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In view of the importance of resource recycling and the use of environmentally safe systems to extract the
metals contained inwastes, the present study concerns the extraction/separation of lanthanum from spent
Ni–MH batteries. Investigation was made of the extraction behavior of lanthanum using aqueous two-
phase systems (ATPSs), and a new environmentally safe hydrometallurgical method was developed for
the selective extraction of La fromNi-MHbattery leachate. The extraction behavior of Lawas evaluated con-
sidering the influence of the following parameters: concentration of different extractant; pH;ATPS-forming
electrolyte (Li2SO4, Na2SO4, MgSO4, Na2C4H4O6, or Na3C6H5O7); ATPS-forming polymer (L64 or PEO1500).
The recovery efficiencywas evaluated by analyzing the extraction percentage (%E), and the best conditions
for analyte extraction were achieved using the ATPS formed by PEO1500 + Li2SO4, at pH 6.00, with
1,10-phenanthroline as the extractant agent (%E = 74.1%). Themethod was applied to a real Ni-MH battery
leachate. After three successive extraction steps, high separation factor (S) valueswere obtained for the sep-
aration of lanthanum fromconcomitantmetals (SLa,Ce = 180; SLa,Pr = 184; SLa,Nd = 185). A stripping assaywas
carried out, and after a single step, 88.5% of the lanthanumwas available for a possible electrowinning step.

� 2017 Elsevier B.V. All rights reserved.
1. Introduction stopped working, or presented defects during its production [1].
Waste electronic equipment is electrical and electronic equip-
ment, including all its components, that has become obsolete,
Conservative estimates suggest that the electronic waste stream
increases by 2.7% every year, while other assessments suggest a
greater increase of about 4% per year and a total incidental waste
of 20–50 million tons [2]. Some of these materials have toxic
effects on human health and in the environment, while the metals
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contained in the waste have economic value, as in the case of the
rare earth metals [3]. Batteries are one of the types of electronic
waste most likely to become dispersed in the environment, includ-
ing nickel–metal hydride (Ni–MH) batteries that contain not only
the base metals, but also valuable metals such as lanthanum and
other rare earth elements (REEs) [4,5].

Recycling of spent nickel–metal hydride batteries is therefore of
great interest from the point of view of resource recovery, espe-
cially concerning the rare earth metals [6]. In recent years, several
hydrometallurgical processes have been developed for the recov-
ery of rare earths from spent Ni-MH batteries [7]. Most of these
methods extract the rare earths together, due to the difficulty of
individually separating them [8]. Their recovery involves physical
and chemical aspects of selective extractive systems, since the sep-
aration of REE mixtures into individual elements is usually a com-
plex and expensive process [9].

One of the most widely used techniques for the separation of
rare earth metals contained in waste is solvent extraction (SE),
involving leaching with an acid solution, followed by the extraction
and recovery of target metal ions from the leachate. However, such
feed solutions contain a variety and/or large amounts of non-target
metal impurities, requiring multi-stage operations for the separa-
tion of rare earth metals [10]. Problems that have considerable
impact on extraction efficiency and selectivity include crud forma-
tion, organic and aqueous phase entrainments, and variable and
unpredictable times for phase separation in the settlers [11]. Fur-
thermore, the organic solvents used can be harmful to the environ-
ment and human health [12]. To address these limitations, novel
extraction methods are needed that are economically viable, fast,
clean, and environmentally safe.

Aqueous two-phase systems (ATPSs) offer an excellent alterna-
tive for the selective extraction of metals in hydrometallurgical
procedures. The technique requires only a short time for phase
splitting, without stable emulsion formation, and the system is
composed mainly of water together with other components that
are low cost, nontoxic, non-flammable, and in some cases
biodegradable and recyclable [12,13]. The ATPS can be formed by
the mixing of aqueous solutions of certain electrolytes and a poly-
mer, followed by phase separation to obtain a top phase (TP)
enriched in polymer and a bottom phase (BT) enriched in elec-
trolyte [14]. The ATPS method has been used for metallic ion par-
titioning since 1984 and offers high potential for metal extraction
[15]. It has been employed for the extraction of copper from ores
[11], the separation of Co, Ni, and Cd [12], speciation of chromium
[16], and other applications [17–21].

The goal of this work was to develop a novel, green, and effi-
cient method for the separation of lanthanum from other rare
earths present in the leachate of spent nickel–metal hydride bat-
teries. The study contributes to understanding the mechanisms
of metal ion extraction in ATPSs. The method was optimized in
terms of parameters including the nature of the ATPS electrolyte
(considering cations and anions) and macromolecule, pH, and the
presence and concentration of different extractant agents.
2. Materials and methods

