técnica. Essa capacidade estd associada
com o fato de que certos copolimeros triblocos, em solu¢do aquosa e a temperatura e

concentracdo criticas, se agregam formando micelas, cujo nicleo é predominantemente



hidrofébico envolto por uma coroa hidrofilica. Esse nucleo é capaz de solubilizar
agentes extratores e seus complexos metalicos hidrofébicos [29].

Para aumentar a gama de aplicagdo do SAB, é necessério o desenvolvimento de
novos SAB constituidos, por exemplo, por sais organicos como citrato, tartarato,
succinato e acetato, que possam agir como agentes complexantes de ions metalicos.
Assim pode-se utilizar certo SAB para manter determinados fons complexados na fase
inferior, enquanto separa-se o metal de interesse para a fase superior. Além disso, a
utilizacdo de polimeros com massa molar e hidrofobicidade diferentes € interessante,
pois pode-se modular mais finamente a extragdo de determinados analitos baseados no
aumento da diferenca entre as propriedades termodinamicas intensivas das fases.
Polimeros com menor massa molar geralmente formam sistemas, cuja separagdo de
fases € mais rdpida, sendo estratégicos para aplicagdo em larga escala. O
desenvolvimento destes novos SAB sdo essenciais para a aplicacio na
separacao/purificacdo de metais com alto valor agregado, como prata e cobre, presentes
em diversas matrizes, bem como na obtencdo de mais informagdes a respeito da
formacdo desses sistemas, buscando entender porque eles se formam e porque os
solutos particionam de maneiras distintas.

Este trabalho tem como objetivo a obtencdo de diagramas de fases de novos
SAB formados por polimero (poliéxido de etileno MM = 1500 (PEO1500) ou poliéxido
de propileno MM = 400 (PPO400) e eletrolito (Tartarato de Sédio, Succinato de Sédio,
Acetato de Sédio e Citrato de Sédio) em diferentes temperaturas (283.15, 298.15 e
313.15 K). Os dados experimentais serdo correlacionados com modelo NRTL. Estes
sistemas poderdo apresentar propriedades interessantes na extragdo/purificacdo de
metais, pois os sais organicos utilizados tem a propriedade de complexar diversos ions

metélicos. Além disso os SAB serdo aplicados a separagcdo/extracao de metais com alto



valor agregado (como Cu(Il) e Ag(I)). Serd avaliado diversos fatores que influenciam
no processo de separacdo dessas espécies de diversos ions metdlicos. Os SAB que
apresentarem os melhores resultados serdo aplicados para a separacdo/extracdo de
Cu(II) presentes em minério e de Ag(I) em pilhas botdo do tipo Ag-Zn. Os resultados
obtidos serdao discutidos procurando evidenciar os complexos processos que regem o

comportamento de extracdo de metais em SAB variando diversos parametros.
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Capitulo 1 - Phase diagram and thermodynamic modeling of PEO + organic salts

+ H,0 and PPO + organic salts + H,O aqueous two-phase systems
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1.1 Abstract

The phase diagrams of PEO1500 + sodium tartrate + water, PPO400 + sodium
tartrate + water, PEO1500 + sodium succinate + water, PPO400 + sodium succinate +
water, PEO1500 + sodium citrate + water, PPO400 + sodium citrate + water and
PPO400 + sodium acetate + water aqueous two-phase systems were determined at
(283.15, 298.15, and 313.15) K. Both equilibrium phases composition were analyzed by
conductimetry and refractive index. In this paper, the influences of polymer
hydrophobicity, salt nature and temperature on the phase diagram were analyzed. The
phase separation processes was endothermic and the hydrophobic increase make easier
the phase splitting, while the electrolyte capacity to induce phase separation follow the
order: citrate > tartrate > succinate. The consistency of the tie-line data was ascertained
by applying the Othmer-Tobias correlation. The experimental data were correlated with
the NRTL model for the activity coefficient, with estimation of new interaction energy
parameters. The results, analyzed in terms of root mean square deviations between
experimental and calculated compositions, were considered satisfactory.

Keywords: Aqueous two-phase systems; Poly(ethylene oxide); Poly(propylene oxide);

NRTL model;
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1.2. Introduction

The spontaneous phase separation caused by the mixture of aqueous solutions of
different polymers generating aqueous two-phase systems (ATPS) was observed for the
first time in 1896 by the microbiologist Beijerinck [1]. However, only in the decade of
1950, Albertsson [2] described ATPS with depth and investigated their properties. The
ATPS consist of water as the major component of both phases. To complete the
mixture, other components should be added, namely: polymer A + polymer B (polymers
with different chemical structures) [3-5], polymer or copolymer + salt [6-10], surfactant
+ polyelectrolyte [11], or salt A + salt B [12]. The mixture used in this work is formed
by polymer + salt + water. In general, the top phase is rich in polymer and the bottom
phase is enriched with salt [13]. ATPS are formed under specific thermodynamic
conditions [14], and phase separation depends, among other factors, on temperature and
system composition.

ATPS are widely used as a separation technique [15] and several works have
developed these systems for application in determination, pre-concentration,
purification, and separation of different solutes, such as phenol [16], cell organelles
[17,18], proteins [19], membranes [20], DNA [21], antibodies [22], nanoparticles [23],
dye molecules [24], and ions [25-28] because these systems present several advantages
compared to conventional liquid biphasic systems, such as (i) a suitable environment for
the preservation of biological activity of some solutes [29,30]; (ii) low interfacial
tensions, which enhance the diffusion process through the interface [31]; (iii) the
possibility of linear scale-up [32] and (iv) high recovery of the materials [33]. It is
recognized that, for the design of a separation process, understanding of general factors

determining partition of solutes and development and testing of both thermodynamic
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and mass transfer models of ATPS are necessary to obtain reliable liquid-liquid
equilibrium data. In addition, thermodynamic properties of ATPS and solute
partitioning behavior are very dependent on the electrolyte nature, which stimuli
research on the field of new electrolyte capable to induce ATPS formation.

In this work, the authors report on the determination of experimental liquid-
liquid equilibrium data for ATPS containing PEO1500 + sodium tartrate + water,
PPO400 + sodium tartrate + water, PEO1500 + sodium succinate + water, PPO400 +
sodium succinate + water, PEO1500 + sodium citrate + water, PPO400 + sodium citrate
+ water, PPO400 + sodium acetate + water, at 283.15, 298.15 and 313.15 K. The
experimental data were correlated with the NRTL model [34] for the activity
coefficient, with estimation of new interaction parameters. Also, the influences of
polymer hydrophobicity, salt nature and temperature on the phase behavior of the

described systems are examined and discussed.

1.3. Experimental

1.3.1. Chemicals

The chemicals poly(ethylene oxide) molar mass 1500 g mol’ (PEO1500),
poly(propylene oxide) molar mass 400 g mol’ (PPO400), sodium tartrate
(C4H4Na,06.2H,0), sodium succinate (C4H4Na,O¢.6 H,0O), sodium citrate
(CeHsNa307.2H,0) and sodium acetate (Na,C,H30,.3H,0) were obtained from Sigma
Chemical Co. and used without further purification. All the other reagents were of
analytical grade with a minimum purity of 99 %. Milli-QII water (Millipore, USA) was

used to prepare all aqueous solutions.
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1.3.2. Preparation of ATPS

The chemicals (polymer, salt and water) were weighed on an analytical balance
(Shimadzu, AG 220 with an uncertainty of £ 0.0001 g). After adding the appropriate
amount of each component, the mixture was stirred until the system became turbid, at
which point it was allowed to settle for (24 to 72) h at the operation temperature of
(283.15, 298.15 and 313.15) K in a temperature controlled bath (Microquimica,
MQBTC 99-20, with an uncertainty of + 0.1 K). The equilibrium state was
characterized by the absence of turbidity in both top and bottom phases. Aliquots of the

top and bottom phases were collected with a syringe for analysis.

1.3.3. Construction of Phase Diagrams

For each aqueous two-phase system in equilibrium, aliquots of the upper and
lower phases were collected to determine the salt and polymer concentrations. The
samples were properly diluted before analysis. The salt concentration was determined
by conductimetry (Schott CG853, Germany) in the mass percentage range of (1.00 x 10°
3 t0 2.50 X 10™%) %. The salt solutions showed the same conductivity in water or diluted
polymer solution. The polymer concentration was determined by measuring the total
refractive index of the solutions in an Analytic Jena AG Abbe refractometer (model 09-
2001, Germany) at 289.15 K [14], and then subtracting the refractive index of the salt
solution. To do this, standard curves were constructed for the aqueous solutions of
polymer and salt. The validity of refractive index additivity was also confirmed. The
uncertainty of the salt and polymer mass fraction were £ 0.0001 and £ 0.0002,
respectively. The water content was determined by the mass difference of each

component (WH20 = Wiotal — Wsalt — Wpolymer)- All analytical measurements were performed

in triplicate.
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1.4. Results and discussion

One of the means of obtaining information related to the decrease in Gibbs free
energy on a given system associated with phase changes is the construction of phase
diagrams. Among all information that the diagram can provide, the position of the
binodal curve is pointed out, indicating in which composition the system is
homogeneous or heterogeneous, together with the composition of the two phases in
equilibrium through the tie-lines.

In view of this, the experimental liquid-liquid equilibrium data obtained for
PEO1500 + sodium tartrate + water, PPO400 + sodium tartrate + water, PEO1500 +
sodium succinate + water, PPO400 + sodium succinate + water, PEO1500 + sodium
citrate + water, PPO400 + sodium citrate + water, PPO400 + sodium acetate + water
were prepared at (283.15, 298.15 and 313.15) K are shown in Tables 1.1 through 1.7,
expressed as a function of mass fractions.

These results show the required concentrations of each component that causes
the formation of the aqueous two-phase systems and the phase composition in each
thermodynamic condition of equilibrium. The biphasic formation occurs by a
segregation process between macromolecule and salts ions, resulting in a salt enriching
on the bottom phase and a polymer concentration on the top phase. This segregation
process results from the more favorable interactions occurring between similar

components (salt-salt and polymer-polymer) that between polymer-salt.
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Table 1.1. Equilibrium data for PEO1500 (wpgo) + Sodium Tartarate (ws) + water (ww)

system from (283.15 to 313.15) K

L overall top phase bottom phase
100 wpgo 100 ws 100 wy, 100 wpgo 100 ws 100 wy, 100 wpgo 100 ws 100 wy, TLL
T=283.15K
1 2007 1196 6797 31.29 4.80 6391 2.89 21.46 75.65 32.93
2 21.09 12,17 66.74 33.53 436 62.11 1.78 24.03 74.19 37.35
3 2224 12.64 65.13 3537 3.87 60.75 1.16 25.03 73.81 40.23
4 2389 13.16 6295 38.70 3.12  58.18 0.86 28.43 70.71 45.53
5 2589 13776 60.35 42.48 2.82 54.69 0.55 29.22 70.23 49.55
T=298.15K
1 1832 11.40 70.28  28.62 6.60 64.78 2.73 19.09 78.18 28.73
2 2130 1146 6724  32.65 551 61.84 1.54 2143 77.03 34.94
3 2286 1195 6519 37.65 430 58.05 0.90 24.10 75.00 41.74
4 2458 13.63 61.79 4292 3.38 53.70 0.85 27.20 7195 48.34
5 2550 1410 6040 44.25 3.15  52.59 0.71 28.15 71.13 50.21
T=313.15K
1 1932 1431 6637 31.80 6.19 62.01 1.73 24.61 73.66 35.27
2 21.14 1479 64.07 37.32 5.15 57.53 0.89 27.04 72.07 42.49
3 2310 1545 6145 4093 440 54.67 0.44 29.34  70.22 47.55
4 2470 1598 5931 4494 394  51.12 0.26 31.18 68.56 52.34
5 2588 16.66 5746  46.86 343  49.71 0.06 33.05 66.89 55.38
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Table 1.2. Equilibrium data for PPO400 (wppo) + Sodium Tartrate (ws) + water (ww)

system from (283.15 to 313.15) K

overall top phase bottom phase

e 100 wppo 100 wg 100 w,, 100 wppo 100 wg 100 w,, 100 wppo 100 wg 100 w,, TLL
T=283.15K

1 34.65 7.78  57.57  52.20 1.12 46.68 0.55 20.94 78.51 55.32

2 38.16 825 53,59 56.24 0.82 4294 2.08 22.59 75.33 58.36

3 41.86 8.78 4936  61.96 0.36  37.69 1.97 2446 73.57 64.65

4 45770 9.26 45.04 67.95 0.24 31.81 1.56 2544 73.00 71.02

5 49.25 9.75 41.00  75.57 0.17 24.26 1.39 27.59 71.02 79.08
T=298.15K

1 2722 6.74 66.04 59.52 0.54 3994 8.73 9.69 81.57 51.61

2 3090 725 61.84  62.08 0.38 37.54 5.72 12.02 82.26 57.55

3 34382 7.74 5744  64.64 0.25 35.10 2.39 1491 82.70 63.96

4 3831 826 53.43  68.97 0.13  30.90 1.48 16.86 81.66 69.54

5 4201 8.81 49.19 72.13 0.05 27.82 0.01 20.29 79.70 7491
T=313.15K

1 3093 729 61.78  77.97 0.04 2199 3.25 11.99 84.76 75.67

2 3474 7.78 57.48  80.05 0.03 19.92 2.96 13.23 83.81 78.21

3 38.03 82 5377 79.07 0.03  20.90 2.27 14.51 83.22 78.15

4  41.95 875 4930 8245 0.02 17.53 1.03 17.46 81.51 83.27

5 4555 9.26 45.19 83.54 0.02 16.44 1.19 20.35 78.46 84.82
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Table 1.3. Equilibrium data for the PEO1500 (wpgo) + Sodium Succinate (ws) + water

(ww) System at 298.15 K and 313.15 K

overall top phase bottom phase

T 100 wpgo 100 wg 100 w,, 100 wpgo 100 wg 100 w,, 100 wpgo 100 ws 100 w,, TLL
T=298.15K

1 2318 1290 63.92 33.74 8.79 57.46 3.70 20.84 75.45 32.37

2 2425 1334 6241 3699 822 54.79 3.60 21.29 75.11 35.86

3 2470 1341 61.89 38.16 791 5393 3.44 21.61 74.94 37.32

4 2531 13.81 60.88 40.53 7.28 52.18 2.06 23.64 7431 41.80
T=313.15K

1 21.54 1237 66.08 40.99 7.89 51.13 7.35 15.53 77.12 34.49

2 2291 12,62 6447 4407 7.53 48.40 6.32 16.76 76.92 38.86

3 2507 13.01 6192 47.88 6.88 45.24 5.10 1849 76.42 4433

4 2694 1328 59.78 54.38 595  39.67 4.59 1931 76.10 51.55

Table 1.4. Equilibrium data for the PPO400 (wppo) + Sodium Succinate (ws) + water

(ww) System at 298.15 K and 313.15 K

L overall top phase bottom phase TLL
100 wppo 100 wg 100 wy, 100 wppe 100 wg 100 w,, 100 wppo 100 wg 100 w,,
T=298.15K
1 5375 1.66 4459  60.98 0.39 38.63 15.83 5.16  79.01 45.40
2 5834 1.81 3985 7241 0.20 2739 10.55 7.50 8195 62.29
3 6218 1.96 3586 7593 0.11 23.96 7.34 9.67 8299 69.25
4  66.21 2.11 31.68 78.34 0.08 21.58 4.61 12.58 82.81 74.78
5 6648 225 31.27  79.31 0.07  20.62 3.69 13.44 82.87 76.79
T=313.15K
1 49.54 1.50 4896  78.09 0.06 21.85 11.16 3.57 85.27 67.02
2 5373 1.66 44.61  80.11 0.06 19.83 9.14 4.68 86.18 71.12
3 58.29 1.82  39.89  81.03 0.05 18.92 7.05 6.13 86.82 74.23
4 66.05 2.11 31.84 84.64 0.04 15.32 3.16 10.39 86.45 82.14
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Table 1.5. Equilibrium data for the PEO1500 (wpgo) + sodium Citrate (ws) + water

