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ARTICLE INFO ABSTRACT

Keywords: The availability of raw mineral resources containing elements included in the Critical Raw Materials (CRMs) list
Seg Vmiﬂiﬂg ) is a growing concern for the European Union. Sea mining has been identified as a promising secondary source. In
Critical raw materials particular, brines obtained in solar saltworks (bitterns) contain relevant amounts of valuable CRMs such as Mg

Saltworks bitterns
ITon exchangers
Circular economy

(ID), B(I1I), other alkaline/alkaline earth metals (Rb(I), Cs(I), Sr(II)) and transition/post-transition elements (Co
(ID, Ga(Il), Ge(IV)). However, the low concentration of some of these elements (ug/L) requires an effort to
develop recovery routes that are sustainable and economically feasible where the required chemicals and energy
are produced on-site from the saltworks bitterns (i.e. HCl and NaOH). Even the conventional recovery processes
such as ion exchange, sorption and precipitation, which have proved to be competitive for metals recovery, are
challenged in the case of Trace Elements (TEs). This work studies the recovery of TEs included in the CRMs list
from saltworks bitterns after ion exchange processes. First, batch crystallisation and reactive precipitation were
tested for some target elements in single-component solutions: Sr(II), Co(II), Ga(Ill), Ge(IV) and B(III). Then, the
experiments were carried out with multi-component synthetic solutions assuming different scenarios of bittern
streams coming out a selective extraction stage using sorption and ion exchange processes. The targeted elements
were recovered except for Ge(IV), where alternative routes need to be evaluated, as its precipitation involves the
use of tannic acid or sulphide solutions that could not be produced from the bitterns. However, a further con-
centration step would be necessary to achieve element concentrations closer to the mineral phases saturation.
Moreover, model simulations were performed using the PHREEQC program, which provided a good prediction of
the experimental trends obtained in most cases.

1. Introduction sources to overcome the current limitations from typical sources such as
mines and ores [2].

Securing the availability and sustainable supply of Critical Raw Sea mining has been identified as a promising option since it contains
Materials (CRMs) is crucial for technological progress and the global almost all the periodic table elements [3-7]. Direct use of seawater has
economy [1]. Therefore, reliable and unhindered access to certain raw been extensively studied in the literature for the recovery of crucial el-
materials is a growing concern that motivates finding new secondary ements such as Mg(Il), Li(I), Rb(I) or Sr (II). However, some CRMs are
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Fig. 1. Simplified scheme of the SEArcularMINE concept [32].

present at low concentrations (mg/L and pg/L), complicating their re-
covery. A different approach consists of recovering in-land seawater
brines as reverse osmosis desalination and saltworks bitterns. Seawater
desalination produces highly concentrated brines where the concen-
tration of the elements is significantly higher than in seawater (consid-
ering a water recovery of 50 %, they are double concentrated than in
seawater) [8]. Nonetheless, lower element recovery from brine could
reduce potable water costs and the environmental impact of desalination
plants caused by brine disposals.

In the case of saltworks, seawater flows through a system of shallow
ponds where the natural process of evaporation and fractionated crys-
tallisation occurs, producing sea salt and brine, so-called bittern, free of
Ca(II) as a by-product. Bitterns generated in saltworks are 20-40 times
more concentrated than seawater in some elements included in the
CRM:s list, such as Mg(II) (up to 70 g/L) and other alkaline/alkaline
earth metals (e.g. Li(I), Sr(I)) and transition/post-transition elements
(e.g. Co(ID), Ga(Ill), Ge(IV)).

Although those brines are highly concentrated compared to
seawater, the economic viability of extracting Trace Elements (TEs)
(those at pg/L) is still challenging due to the low concentration, the
limited selectivity and brine solutions complexity. Therefore, it is
necessary to develop recovery routes that fulfil economic and sustain-
ability criteria.

In this context, the European project SEArcularMINE (https://www.
searcularmine.eu) focuses on developing novel technologies to recover
valuable minerals from seawater bitterns of the Mediterranean area. The
project targets CRMs such as Mg(1I), Li(I), B(III) and TEs belonging to the
alkaline/alkaline earth metals (e.g. Rb(I), Cs(I), Sr(II)) and transition/
post-transition metals (e.g. Co(II), Ga(Ill), Ge(IV)) groups. However,
one of the most relevant proposals of the project is the on-site production
of the chemicals requested to recover the target elements in the form of
marketable minerals using the main components of the saltworks bit-
terns (NaCl, NaySO4, KCl). The proposed treatment scheme introduces
the use of separation processes where NaOH, KOH, HCl and HSO4 will
be produced by integration of electrodialysis with bipolar membranes as
it has been previously postulated [9-11].