2.1. Materials

The polyethylene oxide polymer with an average molar mass
(MM) of 1500 g mol�1, denoted PEO1500, was purchased from
Synth (Diadema, Brazil). The triblock copolymer poly(ethylene oxi-
de)�poly(propylene oxide)�poly(ethylene oxide) with average
molar mass (Mm) of 2900 g mol�1 and 40% ethylene oxide ((EO)13
(PO)30(EO)13), denoted L64, was purchased from Sigma Aldrich
(Milwaukee, USA). Sodium tartrate (Na2C4H4O6), trisodium citrate
(Na3C6H5O7), potassium chloride (KCl), sodium sulfate (Na2SO4),
lithium sulfate (Li2SO4�H2O), magnesium sulfate (MgSO4�7H2O),
sodium hydroxide (NaOH), lanthanum nitrate (La2(NO3)3�6H2O),
and cerium nitrate (Ce2(NO3)3�6H2O) were obtained from VETEC
(Rio de Janeiro, Brazil). Iron chloride (FeCl3�6H2O), cobalt chloride
(CoCl2�6H2O), nickel chloride (NiCl2�6H2O), cadmium chloride
(CdCl2�H2O), copper chloride (CuCl2), and zinc chloride (ZnCl2)
were purchased from ISOFAR (Duque de Caxias, Brazil). Sulfuric
acid (H2SO4), hydrochloric acid (HCl, 37%), and nitric acid (HNO3,
65%) were obtained fromMerck (Darmstadt, Germany). The extrac-
tants 1-(2-pyridylazo)-2-naphthol (PAN), 8-hydroxyquinoline (Hyd),
1,10-phenanthroline (Phe), xylenol orange (Xyl), and dithizone (Dit)
were purchased from VETEC (Rio de Janeiro, Brazil). Praseodymium
nitrate (Pr(NO3)3�6H2O) and neodymium nitrate (Nd(NO3)3�6H2O)
were obtained from Sigma Aldrich (Milwaukee, USA). All reagents
were of analytical grade quality and were used as received, without
further purification.

2.2. Compositions of the aqueous two-phase systems

The aqueous two-phase system formed by the macromolecule
(L64 or PEO1500) and the salt (Na2C4H4O6, Na3C6H5O7, Na2SO4,
Li2SO4, or MgSO4) was prepared by mixing 3.00 g of a polymer
stock solution and 3.00 g of a salt stock solution, which are shown
in Table 1. The phase composition of the polymer and salt in the
ATPS was defined according to the equilibrium phases (Table 1)
[22–24]. All concentrations are expressed in weight percent (w)
and similar tie-line length (TLL) values were used for all the
systems [14].

2.3. Influence of pH, ATPS type, and quantity of extractant

Previous adjustment was made of the pH (3.0, 6.0, or 9.0) of the
water used to prepare the salt and polymer solutions. The effect of
the cation used was evaluated using sulfate salts (lithium, sodium,
and magnesium), while sodium salts (sulfate, citrate, and tartrate)
were used to evaluate the effect of the anion used. The PEO1500
polymer and the L64 copolymer were used to evaluate the effect
of the type of macromolecule. The salt solution was used to pre-
pare the La(III) ion solution (3000 mg kg�1). The extractant solu-
tions were prepared using the polymer solution as solvent. The
maximum concentrations of the extractants were limited by their
solubilities in the polymer solution (Xyl: 0.0247 mol kg�1; PAN:
0.00625 mol kg�1; Dit: 0.0122 mol kg�1; Hyd: 0.155 mol kg�1;
Phe: 0.121 mol kg�1. Aliquots (3.00 g each) of the metal solution
and the extractant solution (at appropriate concentrations) were
weighed out into a centrifuge tube. The tube was stirred for
1 min and allowed to settle for 30 min at 25.0 ± 0.1 �C in a
temperature-controlled bath. The top phase was then removed,
suitably diluted, and the metal concentration was determined
using flame atomic absorption spectrometry (FAAS) (Varian
AA50) or energy-dispersive X-ray fluorescence spectrometry
(EDX) (Shimadzu 7000). The extraction percentage (%E) of the
metal ions was calculated using Eq. (1):

%E ¼ nMTP

nMT
x100; ð1Þ

where nMTP is the quantity of metal ions in the upper phase and
nMT is the total quantity of metal ions in the system (both in
mol). The scheme of the methodology is shown in Fig. 1.

2.4. Influence of the presence of concomitant metal ions

Cerium, praseodymium, and neodymium ions were added to
the system at different concentrations (0, 1000, 2000, 3000, 4000,



Table 1
ATPS composition for polymer (wP) + salt (wS) 298.15 K, TLL values and concentration of stock solutions used on the La extraction experiments. All concentrations are expressed in
weight percent (w).

ATPS Composition TLL Stock polymer solution (wP) Stock salt solution (wS) Ref.

Top phase Bottom phase

wP wS wP wS

L64 + Na2C4H4O6 39.27 4.61 2.65 11.90 37.34 41.92 16.51 [19]
L64 + Na3C6H5O7 37.15 3.47 1.28 10.66 36.58 38.43 14.13
L64 + Na2SO4 34.31 3.10 1.21 8.58 33.55 35.52 11.68 [20]
L64 + Li2SO4 35.77 4.01 0.56 9.50 35.63 36.33 13.51
L64 + MgSO4 45.58 2.20 5.15 7.18 40.73 50.73 9.38
PEO + Li2SO4 40.24 3.65 5.41 15.90 36.91 45.65 19.55 [21]
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and 5000 mg kg�1), together with the analyte (3000 mg kg�1),
using Fen (0.121 mol kg�1) as extractant agent, at pH 6.0. In liq-
uid–liquid extractions, the separation factor (SM,N) expresses the
efficiency of the separation of two species, M and N, calculated
using Eqs. (2) and (3):

D ¼ %E
100�%E

ð2Þ

SM;N ¼ DM

DN
ð3Þ

where DM and DN are the distribution coefficients of species M and
N, respectively.

