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RESUMO

Escéndio é um dos elementos presentes na lista de metais terras raras, sendo o mais
valioso entre eles. O elemento € amplamente utilizado em ligas leves de aluminio,
aparelhos eletrénicos, lasers, iluminagdo e células de combustivel de 6xido sélido
(SOFCs). Escandio e todos os elementos terras raras sao considerados criticos pela
Unido Europeia, Brasil e pelos EUA devido aos riscos de interrupgdo na cadeia de
fornecimento, importancia econdmica, reservas limitadas, baixa taxa de reciclagem e
praticamente insubstituivel na aplicacdo de tecnologias verdes. Por esta razao, é
essencial o estudo de rotas extrativas de escandio a partir de novas reservas para
desenvolver um processo economicamente e tecnicamente viavel. Assim, a demanda
atual e crescente de um elemento crucial para o desenvolvimento de uma sociedade
sustentavel pode ser atendida. Bauxitas sdo consideradas a principal fonte de
escandio no mundo, o qual € a matéria-prima para producéo de alumina pelo processo
Bayer. Apos a extracdo da alumina, praticamente todo o escandio vai para o residuo
gerado no processo conhecido como residuo de bauxita (ou lama vermelha). Estima-
se que pelo menos 4 bilhdes de toneladas do residuo estdo armazenados em
barragens no mundo, contendo 30-100mg/kg de escandio, o que pode valer entre
US$400 — 4,500 bilhdes. O elemento representa 95% do valor econdmico do residuo.
Zirconio é reportado como o segundo mais valioso. A literatura tem mostrado que
fontes contento acima de 20mg/kg merecem exploragcdo devido a viabilidade
econdmica. Ainda, a descoberta de novas reservas primarias € crucial para atender a
demanda de escandio. Entre as técnicas de extragdo, a rota hidrometalurgica atinge
as maiores taxas de extracao principalmente em concentracdes traco. Por outro lado,
hé& dois problemas principais: a sintese de silica gel que reduz a extragédo de escandio
e aumenta o consumo de acido, e a separacdo de escandio dos contaminantes. Por
esta razao, o objetivo desta tese foi estudar a extracdo de escandio de duas reservas
nao exploradas: residuo de bauxita de um processo Brasileiro e do minério silicatado
de uma fonte Canadense. Técnicas de lixiviacdo e de separacdo foram estudadas. A
caracterizacdo dos materiais foi realizada por difracdo de raios-X, fluorescéncia de
raios-X por energia dispersiva, distribuicdo granulométrica, microscopia eletrénica de
varredura acoplado com energia dispersiva, perda ao fogo, carbono organico total, e
espectrometria de emissao 6tica com plasma indutivamente acoplado. Experimentos
de lixiviacdo do residuo de bauxita foram realizados usando H2SO4 e H3POa4, onde o
efeito da relacdo sdlido-liquido, tempo, temperatura, dosagem de H202, e
concentracdo de acido foram avaliados. Lixiviacdo direta e digestao a seco/sulfatacao
seguido por lixiviagdo com agua foram estudados para extracdo de escandio do
minério a base de silicato usando H2SOa4. O efeito da dosagem de é&cido e da
temperatura de calcinacdo também foram estudados. A técnica de extracdo por
solventes foi estudada para separacdo de escandio usando Alamine 336, D2EHPA, e
Cyanex 923. O efeito do pH, temperatura, concentracéo de extratante, mistura com
TBP e relacado A/O foram explorados. Resultados mostraram que a concentragéo de
escandio e zirconio foi de 43.5mg/kg e 1329.8mg/kg, respectivamente, e 36.4% de
Fe20s, 23.3% de Al203 21.6% de SiO2. As principais fases minerais foram quartzo,
sodalita, gibbsita, goetita, hematita, boehmita e gibbsita. Teores de escandio e zirconio
minério a base de silica foi 191mg/kg e 8,090mg/kg, respectivamente. O material
continha 36.3% de Fe203, 4.61% de Al20s3, e 39.4% de SiO2. As principais fases
minerais era dickite, ferrohornblende, fayalite, hedenbergite e albite. A extracdo de
escandio residuo de bauxita atingiu 92% usando H2SO4 20%, relacdo solido-liquido
igual a 1/10 for 8h e 90°C. Houve praticamente 0% de lixiviagdo de silicio. O H202 teve



pouca contribuicdo na formacéo de dioxido de silicio durante a lixiviacdo acida do
residuo de bauxita. As taxas extracdo na lixiviagdo com HsPOas foram similares a
lixiviagdo com H2SO4, onde a eficiéncia de lixiviagdo de escandio, aluminio, e ferro
atingiu 90%, enquanto que silicio foi de 13%. A extracdo de metais valiosos do minério
a base de silicato por lixiviagdo direta aumentou de 40% (25°C) para 80% (90°C). A
extracao de escandio por lixiviagao direta e por sulfatacado seguido por lixiviagdo com
agua foi de 13,5% e 5,6%, respectivamente. Todo zirconio foi separado da solucdo
usando Alamine 336 10% em querosene, relacdo A/O igual a 1:1, pH 1.0 por 15min a
25°C. Nao foi observado efeito sinérgico entre o extratante amina e o TBP. Cyanex
923 foi mais seletivo para escandio do que para D2EHPA, onde o fator de separacao
para Sc/Fe foi de 288 e 99, e Sc/Ti foi de 98 e 21.5, respectivamente. A eficiéncia de
reextracdo do zirconio foi de 92% usando Na2COs para concentracdo acima de
0.25mol/L. A etapa de lavagem pode ser realizada por HCI 5mol/L com perda de
escandio de 0.1%. Todo o escandio foi extraido da fase organica usando HsPOa4
5mol/L. A extracdo de escandio e zirconio (como coproduto) atingiu 92% e 25%,
respectivamente. De acordo com o fluxograma proposto, seria possivel obter 4kg de
escandio e 31.9kg de zirconio a partir de 100 toneladas de residuo de bauxita. O
processo poderia gerar cerca de US$ 46.626 de oOxido de escandio ou US$
1.940.980.00 de fluoreto de escandio. O processo desenvolvido e a presente tese
estdo estritamente ligados aos objetivos para o desenvolvimento sustentavel nimero
7(7.2,7a),8(8.2,8.4),9(9.2,9.4,95,9b), e 12 (12.2,12.4, 12.5, 12.6, 12a).

Palavras-chave: ODS; metais criticos, lama vermelha; residuo de bauxita; residuo de

mineragao.



ABSTRACT

Scandium is one of the elements presented in the list of rare earths metals, being the
most valuable among them. It’s widely used in lightweight aluminum alloys, electronic
devices, lasers, lighting, and solid oxide fuel cells (SOFCs). Scandium and all rare
earth elements are considered critical by the European Union, Brazil, and the USA due
to the risk of supply chain interruption, economic importance, limited resources, low
recycling rate, and practically irreplaceable in green technologies application. For this
reason, it is essential the study of extractive route of scandium from new resources to
design an economic and technological feasible process. Therefore, the current and
growing demand of an element crucial to the development of sustainable society will
be met. Bauxites are considered the main source of scandium in the world, which are
the raw material for alumina production by the Bayer Process. After alumina extraction,
almost all scandium went through the residue generated called bauxite residue (or red
mud). It’s estimated up to 4 billion tons of the residue are stored in dams worldwide
containing 30-100mg/kg of scandium, which may value between US$400 -
4,500billion. The rare earth element would represent 95% of the economic value of the
residue. Zirconium is reported as the second most valuable. The literature has shown
that sources containing more than 20mg/kg deserve exploration due to their economic
feasibility. Moreover, the discovery of new primary reserves is crucial for its supply.
Among the extraction techniques, hydrometallurgy achieves the highest scandium
obtaining rates mainly in trace concentration. On the other hand, there are two main
problems: the synthesis of silica gel which reduces scandium extraction and increases
the acid consumption, and the separation of scandium from the contaminants. For this
reason, the goal of the thesis was the study of scandium extraction from two sources
unexplored: bauxite residue from a Brazilian process and silicate-based ore from a
Canadian source. The leaching process and separation by solvent extraction were
studied. The materials' characterization was carried out by X-ray diffraction, energy-
dispersive X-ray fluorescence, particle size distribution, scanning electron microscopy
coupled with energy-dispersive, loss of ignition, total organic carbon, and inductively
coupled plasma atomic emission spectrometry. Leaching experiments of bauxite
residue were carried out with H2SO4 and H3POa, where the effect of solid-liquid ratio,
time, temperature, H202 dosage, and acid concentration were evaluated. Direct
leaching and dry digestion/sulfation followed by water leaching were studied for
scandium extraction from silicate-based ore using H2SOa4. The effect of acid dosage
and the roasting temperature was also evaluated. Solvent extraction technique was
studied for scandium separation using Alamine 336, D2EHPA, and Cyanex 923. The
effect of pH, temperature, extractant concentration, TBP mixture, and A/O ratio were
explored. Results show that scandium and zirconium content in bauxite residue was
43.5mg/kg and 1329.8mg/kg, respectively, and 36.4% of Fe203, 23.3% of Al203 21.6%
of SiO2. The main mineral phases of the residue were quartz, sodalite, gibbsite,
goethite, hematite, boehmite, and gypsum. Scandium and zirconium content in the
silicate-based ore was 191mg/kg and 8,090mg/kg, respectively. The material had
36.3% of Fe20s3, 4.61% of Al203, and 39.4% of SiO2. The main mineral phases of the
silicate-based ore were dickite, ferrohornblende, fayalite, hedenbergite, and albite. The
extraction of scandium from bauxite residue achieved 92% using H2S0a4 20%, solid-
liquid ratio equals 1/10 for 8h at 90°C. Almost 0% of silicon was leached. The H202
little contributed to silicon oxide formation during the acid leaching of bauxite residue.
The extraction rates in HsPOa4 leaching were similar to H2SO4 leaching, where the
efficiency for scandium, aluminum, and iron achieved up to 90%, while silicon was



13%. The extraction of the valuable elements from the silicate-based ore by direct
leaching increased from 40% (25°C) to 80% (90°C). The extraction of scandium from
direct leaching and sulfation followed by water leaching was 13.5% and 5.6%,
respectively. All zirconium was separated from the solution using Alamine 336 10% in
kerosene, A/O ratio equals 1:1, at pH 1.0 for 15min at 25°C. No synergic effect was
observed between amine extractant and TBP. Cyanex 923 was more selective for
scandium than D2EHPA, where the separation factor for Sc/Fe was 288 and 99, and
Sc/Ti was 98 and 21.5, respectively, considering 10% of organic extractant, A/O ratio
equals to 1:1 at 25°C for 15min. Stripping of zirconium achieved 92% using Na2CO3
for concentration above 0.25mol/L. Scrubbing of Cyanex 923 for contaminants removal
may be carried out with HCI 5mol/L with losses of 0.1% of scandium. All remained
scandium may be stripped using HsPOs4 5mol/L. The extraction of scandium and
zirconium (as co-product) reached 92% and 25%, respectively. According to the
flowchart proposed, it would be possible to obtain 4kg of scandium and 31.9kg of
zirconium from 100 tons of bauxite residue. The process would generate up to US$
46,626 of scandium oxide or US$ 1,940,980 of scandium fluoride. The process design
and this thesis are strictly connected to the sustainable development goals humber 7
(7.2, 7a), 8 (8.2,8.4),9(9.2,9.4,9.5,9b),and 12 (12.2, 12.4, 12.5, 12.6, 12a).

Keywords: SGDs; critical metals; red mud; bauxite residue; mining waste.
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1. INTRODUCTION

The list of rare earth elements (REE) are scandium, yttrium and the elements
of lanthanide group, which are included together due to their chemical similarity [1].
The group is divided into the light rare earth elements, consisting of lanthanum to
europium, and heavy rare earth elements, from gadolinium to lutetium. Yttrium exhibits
similar characteristics of the heavy elements. Scandium, on the other hand, may be

classified in none of them as it bears different properties [2].