(ww) system from (283.15 to 313.15) K

L Overall top phase bottom phase TLL
100 wpeo 100 ws 100 w,, 100 wpgo 100 wy 100 wy, 100 wpgo 100 ws 100 w,
T=283.15K
1 14.66 12.16 73.18 25.17 694 67.88 3.10 1698 79.92 28.04
2 1740  12.65 6996 3231 451 63.18 1.13 2277 76.11 37.90
3 19.87 13.63 66.51 37.06 337 59.57 0.31 26.27 73.42 4451
4 2261 1475 62.63 4224 230 5545 0.10 30.74 69.16 51.67
5 2442 1560 5997 4563 1.89 5247 0.05 31.65 68.30 55.78
T=298.15K
1 14.63  12.17 7320 25.17 635 68.48 1.84 18.78 79.37 28.04
2 1749 1271 69.80 3231 439 63.30 0.46 2229 77.25 37.90
3 1990 13.66 6644 37.06 3.02 59.92 0.18 2488 7494 4451
4 21.68 14.16 64.16 4224 213 55.63 0.01 28.28 71.71 51.67
5 2430 1565 60.05 4563 1770 52.67 0.01 30.29 69.70 55.78

T=313.15K
14.66 12.16 73.17 30.62 494 64.43 0.82 1891 80.27 3291
17.49 1272 69.80 3635 3.54 60.12 0.35 21.47 78.18 40.21
1992  13.65 6643 4126 256 56.18 0.04 24.05 7591 46.49
22.57 14776 62.67 4587 197 52.15 0.01 28.10 71.89 52.79
2443  15.60 5997 4899 151 49.50 0.01 30.56 69.43 56.95

hn R~ WD =
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Table 1.6. Equilibrium data for the PPO400 (wppo) + Sodium Citrate (ws) + water (ww)

System from (283.15 to 313.15) K

L Overall top phase bottom phase TLL
100 wppo 100 ws 100 wy, 100 wppo 100 ws 100 wy, 100 wppo 100 ws 100 wy,
T=283.15K
1 2923 858 62.19  50.06 1.15  48.80 4.20 18.99 76.80 49.20
2 31.76 885 5939 55.02 0.73 44.25 3.88 20.25 75.87 54.74
3 3482 946 5572 5934 044 40.22 3.87 21.02  75.11 59.17
4  37.13 9.89 5298 63.85 0.20 3595 3.51 21.52 7497 63.99
5 3945 1022 5033 6524 0.09 34.67 340 2436 72.24 6643
T=298.15K
1 30.19 6.82 6299  58.87 0.56  40.57 6.60 12.52 80.88 53.62
2 34.05 7.31 58.64 63.98 0.30 35.71 3.97 15.14 80.89 61.81
3 3793 7.84 5422 6692 020 32.88 1.22 18.75 80.03 68.27
4 4174 834 4992 72.03 0.11  27.87 1.28 19.93 78.79 73.47
5 45.61 8.82 4557  74.09 0.05 25.86 1.35 2225 7641 76.06
T=313.15K
1 29.54 850 6196 76.81 0.05 23.15 2.77 13.62 83.61 75.27
2 3214 899 5887 7731 0.05 22.65 1.89 14.87 83.24 76.87
3 3475 949 5575 8284 0.05 17.12 1.76 15.89 82.34 82.61
4 3793 9.99 52.08 80.61 0.05 19.35 1.24 18.18 80.57 81.41
5 3996 1049 49.55  83.55 0.05 1641 1.03 19.87 79.11 84.87
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Table 1.7. Equilibrium data for PPO400 (wppo) + Sodium Acetate (ws) + water (ww)

system at (283.15 and 298.15) K

L overall top phase bottom phase TLL
100 wppo 100 wg 100 w,, 100 wppo 100 wg 100 w,, 100 wppo 100 ws 100 w,,
T=283.15K
1 2843 832 6325 70.59 046 2896 11.71 11.39 76.90 59.88
2 31.70 8.82 5948  70.79 047 28.74 9.57 13.45 76.99 62.58
3 3495 9.32 5573  81.08 0.46 18.46 9.74 14.04 76.22 72.62
4  38.16 9.80 52.04 8235 048 17.17 6.49 16.30 77.21 77.49
T=298.15K
1 2833 832 6336 83.18 0.16 16.66 5.18 11.91 8291 78.88
2 3155 879 59.65 83.81 0.18 16.01 3.73 13.35 8291 81.15
3 3488 9.30 55.82 84.01 0.20 15.79 3.31 13.84 82.85 81.84
4 38.09 9.78 52.13 8522  0.22 14.56 1.49 16.78 81.73 85.35
5 4121 1035 4844 86.12  0.22 13.65 0.81 18.94 80.25 87.34

In general, this decreasing in free energy for ATPS formation is associated with an
increase in the system entropy during the phase splitting process [35]. The increase in
the global composition cause a decrease in the water concentration in the both ATPS
phases, except to the more hydrophobic ATPS formed by PPO in which the water
composition remain almost constant. With these results, the tie-lines were drawn and
their lengths were assessed for four or five global composition depending on the phase
behavior of each ATPS.

The tie-line length (TLL) is an important thermodynamic parameter that at
constant pressure and temperature, expresses the difference in intensive thermodynamic
functions between the top and the bottom phases [35]. Usually, the TLL is used as a
variable that affects the partition process of the solute in ATPS, and is expressed as the
difference between the polymer and salt concentrations present in the phases, as shown

by Equation 1.1.
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rL=|cr-cof +(ct -cef] (L.1)

where C, and C} are the polymer concentrations in the top and bottom phases,
respectively, while Ci and C:{ are those of the salt. The tie-lines were obtained by

linear regression of the corresponding sets of overall bottom-phase and top-phase
concentrations. Through the TLL value it is possible to observe that due the
phenomenon of segregation between macromolecules and electrolytes when the global
composition increases the TLL value increase.

The experimental data also show that all salts used in this work are capable of
forming two phases. The effect of temperature on phase separation was evaluated and is
shown in Figure 1.1 and 1.2, showing phase diagrams plotted at two temperatures for
the PEO1500 + sodium tartrate + water and PEO1500 + sodium succinate + water
ATPS. Similar figures were obtained for the others ATPS. For most systems, it can be
concluded that the extent of the binodal curve does not increase much with increasing
temperature, except for the systems PEO1500 + sodium citrate + water and PPO400+
sodium tartrate + water, which do not show any effect of temperature on phase
separation. The insignificant effect of temperature on the equilibrium phase composition
should be attributed to a small change on the system enthalpy during the phase
separation process, which corroborate with the point of view that the ATPS formation is

entropic driven.
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Figure 1.1. Temperature effect on the phase diagram for the PEO1500 + Sodium

Tartrate system. (0), 283.15 K; (e), 313.15 K.

1 00 WPEO1 500
w B n
o o o
T T T
1

N
o
T

—
o
T

0 5 10 15 20 25
100 w

salt

Figure 1.2. Temperature effect on the phase diagram for the PEO1500 + Sodium

Succinate system. (0), 298.15 K; (e), 313.15 K.
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The temperature effect on the phase equilibrium compositions can be analyzed
through the slopes of the tie-line (STL) values that are reported in Table 1.8. STL can be

calculated with Equation 1.2 [36]:

ch-c?

N N

where C, and C} are the polymer concentrations in the top and bottom phases,

respectively, while C{ and C; are those of the salt.

The data in Table 1.8 also demonstrate that, under constant temperature, the STL is, in
average, constant for all tie-lines. However, by analyzing the temperature effect, it can
be observed that the values of STL are altered, typically increasing in absolute value as
temperature increases, with the exception of PEO1500 + sodium tartrate + water and
PEO1500 + sodium citrate + water. For these systems, the STL sequentially increase at
(283.15, 313.15 and 298.15) K and (313.15, 298.15 and 283.15) K, respectively (Table
8). An increase in temperature promotes the spontaneous transfer of water molecules
from the top phase to the bottom phase. In this case, the top phase becomes more
concentrated in polymer, while the concentration of salt in the bottom phases decrease.
The TLL is also, in average, significantly affected by temperature in a same
system. For PEO1500 + sodium tartrate + water, PPO400 + sodium tartrate + water and
PPO400 + sodium citrate + water systems, the temperature effect is insignificant
between 283.15 K and 298.15 K, but at 313.15 K there is a significant difference among
the systems (Table 1.8). The system PEO1500 + sodium succinate + water was studied

only at (298.15 and 313.15) K, also observing an insignificant temperature effect.
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Table 1.8. STL values for ATPS systems at (283.15, 298.15 and 313.15) K

PEO1500 + Sodium tartarate + PPO400 + Sodium tartrate +
Tie-line Water T/K Water T/K
283.15 298.15 313.15 283.15 298.15 313.15
1 -1.71 -2.07 -1.63 -2.60 -5.50 -6.27
2 -1.61 -1.96 -1.66 -2.49 -4.82 -5.84
3 -1.62 -1.85 -1.62 -2.50 -4.25 -5.29
4 -1.50 -1.76 -1.64 -2.65 -4.04 -4.67
5 -1.59 -1.74 -1.58 -2.70 -3.57 -4.05
PEO1500 + Sodium citrate + PPO400 + Sodium citrate +
Tie-line Water T/K Water T/K
283.15 298.15 313.15 283.15 298.15 313.15
1 -2.19 -1.88 -2.13 -2.56 -4.38 -5.47
2 -1.70 -1.78 -2.00 -2.61 -4.04 -5.09
3 -1.60 -1.69 -1.91 -2.69 -3.53 -5.11
4 -1.47 -1.61 -1.75 -2.83 -3.56 -5.37
5 -1.53 -1.60 -1.68 -2.55 -3.28 -4.16
PEO 1‘500 + Sodium PPOA}OO + Sodium PPO400 + Sodium
Tie-line succinate + Water succinate + Water acetate + Water T/K
T/K T/K
298.15 313.15 298.15 313.15 283.15 298.15
1 -2.49 -4.39 -9.74 -19.06 -5.38 -6.65
2 -2.56 -4.09 -8.46 -15.28 -4.71 -6.08
3 -2.54 -3.69 -7.16 -12.10 -5.25 -5.84
4 -2.35 -3.73 -5.89 -7.79 -4.79 -5.04
5 - - -5.64 313.15 -1.53 -4.55

However, at higher temperatures, the phases become more concentrated in their typical
components, that is, the top phase becomes richer in polymer and the bottom phase
becomes richer in salt. For the PEO1500 + sodium citrate + water, PPO400 + sodium
succinate + water and PPO400 + sodium acetate + water systems, in average, no
significant changes were detected at any temperature tested (Table 1.8). Whenever there
is a temperature effect, one can say that the phase separation process is endothermic.
Figures 1.3 and 1.4 show the effect of anions for systems containing PEO1500
and PPO400, respectively, both at 298.15 K. In Figure 1.3, it is observed that anion

capacity to promote phase separation follow the order citrate > tartrate > succinate.
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Figure 1.3. Influence of anion on the phase diagram of the PEO1500 + sodium salt

systems at 298.15K. (m), Sodium Tartrate; (®), Sodium Succinate; (A), Sodium Citrate.

Based on da Silva and Loh model [37] for the ATPS formation process, when
PEO and salts are mixed, the ions and the polymer interact, releasing solvation water
molecules in a process driven by entropy increase. The ion binding continues as more
electrolytes are added until it reaches a saturation point, after which no more entropy is
gained and the phase splitting becomes more favorable. After this saturation point, the
addition of more salt would lead to a higher concentration in the bulk than around the
polymer. The proposition that phase separation occurs in association with the saturation
of the electrolyte—polymer binding may sound contradictory to features of the binodal
curves for aqueous two—phase systems, which highlights that at lower concentrations of
one component, more of the other component is necessary to induce phase splitting. At
this point, it is important to stress that this saturation does not mean physical saturation
of the binding sites around the polymer, but that a significant amount of electrolyte is

left in solution without interacting with the polymer, destabilizing the system, hence,
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leading to phase separation. According to this model, as more intense is the salt-PEO
interaction; less effective is the salt in to induce phase separation. Based on this model
the anion which interact less with PEO is the citrate.

In Figure 1.4, the slope of the experimental tie-line is only slightly changed with
the formation of ATPS for polymer mass fractions above 55; also, for mass fractions
below 5, approximately, this change was not significant. Finally, between 5 and 55, the

difference in slope followed the order succinate > acetate.
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Figure 1.4. Influence of anion on the phase diagram of the PPO400 + sodium salt
systems at 298.15K. (m), Sodium Tartrate; (¥), Sodium Citrate; (A), Sodium Acetate;

(0), Sodium Succinate.

Comparing the influence of molecular weight of both polymers at different
temperatures, for the system containing sodium tartrate the binodal curve of the PPO400
system is longer than that of PEO1500, mainly in the top phase for the polymer mass
fraction. In the bottom phase, the salt concentrations decrease with increasing

temperature. For the sodium succinate systems, it can be concluded that PPO400 is
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more capable of forming the ATPS than PEO1500, because the two-phase area is larger.
Furthermore, a smaller amount of the salt mass fraction is required in both phases.
Finally, the formation of two phases is more likely to occur with PPO400/sodium citrate

than with PEO1500/sodium citrate.

1.5. Thermodynamic modeling

There are several thermodynamic models for the activity coefficient. The model
proposed by Margules and van Laar, cited by Prausnitz [38], is completely empirical.
The Wilson [39] and NRTL [34] models are based on the local composition concept.
The UNIQUAC model [40] has a more theoretical basis, and the ASOG [41,42] and

UNIFAC [43,44] models use the group contribution concept.

1.5.1. NRTL (non-random, two-liquid) model and Parameter Estimation

The NRTL model is based on the local composition concept and is applicable to
partially miscible systems. This model was used to analyze the experimental liquid-
liquid equilibrium data of all systems in this work. The equations of the original NRTL
model were modified for systems containing salts and polymers [36, 45,46].

This model has five adjustable parameters for each binary pair (Ag; Aogji Azij

Ajji and o). The parameters Ay, Agji, Agjj, Azji are related to the characteristic energy of
interaction between the molecules of type i and j, while the parameter o;; is related to the
non-randomness of the mixture.

The estimation the new binary interaction parameters was performed using the
software FORTRAN code WTML-LLE [36, 44] (weight temperature-maximum
likelihood — liquid-liquid equilibrium) and are shown in Table 1.9. With the estimated

parameters, comparisons were made between the experimental and calculated
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composition of each component in both phases, by means of the root mean square (dw )

deviation, as shown by Equation 1.3.

ow =

M N1, 1, I.cale 1, I cale
\/Zi Zj (Wijexp _Wij ac) +(WU exp _Wij ca ) (13)
2MN

where, i and j are the components; /, I are the liquid phases at equilibrium; superscripts
‘exp’ and ‘calc’ refer to the experimental and calculated values of the liquid phase
concentration; w is mass fractions; N and M are the number of components and tie-lines
in each data set.
Information about the thermodynamic modeling of the phase equilibrium is essential for
the development, design, simulation, optimization, and operation of this separation
process. The thermodynamic modeling with NRTL is realized with the composition of
the components for esteem the binary interaction parameters. For the partially miscible
binary pairs, estimates of Ag;, Agji, Ay Ay for obtained 7; and t;; are obtained from
mutual-solubility data following an arbitrary choice for a;; in the region 0.20 < a;; < 0.40
[47]. Then the binary interaction parameters are dependents of the composition, a;; and
temperature. The results of the NRTL are the calculated composition, the root-mean-
square deviations and interaction parameters. The good agreement of the composition,
guarantees the quality of the parameters and of certain form qualifies the use of the
thermodynamic model directly in the evaluation of the mixtures of solvent in extraction
systems. The calculated composition of the NRTL can be plotted together with the
experimental data or alone; both shown the behavior of the system.