2.5. Ni-MH battery leachate

The nickel-metal hydride batteries were cut in half longitudi-
nally in order to separate the metallic cases from the internal
material, obtaining a mass of 41.0825 g of the latter. Leaching
was performed at a solid/liquid ratio of 1:9, using 3.0 mol L�1

HCl and incubation at 95 �C under reflux for 3 h. The leachate
obtained was filtered and transferred to a 1.00 L flask filled with
deionized water. Dropwise addition of NaOH solution to 250 mL
of leachate was made until pH 2.5 was reached, in order to precip-
itate the REE and also obtain a suitable solution for the subsequent
extraction tests [25]. The precipitate formed was washed and sol-
ubilized in 50 mL of 0.1 M H2SO4. The resulting solution was called
the liquor. The concentrations of the main metals in the leachate
and liquor were then determined by FAAS.

2.6. Sequential extraction of lanthanum from liquor and stripping
experiments

Under the optimal conditions, 7.00 g of the polymer solution
with extractant, 5.83 g of the electrolyte solution, and 1.17 g of
the liquor were weighed out into a tube. The tube was stirred for
1 min and the contents were allowed to settle for 30 min at
25.0 ± 0.1 �C in a temperature-controlled bath. The BP was then
removed and added to a new tube containing the polymer solution
Adjust the pH (3.0, 
6.0, or 9.0) of the 
deionized water

Polymer solution 
(PEO1500 or L64) + 

extractant

Salt solution (Na2C4H4O6 
or Na3C6H5O7 or Na2SO4
or Li2SO4, or MgSO4) + 

metal ions

3.00 g

3.00 g

Shaking for 1 min 
and allowed to settle 
for 30 min at 25.0 oC

FAAS 
or 

EDX 

Fig. 1. Scheme of the methodology steps.
with extractant. The same procedure was used in the third step of
the sequential extraction. In all steps, an aliquot of the TP was col-
lected for the determination of metals concentrations using FAAS.

In the metal ion stripping studies, 3.00 g of the phase loaded
with lanthanum ions was removed and placed in contact with
3.00 g of the ATPS bottom phase, together with HNO3 at different
concentrations, followed by vigorous shaking. After reaching equi-
librium, the phases were collected for determination of the metal
concentrations.
3. Results and discussion

3.1. Lanthanum extraction behavior in the ATPS

In an ATPS, phase transfer of the analytes is governed by many
simultaneous equilibrium processes. Fig. 2 shows the extraction
behavior of La(III) in the presence of different extractant agents
in the ATPS formed by L64 + Na2C4H4O6 + H2O, at pH 6.00. In the
absence of extractant, the metal ions were concentrated in the
BP (%E < 15.5%). Under this condition, there was an enthalpic inter-
action between the La(III) ions and the ATPS components, forming

a hydrophilic complex (½LaðH2OÞx�3þ and ½LaðC4H4O6Þx��2xþ3) that
was retained in the bottom phase. The distribution of La(III) in
the system shifted with the addition of the extractant agents,
which promoted transfer of the analyte to the ATPS top phase,
0,00 0,03 0,06 0,09 0,12
0
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Fig. 2. Extraction behavior of La(III) in the presence of different extractant agents
((◄) Dit, (.) PAN, (j) Hyd, (d) Fen, (▲) Xyl) using the ATPS formed by L64
+ Na2C4H4O6 + H2O, at pH 6.00.
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where the metallic complexes were concentrated. As shown in
Fig. 2, addition of Hyd, Phe, and Xyl resulted in greater analyte
extraction, with maximum %E of 38.8%, while the presence of
PAN and Dit did not affect the %E of the analyte.

The transfer of a metal ion from the ATPS bottom phase to the
top phase is governed by two processes: (i) competition between
the extractant and the anion of the ATPS–forming electrolyte for
complexation of the metal (considering their thermodynamic for-
mation constants); (ii) the subsequent partitioning of the complex
in the top phase of the system, which shifts the equilibrium in the
direction of complex formation. Therefore, it is essential that the
complex formed interacts with components of the TP.
3.2. Effect of pH

The protonation/deprotonation of the extractant agent strongly
influences the complexation equilibrium of the solution. Fig. 3
shows the La(III) extraction behavior in the presence of some of
the extractant agents in the ATPS formed by L64 + Na2C4H4O6 + H2O,
at pH 3.00 or pH 9.00. In the absence of the extractant agent, there
was increased La(III) extraction at acidic and basic pH, reaching %E
of 23.3%. At acidic pH, protonation of the tartrate molecule pre-
vented complexation of the metal ion, decreasing the concentra-
tion of La(III) in the bottom phase. At basic pH, La(III) extraction
increased due to formation of the neutral La(OH)3 molecule, which
interacted hydrophobically with the components of the top phase.