Among these elements, scandium is the most valuable (Table 1). Its
application are found in light-weight aluminum alloys, electronic devices, lasers,

lighting [3] and as a key component of certain solid oxide fuel cells [4].

Table 1: Examples of rare earth element (oxides) price in US$/kg [3,5,6]

Compound Price (US$/kQ)

CeO2 2

La20s 2

Nd203 47

Y203 3

PreO11 75
Sm203 6

Gd20s3 24
Dy203 180
Sc20s 3,800

Scandium and all REE are considered critical by the European Union and most
countries around the world, such as the U.S.A. (U.S. Department of Energy) and Brazil
[7,8]. For instance, in European Union, the light and heavy rare earth elements are
considered the most critical among all materials in the list of critics. while scandium is
considered more critical than cobalt, graphite and lithium (crucial for electric car
batteries [9,10]), platinum group metals, indium and silicon metal (important for

photovoltaic panels [11,12]), and also silver and gold [13,14].
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Scandium is included, as well as magnesium, niobium, germanium and
borates, in the group of high critical elements, while the light and heavy rare earth
elements are present in the group of very high critical [15]. It means that these
elements have a risk of interruption of supply in the short and medium-term owing to:

i) high economic importance;

i) high control of resources by a few countries;
iii) practically irreplaceable;

Iv) application in green technologies; and

iv) low recycling rate.

To the world, scandium is deemed extremely important for their development
for materials and metallurgy sector, civil and military drones and 3D printers’
production, and digital sector to different areas including defense and space, e-mobility
and renewable energy [16]. At the same time, the element has the highest potential for
transformation market growth, driving to the necessity of efforts to avoid risks on supply
interruption. While the REE recycling rate is between 3% and 8%, the recycling rate
for scandium is zero [17,18]. The criticality of Sc and REE’s, future market potential
and low recycling rates highlights the need to search for and invest in recycling
technologies in addition to new sources and more efficient primary extraction and

refining methods.

The main primary scandium resources are the thortveitite and lolbeckite ores
((Sc,Y)2Si207), which contain up to 45% of Sc203. This scandium silicate-rich ore
contains also yttrium, REESs, iron, aluminum, thorium, zirconium, and alkaline earths,
which is restricted in quantity and sources. Mine processes from Madagascar and
Norway produce scandium from thortveitite, and in the USA it is obtained from
thortveitite tailings [19,20].

A process patented by Baptiste (1959) describes scandium extraction by
fractionation sublimation in chloride medium, to obtain ScCls. The process consists of

heating to 950°C the ore mixed with a carbon source. Then, dry chloride is passed
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over the mixture. The sublimation temperature of scandium and yttrium chloride are
967°C and 1507°C, respectively. Silicon, titanium, aluminum, iron, and zirconium
chlorides sublimation temperatures are, respectively, 57°C, 136°C, 180°C, 310°C, and
331°C. The gases go through a refractory tube where the temperature of its
downstream does not fall below 400°C. According to the patent, scandium oxide can
then be obtained by precipitation using ammonia into the oxide from anhydrous
scandium chloride [21]. Scandium can also be obtained from thotvellite using ammonia
bifluoride at 400°C in a stream of dry air [19]

Minerals with appreciable concentrations scandium are rarely found which
make its extraction as primary source limited. It is estimated that only 400kg of
scandium is obtained from primary sources, and the remaining 2000kg is obtained as

a secondary source [20].

The main scandium resources worldwide are in Australia, Canada, China,
Kazakhstan, Madagascar, Norway, the Philippines, Russia, Ukraine, and the USA
while the main producers are China (66%), followed by Russia (26%) and Ukraine (7%)
[17,22]. Due to Chinese control of the REE market, and the market crisis in 2011 [23—

25], researchers have been looking for new sources, mainly for scandium.

In Australia, several mining companies are in various stages of development
for new scandium supply. The Nyngan project in New South Wales is under
development, where the reserves are estimated in 590 tonnes of scandium (155ppm
of Sc) from 1.44 million tonnes of ore. It is expected to produce 39 tonnes per year of
scandium oxide starting in 2020. The Syerston project, also in New South Wales, is
under development, which contains 19,200 tonnes of scandium (300ppm). In
Queensland, the Scandium-Cobalt-Nickel (SCONI) Project was finishing its economic
feasibility study, which expects to obtain 3,000 tonnes of scandium from 12 million

tonnes of mineral resource (162ppm) [22].

Associated with the availability of scandium, environmental issues related to
the extraction processes has been concerning all stakeholders and put a focus on
using the most sustainable techniques [26]. For example, the risks of dam accidents
have been highlighted in the last years, as two of them occurred in Brazil (2015 and

2018) [27-31], and, due to the relatively low grades, a high amount of waste material
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would be generated from a scandium ore if no other by-products are produced.

Accordingly, the reuse of mining tailings is gaining importance.

Leading with all those aspects, the United Nations (the U.N.) released 17
Sustainable Development Goals (SDG) to be achieved by 2030 [32], focuses on
objectives on three dimensions of sustainable development which are to achieve global

peace, justice, and international collaboration:

1) Economic development;
2) Social inclusion;

3) Environmental sustainability

The same approach can be applied in mining and metal processing industries,
considering aspects of safe work, social issues, economics and the environment [33].
Nonetheless, it is well known that extractive activities are considered non-renewable.
Thus, scientific and technical developments are carried out in order to make the
processing more ecofriendly with respect to environmental issues such as tailings
volume and toxicity; energy use and CO2 emissions as well as the impacts of reagents
in the extractive processing stages.

Among the sources of scandium worldwide, bauxite residues (also known as
red mud) are considered important due to two main reasons: first, the volume of waste
material produced in the world achieved 4 billion tons in 2015, which have been
considered an important source for many elements, not only scandium; second, the
content of rare earth elements presented in bauxite residues are considered enough

to deserve consideration for potential by-product recovery [20,34].

Moreover, among the potential resources of rare earth elements there are
silicates and oxides. In the case of silicate-based ores, there is a lack in the literature
due to scarcity. However, due to the growing demand for rare earth elements, these
reserves have been considered even with lower rare earth elements than recognized

minerals [35].

There are only a few works in the literature about direct leaching or acid baking

of rare earth elements from silicate-based ores, probably because such minerals are
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less common than phosphates (Monazite and Xenotime) and carbonates (Bastnasite)
[35]. Moreover, there also a few works in the literature dedicated to scandium
extraction from silicate ores. However, since the consumption and demand of
scandium has grown over the years, it is necessary to search for new potential

resources.

For this reason, it is essential the study of extractive route of scandium from
different sources to supply the current and growing demand of an element crucial to

the development of sustainable society.

The goal of the thesis was the study of scandium extraction from two different
sources: bauxite residue, widely known as a scandium resource, and silicate-based
ore, which there is a lack in the literature. The structure of the thesis is depicted in

Figure 1.

This document presents five manuscripts submitted to scientific journals. The
literature review has been published in the Minerals Engineering journal [36] and it is
presented in Section 2.1. This paper aims the evaluation of scandium extraction from
three different sources - primary, secondary and opportunities — focusing on clean
technologies and eco-friendly processing to achieve goals 7, 8, 9, and 12 of the 17
sustainable development goals (SDGs) of the United Nations. The question “is it
possible to have an ecofriendly process for scandium extraction?” - worldwide debated
— was answered providing diversified opportunities for scandium extraction,

demonstrating that the current development would achieve these goals.

The Results and Discussion section of the present thesis is divided into four
manuscripts. The paper is presented in section 5.1 shows the results for
characterization of bauxite residue used in the current thesis, as well as the studies for
recovery of scandium by the leaching/ion-exchange process. The manuscript has been
published in the Mining, Metallurgy & Exploration journal [37]. Scandium recovery
using a leaching/ion exchange process may be possible with efficiency higher than

90%. The greatest challenge is the occurrence of silica gel formation during leaching.

Section 5.2 presents the results for leaching experiments of bauxite residue
evaluating the synthesis of silica gel. Also, the goal of this study was obtaining a near-
zero-waste process, where the final waste (leaching residue) could be used in other

process. It was studied the leaching agents sulfuric acid and phosphoric acid through
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the parameters time, solid-liquid ratio, temperature and acid concentration. It was
explored in-depth the use of H202 to suppress the silica gel synthesis, where the effect
of oxidant agent was explored. The manuscript has been published in the Journal of
Sustainable Metallurgy [38].

The manuscript presented in Section 5.3 depicts the extraction results of
scandium and rare earth elements from silicate-based ore by direct leaching and dry
digestion/sulfation followed by water leaching. There are almost none studies

published in the literature reporting extraction of rare earth elements from silicate ores.

The Section 5.4 shows the results of solvent extraction experiments from the
bauxite residue leach solution. It is proposed the separation of scandium using Cyanex
923 and zirconium using Alamine 336. As depicted in the section 5.2, the rare earth
elements represent 95% of the economic value of the solution, while zirconium
represents up to 3% (the second most valuable). For this reason, it is proposed their
recovery to improve the economic benefits of bauxite residue recycling. The
manuscript has been published in the Separation and Purification Technology journal
[39].

Finally, the conclusions of the manuscripts are presented in section 6
numbered. In addition to these manuscripts, it was published the following works about

the topic of this thesis:

- Botelho Junior AB, Pinheiro EF, Espinosa DCR, Tendrio JAS, Baltazar M dos
PG. Adsorption of lanthanum and cerium on chelating ion exchange resins: kinetic and

thermodynamic studies. Separation Science and Technology, 2021 [40];

- Botelho Junior AB, Espinosa DCR, Tenorio JAS. The use of computational
thermodynamic for yttrium recovery from rare earth elements-bearing residue. Journal
of Rare Earths, 2021 [41].
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1.1. SCIENTIFIC CONTRIBUTION
For this thesis, it is proposed the scandium recovery from bauxite residue. The
choice of this residue for the thesis proposal is related to the 17 SDGs, mainly due to
the use of an industrial waste as resource of scandium. The extraction of scandium
from bauxite residue may achieves the following SDGs: 7 (affordable and clean energy
— targets 7a and 7.2), 8 (decent work and economic growth — targets 8.2 and 8.4), 9
(industry, innovation, and infrastructure — targets 9.2, 9.4, 9.5 and 9b) and 12

(responsible, consumption and production — targets 12.2, 12.4, 12.5, 12.6 and 12a).

The SDG 7 in the present study is related to the increase demand for
scandium in energy production (Single-crystal gadolinium— aluminum-scandium
garnet (GASG) doped with nickel and chromium and production of metal halide lamps
by the lighting industry, for instance [1]). The targets 9.4, 12.4 (the indicator 12.4.2),
12.5 and 12.6 are strongly related to the scandium recovery from mining waste [42].
Table 2 presents the targets related to the present thesis and their relation with

scandium source studied.

The flowchart for scandium recovery from bauxite residue proposed in this
thesis is presented in Figure 2. First, the bauxite residue is leached by H2SO4 or H3PO4
for scandium extraction generating a leach residue rich in SiO2. In the present study,
it was identified the possible use for the construction sector [43,44], titanium recovery

[45], or production of zeolites for wastewater treatment [27,46].