These results are summarized in Table 1.10, and are very satisfactory with

global root mean square deviation as low as 2.03 %.
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Table 1.9. Estimated NRTL parameters

i j Apij(K)  Agji (K) Ay Ajji aij
Sodium
PEO1500 -579.08 67.017 043994 -51.704 0.43789
tartarate
PEO1500 water 1632.6  2990.5 1.8928 23.749  0.38902
Sodium -
PEO1500 -21.659 0.67843  3.0495 0.24913
succinate 0.90666
PEO1500 Sodium citrate  2102.8 4.6928  2.7804 17.409 0.20674
Sodium
water -767.61 -248277 13.269 -0.33001 0.46999
tartarate
Sodium
PPO400 96.150 -5146.0 89.406 19.744  0.23433
tartarate
water PPO400 -15.305 32582 6.4023 24.853  0.27346
Sodium
water -3238.5 51.017 12.107 -7.6702 0.22050
succinate
water Sodium citrate  13.272 0.26390 0.22206 3.7602 0.20201
water Sodium acetate  135.46  3.0957  80.556 4.3546  0.20529
Sodium
PPO400 43716  3.0010 2.3059 119.39  0.20014
succinate
PPO400 Sodium citrate  97.371  281.17 44.616 -9.7231 0.22009
PPO400 Sodium acetate -825.81 -504.11 7.8610 -4.8925 0.20867
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Table 1.10. Root mean square deviations in ternary systems

Systems 1000w (NRTL)
PEO1500 + Sodium Tartarate + water at 283.15 K 1.26
PEO1500 + Sodium Tartarate + water at 298.15 K 1.29
PEO1500 + Sodium Tartarate + water at 313.15 K 1.43
PPO400 + Sodium Tartarate + water at 283.15 K 2.20
PPO400 + Sodium Tartarate + water at 298.15 K 2.30
PPO400 + Sodium Tartarate + water at 313.15 K 2.94
PEO1500 + Sodium Succinate + water at 298.15 K 0.56
PEO1500 + Sodium Succinate + water at 313.15 K 0.28
PPO400 + Sodium Succinate + water at 298.15 K 2.52
PPO400 + Sodium Succinate + water at 313.15 K 2.88
PEO1500 + Sodium Citrate + water at 283.15 K 0.64
PEO1500 + Sodium Citrate + water at 298.15 K 0.61
PEO1500 + Sodium Citrate + water at 313.15 K 0.58
PPO400 + Sodium Citrate + water at 283.15 K 1.97
PPO400 + Sodium Citrate + water at 298.15 K 2.36
PPO400 + Sodium Citrate + water at 313.15 K 2.93
PPO400 + Sodium Acetate + water at 298.15 K 2.51
PPO400 + Sodium Acetate + water at 313.15 K 3.07
global (86 tie-lines) 2.03

1.6. Conclusions
Experimental ATPS data for PEO1500 + sodium tartrate + water, PPO400 +

sodium tartrate + water, PEO1500 + sodium succinate + water, PPO400 + sodium
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succinate + water, PEO1500 + sodium citrate + water, PPO400 + sodium citrate + water
and PPO400 + sodium acetate + water were determined at different temperatures. The
results amplify the literature database on polymer and salts, in terms of both
experimental liquid-liquid equilibrium data and thermodynamic modeling. This
information is very important for the design of any extraction process.

In general, it could be observed that the ATPS investigated here are reasonably
complex systems, because the two-phase formation does not follow a constant trend
with changes in temperature and anion type. Such fact, however, does not impair the
application of this type of system in the industry. In spite of their complexity, the results
were considered as consistently good.

For several systems, it was observed that an increase in temperature causes small
increases of the binodal curve. However, the most important parameter to be considered
is the significant effect of the mass fraction of the phases, as demonstrated by its
influence on the inclination of the tie-lines. The study of the efficiency of the two
polymers (PEO and PPO) showed that PPO is better than PEO in forming the ATPS due
to the physical-chemical properties of the former, especially its higher hydrophobicity
compared with PPO.

The experimental data were correlated with the NRTL model for the activity
coefficient. The results are satisfactory, with global root mean square deviations
between calculated and experimental compositions in both equilibrium phases as low as

2.03 %.
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Capitulo 2 - Green separation of copper and zinc using triblock-copolymer

aqueous two-phase systems
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2.1. Abstract

The separation of copper and zinc was studied using aqueous two-phase systems
(ATPS) formed by triblock copolymers with an electrolyte and water in the presence of
1-(2-pyridylazo)-2-naphthol (PAN) as an extractor. The separation behavior of the
metals is affected by the quantity of extractor added, the pH of the system, the nature of
the ATPS electrolyte and the system composition. The maximum separation (Scyzn =
204) of Cu and Zn was obtained with the L64 + Na,C4H4O¢ ATPS at pH 3.0, a tie-line

length of 41.28 % (m/m) and a PAN/metal ratio of 3.

Keywords: Aqueous two-phase system, green chemistry, triblock copolymer, liquid-

liquid extraction
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2.2. Introduction

To meet the growing demand for metals such as zinc and copper, an increasing
emphasis has been placed on the production of high-purity metals from low-grade ores
or waste such as slag, tailings and recycled materials [1]. Current legislation has
attempted to regulate the disposal of these substances. The recovery of these metals is
economically and environmentally important because of their high cost and their
toxicity at high concentrations.

High concentrations of both copper and zinc are present in the effluents/wastes
of some metallurgical/plating industries. Cementates of the zinc industry are obtained
during the hydrometallurgical zinc-winning process. This process produces waste that
contains copper (28.6 %) and zinc (22.4 %). Waste from the plating industry (the rinse
solution) also contains zinc (39-350 mg L'l) and copper (6-535 mg L'l) [2].

Of the techniques available (precipitation, adsorption and solvent extraction) to
remove metals from leach solutions, solvent extraction is the most attractive because it
not only offers easy and flexible operation with an ability to handle a wide range of
concentrations and control over the selectivity of the separation but it is also a clean
technique that does not produce sludge [3]. In addition, when solvent extraction is
coupled with electroplating, metals can be obtained with purities above 99.9 %. Several
studies have explored the extraction of copper and/or zinc with various extractants
including LIX 84I [4], Acorga M5640 [5] and Cyanex 272 [6]. However, most of these
extractants are expensive, which increases their production cost. In addition, the
solvents used in these liquid—liquid extractions are toxic and flammable [7]. The
possibility of forming emulsions is another disadvantage because it increases the time
required for phase separation [8]. Therefore, novel extraction methods are needed that

are economically viable, clean and environmentally safe. Aqueous two-phase systems
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(ATPS) are promising liquid-liquid extraction systems for metal separation because
they are composed primarily of water and other components which are neither toxic nor
flammable [9-10].

ATPS are produced under specific thermodynamic conditions in which a
combination of two aqueous solutions of different macromolecules [11], one
macromolecule and one electrolyte [12], or two electrolytes [13] are mixed. In
polymer/electrolyte ATPS, the phase separation generally results in a polymer-enriched
top phase and an electrolyte-enriched bottom phase. These systems also have higher
water content in both phases [14]. Polymer/electrolyte ATPS are easy to use, are low
cost with components that can be recycled [14], and have been used for the separation,
pre-concentration, purification and determination of biomolecules [15-18], phenols
[19,20], dyes [21] and metal ions[10].

In 1984, the first paper on the partition of metallic ions using ATPS was
published, showing the potential of this technique for metal extraction [22]. In the
1990s, Rogers et al. demonstrated the influence of parameters such as system
composition, temperature, polymer nature and electrolyte formation in the partitioning
of metal ions [23-25]. With the discovery of triblock-copolymer ATPS, the use of a
hydrophobic complexant for metal extraction became possible [26]. Certain triblock
copolymers, e.g., (EO)(PO),(EO), aggregate in an aqueous solution at critical
temperatures and concentrations to form micelles with a core dominated by
hydrophobic units (poly(propylene oxide), (PO)) that is surrounded by a crown of
hydrophilic units (EO) [27]. These cores are able to solubilize the water-insoluble
complexing agent and its hydrophobic metal complex.

The separation of copper and zinc was investigated using an ATPS produced by

a triblock copolymer of poly (ethylene oxide), PEO, and poly (propylene oxide), PPO,

40



with an electrolyte in water at 298 K. The separation also utilized 1-(2-pyridylazo)-2-
naphthol (PAN) as an extracting agent. The influence of the quantity of extracting agent
added, the pH of the system, the nature of the ATPS electrolyte and the system

composition on the yield of the metal extraction have been examined.

2.3. Experimental

2.3.1. Materials and chemicals

All reagents were of analytical grade and were used as received without further
purification. The triblock copolymer used was poly (ethylene oxide)-poly (propylene
oxide)-poly (ethylene oxide), L64, with an average molar mass (M,,) of 2900 g mol’
and 40 % ethylene oxide, which corresponds to the composition (EO);3(PO)3o(EO);3.
The triblock copolymer was acquired from Aldrich® Chemistry (Milwaukee, WI).
MgSO4-7H,0, Li,SO4-H,0, sodium tartrate (Na,Cs4H4Og 2H,0), H,SO4 and NaOH,
were obtained from Vetec (Duque de Caxias, Rio de Janeiro, Brazil). The PAN, and
CuSOy4 were purchased from Merck (Darmstadt, Germany).

Deionized water (R > 18 MQ cm™) was used throughout the experiments. A
Milli-Q II water deionizer (Millipore Corporation, Bedford, MA) was used for the final
purification of the distilled water. The pH measurements were performed using a glass

electrode combined with a digital pH meter ((Wissenschaftlich—Technische

Werkstitten, pH 330i/SET)). The experiments were performed on an analytical balance
(Shimadzu, AY 220) with an uncertainty of + 0.0001 g. The temperature of the ATPS
was controlled in a temperature-controlled bath (Microquimica, MQBTC 99-20) at 25.0
+ 0.1 °C. A centrifuge (Thermo Scientific, Heraeus Megafuge 11R) was also used in the

experiments. The metal concentrations were determined using a flame atomic
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absorption spectrometer (VARIAN AA240). The instrumental conditions for FAAS
measurements are summarized in Table 2.1.

Table 2.1. Instrumental conditions for FAAS measurements

Bl Wavelength  Applied Current Spectral Flame Composition
ement
(nm) (mA) Resolution (nm)  Air/C,H, (L min'l)
Cu 324.8 4.0 0.5 3.50/1.50
Zn 213.9 5.0 1.0 3.50/1.50

2.3.2. Compositions of the aqueous two-phase systems

The aqueous two-phase system formed from L64 and salt was prepared by
mixing 2.00 g of an L64 solution and a 2.00 g salt (MgSOs, Li,SO4, or Na,C4H4Op)
solution previously prepared in appropriate concentrations. The phase composition of
the copolymer and salt in the ATPS was defined according to the equilibrium phases
and is shown in Table 2.2.

Table 2.2. System composition and tie-line length (TLL) for the ATPS.

Top Phase % Bottom Phase

Component TLL % (m/m)  Ref.
(m/m) % (m/m)

Lo64 35.15 5.56
29.76 28

MgSOy 2.87 6.09

Lo64 45.58 5.15
40.73 28

MgSOy, 2.20 7.18

Lo64 41.72 0.41
41.86 28

Li,SO, 3.27 10.01

Lo64 43.03 2.70
41.28 18

N212C4H406 4.01 12.86
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2.3.3. The influence of pH and the quantity of PAN

Each metal ion in the biphasic system was partitioned so that the metal
concentration was fixed (0.100 mmol kg™"). To study the influence of pH, the mole ratio
of PAN to the metal ranged between 0.00 and 10.0. A salt solution (MgSQy, Li;SOy, or
Na,C4H4Og) containing 0.200 mmol kg'1 metal and an L.64 solution containing between
0.200 and 2.00 mmol kg"' PAN were prepared. The pH of the water used to prepare the
salt and L64 solutions was previously adjusted using H,SO, for acidic pH values (1.0,
3.0 and 5.0) and NaOH for alkaline pH values (9.0 and 11). The metal solution (2.00 g
of 0.200 mmol kg) and 2.00 g of the appropriate concentrations of the PAN solution
were weighed in a centrifuge tube. The tube was manually stirred for 3 min, centrifuged
for 10 min at 20257g and allowed to settle for 20 min at (25.0 £ 0.1) °C in a
temperature-controlled bath. Then, the top phase was removed, suitably diluted, and its
metal concentration determined using flame atomic absorption spectrometry (FAAS).
The extraction percentage (%E) of the metal ions was calculated using Eq. (2.1) as

follows:

me+ (2.1)
WE = M;{ 100

(pym+)

in which (rm,m+);p is the quantity of metal ions in the upper phase (in mol), and

(ryym=+ ) 7 is the total quantity of metal ions in the system.

2.3.4. The influence of the ATPS nature and the system composition

The influence of the ATPS nature was studied at pH 3.0 for Cu(Il) and pH 11 for
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Zn(Il). The metal solutions were prepared in a salt solution (MgSO,4, LixSO4 or
Na,C4H4Og) according to the needs of each experiment. The appropriate concentration
of salt and polymer was prepared according to the desired system composition, and the

studies were performed according to the method described in section 2.3.

2.4. Results and Discussion
2.4.1. The effect of the pH and PAN quantities on the metal extraction behavior

The influence of pH on the extraction behavior of Cu(Il), expressed as the
extraction percentage (%E) as a function the PAN/Cu ratio, is shown in Fig. 2.1. These

studies were performed using the L64 + MgSO,4 + H,O ATPS.
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Fig. 2.1. The effect of pH and [PAN] on the % E of the Cu(Il), using L64 + MgSO4 +
H,0 system (TLL = 40.73 % (m/m)), where pH = 1.00 (m), pH = 3.00 (e), pH = 5.00

(A),pH=9.00(V)and pH=11.0 ().

For all pH values, an increase in the PAN quantity leads to an increase in the
Cu(II) extraction with curves of similar profile. However, the rate of change in the %E

for Cu(Il) and the maximum extraction values are dependent on the hydrogen ion
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concentration. The maximum %E values follow the order: pH 3.0, (91.6 + 1.6) % > pH
9.0, (78.6 £2.7) % =~ pH 5.0, (76.8 £ 0.1) % > pH 11, (62.0 £ 0.5) % > pH 1.0, (56.6 £
2.4) %. In the absence of PAN molecules, the Cu(Il) %E is independent of the pH and is
approximately 17 %. Without PAN molecules, the Cu(Il) bottom phase concentration is
determined by two driving forces: (1) an entropic force in which Cu(Il) is concentrated
in the bottom phase to increase the entropy system and (2) a specific enthalpic
interaction between the Cu(Il) ions and the ATPS components to retain the metal in the
bottom phase. At any pH and without PAN, the possible Cu(Il) equilibria are described

by equations 2.2 and 2.3.

Cu”* + 6H,0 = [Cu(H,0)¢]** (2.2)

Cu?* + xS0 = [Cu(SOy))]**> (2.3)

Both copper species concentrate in the bottom phase because they do not interact
favorably with the copolymer macromolecule present in the top phase. With the
addition of PAN molecules, the Cu(Il) %E increases because of the formation of a new

Cu(II) species, the Cu-PAN complex (shown in Equation 2.4), at the interface.
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The Cu-PAN complex is a water-insoluble cation that moves spontaneously
from the ATPS interface to the top phase, solubilizing in the hydrophobic core of the
L64 micelles. As more PAN molecules are added to the ATPS system, more PAN-—
Cu(Il) complex is formed at the interface, and more complex is transferred to the top
phase, increasing the Cu(Il) %E.

The effect of pH on the Cu(Il) extraction behavior should be associated with the
influence of the [H'] concentration on the PAN—Cu(II) complex formation constant, Kg.
Despite its high value (Kg=1.0 x 10'%), the Cu—PAN complex formation constant is
dependent on the pH because the PAN molecules coexist in three different ionization

states dependent on the pH (see Equation 2.5).
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At pH 1.0, the neutral PAN molecule is at equilibrium with its cationic form,
PAN", which is in higher concentration at this pH, causing a decrease in the quantity of
the Cu—PAN complex formed because the PAN" species does not favorably interact
with the Cu(Il) ion. With increasing pH, the concentration of PAN molecules begins to
increase until it reaches a maximum at pH 9. Above pH 9, an increase in the pH causes
the formation of the PAN anionic species, which does not interact favorably with the
Cu(II) cation to form a complex, and the quantity of Cu(Il) transferred from the bottom
phase to the top phase decreases.