The highest analyte extractions using Xyl, Phe, and Hyd were
achieved at pH 6.0. The use of PAN and Dit had no effect on La
extraction at any pH. The pH influences the protonation/deproto-
nation of the extractant agent and the ATPS formation anion, hence
affecting their ability to interact with the analyte. In the range of
values studied the pH does not significantly affect La extraction.
In the subsequent studies, only Hyd and Phe were used as
extractants.
3.3. Effect of ATPS electrolyte

Evaluation of the influence of the electrolyte considered the
effects of the anions and cations. The TLL values for all systems
were similar in order to evaluate only the effect of the nature of
the ATPS component, since the TLL is expressed as the difference
between the polymer and salt concentrations present in the differ-
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Fig. 3. Extraction behavior of La(III) in the presence of different extractant agents ((◄
H4O6+H2O, at (a) pH 3.00 and (b) pH 9.00.
ent phases [19]. Fig. 4 shows the La extraction behavior in the pres-
ence of Hyd and Phe using the ATPS formed by L64 + sodium salts
(tartrate, citrate, or sulfate) + H2O, at pH 6.0. The ATPS formed by
sulfate provided the highest La extraction, while citrate was least
effective for transfer of the metal. The anion effect could be attrib-
uted to more efficient complexation of the metal ions by the
organic anions than by sulfate, making it more difficult to extract
them from the bottom phase to the top phase, because there is a
competition between the extractant and the anion of the ATPS–
forming electrolyte for complexation of the metal [12].

Fig. 5 shows the La extraction behavior in the presence of Hyd
and Phe using the ATPS formed by L64 + sulfate salts (sodium,
lithium, or magnesium) + H2O, at pH 6.0. For both extractants,
lithiumwas most effective for La extraction. The cation effect could
be explained by the model of pseudo-polycation formation. Da
Silva and Loh [26] used microcalorimetric measurements to show
that a higher concentration of Li+ cations was required to energet-
ically saturate the polymer chain, compared to the other cations.
Hence, the polymer macromolecule was more positively charged
in the ATPS formed with Li2SO4, compared to the Na2SO4 and
MgSO4 systems, enabling stronger electrostatic interaction
between the pseudo-polycation and the metallic complexes in
the Li2SO4 system.
3.4. Influence of hydrophobicity on La extraction

Fig. 6 shows the effect of hydrophobicity on the extraction of La
using the ATPS formed by (PEO1500 or L64) + Li2SO4 + H2O, at pH
6.0. The L64 macromolecule is a triblock copolymer ((EO)13(PO)30
(EO)13) composed of 60% by weight of poly(propylene oxide) units.
Owing to their amphiphilic character, in aqueous solution and
under critical conditions of temperature and concentration, tri-
block copolymers form spherical micelles by self-assembly. These
aggregates have a hydrophilic crown (formed by PEO) and a
hydrophobic core (formed by PPO) that is capable of interacting
with hydrophobic compounds.

As can be seen in Fig. 6, the %E of La decreased when the
hydrophobicity of the top phase was higher. This indicated that
the metallic complexes had no tendency to solubilize in the
hydrophobic core of the micelles, due to the hydrophilicity and
high solubility in water of the metallic complexes formed by Hyd
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Fig. 4. Effect of the anion on the extraction behavior of La(III), at pH 6.0, using the
ATPS formed by L64 + sodium salts (tartrate ((j) Hyd and (h) Phe), citrate ((d) Hyd
and (s) Phe), and sulfate ((▲) Hyd and (D) Phe)) + H2O.
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Fig. 5. Effect of the cation on the extraction behavior of La(III), at pH 6.0, using the
ATPS formed by L64 + sulfate salts (magnesium ((j) Hyd and (h) Phe), lithium ((d)
Hyd and (s) Phe), and sodium ((▲) Hyd and (D) Phe)) + H2O.
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Fig. 6. Effect of the polymer on the extraction behavior of La(III), at pH 6.0, using
the ATPS formed by polymer (L64 ((d) Hyd and (s) Phe) or PEO1500 ((j) Hyd and
(h) Phe)) + lithium sulfate + H2O.
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or Phe. The best extraction results were obtained with Phe, which
was therefore selected in the subsequent experiments.
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Fig. 7. Separation factors for La(III) and other REEs (SLa,Pr (d), SLa,Ce (▲), and SLa,Nd
(j)) present concomitantly in the ATPS formed by PEO1500 + Li2SO4 + H2O, at pH
6.0 and using a Phe concentration of 0.121 mmol kg�1, for several concomitant
concentrations.
3.5. Effect of REE concomitants and application using a real sample

Ni-MH batteries are composed of alloy based on mischmetal
(cerium, lanthanum, praseodymium, and neodymium) [8], and
the selective separation of La(III) is complex. Evaluation was there-
fore required of the effect of the presence of Ce, Pr, and Nd on the
La extraction. Fig. 7 shows the separation factors (SM,N) for La(III)
and different proportions of the other REEs present concomitantly
in the ATPS formed by PEO1500 + Li2SO4 + H2O, with a Phe concen-
tration of 0.121 mmol kg�1, at pH 6.0. The results showed that the
ATPS provided efficient selective extraction of La, even in the pres-
ence of concomitants with similar chemical behavior. However, La
was not fully extracted in a single step, with a series of extraction
steps being required to improve the S values.