For the sake of optimized leaching conditions in both H2SO4 and H3POa
leaching was: 20% of acid concentration, solid-liquid ratio equals to 1/10, 90°C and
8h. The rare earth content varies from 2.4mg/L (scandium) to 27.6mg/L (cerium). The
main elements in the solution are iron (up to 11,000mg/L) aluminum (up to 6,000mg/L)
and sodium (up to 3,100mg/L). Calcium content differs according to the leaching
agent, as a part of the element precipitates in the H2SO4 leaching as sulfate. The
HsPO4 leached more silicon than H2SO4 — 454mg/L and 7.4mg/L, respectively — as
well as titanium — 312mg/L and 200mg/L.
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Table 2: The Sustainable Development Goals related to the scandium sources studied

SDGs  targets baqxite silicate
residue ore
7 By 2030, increase substantially the share of renewable energy in the global energy mix X X
’ 7.2.1 Renewable energy share in the total final energy consumption
7 By 2030, enhance international cooperation to facilitate access to clean energy research and technology, including
7a renewable energy, energy efficiency and advanced and cleaner fossil-fuel technology, and promote investment in X X
energy infrastructure and clean energy technology
Achieve higher levels of economic productivity through diversification, technological upgrading and innovation,
8.2 . . . ) ; X X
including through a focus on high-value added and labour-intensive sectors
8 Improve progressively, through 2030, global resource efficiency in consumption and production and endeavour to
8.4 decouple economic growth from environmental degradation, in accordance with the 10-Year Framework of X
Programmes on Sustainable Consumption and Production, with developed countries taking the lead
Promote inclusive and sustainable industrialization and, by 2030, significantly raise industry’s share of employment
9.2 ; . . X . . . : X
and gross domestic product, in line with national circumstances, and double its share in least developed countries
By 2030, upgrade infrastructure and retrofit industries to make them sustainable, with increased resource-use
9.4 efficiency and greater adoption of clean and environmentally sound technologies and industrial processes, with all X
9 countries taking action in accordance with their respective capabilities
Enhance scientific research, upgrade the technological capabilities of industrial sectors in all countries, in particular
9.5 developing countries, including, by 2030, encouraging innovation and substantially increasing the number of research X X
and development workers per 1 million people and public and private research and development spending
% Support domestic technology development, research and innovation in developing countries, including by ensuring a
conducive policy environment for, inter alia, industrial diversification and value addition to commodities
12.2 By 2030, achieve the sustainable management and efficient use of natural resources
By 2020, achieve the environmentally sound management of chemicals and all wastes throughout their life cycle, in
124 accordance with agreed international frameworks, and significantly reduce their release to air, water and soil in order X
to minimize their adverse impacts on human health and the environment
12 12.5 By 2030, substantially reduce waste generation through prevention, reduction, recycling and reuse
12.6 Encourage companies, especially large and transnational companies, to adopt sustainable practices and to integrate
' sustainability information into their reporting cycle
12a Support developing countries to strengthen their scientific and technological capacity to move towards more X

sustainable patterns of consumption and production
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The economic analysis shows scandium as responsible for at least 95% of the
solution's economic value, followed by zirconium (up to 3%) and neodymium.
Comparing the costs of leaching agents, which are similar [47], the leaching with
H2S0O4 achieved the most valuable solution, which was further studied.

Separation steps are necessary for obtaining of high-pure products. It is
proposed here zirconium recovery using Alamine 336 in kerosene as first step, where
the best conditions were: 10% of organic extractant, A/O ratio equals to 1:1, at 25°C
for 15min under stirring. All zirconium was extracted with co-extraction of aluminum
and iron. Stripping using 0.25mol/L of Na2CO3 was enough for high-pure zirconium

solution without impurities (A/O ratio equals to 1:1, at 25°C for 15min under stirring).

Results indicated Cyanex 923 as the best organic extractant for scandium
separation. Scrubbing using HCI 5mol/L is required for contaminants removal from the
organic phase, where the scandium losses were negligible (0.1%). Stripping step using
HsPO4 5mol/L recovered all scandium from the organic phase.

Mass balance demonstrated that scandium extraction reached 92% of
efficiency, while zirconium was 25% as co-product. Considering 100 tons of bauxite
residue, an amount of 4kg of scandium and 31.9kg of zirconium may be produced.
Considering the production of scandium oxide or fluoride, the process would generate
up to US$ 46,626 or US$ 1,940,980, respectively.
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1.2. TECHNICAL CONTRIBUTION
The extraction process of scandium from bauxite residue represents one of
the most challenges owing to the synthesis of silica gel [48], which difficult the solid-
liquid separation and causes losses of valuable elements, and separation step, where

the Fe/Sc concentration ratio would make the process technical unfeasible [49,50].

The literature reports two main routes for scandium obtaining:
pyrometallurgical and hydrometallurgy. The first focus on aluminum and iron extraction
previous acid leaching for scandium extraction. Despite removal of the main
contaminants would improve the separation step, the slag contains high silica content
resulting in silica gel formation in the acid leaching reaction. Also, the extraction rate
for scandium reaches up to 80% [51].

Sulfation followed by water leaching would represent a solution for scandium
extraction avoiding silica gel synthesis and co-extraction of iron and aluminum.
However, energy consumption and losses of sulfuric acid would make the process
unfeasible [52].

Direct leaching of bauxite residue has represented the most advantageous
technique for scandium extraction. The literature reports extraction rates up to 95%
[53]. Despite the silica gel formation into the leach solution described in the literature
[48,54], this thesis demonstrated that it is avoided after 8 hours of reaction. While Alkan
et al. (2018) proposes the use of H202 to suppress its synthesis, the results
demonstrated that it has no significant effect in the process.

Among the problematic of scandium separation from the solution, the use of
Alamine 336 for zirconium removal has shown crucial for scandium recovery, since
phosphinic acid extractants has selectivity for zirconium. Further, Cyanex 923
separated all scandium from the solution and scrubbing using HCI 5mol/l would be
useful for contaminants removal with negligible scandium losses (0.1%). Stripping with
HsPO4 5mol/L achieved better results than reported in the literature. For this reason,
the present thesis has substantial technical benefits.
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2. LITERATURE REVIEW

The literature review had carried out in three different databases:
ScienceDirect, Web of Science (or Web of Knowledge), Scopus, and Taylor and

Francis online. It was used the following keywords:

I. “scandium” AND “waste”;

ii. “scandium” AND “residue”;

iii. “scandium” AND "recovery”;

iv. “scandium extraction” AND “green technology”;
v. “scandium extraction” AND “clean technology”;

vi. “scandium” AND “ecofriendly”.

The aim of this work is to evaluate the possibilities of scandium recovery routes
focusing on sustainable and cleaner production. Insights into the extraction processes
of scandium in light of clean technologies have been lacking, such as CO2 emission,
energy consumption, sustainable management of resources, economic growth,
scientific innovation, safe work, sustainable production patterns, and hazardous

chemicals pollution and contamination.

It was proposed to answer the question: “Is it possible to have an ecofriendly
process for scandium extraction?”, in order to meet the following United Nations
Sustainable Development Goals (SDG): number 7 (affordable and clean energy), 8
(decent work and economic growth), 9 (industry, innovation, and infrastructure) and 12
(responsible, consumption and production). As explained by Monteiro et al. (2019),
SDGs can contribute to mitigating the negative impacts of mining activities [33]. The
choice of those SDGs is related to the economic and sustainable growth of industries

by innovation with responsible consumption to minimize the waste generation or reuse.

The Section 2.1 presents the manuscript as published.
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2.1. Recovery of scandium from various sources: a critical review of the state

of the art and future prospects

A.B. BOTELHO JUNIOR®; D.C.R. ESPINOSAL; J. VAUGHANZ?; J.A.S. TENORIO?
1 Department of Chemical Engineering; Polytechnic School, University of Sao Paulo, Sao Paulo — Brazil.

2School of Chemical Engineering; The University of Queensland, Brisbane, Queensland — Australia.

ABSTRACT

Scandium is a critical metal in increasing demand for modern technologies, such as
light-weight aluminum-scandium alloys. Evaluating current and identifying new
sources of the element has become a pressing need in order to provide a reliable and
cost effective future supply. As current resources are limited, new sources must be
explored with due consideration for the environmental aspects of the mining and
processing technologies. The present review considers scandium extraction from three
different sources - primary, secondary and opportunities — focusing on clean
technologies and eco-friendly processing to achieve goals 7, 8, 9, and 12 of the 17
sustainable development goals of the United Nations. The main scientific databases
were explored using keyword combinations. The question “is it possible to have an
ecofriendly process for scandium extraction?” - worldwide debated — was answered
providing diversified opportunities for scandium extraction, demonstrating that the
current development would achieve these goals. Several techniques were explored
and compared. As important as technical studies, economic approaches must be
deeply evaluated where both acid consumption and downstream refining are equally

challenging.

Keywords: Sustainable Development Goals; REES; recycling; mining tailings; critical

metals
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Highlights
1. The literature review focused on SDGs number 7, 8, 9, and 12;
2. Hydrometallurgical processing is the main route for scandium recovery towards
low CO2 emission;
3. The supply of Sc and REEs in the next years will be from wastes achieving the
circular economy;
4. Sc and REEs are important for technologies to produce clean energy.

2.1.1. Introduction

The rare earth elements (REESs) are considered to be scandium, yttrium and
the elements of lanthanide group, which are included together due to their chemical
similarity [1]. Among those, scandium is the most valuable (Table 3). Its application in
modern advanced technologies are found in light-weight aluminium alloys, where
scandium is used as doping agent to strengthen and lighten the alloys for the
automobile and aerospace industries, electronic devices, lasers for military and
medical purposes, lighting [3], as a key component of certain solid oxide fuel cells
(SOFCs) improving the conductivity and lower the operation temperature, and used as

a tracer in cruel oil refinery [4,55].

Scandium and all REEs are considered critical by the European Union and
most countries around the world, such as U.S.A. (U.S. Department of Energy) and
Brazil [7-9]. This means that these elements may face supply chain challenges due to
several reasons: i) high economic importance; ii) localized resource in limited mining
regions; iii) practically irreplaceable in green technologies application; and iv) low
recycling rate. For these countries, scandium is deemed extremely important for their
development. At the same time, the element has the highest potential for
transformative market growth, driving to the necessity of efforts to avoid risks on supply
interruption. While the REESs recycling rate is between 3% and 8%, the recycling rate
for scandium is zero [17,18]. The criticality of Sc and REES, future market potential and
low recycling rates highlights the need to search for and invest in recycling
technologies in addition to new sources and more efficient primary extraction and

refining methods.
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Table 3: Examples of rare earth element (oxides) price in US$/kg [3,5,6]

Compound Price (US$/kg)
CeO2 2
La203 2
Nd20s 47
Y203 3
PreO11 75
Sm20s3 6
Gd203 24
Dy20s3 180
Sc203 3,800

The main scandium resources worldwide are in Australia, Canada, China,
Kazakhstan, Madagascar, Norway, the Philippines, Russia, Ukraine, and the USA
while the main producers are China (66%), followed by Russia (26%) and Ukraine (7%)
[17,22]. Due to limitation of scandium sources in a few regions, and also owing to the
market crisis in 2011 [23-25], researchers have been looking for new sources, mainly

for scandium.

In Australia, several mining companies are in various stages of development
for new scandium supply. The Nyngan project in New South Wales is under
development, where the reserves are estimated in 590 tonnes of scandium (155ppm
of Sc) from 1.44 million tonnes of ore. It is expected to produce 39 tonnes per year of
scandium oxide starting in 2020. The Syerston project, also in New South Wales, is
under development, which contains 19,200 tonnes of scandium (300ppm). In
Queensland, the Scandium-Cobalt-Nickel (SCONI) Project was finishing its economic
feasibility study, which expects to obtain 3,000 tonnes of scandium from 12 million

tonnes of mineral resource (162ppm) [22].

Associated with the availability of scandium, environmental issues related to
the extraction processes has been concerning all stakeholders and put a focus on
using the most sustainable techniques [26—31]. Due to the relatively low grades, a high



34

amount of waste material would be generated from a scandium ore if no other by-

products are produced. Accordingly, the reuse of mining tailings is gaining importance.

Leading with all those aspects, the United Nations (the U.N.) released 17
Sustainable Development Goals (SDG) to be achieved by 2030 [32], which focuses on
objectives on three dimensions of sustainable development which are to achieve global

peace, justice, and international collaboration:

4) Economic development;
5) Social inclusion;

6) Environmental sustainability

The same approach can be applied in mining and metal processing industries,
considering aspects of safe work, social issues, economics and the environment [33].
Nonetheless, it is well known that extractive activities are considered non-renewable.
Thus, scientific and technical developments are carried out in order to make the
processing more ecofriendly with respect to environmental issues such as tailings
volume and toxicity; energy use and CO2 emissions as well as the impacts of reagents
in the extractive processing stages.