The previously described molecular process is influenced by the nature of the
ATPS salts, as shown in figure 2.2. The influence of pH on the extraction behavior of
Cu(II) is also shown in Figure 2.2. These results derive from studies performed using an

L64+Na,C4H406+H,0O ATPS with PAN as the complexing agent.

47



1 00 T T T L T T T T T T T
90

~o4
‘o
o
:

70} B
of S ]
501 . -
wl i i
20 -ﬁ ]
10[ ¥ '

O.I L 1 L 1 L 1 L 1 L I.
0 2 4 6 8 10

Proportion PAN/Cu

% E

Fig. 2.2. The effect of pH and [PAN] on the % E of the Cu(Il), using L64 + Na,C4H4O¢
+ H,0 system (TLL = 41.28 % (m/m)), where pH = 1.00 (m), pH = 3.00 (e), pH = 5.00

(A),pH=9.00(V)and pH=11.0 ().

For the L64+Na,C4H;sO6+H,O ATPS, the maximum %E values for Cu(ll)
followed the order pH 3.0, %E = 92.5 + 0.6) % =~ pH 9.0, %E =90.6 £ 0.9) % > pH 11,
%E =84.2 £0.6) % >pH 5.0, %E =72.9 £ 0.7) % > pH 1.0, %E =72.7 £ 0.5) %.

The dependence of the maximum Cu(Il) extraction efficiency on the pH value is
influenced by the ATPS electrolyte nature. For both salts, MgSO, and Na,C4H4Og, a
higher Cu(Il) extraction efficiency by the PAN molecule was obtained at pH 3.0, and a
lower extraction efficiency was obtained at pH 1.0. This acidic pH effect can be
explained through a discussion of the Cu(Il) extraction behavior in the L64 + MgSOy4 +
H,O ATPS. Surprisingly, the Cu(Il) cation is extracted in the L64 +Na,CsH,O¢+H,0
ATPS at pH 9.0 at the same level as it is at pH 3.0. In this ATPS and under the given

thermodynamic conditions, the system could produce a new complex of PAN and
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Cu(II). As suggested by Betteridge et al. [29], at this pH, the Cu—PAN complex forms

according to equations 2.6 to 2.9 as follows:

H-PANp = H-PANr (2.6)
H—PANINT =H"+ PAN_INT (27)
Cu**+ PAN = [Cu-PAN] It (2:8)

[Cu-PAN] vt + HyO = [Cu-PAN-OH] vt + HY (2.9)

[Cu-PAN-OH]r = [Cu-PAN-OH]p (2.10)

in which the subscripts TP and INT represent the top phase and the interface,
respectively. Betteridge et al. suggested that the [Cu-PAN-OH] complex is more stable
than a Cu(PAN), complex. At pH 11, the %E decreases because, at this pH, the

following new charged complex can be formed:
[Cu-PAN-OH] it + OH- = [Cu-PAN-(OH),] (2.11)
For Zn(II) extraction using the L64 + Na,C4H4O¢ + H,O ATPS, an increase in
pH increases the %E. The effect of the pH on the extraction behavior of Zn(II) is shown

in Fig. 2.3. These studies were performed with the L64 + Na,C4H4O6 + H,O ATPS

using PAN as a complexing agent.
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Fig. 2.3. The effect of pH and [PAN] on the % E of the Zn(II), using L64 + Na,C4H4O¢
+ H,O system (TLL = 41.28 % (m/m)), where pH = 1.00 (m), pH = 3.00 (), pH =5.00

(A), pH=9.00 (V) and pH = 11.0 (<).

The extraction efficiency of the Zn—-PAN complex increases as the pH increases
until it reaches a maximum at pH 11, suggesting a Zn/PAN complexation process that
differs from that of Cu(Il). The Cu—PAN complex follows a 1:1 stoichiometry, while
the Zn—(PAN), complex follows a 1:2 stoichiometry. Therefore, Zn—(PAN), complex is
a charge-neutral complex capable of solubilizing inside the copolymer micelle. The rate
of formation of the Zn-(PAN), complex is likely controlled by the PAN" species
concentration, which is higher at pH 11.

The same result is obtained for the L64 + MgSOs + H,O ATPS as shown in
figure 2.4, which depicts the influence of the pH on the extraction behavior of Zn(II)
using the L64+MgSO4+H,O ATPS and PAN as a complexing agent.

For the L64 + MgSO, + H,O ATPS, the maximum Zn(II) %E values followed
the order pH 11, %E = (97.8 + 1.4) > pH 5.0, %E = (30.7 £ 0.6) > pH 3.0, %E = (21.0 £

0.3) = pH 1.0, %E = (20.8 £2.5).
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Fig. 2.4. The effect of pH and [PAN] in the ATPS on the % E of the Zn(Il), using L.64 +
MgSO4 + Hy0 system (TLL = 40,73 % (m/m)), where pH = 1.00 (m), pH = 3.00 (o),

pH=5.00 (A), and pH=11.0 ().

The dependence on the PAN™ concentration only occurs because the formation

constant for the Zn—(PAN), complex is high, Kp =1 x 10?! [30].

2.4.2. The effect of the ATPS/electrolyte combination on the extraction of metal ions
The effects of the electrolyte on the extractions of Cu(Il) and Zn(Il) are shown in

Fig. 2.5 and 2.6, respectively. These studies were performed with the ATPSs formed by

L64 + MgSO4, and L64 + Na,C4H4O4 for both Cu(ll) and Zn(Il) using PAN as the

complexing agent and at the pH of maximum extraction.
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Fig. 2.5. The effect of nature electrolyte in the ATPS on the % E of the Cu(Il), using
L64 + Na,C4H4O4 + HyO system (TLL = 41.28 % (m/m)) (m), or L64 + MgSO,4 + H,O

system (CLA =40.73 % (m/m)) (e)

Figure 2.3 indicates that there is no difference between the Cu(Il) extraction
percentages for the systems formed by L64 + MgSO, and L64 + Na,CsH4Og¢. This
behavior is due to the similarity in the values of log K for the complexes between the
Cu(II) and the anion of the electrolyte in the ATPS (copper—sulfate = 2.4 and copper—
tartrate = 2.1). The metal extraction efficiency is inversely proportional to the formation
constant for the complex if only the metal-sulfate or metal-tartrate interactions are
considered because the metal and the extracting agent are the same.

For Zn(Il), the extraction percentage is slightly larger for the L64 + MgSO4
ATPS than for the L64 + Na,C4H4O6 ATPS as shown in Fig. 2.6. This result is due to
the values of log K for the complexes between Zn(II) and the anions of the electrolyte in

the ATPS (zinc—sulfate < zinc—tartrate [31]).
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Fig. 2.6. The effect of nature electrolyte in the ATPS on the % E of the Zn(Il), using
L64 + Na,C4H4O¢ + H,0 system (TLL = 41.28 % (m/m)) (m), or L64 + MgSO, + H,0O

system (CLA =40.73 % (m/m)) (e).

2.4.3. Influence of the ATPS composition on the extraction behavior of metal ions
Differences in the ATPS phase composition are expressed by the tie-line length
(TLL). At constant pressure and temperature, the TLL is a thermodynamic parameter of
the ATPS that expresses the difference in the intensive thermodynamic functions
between the top and bottom phases [21]. The TLL is expressed as the difference
between the polymer and salt concentrations present in the different phases and is
commonly used as the variable for determining the process of solute partitioning. The
difference in the intensive thermodynamic properties is enhanced with an increase in the

TLL. The TLL is calculated by Eq. (2.6) as follows:

TLL=[(C, = Cp)* +(Cg = C¢)1" (2.6)

in which C}and C; are the polymer concentrations in the top and bottom phases,
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respectively, and C{ and C; are the corresponding salt concentrations.

Fig. 2.7 shows the influence of the TLL on the extraction behavior for Cu(Il).
These studies were performed with the L64 + MgSO4 ATPS at the two different values
of the TLL using PAN as a complexing agent. The results indicate that increasing the
TLL value increases the efficiency of the extraction process. The increase in TLL tends
to intensify the number of interactions between the metal-PAN complex and the
polymer molecules in the top phase, causing more of the complex to partition into the

top phase.
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Fig. 2.7. The effect of TLL in the ATPS on the % E of the Cu(Il), using L64 + MgSO,
+ H,0 system (TLL = 29.76 % (m/m)) (m), or L64 + MgSO, + H,O system (TLL =

40.73 % (m/m)) (e).

2.4.4. Separation of the Cu(Il) and Zn(Il) in the ATPS

Fig. 2.8 shows the Cu(Il) and Zn(II) extraction percentages at several PAN/Cu
ratios in the L64 + Na,C4H4O4 + H,O ATPS at pH 3.00. The results indicate an efficient
extraction of the Cu(Il), while the Zn(II) remains concentrated in the bottom phase. For

a PAN/Metal ratio of 3.0, the separation factor (Smn) between the copper and zinc is
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204. The separation factor expresses the separation efficiency of two species, M and N,

using liquid—-liquid extraction [32] and can be calculated from Equation 2.7 as follows:

Sy n = 2.7)

in which Dy, is the distribution coefficient of species M, and Dy is the distribution
coefficient of the concomitant species, N. The distribution coefficient for any given

species is expressed by Equation 2.8 as follows:

% E

D, =——— 2.8
M 100-%E 2.8)

At pH 3, this system proved to be extremely efficient at separating the copper

and zinc present in many different matrices and wastes.
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Fig. 2.8. The effect of [PAN] in the ATPS on the %E of the Cu(Il) (m) and Zn(II) (e®) at

pH = 3.00, using L64 + Na,C4H4O¢ + H,O system (CLA =41.28 % (m/m))
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2.5. Conclusions

A new, environmentally friendly ATPS technique, compatible with the
principles of green chemistry, was developed for the liquid-liquid extraction of Cu(II)
and Zn(Il). A maximum separation (Scyzn = 204) of Cu and Zn was obtained when the
L64 + Na,C4H4O6 ATPS was used at pH 3.0 with a tie-line length of 41.28 % (m/m)
and a PAN/metal ratio of 3. The proposed separation method demonstrated that ATPS

can be applied as a substitute for solvent extraction in hydrometallurgical processes.
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Capitulo 3 - Copper recovery from ore by liquid-liquid extraction without the use

of organic solvents
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3.1. Abstract

The extraction behavior of Cu(Il) in the aqueous two-phase system (ATPS)
formed by [L35 + MgSO4 + H,O] or [L35 + (NH4),SO4 + H,0] in the presence of the
extracting agent 1-(2-pyridylazo)-2-naphthol (PAN). At pH = 3 and with a PAN
concentration of 0.285 mmol kg'l, both (ATPS) led to the effective separation of Cu(Il)
from other metallic ions (Zn(II), Co(Il), Ni(Il) and Fe(IIl)). High separation factors
(from 10° to 104) were obtained for the extraction of Cu(Il). This system was used for
the extraction of copper from a leached ore concentrate with a %E of 90.4 + 1.1 for

Cu(II); other metals were mainly located in the bottom phase.

Keywords: green chemistry, copper, ore, liquid-liquid extraction
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3.2. Introduction

Copper is widely used because it has several essential properties for different
technological applications, such as use in electrical materials and construction,
transportation, and industrial machinery parts, which are produced at a higher rate every
year. At present, there are two main methods employed worldwide to process copper
ore for metal production: pyrometallurgical and hydrometallurgical methods.

The pyrometallurgical method comprises numerous types of shaft and flash
technologies, including crushing, grinding, flotation, smelting-refining and electro-
refining. The pyrometallurgical method is used for sulfide flotation concentrates, and it
is economically feasible for copper rich feeds and large-scale operations [1]. However,
this process has several drawbacks, including high energy consumption and the
production of hazardous gases.

Because of an increasing world demand for copper, there is a strong incentive to
develop environmentally friendly processes for copper extraction from low-grade ores.
Therefore, there is a considerable intensification in the research and development of
hydrometallurgical methods. These developments focus on by-product and concentrate
treatment alternatives to traditional pyrometallurgical methods for the processing of
sulfide ores and concentrates, particularly for small-scale production and for the
processing of remote metal resources that are not amenable to pyrometallurgy [2].
Hydrometallurgy consists of crushing, leaching, solvent extraction (SE) and
electrowinning.

The SE step is important because it results in the purification and
preconcentration of the metal. SE offers a convenient method for the extraction and
separation of copper, and SE can be efficiently applied for the recovery of copper from

leach liquors and waste solutions using a variety of reagents [3]. SE plants have critical
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problems that considerably affect the extraction efficiency and selectivity, including
crud formation, organic and aqueous phase entrainments, and variable and unpredictable
phase separation times in settlers [4]. Furthermore, established SE methods involve
organic solvents that are considered hazardous materials because they are detrimental to
the environment and harmful to human health [5]. Therefore, it is important to devise
novel extraction methods that are cleaner and safer. Hence, the aqueous two-phase
system (ATPS) has been introduced as a promising liquid-liquid extraction system for
metal separation because it mostly uses water and other nontoxic and nonflammable
constituents [6-8].

ATPS is formed under specific thermodynamic conditions when one polymer
and one electrolyte are mixed. A phase split results in a polymer-enriched top phase and
an electrolyte-enriched bottom phase. Additionally, these systems have a high content
of water in both phases [9]. The ATPS has several advantages, including its easy
operation, low-cost and the possibility to recycle its components [10]. These systems
have been used for the separation, preconcentration, purification and determination of
biomolecules [11-14], phenols [15-16], dyes [17] and metallic ions [6-8, 18]. Factors
such as the pH, the design of the system, the electrolyte composition, the temperature
and the extractant concentration strongly affect the partitioning behavior and the
separation of analytes [19].

In the described work, was separated copper from other metallic ions using an
ATPS formed by a triblock copolymer composed of poly(ethylene oxide) (PEO) and
poly(propylene oxide) (PPO), MgSO,4 and water at 298 K in the presence of 1-(2-
pyridylazo)-2-naphthol (PAN) as an extracting agent. The influence of certain
parameters on the metal extraction yield was examined, including the amount of the

added extracting agent, the system pH, the nature of the ATPS electrolyte, as well as the
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separation factor of the copper compared to several other metallic ions (Cd(II), Fe(IIl),
AI(IIT), Mn(II), Ni(II), Co(Il) and Zn(II)). The extraction method was then applied for
the efficient extraction and purification of Cu(Il) from the leachate of a copper ore

concentrate.

3.3. Experimental

3.3.1. Materials and Chemicals

All reagents were of analytical grade quality and were used as received without
further purification. The triblock copolymer used in this study was poly(ethylene
oxide)-poly(propylene oxide)-poly(ethylene oxide), L35, with an average molar mass
(M,,) of 1900 g mol” and 50% ethylene oxide, corresponding to a composition of
(EO)11(PO)16(EO)y;. Triblock copolymer, H,SO4 and HNO; were obtained from Aldrich
(Milwaukee, WI, USA). MgS04.7H,0, (NH4),SO4, NaOH, MnSO4.H,0, ZnSO, and
FeCl; were obtained from VETEC (Duque de Caxias, RJ, Brazil). PAN, HCIOy,
NH4AI(SO4).12H,0, CoCl,, CdCl.H,O, Ni(CH3C00),.4H,0O and CuSO, were

purchased from MERCK (Darmstadt, Germany).

3.3.2. Equipment

Deionized water (R > 18 MQ cm™) was used throughout the experiments. A
Milli-Q II water deionizer (Millipore Corporation) was used for the final purification of
the distilled water. The pH measurements were performed using a glass electrode
connected to a digital pH meter (Digicron Analitica Ltda, Digimed model DM-20). The
experiments were performed on an analytical balance (Shimadzu, AY 220) with an

uncertainty of £ 0.0001 g, and the temperature of the ATPS was adjusted to 25.0 £ 0.1
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°C with a temperature-controlled water bath (Microquimica, MQBTC 99-20). A hot
plate (Fisatom - 752A) and a centrifuge (Thermo Scientific, Heracus Megafuge 11R)
were also used for the experiments. The metal concentrations were measured with a
flame atomic absorption spectrometer (VARIAN AA240). The instrumental conditions
for FAAS measurements are summarized in Table 3.1.

