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Abstract: Rare earth elements (REEs) are typically found
in low concentrations within natural rocks that make up
mine tailings, such as carbonates in association with sili-
cates within carbonatite igneous rocks, so it is of interest
to develop (bio)hydrometallurgical ways to liberate them
from the silicate matrix. This work investigated, through
geochemical modeling, the extraction of europium and
ytterbium carbonates from rocks containing one of four
silicates (chrysotile, forsterite, montmorillonite, and phlo-
gopite) via chemical (mineral acid) or biological (organic
acid) leaching. The results indicated conditions that led to
either congruent or incongruent dissolution of the mineral
phases and the formation of transient mineral phases.
Chemical leaching models suggest that REE carbonates
are recoverable in one-step leaching from forsterite and
chrysotile rocks, while they are recoverable in a secondary
leaching step from montmorillonite and phlogopite rocks.
Gibbsite as a transient phase is shown to complicate REE
recovery, potentially requiring reactive extraction. REEs
have the potential to be recovered from silicate rocks via
chemoorganotrophic bioleaching, but the process con-
figuration would differ depending on the predominant
minerals that make up the rock, and the type of REE
present in it.
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1 Introduction

The function of collection, transfer, recovery, recycling,
and reusing of waste is known as solid waste manage-
ment, which tries to improve and protect the health of
dwellers and improve economic productivity and sustain-
ability [1]. Constraints in raw material supplies, including
critical metals (CMs) and rare earth elements (REEs),
have been observed because of their increasing demand
for green technologies, which forces society to think
about solid waste management and material recycling.
Recycling various wastes is a critical part of what we
have come to know as the circular economy [2]. Over the
last decade, the circular economy has received growing
attention because of environmental benefits, resource con-
versation, and bringing materials back to the life cycle by
creating a closed loop. Moreover, the circular economy
should ultimately lead to helping overall economic growth
[3]. In other words, the circular economy aims to decrease
companies’ and industries’ reliance on the Earth’s resources,
which leads to saving a significant amount of energy and
preventing the generation of gigatons of products that end
up in landfills.

There are several methods to manage wastes based
on the chemical and physical properties of the waste mate-
rials (e.g., organic versus inorganic, hazardous versus safe),
and these have most often included storage in landfills and
tailings ponds or treatment via solid waste incineration and
other recycling processes [4—-6]. Landfill mining and urban
mining have become alternative methods to extract some of
the valuable materials from wastes, like REEs that have
been buried in the ground [7]. In urban mining, various
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CMs and REEs have been obtained and recycled from various
end-of-life products and industrial wastes like electrical and
electronic equipment waste, combustion residues, construc-
tion and demolition waste, exhausted oils, sewage sludge,
previously landfilled wastes, and industrial wastes [8,9]. A
significant amount of REEs can be recovered and recycled
from consumer end-of-life products. Figure 1 shows the reco-
verable REEs from different end-of-life products. Yet, only
about 18% of the total produced e-wastes (50 million tons
of WEEE/year) has been recycled, and the rest has been
disposed of into landfills or incinerated [10,11].

Although in the long-term landfill and urban mining
for REEs will be able to supply a large portion of the
global demand for raw REEs for manufacturing, in the
near- to medium-term mining will still dominate this
supply. However, the primary mining of REEs is geopoli-
tically dominated by a few countries, e.g., China and
Russia hold 53% of global total rare earth oxides plus
yttrium oxide (TREO + Y) [12]. Hence, secondary mining
of REEs from mine tailings resources could expand REE
supply to a wider range of geopolitical regions, especially
mining-active economies such as Canada, Australia, Brazil,
Chile, and South Africa. Carbonatites, igneous rocks made
up of REE-carbonate minerals associated with silicates and
other minerals, presently represent the primary source of
REE mining [13], and heavy REEs (HREEs) are primarily
speciated as carbonates in other rocks such as weathered
granite [14]. Recent research has been conducted to assess
the potential of recovering REEs from carbonatite-rich mine
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Figure 1: Recoverable REEs as % (w/w) in end-of-life products.
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tailings in Canada and South Africa. Edahbi et al. [15] iden-
tified Gd and Yb (at <0.4 wt%) as the main HREEs in
waste rocks from a carbonatite deposit in Quebec,
Canada. Gomez-Arias et al. [16] identified diopside
(pyroxene), phlogopite (mica), and microcline (feld-
spar) as the main silicate minerals associated carbo-
nates in carbonatite from the Phalaborwa (Palabora)
Complex in South Africa.

Recovery of REEs from waste materials can be done
by chemical extractions via either pyrometallurgical or
hydrometallurgical routes [17]. In the pyrometallurgical
method, solid waste is smelted after mixing with metal
concentrates for metal recovery, which consumes a large
amount of energy and produces secondary wastes. In the
hydrometallurgy method, large quantities of chemical
agents (acids) have been used to solubilize metals, which
have a high operational cost and can have negative envir-
onmental impacts. Therefore, the applications of environ-
mental biotechnology and bio-hydrometallurgical process
have been defined to improve efficiency, operating cost,
and energy consumption [18].

