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identify the potential benefit of considering such AMD as a potential secondary resource. As an example, this study de-
velops the integration of a three-stage process where REE are selectively separated from base metals (e.g. Fe, Al, Mn,
Ca, Mg, Cd, Pb) and then concentrate to produce a rich REE by-product recovered as REE-phosphates. Selective sepa-
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ration of Fe (>99%) was achieved by total oxidation to Fe(III) and subsequent precipitation as schwertmannite at
pH 3,6 = 0.2. REE were then extracted from AMD using a sulfonic ion-exchange resin to produce concentrated REE
sulfuric solutions up to 0.25 gREE/L. In a final stage selective separation of REE from AI(III), Ca(II) and Mg(II) and tran-
sitions elements (Cu, Zn, Ni) was achieved by precipitation with phosphate solutions under optimized pH control and
total phosphate concentration. XRD analysis identified low-crystalline minerals. By using a thermal treatment the pres-
ence of PrPO4(s) and Cheralite (CePO4(s)) where Ce is substituted by La and Ca and Xenotime (YPO,4(s)) were found as
main minerals AIPO,(s) Ca,MgYPO,(s) were also identified.
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1. Introduction

Mining activity in the Iberian Pyrite Belt (South of the Iberian
Peninsula) has led to the presence of many sources of acid mine drain-
age (AMD) as it is the case of the Tinto and Odiel rivers. AMD are char-
acterized by a low pH (2-4) and high concentration metallic species
(e.g., Fe, Al, Cu) and non-metallic species (e.g., As, Se, Sb) (Akcil and
Koldas, 2006). The generation of AMDis the oxidation of sulfide min-
erals disposed tailings and waste dumps, which are not stable when
exposed to water and oxygen (Ayora et al., 2016; Ayora et al., 2015;
Lopez et al., 2019a; Simate and Ndlovu, 2014). Among the metallic spe-
cies, rare earth elements (REE) are typically resent in concentrations up
to 1000 times higher than those in natural water bodies (Ayora et al.,
2016; Lopez et al., 2019a; Olias et al., 2018).

The most common means to treat AMD is via neutralization with alka-
line reagents such as lime, limestone, sodium carbonate or ammonia
which generates large volumes of sludge (Evangelou and Zhang, 1995).
This sludge is essentially made up of Fe and Al hydroxysulfates, and due
to its high water content, disposal and storage of this waste represents a
major operating cost and environmental concern for coal and base metal
mining operations (Ackman, 1982; Viadero et al., 2006). On the other
hand, passive remediation systems neutralize AMD by intercepting its nat-
ural flux with a permeable filter of limestone (Hedin et al., 1994; Ayora
et al., 2013). Along this process, a sequential precipitation of Fe and Al
phases occurs obtaining two well-differentiated layers of these solids. The
Fe will initially precipitate at pH 3 to 5 depending on its oxidation state.
The Al phase is then precipitated at pH values from 4.5 to 6 which is
where most of REE is also precipitates out.

Given REE are considered critical industrial raw materials, with rele-
vant applications in electronics, superconductor, permanent magnet, med-
ical, and nuclear technologies (Kulczycka et al., 2016; Zhang et al., 2017).
Therefore, their recovery from secondary resources as mining tailings and
AMD is a challenging opportunity (Hermassi et al., 2021; Samonov, 2011;
Nleya et al., 2016). This serves as a motivation for the development of
new techniques, both economical and sustainable, aimed at their recovery
and solves this unwanted consequence or damage to the environment
(Binnemans et al., 2013; Machacek et al., 2015). The main source of lighter
REE (La, Ce, Pr, Nd) and heavier REE (Ho, Er, Tm, Yb, Lu, Y) in nature are
monazite ((REE,Th)PO,) and bastnesite (REE(CO3)F) minerals (Gupta,
2005; Habashi, 2013). Production of REE from such minerals require com-
plex mineral processing and purification stages and a reliable way to de-
velop a sustainable and economical valorisation route could be to recover
REE present in AMD as rich REE mixture of phosphates (REE-phosphates)
minimizing the presence of transition metals (Al and Fe).