Table 3.1. Instrumental conditions for FAAS measurements

Spectral Flame Composition
Wavelength  Applied Current
Element Resolution Air/C,;H,  N,O/ CH,
(nm) (mA) 1 1
(nm) (L min™) (Lmin™)
Cu 324.8 4.0 0.5 3.50/1.50 -
Zn 213.9 5.0 1.0 3.50/1.50 -
Fe 248.3 5.0 0.2 3.50/1.50 -
Co 240.7 7.0 0.2 3.50/1.50 -
Ni 232.0 4.0 0.2 3.50/1.50 -
Mn 279.5 5.0 0.2 3.50/1.50 -
Al 309.3 10.0 0.5 - 3.50/4.50
Cd 228.8 4.0 0.5 3.50/1.50 -

3.3.3. Aqueous two-phase system composition

The aqueous two-phase system formed by L35 + MgSO,4 + H,O was prepared by
mixing 2.00 g of a 57.19% (m/m) L35 solution and 2.00 g of a 19.88% (m/m) MgSO,
solution [20]. The aqueous two-phase system formed by L35 + (NH4),SOs + H,O
system was prepared mixing 2.00 g of a 54.22% (m/m) L35 solution and 2.00 g of a

18.71% (m/m) (NH4),SO, solution [9].
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3.3.4. Influence of the pH

The partitioning of each metallic ion in the biphasic system was performed to fix
the metal concentration at 0.0950 mmol kg'. To study the influence of the pH, a
PAN/metal ratio of 3 was used. A metal solution with a concentration of 0.190 mmol
kg was prepared in a 18.88% (m/m) MgSO, solution, and a PAN solution with a
concentration of 0.570 mmol kg was prepared in a 57.19% (m/m) L35 solution. The
pH of the water used to prepare the MgSO, and L35 solutions had been previously
adjusted (H,SO4 was used to adjust to acidic pH (1.0, 3.0 and 5.0), and NaOH was used
to adjust to alkaline pH (7.0, 9.0 and 11.0)). In a centrifuge tube were weighed 2.00 g of
the metal solution (0.190 mmol kg'l) and 2.00 g of the PAN solution (0.570 mmol kg'l).
The tube was manually stirred for 3 min, centrifuged for 15 min at 3000 rpm, and then
allowed to settle for 1 h at 25.0 = 0.1 °C. The top phase was then collected,
appropriately diluted, and the metal concentration in the top phase was determined with
a flame atomic absorption spectrometer (FAAS). The extraction percentage (%E) of the

metallic ions was calculated by Eq. (3.1).

(nM'"+ )UP

(n

BE = %100 3.1)

Mm+ T

where (n,,.. )y, 1s the amount (in mol) of metallic ions in the top phase, and (n,,..); is

the total amount of metallic ions in the system.

3.3.5. Influence of the amount of PAN
An ATPS at pH = 3.0 was used to study the influence of the amount of PAN.

The procedure for this experiment is similar to what was described in section 2.3,

67



except that the PAN concentration in the L35 solution varied from 0.190 to 0.950 mmol

kg'l.

3.3.6. Influence of the ATPS component nature

To study the influence of the ATPS component nature, a PAN concentration of
0.570 mmol kg and a pH of 3.0 were used. The metal solutions were prepared in a
MgSO; solution or a (NHy4),SO; solution depending on the experiment. The subsequent

steps were performed according to what was described in section 2.3.

3.3.7. Copper ore concentrate

Leaching occurred after incubation at 25 °C for 8 h with 1.00 g of the copper
(Mineracgao Caraiba - Jaguarari, Bahia, Brazil) in 5.00 mL of HNO3 (65%) and 10.0 mL
of concentrated HCIO,4. The obtained leachate was filtered and transferred to a 1.00 L
flask filled with deionized water. The concentration of the main metals in the resulting

solution was then determined with FAAS.

3.3.8. Copper extraction from the ore leachate

Initially, the pH of the leachate was adjusted to 3.0, resulting in the formation of
a precipitate. The precipitate was centrifuged and the concentration of the main metals
in the supernatant was determined with a flame atomic absorption spectrometer. The
supernatant was used to prepare solutions of L35 and MgSO,. The PAN solution (14.7
mmol kg'l) was prepared in the L35 solution. In a tube were weighed 3.00 g of the PAN
solution and 3.00 g of the MgSO, solution. The tube was manually stirred for 3 min,
centrifuged for 15 min at 3000 rpm, and then allowed to settle for 1 h at 25.0 + 0.1 °C.

The top phase was collected, appropriately diluted, and the metal concentration in the
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top phase was determined with a flame atomic absorption spectrometer.

3.4. Results and Discussion

3.4.1. Influence of the pH on the extraction behavior of metallic ions

The influence of the pH on the extraction behavior of Cu(Il), Zn(II), Co(II) and
Ni(Il) is shown in Fig. 3.1. These experiments were performed with the ATPS formed
from L35 + MgSO,4 + H,O and with a PAN concentration of 0.285 mmol kg'l.

The results showed that all metals are extracted at a minimum efficiency at a pH
of 1.0 because of the strong protonation of the PAN molecule at this pH that hinders its
complexation with metals. A high pH favors the ionization of PAN (deprotonation of
PAN), which facilitates complexation and increases the extraction yield of Zn(II),
Co(II) and Ni(Il). For Cu(Il), the extraction yield initially increases with increasing pH
values because of the ionization of PAN [21]; however, for pH values greater than 5.00,
the amount of copper in the top phase decreases. This behavior is because of the
increased concentration of hydroxyl groups in the mid-pH range and the subsequent
formation of hydroxyl-complexes with Cu(Il), reducing the amount of Cu(Il) that is
available to interact with PAN. This effect is less drastic for the other analyzed metals,

without affecting the complexation with PAN.

69



&
100} 1
_ N o |
80 o E
L o
60 S
W :
2 IR
a0} ¢
[ ) - @
20} ]
0 .l-:': | Sl ‘I. i -|- : :I: 1
0 2 4 6 8 10 12

Fig. 3.1. The effect of the pH of the ATPS on the %E of Cu(Il) (¢), Zn(II) (e), Co(II)
(m) and Ni(II)(A) for the L35 + MgSO4 + H,O system with a PAN concentration of

0.285 mmol kg

The maximum extraction yields were 103 % for Cu(Il) at pH 3.0 and 70.2 %,
61.2 % and 45.0 % for Zn(II), Co(II) and Ni(Il), respectively, at pH 12. However, most
interestingly, at pH 3.0 Cu(Il) was completely extracted to the top phase, whereas the
other metals were mostly present in the lower phase (%E < 7.69 %). This is very
important for separation processes that require the separation of Cu(Il) from other

metallic ions. Therefore, additional studies were performed at this pH.

3.4.2. Influence of the amount of PAN on the extraction behavior of metallic ions
Figure 3.2 summarizes the %E of the Cu(Il), Co(Il), Ni(Il), Zn(II) and Fe(III)
metallic ions added to the L35 + MgSO,4 + H,O system at pH = 3.0 as a function of the
amount of PAN in the top phase.
In the absence of PAN, the metals are mainly concentrated in the bottom phase
(Figure 3.2) because there are strong interactions between the sulfate (of the salt in the

ATPS that is primarily localized in the bottom phase) and the charged species of the
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metals (Eq. 3.2).
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In equation 3.3, K (50,2

is the standard thermodynamic constant for the formation

of the metal-sulfate complex, ¥

(- is the activity coefficient of the metal-sulfate
4 /)x

complex and 7, .. and ¥, o are the activity coefficients of the metal and the sulfate,

respectively. The stability constant depends on the reaction conditions and the electronic
structure of the central metal ion. The metal-sulfate complexes are preferentially formed
under standard conditions in the following order: Cu = Zn = Ni = Co < Fe [22]. The
metal extraction efficiency is inversely proportional to the formation constant of the

complex if only the metal-sulfate interaction is considered.

100 -

o 1 2 3 4 5
Proportion PAN/Metal (mol/mol)

Fig. 3.2. The effect of the amount of PAN added to the ATPS on the %E of Cu(Il) (0),
Zn(11) (@), Co(Il) (m), Ni(II) (A ) and Fe(III) (V) for the L35 + MgSO, + H,O system at

pH = 3.00.
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In general, the addition of organic molecules as complexants results in much
larger ion distribution coefficients, but this addition constrains the application of ATPS
because the complexant must be water soluble [23]. However, the copolymer ATPS
enables the use of the water-insoluble extractant, PAN, because the phase enriched in
macromolecules is highly hydrophobic due to the presence of macromolecular
aggregated formed by a hydrophobic core and a hydrophilic shells.

The addition of PAN to the ATPS initiates complex formation between PAN and
the metals. Figure 3.2 shows that the addition of PAN results in an increase in %E for
all metals. As the complex between PAN and the metal is formed, the complex moves
from the bottom phase to the top phase because it has a specific interaction with the
copolymer macromolecules. This PAN-metal complex transfer process results in the
formation of additional complexes in the bottom phase via equilibrium displacement.
This displacement equilibrium drives the formation of complexes when the
concentration of PAN is increased, until a saturation point is reached where additional
amounts of PAN do not affect the extraction yield. The extraction of copper in this
system is extremely efficient (%E =100 %) compared to the extraction of others metals

that largely remain in the bottom phase (%E < 14.7 %).

3.4.3. Influence of the ATPS component nature on the extraction behavior of metallic
ions

The results of the influence of the ATPS salt nature on the extraction behavior of
Cu(II) is shown in Figure 3.3. These studies were performed with the ATPS formed by
L35 + MgSO4 + H,O or L35 + (NH4),SO4 + H,O and a PAN concentration of 0.285

mmol kg™ at pH = 3.0.
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Fig. 3.3. The effect of ATPS-forming electrolytes (MgSO4 pH = 3.0 (m), 7.0 (®) or
11.0 (A)) or (NH4),SO4 pH = 3.0 (o), 7.0 (o) or 11.0 (A)) on the %E of Cu(Il) for

different amounts of PAN.

Figure 3.3 shows that the ATPS formed by L35 + MgSO, + H;O is more
efficient for the extraction of Cu(Il) at all pH values. The complex between Cu(Il) and
ammonium (log K = 4.3) [22] has a higher formation constant than the complex
between Cu(Il) and sulfate (log K = 2.4) [22], thus providing the least amount of copper

for complexation with PAN.

3.4.4. Influence of others metals on the extraction behavior of copper

Table 3.2 lists the separation factors (Sy;x) for Cu(Il) and other metals present
concomitantly in the ATPS (L35 + MgSO, + H,O and a PAN concentration of 0.285
mmol kg at pH = 3.00) in different proportions. The separation factor expresses the
efficiency for the separation of two species, M and N, in liquid-liquid extractions [24],

and the value of S);y can be calculated by Equation 3.4:

Syy="2 (3.4)
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where Dy, and Dy are the distribution coefficients of species M and N, respectively. The
distribution coefficient of any given species is expressed by Equation 3.5:

%E

D, =——H . 3.5
M 100-%E (3-5)

Sy values greater than 10* indicate an effective separation between two species.

Table 3.2. Separation factors (S) x 10° of copper (Cu) and several metallic ions (Metal).

Proportion

Scu,ca Scu,re Scual  Scumn  Scuni Scuco  Scuzn

(Metal/Cu)
1 1.32 0.323 - 1.60 1.47 0.161 0.481
10 2.56 1.98 3.72 5.27 7.04 12.0 0.872
50 4.14 25.3 2.23 6.10 8.40 27.5 0.979
100 341 14.9 3.02 31.8 11.5 2.61 0.482
500 3.10 31.3 19.7 17.2 10.3 - 1.29

The separation factor of copper is high compared to the other analyzed metallic
ions; the separation factors are greater than 10° for most metal concentrations, even
reaching values greater than 10*. This system was extremely efficient for the separation
of copper from concomitant metals (Fe, Mn, Al, Ni, Co and Zn) present in several
different proportions. These contaminants are prevalent in different matrices such as

copper ore and electronic scrap.

3.4.5. Copper extraction from the ore leachate
To determine the efficiency of the extraction system, ATPS was used for the

separation and purification of copper from a copper ore leachate. The composition of
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the metals in the sample was determined (Table 3.3). The sample was leached, the pH
was adjusted to 3.0, the metallic ion concentration in the supernatant was quantified
([Cu] = 306 mg kg’ and [Fe] = 54.4 mg kg') and the supernatant was used as a solvent
for the preparation of the ATPS. The concentration of PAN (14.7 mmol kg™) was three
times greater than the concentration of copper in this system.

Table 3.3. Concentration of predominant metallic ions in the copper concentrate.

Metal Concentration
Copper 29.7% (m/m)
Iron 12.0% (m/m)

Nickel 1.03 10° mg kg™
Zinc 326 mg kg™’
Chromium 134 mg kg™’
Cobalt 98.8 mg kg™

The %E of copper was (90.4 = 1.1) %, demonstrating the efficiency of this
extraction technique even with highly concentrated metal samples and in the presence of
several contaminating metal species. Iron, the main concomitant metal in this system,

was predominantly in the bottom phase and had a low %E of (16.3 £0.5) %.

3.5. Conclusions

A new and environmentally friendly ATPS technique was developed for liquid-
liquid extraction and purification of Cu(Il) from pretreated ores by hydrometallurgical
methods. This technique is compatible with the principles of green chemistry and has a
good efficiency and economical viability. The ATPS used in this work consisted of L35
+ MgSO4 + H,0 or L35 + (NH4),SO4 + H,O, and PAN was used as the extracting

agent. The extraction efficiency of the metal is affected by the pH, the amount of PAN,
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the nature of the electrolyte and the presence of metal concomitants. The results showed
that all Cu(Il) could be extracted to the top phase at pH = 3.00. At this pH, other metals
are present mainly in the lower phase (%E < 7.69); thus, it is possible to separate Cu(Il)
at this pH. The addition of PAN to the system results in an increased %E for all metals,
and a PAN concentration of 0.285 mmol kg resulted in the complete extraction of
Cu(II) to the top phase. The ATPS formed by L35 + MgSO, + H,O showed the highest
%E and the highest separation factor values (S¢,p = 10° to 104) for Cu(Il) (compared to
other metal concomitants). This system was also used for the extraction of copper from
a leached ore concentrate. The %E value of (90.4 £ 1.1) % demonstrated the efficiency
of this extraction technique for a highly complex sample with technological

applications.
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Capitulo 4 - Comportamento, mecanismo e aplicacdo da extracio dos ions Ag”,

Cu?*, Zn** e Fe>* em SAB formados por macromoléculas e eletrlitos
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4.1. Resumo

Neste trabalho foi investigado o comportamento de extragao/separacao de Ag(l),
Cu(Il), Zn(Il) e Fe(Ill) em sistemas aquosos bifdsicos formado por um polimero
(PEO1500 + L64) e um eletrdlito (Li,SO4 ou (NH4)3CsHsO; ou NazCeHsO7) na
presenca de um agente extratante (tiocianato ou ditizona). O sistema formado L64 +
Li,SO4 + H,O exibiu baixa seletividade, impedindo assim a sua aplicacdo para a
separacdo entre Ag(I) e os fons Cu(Il) e Fe(Ill). Por isso, foi utilizado o SAB L64 +
(NH4)3C¢Hs07 + H,O a fim de minimizar a extracao de outros fons metdlicos através da
complexacdo com o citrato. Foi observado uma maior extra¢do para o ion Ag(I) para o
SAB L64 + Na3zCe¢HsO7; + H,O (% E = (91,3 £ 1,8) %) em relagcdo ao SAB L64 +
(NH4)3CsHs07 + H,O (% E = (75,4 £ 1,7) %) na propor¢do SCN-/Ag = 300, devido a

uma interacio eletrostdtica entre complexo Ag(SCN),™*!

e o pseudopolication formado.
Além disso, observou-se maior eficiéncia de extracdo para o sistema PEO1500 +
Na3;CeHs07 + H2O (% E = (99,9 + 1,1) em relacdo ao SAB L64 + Na3;CcHs07 + H,O (%
E = (91,3 = 1,8) %), enquanto os outros {fons metdlicos concentraram-se
preferencialmente na fase inferior (% E < (24,7 = 0,9) %). Este SAB foi aplicado a um
lixiviado de pilhas botdo obtendo alta extracdo de Ag(I) para a fase superior ( % E =
(99,3 = 2,0) %), enquanto o principal fon concomitante (Zn(Il)) ficou retido na fase

inferior (% E = ( 6,09 = 0,83) %), resultando em um fator de separacdo de 2,18 x 10°.