After all the stages of leaching of the Ni-MH batteries, the
solution showed the following concentrations: [La] = 5.90 g L�1,
[Ce] = 3.36 g L�1, [Nd] = 1.25 g L�1, and [Pr] = 0.510 g L�1. The
concentrations of other metals were very low. This solution was
added to the optimized ATPS for the selective extraction of La.
Fig. 8 shows the extraction behavior of La, Ce, Nd, and Pr from
the Ni-MH leachate using the optimized ATPS, in three successive
steps. La(III) was completely extracted to the TP (%E = 99.5 ± 3.2%)
after three steps, while the other metals were retained in the BP
(%E � 12.5 ± 0.6%). Considering all the steps, high separation factor
values were obtained between La(III) and the other rare earths
(SLa,Ce = 180; SLa,Pr = 184; SLa,Nd = 185). The separation of these
metals is complicated by the similarity of their chemical proper-
ties, making these results especially significant. Furthermore, this
method could be applied to other matrices.

Although the ATPS formed by PEO1500 + Li2SO4 + H2O, with
Phe, showed a high capacity for the selective extraction of La(III),
knowledge of the stripping characteristics is important for evaluat-
ing its potential application. Fig. 9 shows the stripping behavior of
the La on the ATPS formed by PEO1500 + Li2SO4 + H2O using sev-
eral HNO3 concentrations. In the stripping assays, HNO3 was added
to the ATPS, disrupting the chemical bond of the metal complex
and transferring the La(III) cation to the BP. A series of experiments
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was carried out using HNO3 concentrations varying from 0.00 to
0.22 mol L�1, achieving a stripping percentage (%S) of 88.5 ± 4.2%.
4. Conclusions

A new method compatible with the principles of green chem-
istry, using aqueous two-phase systems, was developed for the
selective separation of La(III) from the leachate of Ni-MH batteries,
which are hazardous materials. High separation factors between La
(III) and other rare earths were achieved using the ATPS formed
by PEO1500 + Li2SO4 + H2O, at pH 6.0, in the presence of
1,10-phenanthroline. An important finding was that ATPS
techniques could be used to separate analytes that have similar
chemical properties. This work contributes to understanding of
the mechanisms responsible for the transfer of analytes between
ATPS phases.

Acknowledgments

The authors are grateful for financial support provided by Fun-
dação de Amparo à Pesquisa do Estado de Minas Gerais (FAPEMIG)
and Conselho Nacional de Desenvolvimento Científico e Tec-
nológico (CNPq). WCM received an undergraduate scholarship
from Coordenação de Aperfeiçoamento de Pessoal de Nível Supe-
rior (CAPES). This work was part of a collaborative research project
with members of Rede Mineira de Química (RQ-MG), supported by
FAPEMIG (Project: CEX - RED-0010-14.).

References

[1] R. Liu, J. Chen, G. Li, T. An, Using an integrated decontamination technique to
remove VOCs and attenuate health risks from an e-waste dismantling
workshop, Chem. Eng. J. 318 (2017) 57–63.

[2] P. Stuhlpfarrer, S. Luidold, H. Antrekowitsch, Recycling of waste printed circuit
boards with simultaneous enrichment of special metals by using alkaline
melts: a green and strategically advantageous solution, J. Hazard. Mater. 307
(2016) 17–25.

[3] F.P.C. Silvas, M.M. Jiménez Correa, M.P.K. Caldas, V.T. de Moraes, D.C.R.
Espinosa, J.A.S. Tenório, Printed circuit board recycling: physical processing
and copper extraction by selective leaching, Waste Manage. 46 (2015) 503–
510.

[4] P. Meshram, B.D. Pandey, T.R. Mankhand, Process optimization and kinetics for
leaching of rare earth metals from the spent Ni–metal hydride batteries, Waste
Manage. 51 (2016) 196–203.

[5] H.-C. Kao, P.-S. Yen, R.-S. Juang, Solvent extraction of La(III) and Nd(III) from
nitrate solutions with 2-ethylhexylphosphonic acid mono-2-ethylhexyl ester,
Chem. Eng. J. 119 (2006) 167–174.

[6] Y. Xia, L. Xiao, J. Tian, Z. Li, L. Zeng, Recovery of rare earths from acid leach
solutions of spent nickel-metal hydride batteries using solvent extraction, J.
Rare Earths 33 (2015) 1348–1354.

[7] T. Vander Hoogerstraete, K. Binnemans, Highly efficient separation of rare
earths from nickel and cobalt by solvent extraction with the ionic liquid
trihexyl(tetradecyl)phosphonium nitrate: a process relevant to the recycling of
rare earths from permanent magnets and nickel metal hydride batteries, Green
Chem. 16 (2014) 1594–1606.

[8] K. Binnemans, P.T. Jones, B. Blanpain, T. Van Gerven, Y. Yang, A. Walton, M.
Buchert, Recycling of rare earths: a critical review, J. Clean. Prod. 51 (2013) 1–
22.