A second challenge to be solved is the fact that they are present at low
concentration levels (ug to mg/L) and the development of a novel process
economical viable should be focused on the selective recovery of such valu-
able elements at low concentration values. The most established technolo-
gies including solvent extraction, precipitation and ion exchange have
been applied to concentrate streams (Jorjani and Shahbazi, 2016; Riley
and Dutrizac, 2017; Iftekhar et al., 2017; Vaziri Hassas et al., 2020).
Hence, the development of novel processes focusing on the selective recov-
ery of REEs at low concentrations is a present challenge Selective removal
of Fe after oxidation to Fe(III) by precipitation at pH above 3.7, and sub-
sequent recovery of valuable metals (including Cu, Zn, and REEs) by sorp-
tion and ion-exchange (IX) processes has been identified as an innovative
option for a more sustainable AMD management compared to the tradi-
tional treatments (Khawassek et al., 2015; Wu et al., 2018; Ramasamy
et al., 2019). However, reduced metal concentration factors reached in
the sorption stages due to the presence of other metallic species (Lopez
et al., 2019a). The integration of pressure driven membrane technologies
to manage metal containing acidic streams as nanofiltration (NF) (L6pez
et al., 2019a; Mullett et al., 2014; Zhong et al., 2007), forward osmosis
(Pramanik et al., 2019) or electrodialysis (ED) (Al-Zoubi et al., 2010;
Marti-Calatayud et al., 2014) could solve these problems. NF shows high re-
jections of multi-charged ionic species, while the transport of single-
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charged ionic species (e.g., H", HSOy ) is favoured (Lopez et al., 2019a),
but the concentration factors achieved as single treatment stage are not ef-
ficient enough to develop economical and sustainable recovery processes
(Meschke et al., 2018; Lopez et al., 2018a). Recently, Lopez et al., (Lépez
et al., 2018b; Lopez et al., 2019b) demonstrated that the use Desal DL NF
membrane provided metal concentration factors around 1.5 and the REE
concentrations with up-to 0.2 g REE/L are a suitable source to precipitate
mixtures of REE-phosphates (REEPO4(s)) by using phosphate salts at pH
values around pH 2.5 to 2.7. At these pH values, the precipitation of Al,
Zn and Cu, would be minimized and the by-product generated would be
mineral that could be used as raw-material in the production of REEs
(Lépez et al., 2019a; Wang et al., 2017).

The main objective of this work was to evaluate the performance
of the integration of: i) a preliminary stage of removal of Fe from
AMD containing REE using CaO(s), MgO(s) or NaOH; ii) a second
stage where the Fe-free treated AMD (TAMD) containing REE is con-
centrated by using a IX resin containing a sulfonic group and ii) a se-
lective precipitation stage using phosphate salts at fix pH is used to
recover REE as phosphates. In addition to CaO(s), the most commonly
used alkaline reagent used for neutralization of acidic waters, as it is
providing Ca(II) as by-product that will potentially consume phos-
phate, two other alkaline solutions MgO(s) and NaOH with lower ten-
dency to consume phosphate were also investigated. The selective
precipitation of REE-phosphates with the minimum presence of transi-
tion metals was evaluated by using batch experiments. One of the
main interferences could be the presence of Al(III), which is not re-
moved in first stage of Fe removal, and their presence on the mixed
REE-phosphates was evaluated.

2. Selective recovery of REE by phosphate precipitation: fundamentals

The aqueous chemistry of the system REE(PO,4)—(SO4)-H>0 (25 °C)
were made with the code PHREEQC 3.3 (Parkhurst and Appelo, 1999)
and the Donnee Thermoddem_V1.10.dat database compiled by Bureau de
Recherches Géologiques et Minieres, BRGM (Blanc et al., 2012). The ther-
modynamic data for schwertmannite and basaluminite are those referred
to by Sanchez-Espana et al. (2011). Data showed that REE-hydroxides
(REE(OH)3) precipitate in alkaline solutions (i.e. pH > 7.5), while
REEPOQ, are formed at acidic conditions. The thermodynamic calculations
were used to perform an initial definition of the experimental conditions
in terms of pH and phosphate concentration that could be used to develop
a REE recovery from AMD. As it is shown in Fig. 1, solubility of metal hy-
droxides of Fe(III), Al(III), the low solubility of Fe(IIl) species in solution
above pH 3.7, implies the need to remove selectivity iron and sulfate
ions, major components of AMD, by precipitation of schwertmannite as
has demonstrated experimentally by Ayora et al. (2016).

At pH values below 3.7, AI(III) not precipitate as basaluminite
(AIOHSO4(s)). The formation of AI(III) and divalent transition elements
(TE) hydroxides occur at pH higher than 6, and needs to be avoided to pre-
vent REE losses to the precipitate. The formation of REE-PO,, assuming typ-
ical values of 10> mol/L in AMD, initiates at pH above 2.0 and finalizes
(>99% precipitated and log[M] = —8) at pH values below 3.1. As shown
in Fig. 2, the precipitation of REE-PO, started above pH 2.2 and could be
considered complete (>99%) above pH 3.2, with the exception of Y, with
a slightly different behaviour as its precipitation stars at pH above 2.5.

For all the elements considered, the more stable mineral phase was the
corresponding REE-PO,, TE-PO,, with the exception of Fe(III) and Al(II)
which the more stable mineral phase was schwertmannite and basaluminite,
respectively.