To facilitate future scientific and technical developments, the literature for
scandium recovery from several sources is reviewed and presented with a discussion
of future opportunities. The general processing route considered was using
hydrometallurgy (aqueous media), due to the environmental benefits and costs when
compared with pyrometallurgy for low grade ore. The review focused on research

articles from scientific journals published between 2008 and 2020.

2.1.2. Review methodology
In the present work, a systematic review [33,56-59] is carried out based on a
formulated research question: “Is it possible to have an ecofriendly process for
scandium extraction?”, in order to meet the following United Nations Sustainable
Development Goals (SDG): number 7 (affordable and clean energy), 8 (decent work
and economic growth), 9 (industry, innovation, and infrastructure) and 12 (responsible,
consumption and production). As explained by Monteiro et al. (2019), SDGs can

contribute to mitigating the negative impacts of mining activities [33]. The choice of
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those SDGs is related to the economic and sustainable growth of industries by

innovation with responsible consumption to minimize the waste generation or reuse.

The aim of this work is to evaluate the possibilities of scandium recovery routes
focusing on sustainable and cleaner production. Insights into the extraction processes
of scandium in light of clean technologies have been lacking, such as CO2 emission,
energy consumption, sustainable management of resources, economic growth,
scientific innovation, safe work, sustainable production patterns, and hazardous

chemicals pollution and contamination.

Processing from three different resources (topics) was evaluated: primary (as
main source), secondary (as co-product) and possible opportunities (future commercial
sources). The search for this review was focused on hydrometallurgical techniques:
leaching, purification (precipitation) and separation (ion exchange techniques).
Publications not considering any resource (such as ores, tailings, and residues) were
also considered in a different section (no-classifications).

The research strategy was to search for relevant scientific papers published in

journals using most recognized academic databases: ScienceDirect, Scopus, and Web

of Knowledge, and Taylor and Francis online. Books, book chapters, patents and

conference papers were considered to contextualize the topic, but not in research
evaluation. The research was performed considering the period of publication from
2008 to 2020.

Six different combinations of keywords were used to achieve a number of
publications to answer the question of the present work. The words used are related
to scandium extraction in a sustainable approach from different sources. The following

combinations of keywords were used:

i.  “scandium” AND “waste”;
ii. “scandium” AND “residue’;
iii.  “scandium” AND "recovery”;
iv. “scandium extraction” AND “green technology’;
v. “scandium extraction” AND “clean technology”;

vi.  “scandium” AND “ecofriendly”.
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The search was performed using the “advanced search”. The selection and
classification of the processes were divided into three steps: search on the literature
using keywords, selection of the extractive process for scandium obtaining from
different sources, and the evaluation of processes. Then, the results were filtered by

title and abstract, excluding duplicates.

Several criteria were adopted to evaluate the most relevant articles for full
analysis: language (English), type of article (original or review) and agree to the theme.
The theme must have been defined in title and/or abstract to be considered for full-text
analysis. The literature review of all three topics followed the flowchart presented in

Figure 3.
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Figure 3: Flowchart of the literature review

An exploratory search was carried out using the listed combination of
keywords. The classification was carried out filtering the articles according to the title
and/or abstract. Results obtained were classified into three different groups: primary
sources, secondary sources and possible opportunities. After that, the remaining
articles were entirely evaluated. Those articles were classified considering processing
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in agueous media. Indeed, the articles were assessed if an ecofriendly process was
the focus of the work. By to the methodology used in the present study, it was selected

examples from each group of sources to be discussed.

2.1.3. Results and discussion

Figure 4 shows the number of publications for three keywords combination (i,
i and iii) from 2008 to 2020 in the databases ScienceDirect, Scopus, Web of
Knowledge and Taylor and Francis online. ScienceDirect has the greatest number of
publications, followed by Scopus, Web of Knowledge and Taylor and Francis online. It
was observed an increase in the number of publications from ScienceDirect using
those keywords after 2012. About the other databases, it was also observed a rise in
the number of publications, mainly in Scopus and Web of Knowledge, after 2015. The
launching of the 17 SDGs occurred in 2015, which contributed to the number of
publications about the topic [32,33,60]. The rise of publications in 2011, may be
explained due to the REE market crisis.

As for all REE production, China is the main scandium producer in the world,
being the largest located in Inner Mongolia called as Bayan Obo with 90% of global
scandium production, and it is the second largest deposit of niobium in the world. The
main scandium-bearing mineral in Bayan Obo is Aegirine. Other minerals are
columbite, Fe-rutile, parasite, tscheffkinite, hamartite, monazite, aeschynite,
phlogopite, biotite [55,61].

Scandium is also obtained in Kazakhstan, the Philippines, Russia and Ukraine.
New processes have been developed and under production in Australia, the

Philippines, Russia and Dalur from different sources in pilot scale [3].

Due to the rise in their extraction allied to the increase in waste and pollution
generation, the Chinese government executed policies to control the rare earth market
(from exploration to sale). In 2010-2011, the government drastically reduced the export
quota (40% less than in 2009). As a result, it impacted directly the relationships with
other countries, for example 70% of the imports into the USA comes from China [62].

Later, the Chinese government abolished the quotas in 2015, however, an

alert had already been sent about the risks of REE supply restrictions. After the market
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crisis caused in 2011, the prices of rare earth elements spiked. Then, countries began
to search for different sources of scandium to limit the reliance on China by developing
several projects to obtain rare earth metals outside China [63]. As scandium is one of
the most valuable REEs, it has been the focus of projects developed by many countries

and companies.

The increased demand for metals for electronic equipment requires metals
extraction to support it, which would be carried out by mining extraction and recycling
process [64]. The extraction of REE will expand in the near future, and so will scandium
demand [65].
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Figure 4. Number of publications using the combinations of keywords i-iii from 2008 to
2020 in the databases ScienceDirect, Scopus, Web of Knowledge and Taylor and
Francis online: a) "scandium” AND "waste"; b) "scandium” AND "residue"; c)

"scandium” AND "recovery".
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Figure 5 presents the number of publications from 2008 to 2020 using the
keywords iv — vi from ScienceDirect database. Both combinations iv and v showed an
increase in the number of publications after 2012, after a period of stabilization. The
period 2013 — 2015 had no variation in the number of publications about those topics.
Then, after 2015 the number rose. Those numbers corroborate with the analysis

depicted before.
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100
80
60 - / Vd

40

20 - /o
a_ )
] '/o\|_. —~of .
A A

0 A— A—h A A AA A -
I T R T T T T T T s T T T !
2008 2010 2012 2014 2016 2018 2020
Year

Number of publications

Figure 5: Number of publications using the combinations of keywords iv-vi from 2008

to 2020 in the databases ScienceDirect.

In the Taylor and Francis database, 147 articles were found using the
combinations iv and v. The number of publications increased from 2010 to 2013 and
then reached the plateau. No data was found using combination vi. The reason to not
find publications specifically with the words “scandium extraction” and “green
technology” / “clean technology” (using quotation marks) can be interpreted as low
interest in extraction processes for scandium obtaining by green and/or clean
technologies. Despite that, the articles found were evaluated. In Scopus and Web of
Science, only 12 and 7 articles were found, respectively.
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The combination of “scandium” and “ecofriendly” resulted in 28 research
articles (Figure 5c), a lower number compared with other combinations. It
demonstrated that there is an insignificant interest in researches associated with
scandium and an eco-friendly process. The search showed, in all keyword
combinations, a strong increase in the interest of scandium obtaining, even from waste
and residue. Besides Chinese control in REE exportation and the 17 SDGs launched
in 2015, global policies have been encouraged to reuse waste materials — not only
storage —and to reduce materials losses.

Sustainable consumption and production were the main objectives of
European Union Sustainable Development Strategy (EU-SDS). The objective of
environmental protection is to safeguard the earth’s capacity to support life. The Action
Plans of EU SDS are smarter consumption (to promote knowledge about
environmental impacts of products and services), leaner production (to increase
process efficiency to reduce material losses) and global action (to support global
market for environmental goods and services) [66].

Moreover, the interest in residues from the mining process (tailings) has been
growing due to the risks for humans and environmental [67]. Further, the discussion
about scandium obtained from different sources is expressed in the following sections.

2.1.3.1. Primary sources

The main primary scandium resources are the thortveitite and lolbeckite ores
((Sc,Y)2Si207), which contain up to 45% of Sc20s. This scandium silicate-rich ore
contains also yttrium, REES, iron, aluminum, thorium, zirconium, and alkaline earths,
which is restricted in quantity and sources. Mine processes from Madagascar and
Norway produce scandium from thortveitite, and in the USA it is obtained from
thortveitite tailings [19,20].

A process patented by Baptiste (1959) describes scandium extraction by
fractionation sublimation in chloride medium, to obtain ScCls. The process consists of
heating to 950°C the ore mixed with a carbon source. Then, dry chloride is passed
over the mixture. The sublimation temperature of scandium and yttrium chloride are
967°C and 1507°C, respectively. In the case of cerium and lanthanum, both elements
sublimes at 1500°C and 1747°C, respectively [21].
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Silicon, titanium, aluminum, iron, and zirconium chlorides sublimation
temperatures are, respectively, 57°C, 136°C, 180°C, 310°C, and 331°C. The gases go
through a refractory tube where the temperature of its downstream does not fall below
400°C. According to the patent, scandium oxide can then be obtained by precipitation
using ammonia into the oxide from anhydrous scandium chloride, as well as sodium,
magnesium, calcium, or by direct electrolysis of the to molten chloride. In this case, the
patents aims the production of metallic scandium [21]. Scandium can also be obtained
from thotvellite using ammonia bifluoride at 400°C in a stream of dry air [19]

Minerals with appreciable concentrations scandium are rarely found which
make its extraction as primary source limited. It is estimated that only 400kg of
scandium is obtained from primary sources, and the remaining 2000kg is obtained as
a secondary source [20]. As elucidated before, scandium extraction does not follow
processing in agueous media. Indeed, due to the scarcity of those minerals, the focus
has been to identify resources that can be used as secondary resources of scandium.
However, minerals containing scandium-grades that justify its extraction are rare,

limited and do not found spread, but concentrated in a few parts of the ores.

Substantially, since the global market is currently small and predicted to
increase in the coming years, there will be a greater need for primary production in the
foreseeable future. As discussed before, new sources of scandium will be needed to

meet the growing demand.

The keywords search did not yield publications about the primary scandium
resources. For this reason, it can be inferred that scandium extraction from thortveitite
and lolbeckite ores are not considered “sustainable” and “ecofriendly”. Also, the search

focused on “waste” and “residue” in order to reach the SDGs 8, 9, and 12.

2.1.3.2. Secondary sources

Scandium production as a secondary source is currently carried out in China
(iron ore, REE, titanium, and zirconium), Kazakhstan (uranium), Russia (apatite and
uranium) and Ukraine (uranium). In India, a plant construction awaits environmental
approval. Philippines, Russia, and Danur are expect to produce scandium from,

respectively, nickel, aluminum, and uranium sources [3]. Studies involving the
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scandium extraction from other resources have considered as possibilities, as

explained below.

In the present review, publications involving the following as secondary
sources were included: REE (and also from Bayan Obo mine), Fe, Ti, Fe-Ti, Zr, U,
apatite, W, Th, and ferrocolumbite. It was considered from Bayan Obo which is
discussed separately from other REE mines due to its importance. The search using
all keywords has shown that, among the 47 publications classified, 83% were research
articles and 15% were paper reviews. Only one publication was about economic/policy

aspects.

Among the publications found about scandium recovery from secondary
sources, 70% were related to ores and 30% about residues (where it is obtained as
co-product). It was also classified the manuscripts into 6 groups: characterization
(33%), in situ recovery (2%), leaching (16%), separation (28%), concentration (12%)
and process (leaching+separation — 9%). The higher percentage of publications
considering characterization may indicate the search for new secondary sources of
scandium from mining processs, and separation techniques due to the challenges to

separate from high concentration of impures and also to obtain a pure product.