In relation to the TEs of interest of the project, Rb(I) and Cs(I) are
valuable and useful for a wide range of applications [12]. They are found

as complex minerals, so the mining difficulty makes them scarce.
Therefore, it is essential to recover both of them from alternative sources
to reduce the dependence on primary mineral ones. Thus, in the litera-
ture it can be found studies about extraction of Rb(I) and Cs(I) using ion
exchange [12,13], solvent extraction [14], reverse osmosis [15] or
membrane distillation [16]. Sr(II) is the least abundant of all alkaline
earth metal elements. It can be obtained by leaching its most commonly
mineral forms, such as celestite (SrSO4(s)) and strontianite (SrCOs3(s)),
or from brines and other liquid wastes. Among the different techniques
studied to extract Sr(II), adsorption has been identified as a promising
one [17,18], although there are limited studies applied to the case of
seawater [19]. As for the transition and post-transition elements, Co(II)
is mainly extracted from ores and other compounds ores. Moreover,
several technologies have been developed to recover Co(II) from
wastewater or natural aqueous solutions such as chemical precipitation,
adsorption, membrane or ion exchange [20]. Ga(IIl) is mainly produced
as a by-product of bauxite refining to produce alumina (Bayer process)
and from zinc residues treatment [21]. However, regarding the low
content in primary resources, acid/alkaline leaching hydrometallurgical
processes have also been studied in the literature [22,23]. Ge(IV) is
mined from sulphide ores of zinc, lead and copper, coal deposits and is
also obtained as a by-product of these ores and coals. Then, the main
established technologies for Ge(IV) recovery are based on hydrometal-
lurgical processes complemented with concentration techniques such as
solvent extraction, absorption and ion exchange [24,25]. Finally, B(III)
is also present in seawater and brines at such a concentration level (4-5
mg/L in seawater), making its recovery attractive since it is also an
element widely used in the industry. In the literature, numerous studies
are devoted to B(III) recovery through chemical precipitation, adsorp-
tion, reverse osmosis, electrodialysis, solvent extraction, and ion ex-
change [26-30].

Within the SEArcularMINE project scope, the bittern resulting from
saltworks is treated via ion exchange to selectively extract TEs that are
recovered subsequently in dedicated crystallisation units. The selective
or quasi-selective separation of the target groups of elements has been
previously developed in a separate study [31]. Fig. 1 represents a
simplified scheme of the SEArcularMINE concept describing: i) the re-
covery of the different targeted minerals from the saltworks brines
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Table 1
Solubility values for the TEs investigated in different mineral phases, calculated
considering a water density of 1000 g/L [33-38]. (n.a.: not available)
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Table 2
Composition (mg/L) of multi-component solutions used in the TEs crystal-
lisation experiments for each scenario.

Target element Mineral phase Solubility log Ky
/100 g H,0

Sr SrCOs(s) 0.00034 9.3
SrS04(s) 0.0135 6.6
Sr(OH)(s) 2.25 —28.5

Rb Rb,CO3(s) 223 -8.3
Rb2S04(s) 58.8 1.0
RbOH(s) 173 —25.8
RbCI(s) 93.9 1.3

B H3BO3(s) 2.62 0.07/0.16
B205(s) 2.77 -5.6
NayB,40;(s) 2.58 —21.4
NayB407-7H,0(s) n.a. -17

Cs Cs2C05(s) 260.5 -11.3
Cs2504(s) 167 0.9
CsOH(s) 395 -27.5
CsCl(s) 186 1.3

Co CoCOs3(s) 0.00014 9.98
CoS04(s) 33 17.5
Co(OH)(s) 0.00032 -12.2
CoCly(s) 53 11.8

Ga GaOOH(s) n.a. —-2.9/-1.5
Ga(OH)s(s) n.a. -11.9
GaCls(s) n.a. -18.0
Gay(S04)3(s) n.a. n.a.

Ge GeOy(s) 0.447 4.96
Ge(S04)2(s) n.a. n.a
Ge(CO3)2(s) n.a. n.a
GeCly(s) n.a. n.a

where, additionally to TEs, Mg(II) and Li(I) are also postulated to be
recovered and ii) the production of auxiliary chemicals (e.g. NaOH,
KOH, HCl, HySO4 and NajSO4) using electrodialysis with bipolar
membranes to integrate the full recovery scheme.

This paper studies the use of evaporation/crystallisation for B(III)
recovery and reactive precipitation processes for TEs (Sr(I), Co(II), Ge
(III) and Ga(IV)). A critical review of the geochemical databases was
used to identify which minerals phases could be produced by using those
chemicals that could be on-site produced from the main components of
the saltworks bitterns (i.e. HCl and NaOH). Two sets of experimental
tests were carried out evaluating the recovery: i) from single TEs com-
ponents mimicking the case of incorporating a selective sorbent
extracting the target ion, and ii) from solutions mimicking the expected
streams coming out the ion exchange extraction stage from bitterns
where the sorbents used are not providing enough selectivity. Those
single- and multi-component solutions generated after the desorption
stage of the TEs sorbents will contain HCI, as the sorbents selected are
regenerated using 1 M HCI. As the recovery of TEs by sorption/ion ex-
change processes could be performed in different stages, the composi-
tion of the expected streams generated is different and the study
considered four different scenarios. The study will identify the optimum
chemical conditions (e.g. concentration, pH conditions, evaporation
ratios) where the maximum recovery ratios are achieved and what are
the mineral phases of the minerals recovered.

2. Materials and methods
2.1. Chemicals

The following chemicals were used: NaCl (>99.9 %, Glentham LIFE
SCIENCES), KCl (>99 %, Sigma-Aldrich), MgCl,-6H20 (>99 %, Sigma-
Aldrich), CaCly-6H30 (98 %, Sigma-Aldrich), LiCl (>99 %, Sigma-
Aldrich), H3BO3 (>99.5 %, Sigma-Aldrich), CoCly-6H0 (>98 %, Alfa
Aesar), RbyCO3 (99 %, Sigma-Aldrich), SrCly-6H50 (>98 %, Alfa Aesar),
CsCl (>99.9 %, Glentham LIFE SCIENCES), NasSO4 (>99.5 %, Glentham
LIFE SCIENCES), NaBr (>99 %, Sigma-Aldrich), HCl (37 %, Sigma-

Scenario 1 2 3 4
Na(I) 5162 15377 15932 5913
Mg(ID) 7349 4 619 578
Ca(In) 225 77 31 1026
K@ 920 1530 1803 572
S(VID) 8438 9950 12457 3345
B(IID) 1722 1560 28 28
Li(D 70 0.07 0.06 0.11
Sr(ID) 0.40 15 12 152
Co(II) 0.90 2 65 141
Ga(II) 0.40 0.50 47 0.07
Ge(1V) 0.14 13 0.10 0.20

Aldrich), NaOH (>97 %, Glentham LIFE SCIENCES), Ge ICP Standard
(10000 mg/L, Alfa Aesar) and Ga ICP Standard (10000 mg/L, Alfa
Aesar).