Precipitation of divalent transition metals as Zn (TE-PO,) occurs at
higher pH values while other elements present at low levels are not precip-
itating (Cd, Co) but could slightly precipitate with (Cu) (Fig. 1). Only Al
(IN)-PO, started precipitation above pH 3.7. Then, in this study the experi-
mental effort was focused on the optimization of the reduce pH window
where most of the REE have been precipitated as phosphates with the min-
imum presence of AIPO42H,0(s).
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Fig. 1. Variation of the solubility with pH of schwertmannite (Felll), basaluminite (Al), hopeite(a) (Zn), Cuz(PO4), (Cu) and Co3(PO.,), (Co). The shaded rectangular field is
the pH to achieve a quantitative removal (95-99%) of Fe and to minimize the precipitation of Al (<3%).

3. Experimental methodology
3.1. Iron removal experiments

REE standard solutions: La(III), Y(III), and Ce(IIl)solutions of 1.g REE/L
were prepared using La»(S04)-c(s), Y205(s) and CeCl; (s) after appropriate
dissolution with deionized water (1% (w/w) H,SO,4). Nd(III), Dy(III) and
Yb(III) standard solutions of 1.g/L in HNO3 1% were used to make the syn-
thetic solutions.

Batch experiments with AMD collected from La Poderosa Mine (Huelva,
Spain), were carried out following several stages. In a first stage Fe(Il) was
quantitatively oxidized by H>0, (>99,9%) and then Fe(IIl) present in solu-
tion was removed by addition of three different alkaline reagents (CaO(s),
MgO(s) and NaOH) at a room temperature. Hydrogen peroxide has been
used for practical experimental simplicity to achieve a successful oxidation
of Fe(II) to Fe(III). Although it is more widely used oxidation by air bub-
bling it should be mentioned that engineering companies in the mining sec-
tor are commercializing oxidation stages with H,O,. Their use is
recommended as it is this case where the content of Fe(Il) is not high.

Precipitation tests carried out were in three separate batch 1 L AMD
which had been pre-oxidized by H,0,, before adding the appropriate
amount of either NaOH solution (50%), CaO(s) (99%) or MgO(s) (99.5%)
to each test, respectively, until the pH reach a value of 3.6 + 0.2. This

value, according to previous studies, ensure a quantitative removal of Fe
(IID) (>99%) from solution and minimum removal (<2%) of TR, REE and
AI(III). Due to their low solubility of CaO (s) and MgO (s) in aqueous solu-
tions testing solutions (CaO, MgO slurries) were prepared by using ultra-
sounds.

On completion of target neutralization pH, the solution was filtered by
using columns of 15 cm diameter and 30 cm length containing quartz
sand (100-200 pm). Filtration was performed under gravity (down flow).
Filtered water samples of each alkaline treatment were used in further
stages. Composition of the samples was determined by using ion chroma-
tography, ICP-OES as well as ICP-MS. Solutions pH were measured by
using a combined pH electrode (Crison) (Hermassi et al., 2021).

3.2. REE concentration experiments by ion exchange

Purolite SPC11706 (Purolite, Spain), a macro-porous IX resin with a
cross-linked DCB-PS matrix cation exchange resin containing sulfonic
groups, macroporous IX resin with a cross-linked DVB-PS matrix. Resin
was provided in sodium form and was conditioned before used as described
elsewhere (Reig et al., 2019). Analytical grade reagents, such as CaO(s),
MgO(s), NaOH, HCl, and H,SO,, were used to adjust pH of working solu-
tions and to prepare the regeneration solutions. All solutions were prepared
using Milli-Q (Merck-Millipore) water quality (Hermassi et al., 2021).
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Fig. 2. Variation of the solubility of the REE-PO4phases with pH Phosphate and Total REE concentrations were fixed at 10~ and 10 ~° mol/L, respectively. The concentration
of Al, Fe, Zn, Cu and Co were those of the Poderosa acid mine drainage (Table 1). The vertical rectangular fields indicate the pH values to be set-up after the phosphate

addition.