Figure 6 shows the percentage of each resource found in the literature review
considered as secondary. About 38% of publications evaluated the scandium
extraction from REE source, as well as Bayan Obo (5%), the largest REE resource in
the world [61] because scandium has found always associated with these elements.
Moreover, studies of scandium extraction from uranium, titanium, iron, tungsten,
thorium, and apatite, for instance, indicate that there is a great interest in these

resources or wastes to supply the metal market.
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Figure 6: Percentage of publications found in literature review classified as secondary

resources

Seredkin et al. (2016) studied the exploration, environmental problems and
economic aspects of in situ recovery of several elements from uranium deposits, being
one of them scandium (up to 3ppm). The authors have discussed both economic and
extraction aspects of in situ extraction, and a deep discussion about scandium by itself
was not performed [68]. Concentration steps can be carried out in order to upgrade or
selective recover scandium after uranium extraction. Undoubtedly, this scandium
content represents a challenge to recover cost-effectively, and for this reason its
obtaining may not be considered.

The publications about secondary resources were divided into three parts:
characterization, leaching and concentration, and solvent extraction/ion exchange
resin studies. About the materials studied, 57% were about ores and 30% were about
scandium extraction from residues. Further, 4 papers explored concentration
techniques to increase scandium content. Characterization studies consisted of 36%
of publications, 14% were about leaching, and 25% about separation using the ion-
exchange technique (solvent extraction and ion exchange resins). Detailed information
is presented in Table 4 and Table 5. Also, the SolvEx process would be used for
scandium obtaining, but Izatt et al. (2009) states that the technology is very sensitive
to scale up and operational control, and the process has not been proven on a large

scale basis yet [69].
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The data obtained showed that comparing the number of publications about
leaching and ion exchange techniques, it can be inferred that there is more interest in
obtaining a high-purity scandium solution through separation techniques than the
leaching process itself. Scandium can be leached in acid conditions (pH below 4), as
well as iron, titanium, aluminum, and several contaminants [70]. For this reason, while
developing an innovative process for leaching of scandium-bearing material, a
selective separation from a solution that supports high-contaminants content should
be evaluated. As a result, the number of publications about separation is higher than

leaching.

Table 4 summarises characterization studies from different resources
containing scandium, which can range from Sppm [71], in REE deposit, to 3.5wt% [72],
in the Bayan Obo deposit, being the latter varying according to different mineral phases

and which is not well distributed in the ore.

Comparing both REE deposits, scandium concentration is not even similar.
Cui & Anderson (2017) described a deposit from the USA (Bear Lodge Project) with
scandium-content up to 165ppm, while Smythe et al. (2013) reported a REE ore with
5-6ppm scandium. Thorium resources have scandium, but both publications didn'’t
mention the graded. In niobium ores, scandium content can vary from 0.022 -
0.032wt.% (Brazil) to 0.057wt% (Tomtor).
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Table 4: Publications considering the characterization of secondary resources

Resource Sc concentration Reference
0.2-1mg/L in the pregnant
In situ recovery Uranium deposits leach solution; 2.5-3 ppm for [68]
cut-off grade
REE - The Bear
) 165ppm [73]
Lodge Project (EUA)
REE - Not informed 5-6ppm [71]
REE - Quebec 51ppm [74]
REE - alkali-
) ) 8-435ppm (Sc203) [75]
carbonatite deposits
REE - allanite 24ppm [76]
REE - monazite 15ppm [77]
Apatite - Kovdor
baddeleyite-apatite- up to 780ppm (Sc203) [78,79]
Characterization magnetite deposit
0.34 — 3.45wt% (Sc-bearing
aegirine); 0.00 — 0.04wt%
(Sc-free aegirine); 2.82 —
Bayan Obo [72]
3.64wt% (“Perrierite-(Ce));
0.20 — 0.25wt% (Sc-bearing
ferrocolumbites (TS-16)
Brazil: 0.0219 - 0.0322wt.%
Nb / Nb-Fe (Sc203); Tomtor deposit: [80,81]
0.057wt.% (Sc203)
Thorium Not reported [82,83]
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Table 5 shows the scandium content, leaching parameters, and extraction
efficiency of studies found in the literature review. Scandium concentration, as
presented, varied from 40ppm (Fe-Tiresidue) to 2.1wt% (U-REE). The leaching agents
explored were sulfuric acid (H2SO4) and hydrochloric acid (HCI), being the first the
most common for industrial applications. Moreover, according to Zhang et al. (2013),
HCI is commonly used due to the scandium trichloride formation, which is easily

separated from impurities throughout the leaching process [84].
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Table 5: Publications considering scandium content and leaching of secondary resources

Sc ) o Leaching process with Sc recovery
Resource . Leaching conditions explored ) ) ] Reference
concentration high-scandium extraction (%)

H2S04 300g/L, S/L = 1/7; 95°C for 5hr.

) ) Pulverisette 5 planetary ball
Samples were machined in: AGO-2U "
mi
Fe-Tiresidue 40 - 100ppm planetary-centrifugal activator; ) N 85-95% [85]
) ] ) Leaching conditions as
Pulverisette 5 planetary ball mill; Aktiva-
i expressed before
tor-2SL activator.

N H2SO4 dosage (0.125mL - 2.5mL/g ore); H2SO4 dosage 1.875mL;
REE - silicate 0.006wt% 492ug/L [86]
15-24h; 70-300°C; S/L = 1/20 - 1/70 15h; 200°C; 1/30

0.0085wt% and
0.03wt% (Sc2053)

Bayan Obo . H2S0a4: 6-18mol/L; 80-300°C; S/L = 1/1-
- before roasting- 18mol/L; 245°C; S/L 1/4; 96% [87]
tailings ] 1/8.
magnetic
_ separation;
Leaching
Nb ore
0.95wt% HCI 33%; S/L = 1/1.8-1/2.2; 60-100°C; S/L = 1/2.2; 100°C 97% [88]
concentrate
Sc extraction
was not
) H2S04-SO2; T = 95°C; 0-8g activated 6h; 4g activated carbon/kg reported: 10%
Nb residue - non-
i 120ppm carbon; S/L = 1/3-1/4.6; 0-24hr; SO2: 10- of ore; 8509 H2SO4/kg of REE losses [89]
magnetic
9 65NL/hL and to reach 200mV; ore; (inclusion in
geothite
phase)
U-REE and its
N _ >90% REE
tailings, Elliot 1.5wt% - 2.1wt% - H2S04 60-80g/L; 75°C; 48hr o [90,91]
Lok (Beneficiation)
ake

Cont. of Table 5.
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Sc ) High scandium Increase in
Resource ] Technique ) ) Reference
concentration concentration concentration
. . - o 314.89ppm
Magnetic separation - magnetic field: 72— particle size: 0.074mm;
REE ore 48.9ppm ) ) o and 77.53% of [92]
900 kA/m; particle size: 70-90mm magnetic field: 1450kA/m
recovery
particle size distribution (grindind) +
. . e o . . 71.3ppm and
magnetic separation: classification - 10-  grinding time: 6min; particle
Fe ore 343.2ppm o i ) ) 55.62% of [93]
Concentr 40pm; grinding time: 4-10min; magnetic size: <74um; 0.9T
) recovery
ate field: 0.06-0.9T
Shaking table + magnetic separation -
} ) feed concentrate: 18 wt%;
feeding concentration: 15-23wt%; ) ) ) 83.1ppm and
55.72ppm ) ) ) feeding quantity: 11 L/min;
Fe ore feeding quantity: 10-13L/min; stroke 79.5% of [94]
(Sc203) ) ) stroke frequency: 275
frequency: 250-325times/min; stroke: 13- recovery

19mm

times/min; stroke: 17mm.
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Li et al. (2019) reported that HCI leaching efficiency is higher than other
inorganic acids, indicating the strong high solubility of HCI for hydroxides. The authors
studied a precipitate from KOH sub-molten salt leaching cake of fergusonite [88],
where the precipitation occurs in agueous media [95]. Indeed, as shown by Shimazaki
et al. (2008), scandium is presented in secondary resources mainly as silicate, and
studies reported in the literature have shown that scandium extraction can reach more

than 95% using H2S04 or HCI by leaching process.

Both Stepanov et al. (2018) and Zhang et al. (2013) studied scandium
extraction from Fe source (Fe-Ti residue and Fe ore, respectively), where scandium
content ranged from 40 to 122ppm. Iron, silicon, and titanium concentrations were
strictly similar - around 7%, 17%, and 0.4-1%, respectively. In both studies, the
scandium recovery was almost the same using different leaching agents, reaching up
to 95%.

A few concentration techniques were also explored, such as magnetic
separation and shaking table followed by magnetic separation. Indeed, scandium
content can increase due to the fact that it is associated with iron oxides [96], and high
magnetic fields must be applied considering most of all these oxides which trapped
scandium. Studies depicted in Table 5 have shown that magnetic separation

concentrated scandium, achieving almost 80% of recovery.

2.1.3.3. Possible opportunities

In order to increase the possibilities for obtaining scandium, several new
sources are considered in the present review. About 128 manuscripts were found in
the search, where 82% of publications were research articles and 14% were review
articles. Possible scandium sources were divided into the following groups: bauxite
residue or red mud (RM); waste electrical and electronic equipment (WEEE); nickel
laterite (Ni); municipal wastes (MUN); phosphogypsum and phosphate rocks (Pho);

coals and fly ashes (Coal) and others (Others).

Figure 7 shows the percentage of each group considered as an opportunity.
Indeed, the interest in scandium extraction from bauxite residue is greater than all
groups. It occurs due to two main reasons: first, the volume of waste material produced

in the world achieved 4 billion tonnes in 2015, which have been considered an
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important source for many elements, not only scandium; second, the content of rare
earth elements presented in bauxite residues are considered enough to deserve

consideration for potential by-product recovery [20,34].

Nickel laterite ore is already known as a scandium source. Coal and fly ashes,
phosphogypsum and phosphate rocks, and municipal wastes have also shown to be
potential sources of scandium. In the group analyzed as others, there are the following
sources: Russian Arctic, copper mining, Rodberg mining, petroleum/shales, tin mines,
Tomtor deposit, and the Pacific Ocean. Excluding papers that evaluated pyro- +
hydrometallurgical processing (Figure 8), 42% were considered as examples of

materials characterization where scandium was determined.

Others
13%

Coal

o,
19% RM

49%

Pho
5%

i WEEE
6% 3%

Figure 7: Percentage of publications found in literature review classified as opportunity.

Pho = phosphogypsum and phosphate rocks; WEEE = waste electrical and electronic

equipment; RM = bauxites, Bayer process and red mud/bauxite residue sources ; MUN

= municipal wastes.

The literature review has shown that focus has been mainly about the
characterization of materials focusing on metals recovery, followed by leaching (20%)
and separation techniques — purification (5%), ion exchange resins (7%), solvent
extraction (7%), ionic liquid (6%), and membranes (1%), as depicted in Figure 8. For
this reason, further discussions are divided into areas.
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Process
Membranes 12%

1%

lonic Liquid
6%

Characterization
42%

Purification
5%
Leaching
20%
Figure 8: Breakdown of publications found in literature review classified as opportunity
— excluding pyro and pyro+hydro processing. IX = ion exchange resins; SX = solvent

extraction.

2.1.4. Scandium recycling opportunities and recovery from unconventional
sources

It was observed in the literature review an increase interest in different options

for scandium obtaining, from electronic devices to mining wastes unexplored. Table 6

presents examples of scandium content in WEEE, nickel laterite, municipal wastes,

phosphogypsum and phosphate rocks, and coal and fly ashes.

Kohl & Gomes (2018) evaluated desktop computers without the screen,
collected in a Brazilian university, for recycling potential study. Scandium was detected
as trace element in motherboards and processor sockets, and all trace elements
content is lower than 5% [97]. Priya & Hait (2018) studied sixteen printed circuit board
(PCB) samples and scandium concentration ranged between 6 and 31ppm. According
to the authors, information technology and telecommunication equipment PCBs were
the most abundant in terms of scandium and REE content [98], where it is used in

processor socket of motherboards [97].
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Considering all the factors involved in scandium obtaining, those PCBs might
be considered in the future a secondary resource of this element. However, the
recycling process must consider other trace elements to make it feasible. For scandium
and REE, maybe it would be possible obtaining an REE concentrate, not them
separated, due to the low content. Moreover, mechanical separation (as well as

manual separation) increases metal content and facilitates the processing [99].