2.2. Preparation of trace elements containing solutions for evaporation/
crystallisation and reactive precipitation experiments

A preliminary solubility analysis of TEs in their different mineral
phases, using chemical and geochemical databases [33-38], was per-
formed to delineate the most favourable precipitation condition, as re-
ported in Table 1.

As discussed in the introduction, TEs are characterised by very low
concentrations in the bitterns (ug/L levels). In this case, the precipitation
process represents a promising option. To precipitate any compound, its
solubility limit must be lower than its concentration in the solution.
Therefore, TEs sparingly soluble compound were chosen among their
mineral phases. Specifically, from Table 1, it can be seen that: i) Sr(II)
can be precipitated both as carbonate or as sulphate; ii) Rb(I), B(III) and
Cs(I) present high solubility values for each of their mineral phases,
therefore they cannot be easily recovered by precipitation, unless an
evaporation stage is performed; iii) Ga(II) could be precipitated as hy-
droxide, and iv) Ge(IV) could be recovered as oxide.

TEs crystallisation experiments were performed in the case of i)
single-component solutions considering the availability of highly se-
lective sorbents able to produce an eluate with TEs concentrations up to
200 mg/L (in 0.1 M HCI) and ii) multi-component solutions, considering
partially selective ion exchange/sorbents. In the second case, the aim
was to mimic the expected compositions coming out ion exchange
elution stage under four different scenarios in 1.0 M HCL:

e Scenario 1: Recovery of B(III) from an eluate after treating a high
salinity bittern with a selective ion exchange resin for B(III);
Scenario 2: Recovery of B(III) from an eluate after treating a high
salinity polished (low contents of Mg(Il) and Ca(Il)) bittern with a
selective ion exchange resin for B(III);

Scenario 3: Recovery of Ga(Ill) and Co(Il) from an eluate after
treating, with a selective ion exchange resin for Ga(IlI) and Co(II),
the bittern expected at the TEs-recovery unit;

Scenario 4: Recovery of Sr(Il) from an eluate after treating, with a
selective ion exchange resin for Sr(Il), the bittern expected at the
TEs-recovery unit.

These scenarios were postulated under the results developed in a
large screening study, where 30 ion exchange resins were evaluated with
the different streams to be generated in the SEArcularMINE recovery
concept, as it was described in a previous study of some co-authors [31].

2.2.1. Trace elements single-component solutions
The concentration was set to 200 mg/L in a 0.1 M HCl matrix solu-
tion except in the case of B(III) where the concentration was 2500 mg/L.
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Fig. 2. Logarithm of molar concentration (logyo) of (a) Sr(II) as a function of NaySO4(s) added; (b) Co(Il), (c) Ga(IIl) and (d) Ge(IV) as a function of pH. Points:
experimental data, lines: PHREEQC simulation considering the formation of celestite (SrSO4(s)) for the case of Sr(II), Co(OH)2(s) for Co, GaOOH(s) and two other for
soluble phases of Ga(OH)3(s) (logKs, = 4.9 and logKs, = 5.5 respectively) for Ga(IlI) and GeOx(s) for Ge (IV).

Additionally, two concentrations more were also studied for Ge(IV), 650
mg/L and 1000 mg/L. The concentration level of 200 mg/L was selected
as it was estimated that this level would be achieved in the regeneration
of the ion exchange resins after using them to treat the bittern (values
reported by Vicari et al. [39]). NaySO4(s) was used as a precipitant for Sr
(I, while for the rest of elements it was used 1 M NaOH. In the case of B
(III), an evaporative route was used to crystallise boric acid (H3BOs(s)).

2.2.2. Trace elements multi-component solutions

Table 2 shows the composition of the four multi-component solution
scenarios used for the crystallisation experiments carried out. These
compositions were the real ones obtained in the regeneration of the ion
exchange resins after using them to treat bitterns with the expected
composition of TEs. The matrix solution was 1.0 M HCI.

2.3. Routes for recovery of trace elements following a reactive
precipitation and evaporation/crystallisation stages

2.3.1. Reactive precipitation

The precipitation experiments were carried out with an initial vol-
ume of 800 mL. Solutions used were those described as scenarios 3 and 4
(see Table 2) and the single-component solutions (except for B(II)). The
solution was continuously stirred, and the pH was monitored
throughout the experiments using a pH-meter (GLP 22, Crison)
measuring in-line. The solution pH was gradually increased by adding 1
M NaOH, and liquid samples were taken during the experiments to
monitor the composition changes of the solution. The generated bulk

precipitate was recovered by filtration using a 0.22 um pore size filter.
The experiments were stopped once a value of pH 12 was reached. For Sr
(II) recovery, NapSO4(s) was added in order to saturate the solution and
favour the precipitation of celestite (SrSO4(s)). In the case of the single-
component experiment, no NaOH was added.