M. Hermassi et al.

An Omnifit glass column 10 cm long and 1.5 cm of internal diameter,
filled with 9.5 + 0.5 g of resin was used. To pump the different Fe-free
treated AMD (TAMD) solutions through the column a peristaltic pump
(Minipuls 3, Gilson MP) was used. A fraction collector (FC 204 Gilson)
was arranged at the exit of the column. Before starting each experiment,
the column was equilibrated with deionized water. Then, TAMD was acid-
ified to pH 2.1 to increase the selectivity factor for REE recovery and
pumped at 1 mL/min through the column and samples were collected by
the fraction collector. Finally, the elution stage was performed by using
1 M H,SO, at a 0.25 mL/min flow rate. The samples collected, in the sorp-
tion an desorption stages,were filtered at 0.22 pm (SimplePIure 13 mm),
acidified with pure HNOj to reach 1%(w/w) concentration and stored at
4 °C until analysis. The breakthrough curves and elution curves were calcu-
lated as a function of the treated bed volumes of TAW or elution solution,
respectively. The treated volume was expressed as Bed Volume (BV) de-
fined by Eq. (1):

V.Y

BV =%
Vi

(1)

where Vj is the treated volume and Vj, is the column pores volume deter-
mined from a tracer assay as described elsewhere (Reig et al., 2019).

3.3. Selective recovery of REE by phosphate precipitation at fixed pH

REE recovery from TAMD was investigated in batch experiments. The
objective was to identify the optimal conditions (pH and phosphate stoi-
chiometric excess) to obtain the maximum recovery of REE by precipitation
of REE(POy4) (5 and to minimize the precipitation of transition elements
(TEPO4(s)). The different experimental conditions evaluated were:
a) precipitation experiments as a function of pH; b) precipitation as a func-
tion of the acid nature to fix pH using mixtures of NaH,PO,4 with HCI,
H3PO, and H,SO4; and c) precipitation experiments as a function of the
phosphate molar stoichiometric excess (SQ) defined by equation Eq. (2):

sQ— 3" Hx PO}~ 3added (mol)
B >" REEt (mol)

2)

where SH,PO3 represents the total number of moles added as NaH,PO, or
H3PO,, and ZREEF, represents the total number of moles of REE present on
the acid water to be treated.

Appropriate amounts of NaH,PO, for a given SQ value and acid (HCI,
H,S0,4, H3PO,) was added to 20 mL of TAMD in glass tubes at room temper-
ature. Samples were equilibrated for 24 h in an overhead shaker to assure to
reach equilibrium at fixed pH and maintained in agitation for 24 h more. At
the end of the experiments, samples were filtered at 0.22 pm, acidified with
pure HNO; and stored at 4 °C until analysis.

The optimum pH conditions to achieve quantitative precipitation of REE
was carried out using synthetic solutions of Ce(IIl) and La(IIl) as model ele-
ments and phosphate dosing was evaluated by using mixtures of NaH,POy,.
Different strong acids (e.g., H,SO4, HCl and H3PO,) were used to study the
influence of the complexing properties of other anions as chloride.

3.4. Aqueous samples analytical techniques

Measurement of pH was made using a Crison® glass electrode calibrated
with buffer solutions of pH 7 and 4. Major cations (Ca, Mg, Zn, Fe, Mn, Si) and
total S were measured by ICP-AES (Perkin-Elmer® Optima 3200 RL) and
trace metals (Ni, Cd, Co, Pb, REE) with ICP-MS (Perkin-Elmer®Sciex Elan
6000). Detection limits were 0.1 mg/L for S; 0.05 mg/L for Ca, Mg, Si;
0.02 mg/L for Fe, Zn, Mn; 5 pg/L for Al; 1.5 pg/L for Cu, Ni; 0.5 pg/L for
Pb; 0.2 pg/L for Cd, Co and REE (Hermassi et al., 2021). The analytical pre-
cision error was estimated to be approximately 5% for ICP-AES and 4% for
ICP-MS measurements. Assuming all S to be sulfate, the charge balance
error was usually less than 5% for the Poderosa mine water and less than
10% for the synthetic solution.
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3.5. Solid samples analytical techniques

Precipitates were analysed by powder X-ray diffraction (XRD) to deter-
mine the composition and the major mineral phases of the crystalline con-
tent in the samples. The samples were homogenized and, if necessary,
ground, before analysis. Analyses were made on a Bruker® D5005 X-Ray
Diffractometer in -6 mode with Cu Ka radiation. Repeated continuous
scans were performed on rotating samples in the 26 range 0-60° at a rate
of 0.025°/18 s.

Precipitates were also observed under a JEOL® JSM840 Field Emission
Scanning Electron Microscope with Oxford Link® Energy Dispersive Sys-
tem (SEM-EDS).

4. Results and discussion

4.1. Characterization of the Poderosa AMD and removal of Fe(I)/Fe(IIl) from
AMD

The REE concentrations in the Poderosa acid mine water are sum-
marized in Table 1. The concentration of REE ranged from 0.01 mg/L
for Lu up to 3.3 mg/L for Ce at pH of 2. Two main groups could be de-
fined with most of the Heavier REE (HREE) (Tb, Dy, Ho Er, Tm, Yb, Lu
and Y) and Eu in the range 0.01 to 1.79 mg/L and Lighter REE (LREE)
(La, Ce, Pr, Nd, Sm, Eu and Gd) in the range 0.4 to 3.3 mg/L. For the
case of transition elements (TE) the highest concentrations was Fe, at
1.5 g Fe/L, followed by a group of elements between 0.1 and 0.4 g/L
(Al, Mg, Ca, Cu and Zn) and a group of elements below 10 mg/L (Co,
Ni, Cd, Hf, Y).