Palavras chave: sistema aquoso bifdsico, prata, pilhas botdo, método verde

82



4.2. Introducao

A prata é amplamente utilizada na industria tecnoldgica devido a alta
condutividade elétrica (c = 6,29 x 10’ S m'l) [1]. Ela € considerada um metal precioso e
raramente encontrada na forma metélica, sendo a maior parte obtida como subproduto
do refino do cobre e do chumbo [2]. Devido a sua alta demanda as jazidas minerais vem
se esgotando, mas o lixo eletronico contendo este metal cresce a cada dia. Portanto,
produzir prata a partir destes residuos € estratégico tanto do ponto de vista econdmico
quanto ambiental [3].

Uma das fontes secunddrias de prata s@o as placas de circuito impresso que
contém cerca de 3300 mg kg de prata [4]. Outra fonte secunddria de prata sdo os
efluentes de instalacdes de processamento de filmes de raios-X que podem conter um
teor de Ag de até 1200 mg L™ [5]. Porém a fonte com maior propor¢do massa/massa de
prata sdo as pilhas botdo do tipo Ag-Zn. Essas pilhas sao bastante empregadas na area
militar (submarinos, torpedos, misseis) devido a sua alta densidade de energia e de
poténcia [6-8], em sistemas eletronicos compactos (relégios e calculadoras) [9] e
equipamentos que requerem liberacdo instantanea de energia (lasers) [8]. Portanto, a
quantidade descartada desse material € alta. Dependendo da origem da pilha a
composi¢ao de prata varia entre 20 a 30 % da sua massa bruta [10-11].

Um processo que vem sendo utilizado para a recuperagdo de metais, como prata,
€ o processo hidrometalirgico [2,12]. Este processo € muitas vezes escolhido pois
produz metais com alta pureza (teor > 99 %). O processo hidrometalirgico é constituido
por vdrias etapas, a mais estratégica € a etapa de separacdo do metal de interesse dos
demais metais concomitantes [13-14]. Uma das maneiras de se realizar esta separagdo ¢
utilizar a tradicional extracdo por solvente, que muitas vezes é vantajosa uma vez que

podem-se utilizar diferentes solventes e agentes extratores, melhorando a eficiéncia de
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separacdo. Entretanto o uso de solventes ndao é recomendado, pois eles podem trazer
danos a saide humana e prejuizos ao meio ambiente. Uma alternativa a utilizacdo da
tradicional extrac@o por solvente € substitui-la por sistemas de extragdo mais limpos que
estejam dentro dos principios da quimica verde (PQV), como o sistema aquoso bifasico
(SAB). O SAB apresenta vdrias caracteristicas que os incluem dentro dos PQV tais
como: os componentes utilizados podem ser reutilizados, sao biodegraddveis, nao sio
téxicos e nem inflamaveis, além disso o SAB € formado majoritariamente por agua.
[15]. O SAB tem sido utilizado na separacdo [14], pré-concentracdo [16] e purificacdo
[17] de diversos analitos como fenol [16], biomoléculas [18-21], nanoparticulas [22],
moléculas de corantes [23] e ions [13-14].

O SAB pode ser formado a partir da mistura de uma solug@o de polimero com
uma solucdo de eletrélito, sob certas condi¢des de temperatura, pressao e concentragio
[24]. Apdés a separagdo de fases o sistema apresenta uma fase superior (FS)
normalmente rica em polimero e pobre em eletrdlito e, uma fase inferior (FI) rica em
eletr6lito e pobre em polimero, sendo ambas as fases majoritariamente formadas por
agua. Esta técnica apresenta vantagens como baixo custo, facil expansdo para a escala
industrial e possibilidade de reutilizacdo dos constituintes [25]. Fatores como pH,
composi¢ao do sistema, natureza do eletrélito formador do SAB, natureza e massa
molar do polimero, bem como a temperatura afetam o comportamento de particio de
analitos no sistema [24].

Neste trabalho foi investigado o comportamento de extracdo e, ou separaciao de
prata e seus principais concomitantes Cu(Il), Fe(Ill) e Zn(Il), na presenca de agentes
extratantes (tiocianato ou difeniltiocarbazona) em diferentes SAB (L64 + Li,SO4 +
H,0, L64 + Na;CsHsO7 + H,O, L64 + (NH4);CcHsO7 + H,O ou PEO1500 + Na3;CeHs0;

+ H,0) a 298° K. A influéncia de alguns parametros como quantidade de agente
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extratante, pH do sistema e natureza do SAB sobre a extragdo dos metais foi avaliada. O
método desenvolvido serd aplicado a uma amostra real.
4.3. Experimental
4.3.1. Reagentes

Todos os reagentes utilizados foram de grau analitico sem etapa prévia de
purificagdo. As macromoléculas utilizadas foram o copolimero poli(éxido de etileno)-
poli(6xido de propileno)-poli(6xido de etileno), L64, com massa molar média de (M,,)
2900 g mol™ e o polimero poli(6xido de etileno), PEO1500, com massa molar média de
M,,) 1500 g mol!. O copolimero L64, o H,SO4 e o HNO3 foram obtidos da Aldrich
(Milwaukee, EUA). Os reagentes quimicos, Li,SOy, citrato de sédio (Naz;Ce¢Hs07),
citrato de amonio ((NH4)3CsHsO7), NaOH, ZnSO4, KSCN, CuSO4, AgNO; e FeCl;
foram obtidos da VETEC (Duque de Caxias, Rio de Janeiro, Brasil). A difenilcarbazona
(Ditizona, Dz) foi obtida da MERCK (Darmstadt, Alemanha) e o polimero PEO1500 foi

obtido da Synth (Sao Paulo, Brasil).

4.3.2. Equipamentos

Em todos os experimentos foi utilizada 4dgua deionizada (R > 18 MQ cm™)
obtida por um deionizador de dgua Milli-Q II (Millipore Corporation). As medidas de
pH foram realizadas usando um eletrodo de vidro combinado com o pHmetro digital da
(Wissenschaftlich—Technische Werkstitten, pH 330i/SET). Os experimentos foram
realizados em uma balanca analitica (Shimadzu, AY 220) com uma incerteza de +
0.0001 g e, o controle de temperatura dos SAB foi realizado com um banho
termostdtico (Microquimica, MQBTC 99-20) a (25.0 £ 0.1) °C. Uma centrifuga
(Thermo Scientific, Heraeus Megafuge 11R) foi usada nos experimentos para acelerar a

separacdo de fases. A concentracdo dos metais foi determinada com um espectrometro

85



de absorcao atomica com chama (VARIAN, AA240). As condi¢des instrumentais para
medidas de EAAC estao representadas na Tabela 4.1.

Table 4.1. Condig¢des instrumentais para medidas no EAAC.

Bl Wavelength  Applied Current Spectral Flame Composition
ement
(nm) (mA) Resolution (nm) Air/C,H, (L min'l)
Cu 324.8 4.0 0.5 3.50/1.50
Zn 213.9 5.0 1.0 3.50/1.50
Fe 248.3 5.0 0.2 3.50/1.50
Ag 328.1 4.0 0.5 3.50/1.50

4.3.3. Composigdo dos SAB
A Tabela 4.2 mostra as composi¢cdes dos SAB utilizados na investigacdo do
comportamento de extracdo dos metais.

Tabela 4.2. Composicdo das fases superior e inferior dos SAB

Fase Superior Fase Inferior

SAB Polimero  FEletrdlito  Polimero  Eletrolito % Ref.

% (m/m) % (m/m) % (m/m) (m/m)

L64+Li,SO4 32,08 4,14 1,12 8,48 26

L64+Na3;CsH507 33,17 20,18 0,14 37,82 27

L64+(NH4)3CsHs0O; 37,15 3,47 1,28 10,66 27
PEO1500+Na3;C¢H507 32,31 4,39 0,46 22,29

As solugdes estoques de polimero ou de eletrélito sdo preparadas em uma
concentracdo adequada, de tal forma que a composi¢do final do sistema seja a

representada na Tabela 4.1.
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4.3.4. Estudo de extracdo dos ions metdlicos no SAB

A extracdo de cada fon metdlico (Ag(I), Cu(Il), Fe(Ill) ou Zn(Il)) no SAB foi
realizada em uma concentracdo igual a 0,0309 mmol kg™'. Para isso, foi preparada uma
solucdo do fon metélico (0,0618 mmol kg') utilizando-se como solvente a solugdo
estoque do eletrélito (LipSO4, (NH4)3CsHs07 ou NazCeHsO7) formador do SAB. Além
disso, foi preparada uma solu¢do do extratante SCN™ (0,618; 3,01; 6,19; 18,6 ou 30,9
mmol kg'l) ou Dz (0,0618; 0,186; 0,301; 0,433 ou 0,619 mmol kg'l) utilizando como
solvente a solug¢do estoque da macromolécula (L64 ou PEO1500). O pH das solucdes
estoques de polimero e de eletrdlito foi regulado previamente, utilizando H,SO4 ou
NaOH. Em um tubo de centrifuga foi pesado 2,00 g da solu¢do de metal e 2,00 g da
solucdo de extratante. Os tubos foram agitados por 3 min, centrifugados por 10 min a
20257 x g, e deixados em repouso por 10 min em um banho termostético a (25.0 £ 0.1)
°C. Em seguida, foi recolhida uma aliquota das fases, esta foi diluida adequadamente, e
a quantidade de cada fon metdlico foi obtida através da espectrometria de absorcao
atomica com chama (EAAC). As curvas analiticas foram preparadas com as mesmas
concentracdes de polimero e/ou eletrélito que as amostras diluidas. A porcentagem de

extracdo (% E) de cada metal foi calculada pela equacdo 4.5.

(an+ )FS

(n

WE = x100 4.5)

Mm+ T

onde (nM,,l+ ) € a quantidade de complexo do fon metalico na fase superior (em mol), e

(nM,,,+ ), € o total de substincia do fon metdlico presente no sistema.
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4.3.5. Lixiviagdo da amostra de pilhas botao

Foram utilizadas seis pilhas do tipo botao Ag-Zn de diversas marcas perfazendo
uma massa total de 2,9481 g. O interior das pilhas foi retirado (1,5606 g) e transferido
para um béquer. Adicionou-se 5,0 mL de HNO3 10 mol L™ para cada grama de amostra.
O béquer foi aquecido em chapa de aquecimento a temperatura de 100° C por 8 hs.
Ap6s este periodo filtrou-se a mistura e o filtrado foi diluido a 100 mL com dgua. A
composi¢ao desta solucdo foi determinada por EAAC. Para facilitar o entendimento esta

solucdo serd denominada “lixiviado”.

4.3.6. Influéncia da diluicdo do lixiviado sobre o processo de extragdo

Primeiramente diluiu-se o lixiviado 2, 5, 10, 25, 50 e 100 vezes com 4gua
deionizada. Em seguida pesou-se em um tubo de centrifuga 1,60 g da solucdo estoque
de Na3;CeHs07 32.77 %(m/m), 2,00 g da solugdo estoque de extratante em PEO1500
33,35 % m/m e 0,4 g do lixiviado previamente diluido. Os tubos foram agitados por 3
min, centrifugados por 10 min a 20257 x g, e deixados em repouso por 10 min em um
banho termostatico a (25.0 £ 0.1) °C. Em seguida, foi recolhida uma aliquota das fases,
diluida adequadamente, e a concentracdo de cada ion metélico foi obtida através da

EAAC.

4.4. Resultados e discussao

O uso de extratantes hidrofébicos era um fator limitante a aplicacdo de SAB para
extracdo de metais, pois como as fases eram ricas em dgua e, portanto, hidrofilicas, estes
compostos hidrofébicos eram insoluveis em ambas as fases do SAB. Em 2008
Rodrigues et al [28], utilizando um SAB formado pelo copolimero L35 e sulfato de

s6dio, demonstraram a possibilidade do uso de um extratante hidrofébico, 1-nitroso-2-
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naftol, para extracdo de metais. A solubilidade deste composto hidrofébico foi possivel
porque em certas condi¢cdes termodinamicas as macromoléculas do copolimero tribloco
encontram-se agregadas formando nanoestruturas, cujo nicleo é formado por segmentos
poli(6xido de propileno), PPO, hidrofébicos e a coroa por unidades PEO hidrofilicas.
Objetivando verificar a generalidade desta abordagem realizou-se estudos utilizando um
extratante hidrofobico diferente, difeniltiocarbazona (Dz), em um SAB formado
também por um copolimero tribloco de estrutura distinta a do L35. Nos estudos de
extracdo da prata por Dz foram utilizados SAB formados pelo copolimero tribloco L.64

que € maior e mais hidrofébico do que o copolimero L35.

4.4.1. Estudo da influéncia do pH e da natureza do eletrélito formador do SAB sobre
o comportamento de extracao

As Figuras 4.1 e 4.2 representam o comportamento de extracdo do ion prata no
SAB L64 + Li,SO4 + H,O na presenca dos extratantes SCN™ e Dz, respectivamente,
variando o pH e a quantidade de extratante. Observando as figuras nota-se que na
auséncia do extratante ja se obtém extracdes de Ag acima do valor de porcentagem de
extracdo (%E) normalmente encontrado para outros metais nestes SAB, como

representado na tabela 4.3.
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Figura 4.1. Efeito do pH na extracdo de prata no sistema L64 + Li,SO, + H,O

utilizando extratante SCN,em pH 1 (m), pH3 (®), pH6 (A),pHO9 (V) e pH 12 (¢).
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Figura 4.2. Efeito do pH na extragdo de prata no sistema L64 + Li,SO4 + H,O

utilizando extratante Ditizona, em pH 1 (m), pH 3 (®),pH 6 (A), pH9 (V) e pH 12 (¢).
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Tabela 4.3. Porcentagem de extracdo de Co, Cd, Ni e Ag no sistema L64 + Li,SO4 +

H,O em diversos valores de pH na auséncia de agente extratante.

Porcentagem de extragdo / %

Metais
pH 1 pH3 pH6 pHO pH 12
Co 16,1 8,85 11,1 15,3 20,3
Cd 5,57 2,30 4,09 2,11 -
Ni 20,2 13,2 17,4 14,2 13,6
Ag 23,5 32,7 40,3 48,3 43,8

Observa-se que sem a presenca do extratante a extragdo aumenta com O
incremento do pH. A transferéncia do fon metélico ¢ determinada pelas interagdes das
espécies quimicas de Ag formadas no meio reacional com os diferentes componentes
das fases superior e inferior. Em condi¢des de pH 4cido, o Ag" complexa-se com a dgua
e com o0s anions sulfato provenientes do sal formador do sistema (Li;SOs). Estes
equilibrios estao representados nas equacdes 4.1 e 4.2.