[9] R. Rahal, F. Annani, S. Pellet-Rostaing, G. Arrachart, S. Daniele, Surface
modification of titanium oxide nanoparticles with chelating molecules: new
recognition devices for controlling the selectivity towards lanthanides ionic
separation, Sep. Purif. Technol. 147 (2015) 220–226.

[10] F. Yang, F. Kubota, Y. Baba, N. Kamiya, M. Goto, Selective extraction and
recovery of rare earth metals from phosphor powders in waste fluorescent
lamps using an ionic liquid system, J. Hazard. Mater. 254–255 (2013) 79–88.

[11] L.R. de Lemos, I.J. Boggione Santos, G.D. Rodrigues, L.H. Mendes da Silva, M.C.
Hespanhol da Silva, Copper recovery from ore by liquid-liquid extraction using
aqueous two-phase system, J. Hazard. Mater. 237 (2012) 209–214.

[12] G.D. Rodrigues, L.R. de Lemos, L.H. Mendes da Silva, M.C. Hespanhol da Silva,
Application of hydrophobic extractant in aqueous two-phase systems for
selective extraction of cobalt, nickel and cadmium, J. Chromatogr. A 1279
(2013) 13–19.

[13] L.R. de Lemos, P.d.R. Patricio, G.D. Rodrigues, R.M. Maduro de Carvalho, M.C.
Hespanhol da Silva, L.H. Mendes da Silva, Liquid-liquid equilibrium of aqueous
two-phase systems composed of poly(ethylene oxide) 1500 and different
electrolytes ((NH4)(2)SO4, ZnSO4 and K2HPO4): experimental and correlation,
Fluid Phase Equilib. 305 (2011) 19–24.

[14] G.F. Murari, J.A. Penido, P.A.L. Machado, L.R.d. Lemos, N.H.T. Lemes, L.S.
Virtuoso, G.D. Rodrigues, A.B. Mageste, Phase diagrams of aqueous two-phase
systems formed by polyethylene glycol + ammonium sulfate + water:
equilibrium data and thermodynamic modeling, Fluid Phase Equilib. 406
(2015) 61–69.

[15] T.I. Zvarova, V.M. Shkinev, G.A. Vorob’eva, B.Y. Spivakov, Y.A. Zolotov, Liquid-
liquid extraction in the absence of usual organic solvents: application of two-
phase aqueous systems based on a water-soluble polymer, Microchim. Acta 84
(1984) 449–458.

[16] P.R. Patrício, R.C. Cunha, S.J. Rodriguez Vargas, Y.L. Coelho, L.H. Mendes da
Silva, M.C. Hespanhol da Silva, Chromium speciation using aqueous biphasic
systems: development and mechanistic aspects, Sep. Purif. Technol. 158
(2016) 144–154.

[17] A. Frerix, M. Schönewald, P. Geilenkirchen, M. Müller, M.-R. Kula, J. Hubbuch,
Exploitation of the coil�globule plasmid DNA transition induced by small
changes in temperature, pH Salt, and poly(ethylene glycol) compositions for
directed partitioning in aqueous two-phase systems, Langmuir 22 (2006)
4282–4290.

[18] S. Shahriari, V. Taghikhani, M. Vossoughi, A.A. Safe kordi, I. Alemzadeh, G.R.
Pazuki, Measurement of partition coefficients of b-amylase and
amyloglucosidase enzymes in aqueous two-phase systems containing poly
(ethylene glycol) and Na2SO4/KH2PO4 at different temperatures, Fluid Phase
Equilib. 292 (2010) 80–86.

[19] J.M. de Alvarenga, R.A. Fideles, M.V. da Silva, G.F. Murari, J.G. Taylor, L.R. de
Lemos, G.D. Rodrigues, A.B. Mageste, Partition study of textile dye Remazol
Yellow Gold RNL in aqueous two-phase systems, Fluid Phase Equilib. 391
(2015) 1–8.

[20] L.R. de Lemos, R.A. Campos, G.D. Rodrigues, L.H. Mendes da Silva, M.C.
Hespanhol da Silva, Green separation of copper and zinc using triblock

