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Abstract: Demand for niobium and tantalum is increasing exponentially as these are essential in-
gredients for the manufacture of, among others, capacitors in technological devices and ferronio-
bium. Mine tailings rich in such elements could constitute an important source of Nb and Ta in the
future and so alleviate potential supply risks. This paper evaluates the possibility of recovering ni-
obium and tantalum from the slags generated during the tin beneficiation process of mine tailings
from the old Penouta mine, located in Spain. To do so, a simulation of the processes that would be
required to beneficiate and refine both elements is carried out. After tin carbothermic reduction, the
slags are sent to a hydrometallurgical process where at the end niobium oxide and tantalum oxide
are obtained. Reagents, water and energy consumption, in addition to emissions, effluents and
product yields are assessed. Certain factors were identified as critical, and recirculation was encour-
aged in the model to maximize production and minimize reagents use and wastes. With this simu-
lation, considering 3000 production hours per year, the metal output from the tailings of the old
mine could cover around 1% and 7.4% of the world annual Nb and Ta demand, respectively.

Keywords: coltan; niobium; tantalum; critical raw materials; technological metals; mineral pro-

cessing.

1. Introduction

Currently, our society relies on the use of different materials, and in particular metals,
for technology development [1]. The 20th century has been characterized by a drastic in-
crease in global material extraction and this trend is far from changing in the 21st century
[2]. In the last decades we have seen a considerable increase in the demand of certain
metals that are needed to manufacture electric and electronical components, some of
which are used in renewable energies, electric vehicles and digital devices [3,4]. These
devices have indeed become a part of our daily life and this trend is expected to continue
over the coming years [5].

There are many factors that are driving the importance of technology in society, such
as customer requirements. Some examples are the demand of more efficiency and better
experiences, the Internet of Things (IoT), Machine Learning (ML) or Artificial Intelligence
among others [5]. And this demand has to be combined with the one coming from clean
technologies. In the “Mission Innovation” signed in Paris in 2015, 20 countries agreed to
promote the acceleration of innovation on clean energies, to make them more affordable
and accessible to all and achieve the goals of the Paris Agreement and pathways to net
zero [6]. This, in turn, increased the investment of governments and deployment of re-
newable energies, a type of technology that requires a considerable amount of critical ma-
terials in the manufacturing process [7,8].
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In the end, the use and applications of electric and electronic equipment (EEE), both
in renewable energies and in other fields, is steadily growing as innovation has made de-
vices more efficient [9]. This development usually implies an increase in the number, and
variety, of the metals used [10,11]. On one hand, some metals have specific properties
which makes them unique for certain devices [12]. On the other hand, as the sales of mo-
bile phones, tablets and other devices increase, a larger amount of metals is needed to
produce them [4,13]. As a consequence, the amount of e-wastes is also considerably in-
creasing, being Europe an example, with a growth between 3-5% per year [14].

In the case of certain metals such as niobium (Nb) or tantalum (Ta), even if they are
used in small quantities on each device, the total amount of metals used at world level is
considerable. Moreover, niobium is an essential metal for the manufacture of ferroalloys.
The most important of these is ferroniobium, which contains between 60%-70% niobium
[15]. Itis also an element that forms part of high-strength low alloy (HSLA) steels [16].Both
metals were discovered centuries ago, still, they have only begun to be used in the last
decades for different applications. Currently, both are crucial for EEE and renewable en-
ergies. Their future availability could be dangerously compromised as the primary
sources, meaning the places where they are mined, are limited [17]. In fact, they are con-
sidered critical by many countries and institutions, as their current and future availability,
or the concentration of supply, could put at risk many economies [18-20].

In order to meet the ever-growing demand, alternative sources of niobium and tan-
talum are urgently required to avoid depletion and promote more sustainable mining.
The use of rich Nb and Ta rich tailings from old mines could constitute a promising alter-
native. For this reason, this paper explores the potential recovery of these two metals from
the zinc tailings of an abandoned mine in Spain. To that end, a virtual pilot plan modeled
with HSC chemistry was set and optimized to maximize its efficiency and identify costs
of chemicals, water, electricity or emissions.