Fig. 3 shows the removal (%) of both TE, REE and Fe(Ill) after the oxi-
dation of Fe(II) to Fe(Ill) and the alkaline treatment of the AMD by CaO
(s), MgO(s) and NaOH (values before and after the treatment are reported
in (Table 2)). As shown in Fig. 3 the AMD treated with CaO(s) had the
highest removal (around 8% at pH < 3.8-3.9) of the targeted REEs.

The pre-treatment with NaOH provided the lowest removal ratios of
REEs being the preferred and recommended from the point of view of
not increasing the concentration of Mg(II) and Ca(Il), and not a poten-
tial consumer of phosphate ions, but its use will need to be evaluated
economically due to its higher cost. In relation to Fe elimination the
three pre-treatments provided similar removal ratios (>99.9%). How-
ever, in terms of aluminium removal the pre-treatment with CaO
(s) exhibited the lowest percentage of removal. XRD analysis of the
sludge generated, was a brown to orange colour, which was identified
as schwertmannite [FegOg(OH)SO4nH,0].

As no REE were partially lost in schwertmannite precipitates, the REE
content was proposed to be entirely recovered from AMD treated with alka-
line reagents to pH 3.7 (TAMD). If pH increased above 4.7, Al(III) would

Table 1

REEs, as Light Rare Earth Elements (LRRE) and Heavy Rare Earth Elements (HREE)
and transition metals (TE) concentrations in the acid mine water sample (mg/L)
from the Poderosa mine.

REE mg/L TE mg/L
LREE Eu 0.07 = 0.01 Fe 1535 + 28
Pr 0.44 = 0.04 Al 375 + 20
Sm 0.51 + 0.04 Ca 161 += 23
Gd 0.54 + 0.07 Mg 182 = 25
La 1.21 = 0.2 Cu 111 £ 15
Nd 1.94 = 0.3 Zn 101 = 15
Ce 3.28 + 0.4 Co 1.4 = 0.2
HREE Lu 0.01 + 0.002 Cd 0.4 + 0.05
Tm 0.02 * 0.002 Ni 0.3 + 0.04
Ho 0.02 * 0.002 Hf 0.37 + 0.04
Dy 0.40 + 0.04 Y 1.79 = 0.2
Tb 0.09 + 0.01 - —
Yb 0.10 = 0.02 —
Er 0.15 + 0.02
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Fig. 3. The percentage of removal of a) REE and b) Fe, Al and Cu from treated AMD Poderosa Mine water using CaO(s), MgO(s) and NaOH as alkaline reagent. In Fig. 3a, for

REE, error bars indicate that the removal percentage was less than 1%.

Table 2
Concentration (mg/L) of transition elements and REEs after oxidation pre-treatment
of acid mine drainage (AMD).

TE and AMD treated AMD treated AMD treated AMD
REE/(mg/L)  with CaO with NaOH with MgO

Co 1,4 + 0.2 1,4 + 0.2 1,5 + 0.2 1,4 + 0.2
cd 0,4 = 0.05 0,4 + 0.05 0,5 + 0.05 0,4 = 0.05
Ni 0,3 = 0.04 0,3 = 0.04 0,3 = 0.04 0,3 = 0.04
Ca 582 + 80 147 + 20 273 + 40 161 + 23
Mg 195 + 30 172 + 25 1025 + 145 181 + 25
Cu 110 + 15 108 + 15 107 = 15 111 + 15
Zn 108 + 15 103 = 15 105 = 15 101 + 15
Al 331 + 45 302 + 40 302 + 40 375 + 50
Fe 2,3 = 0.3 2,2 = 0.3 2,8 = 0.3 1535 + 220
Y 1,81 = 0.2 1,78 + 0.2 1,83 = 0.2 1,79 = 0.2
La 1,16 = 0.1 1,21 = 0.2 1,27 = 0.2 1,21 = 0.2
Ce 3,00 = 0.4 3,24 = 0.4 3,11 = 0.4 3,28 + 0.4
Pr 0,40 = 0.04 0,43 = 0.04 0,43 = 0.04 0,44 = 0.04
Nd 1,78 = 0.2 1,89 = 0.2 1,86 = 0.2 1,94 = 0.3
Sm 0,47 *= 0.04 0,51 = 0.04 0,50 + 0.04 0,51 *+ 0.04
Eu 0,07 = 0.01 0,07 = 0.01 0,07 = 0.01 0,07 *= 0.01
Gd 0,54 = 0.07 0,54 = 0.07 0,55 = 0.07 0,54 = 0.07
Tb 0,08 + 0.01 0,09 = 0.01 0,08 + 0.01 0,09 + 0.01
Dy 0,41 *= 0.04 0,40 = 0.04 0,40 = 0.04 0,40 = 0.04
Ho 0,07 = 0.01 0,07 = 0.01 0,07 = 0.01 0,07 = 0.01
Er 0,15 + 0.02 0,15 = 0.02 0,15 = 0.02 0,15 + 0.02
Tm 0,02 = 0.002 0,02 + 0.002 0,02 + 0.002 0,02 *= 0.002
Yb 0,10 = 0.02 0,10 = 0.02 0,10 = 0.02 0,10 = 0.02
Lu 0,01 + 0.002 0,01 = 0.002 0,01 + 0.002 0,01 + 0.002
Hf 0,41 = 0.04 0,33 = 0.04 0,43 + 0.04 0,37 = 0.04