Thejo Kalyani & Dhoble (2015) have shown that scandium and all REE are
used in OLEDs because they have very sharp emission spectra and for this reason,
ideal as red-light emitting materials and display devices, providing highly

monochromatic light-emitting diodes and displays [100].

The main challenge with metal recovery from municipal waste is the collecting
and segregating the post-consumer waste and inhomogeneity of metals content, which
can be seen in Table 6, where scandium content varied from 0.1 to 20ppm, which may
not be considered as a scandium source. As a matter of fact, metals recovery from
urban mining may be carried out from WEEE associated with valuable metals recovery

(e.g. copper, gold, silver, and tin).

Scandium can be also found also in nickel laterite resources from New
Caledonia [101,102], Cuba and Dominican Republic [103]. In Ni-Co ores, scandium
content is up to 100ppm, which might result in future exploration associated with nickel

and cobalt extraction, making nickel laterites also a scandium resource.

Saadaoui et al. (2017) have shown that there is scandium in phosphogypsum
and phosphate rocks [104]. Samples analyzed by Canovas et al. (2018) from Spain
have 15 — 386ppm of scandium [105]. However, their use as a scandium source is
restricted by its scarcity and lack of reliable supply, as mentioned by Chen & Graedel
(2015).

Furthermore, the search for new REE sources found coal and fly ashes as a
future possibility. Scandium content on these sources varies from 0.5 to 297ppm; also,
REE content might reach 1220ppm [106]. As most of the sources considered here as

an opportunity, metal concentration is not homogeneous.
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Table 6: Examples of scandium content from sources considered as an opportunity

Resources Locality Sc content Observations References
) - Brazil: WEEE discharged at university (Rio Grande do Sul)
Waste Electrical . . ) . i
] ) ] - India: 16 end-of-life EEE under WEEE categories as information
and Electronic Brazil; India <5%; up to 33pm o . . [97,98,100]
Equi ¢ technology and telecommunication equipment, large household equipment,
quipmen

consumer equipment, and lighting equipment.

Australia, New
Caledonia, and Cuba

- Scandium was found scattered in Australian laterites: 1 - 1504ppm
- Ni-Co laterite in New Caledonia: up to 100ppm

Nickel laterite o 1- 1504ppm o ] ] [101-103,107]
and the Dominican - Cuba and Dominican Republic: Moa Bay: 8 - 98ppm; Loma Caribe: 55.6 -
Republic 87ppm.
Italy; Switzerland; the - Samples from waste incinerator plants
Democratic Republic - Landfills from the UK;
Municipal wastes 0.1-19.7ppm ) ) ) ) ) [108-113]
of the Congo; UK; - Ashes from power plants from Australia, Brazil, China, India, Bulgaria,
Romania Germany, the UK, and the USA.
Phosphogypsum
and phosphate Spain 15 - 386ppm - [104,105,114]
rocks
USA; China; South
Africa; Canada;
Coal and fly ashes Colombia; India; 0.5 -297ppm Lower than 100ppm and not homogeneous [106,115-123][124]

Russia; Korea;

Turkey; and Finland
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Table 7 shows examples of scandium content in bauxite residue. As previously
established, bauxite residue is the main material where has been considered as
possible scandium and REE future resource. Scandium content can reach more than
120mg/kg in the waste material. As sources with concentration range 20 — 50mg/kg
are considered as resources of scandium, bauxite residue has shown as a strategic

material for its obtaining.

For instance, scandium content in bauxite residue of BAZ (RUSAL) aluminum
plant is 0.009% [125]. Gentzmann et al. (2021) also identified scandium in Russian
bauxite residues: North Ural (102mg/kg) and North Timan (70mg/kg). Scandium
content from Germany, Greece and Hungary were 57mg/kg, 99mg/kg and 94mg/kg,
respectively [126]. Several REE is also presented in the bauxite residue, but scandium

by itself represents 95% of economic value of all rare earth elements in the waste [127].

As stated by Wang et al. (2011), scandium is commonly associated with
aluminum sources in nature, and after the Bayer Process for alumina extraction,
scandium is almost doubly enriched in the bauxite residue [20]. Vind et al. (2018)
showed that its concentration in the Bayer liquor is lower than <0.05mg/L In the
process, the alkaline leaching of bauxite precipitates iron, which traps scandium, which
is mainly hosted in hematite and goethite structures. Furthermore, the pH of the bauxite
residue is up to 12-14, which causes a high acid consumption in the acid leaching

process for metals recovery [54,96,128,129].

Additionally, the amount of bauxite residue around the world achieved 4 billion
tonnes, and considering scandium content of 50-100mg/kg, it indicates that there are
about 200,000 tonnes of scandium presented in this residue, where Sc203 may cost
around US$ 3,800 per kilogram, but it needs US$ 500 per kilogram of production costs
[3]. The literature review indicates that the scandium content in the bauxite residue is
more homogeneous than all sources presented here as opportunities, making this
source important and strategic. Many different resources have been considered as
sources of scandium, such as tin ore (5.2 — 238mg/kg) [130], Tomtor deposits (0.05 -
0.14%wt.) [131,132], the Pacific Ocean (<130ppm) [133], and those were scandium
content is up to 20 ppm or lower, in which there is no economic viability for its extraction
[134-141].
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Resource Locality Sc concentration Observations References
Greece 130mg/kg Sample from Greece [142]
China, Brazil, Samples from China, Brazil, and
7.0 - 97.6mg/kg [37,143]
and Ghana Ghana
) Samples from southeast of Italy
Italia 16-110mg/kg o [144]
and from Sardinia
Samples disposed of different
Europe 43-60mg/kg o ] [145]
years in industries of Europe
Scandium content in Bayer
Greece <0.05 mg/L ) [128]
Liquor
Bauxite . .
Bauxite residue and non-mag
Characterization residue/bauxite . .
material prepared by reductive
/Bayer process - 86-135mg/kg _ _ _ [146]
roasting-magnetic separation
process of bauxite ore residue
- 100mg/kg Samples from filter press [147]
Metals content from bauxite
Russia 30mg/kg and 102mg/kg residue after a previous [148]
treatment
) Sample from Turkey compared
Turkey No data for scandium ) ) [149]
with the literature
China 55mg/kg - 116mg/kg Samples from China [150,151]
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2.1.4.1. Leaching

Table 8 shows examples of leaching studies for scandium recovery from
bauxite residue. Pre-treatment using high temperatures (pyrometallurgy) were not
considered. For instance, Deng et al. (2018) studied the scandium recovery from
bauxite residue after iron, aluminum, and silicon removal, which occurred by reductive
roasting at 1100°C with sodium salts and low-intensity magnetic separation with 0.1T.
Leaching experiments were carried out using phosphoric acid (HzsPOa4) which reached
90% of scandium extraction [152]. The use of high-pressure leaching has also been
considered from bauxite residue after iron removal using coke at 1500°C. Scandium
extraction reached 95% [153]. Further studies here presented considered a direct

leaching process of bauxite residue.

Before acid leaching for metals recovery, a hydrometallurgy approach for
alkalinity reduction of bauxite residue has explored. Li et al. (2017) studied sodium
removal from the residue using citric acid. The main goal was the alkalinity decreasing
to reduce acid consumption on the leaching process. The authors showed that 95% of
sodium was removed [154]. A similar achievement was obtained using different
approaches where the sodium could be recycled to the bayer process in its alkaline
form, NaOH [155].

It is possible als the used CO:2 to reduce the alkalinity of bauxite residue.
Details are presented in Table 8. The results achieved by the authors showed that the
pH of the residue decreased where hydroxide ions were converted to carbonate, but
the neutralization process stabilizes silicate compounds. Moreover, the leaching of
neutralized bauxite residue showed a decrease of 20% on aluminum, iron, and titanium
leaching, and less acid consumption. However, scandium recovery was lower
compared with raw bauxite residue, maybe due to its chemical association between

iron and titanium [156].

Borra et al. (2015) studied alkalinity removal by water washing, resulting in 10-
15% of sodium extraction after four steps. The low efficiency may be due to the fact
that sodium is present as insoluble aluminosilicates, and it has been demonstrated not
to be efficient [157]. For scandium leaching, several reagents were explored for bauxite

residue, and HCI has shown the best leaching agent among all studied. It might occur
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because it is more selective than H2SO4 as demonstrated by Zhu et al. (2018), where

impurities extraction, mainly iron, is lower when compared with H2SO4 [158].

Zhou et al. (2018) evaluated EDTA on scandium recovery from bauxite residue
with HCI, enhancing its extraction from 60% (without EDTA) to up to 80% (using
EDTA). Moreover, it was possible to use less acid and increase scandium extraction
efficiency. Leaching using 40% of HCI increased scandium extraction from less than
10% to 80% using (HCI+H20):bauxite residue:EDTA equals to 40mL:10g:2g, at 70°C
over 4h [159]. Likewise, EDTA may also be impractical for large scale on industrial

applications due to reagent costs, even considering the reagent recycling.

For industrial applications, when compared with HCI, it can be preferable to
work with H2SO4 due to the low price and safety due to: i) materials of construction
possibilities are limited when HCI is used; and ii) at elevated temperature HCI vapour
is released coming off the top of the vessesls causing general corrosion problems
around the operation. Borra et al. (2015) evaluated different mineral and organic acids.
The efficiency of using organic acids was lower than mineral acids, even at high
temperatures [157]. Also, the REE leaching varies according to the mineral acid used,
due to their association with the leaching agents, ionic radii of the elements, and
possibly tendency for complexation stabilizing in solution or acid strength.

The use of H2SO4 resulted in high scandium recovery from bauxite residue,
even at low temperatures, may be increased as the temperature increases; otherwise,
it enhances iron extraction resulting in a non-selective process [160]. Ochsenkuehn-
Petropoulou et al. (2018) evaluated multi-step leaching for scandium recovery from
Greek bauxite residue. Despite the increase in scandium recovery, it caused great
reduction in scandium concentration due to the use of fresh leaching agent to react
with bauxite residue over and over. It must increase the costs of further separation
process to recover low scandium content, which in this case may reach ppb

concentration [161].

One of the most considerable challenges to be overcome is silica gel
formation, which decreases scandium leaching efficiency trapping part of the liquor
obtained in the leaching, as demonstrated by Alkan et al. (2018). A solution to be
explored is the use of hydrogen peroxide (H202) for silica gel suppression favoring the

quartz formation. Kinetic studies must be explored deeply to evaluate the mineral
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phases formed during H2SO4 leaching with and without H20z2, in order to evaluate if

any phase is still present that may incorporate scandium.