2. Niobium and tantalum production and availability

According to the United States of Geological Survey (USGS), Brazil is the largest ni-
obium producer at world level, and this trend has been maintained over the last few dec-
ades (Figure 1). Only in 2020, this single country was responsible of 91% of the niobium
world production, followed by Canada (8%) [21]. Niobium reserves are also mainly con-
centrated in Brazil (95%) and Canada (3.5%), while the remaining are located in Angola,
Australia and South Africa, among others [22].
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Figure 1. Historical production of niobium in metric tons [21].

As for tantalum, one of the most valuable ores from which this metal is extracted is
coltan. Coltan is a mixture of two minerals, tantalite, where tantalum predominates, and
columbite, where niobium predominates. For this reason, coltan is also an important
source of niobium.
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More than 60% of tantalum reserves are hosted in Democratic Republic of Congo
(DRC), while the remaining are in Brazil and Australia [23]. DRC alone was responsible
for 40% of the total world production in 2020 [21]. Historical tantalum production can be
seen in Figure 2, clearly showing the predomination of Africa over other regions of the
world.

2000
1800

B .
1600 B
1400 I
1200 5 = m
1000 I B
800 i I = I
600 - -
500 W W
21
0

2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020

M Africa ® Brazil China Malasia M Australia ® Other countries

Figure 2. Historic production of tantalum in metric tons [21].

Africa plays thus a key role in tantalum production since it has been responsible for
more than the 60% of the global production on average in the last years. Before 2008, Aus-
tralia had an important market share, reaching almost 50% of the total world production
[24]. However, with the worldwide crisis that occurred in 2008, some of the biggest mines
in Australia suspended their activity due to financial difficulties, reducing its production
share in the global market in the following years [25].

The concentration of supply in DRC and Rwanda, countries that arguably do not
respect human and works rights, is a global concern [26,27]. Some of the most powerful
companies agreed to obtain every metal used in their devices from a trustworthy resource
[28]. To that end, a certificate can be provided to the end-user, claiming that the device
has been manufactured by companies that respect human and work rights, from the ex-
traction of the mineral until the device is sold [26].

Another alternative to overcome this situation of supply concentration is to find new
ways to obtain niobium and tantalum or new sources. For this endeavour, the slags gen-
erating during the tin beneficiation process in the Penouta mine (located in Spain) will be
analysed as a future source for both metals. Different geological studies were carried out
but the mine ceased its activity in the 1980s due to a decrease in tin price and depletion of
higher ore grade zones.

2.1. Penouta mine

The history of the Penouta mine goes back to the beginning of the 20t century, when
the area was first exploited and small amounts of cassiterite were extracted. Mining activ-
ity was then resumed in the 1960s and until 1971, becoming one of the most important tin
mines in Europe. During the last years of activity, around 1,600,000 t of rock were ex-
tracted, containing around 640 t of cassiterite and 170 t of tantalite concentrate [29]. This
deposit consists of a greisenized, altered and kaolinized granite mass enclosed in meta-
morphic rock, with disseminated cassiterite and columbo-tantalite [30].In the 215t century
new studies were carried out. Between the two zones analysed, resources estimates add
up to 11,910,402 t of ore, with a Sn and Ta content of 428 and 35 ppm, respectively. In 2020,
Strategic Minerals Spain resumed the mining activities in the area, becoming again the
only mine in Europe in which concentrates of Nb and Ta are recovered, but not yet refined.
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3. Methodology and data availability

3.1. Model for recovering Nb and Ta from slags

The aim of this study is to analyse the possibilities of the recovering process of Nb
and Ta from tin slags using a simulation of a metallurgical plant. Similar simulations using
the same software to recover metals from common rocks, such as iron, lead, zinc and gold,
have been carried out in previous studies [31-33].

As stated before, the Penouta tin mine was selected for the case study. Tin was ini-
tially obtained from cassiterite (SnOz), containing important concentrations of Nb and Ta
that could be economically profitable to recover [34]. The slags obtained after the first
metallurgical process still have an important concentration of Nb and Ta. Until now, they
have remained in the tailings as they could not be beneficiated when the mine was oper-
ating, yet they constitute an valuable source of such commodites.