It is challenging, and often not possible, to accurately
study the behavior of experimental waste treatment and
conversion systems, because of the level of chemical,
physical, and biological complexity of these systems,
and the varying scales of time involved (certain processes
occur in the order of seconds or minutes, while others
take years or decades). To overcome these challenges of
experimental systems, geochemical models can be used
to predict and interpret the geochemical processes that
take place over different time scales [19]. As a popular tool,
the geochemical equilibrium model is used to predict the
phases and speciation of elements and the saturation
index of minerals in solutions at equilibrium. The geo-
chemical computer software commonly used in environ-
mental, geological, and other hydrometallurgical studies
include Visual MINTEQ, PHREEQC, and The Geochemist’s
Workbench (GWB). Examples of the use of geochemical
models include the optimization of environmental reme-
diation processes, the identification of the parameters that
govern processes in groundwater systems, and the design
of techniques to prevent the release and transport of con-
taminants from waste storage sites to ground and surface
waters [20]. Although modeling and computer simulation
are not substitutes for experimental work, they are valu-
able for bridging the knowledge gaps that always exist
between laboratory experiments and field phenomena
and between processes that occur within short time scales
and are experimentally observed and processes that will
occur over longer time scales and cannot be predicted
experimentally.
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To this end, this work investigates and discusses
the geochemical behavior and speciation of two critical
HREEs, europium (Eu) and ytterbium (Yb), which may
be associated with rocks containing one of four silicate
minerals (chrysotile (Mg;Si,O5(0OH),), forsterite (Mg,SiO,),
Mg-montmorillonite (Mgg 495Al ¢7Si,010(0OH),), and phlo-
gopite (KAIMg5Siz0,0(0OH),)), in a simulated (bio)hydro-
metallurgical system intended to recover REEs from mine
tailings. The study aimed at investigating the congruent or
incongruent (i.e., sequential) dissolution of silicates and
oxides, and as such the pH at which one or both mineral
phases dissolve, and to also assess the formation of tran-
sient mineral phases. The motivation was to determine if
a (bio)hydrometallurgical process should aim to fully dis-
solve all minerals for subsequent selective recovery of the
REEs, or if the REE oxides/carbonates/hydroxides can be
recovered as enriched solids after the partial or total dissolu-
tion of the silicate matrix minerals, thus recoverable by
physical separation means.

2 Background literature

2.1 REEs

Rare earth metals are extensively useful for a wide range
of applications in different industrial sectors such as petro-
leum, metallurgy, nuclear energy, textiles, etc. They have
also become an indispensable and important resource in
several high-tech companies for the production of several
modern devices such as mobile phones, computers, solar
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cells, wind turbines, televisions, hybrid cars, fluorescent
lights as well as biomedical applications [21-23]. Hence,
there is an ever-increasing demand for REEs in correspon-
dence to the increasing demand for industrial production
and the rapid evolution of the technological market. The
required functionality of different REEs and the possibility
of their broad use are predetermined by the combination of
their unique chemical and physical properties [24]. They
can be used in two major directions (Figure 2). In some
cases, a single REE is required such as the use of La in
the production of nickel hydride batteries while other appli-
cations require the use of non-separated REEs, i.e., a mix-
ture of REEs, such as the use of Eu, and Y for rare earth
phosphors used in the production of fluorescent lights [22].

REEs mostly fall into two groups with varying levels
of use and demand. They can either be classified under
light rare earths (LREE) or HREE. These classifications are
based on their atomic numbers. LREEs include lanthanum
(La), cerium (Ce), praseodymium (Pr), neodymium (Nd),
and samarium (Sm) and HREEs include europium (Eu),
gadolinium (Gd), terbium (Tb), dysprosium (Dy), holmium
(Ho), erbium (Er), thulium (Tm), ytterbium (Yb), lutetium
(Lu), and yttrium (Y), which are less common and more
valuable [21].

The abundance and ease of accessibility of REEs is a
major concern to the industrial sectors as the primary
sources of these metals are becoming insufficient to
meet the high demands as the concentrations of these
metals are focalized in limited areas. Also, high energy-
intensive processes are involved in the extraction of these
REEs from their primary ores [25]. This is why a lot of
manufacturing and technologically inclined countries
are on the lookout for alternative sources of REEs [21].
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Figure 2: Different industrial applications of REEs (individual and mixture of REES) [24]. Copyright © 2020; Elsevier (5505521280816).
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Amongst these REEs, four of them namely lanthanum,
yttrium, neodymium, and cerium, constitute over 85% of the
world’s production. Even though the recovery of these metals
from their ores is quite challenging, it is still very possible to
carry out [26]. However, the recovery of other REEs which are
usually used in much smaller quantities, especially the ones
in the HREE category, is more difficult as a result of the
technical challenge connected to the separation of these
REEs from their sources. The use of acid leaching has gained
popularity in the recovery of these metals. Studies have
shown that lowering the pH of the extraction system pro-
motes the dissociation of the REEs from their ores.