precipitate as basaluminite [Al;(SO4)(OH);y'5H,0] and REE will co-
precipitate. This had been found by other when treating AMD with calcite
(CaCOs3) (Ayora et al., 2016).

4.2. Concentration of REE from TAMD by using a sulfonic ion-exchange resin

The breakthrough curves, representing the variation of the C/C, ratio as
a function of the treated effluent, as bed volumes (BV), are shown in Fig. 4.
For simplicity, REE (a) and TE (b) breakthrough curves are shown sepa-
rately. Fig. 4, shows also change in the pH during the sorption process. Ini-
tially the resin in sodium form is providing pH values above 5, to reach a
value of 2 approaching the inlet feed pH. Even at these low pH values the
sulfonic groups are having strong capacity to adsorb the REE elements. At
the end of the experiment at 140 BV, the resin still shows extraction capac-
ity for REE as C/C, is lower than 0.6 for most of the REE. The extraction de-
creases with the ionic radius, La been more favourably extracted than Lu,
and Y being similar to Dy.

For a sulfonic functional group containing IX resin the extraction of REE
occurs at pH more acidic than TE as it is more favoured for REE than for
TE. The main metal extraction reaction involving a sulfonic group (R-SO3H)
and taking that the acidity constant of the sulfonic group (logK, = 0.6)
means that it will be present typically as ionized form as described by Eq. (3):

R—SO3H, = R—SO5, + H" K, (3)
where the general metal (M) extraction reaction is described by Eq. (4):
M( S04 )" ** 4 nR—SO;H, = (R—S03),M, +nH" +mSO;> Kyyu (4)

and R — SOsH, represents the sulfonic acid group on the IX resin.
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Considering the acidity of the sulfonic group (pK, = —0.6) the extrac-
tion is independent of the acidity range evaluated of the TAMD and extrac-
tion percentage only depends on the affinity of the sulfonic group for the
metal ions, higher for trivalent ions REE, than for divalent ions (TE) as it
is shown by the evolution of the breakthrough curves. For the case of diva-
lent metal ions (TE) extraction is only takes place if the column pH is above
2, thus, opening the possibility to enhance the separation of divalent TE
from REE. Al is extracted similarly to TE so the only means to separate is
through selective precipitation with phosphate at fixed pH.

As Fig. 4 shows, REEs breakthrough reaches values of C/C of 0.1 after
150 BV. However, a Yb, Dy and Y breakthrough reached extraction values
0.1 around 40 BV and saturation has not yet been reached (C/Cy = 1) at the
maximum volume treated (140 BV). For simplicity, column experiments
were not extended to reach saturation to reproduce full-scale operation.
Contrary for TE, the breakthrough occurs from 10 BV, with typical S
shape curves and saturation is reached after 35 BV with the exception of
Ca (I). Analysing the REE breakthrough profiles it is seen that LREE are
more efficiently retained that HREE. Thus, for 140 BV, the highest C/C,
values were measured 0.5 for Yb, 0.37 for Dy and Y,below 0.27 for Gd,
Sm, and Nd, and below 0.1 for Pr, Ce and La. This sequence of C/C,
shows the affinity of sulfonic resins on the separation of REE.

Elution of the loaded resin was carried out using 20 g/L sulfuric solu-
tions. The elution curves for REE and TE (shown separately) are shown
on Fig. 5. Elution of REEs and TEs occurs between 0.5 and 2 BV. For the
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case of REE, Ce, Y, La and Nd showed the longer tails, as expected from
their higher concentration in the initial solution and the higher extraction
factors. Taking into account the ratio of the BV values for breakthrough
and the elution curves, a concentration factor of 5 were achieved for TE
and higher than 20 could be achieved for most of the REE.