In some cases, staged precipitation was performed to obtain a series
of precipitates in different pH ranges. In this way, the pH was increased
up to a target value and the solid was recovered by filtration. After that,
the filtrate was subjected to further pH increase, followed by another
filtration step.

2.3.2. Evaporation

The evaporation experiments were performed only for B(III) recov-
ery. In this case, the initial volume was 500 mL and a hot plate magnetic
stirrer (C-MAG HS 7, IKA) was used to keep the solution continuously
stirred at 70 °C. A sample was taken every 50 mL to monitor the
composition changes during the experiment. The measurements were
stopped after 400 mL were evaporated. The final solution was cooled
down to room temperature to favour the precipitation of salts. After that,
the solution was filtrated using a 0.22 ym pore size filter.

2.4. Prediction of the expected concentrations along the reactive
precipitation and crystallisation by using PHREEQC as equilibrium tool

The variation of concentrations along the crystallisation experiments
was simulated with the PHREEQC (version 3.6.2) numerical code [40].
Due to the high-salinity of the solutions, the Pitzer database was used.
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However, it only includes the major elements (e.g. alkalinity, Na(I), K(I),
Ca(I), Mg(II), S(VI) and CI(-I)), whereas there is no data regarding the
TEs. Therefore, the Pitzer database was extended with values extracted
from the literature in order to include them as reported by Vicari et al.
[39]. Furthermore, withdrawing of mineral phases that precipitate
along the process was imposed.

2.5. Analytical techniques

The composition of liquid samples was determined by Inductively
Coupled Plasma Mass Spectrometer (7800 ICP-MS) and Optical Emission
Spectrometer (5100 ICP-OES) from Agilent Technologies. pH was
monitored throughout the experiments by using a pH-glass electrode
(GLP 22, Crison).

Solid samples were dried in an oven at 40 °C for 48 h. Its morphology
was obtained by Field Emission Scanning Electron Microscopy Energy
Dispersive X-ray Spectroscopy (FESEM-EDS) (JEOL JSM-7001F) at an
acceleration voltage of 20.0 keV Secondary Electron Imaging (SEI) or
Backscattered Electrons (BE).

The mineral phases were identified with X-ray Diffraction (XRD)
after grinding the sample into powder. A D8 Advance diffractometer
(Bruker) was used with a Bragg-Brentano configuration 6-26 and a
vertical goniometer. The equipment has a Cu X-ray tube, which allows to
work up to 40 kV and 40 mA. The spectrum was recorded from 15° to
60° with steps of 0.020°. The identification of mineral phases was per-
formed with EVA software (Bruker).

3. Results and discussion

3.1. Recovery of trace elements from single-component solutions
reproducing extraction schemes with highly selective sorbents

Fig. 2 shows the logarithm of molar concentration of the different
elements (Sr(II), Co(II), Ga(Ill) and Ge(IV)) as a function of the total
NayS04 concentration added or as a function of pH. Points represent the
experimental data and lines the PHREEQC prediction. The fraction di-
agrams of Sr(II), Co(II), Ga(III) and B(III) in each solution are shown in
(Figs. S1-S4) in Supplementary Information. Ge(IV) fraction diagram is
provided within the text of the manuscript.

For Sr(Il) (Fig. 2.a), NaySO4(s) was added in solid form to achieve
saturation of celestite (SrSO4(s)). It can be observed that Sr(II) concen-
tration decreased as sulphate ions were added into the solution, which
allowed recovering the 68 % of the initial content. PHREEQC simula-
tions were carried out with the Pitzer package developed by Vicari et al.
[39], and it can be observed that the database fitted properly the
experimental data. However, at the highest NasSO4(s) dosages (>0.2
mol/L) several deviations between the model and experimental data
were observed.

Regarding Co(II) (Fig. 2.b), it can be observed that Co(II) started to
precipitate approximately at pH 8, and it completely precipitated at pH
11-12 (>99.99 %). PHREEQC with the Pitzer modified database pre-
dicted properly the precipitation of Co(II) as Co(OH)2(s), predicting also
the re-dissolution of Co observed at pH >12.

In relation to Ga(IIl) (Fig. 2.c) it started to precipitate at pH 4, and it
was completely recovered at pH 5-7. However, at higher pH values, Ga
(ITI) re-dissolved into the solution. PHREEQC model anticipated the
precipitation of Ga(III) as GaOOH(s) at pH 2, reaching its lowest con-
centration at pH 2.7 (2 mg/L) and then started to re-dissolve into the
solution. At pH higher than 11, GaOOH(s) is expected to be completely
dissolved. However, as the FESEM-EDS analysis shown in Fig. S5.c, Ga
(ITI) precipitated mineral phases, rich in O and Ga, had a flatten-shape,
but no peaks were observed with the XRD analysis (data not shown)
indicating an amorphous nature. Ga(Ill) chemistry is having a similar
chemistry behaviour as Fe(III) and Al(III) forming FeOOH(s) and AlOOH
(s) minerals phases with logKs, of —1.0 and —8.5 respectively while
GaOOH(s) is having a log K, of —2.9 [40]. However, when Al(III) and Fe
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Fig. 3. Fraction diagram for Ge(IV) single-component solution as a function of
pH considering Ge(IV) precipitation as GeOx(s) in (a) tetragonal structure and
(b) hexagonal structure. Data was obtained by PHREEQC simulations.