2.2 Industrial wastes generated
containing REEs

The automotive industry is one of the biggest industries
in modern life because of its indispensability. The total
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global number of automobile owners in 2010 exceeded
1.1 billion. From this amount, the USA and EU have
accounted for about 50% comprising 240 million and
270 million units, respectively [27]. All of these vehicles
will be considered wastes after their end of life. For
example, based on available reports, the number of end-
of-life vehicles will be about 1.86 billion short tons in 2030
[28]. Therefore, the processing and recycling of this type of
waste, which contains REEs (especially Dy), are signifi-
cant. Hoenderdaal et al. [29] reported that electric vehicles
accounted for about 23% of the worldwide demand for Dy.
The main REE application in electric vehicles is batteries.
Based on Alonso et al. [30], the main REE applications in
electric vehicles are the nickel-metal hydride battery (about
3.5kg) and then the generator and driving motor (about
0.6 kg) [30]. Figure 3 shows the distribution and the REE
mass concentration for an electric and conventional car.
Coal mining wastes and combustion residuals (coal
fly ash [CFA]) have been gaining attention as attractive
alternative resources for REEs [31-33]. The current
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Figure 3: (Top) REE distribution of a hybrid car with a lithium battery (inner pie chart) and conventional car (outer pie chart); (bottom) REEs in
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disposal practices used have been considered as not
being environmentally friendly due to the toxicity, leach-
ability, and radioactivity of these residues which result in
environmental pollution [34]. Hence, the reuse and pos-
sible detoxification of CFA have led to their discovery as
alternative sources of REEs. These alternative sources
are worthy of exploitation as it has been reported that
36 million short tons of fly ash are generated annually in the
US alone [32]. The recovery of REESs from coal-related materials
has been reported to be advantageous over their recovery from
other commercial sources for a few reasons. First, Vass et al.
[35] noted that coal-related materials contain lower concentra-
tions of radionuclide as compared to traditional ore deposits.
Also, Honaker et al. [36] reported that they contain more of the
HREEs and critical REEs (CREEs) than the LREEs. Furthermore,
the cost of mining these REEs is relatively insignificant as they
are generated as byproducts from the coal production and
utilization processes [37]. Sarswat et al. [38] discussed how
the mitigation of environmental issues is addressed by the
recovery of these REEs from coal-based materials.

Red Mud is a bauxite residue produced from the pro-
duction of alumina by the Bayer process. Its high alkalinity
and difficulty to handle and dispose present an environ-
mental challenge to all alumina-producing industries and
regulating bodies [39,40]. It has been reported to be gener-
ated in the range of 1-1.5 tons for every 1 ton of alumina
produced [41], as illustrated in Figure 4. Furthermore, this
waste generation amounts to an even larger quantity on a
global scale due to the increasing demand for alumina [42].

2.3 Conventional methods of REEs recovery
from different industrial wastes

The use of direct acid leaching has gained popularity in
the extraction of REEs from industrial wastes and com-
plex ores. Strong acids such as hydrochloric acid, nitric
acid, sulfuric acid, etc., have been tested for their ability
to potentially recover REEs from CFA [43-46], and phos-
phoric acid has been suggested as more appropriate for
phosphate ore to avoid the introduction of extra ion
impurities [47]. If REEs are not fully oxidized before
acid leaching, they can undergo oxidative roasting [48],
or if the reduced REE is more susceptible to acid leaching,
then it can be reduced with thiourea prior to leaching [9].

It has been noted that direct acid leaching of REEs
is challenging and inefficient when they are attached to
the predominant glass phase of the CFA particles, thus
making it difficult for them to erode [49]. Wen et al. [31]
noted that HCl achieved the highest leaching efficiency of
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Figure 4: Components of bauxite consist of aluminum oxide that is
dissolved during mining to produce aluminum, leaving behind the
bauxite residue which contains various minerals [57]. CC-BY.

71%. Hence, the preconcentration of REEs using physical
separation methods before leaching has been recom-
mended [50,51].

Fractionation of CFA particles is usually done based
on their contrasting physical characteristics which include
magnetism, particle size, density, etc., and this fractiona-
tion has been proven to be an important step because REE
extraction from certain fractions is more enriched in REEs,
thus making their overall recovery more economically
viable [37]. Three reasons have been suggested as valid
explanations for the use of physical separation methods.
First, REEs are preferentially associated with the glass
phase in fly ash, which are usually found in finer fractions
than in coarse fractions [52]. Second, extremely small par-
ticles made up of REEs associated with organic matter tend
to augment the finer fractions of fly ash [49]. Finally, these
organic-bound REEs partially volatilize and are deposited
on the fine particles of fly ash [53].

Different separation methods have been employed for par-
titioning CFA particles into different fractions. These methods
are magnetic separation [51,53,54], gravity and flotation separa-
tions [23], and microwave irradiation [55,56]. From the results
obtained from the different separation methods used, it can be
concluded that these methods help to pre-concentrate REEs
from coal combustion ash. Hence, a high-grade material
that serves as feed material for subsequent downstream
processes (which includes acid leaching) is delivered,
which leads to a reduction in the overall recovery cost.

2.4 Bioleaching of REEs

The solubilization of metals from their ores is based on
three mechanisms, namely: acidolysis, complexolysis,
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Figure 5: Process flow of a typical bioleaching process of heavy metals.

and redoxolysis [58]. The microorganisms obtain their
energy through the oxidation of iron(m) and reduced
sulfur compounds, with oxygen serving as the electron
acceptor in these reactions. The overall bioleaching reac-
tion (Egs. 1-3) shows that 3.5 moles of oxygen are required
to oxidize 1 mole of pyrite [59].

2FeS, + 4H + 70, + 2H,0 — 2Fe?* + 4H,S0, (1)

2Fe?* + %02 + 2H" — 2Fe3* + H,0 @)
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Typically, the leaching medium which contains the
carbon source, the microorganisms, and the produced
metabolites (organic acids, chelating agents, amines, etc.)
is applied to the metal ore and the process is monitored and
evaluated sequentially for the dissolved metals in the lea-
chate as illustrated in Figure 5. Operating conditions of
the bioleaching process include [60]: (i) an adequate supply
of oxygen is a prerequisite [61]; (ii) pH values less than
5 are a necessary condition for microbial leaching [62];

H,80, + Microorganisms

Bioleaching of dump
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leach solution