The processes required for niobium and tantalum recovery were already studied by
different authors in previous studies, establishing the initial concentration for the three
metals considered [34-37]. As niobium and tantalum, have similar chemical and physical
properties, their separation and purification processes are considerably difficult [36]. Still,
they can be recovered from the slags generated after a carbothermic reduction [37,38].
Additionally, recent investigations driven by research groups at CSIC developed a pro-
cess at lab scale to recover Nb and Ta by solvent extraction from Sn-Ta-Nb mining tailings
that has also been the seed of this study [38].
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Figure 3. Flowsheet of the process used to recover Sn along with Nb and Ta from the slags.
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Figure 3 shows the flowsheet of the processes used to recover the three metals gen-
erated with HSC Chemistry. The process starts with the tailings coming from a particular
mine with Sn-Nb-Ta, in our case, Penouta. It is important to mention that before the be-
ginning of the process, comminution is needed to reduce the rock coming from the tail-
ings, for this, jaw crusher and ball mills are used. The particle size is then reduced to 200
pum and sent to the feed of the metallurgical process. Next, it is necessary to proceed with
pre-concentration in the industrial plant. After mixing the minerals of the feed with some
additives, they are sent to the carbothermic reduction to start the purification of metals
[37]. Carbothermic reduction is applied to separate Sn from other oxides.

At this point, Sn is obtained with a concentration higher than 96%, while the slags
contains a significant concentration of Ta and Nb, 25% and 21%, respectively [37]. As the
final product should be 99.99% Sn, it is necessary to apply an electrorefining process in
order to increase its concentration. To that end, an electrolyte of H2S5O4is prepared in order
to separate impurities from Sn, increasing its concentration to the desired value [37].

On the other hand, slags are sent to different units to extract Nb and Ta. The feed is
first sent to the leaching unit, obtaining solid wastes and another output in aqueous phase,
which ends in the liquid-liquid extraction unit. It is then mixed with organic additives,
discarding the leaching aqueous phase and redirecting the organic phase output into the
stripping unit. Additionally, NHs and NH4F are added since this is the unit where Nb and
Ta will be separated. By using these additives, a new enriched Nb aqueous phase is
formed, finishing in the precipitation unit. Meanwhile, the other output, still in organic
phase, is sent to a new stripping unit to convert it into an aqueous phase too. It follows
precipitation for both feeds, aiming at eliminating any impurities before continuing with
the last phase of the process, calcination. Calcination is used to eliminate the undesired
water and humidity, recovering at the end of the whole process Nb with a concentration
close to 99% and Ta with a concentration of 78%.

It is important to mention that there are also several recirculation units and that vast
number of reagents are needed for this whole process. To reduce the total use of chemicals,
feeds are recirculated and introduced again in the units when possible. One example is
the “mixing Cyanex 923" unit, where 95% of the total Cyanex 923 is recirculated in order
to maximize its use. Another one is the “mixing KF” unit. It is not possible to use 100% of
this reagent due to the conditions needed in the extraction of tantalum. For that reason, a
recirculation of 65% is assumed, thereby re-using it as many times as possible.

Other authors have studied the recovery of such elements using different chemicals
in order to separate Ta and Nb during the leaching and the solvent extraction process
[39,40]. However, the study proposed in this paper reflects an increase of the recovery
ratio in comparison with the literature review, obtaining higher amounts of both minerals
at the end of the refining process.

Once the initial model of the treatment plant is ready, a preliminary analysis of the
different inputs needed to purify the three main metals present in this mine (Sn, Nb, Ta),
as well as a thermodynamic analysis for a future implantation of the metallurgy plant, is
undertaken.

3. Results

To proceed with the scale up of the process validated at lab scale, a specialised soft-
ware called HSC Chemistry has been used, which allows to assess costs and optimise the
processes [41].

To run the simulation, the first step is to determine the amount of rock per hour to
be treated. Although different feeds have been analysed, 1 ton per hour (tph) has been
chosen as the initial feed. This number is in accordance with the size and capacity of the
mine. After setting up all equipments, flows and reactions taken place, the amounts of
reagents needed for the whole process (and for each unit) as well as outputs of metals and
electricity used, among other factors were obtained, as described in the next sections.
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3.1. Reagents and water used

Table 1 shows information about the flow rates of the different reagents introduced
in the system.

A vast number and amount of chemicals are used in the aforementioned process to
recover Sn, Nb and Ta. Nonetheless, sulphuric acid is the most used reagent, with 2.03 t/h.
This is something that is consistent with the beneficiation process used, as an electrolyte
is needed to process more than 0.5 t/h of Sn in order to increase its concentration to 99.99%.

Table 1. Amount of reagents introduced [in t/h].