(III) are precipitated in acidic hydrochloric solutions tend to form
amorphous mineral phases as Fe(OH)3(s) and Al(OH)s(s) of higher sol-
ubility with up to two and four order of magnitude of higher solubility
constants (-5.0 and —10.4 respectively). Assuming a similar behaviour
for Ga(IIl) and, considering that solubility constants were not available
in literature, their increase between 2 and 2.5 order of magnitude, the
predicted values by PHREEQC (dotted lines in Fig. 2.c) provide a better
description of the measured values.

Fig. 2.d shows the logarithm of the Ge(IV) molar concentration as a
function of pH. Initially, experiments were performed with 200 mg/L.
However, no precipitates were observed. Therefore, two additional ex-
periments at higher concentrations (650 and 1000 mg/L) were con-
ducted, but the Ge(IV) concentrations did not vary in the entire pH range
and, therefore, GeO(s) did not precipitate. Simulations performed with
PHREEQC stated that the element that should precipitate was the
GeOy(s) with a tetragonal shape (see Fig. 3.a), which did not take place
neither at the pH range or the concentrations evaluated. Instead, by
forcing that the mineral phases that should precipitate has to have a
hexagonal structure (Fig. 3.b), the model was able to fit properly the
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Fig. 4. Concentration of B(III) as a function of % water evaporated. Points:
experimental data, lines: PHREEQC simulation.
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Table 3
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Maximum recovery factor (%) for the target TEs from the single-component solutions, the reagent and energy (thermal/electrical) for mineral phase formation and the
mineral composition of the recovered by-products. Initial concentration of the target TEs and the conditions under which the solids were obtained are provided.

Element Initial concentration (mg/

L)

Route for recovery Reagent or energy

Mineral composition Recovery Conditions

(%)

Sr(ID) 207 Reactive
precipitation
Reactive
precipitation
Reactive
precipitation
Ge(IV)* 191 Reactive

537 precipitation

805
Ge(IV)" 90

NayS04(s)

Co(II) 211 1.0 M NaOH

Ga(IIn) 204 1.0 M NaOH

1.0 M NaOH

Reactive Tannic acid
precipitation
Reactive

precipitation
Evaporation

Ge(IV)!  35-1623 (in 6.0 N HCI
media)

2620

H2S(g)

Heat electrical
energy

B(III)

SrS04(s) 68 % 0.18 mol/L of NaSO4

Co(OH)(s) >99 % 8 <pH < 12

GaOOH(s) >99 % 5<pH<7
No precipitation - -

observed

Tannin complex* >99 % 125 mg tannic acid per 100 mL of solution
(pH < 0)

100 % H,S(g) or 50:50 H,S/CO, gas mixture
flushing

80 % water evaporated

GeSy(s) >99 %

H3BOs(s) 51 %

@ Results from this study.

b Results from Arroyo-Torralvo et al. [42].
¢ Hy(GeO2C76Hs2046nH20)(s) [44].

d Results from Arroyo et al. [45].

data. According to the literature, the most effective way to recover Ge
(IV) is by using tannic acid. Tannic acid (C76Hs2046), or decagalloyl
glucose, is a mixture of polygalloyl glucoses or polygalloyl quinic acid
esters with the number of galloyl moieties per molecule ranging from 2
up to 12 depending on the plant source used to extract the tannic acid
[41-43]. For instance, Drzazga [41] precipitated Ge(IV), for an initial
concentration of 6 g/L, using tannic acid at temperatures higher than
60 °C. In a similar study, Arroyo-Torralvo [42] achieved the recovery of
Ge(IV) (>99 %) from a solution containing 90 mg/L Ge(IV) by using
tannic acid.

Experiments for B(III) recovery were performed by evaporating
water until reaching H3BO3(s) saturation (Fig. 4). Starting from a B(III)
concentration of 2.62 g/L, it increased until reaching values of 10.5 g/L
after evaporating 80 % of the water. In these conditions, boric acid
(H3BOg(s)) started to precipitate once the solution was cooled down.
PHREEQC totally predicted the behaviour of B(III). The fraction diagram
for the B(III) solution is displayed in Fig. S4.

Fig. S5 shows the FESEM images of the precipitates collected, from
these single-component solutionts performances, at 2.00 keV. XRD re-
sults are also collected in Supplementary information (Figs. S6-S8). It
can be observed that Sr(II) crystals (Fig. S5.a) have a regular and elon-
gated shape and XRD analysis confirmed that the mineral phase that
precipitated was celestite (SrSO4(s)). Narrow and high peaks from the
XRD show that the structure obtained is a solid of high purity. The
precipitates of Co(II) (Fig. S5.b), which were p-Co(OH)»(s) according to
XRD, have an irregular shape and a low crystallinity (low-intensity
peaks). Ga(III) precipitates were just a powder that, after being filtered,
formed a thin layer (Fig. S5.c). In this case, no peaks were observed in
XRD analysis (data not shown). In relation to the characterisation of the
B(III) crystals collected (Fig. S5.d), it can be observed that they present
an irregular shape and, according to XRD, they were sassolite
(H3BOs3(s)).

From the experiments performed from solutions mimicking a sepa-
ration scheme where the selectivity of the sorbents is providing high
selective separation, the highest recovery factors (%) that could be
achieved are summarised in Table 3. In addition, two other strategies are
reported regarding Ge(IV) precipitation. The recovery factor was
calculated as indicated in equation (1).