Bioleaching of heap

W50, « Microcrganisms

e

N |

Pregnant
leach solution

Bioleaching in reactor

Figure 6: Different techniques of bioleaching currently used in the recovery of heavy metals [63]. CC-BY-NC.
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(iii) optimum temperatures of 28-30°C are required for
mesophilic organisms while higher temperatures equal
to/greater than 50°C are required for thermophilic organ-
isms for leaching [64]; (iv) high tolerance to heavy metals
and various strains may even tolerate 50 g-L " Ni, 55 g-L ™
Cu, or 112g-L™! Zn; the leaching of metal sulfides is
accompanied by an increase in metal concentration in
the leachate [65]; (v) availability of the substrate; the
ideal condition exists when the substrate is soluble such
as with ferrous sulfate. For insoluble substrates, another
requirement is adequate exposure to the sulfide minerals
[65]; and (vi) particle size of 42 pm is regarded as the
optimum for efficient bioleaching activity [66]; a decrease
in the particle size means an increase in the total particle
surface area so that higher yields of metal can be obtained
without a change in the total mass of the particles.

As illustrated in Figure 6, bioleaching techniques can
be classified into four domains, which are summarized as
follows.
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2.4.1 In situ bioleaching

According to Pradhan et al. [67], this method is used with
abandoned and underground mines where conventional
mining of the metal ores cannot occur as a result of small
deposits left in the mines. Pipes are inserted into the mine
pit to apply aeration and also to bring out the leachate
under high pressure.

2.4.2 Dump bioleaching

The low-grade ore is leached at their place of disposal
[67]. The leaching medium is applied to the dump using
sprinklers. The solution is then allowed to flow down the
dump and penetrates through the dump. The microor-
ganisms use this solution to increase population, enough
to catalyze the mineral oxidation leading to the dissolu-
tion of the metals into the leachate. This process is
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however time-consuming and the complete dissolution of
the metals is difficult due to the large particle size and the
different rates of percolation of the leaching solution.

2.4.3 Heap bioleaching

This process is similar to dump bioleaching. It involves
the application of a leaching solution containing the
microorganisms and acids on low-grade ores heaped
into large piles [68]. The microorganisms attach to the
ore particles as the solution infiltrates into the heaped
ores from the top. To maintain the aerobic state of the
process, the air is injected into the heap through already
laid pipes. The metals dissolve into the solution which is
then collected for further extraction.

2.4.4 Stirred tank reactor bioleaching

This involves the use of reactors that are usually highly
aerated. The ores and leaching solution are put into the
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tank which has a stirrer that is used for mechanical agita-
tion. This agitation enhances the leaching and dissolution
of the metals into the solution, which is collected at a
designated outlet of the tank. The leaching process occurs
in continuous-flow reactors placed in series. This method
allows for better process control as compared to the other
forms of bioleaching [63].
Various factors exert rate-limiting effects on the bio-
leaching process [69]; a few of these factors are high-
lighted as follows:
¢ The mass transfer of oxygen, carbon dioxide, and nutri-
ents can limit the reaction.

¢ An increase in oxygen supply can lead to a higher con-
centration of dissolved oxygen (DO). DO concentration
of above 5ppm can exert an inhibitory effect on the
bioleaching process [59].

¢ The formation of biofilms during leaching can impede
microbial activities hence causing a reduction in the
rate of bioleaching.

e A decrease in the particle size and shape means an
increase in the total particle surface area leading to a
higher yield of metal.
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Figure 8: Geochemical modeling of chrysotile with Yb,(COs)3 using H,SO, as the reactant.
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e The pH of the reaction can significantly impede the rate
of bioleaching. As earlier discussed, bioleaching occurs
under acidic conditions; therefore, pH greater than 5
can reduce metal dissolution.

e Temperature is also an important rate-limiting factor.
The extreme temperature that may be commonly asso-
ciated with dump and heap bioleaching can affect the
cell wall components of the microorganisms and cause
denaturing of enzymes and other biological compo-
nents of the organisms.

¢ While geochemical modeling assumes that all minerals
are in perfect contact with the solution, it might not
represent the real conditions, and this can be investi-
gated through experimental work. For example, the
bioproducts of the system could cause mass transfer inhi-
bition (shrinking core) and passivation of bioleaching
[70]. This could hinder contact of microorganisms and
leaching media and hence interfere with the leaching
process.

e The geochemical modeling assumes that minerals are
pure, while they might contain trace amounts of heavy
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metals (and these trace amounts may dissolve during
the leaching process). There are a few studies that have
exclusively focused on heavy metal extraction through
bioleaching [71].

3 Methodology

The modeling investigation of the leaching of two dif-
ferent HREEs, europium and ytterbium carbonates, from
four different silicate minerals, namely chrysotile
(MgsSi,05(0H),), forsterite (Mg,SiO,), Mg-montmor-
illonite (Mgg.495Al;.6751,010(0OH),), and phlogopite
(KAIMg5Si50,0(0OH),), were conducted in the GWB v15.0.
The minerals were selected to include one representative
from each of the main groups of hydrated phyllosilicates
(chrysotile from the serpentine group, montmorillonite
from the clay minerals group, and phlogopite from the
mica group), plus forsterite as the anhydrous orthosilicate.
One reason to choose these two specific REE carbonates
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Figure 9: Geochemical modeling of forsterite with Eu,(C03)3:3H,0 using H,SO, as the reactant.
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was that the thermodynamic databases did not include
data for many REE carbonates. The aim was to study a
diversity of silicates that may be present in association
with carbonatite tailings. The leaching study was done
using H,SO, and HCl as the inorganic acids and lactic
acid (CH;CH(OH)COOH, produced from lactobacillales —
lactic acid bacteria) as the organic acid, to compare the
extent of the reaction and the behavior of the REEs sub-
jected to these different acids in a simulated reaction.