Borax Limestone Coke HF H2504 Cyanex 923
0.14 0.20 0.23 0.49 2.03 0.07
Solvesso NHF NH; KF Natural gas
0.12 0.11 0.66 0.03 0.03

The type of reagents used in each metallurgical unit has also been analysed (Figure
4). This way, it is possible to compare which reagents are used on each specific part of the
whole process and their share with respect to the total use on each unit. Using this figure,
the units that could be investigated to minimise the use of chemicals stand out.

In this case, it is possible to see how the carbothermic reduction is the unit where a
greater number of different reagents are introduced (borax, limestone and coke). Moreo-
ver, the liquid-liquid extraction process also stands out as a crucial unit since the phase
changes from aqueous to organic. Specifically, it is the only unit what uses Solvesso (sol-
vent) and Cyanex 923(extraction agent). Additionally, HF is only used in the leaching unit
and KF in the precipitation of tantalum. On the other hand, NHs is used in three different
units, stripping 1 and 2 and precipitation.
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Figure 4. Share of reagents needed in each unit of the treatment and beneficiation process of Sn, Nb
and Ta.

Among the materials used during the beneficiation process, water is the highest in-
put in the system with almost 12 t/h, which is a common rate used in metallurgical pro-
cesses [42].

Of these 12 t/h of water needed, almost half (5.12 t/h) are used in the electrorefining
unit (Figure 5). The second unit where more water is required is in the stripping because
of the high volumetric relation between the organic and the aqueous phase.

Sn Nb & Ta
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Figure 5. Water requirements in the beneficiation process of Sn, Nb and Ta [in t/h].

3.2. Metal output

At the end of the process, the metals obtained are tin, niobium, and tantalum. Table
2 shows how much metal is recovered with a feed of 1 t/h of ore. The main difference
between these metals is that tin is recovered after two metallurgy processes using a very
small amount of reagents. A total of 0.50 tons of tin are recovered per hour and consider-
ably lower amounts of Nb and Ta. On the other side, niobium and tantalum are recovered
as by-products. Their initial concentration is very small, and a higher number of processes
and chemicals are needed to purify them.

Table 2. Metal output [in t/h].

Metal Amount
Sn 0.45
Nb 0.03
Ta 0.05

3.3 Electricity consumption and gas emissions

The electricity required for the hydrometallurgy processes as well as the gases gen-
erated during them are also considered in the study.

Electricity is needed during the process to move the blades that are in charge of mix-
ing the reagents with the feed [43]. During the simulation with HSC, it is not possible to
directly obtain figures on electricity consumption as this parameter is related to the feed
introduced and the size of the units. However, some authors state that an average value
could be between 0.05 and 0.1 kW/m?3[44].

Since the volume of every hydrometallurgy unit is known, it is then possible to cal-
culate the electricity needed for our process, choosing the highest electricity consumption
value (see Table 3).
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Table 3. Electricity needed on each unit.

Unit Electricity [kW]
Electrolyte mix 1.062
Leaching 0.416
Liquid-Liquid extraction 0.842
Stripping 0.959
Precipitation 0.515
Mixing reagents 0.428
Stripping 2 0.858
Mixing Cyanex 923 0.421
Precipitation Ta 1.31
Mixing KF 1.301

The highest energy values correspond to the units that precipitate and recirculate Ta.
This is in line with the results obtained during the simulation, since the volumetric relation
between H2O and the reagent used to precipitate Ta is very high. Consequently, recircu-
lation units must be similar to the previous units, since the amount of feed introduced is
within the same order of magnitude, and therefore, it will have a high energy consump-
tion.

According to some studies, the electricity needed to send tin to electrorefining could
be between 150-200 kW/t-tin [45]. Therefore, with the amount of pure Sn obtained in our
simulation, the electricity needed would be in the range of 75-100 kW.

As for gaseous emissions, mainly CO and CO: are generated predominantly in three
units: carbothermic reduction, Nb calcination, and Ta calcination (Table 4). In the car-
bothermic reduction, as it is necessary to increase the temperature to 1200°C so that the
process can occur, 0.23 t/h (around 24% of the feed) of coke is introduced, producing 0.84
t/h of CO2 emissions to the atmosphere. Additionally, both Nb calcination and Ta calcina-
tion also need a temperature of 1200°C to eliminate the humidity from the feeds. In these
cases, 0.02 and 0.01 t/h of natural gas are introduced in the Nb calcination unit and Ta
calcination unit, respectively. Compared to the emissions of the carbothermic reduction,
they have almost negligible gas emissions to the atmosphere.