It was noticed that recently only bauxite residue from Greece and China have
been studied for direct leaching. Many studies have considered the thermal pre-
treatment using mainly for iron and silicon removal, due to high concentration and silica
gel formation, respectively. A few examples are bauxite residues from Jamaica [162],
Greece [163], and Canada [164].
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Sc
] ) Leaching o Sc )
Resource Location concentration Conditions ) Reference Observations
) . agent extraction
in solution
_ . Leaching above 80°C increased iron extraction
Greece 105mg/kg H2S04 S/L ratio 1/50; 1h; 25°C 60% [160] o .
resulting in non-selective process
} 130% HCI dosage; S/L . ]
China 100mg/kg HCI ) 93.30% [165] Leaching + SX experiments
ratio = 1/4; 75°C; 3h
The main goal is the sodium removal to
decrease the alkalinity and acid consumption
China* - CeHsO7 [154] on acid leaching - 95% of Na removal: citric
acid dosage of 15%, L/S ratio 7 mL/g; 100°C,
stirring speed 300 rpm; 120 min
] HCI 6N; 24h; 25°C; S/L Leaching agents studied: HCI, HNO3, H2SO4,
Bauxite Greece 121mg/kg HCI ) 75-80% [157] o
] ratio 1/50 CH3COOH, CHsSOsH and citric acid.
Residue
2.5M H2S04; 2.5M H202;
H2S04 + : : . :
Greece 121mg/kg H,O 90°C; 30min; S/L ratio 68% [48] For suppressed silica gel formation.
202
1/50
Use of CO: for bauxite residue neutralization:
neutralised bauxite residue at ambient
) conditions (qCO2: 0.25 L/min, T: 25 °C, L/S: 5);
CO2 + 35% H2S04; S/L ratio _ ) ) _
Greece* 121mg/kg 35% [156,166] high-pressure neutralised bauxite residue
H2S04 1/10; 25°C; 24h

(PCO2: 30 bar, T: 25 °C, L/S: 5); high-pressure
and high-temperature neutralised bauxite
residue (PCO2: 30 bar, T: 150 °C, L/S: 5).
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ratio of leaching agent
(HCI+H20): bauxite

HCI +
China 100mg/kg EDTA residue; EDTA was 40 79.6% [159] Use of EDTA for selective scandium leaching
mL: 10 g: 2 g; HCI dosage
40%; 70 °C; 4.0h.
Bauxite i ) Multi-step leaching process. Low temperatures
60min; S/L ratio 10%; 2M; _
Residue Greece 98mg/kg H2S04 . 60% [161] achieve better results due to low energy
230°C (under pressure) )
consumption
6M H2S04; 85°C; S/L ratio Use of Taguchi methodology to optimize
Greece 100mg/kg H2S04 16.6mg/L [167] _ ) )
30%; 4h scandium selective leaching.
} 54.4 -
China - - 37% [150] -
115.5mg/kg

* pre-treatment previously leaching experiments
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The number of publications found about scandium leaching from all other
opportunities was lower compared those using bauxite residue as the feed. It may have
occurred because scandium content in bauxite residues is higher and it's spread
evenly, as presented previously in Table 7. From phosphogypsum and phosphate
rocks, scandium content was lower than 10mg/kg. Canovas et al. (2019) studied
samples from Spain and scandium concentration was 1mg/kg, where its extraction
achieved 99% using 0.5mol/L H2SO4 and 3mol/L HNOs [168]. Similar REE extraction
was obtained by Abisheva et al. (2017) HNO3s 7.5 mol/L [169].

Scandium content in coal and fly ashes from the USA ranges from 2 to 35mg/kg
[170-174]. Yang et al. (2019) analyzed a few samples where its content was
1144mg/kg, and leaching efficiency reached 80%. Onal & Topkaya (2014) studied the
high-pressure leaching of Caldag lateritic nickel ore as an alternative of heap leaching.
Nickel and cobalt extraction rise up to 94%. Scandium content was 0.0065wt.% and

its leaching percentage was 90.9% (24mg/L in the liquor) [175].

A few studies considered a sulfation-roasting-leaching process, which was not
considered in the present analysis. As an example, Anawati & Azimi (2019) explored
the acid-baking process (25 - 400°C) of bauxite residue followed by water leaching.
Scandium extraction reached maximum efficiency (80%) at 400°C, where it occurred
as iron oxide is converted to sulfate [164]. Despite the fact that H2.SO4 can be recovered
and condensed for reuse on the acid-baking process, the acid consumption is still

considered too high, mainly due to the alkalinity of the residue.

Studies have also explored the use of ionic liquid on the leaching process. The
main advantage might be the selective extraction carried out by the organic leaching
agent and also avoiding acid consumption. Bonomi et al. (2018) studied the ionic liquid
1-ethyl-3-methylimidazolium hydrogensulfate ([Emim][HSO4]) for scandium and
titanium extraction from Greek bauxite residue. Scandium extraction increased as iron
and titanium leaching increases. The process efficiency reached 80% for scandium
with almost all the iron extracted. Aluminum and sodium extraction extents were 40%.
On the other hand, the ionic liquid is viscous and costs up to US$1,000 per kilogram.
[176].
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Dauvris et al. (2018) studied the ionic liquid HbetTf2N for REE extraction from
‘Rodberg’ ore of Fe carbonatite complex deposit. Scandium content in initial material
was 90mg/kg and its extraction reached up to 60%. Other REE, calcium, and
magnesium leaching were, respectively, 40-60% and 80-90% [177]. Furthermore,
Davris (2016) evaluated the use of ionic liquid for metals leaching from bauxite residue.
As before, calcium was the main contaminant extracted; on the other hand, iron
leaching was lower than using mineral acids, but scandium extraction extent was
limited to 40% [178].

lonic liquids should be more selective in leaching reaction, but scandium
extraction efficiency is lower comparing with mineral acids, such as H2SO4 and HCI.
Moreover, the price of the ionic liquid is higher than typical leaching agents used in
industrial applications and the high viscosity poses significant challenges which likely
make the process less economically feasible compared to conventional aqueous acid

solutions.

In all studies, scandium is presented in the liquor generated in trace
concentration, while iron, silicon, and aluminum are commonly the main contaminants.
Further steps must consider selective scandium separation, both contaminants

removal or scandium recovery.

For instance, Zhang & Honaker (2018) explored the precipitation of solution
varying the pH 4.85 - 6.11, containing 1.1% of REE, 18.4% Al, 1.7% Zn, 1.4% Cu,
1.14% Mn, 0.5% Ni and 0.2% Co. REE was precipitated using oxalic acid, which
resulted in a product containing 94% of REE [170]. Despite that, the concentrate
obtained has less economic value than a pure product. For this reason, it is preferable
to use an ion-exchange technique for selective separation or contaminants removal

from the liquor generated from leaching step.

2.1.4.2. lon exchange techniques

The main techniques studied for selective scandium recovery are ion-
exchange chelating resins and solvent extraction, being the last one well-explored due
to the highly selective capacity and high contaminant content. Cyanex 272, D2EHPA,

lonquest 290, and Cyanex 923 are widely explored in sulfate solution, as shown in
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Table 9. Despite that, commercial chelating resins are not explored from leaching
process of possible scandium resources. Those resins tend to become more favorable

economically as scandium content declines.

Zhu et al. tested several resins for vanadium recovery from leached of bauxite
residue [179,180], while Zhang et al. (2017) synthesized a chelating resin with titanium
phosphate functional group for scandium recovery from Greek bauxite residue, which
achieved 91% of efficiency [181].

Zhou et al. and Roosen et al. also tested modified absorbent and synthesized
chelating resin for scandium recovery [182,183]. For all, high selectivity for scandium
was evaluated compared with iron, silicon, and titanium, the main contaminants from
bauxite residue leached. Scandium recovery from HzPO4 using commercial chelating
resins (DOWEX-50WX8 and DOWEX-50WX4) and from acid mine drainage (AMD)
using synthesized chelating resin was also explored [184,185].

As Bao et al. (2018) evaluated, the kinetic of scandium adsorption onto
chelating resins with the phosphonic acid functional group is higher than
iminodiacetate [186]. These results, associated with the literature review showed in
Table 9, demonstrated that scandium recovery by ion exchange technique is more
efficient using phosphonic groups, both solvent extraction and chelating resins. As
further explained, REE tend to have a strong affinity with the P=0O functional group by

coordinate reactions.

Moreover, the elution (resins) and stripping (solvent extraction) have not been
extensively explored, which should improve scandium recovery and obtain a high
purity product. Sodium carbonate and bicarbonate are highly selective for scandium
elution, but fluorine compounds, such as ammonium and sodium, have shown better

results than mineral acids.
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Table 9: Solvent extraction and ion exchange resins application for scandium recovery

Resource Location Organic extractant / Chelating resin Medium

Sc

concentration

%

recovery

Reference

P507: 2-ethyl hexyl phosphonic acid 2-ethyl hexyl ester;
China P204: Bis(2-ethylhexyl) phosphate; HCI
N1923: Primary amine

15mg/L

99.3%

[179]

P507: 2-ethyl hexyl phosphonic acid 2-ethyl hexyl ester;
China P204: di-2-ethylhexyl phosphoric acid; H2S04

Versatic 10: carboxylic acids

9Img/L

96.50%

[187]

Cyanex 272: di-2,4,4-trimethylpentyl phosphinic acid;
lonquest 801: 2-ethylhexyl phosphonic acid mono-2-ethylhexyl
ester;
Bauxite residue D2EHPA: di-2-ethylhexyl phosphoric acid,;
Australia Versatic 10: 2-methyl-2-eth- ylheptanoic acid,; H2S04
Shellsol D70: 100% aliphatic diluent;
Primene JMT: 1,1,3,3,5,5,7,7,9,9-decamethyl decyl amine;
LIX 984N: un-modified 50:50 blend of aldoxime;
LIX54-100: B-dike- tones.

5.53mg/L

> 99%

[188]

D2EHPA: di-2-ethylhexyl phosphoric acid;
India Cyanex 272: di-2,4,4-trimethylpentyl phosphinic acid; H2S04
Cyanex 301: dialkyldithiophosphinic acid

41mg/L

100%

[189]

not informed P507: 2-ethyl hexyl phosphonic acid 2-ethyl hexyl ester. H2S04

142mg/L

95.3%

[190]
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lonquest 290: bis(2,4,4-trimethylpenthyl) phosphonic acid;
D2EHPA: di(2-ethylhexyl) phosphoric acid;

not informed H2S04 46mg/L >95% [191]
Cyanex 272: bis(2,4,4-trimethylpentyl) phosphinic acid;
Cyanex 923: Trialkyl phosphine oxide.

Ni laterite not informed D2EHPA: di(2-ethylhexyl) phosphoric acid,; H2S04 20-30mg/kg =100% [192]

Cyanex 923: mixture of four trialkylphosphine oxides R3PO

(trioctylphosphine oxide), R'R2PO (dioctylmonohexylphosphine

Brazil oxide), R'2RPO (dihexylmonooctylphosphine oxide), R'3PO H2S04 990mg/L 86.7% [193]

(trihexylphosphine oxide) (R is n-octyl and R' is n-hexyland)

Cyanex 272: di-2,4,4-trimethylpentyl phosphinic acid;
Phosphogypsum USA D2EHPA: di(2-ethylhexyl) phosphoric acid; H3PO4 1-15ppm [184]
and phosphate ) 198mg/L of

- Tributyl phosphate HNOs 99.98% [194]

rocks

YREMs
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In addition to traditional ion exchange techniques, the use of ionic liquid has
increased, not only for selective leaching but also to separate scandium from leaching
of mining wastes [195] and WEEE [196]. Avdibegovic et al. (2018) explored the use of
ionic liquid for selective scandium recovery from Greece red mud, where its efficiency
might reach up to 100%. Comparing ionic liquid with scandium precipitation as
phosphate, its recovery from sulfuric medium using [Hbet-STFSI-PS-DVB] was only
efficient after Fe(lll) removal [197,198]. Indeed, several studies have been published
about ionic liquid applications in recent years.

Considering all publications classified as opportunities, there are more about
separation than leaching (28% and 21%, respectively). It indicates that there is more
concern in obtaining a high-pure scandium solution. Leaching studies concerning is
about acid consumption, mainly from bauxite residue. All scandium sources have high
iron, aluminum, and silicon content, where a selective separation is required despite

high-selective leaching reaction.

Indeed, the largest number of publications found were about chemical
characterization from several sources, not only mineral but also municipal wastes and
waste electrical and electronic equipment, which implies that there is an increased
interest in metals recovery by urban mining, mainly REE. Moreover, the number of
publications about these elements recovery from coal and fly ashes leads to achieving

the conclusion that different sources are being studied.

2.1.4.3. Non-classifications

In the literature review, a considerable number of the manuscripts examined
scandium separation from aqueous media using different techniques. The main goal
of those publications is the selective separation or the removal of contaminants,
focusing on application in real solutions from bauxite residue, nickel laterite, and
wastewater from zirconium refinery, evaluating parameters such as pH, temperature,
and contaminants. Figure 9 shows the percentage of techniques studied. Despite the
high selectivity of the solvent extraction technique, there were more publications

exploring chelating resins due to the low scandium content in those solutions.
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Process
5%

Membranes
3%

Separation
24%
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23%

Figure 9: Percentage of publications found in literature review for each technique

without classification. IX = ion exchange resins; SX = solvent extraction.