Each simulation starts with the equilibration of sili-
cate minerals and oxides of Eu and Yb (Eu,(COs)3:3H,0
and Yb,(CO3);) with an aqueous solution of dilute salts
exposed to air, followed by the addition of inorganic
(H,SO, and HCI) and organic (lactic) acids to this system
to simulate chemical leaching and chemoorganotrophic
bioleaching conditions [58], respectively. The following
paragraphs, and the Supplementary Material, detail the
precise methodologies for constructing and running these
models.

First, on the basis pane (Figure S1), Mg was swapped for
the minerals of interest, i.e., chrysotile, while Eu,(CO3);:3H,0

110 T T
Quartz

90 —
80 —
701 —

60 | —

Yb,,(CO.
50 2(CO3); |

Minerals (mmol)

40} —

30 —

20 H —

pH

5 \ \ \ I
50 (—
45— —

40—
Yb($0,);

(mmol)

at
I
[

Saturation, some minerals w/ Yb*** (Q/K)

35—

30

25—

20—

Some species w/ Yb

pH

DE GRUYTER

was swapped in place of Eu***. Two gases (0(g) and CO4(g))
were added at atmospheric concentrations, and other minor
cations and anions (Na*, CI", and SO?,’) were added to charge-
balance the reaction under room temperature of 25°C, as
shown in Figure S1. On the reactant pane (not shown),
100 mmol of chrysotile and 50 mmol of Eu,(COs)s:3H,0 were
added to run the reaction. This reaction equilibrates the dilute
aqueous solution with the two rock minerals (one silicate and
one carbonate), leading to the solution coming into equili-
brium with the rock. Since other silicate minerals are thermo-
dynamically more stable than chrysotile but are not expected
to form due to kinetic limitations, all other possible Mg
minerals were “suppressed” except for chrysotile. After this
first reaction was run, the entire system was “picked up” to
turn the equilibrated condition into the initial condition for the
next reaction step, as shown in Figure S2. In this second reac-
tion step, where acid leaching is simulated, either H* and SOﬁ‘
were added to the reactant pane (not shown) at a ratio of 2:1
(to simulate inorganic acid leaching) or H" and C,H;O0(COO)~
(lactate) were added to the reactant pane at a ratio of 1:1 (to
simulate organic acid leaching). In organic acid leaching
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Figure 10: Geochemical modeling of forsterite with Yb,(COs); using H,SO, as the reactant.



DE GRUYTER

models where hydrochloric acid was added as a co-lixiviant,
H* and CI” were also added to the reactant pane at a ratio of
1:1. It should be noted that GWB treats reactants as titrants, so
the leaching reaction results are obtained as a function of acid
addition amount, from the initial equilibrated pH to a final
acidic pH. Following these steps, the leaching model was
run, and the results were produced and analyzed for different
behavior patterns such as the dissolution and precipitation of
minerals, the mineral saturation, the components of Eu in
fluid, and the speciation of Eu.

The same processes described above were repeated for
forsterite, except that Mg** was swapped for forsterite in the
basis, as shown in Figure S3a. Similarly, for the leaching of
Yb, the only difference compared to the above is that
Yb,(CO3); was swapped for Yb*** on the basis pane, as
shown in Figures S4a and Sb5a for chrysotile and forsterite,
respectively. There was a slight difference, compared to the
above, in the modeling of montmorillonite and phlogopite.
As AP" is present in these minerals, it was essential to
include this in the basis pane for the model to run. Hence
for the modeling of these two minerals, on the basis pane,
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Mg*" was swapped for magnesite (MgCOs), while AI"*** was
swapped for the mineral of interest, i.e., montmorillonite or
phlogopite. In addition, in the suppression steps, all Mg and
Al minerals, except for the minerals of interest and for gibb-
site (Al(OH)3), which is a product of the reaction), were
suppressed. The remaining aspects of these models were
the same as described above. Figures S6—S10 show the basis
of these models for the two reaction steps: water equilibra-
tion (Figures S6, S8a, S9a, and S10a) and acid leaching
(Figures S7, S8b, S9b, and S10b). Following these steps,
the results were analyzed as aforementioned.

The second part of Supplementary material (Figures
S11-S18) contains the raw model outputs for the simula-
tion scenarios aforementioned, which were used to gen-
erate graphs presented in Section 4.

4 Results and discussion

The results of this chapter are presented and discussed in
two parts, and the list of figures contains the relevant
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Figure 11: Geochemical modeling of montmorillonite with Eu,(C0Os)3:3H,0 using H,SO, as the reactant.
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graphs. Section 4.1 presents the geochemical modeling
results of Eu and Yb from four silicate minerals (chrysotile,
forsterite, montmorillonite, and phlogopite) using sulfuric
acid as the inorganic acid. Section 4.2 presents the geo-
chemical modeling results of the same two REEs leaching
from the same four silicate minerals, but using lactic acid
as the organic acid, with and without hydrochloric acid.
From these results, it is possible to assess the extent of
silicate and REE leaching as a function of the amount of
lixiviant added, and in turn as a function of solution pH. It
is also possible to observe if the leaching of the two initial
mineral components occurs concurrently or sequentially,
and if any intermediate mineral phase that is both thermo-
dynamically favorable and also kinetically likely, forms.