Similar sorption and desorption runs where carried out using also 0.5 M
HCl as eluent solution, which is widely used in some hydrometallurgical ap-
plications. Two different types of concentrates of REE were generated,
those where the total amount of REE (Z[REE],,) was of 0.13 gREE/L and
those with 0.24 gREE/L, just through adjusting the concentration of the
leaching solution with either H,SO,4 or HCl, respectively. These REE con-
centrates were used for the recovery of REE as REE-PO4(s). The concentra-
tion of REE and TE in the concentrates generated is listed in Table 2 where
the main TE interferences are associated to the presence of Al and Ca, Mg,
Zn and Cu. Their presence is due to the observed extraction at the first 10BV
of the breakthrough curves (Fig. 4b).

4.3. Recovery of REE by selective precipitation by phosphate from Poderosa mine
AMD

The sulfuric and hydrochloric solutions from the IX regeneration stage
containing a total REE concentration of 0.13 g REE/L_The concentrates
were treated with a SQ excess of phosphate (of 2.5 or 40) at pH > 2.3,
where the formation of REE-PO4(s) starts (see Fig. 2) and using NaOH as

(a) 1 6
\
‘ 5
08 ||
‘ 4
06
L\? T * 3
© \
04 |\ _______._ 1 -
e 2
0.2 1
I e — e
0 20 40 60 80 100 120 140
BV
——Y —— g =k Ce Pr %— Nd sm
——oad Dy Yo P

(b)

50

—&—Co ——Cd

100
BV

Cu Zn —@—A|l = = =pH

Fig. 4. Extracted fraction of REE (a) and transition metals (b) from treated AMD as a function of treated bed volumes of effluent (BV) with ion-exchange resin. Initial TAMD

was acidified to pH 2 to increase the selectivity factors for REE extraction.
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Fig. 5. Regeneration curves C(mg/L) of the SPC11706 resin for a) REE and b) TM as a function of the BV of the leaching solution.

neutralization reagent. In a pH range of 2.3 to 2.5, recovery ratios (%) of
REE were below 20% (data not shown) while recovery ratios of TE where
below 5% for both sulfuric and hydrochloric solutions.

The increase of pH and the SQ excess up to a ratio of 40 favour the for-
mation of REE-phosphates.

Recovery percentages of REE from concentrates generated in the con-
centration stage with IX, with a total REE concentration of 0.24 g REE/L
as a function of the Fe(III) pre-treatment stage (e.g., NaOH, CaO(s), and
MgO(s)) are summarized in Fig. 6.

The higher REE recovery achieved was for phosphate doses with SQ ra-
tios of 40 with recovery ratios higher than 85%, with the exception of Y
with values from 60 to 80%. The increase of phosphate concentration in-
creased the recovery ratio of REE, whereas the recovery ratios of TE were
below 20%. Finally, it is worth to mention that efficient REE precipitation
ratios are obtained in samples pre-treated with MgO(s) and CaO(s) not re-
questing for potentially higher doses of phosphate when compared with
samples pre-treated with NaOH for Fe(Ill) removal. This leads to postulate
that phosphate precipitation works independently of the type of neutraliza-
tion used for Fe removal.

Sampled solids showed in general an amorphous form according to XRD
results, as it is shown in Fig. 7a for NaOH as example. Spectrum for samples
neutralize using CaO and MgO not shown.

Kim and Osseo-Asare (2012) found that for La and Ce, the stability re-
gion of the REEPO4(s) is different, depending on differences in the crystal-
linity and aging stages. The stability region of the REEPO, is smaller for the
less crystalline phosphates, suggesting that amorphization may be an effec-
tive method for enhancing the dissolution of monazite. Then, this lower
crystallinity was identified as beneficial for the subsequent processing
stages of the REE-phosphates generated.

Samples collected from the phosphate precipitation trials were sub-
jected to a heat treatment at 1050 °C for 4 h for its crystallization, the results

are shown in Fig. 7b. As it is shown Fig. 7b, XRD results for a rich REE con-
taining concentrate (REEy; > 0.24 mgREE/L) pre-treated for Fe(III) re-
moval with NaOH for a phosphate SQ ratio of 40, the major mineral
phases were Praseodymium Phosphate (PrPO,4) and Cheralite (CePO,) in
which the Ce could be replaced by other elements as La, Xenotime
(YPO,) is also notably present in the precipitate. It could not be discarded
that the PrPOy(s) could be a mixture of other REE as Sm and Nd. Finally,
the other minor phase identified was aluminium phosphate (AIPO,) and
calcium magnesium yttrium phosphate (Ca,MgYPO,) was also identified.