Ag" + xS0,7 2 Ag(SO) ™! 4.1
Ag" + xH,0 = Ag(H,0)," 4.2)

A extracdo em pH dcido pode dever-se a formagao das espécies Ag,SO4 que por
ser um par idnico neutro interagiria preferencialmente com a regido hidrofébica da
micela do copolimero tribloco L64, particionando preferencialmente para a fase
superior. Outro mecanismo possivel para explicar a extracio do fon Ag" é a
consideragdo que mesmo no processo de segregacdo entre o copolimero e o Li,SO4
(separagdo de fase), verifica-se que na fase superior existe uma quantidade minima do
eletr6lito, demonstrando assim a existéncia de uma interacio minima entre sulfato de

lito e a macromolécula. Da Silva e Loh [29] demonstraram por medidas
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microcalorimétricas a existéncia da interagdo entre diferentes sais de sulfatos e as
cadeias de poli(6xido de etileno), (EO), sendo essas interagdes intermediadas pelo
cation do sal. Assim os autores propuseram que existe um pseudopolieletrélito formado
pela interacdo de segmentos EO com os respectivos cations do sal formador do SAB.
Acredita-se assim que a presenca dos fons Ag* poderia levar 2 troca idnica com os fons
Li" adsorvidos na cadeia hidrofilica do L64 promovendo assim a extracdo do Ag(I).

Com o aumento do pH, e sem a presenca do extratante, o incremento nos valores
da %E pode ser atribuido a formacao de uma nova espécie quimica entre os fons OH e
Ag", como representado na equacio 4.3.

Ag" + xOH = Ag(OH),™" (4.3)

As espécies neutras formadas sao extraidas para o nicleo micelar do copolimero
L64, pois sao mais hidrofébicas, enquanto as espécies carregadas negativamente
interagem com o pseudopolicdtion formado pela interacdo entre o Li* e os segmentos
EO do copolimero L64.

Com a adi¢do do extratante SCN™ ou Dz, hd um incremento na quantidade de
prata extraida, como pode ser observado nas Figuras 4.1 e 4.2. Este comportamento de
extracdo do fon Ag® pode ser atribuido 2 interacdo entre os complexantes e o fon
metdlico formando novas espécies quimicas que interagem preferencialmente com a
macromolécula.

Especificamente para o extratante SCN’, com o aumento de sua concentracao
ocorre o deslocamento do equilibrio quimico (equagdo 4.4) no sentido de formacao das
espécies Ag(SCN), ™.

Ag" + xSCN” 2 Ag(SCN), ™! (4.4)

Apesar da concentracdo muito inferior dos anions SCN™ comparados com os

anions SO4~, a extracdo dos fons Ag® ocorre, pois & medida que o complexo metélico
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(Ag(SCN),™') ¢ formado, estas espécies interagem preferencialmente com o
copolimero L.64 deslocando-se para a fase superior do sistema. Isto provoca o
desequilibrio do processo termodindmico expresso na equagdo 4.4 levando o sistema a
formacdo de mais espécies Ag(SCN),™*', que por sua vez serd novamente transferido
para a fase superior. Conclui-se assim que extracio da Ag* para a fase superior é devida

a uma interacdo especifica entre o complexo Ag(SCN), ™!

com os segmentos EO do
copolimero.

Interessantemente, a razdo minima SCN/Ag necessdria para completa extracao
de Ag" é fortemente influenciada pelo pH. Em valores de pH igual a 6,0, 9,0 ¢ 12 a
propor¢ao SCN'/Ag = 300 foi suficiente para promover a extra¢do eficiente dos fons
Ag" (pH =12 (%E = (101 + 2) %), pH = 9,0 (%E = (99,2 + 0,9) %) e pH = 6,0 (%E =
(97,8 = 2,1) %). Para os menores valores de pH mesmo aumentando a propor¢do SCN
/Ag para 500 a prata ndo € totalmente extraida para a fase superior (pH = 3,0 (%E =
(91,4 £0,7) %), pH = 1,0 (%E = (90,8 £ 0,9) %)). Esta dependéncia da razdo SCN'/Ag
necessaria para extracdo eficiente dos fons Ag®, em relacdo ao pH pode ser explicada
considerando a influéncia da concentragao hidrogenidnica na constante de formagao das
espécies Ag(SCN)x'X”. Com o aumento do pH ocorre o aumento da constante de
formacdo do complexo Ag(SCN),**'. Além dessa influéncia do pH sobre a constante de
formacdo, o aumento da concentragdo de ions OH™ favorece a formacdo da espécie
Ag(OH), que particiona favoravelmente para a fase superior diminuindo assim a
quantidade de SCN™ necessdria para extrair o restante de prata.

Na Figura 4.2, na razdo Dz/Ag = 1, observa-se que o aumento na extracio do fon
Ag" ocorre com o incremento no pH, passando pelo valor mdximo em pH = 6,0, e tendo

a menor extracdo em pH = 12. (pH = 1,0, %E = (59,8 + 1,3) %; pH = 3,0, %E = (66,7 +
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1,7) %; pH = 6,0, %E = (91,4 + 0,3) %, pH = 9,0 %E = (84,1 £+2,5) % e pH =12, %E =
(55,5+1,0) %.

Em valores de pH &cidos ou basicos moléculas Dz encontram-se carregadas
positivamente ou negativamente [30] diminuindo a sua parti¢do para a fase superior do
SAB, além de alterar a estrutura do complexante, reduzindo assim, a formagdo do
complexo Ag-Dz. Em pH = 6,0 a estrutura predominante estd na forma endlica que é
capaz de complexar eficientemente com os fons Ag’. O complexo formado &
hidrofébico sendo, portanto extraido para o interior das micelas que se encontram
concentradas na fase superior do SAB. A %E = 100 % ¢€ obtida para o pH = 6,0 em
valores da razdo Dz/Ag = 3, enquanto € conhecido que complexo Ag-Dz ocorre na
razdo Dz/Ag = 1. Esta necessidade de uma maior quantidade de Dz para a extracdo
completa da prata deve-se a parti¢cdo nao total da Dz para a fase superior do SAB, além
do equilibrio do fon Ag® com outras espécies, como o sulfato, presentes em alta
concentracao na fase inferior do sistema.

O sistema formado L.64 + Li,SO4 + H,O exibiu um alto valor de extra¢do para os
fons Cu’* e Fe3+, presentes concomitantemente em diversas matrizes com a prata,
impedindo assim a sua aplicacdo para a separacio entre Ag+ os fons Cu’* e Fe®*

Dados da literatura mostram que a natureza do eletrdlito influencia o processo de
extracdo de fons metélicos quando na presenga de extratantes [14]. Assim, utilizou-se
um sistema formado por (NH4);C¢Hs0O; e avaliou-se o efeito no comportamento de
transferéncia do fon Ag* da fase inferior para a fase superior. A Figura 4.3 apresenta o
comportamento de extracio do fon Ag’ no SAB L64 + (NH;);CsHsO; +H,O na

presenca do extratante SCN', variando o pH e a quantidade de extratante.
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Figura 4.3. Efeito do pH na extra¢do de prata no sistema L64 + (NH4);CsHsO7 + H,O

utilizando extratante SCN", em pH 1 (m), pH 3 (®), pH6 (A), e pH 12 (V).

Neste sistema o pH ndo tem efeito pronunciado na %E do fon Ag" quando na
auséncia de extratante, pois a quantidade extraida de Ag" para os valores de pH
estudados sdao préximos. Essa pouca influéncia do pH provavelmente ocorre devido a
formacdo do tampdo dcido citrico/citrato que impede a variacdo da concentragdo
hidrogenidnica reduzindo assim o efeito do pH sobre o comportamento de parti¢do.

Com o aumento da concentracdo de SCN™ aumenta-se a eficiéncia da extragao do
fon Ag" na seguinte ordem crescente dos valores de %E: pH= 12 <pH = 1,0 <pH = 6,0
< pH = 3,0. A menor extracio em pH = 12 deve-se a formacdo de NH; que ocorre a

partir da hidrélise do cation NH,4" que complexa com o fon Ag" segundo a equacio 4.5.

Ag+ + 2NH3 = [Ag(NH3)2]+ (45)

Este aminocomplexo de prata positivo (log K = 3.8) [31] particiona
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preferencialmente para a fase inferior, devido a repulsdo eletrostitica com o
pseudopolicdtion presente na fase superior, diminuindo assim a extracio do fon Ag".
Para o pH = 1,0 a reducdo na %E do fon Ag" é devido a diminui¢do no valor da
constante de formacgao do complexo de prata com tiocianato causada pela diminui¢ao do
pH. Ja para o pH = 6,0, apesar de aumentar a constante de forma¢do do complexo entre
o fon Ag" com SCN’, neste pH ocorre a ionizacdo dos grupos carboxilicos do citrato
fazendo com que ocorra a competicao destes anions organicos com ions SCN™ pela
complexacio dos cations Ag', reduzindo assim a extracdo para a fase superior. A
maxima extracdo ocorre em pH = 3,0 porque nesta concentracao hidrogenionica todos
os grupos carboxilicos do citrato estdo protonados impossibilitando a complexagao
deste Anion organico com os fons Ag” e neste pH é madxima a complexacdo do fon Ag™.
A figura 4.4 apresenta o comportamento de extracio do fon Ag" no SAB L64 +
(NH4);C¢Hs07 + H,0 na presenca do extratante Dz, variando o pH e a quantidade de

extratante.
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Figura 4.4. Efeito do pH na extracdo de prata no sistema L64 + (NH4);:CsHsO; + H,O

utilizando extratante Dz, em pH 1 (m), pH 3 (®), pH6 (A),e pH 12 (V).
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Os resultados de extragdo do fon Ag" no SAB L64 + (NH4);CsHsO; + H,O
exibem curvas de extracdo semelhantes as apresentadas para SAB L64 + Li,SO, + H,O,
nas quais observa-se que para baixos valores de propor¢do Dz/Ag = 1, os menores
valores de %E para pH = 1,0 e pH = 12. Interessantemente para o SAB contendo citrato
de amonio, figura 4.4, o comportamento de extragdo do fon prata nos pH = 3,0 e pH =
6,0 foi igual. Este fato pode ser explicado considerando que a particdo da prata é um
balanco delicado entre a complexacdo deste ion pelo Dz que tende a leva-lo para a FS e
sua interacdo com o citrato que tende a manter o fon Ag" na FI. Esperar-se-ia que no pH
= 6,0 a extrac@o seria maior que no pH = 3,0, pois no maior pH, devido a auséncia de
cargas positivas na Dz, seria melhor a complexacdo com o fon Ag*. Entretanto, no pH =
6,0 também ocorre a ionizagao do citrato melhorando a eficiéncia da complexacgado deste
Anion organico com os fons Ag’. Estes dois efeitos do aumento do pH, provavelmente
se cancelaram fazendo com que o comportamento de extracdo em pH = 6,0 e pH = 3,0
fossem iguais.

Para determinar-se a contribui¢do da natureza do cdtion para o efeito global do
eletr6lito sobre a %E realizou-se experimentos em pH = 1,0 para comparar o
comportamento de extracdio em um SAB formado por citrato de sédio ou citrato de
amonio. A Figura 4.5 apresenta o comportamento de extracdo do fon Ag" no SAB L64
+ (NH4)3C6Hs50;7 + HO e SAB L64 + Na3CsHsO; +H,O na presenca dos extratantes

SCN' e Dz, em pH = 1,0, variando a quantidade de extratante.
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Figura 4.5. Efeito do cdtion formador do SAB sobre a porcentagem %E de Ag* em pH
= 1,0. SAB: L64 + Na3CcHs07 + HO (m) e L64 + (NH4);C¢HsO7; + H,O () com
diferentes quantidades de (a) SCN™ e (b) Dz.

Com aumento na propor¢do SCN/Ag hd uma maior %E para o SAB L64 +
Na3;Ce¢Hs07 + H>O em relagdo ao SAB L64 + (NH4);C¢Hs07 + H,O. Com o incremento
na quantidade de SCN™ no meio reacional ocorre o deslocamento no equilibrio do
processo termodinamico representado na equagdo 4.4 na direcio de formagdo de
espécies Ag(SCN), ™' com uma quantidade maior de cargas negativas. Estes 4nions
complexos de SCN- com Ag" carregados negativamente interagirdo mais
favoravelmente com as espécies macromoleculares carregadas mais positivamente. No
processo de formagdo do pseudopolieletrélito, o cdtion Na® interage mais fortemente
com os segmentos EO da macromolécula do que o cdtion NH,", necessitando de maior
quantidade de fons Na* adsorvidas para saturar energeticamente a cadeia do copolimero.
Por isso SAB formado por sais de sédio tem o pseudopolieletrdlito mais carregado
positivamente do que o pseudopoliciation formado por sais de amodnio. Desta forma a

melhor extracdo dos complexos Ag-SCN carregados negativamente deve-se a melhor
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interacdo eletrostdtica atrativa entre estes complexos anidnicos e os macrocations
presentes na FS do SAB. Como para o complexo Ag-Dz nao houve efeito do cétion
formador do SAB, infere-se que este complexo nao possui carga, nio sendo assim
afetado por interagdes eletrostaticas diferentes causadas pelos dois tipos de

pseudopolication.

4.4.2. Estudo da influéncia da natureza do polimero formador do SAB sobre o
comportamento de extragdo

A hidrofobicidade da macromolécula é um fator determinante para a
transferéncia de espécies da fase inferior para a fase superior do SAB. Por isso foi
realizado um estudo para comparar o comportamento de extracdo da prata em um SAB
formado por L64 ou por PEO1500. A figura 4.6 apresenta o comportamento de extra¢ao
do fon Ag" no SAB L64 + Na3;CsHs0;7 + H,O e no SAB PEO1500 + Na3;CgHs0; + H,O

na presenca de SCN’, em pH = 1,0, variando a quantidade de extratante.
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Figura 4.6. Efeito do polimero na extra¢io de Ag" no SAB PEO1500 + Na;CsHsO7 +

H,O (m) e no SAB L64 + Na3;CcHs0O7 + H,O (D), utilizando extratante SCN” em pH = 1
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Nota-se que em propor¢des menores de SCN/Ag, o SAB L64 + Naz;C¢Hs07 +
H,0 extrai mais eficientemente a prata para a fase superior. Em concentragdes menores
de SCN" forma-se preferencialmente o par idnico AgSCN insolivel em 4gua, que
interage preferencialmente com o interior hidrofébico das micelas presentes na fase
superior de sistemas formados por copolimero (L64). O SAB formado por PEO1500 ¢é
incapaz de extrair estas espécies, j4 que as macromoléculas deste polimero nao sao
capazes de agregar, formando nanodominios hidrofébicos. Foi esta incapacidade que
impossibilitou o uso da Dz como extratante nos SAB formados por PEO1500.

Com o aumento da concentracdo de SCN™ no SAB hd a formagdo das espécies
Ag(SCN),™! carregadas negativamente, como explicado na secdo 4.4.1. Como essas
espécies interagem com o pseudopolieletrélito formado pela adsor¢cdo do sédio nos
segmentos EO dos copolimeros L.64 ou do PEO1500, e como o nimero de unidades EO
¢ maior no PEO1500 do que no copolimero L.64 a densidade de cargas positivas no
polimero é maior do que no copolimero fazendo com que aumente a interacdo do
complexo de prata com o PEO1500, particionando mais as espécies Ag(SCN),™*' para a
fase superior do SAB PEO1500 + Na3;CsHs0; + H,O. No SAB PEO1500 + Na3;CsHs07
+ H,0 atinge-se uma %E = (99,9 + 1,1) % na propor¢cdo SCN/Ag = 500. Essa propor¢ao
nao foi estudada para o SAB L64 + Na3C¢HsO; + H,O devido a instabilidade

termodinamica do SAB formado.

4.4.3. Estudo do comportamento de extracdo dos concomitantes
A prata estd presente com outros concomitantes metalicos em diversas matrizes
complexas. Por isso é importante estudar o comportamento de extracdo de outros

metais, como cobre e ferro. A figura 4.7 apresenta o comportamento de extra¢do do ion
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Cu®* e Fe™* no SAB L64 + (NH,);CsHs07 + H,O na presenca de diferentes quantidades

do extratante Dz, em diferentes valores de pH.
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Figura 4.7. Efeito do pH no comportamento de extracdo de fons metédlicos no SAB L64
+ (NH4)3C6Hs07 + H,O em pH = 1,0 (Cu** (o) e Fe’* (m)), pH = 3,0 (Cu** (0) e Fe**
(#)), pH = 6,0 (Cu** (A) e Fe** (A)) e em pH = 12 (Cu** (0) e Fe** (#)), na presenca do
complexante Dz.