Recovery(%) = 100-(1 — m/my) @

Where m is the mass of target element that remains in solution and
my is the mass of target element in solution at the beginning of the
precipitation process.
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Fig. 5. Logarithm (log;) of molar concentration of (a) major and (b) minor
components as a function of %water evaporated for the brine rich in B(III) and
Mg(II) (scenario 1). Points: experimental data, lines: PHREEQC simulation.

In the case of the elements as Co(Il), the recovery could be also
achieved with NayCOs(s) by using a mixture of NaOH(s) with CO(g)
that would be accessible chemical due to the efforts on CO2(g) seques-
tration in the next years. In the case of B(IIl), that is requiring large
evaporation ratios to be recovered as H3BOs(s), the precipitation of Ca
borates (Ca(B304(0OH)3)-H20(s)) by using mixtures of CaCl, and NaOH,
also potentially recovered from saltworks bitterns, could be an alter-
native to be used. Finally, in the case of Ge(IV), three case are reported in
the Table 3, highlighting that it seems that the use of tannic acid or HaS
(g) is required to recover GeOy(s) or GeSa(s), respectively, from the re-
generated streams, as done by Arroyo et al. [42,45].
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Fig. 6. Logarithm (log;o) of molar concentration of (a) major and (b) minor
components as a function of % water evaporated for the brine rich in B(III) after
Mg(I) and Ca(Il) polishing (scenario 2). Points: experimental data, lines:
PHREEQC simulation.

3.2. Recovery of trace elements from multi-component solutions
reproducing extraction schemes with partially selective sorbents

3.2.1. Boron recovery

Evaporation was tested as a recovery route for B(III) from the brine
rich in B(III) and Mg(II) (scenario 1, Table 2). Fig. 5.a and Fig. 5.b show
the variation of the concentration as a function of the percentage of
water evaporated for major and minor components, respectively. Two
main behaviours could be expected, depending on the solubility of the
mineral phases: i) the ions not forming any mineral phase during the
evaporation should increase their concentration as a function of the
evaporation ratio, while ii) those forming a mineral phase would
decrease their concentration due to precipitation. B(III) concentration
increased from 1.84 g/L to 10.25 g/L when the 80 + 5 % of the water
was evaporated, and it started the precipitation of boric acid (76 % re-
covery). It can be seen how the precipitation also occurred for Na(I), Ca
(I) and Sr(II) once 80 + 5 % of evaporation was reached. PHREEQC was
able to fit all the experimental results, predicting quite well the pre-
cipitation of H3BO3(s), NaCl(s) and Sr(II) as SrSO4(s), although the
precipitation of Sr(II) and H3BOs(s) are predicted to start once 60 % and
70 % of water is evaporated, respectively, instead of the 80 % observed
experimentally.

FESEM images and EDS spectra of the collected solids reported in
Fig. SO allowed determining the composition of the precipitated solids. B
(III) content ranged between 20 and 30 %, identifying the precipitation
of boric acid. Moreover, NaCl(s) and Mg(OH)»(s) were also present at
relatively lower amounts (<2 %), but no traces of Sr(II) were found. In
this case, XRD analysis indicated the presence of sassolite (H3BO3(s)), in
addition to halite (NaCl(s)) (see Supplementary information, Fig. S10),
as predicted by PHREEQC (see Supplementary information, Fig. S11).

For the case of the brine rich in B(IIl) after Mg(II) and Ca(II) pol-
ishing (scenario 2), the results are shown in Fig. 6. The initial B(III)
concentration was 1.24 g/L and it increased up to 9.42 g/L during the
evaporation. As shown in Fig. 6.a, only the Na(I) and Ca(Il) precipitated.
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Fig. 7. Logarithm (log;o) of molar concentration of (a) major and (b) minor
components as a function of pH for the Ga(III) and Co(II) recovery for the ex-
pected brine (scenario 3). Points: experimental data, lines:
PHREEQC simulation.

Although PHREEQC predicted Sr(II) precipitation to a lesser extent
(Fig. 6.b), it was not observed.

From Fig. S12, where are reported FESEM images and semi-
quantitative analysis given by the EDS spectra of the collected solid, it
is evident that the recovered solids after evaporation are made of NaCl,
as observed in the previous case. In fact, XRD spectra revealed only the
presence of halite (NaCl). In order to avoid halite crystallisation, another
route focused on B reactive precipitation could be followed. Yilmaz et al.
[46], for example, successfully recovered B as CaB3O3(OH)s-4H30(s)
from wastewater under different conditions adding Ca(OH)(s).
Considering a conditions set similar to the ones in the current study, they
were able to precipitate around 97 % B in a 120 min reaction at a pH 1
and 80 °C after adding 10 g of Ca(OH)2(s) to 500 mL of an initial solution
containing 1000 mg/L B.

3.2.2. Trace elements (Co, Ga, Sr) recovery by reactive precipitation

Fig. 7 shows the results obtained during the precipitation for the Ga
(II1) and Co(1II) recovery from the expected brine (scenario 3). NaOH was
added from pH O to 10, and solids were collected at pH 5 and 10 to
recover selectively Ga(III) and Co(Il).

Interestingly, experimental results show that Ga(IIl) precipitates at
pH 5 (Fig. 7.b), remaining with a concentration two orders of magnitude
lower after filtration (recovery of >99 %). It can be observed that by a
further increase of the pH, the other elements potentially forming hy-
droxides (e.g. Cs(I), Rb(I), Sr(II), Ge(IV)) did not precipitate. When
comparing the predictions derived by PHREEQC, Ga(III) precipitation
was expected to start at pH 4, assuming a removal of 93 % at pH 4.8.