http://refhub.elsevier.com/S1385-8947(17)30578-8/h0005
http://refhub.elsevier.com/S1385-8947(17)30578-8/h0005
http://refhub.elsevier.com/S1385-8947(17)30578-8/h0005
http://refhub.elsevier.com/S1385-8947(17)30578-8/h0010
http://refhub.elsevier.com/S1385-8947(17)30578-8/h0010
http://refhub.elsevier.com/S1385-8947(17)30578-8/h0010
http://refhub.elsevier.com/S1385-8947(17)30578-8/h0010
http://refhub.elsevier.com/S1385-8947(17)30578-8/h0015
http://refhub.elsevier.com/S1385-8947(17)30578-8/h0015
http://refhub.elsevier.com/S1385-8947(17)30578-8/h0015
http://refhub.elsevier.com/S1385-8947(17)30578-8/h0015
http://refhub.elsevier.com/S1385-8947(17)30578-8/h0020
http://refhub.elsevier.com/S1385-8947(17)30578-8/h0020
http://refhub.elsevier.com/S1385-8947(17)30578-8/h0020
http://refhub.elsevier.com/S1385-8947(17)30578-8/h0025
http://refhub.elsevier.com/S1385-8947(17)30578-8/h0025
http://refhub.elsevier.com/S1385-8947(17)30578-8/h0025
http://refhub.elsevier.com/S1385-8947(17)30578-8/h0030
http://refhub.elsevier.com/S1385-8947(17)30578-8/h0030
http://refhub.elsevier.com/S1385-8947(17)30578-8/h0030
http://refhub.elsevier.com/S1385-8947(17)30578-8/h0035
http://refhub.elsevier.com/S1385-8947(17)30578-8/h0035
http://refhub.elsevier.com/S1385-8947(17)30578-8/h0035
http://refhub.elsevier.com/S1385-8947(17)30578-8/h0035
http://refhub.elsevier.com/S1385-8947(17)30578-8/h0035
http://refhub.elsevier.com/S1385-8947(17)30578-8/h0040
http://refhub.elsevier.com/S1385-8947(17)30578-8/h0040
http://refhub.elsevier.com/S1385-8947(17)30578-8/h0040
http://refhub.elsevier.com/S1385-8947(17)30578-8/h0045
http://refhub.elsevier.com/S1385-8947(17)30578-8/h0045
http://refhub.elsevier.com/S1385-8947(17)30578-8/h0045
http://refhub.elsevier.com/S1385-8947(17)30578-8/h0045
http://refhub.elsevier.com/S1385-8947(17)30578-8/h0050
http://refhub.elsevier.com/S1385-8947(17)30578-8/h0050
http://refhub.elsevier.com/S1385-8947(17)30578-8/h0050
http://refhub.elsevier.com/S1385-8947(17)30578-8/h0055
http://refhub.elsevier.com/S1385-8947(17)30578-8/h0055
http://refhub.elsevier.com/S1385-8947(17)30578-8/h0055
http://refhub.elsevier.com/S1385-8947(17)30578-8/h0060
http://refhub.elsevier.com/S1385-8947(17)30578-8/h0060
http://refhub.elsevier.com/S1385-8947(17)30578-8/h0060
http://refhub.elsevier.com/S1385-8947(17)30578-8/h0060
http://refhub.elsevier.com/S1385-8947(17)30578-8/h0065
http://refhub.elsevier.com/S1385-8947(17)30578-8/h0065
http://refhub.elsevier.com/S1385-8947(17)30578-8/h0065
http://refhub.elsevier.com/S1385-8947(17)30578-8/h0065
http://refhub.elsevier.com/S1385-8947(17)30578-8/h0065
http://refhub.elsevier.com/S1385-8947(17)30578-8/h0065
http://refhub.elsevier.com/S1385-8947(17)30578-8/h0065
http://refhub.elsevier.com/S1385-8947(17)30578-8/h0065
http://refhub.elsevier.com/S1385-8947(17)30578-8/h0065
http://refhub.elsevier.com/S1385-8947(17)30578-8/h0065
http://refhub.elsevier.com/S1385-8947(17)30578-8/h0070
http://refhub.elsevier.com/S1385-8947(17)30578-8/h0070
http://refhub.elsevier.com/S1385-8947(17)30578-8/h0070
http://refhub.elsevier.com/S1385-8947(17)30578-8/h0070
http://refhub.elsevier.com/S1385-8947(17)30578-8/h0070
http://refhub.elsevier.com/S1385-8947(17)30578-8/h0075
http://refhub.elsevier.com/S1385-8947(17)30578-8/h0075
http://refhub.elsevier.com/S1385-8947(17)30578-8/h0075
http://refhub.elsevier.com/S1385-8947(17)30578-8/h0075
http://refhub.elsevier.com/S1385-8947(17)30578-8/h0080
http://refhub.elsevier.com/S1385-8947(17)30578-8/h0080
http://refhub.elsevier.com/S1385-8947(17)30578-8/h0080
http://refhub.elsevier.com/S1385-8947(17)30578-8/h0080
http://refhub.elsevier.com/S1385-8947(17)30578-8/h0085
http://refhub.elsevier.com/S1385-8947(17)30578-8/h0085
http://refhub.elsevier.com/S1385-8947(17)30578-8/h0085
http://refhub.elsevier.com/S1385-8947(17)30578-8/h0085
http://refhub.elsevier.com/S1385-8947(17)30578-8/h0085
http://refhub.elsevier.com/S1385-8947(17)30578-8/h0085
http://refhub.elsevier.com/S1385-8947(17)30578-8/h0090
http://refhub.elsevier.com/S1385-8947(17)30578-8/h0090
http://refhub.elsevier.com/S1385-8947(17)30578-8/h0090
http://refhub.elsevier.com/S1385-8947(17)30578-8/h0090
http://refhub.elsevier.com/S1385-8947(17)30578-8/h0090
http://refhub.elsevier.com/S1385-8947(17)30578-8/h0090
http://refhub.elsevier.com/S1385-8947(17)30578-8/h0090
http://refhub.elsevier.com/S1385-8947(17)30578-8/h0095
http://refhub.elsevier.com/S1385-8947(17)30578-8/h0095
http://refhub.elsevier.com/S1385-8947(17)30578-8/h0095
http://refhub.elsevier.com/S1385-8947(17)30578-8/h0095
http://refhub.elsevier.com/S1385-8947(17)30578-8/h0100
http://refhub.elsevier.com/S1385-8947(17)30578-8/h0100


352 W.C.M. de Oliveira et al. / Chemical Engineering Journal 322 (2017) 346–352
copolymer aqueous two-phase systems, Sep. Purif. Technol. 115 (2013) 107–
113.