4.1 Geochemical modeling of REEs leaching
from silicate minerals by inorganic acid

The first step of the modeling was to equilibrate the silicate
mineral and REE of interest with a dilute salt solution,
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before leaching commencing in the second step of mod-
eling. The results of geochemical modeling (the trend of
mineral dissolution/the fluid component of system/specia-
tion of REEs and saturation index of minerals over a range
of pH) for leaching of chrysotile, forsterite, montmorillonite,
and phlogopite with H,SO, are depicted in Figures 7-14.
Looking at these figures, which present the pH-dependent
data of the leaching step of the modeling, it is possible to
observe that the initial pH values of these systems were in
large part similar, around a value of 8, with one significant
exception for forsterite. In the forsterite system, the initial
pH was close to 9, and this is explained by forsterite being a
more reactive, and hence less insoluble silicate mineral,
compared to the other three (chrysotile is a hydrated mono-
clinic silicate of the serpentine group, while montmor-
illonite and phlogopite are smectite and mica clays,
respectively).

Inorganic acids are characteristically strong acids,
particularly H,SO,. This means that as more acid is added
to a solution, the lower the pH becomes. Minerals can,
however, act as buffering agents, consuming acidity as
they dissolve. In this model, sufficient acid was added to
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Figure 12: Geochemical modeling of montmorillonite with Yb,(CO5)3 using H,SO, as the reactant.
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ensure that both the silicate mineral and the REE in the
system fully dissolved. This is what is shown in the top
left subfigures of Figures 7-14. In the first instance of
these subfigures, it is observable that in all cases it is
the silicate mineral that dissolves (i.e., leaches) first (sili-
cate minerals tend to dissolve at higher pH values com-
pared to REE carbonates). As aforementioned, the initial
pH of these systems differed, and two more differences
can be seen in the leaching of the silicate minerals. First,
the “rate” of leaching (i.e., how suddenly the minerals
dissolved with a reduction in pH) differed. Forsterite,
being comparatively more reactive, leached over a very
narrow pH range, while the other three silicates leached
more gradually, over a pH range of around 0.5-1.5.
Second, the pH value at which the silicate minerals had
fully dissolved also varied. Forsterite was already fully
dissolved at a pH value greater than 8.5, followed by
chrysotile fully dissolving at a pH value just above 7,
phlogopite leaching complete once the pH reached just
below 7, and montmorillonite reaching the lowest pH of
about 6.5 before fully dissolving. These trends further
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reaffirm that forsterite is the most reactive among the
four silicates tested, and hence easier to leach, thus lib-
erating the REE minerals contained within a silicate-rich
rock. As expected, clay minerals are poorly reactive as
these are relatively stable minerals (in geologic systems
clay minerals are silicates that have weathered and hydrated,
while forsterite is a mineral that is yet to weather), and
hence required more acidity before they dissolved. Chry-
solite fell in between, and it is a mineral that is known to
be activated when it is dehydroxylated (calcinated at ele-
vated temperature to remove chemically bonded water
that stabilizes the silicate), so heat treatment of chryso-
tile-rich rock is a possible approach to help in liberating
REEs contained within it.

Figures 7-14 show that one of the minerals to form
after the dissolution of the silicates was quartz (SiO,).
This was the modeling result since other silicate minerals
were not allowed to form in this leaching system, since it
is kinetically unlikely that silicate minerals could rapidly
form under the leaching conditions simulated (ambient
conditions). Quartz is a stable mineral phase of SiO,,
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Figure 13: Geochemical modeling of phlogopite with Eu,(C0Os)3:3H,0 using H,SO, as the reactant.
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which has low solubility. In reality, it is more likely that
amorphous SiO,), would form, as quartz does take some
time to crystallize, but amorphous silica was not a phase
that was available in GWB. Quartz is expected to have a
much lower density than carbonates of REEs (since Eu
and Yb are heavy elements); hence, their separation can
possibly be achieved via gravimetric methods (the den-
sities of the mentioned minerals were checked in the
GWB database). Two other intermediate and transient
minerals were observed in the cases of montmorillonite
and phlogopite leaching: magnesite (MgCOs) and gibb-
site (A1(OH)3). In both cases, a small amount of magnesite
formed in the early stages of leaching, and subsequently
disappeared. Likely this is a result of the availability of
Mg”* (see top right subfigure of Figures 7-14) and CO3"
ions (not plotted) at near-neutral pH, inducing sufficient
saturation of magnesite to lead to its precipitation. Oddly,
this did not occur in the cases of forsterite and chrysotile,
so more detailed analyses of the level of dissolved CO, in
these systems could be done to understand what makes
these systems undersaturated with respect to magnesium
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carbonates. Gibbsite, on the other hand, occurred and
behaved similarly in both the montmorillonite and chry-
sotile systems. In these systems, it existed between pH
values of roughly 3.5 and 6.5. Evidently, it only formed in
these systems because these are the only two silicates
that contain Al in their chemical composition. Also, alu-
minum is an amphoteric element, which means that it
leaches at both high and low pH; hence, its solid (hydr)
oxide form is only stable at moderate pH values, which is
what is observed here. Gibbsite fully re-dissolved at a
slightly more acidic pH in the case of montmorillonite,
but these small differences can be attributed simply to
slightly different aqueous compositions (and thus ionic
strengths and activity coefficients) of the two systems.
In all cases, the REEs Eu and Yb started to leach in a
lower pH value compared to their corresponding silicates
in the system. This is a desirable outcome, as it means that
physical recovery of grains of REEs can be attempted, for
example via filtration or flotation process, once the leaching
of the main silicates is completed. However, it is possible
that REE-rich rocks also contain secondary mineral phases