By further increasing the pH to 10, regarding Co(II), which was ex-
pected to be recovered as Co(OH)x(s), it did not precipitate despite the
PHREEQC estimated its removal at pH 8, indicating that higher pre-
concentration factors should be achieved to precipitate it. Addition-
ally, it was expected that Mg(OH)(s) started to precipitate at pH 9.8
taking into account the Mg(II) amount present in the brines. The model
solution had a content of Co(II) below 0.1 g/L and maybe more insoluble
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Fig. 9. Logarithm (logio) of molar concentration of (a) major and (b) minor
components as a function of NaySO4(s) concentration added for the Sr(II) re-
covery for the expected brine (scenario 4) after reaching pH 10. Points:
experimental data, lines: PHREEQC simulation.

mineral phases as CoCO3(s) could be postulated as recovery route. In
this way, despite they used a solution containing 800 mg/L Co and Cu,
Quiton et al. [47] reported that higher Co removal could be achieved at
pH 10 by using NayCOs(s) as a precipitant rather than the one reached
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using NaOH(s). In Fig. S13 (Supplementary information) the solubility
diagrams of Co(II) with hydroxides and carbonates is compared. The
stability of CoCOs(s) is much higher than Co(OH)»(s) at neutral pH
conditions allowing the precipitation of CoCO3(s) and avoiding the co-
precipitation of Mg(II).

The collected solids at pH 5 and 10 were analysed by FESEM-EDS
(Fig. S14). The EDS spectra shows that crystals at pH 5 (Fig. S14.a)
were made mainly of Ga and O, indicating the potential presence of
mineral phases as GaOOH(s), and Na and Cl, probably NaCl(s) from
morphology of the particles. Additionally, traces of Co(I) were observed
in the collected solids. Fig. S14.b shows the FESEM images of the
collected precipitates at pH 10. From EDS spectra (Fig. S14.b), it can be
observed that solids are rich in Na and Cl, as NaCl probably, with a high
presence of solids rich in Mg and O, mainly Mg(OH)»(s) according to the
morphology of the crystals. Additionally, Co was detected within the
particles, probably present as Co(OH),(s), although at very low contents.
As seen in the previous case, PHREEQC was able to predict the pre-
dominant presence of Mg(OH),(s) and also the precipitation of Co(II)
and Ga(III) (see Supplementary Information, Fig. S15).

Finally, Sr(II) recovery (scenario 4) was studied. In this case, NaOH
was first added from pH O to 10 and solids were collected at pH 5 and 10
to recover Ga(Ill) and Co(II), respectively (Fig. 8) and then, NasSO4(s)
was added to the solution (Fig. 9) in order to promote the precipitation
of celestite (SrSO4(s)).

Experimental results show that part of the Co(II) precipitated as Co
(OH)2(s) at pH 10, representing a recovery of 9 + 1 %, whereas 77 + 3 %
of Ga(Ill) was recovered as GaOOH(s) at pH 5. Taking into account the
PHREEQC predictions, it is expected the complete precipitation of Co(II)
starting at pH 8 and that >95 % Ga(IIl) precipitate at pH 5. As in the
previous case, the precipitation of Mg(OH)s(s) is expected at pH higher
than 9.5.

After Ga(Ill) and Co(II) reactive precipitation using 1 M NaOH,
NaySO4(s) was added. As shown in Fig. 9, PHREEQC simulation de-
scribes that, as soon as Na;SO4(s) was added to the solution, SrSO4(s)
should begin to precipitate, being the solution completely depleted on it
after adding 0.5 mol/L (>95 % recovery). However, even reaching a 1.5
M concentration, its precipitation was slightly observed. In fact,
considering both stages of the process (pH increase with NaOH and
NaySO4(s) addition), just a 55 % of the initial Sr(II) could be recovered.

It can also be observed that, adding NaySO4(s), some Co(II), Ga(III)
and Ge(IV) precipitation occurred, which may be related to a reaction
where CoSQy4, Gay(S04)3 and Ge(SO4), were formed. It must be noticed
that, before adding NaySO4(s), two filtration steps were performed after
increasing the pH to 5 and 10 with NaOH to recover Ga(III) and Co(Il),
respectively, as hydroxides. Therefore, taking into account both steps
(NaOH-filtration and NasSO4(s) additions), >99 % of Co(II), Ga(III) and
Ge(IV) were recovered. That could be related to the fact that the pre-
vious precipitated solids could sorb those elements.

Comparing these results to the ones obtained for scenario 3, Ga(III)
would have been recovered mainly as GaOOH(s) due to NaOH, since
>99 % was recovered in both scenarios and NasSO4(s) was not used in
scenario 3.

Fig. S16 shows images of the collected precipitates at pH 10. From
EDS spectra, it can be observed that crystals were made of Na and Cl, as
NacCl(s), Co and O, probably Co(OH)2(s), and Mg and O, presumably Mg
(OH)y(s). This could be confirmed by PHREEQC prediction (see Sup-
plementary Information, Fig. S17). Besides, traces of other elements (K,
Ga) were present in the sample.

From the experiments performed from solutions mimicking a sepa-
ration scheme where the partial selectivity of the sorbents are providing
medium to selective separation (scenarios 1-4) the highest recovery
factors (%) that could be achieved are summarized in Table 4. Values
obtained for multi-component solutions were comparable with those
from single-component solutions (Table 3).