[21] T. Ingram, T. Mehling, I. Smirnova, Partition coefficients of ionizable solutes in
aqueous micellar two-phase systems, Chem. Eng. J. 218 (2013) 204–213.

[22] V.M. de Andrade, G.D. Rodrigues, R.M.M. de Carvalho, L.H.M. da Silva, M.C.H. da
Silva, Aqueous two-phase systems of copolymer L64 + organic salt + water:
Enthalpic L64–salt interaction and Othmer-Tobias, NRTL and UNIFAC
thermodynamic modeling, Chem. Eng. J. 171 (2011) 9–15.

[23] G.D. Rodrigues, M.d.C.H.d. Silva, L.H.M.d. Silva, L.D. Teixeira, Vivianne Molica
de Andrade, Liquid-liquid phase equilibrium of triblock copolymer L64, Poly
(ethyleneoxide-b-propylene oxide-b-ethylene oxide), with sulfate salts from
(278.15 to 298.15) K, J. Chem. Eng. Data 54 (2009) 1894–1898.
[24] J.P. Martins, C.d.P. Carvalho, L.H.M.d. Silva, J.S.d.R. Coimbra, M.d.C.H.d. Silva, G.
D. Rodrigues, L.A. Minim, Liquid-liquid equilibria of an aqueous two-phase
system containing poly(ethylene) glycol 1500 and sulfate salts at different
temperatures, J. Chem. Eng. Data 53 (2008) 238–241.

[25] L.E.O.C. Rodrigues, M.B. Mansur, Hydrometallurgical separation of rare earth
elements, cobalt and nickel from spent nickel–metal–hydride batteries, J.
Power Sources 195 (2010) 3735–3741.

[26] L.H.M. da Silva, W. Loh, Calorimetric investigation of the formation of aqueous
Two-phase systems in ternary mixtures of water, poly(ethylene oxide) and
electrolytes, Or Dextran, J. Phys. Chem. B 104 (2000) 10069–10073.

http://refhub.elsevier.com/S1385-8947(17)30578-8/h0100
http://refhub.elsevier.com/S1385-8947(17)30578-8/h0100
http://refhub.elsevier.com/S1385-8947(17)30578-8/h0105
http://refhub.elsevier.com/S1385-8947(17)30578-8/h0105
http://refhub.elsevier.com/S1385-8947(17)30578-8/h0110
http://refhub.elsevier.com/S1385-8947(17)30578-8/h0110
http://refhub.elsevier.com/S1385-8947(17)30578-8/h0110
http://refhub.elsevier.com/S1385-8947(17)30578-8/h0110
http://refhub.elsevier.com/S1385-8947(17)30578-8/h0115
http://refhub.elsevier.com/S1385-8947(17)30578-8/h0115
http://refhub.elsevier.com/S1385-8947(17)30578-8/h0115
http://refhub.elsevier.com/S1385-8947(17)30578-8/h0115
http://refhub.elsevier.com/S1385-8947(17)30578-8/h0120
http://refhub.elsevier.com/S1385-8947(17)30578-8/h0120
http://refhub.elsevier.com/S1385-8947(17)30578-8/h0120
http://refhub.elsevier.com/S1385-8947(17)30578-8/h0120
http://refhub.elsevier.com/S1385-8947(17)30578-8/h0125
http://refhub.elsevier.com/S1385-8947(17)30578-8/h0125
http://refhub.elsevier.com/S1385-8947(17)30578-8/h0125
http://refhub.elsevier.com/S1385-8947(17)30578-8/h0130
http://refhub.elsevier.com/S1385-8947(17)30578-8/h0130
http://refhub.elsevier.com/S1385-8947(17)30578-8/h0130

	Green selective recovery of lanthanum from Ni-MH battery leachate using aqueous two-phase systems
	1 Introduction
	2 Materials and methods
	2.1 Materials
	2.2 Compositions of the aqueous two-phase systems
	2.3 Influence of pH, ATPS type, and quantity of extractant
	2.4 Influence of the presence of concomitant metal ions
	2.5 Ni-MH battery leachate
	2.6 Sequential extraction of lanthanum from liquor and stripping experiments

	3 Results and discussion
	3.1 Lanthanum extraction behavior in the ATPS
	3.2 Effect of pH
	3.3 Effect of ATPS electrolyte
	3.4 Influence of hydrophobicity on La extraction
	3.5 Effect of REE concomitants and application using a real sample

	4 Conclusions
	Acknowledgments
	References