The samples pre-treated for Fe(III) removal with CaO(s) and
MgO(s), showed similar results to those obtained with NaOH pre-
treatment for Fe(Ill) removal. The major phases were Praseodymiun
Phosphate (PrPO4) and Cheralite (CePO,), Xenotime (YPO,) and
Aluminium Phosphate (AIPO,).

Although Kim and Osseo-Asare (2012) concluded that the introduction
of sulfate ions diminishes the stability domains of the solid metal phos-
phates, replacing them with solid metal sulfates and or soluble metal sulfate
complexes, in this study the presence of REE-sulfates or mixed REE-
phosphate-sulfate mineral phases were not detected.

Results obtained could be used to define the chemical basis for the selec-
tive recovery by precipitation with phosphates and for commercial process
of monazite digestion in sulfuric acid (Jha et al., 2016; Xie et al., 2014).

Fig. 8, describes the integration process of the pre-treatment stage for Fe
removal, concentration stage with IX and precipitation stage with phos-
phate solutions.

At industrial scale the Fe removal stage would be completed using
NaOH to reduce the presence of Ca(II) and Mg(II) while the total oxida-
tion of Fe(II) to Fe(III) will be carried out by using H0». Finally, the po-
tential integration of a concentration stage of the REE by using a
sulfonic IX resin as Purolite SPC11706 and recovery of the acid sulfuric
excess by using acid resistance nanofiltration membranes as Duracid or
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Fig. 6. Recovery ratios (%) of REE (a) and TE (b) for eluates with >240 mg REE/L at pH 2.5 as a function of phosphate stoichiometric excess (SQ 2,5 and 40). Rich REE-
containing eluates REE > 240 mg/L where generated from AMD pre-treated for Fe(IIl) removal with CaO(s), MgO(s) and NaOH.

Hydracore 40pHT. As it has been demonstrated by Lépez et al. (2019a)
this will provide a rich concentrate of REE up to 0.6-0.8 gREE/L, and
the recovery of H,SO, to be reused on the IX regeneration stage.
Then, many options associated to by-products recovery, in the new sce-
nario, could be linked with the need of the mining industry to search
economically and sustainable options to reuse mine waters. The treated
water can then be discharged into natural water bodies. During the
treatment train the valuable components typically disposed as waste
are being investigated, to promote their recovery.

Recently, Royer-Lavallée et al. (2020) critically reviewed the recovery
of REEs from AMD and concluded that could be an alternative to their con-
ventional mining, given that REE are relatively highly concentrated in
AMD. From the pre-concentration options evaluated through passive and
active treatment, the second option including additional stages of pre-
concentration with ion-exchange resins are promising from an economic,
environmental and sustainability point of view. The use of combination
of sorption and precipitation as main processes for REE removal
from AMD are more relevant options. Even limited research projects,
as it is the case of this work, proposes the selective precipitation as a
technological option for the REE removal from AMD, but its high re-
moval ratios justifies further research. Pilot -scale experiments for
REE recovery from AMD remediation have already been conducted
and this emerging option has shown economic liability. Further re-
search is needed to demonstrate the performance of evaluated
schemes at full scale (Stewart et al., 2017; Ziemkiewicz et al., 2018).

5. Conclusions

The pre-treatment stage of Fe removal by pre-oxidation with H,O, was
successfully achieved and the solution could be treated increasing the pH
with removal efficiencies of Fe higher than 99.9% and low removal ratios
of REE (values below 5%). The three alkaline reagents used, CaO(s), MgO
(s) and NaOH result in a similar high efficiency for Fe removal but NaOH
gave the lowest REE removal rates below 2%, significantly lower than
those of CaO(s) and MgO(s).

REE recovery from the leachates can be achieved by means
of precipitation with phosphates. The percentage of REEPO,
(s) precipitation is enhanced at pH 2.3 to 2.5 and molar phosphate stoi-
chiometric ratios increasing from 2.5 to 40. Under such conditions,
H,SO4 provided the better performance and the nature of alkaline
agent used in the Fe removal (CaO, MgO or NaOH) did not have any rel-
evant influence on this stage.

XRD analysis of the precipitates collected indicated the formation of
non-crystalline mineral phases, which after thermal treatment at 1050 °C
transform into crystalline Preseodymium Phosphate (PrPO,4) and Cheralite
((Ce,La)PO,4) and Xenotime (YPO,) as major phases.

These results are used to define the chemical basis for a selective re-
covery of REE from AMD by a concentration using a sulfonic ion-
exchange resin and further precipitation with phosphates. This process
could also be useful for REE extraction after monazite digestion in sulfu-
ric acid.
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