Table 4. Gases emissions per unit [in t/h].

Output Gases Carbothermic Calc. Nb Calc. Ta
CcO 0.06 0.003 0.005
CO: 0.84 0.05 0.013

3.4. Analysis of the results

To analyse the results, the amount of rock extracted from the mine and the metals
obtained at the end of the process must be considered. After processing one ton of ore
coming from the Penouta mine, around 0.5 tons of metals are recovered, the vast majority
corresponding to tin.

As mentioned, several metallurgical processes are needed to purify Nb and Ta from
that ore. Various reagents must be mixed with the feed to produce changes in the phases
and separate them so that they finally end up precipitating in the form of almost pure
metal. At the end of the simulation, to obtain 30 kg of Nb and 50 kg of Ta, more than 3000
kg of chemicals have been used to reach full separation. Moreover, the amount of water
needed in the process is not negligible either. Around 12,000 kg of water have to be used
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to process one ton of ore, of which around 6,000 kg are needed in the electrorefining pro-
cess to purify tin. The rest is used in the remaining processes to concentrate Nb and Ta.

As seen in Figure 3 and after analysing the costs associated with the reagents, it was
determined that different recirculation units should be incorporated. Particularly, we in-
troduced five units that recirculate reagents and water. These units are crucial as the re-
quirements of chemicals could increase up to 50% if there were no recirculation.

Additionally, a final unit named “treatment waste” was included in the simulation.
All the undesired outputs are recirculated to this unit to proceed with a further treatment
and decrease the overall environment impact of the plant. Treatment waste unit receives
huge amounts of residues from different units, as the simulation discards an elevated
quantity of water and reagents.

Table 5 shows the most abundant reagents that reach this unit. This can be used to
better understand the importance of waste treatment as more than 8,000 kg/h of water are
discarded and mixed with other substances.

Table 5. Certain reagents that end in the treatment waste unit [in kg/h].

Variable Amount
H20 11,510
HF 370
H2SO4 2,030
CaF2 80

According to the results obtained during the simulation, the percentage of recovery
at the end of the process from the rock is 45%, 3% and 5% for Sn, Nb and Ta, respectively.
However, if only tin slags are considered, values for Nb and Ta increase significantly,
reaching values close to 50% for niobium and more than 56% for tantalum. These values
are considerably higher than those that can be found in literature [46].

4. Discussion and conclusions

The results obtained from the simulation are very promising since the recovery of
niobium and tantalum after tin beneficiation has been demonstrated to be possible. Fur-
thermore, even if the Penouta mine was mainly aimed at obtaining tin, both metals could
also be extracted from the slags as by-products with current available technology. Con-
sidering that current demand of pure Nb in 2017 was 6,400 tons while the demand of Ta
was 2,079 tons, according to our simulation, the metal output from the mine could repre-
sent more than 1% and 7.4% of the annual market share for Nb and Ta, respectively, as-
suming 3,000 h production hours in a year. These values represent a moderate scenario,
since the input introduced could be higher than 1 t/h of rock depending on the capacity
of the mine and ore quality. Additionally, these 3,000 h of production hours in a year could
also increase, depending on different factors such as different working shifts, working
days in the year, etc., being able to run the factory many hours during a year.

The main disadvantage found in the simulated process is the amount of chemicals
that are required, as well as the use of water in the process. This issue could affect the cost
effectiveness of a future processing plant. Additionally, the environment impacts related
with all the reagents discarded should also be closely monitored and find ways to reduce
or mitigate them. An example is the Ta precipitation unit. Despite water humidity and KF
being almost 65% recirculated, due to the volumetric relation, high amounts of water are
needed and a big part of this humidity is discarded and hence lost. Another critical unit
is where the phase changes, in the “Liquid-Liquid extraction” unit. In this unit, an organic
phase is introduced and an important amount of water and other elements in the water
phase end up being discarded.

Until now, in Penouta, Nb and Ta ended up in tailings, but we have proofed that
there are ways to recover a very significant amount of these elements annually. Looking


https://doi.org/10.20944/preprints202109.0308.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 17 September 2021 doi:10.20944/preprints202109.0308.v1

for new and more sustainable paths to get the most out of the mines and recover metals
more efficiently could be a way to overcome future shortages of elements, mineral deple-
tion and decreasing ore grades, without compromising the environment.
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