Pode-se notar neste estudo, que o ion Cu?* ¢ extraido preferencialmente para a
FS do SAB e, além disso, em valores de pH = 3,0, %E = (84,8 + 0,3) % e pH = 6,0, %E
= (84,1 £ 0,3)% a extracdo deste ion € maxima, enquanto nos valores de pH = 12, %E =
(75,6 £ 0,2) % e pH = 1,0, %E = (73,6 £ 2,2)% a extragdo € diminuida. Este
comportamento de extracio foi observado para o fon Ag" neste mesmo SAB, quando se
utilizou Dz como extratante. Este fato impossibilita a separacdo de prata do cobre
utilizando este processo de extragdo nas mesmas condicdes termodinamicas. J4 o fon
Fe’* concentra-se preferencialmente na FI (pH = 1,0, %E = (10,0 £0,8) %, pH =3, %E
=21,7 £0,3) %, pH =5, %E = 20,3 +£0,4) % e pH =12, %E = (13,3 + 1,9) % do

SAB, sendo que o efeito do pH é semelhante ao observado para o ion Cu®.
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Visando melhorar a separaciio entre o Ag’ e os fons metdlicos, estudou-se a
influéncia do cétion formador do SAB no comportamento de extracdo de Cu** e Fe’*. A
Figura 4.8 representa o comportamento de extracdo de Cu®* e Fe’* nos SAB L64 +

(NH4)3Ce¢Hs07 + H,O e L64 + NazCcHsO7 + H,O em diferentes quantidades de Dz.
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Figura 4.8. Efeito do céation formador do SAB na extragdao de Cu(Il) e Fe(Ill) em pH =1
utilizando Dz. (L64 + (NH4):C¢HsO; + H,O Cu**(e) e Fe’*(0)) e (L64 + Nas;CeHs0; +
H,O Cu**(m) e Fe**(0))

Nota-se que o efeito do cétion é minimo no comportamento de extracdo de Cu**
(Na3CsHs07, %E = (70,4 + 2,0) % e (NH4):C¢HsO; , %E = (73,6 + 2,2) %) e Fe'*
(Na3;CeHs07, %E = (8,46 + 1,10) % e (NH4)3C¢HsO7, %E = (10,0 + 0,8)%). Como foi
dito anteriormente, infere-se que o complexo Dz-Metal nao possui carga, nao sendo
assim afetado por interagdes eletrostdticas diferentes causadas pelos dois tipos de
pseudopolication.

Na impossibilidade de separar Cu** e Ag* utilizando como agente extrator a Dz
resolveu-se investigar a possibilidade de separacdo entre esses dois fons utilizando

como extrator o SCN™. A Figura 4.9 mostra o comportamento de extracdo dos fons Cu®*
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e Fe** nos SAB L64 + (NH4);C¢Hs07 + H,O em diferentes quantidades de SCN,

variando o pH.
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Figura 4.9. Efeito do pH na extragdo dos ifons metélicos no SAB L64 + (NH4);CcHs07

+ H,O utilizando diferentes quantidades SCN™ pH = 1 (%E (Cu(m) e Fe(o)), pH = 3

(%E (Cu(e) e Fe(0)), pH =6 (%E (Cu(A) e Fe(A)) e pH = 12 (%E (Cu(¢) e Fe(0))

Os dois metais estudados concentraram-se preferencialmente na FI do SAB,
independente do valor do pH. Esse resultado € interessante, j4 que hd uma potencial
aplicacdo deste sistema na separagio de Ag* dos fons metélicos estudados.

No intuito de melhorar esta separacao foi realizado o estudo do efeito do cétion
formador do sistema no comportamento de extracdo de Cu** e Fe™ na presenca de
SCN'. A Figura 4.10 representa o comportamento de extracao de Cu** e Fe’* nos SAB
L64 + (NH4)3CsHsO7 + H,O e L64 + Na3CsHsO7 + H,O em diferentes quantidades de

SCN'.
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Figura 4.10. Efeito do cation formado do SAB na extracio de Cu(Il) e Fe(Ill) no
sistema .64 + (NH4)3C6H507 + HZO CU(H) (O), FG(HI) (A)) e L64 + Na3C6H5O7 + HZO

Cu(Il) (@), Fe(III) (A)) em pH =1 em diferentes concentracdes de SCN'.

O SAB L64 + Na3CgHs507 + H,O apresenta valores de %E menores para o Cu*e
Fe* ao longo da curva de extracdo. Na propor¢dao SCN/Metal = 300, o Ag(I) apresenta
%E maior para este SAB (%E = (91,3 = 1,8) %), do que para o SAB L64 +
(NH4);CcHs507 + HyO (%E = (75,3 £ 1,7) %) (Figura 4.5), além disso, pode-se notar na
Figura 4.10 que nesta mesma condi¢do a %E de Cu®* e Fe’* é menor no SAB L64 +
Na3;Ce¢H507 + H,O do que no SAB L64 + (NH4);CcHsO7 + H,O. Assim pode-se que
concluir que neste SAB e na propor¢cdo SCN/Metal = 300 obtém-se a melhor separagdo
do fon Ag* dos concomitantes Cu** ¢ Fe™*,

Visando melhorar ainda mais a separacdo entre estes ions foi realizado um
estudo do efeito da hidrofobicidade da macromolécula no comportamento de extracdo
dos fons Cu®* e Fe’*. A Figura 4.11 apresenta o comportamento de extracao de Cu** e
Fe’* nos SAB L64 + Na;CgHs0; + H,0 e PEO1500 + Na;CsHsO; + H,O em diferentes
quantidades de SCN'.
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Figura 4.11. Efeito da hidrofobicidade do polimero no comportamento de extracdo de
Cu(Il), Fe(IIl) e Zn(II) no sistema PEO1500 + Na3;C¢HsO; + H,O Cu(Il) (o), Fe(III)
(A), Zn(II) (V)) ou L64 + NazCsHsO; + HO Cu(Il) (o), Fe(Ill) (A)) utilizando

extratante SCN" em pH = 1.

Independente da natureza da macromolécula a concentracio dos fons Cu”* e Fe™*
foi maior na FI do SAB, porém o sistema PEO1500 + Na3;CsHsO; + H,O apresentou
valores de %E maior para o ions estudados do que SAB L64 + Na;Ce¢Hs0; + H,O.
Apesar deste aumento na %E do Cu”* e Fe’* ainda é o SAB formado por PEO1500 que
melhor separa os fons Ag" dos demais, porque na propor¢io SCN/Metal = 500 o ganho
no aumento da %E do Ag®, %E = (99,9 + 1,1) %, neste sistema (Figura 4.6), compensa
o aumento da extracdo de Cu** e Fe™, portanto, aumentando a eficiéncia de separagcdao
(Tabela 4.4).

Um pardmetro muito utilizado para expressar a eficiéncia de separacdo entre
duas espécies, como por exemplo, Ag e Zn, em uma extragdo liquido-liquido [32], € o

fator de separacdo (Sagzn); que pode ser calculado pela equacio 4.6.
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>

As (4.6)

Zn

Ag.Zn =

>

onde D, e D, sdo os coeficientes de distribuicdo das espécies Ag e Zn,

respectivamente. O coeficiente de distribuicdo para um metal pode expresso pela
equacao 4.7.

%E

D =—-_ 4.7
M 100-%E “.7)

Os cdlculos para a separacdo do Ag" em relagdo aos fons Cu, Fe e Zn para

sistema PEO1500 + Na3;CcHs0O7 + H,O estdo apresentados na Tabela 4.4.

Tabela 4.4. Fatores de separacdo entre Ag* e os fons metédlicos Cu®*, Fe** e Zn** nos

SAB PEO1500 + Na3C6H507 + HZO eL64 + Na3C6H5O7 + Hzo

Proporcio  PEO1500 L64 PEO1500 L64 PEO1500
SCN/Metal SagCu SagCu SagFe SagFe SagFe
0 0,416 1,15 0,620 0,873 0,624
10 0,430 4,28 0,638 3,483 0,556
50 0,454 11,8 0,667 9,43 0,492
100 0,582 15,6 0,943 143 0,494
300 31,7 97,5 48,7 82,8 25,0
500 4,06 x 10° 6,84 x 10° - 3,03 x 10°

Nota-se que pelos valores de fatores de separacdao obtidos o SAB PEO1500 +
Na3CeHs507 + H,0O na proporcao de SCN/Metal = 500 fornece a melhor separagdo entre

as espécies estudadas.
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4.4. Recuperacao de prata presente em pilha botdo
A composi¢do do lixiviado e o teor médio dos principais metais em uma amostra

de pilhas botao estao representados na Tabela 4.5.

Tabela 4.5. Composicao do lixiviado e o teor dos principais metais em uma amostra de
pilhas botio

Metal Composicao do lixiviado (mg Lh Teor (% (m/m))
Prata 6305 + 235 21,38 £ 0,79
Zinco 2769 £ 79 9,391 + 0,268
Ferro 43,71 + 2,87 0,148 + 0,010

Para a pilha botao os principais metais presentes sdo prata e zinco. Devido aos
seus teores elevados é necessdrio determinar qual efeito desses sobre o equilibrio de
fases do SAB PEO1500 + Na3;C¢Hs07 + H,O, que foi aplicado para a separagdo de prata
de zinco. A Figura 4.12 mostra o efeito da diluicdo do lixiviado sobre a %E dos fons

Ag'e Zn™.
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Figura 4.12. Estudo da variacdo da dilui¢do do lixiviado no comportamento de extracao
dos fons Ag(I) e Zn(Il) utilizando SAB formado por PEO1500 + Na3;CcH507 + H,O na
presenca do extratante SCN/ (SCN/Ag(I) = 500 (mol/mol)). (Ag(Drs (m), Ag(Drr (O),

Zn(IDgs (¢4), Zn(IDgr (0))

Com o lixiviado diluido apenas 2 vezes, isto é, com altas concentragdes de Ag" ,
Zn** e SCN (mantida sempre a propor¢do SCN/Ag constante) os dois fons metdlicos
distribuiram-se quase que igualmente entre as duas fases do SAB. Isto demonstra que a
adicao destes componentes em grandes quantidades altera o equilibrio termodinamico
impedindo assim a separacdo destes componentes. Com o aumento do fator de diluicao
do lixiviado ocorreu a concentracdo dos fons Ag" na FS enquanto os ions Zn**
transferiram-se preferencialmente para a FI. Para ocorrer a separacdo eficiente entre
esses dois componentes o lixiviado precisou ser diluido pelo menos 50 vezes. Essa
dilui¢do foi necessdria porque nesta concentragdo final de lixiviado a composi¢do final
do sistema aquoso bifdsico é semelhante as utilizadas em nossos estudos sobre o
comportamento de extracio dos fons Ag* e Zn®*, nos sistemas modelos descritos

anteriormente. Assim, na faixa de concentracdo dos metais obtidos apds a diluicdo em
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50 vezes do lixiviado, as concentracdes das FS e FI do SAB nao € alterada, sendo
possivel reproduzir os fatores de separacdo obtidos com amostras sintéticas.

Para o fator de dilui¢do méaximo do lixiviado estudado (100 vezes) foi obtido
Sagzn = 2,18 x 103, indicando uma efetiva separag¢do entre os fons metdlicos. O SAB
PEO1500 + Na3;CcHs07 + H,O na presenga de SCN™ mostrou-se extremamente eficiente

na extracdo/purificacdo prata presente em pilhas botao.

4.5. Conclusoes

Foi desenvolvido um método eficiente e ambientalmente seguro de extracio e
purificagdo de prata utilizando uma técnica de extracdo liquido-liquido em um meio
formado majoritariamente por 4gua e por componentes atoxicos para o meio ambiente.
O comportamento de extracdo dos fons Ag(I), Cu(Il), Fe(Ill) e Zn(Il) € influenciado
pelo pH, natureza do eletrlito formador do SAB (Li;SO4, Na3;Ce¢HsO; ou
(NH4)3CeHs07 , hidrofobicidade da macromolécula (PEO1500 ou L64) e quantidade de
extratante (SCN™ ou Dz) adicionado ao SAB. A natureza do cation formador do
eletr6lito influencia apenas quando o complexo extraido possui cargas e sua
transferéncia € determinada por interacdes eletrostiticas com o pseudopolicition
presente na FS. Para todos os sistemas e extratantes utilizados o pH mais eficiente para
extracdo foi 3,0, caracterizando que neste estado termodindmico temos a melhor
complexacdo do extratante com o metal e a menor interacdo deste com o sal formador
do SAB. Este estudo contribuiu para ajudar a entender os mecanismos que regem a
extracdo de metais em SAB, que ainda sdo incipientes. Os resultados mostraram que a
Ag, %E = (99,9 + 1,1) %, € eficientemente extraida para a FS no sistema PEO1500 +
Na;C¢Hs0; + H,O, enquanto os outros fons metdlicos concentraram-se

preferencialmente na FI, %E < (24,7 £ 0,9) %, indicando a potencialidade do uso deste

109



SAB para a extragdo e purificagdo de Ag(I) presentes em diversos tipos de solu¢do e/ou
matrizes. Este sistema foi aplicado para extracdo e purificacdo de prata presente em

pilhas botdo, obtendo uma eficiente separa¢ao (Sagzn= 2,18 x 103) entre a Ag e o Zn.
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Conclusao geral

Foram obtidos dados de equilibrio liquido-liquido de novos SAB formados por
PEO1500 + tartarato de sédio + dgua, PPO400 + tartarato de sédio + dgua, PEO1500 +
succinato de sédio + dgua, PPO400 + succinato de sédio + dgua, PEO1500 + citrato de
sodio + dgua, PPO400 + citrato de sédio + dgua e PPO400 + acetato de sédio + 4gua em
diferentes temperaturas. Os SAB obtidos apresentam caracteristicas interessantes para
aplicacdo a diversos solutos, ja que os sais organicos utilizados tem a propriedade de
complexar diversos metais e os polimeros apresentam diferentes hidrofobicidades
possibilitando a modulagdo das condicdes do sistema.

Foram desenvolvidos novos métodos sustentdveis tanto do ponto de vista
econdmico quanto ambiental para a extracdo e purificacio de metais estratégicos
utilizando SAB. O SAB formado por L64 + tartarato de sédio + dgua se mostrou
eficiente para a separacdo de Cu(Il) e Zn(Il) (Scuzn = 204) sendo possivel a aplicagdo
deste em matrizes ricas nos respectivos metais, como efluentes de industria de
galvanoplastia. O SAB formado por L35 + sulfato de magnésio + dgua apresentou altos
valores de fator de separacdo (Sc,n = 1.000 a 10.000) entre o Cu(Il) e diversos fons
metélicos (Cd(Il), Fe(IIl), AI(III), Mn(II), Ni(Il), Co(II) e Zn(II)). Por isso ele foi
aplicado para a extracdo de cobre presente em minério obtendo —se (90.4 + 1.1) % de
extracdo. O SAB PEO1500 + tartarato de s6dio + dgua se mostrou eficiente para a
separacdo entre Ag(I) e outros fons metdlicos como Cu(Il), Zn(II) e Fe(Ill). Portanto,
este sistema foi aplicado para extracdo e purificacdo de prata presente em pilhas botdo,
obtendo 6timos resultados de separag@o (Sagzn = 2,18 x 103) desse metal em relacdo as
demais espécies.

Este trabalho demonstrou a grande eficiéncia do SAB para extra¢do e separacao
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de metais a partir de matrizes complexas, sendo este sistema uma alternativa
ambientalmente segura e economicamente vidvel para ser utilizado na etapa de extragao
e purificacdo do processo hidrometaltrgico. Além disso, o SAB mostrou-se seletivo a
determinadas espécies variando as condicdes experimentais, mostrando o potencial
deste sistema para ser aplicado a diversos metais estratégicos.

Os resultados obtidos neste trabalho foram importantes para ajudar a elucidar os
complexos mecanismos que regem o comportamento de extracdo de metais em SAB,

que ainda sdo incipientes.
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