Considering that experimental conditions for the recovery of
different TEs were similar, a flowchart is provided in Fig. 10 to illustrate
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Table 4
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Maximum recovery factor (%) for the target TEs from the concentrated streams generated in the ion exchange (sorption extraction stage, scenarios 1-4), the reagent
and energy (thermal/electrical) for mineral phase formation and the mineral composition of the recovered by-products. Initial concentration of the target TEs and the

conditions under which the solids were obtained are provided.

Element Initial concentration (mg/L) Route for recovery Reagent or energy By-product mineral composition Recovery (%) Conditions
B(IID) 1841 Evaporation Heat electrical energy H3BO3(s) 76 % 90 % water evaporated
(scenario 1) (scenario 1)
1235 24 %
(scenario 2) (scenario 2)
Ga(IIn) 45 Reactive precipitation 1.0 M NaOH GaOOH(s) >99 % pPHS5
(scenario 3) (scenario 3) (scenario 3)
0.12 >99 % 1.58 mol/L of NaySO4
(scenario 4) (scenario 4) (scenario 4)
Co(II) 56 Reactive precipitation 1.0 M NaOH Co(OH)x(s) 7 % pH 10
(scenario 3) (scenario 3) (scenario 3)
135 >99 % 1.58 mol/L of NaySO4
(scenario 4) (scenario 4) (scenario 4)
Ge(1V) 0.09 Reactive precipitation 1.0 M NaOH GeOy(s) 17 % pH 10
(scenario 3) (scenario 3) (scenario 3)
0.20 >99 % 1.58 mol/L of NaySO4
(scenario 4) (scenario 4) (scenario 4)
Sr(II) 152 Reactive precipitation NayS04(s) SrS04(s) 55 % 1.58 mol/L of NaySO4
(scenario 4) (scenario 4)
4. Conclusions
N
[ Concentrated stream rich in TEs ) Single-component solutions experiments simulating scenarios of
applying sorbents with high selectivity factors showed that Co(II) and
Ga(IlI) could be completely recovered as hydroxides (f-Co(OH)2(s) and
( I ) GaOOH(s)) by precipitation with NaOH. In the evaluated range (200
| GaOOH(s) |<— auntilapHI Slon mg/L) recoveries of >99 % were achieved for both Co(II) and Ga(IIl). In
the case of Sr(Il), it is more efficient to precipitate it as celestite
90%'evaporat10n (SrS04(s)) by adding NaSO4(s) due to the high solubility of Sr(OH)a(s).
heating at 70 °C Similarly. B(IIT ds solubili d o . likel
—_— imilarly, B(III) compounds solubility made precipitation unlikely, so an
NaOH additi evaporative route was explored, achieving an effective recovery of 51 %.
Co(OH)(s) [=— Moo aiio" p PIOrec, & e recovety ot 5. 7
| g ) However, Ge(IV) was not recovered by NaOH precipitation even if its
concentration was increased up to 1 g/L. Ge(IV) recovery, as GeOx(s),
H;BOs(s) using chemicals generated from saltworks bitterns is not feasible, as it is
NaxSOi(s) requested to use tannic acid or sulphide/hydrogen sulphide solutions, as
2S04 . . ; . .
SrSO4(s) <] addition several studies pointed out as an alternative route to precipitate it.

Fig. 10. Potential sequential metal recovery scheme.

the different routes to precipitate and recover the TEs of interest.

Based on the speciation diagrams (Fig. 3, Figs. S1-S4) and the
FESEM-EDS and XRD analysis of the solids obtained (Figs. S5-S10,
Fig. S12, Fig. S14 and Fig. S16), Table 5 collects some of the EDS
spectrum of the solids obtained in the performances of multi-component
solutions and the mineral phase that was expected to be obtained. These
results showed that, despite having some difficulties to obtain H3BOs3(s)
and Co(OH)y(s) in scenarios 2 and 3, respectively, the routes suggested
and followed within this study to crystallise the targeted TEs are
potentially viable.

Table 5

Regarding the multi-component solutions experiments carried out
(assuming the use of sorbent with limited TEs selectivities), high content
of NaCl precipitated in all the cases when crystallisation was applied.
This is due to HCI content in the solutions since they mimic the outcome
of an elution process of ion exchange columns. Therefore, the acid
should be removed before crystallisation recovery. Moreover, the ne-
cessity of a concentration step was noted before the crystallisation under
the assumed scenarios, since the results showed that the actual
composition was not enough to achieve the saturation level of the
mineral phases.

PHREEQC was able to predict the experimental trends obtained in
most cases for both single- and multi-component solutions. Discrep-
ancies between experimental data and PHREEQC predictions were only
found for Sr(II) and Ga(Ill), where the precipitation was predicted at
lower pH values.

Semi-quantitative analysis (% weight) given by the EDS spectra of the collected precipitates from each multi-component solution (scenarios 1-4).

Scenario EDS spectrum Expected solid
B (0] Na Mg Al Si S Cl K Ca Co Ga

1 23.5 76.5 - - - - - - - H3BO3(s)

2 1.4 71.5 11.1 - 0.5 0.4 14.7 - 0.4 - H3BO3(s)

3" - 10.7 17.3 - 1.9 35.3 - - - 349 GaOOH(s)

3" - 3.2 37.3 3.4 - - 55.5 - - 0.7 - Co(OH)(s)

4" - 34.6 3.7 6.9 1.3 0.7 15.6 0.7 1.0 34.0 1.3 Co(OH)(s)

@ Precipitates collected at pH 5.
b precipitates collected at pH 10.
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