350

Mg
300(— —

YbHH AT
100 — —

Some fluid components (mmol)

w s
1T 1
I —

Saturation, some minerals w/ Yb*t (Q/K)
N

I

|

Figure 14: Geochemical modeling of phlogopite with Yb,(CO3)3 using H,SO, as the reactant.
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that are more resistant to leaching than the studied silicates,
so it is also of interest to know at which pH the REE carbo-
nates are fully dissolved. Once fully dissolved, they could
be retrieved from the solution via hydrometallurgical
approaches such as selective precipitation, co-precipita-
tion, ion-exchange, and electroplating. Bio-precipita-
tion is also a possible approach, but not well-studied.
Between the two REE carbonates, the Eu carbonate
required more acidity to dissolve than the Yb carbonate.
The former leached at around 3.5-3.9 in all systems, and
the latter leached between approximately 4.1 and 4.5.
Notably, in the two systems that had the intermediate
mineral phase gibbsite, both REEs fully leached before
the gibbsite started to leach. This is desirable to avoid
co-leaching Al with the REEs, which could complicate
REE recovery from the solution. In fact, it means that in
these systems, the silicate can be first dissolved in a first
leaching step at higher pH, then the residual solids con-
taining the REE carbonate and the aluminum hydroxide
are recovered and sent to a second leaching step at
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lower pH where the REEs can be dissolved, leaving the
Al in the residual solid phase.

The bottom two subfigures in Figures 7-14 are shown
to provide information about the speciation of the REEs
once they enter the solution, and also the saturation
states of other possible REE solid phases that could be
present or form as intermediates. Interestingly, Eu pre-
dominantly speciates as an anion complexed to two sul-
fate ions, while Yb predominantly speciates as a cation
complex to one sulfate ion. However, in both cases, the
opposite ionic species (cation or anion) is also present in
significant amounts. This may suggest that ion exchange is
a complex process to use to fully recover dissolved REEs.
Instead, it might be possible to use a solvent exchange,
where the REEs are removed from the solution complexed
to organic ligands. As for saturation states, in all cases, the
secondary mineral phases of Eu and Yb are undersaturated
at the pH values of interest (i.e., when separation would
occur), and so there is little chance for the REEs to form
intermediate minerals that can complicate separation.
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4.2 Geochemical modeling of REE leaching
from silicate minerals by organic acid

The first step of this modeling was, as with inorganic acid
models, to equilibrate the silicate mineral and REE of
interest with a dilute salt solution, prior to leaching com-
mencing in the second step of modeling. The results of
geochemical modeling (the trend of mineral dissolution)
of leaching of chrysotile, forsterite, montmorillonite, and
phlogopite with lactic acid and HCl are depicted in
Figures 15-18. Looking at Figures 15-18, which present
the pH-dependent data of the leaching step of the mod-
eling, it is observed that the initial pH values of these
systems were identical to those used for the inorganic
acid systems. So again, only forsterite started at a higher
pH close to 9, and the other silicates started at a pH close
to 8.

Organic acids are characteristically weak acids, including
lactic acid. Note that in these systems the reactant is named
“lactate,” which is the dissociated anion of lactic acid, but

lactate was added alongside H" as a reactant, hence it
behaves like lactic acid. Another way to prove that the lactate
acted like lactic acid is to note that in these systems (without
HCI), the final pH was limited since with reduced pH, lactic
acid eventually reaches its dissociation equilibrium and stops
dissociating. This limiting pH was between approximately 4.5
and 5.2, depending on the system. To enable the study of
these systems under lower pH, simulations were done with
the addition of HCl (a strong acid) as a co-lixiviant.

As with inorganic acids, the silicate minerals dis-
solved first in all cases as shown in Figures 15-18. The
addition of the co-lixiviant did not significantly alter the
pH-dependent dissolution. This is likely because the spe-
ciation of the dissolved species does not significantly
involve chloride ions. In all cases, the REE carbonates
did not dissolve in the systems using only lactic acid.
For the forsterite and chrysotile systems, this is not an
issue, since the REE solids are liberated, so they can be
recovered in a single leaching step. In the montmorillo-
nite and phlogopite systems, a second leaching step is
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Figure 17: Modeling of (top) chrysotile with Yb using (left) lactate (right) HCl + lactate as reactants; (bottom) forsterite with Yb using (left)

lactate (right) HCl + lactate as reactants.

needed to acidify the residual solids further. Figure 19
clarifies that the odd behavior of phlogopite in Figure 18,
going forward and back, is due to the pH swinging
down, then up, then down again, as lactate is added.
When the mineral amounts are plotted versus lactate
mass added (as in Figure 19), then the behavior is
more as expected.

What is observed with the co-lixiviant HCIl, which is
different from the inorganic acid leaching models that
used H,SO,, is that in a single leaching step, it is possible
here to dissolve both the silicates and aluminum oxide
before the Eu carbonates dissolve. In both cases, the Eu
carbonate dissolved only when the pH reaches about 3.0,
while the gibbsite dissolved at around 3.3-3.4. As before,
the Eu carbonate proves to be more stable than the Yb
carbonate, and this means that in a single leaching step
with lactic acid and HCl, the Eu carbonate accumulates in
the residual solid and can be recovered (together with
quartz).

To investigate the validity of the modeling results,
the stability diagrams of modeled minerals were plotted
using the Act2 module of GWB (Figure 20). Accordingly,
the REE carbonates dissolve in lower pHs (Eu,(COs);:3H,0
at pH < 5.5 and Yb,(COs)3 at pH < 5). On the other hand,
silicate minerals tend to dissolve at more neutral pH values
(chrysotile at pH < 7, forsterite at pH < 8.5, Mg-montmor-
illonite at pH < 6, and phlogopite at pH < 6.5). These indica-
tions are not far from agreement with our results in terms of
the pH range over which the REE carbonates (compared to
silicate minerals) initiate to leach in the system.

Figure 21 summarizes the steps of recovery of REE
carbonates using organic and inorganic acids investi-
gated in this study. As discussed above, REEs can be
recovered in all studied systems through 1-stage leachate
using inorganic (sulfuric acid) and organic (lactic acid).
The only exceptions are Mg-montmorillonite and phlogo-
pite during bioleaching, requiring an additional step of
adding HCI.
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5 Conclusions

REEs are typically found in low concentrations within nat-
ural rocks that make up mine tailings, such as carbonates

in association with silicates within carbonatite igneous
rocks, so it is of interest to develop (bio)hydrometallurgical
ways to liberate them from the silicate matrix. The results
of leachate with H,SO, denote that this acid is sufficient to
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Figure 20: Stability diagram of modeled minerals (plotted in Act2 module of GWB): (a) Eu,(C03)5:3H,0, (b) Yb,(CO5)s, (c) chrysotile,
(d) forsterite, (e) Mg-montmorillonite, and (f) phlogopite.

dissolve silicate mineral (forsterite at pH = 9 and other (lactic acid), although this acid is capable of dissolving
silicate minerals at pH 6-8) and REE carbonates (at pH all silicate, there are two different behaviors for these
3-4) in different pH ranges. Focusing on organic acid minerals. The organic acid suffices to recover carbonates



20 —— Nneka Joyce Odimba et al.

Recovery with H,SO,:
H,0

J

Slurry suspension

Mineral ——»|

Recovery with Organic Acid:

H,0

|

Mineral — | Slurry suspension

Lactic Acid l

Leaching
step

Montmorillonite/Phlogopite systems

Leaching step

DE GRUYTER

Sulfuric Acid l

REEs in
leachate

Residual minerals

Chrysotile/Forsterite systems REES in

leachate

Hydrochloric Acid 1

Residual (secondary) minerals

Leaching
step

Residual minerals

Figure 21: Summary of the leaching process of minerals investigated in this study using inorganic (sulfuric acid and hydrochloric acid) and

organic (lactic acid) acids.

as REE solids are liberated during the dissolution of chry-
sotile and forsterite. However, an additional step of adding
hydrochloric acid is required to recover REE carbonates in
montmorillonite and phlogopite systems as residual solids
of these minerals include secondary minerals that make
the recovery of REE carbonates unattainable. In conclu-
sion from the inorganic acid leaching models, REE carbo-
nates are recoverable as solid particles that are liberated
from the silicate matrix in rocks that contain forsterite and
chrysotile, while REEs are recoverable in a secondary
leaching step when they are initially contained in rocks
made up of montmorillonite and phlogopite. In most
cases, there is a sufficient pH difference between the initia-
tion point of leaching of all minerals in these systems,
so from a practical point of view, and to improve kinetics,
it is possible to add extra acidity to accelerate leaching
while still having some margin before the next mineral
in the system starts to leach. The exception to this is the
secondary leaching of Eu and Yb from gibbsite, where
the pH difference between the conclusion of leaching of
the former and the initiation of leaching of the latter is
in the order of approximately 0.1-0.2 pH units. Reactive
extraction of REEs during this secondary leaching (i.e.,
removing REEs from the solution while leaching is taking
place) could be one way to avoid having to decrease the
acidity too much.

In conclusion from the organic acid leaching models,
REEs have the potential to be recovered from silicate

rocks via bioleaching (microbial processes that produce
organic acids), but the process configuration would differ
depending on the predominant minerals that make up
the rock, and the type of REE present in it. In some cases,
bioleaching in a single step is sufficient, in other cases,
two-step leaching, with bioleaching followed by che-
mical leaching, is required, and in other cases, bio-
leaching can be combined with chemical leaching in a
single step. The variety of scenarios points to the need for
substantial experimental work on the use of bioleaching
to extract REEs from natural ores and industrial and urban
wastes. Each solid and each REE will behave differently,
and only experimentation can account for kinetic limita-
tions, such as the rates of dissolution and precipitation of
solid phases and the rate of diffusion of ionic species
through solids. One limiting factor found during building
up the modeling framework was that thermodynamic data-
bases lack information for many REE carbonates. This could
call for encouraging the researchers to develop a more com-
prehensive database for studying more REEs carbonate
through geochemical modeling.

With growing worldwide interest in finding new sources
of REEs and other CMs, there is a need to develop both new
processes to extract REEs and CMs from natural minerals
and waters, and also to recover REEs and CMs from indus-
trial and urban wastes. In this thesis, these three topics were
addressed. The approach taken involved reviewing scientific
and industrial literature to survey the approaches already
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attempted, and to identify the minerals and types of REEs
and CMs that are relevant and important. In this way, it
was identified that more work is needed on biological pro-
cesses for the extraction of REEs from silicate minerals,
and recovery of CMs from contaminated natural waters.
Furthermore, it was identified that geochemical modeling
is an attractive technique to be used as a proof-of-concept,
as it relies on thermodynamic analysis of geochemical
systems. Thermodynamically favorable processes are pro-
cesses that deserve more attention in an experimental
study, and thus geochemical modeling helps to identify
the most promising processing routes of (bio)hydrometal-
lurgy and bio-precipitation.
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