Table 10 presents the publications found that used the solvent extraction
technique. Synthetic solutions were used for these studies in mineral acid medium,
simulating the leaching process. Organic extractants tested have phosphorus-based
functional groups, where Cyanex 272, D2EHPA, and Cyanex 923 presented
separation efficiency up to 99%. Indeed, those are widely applied on extraction process
from a varied source [199-202]. According to Li (2019) and Yudaev et al. (2021),
organophosphorous extractants are important for rare earth elements, since they allow
the separation from contaminants easily and to obtain a high-pure solution [203,204].
It demonstrates the reason for high scandium separation than other compounds.

The literature has also shown that the mixture of organic extractants
(synergism) is being explored, as studied by Hu et al. (2020). The mixture of two
extractants (binary system) increases the selective separation and efficiency when
compared separated. Zhang et al. (2018) concluded that D2EHPA + TBP recovered
99.7% of scandium associated with high scandium separation when compared to iron.
Zhao et al. (2016) and Sharaf et al. (2018) published similar results efficiency.
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Table 10: Solvent extraction studies for scandium recovery or purification

Sc
) Medium Organic extractant % recovery Reference
concentration
100mg/L NaOH Aliguat 336 - CH3sRsNOH 95% [205]
23.62mg/L H3POa4 P204 - di-(2-ethylhexyl) phosphoric acid 95% [206]
D2EHPA - di-2-ethylhexyl phosphoric acid; MTAA -
12mg/L H2S04 i ) 99% [207]
methyltrialkylammonium
H2S04, HCI and Cextrant 230 - di-(2-ethylhexyl)[N-(2-ethylhexyl) amino methyl
45 — 450mg/L ( yihexyhIN~( yihexy) 4 - [208]
HNOs phosphonate
10.21mg/L H2S04 D2EHPA - di-2-ethylhexyl phosphoric acid; N1923 - primary amine 98% [209]
Cyanex272 - di-2,4,4-trimethylpentyl phosphinic acid; Cyanex923 - a
140mg/L H2S04 ) _ ) ) up to 95% [210]
mixture of four trialkylphosphine oxides
HNOs, HCI, ) ) . .
>2¢/L H.SO TRPO - isoamyldialkyl(C7-C9)phosphine oxide up to 80% [211]
2 4
4.5mg/L H2S04 HTTA - 2-thenoyltrifluoroacetone; TOPO - tri-n-octylphosphine Oxide - [212]
Trichloroacetate
2g/L ] B15C5 - benzo-15-crown-5 - [213]
solutions
PCB88A - 2-ethylhexylphosphonic acid mono-2-ethyl- hexyl ester;
4.5mg/L HNO3 ] ) ] up to 90% [214]
Versatic 10 - neodecanoic acid
20mg/L H2S04 D2EHPA - di-2-ethylhexyl phosphoric acid; TBP - tri-n-butyl phosphate 99.72% [215]
D2EHPA - di-2-ethylhexyl phosphoric acid; Cyanex 272 - di-2,4,4-
lg/L HCI ) o ] 99% [216]
trimethylpentyl phosphinic acid,;
0.30mg/L HNO3 TODGA - N,N,N',N' tetra-octyl-3-oxopentanediamide >99% [217]
Phoslex DT-8 - Oxidized di(2-ethylhexyl)dithiophoshate; Kelex 100,
45mg/L HCI - [218]
PC88A, and Cyanex 302
450mg/L H2S04 DEHAMP - di(2-ethylhexyl)-N-heptylaminomethylphosphonate 90% [219]
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Cont. of Table 10

100% (extraction);

45mg/L HCI MSP-8 - O,0-bis(2-ethylhexyl) Hydrogen Thiophosphate 20% (1st stripping); [220]
80% (2nd stripping)
45mgiL H,S04 D2EHAG - N-[N,N-d|(2-ethylhexyl)a'mmocarbonylmethyl]- glycme;. 99% 221]
D2EHAF - N-[N,N-di(2-ethylhexyl)- aminocarbonylmethyl]phenylalanine
PC-88A - 2-ethylhexyl phosphonic acid mono-2-ethylhexyl ester;
- H2S04 Versatic 10 - neodecanoic acid; and XAD-7HP - acrylic ester co- 99% [222]

polymer
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Yoshida et al. (2019) studied different organic extractants for scandium
separation, being the most common D2EHPA (organo- phosphorus acid), Versatic 10
(carboxylic acid) and TOPO (a solvating extractant). Besides these, the authors also
studied the D2EHAG, D2EHAS, and DE2HAF, which are amic acids. Results showed
that D2EHPA separated scandium up to 100% in all pH range (0.5 — 3.0), while
D2EHAG and D2EHAS achieved similar results in pH above 2.0. DE2HAF achieved
65% at pH 3.0, and the efficiency of scandium separation using Versatic 10 and TOPO
was lower than 20%. As demonstrated by the authors, organic extractants are suitable

for scandium separation.

Table 11 shows the developments in scandium recovery by ion exchange solid
materials, such as chelating resins and new exchangers. Comparing such ion-
exchange technigues, both positives and negatives aspects should be considered.
Solvent extraction might obtain a high-pure product, faster and high separation degree
but the operational cost is considered high and environmentally harmful. On the other
hand, ion exchange resins have other operational challenges but they are more
suitable for concentrations below 1g/L (until ppm or ppb), while solvent extraction is
suitable for target metal concentration above 1g/L [223]. As scandium is presented in
concentrations lower than 1g/L (nickel laterite) and 40mg/L — 5mg/L (bauxite residue),
as shown in Table 9, solid-liquid separation by ion exchange must be proper in this

case.

All those studies presented were carried out using a synthetic solution to
simulate the real liquor from leaching step in order to evaluate the parameters of
separation. For instance, Avdibegovic¢ et al. (2019) synthesized adsorbent material (a-
zirconium phosphate - Zr(HPO4)2-H20) for scandium separation over iron, as it is the
main contaminant in all processes discussed in Section 2.1.3.2. After batch
experiments, column experiments were performed for both synthetic solution and real

leaching liquor from Greek bauxite residue by HCI [224].

Commercial resins were widely explored, such as TP 260, TP 209, TP 272,
Lewatit M500, Lewatit SP112 to obtain a high-concentrate and pure scandium solution.
Indeed, all of them evaluate the effect of iron on scandium separation. Among those,

TP 260 and TP 272 have shown more selective than iron and aluminum, and TP 272
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achieved highest Sc-Fe separation, mainly for ferrous iron than ferric iron, which might

be performed by a chemical reducing process [225].

Different materials were tested, as algae (Posidonia oceanica) for scandium
separation as a low cost adsorbant. Ramasamya et al. (2019) simulated a acidic mine
drainage for the separation of rare earth elements, where the material achieved better
results for scandium than commercial resins due to the high concentration of

contaminants [226].

By the same token, Hamza et al. (2020) prepared a adsorbant manufactured
with algine and polyethyleneimine beads. Results depicted that the material is selective
for scandium when compared with sodium, magnesium and samarium. Experiments
with solution from leaching of bauxite residue demonstrated that even in acidic pH
(1.24), the material was more selective for scandium than iron, aluminum, silicon,

zirconium and titanium [227].

Moreover, several studies explored new materials synthesized focusing on
scandium separation and chelating resins impregnated by organic extractants.
Ramasamy et al. (2017) synthesized mesoporous silica for scandium and REE (yttrium
and lanthanides group) adsorption. The exchanger materials have O— and N— donor
ligands, such as amino and carboxylic groups, despite P—. Moreover, silica is a support
material extensively studied for solid-liquid separation due to its high surface area in
addition to thermal resistance [228], which justify the high amount of publications found
in the literature for new ion exchange materials production focusing on REE

separation.

Moon et al. (2020) impregnated a support resin with Cyanex 272 for separation
of scandium from yttrium in hydrochloride medium. The solvent-impregnated resin
effectively separated the rare earth elements, where scandium was adsorbed and

yttrium remained in the solution [229].

Zhang et al. (2019) also studied a silica-polymer adsorbent impregnated with
HDEHP (di(2-ethylhexyl) phosphonate) for scandium separation over REE. Both
studies indicate that these exchangers can be used for scandium separation. Indeed,
the development of new materials for the separation step would increase the number
of exchanges and increasing the possibility of replacement of high-cost raw materials
for purification step, as in the case with the solvent extraction.
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Complementary to these techniques, precipitation and ionic liquid have also
explored. Yagmurlu et al. (2018) explored different precipitant agents (CaCO3s, NaOH,
NH4OH, KOH, K2HPOa4, (NH)2HPO4, Na:HPO4) for scandium separation from
synthetic solution based on liquor from bauxite residue leaching in sulfuric, nitric, and
hydrochloride acids media. The results have shown that NH4sOH was more selective
with low scandium losses. Hydroxides and calcium carbonate precipitation
experiments obtained highest scandium losses in both HCI and HNOs media.
According to the authors, scandium concentrate solution obtaining can be performed
through three steps: first, iron removal by NH4OH; second, iron removal with scandium
losses by NH4OH, which returns to the beginning of the process; and finally, a

concentrate solution by phosphate precipitation using Na2HPO4 [230].

In addition, da Silva et al. (2018) tested CaCOs, Ca(OH)2, NaOH, and MgO for
impurities removal in H2SOs4 media — calcium, magnesium, manganese, iron,
aluminum, thorium, and uranium. Despite scandium losses were lower than 4%, it was
obtained a high-pure mix of REE (high and light) after two precipitation steps. About
98% of impurities were removed using CaCOs at pH 3.5 followed by Ca(COs)2 at pH
5.0 [231]. In another work, the authors tested sodium sulfate and disodium hydrogen
phosphate for selective REE precipitation. As before, an REE concentrate was
obtained [232]. The present literature review has shown that scandium separation
cannot be performed by precipitation, but impurities removal previous ion-exchange

technique is an opportunity to increase the selective separation.
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Table 11: Chelating resins studies for scandium recovery or purification

Sc ] ] %
) Medium Resin Reference
concentration recovery
90mg/L HCI SIiAcP - silica composite. 99.9% [233]

am- ZrP, am-TiP - amorphous zirconium and titanium; a-TiP - phosphate and crystalline
45mg/L HCI o 60% [224]
titanium phosphate

1-200mg/L H2S04 Posidonia oceanica - green marine algae 98% [226]

25mg/L H2S04 Activated carbon and silica composites 90% [234]

APTES - 3-Aminopropyl triethoxysilane; APTMS - 3-Aminopropy! trimethoxysilane; MTM
30mg/L - . ) ) ) 99% [235]
- Trimethoxymethylsilane; TMCS - Chlorotrimethylsilane

[D201][DEHP] - di(2-ethylhexyl) phosphonate; [D201][C272] - bis(2,4,4-trimethylpentyl)

18g/L HCI 95% [236]
phosphonate
Solvent-impregnated resin (SIR) containing Cyanex 272 - bis(2,4,4-
45mg/L HCI ) o ) 87% [229]
trimethylpentyl)phosphinic acid
10mg/L H2S04 Aminocarbonylmethylglycine 99% [237]
4.6mg/L HNO3 SBA-15, KIT-6, silica gel, and B-zeolite 95% [238]
20mg/L HCI y-AA-x@MIL-101s - Acrylic Acid-Functionalized Metal-Organic 90% [239]
TP 260 - aminomethyl phosphonic; TP 209 - iminodiacetate; TP 272 - bis(2,4,4-
50mg/L H2S04 ] L ) - [186]
trimethylpentyl) phosphinic acid
450mg/L H2S04 Macroporous TRPO/SiO2-P adsorbent 100% [240]
Purolite A170 - dimethylamine; Lewatit M500 - tertiary amine; Lewatit SP112 - sulfo
- HNOs3 99% [241]
groups
20mg/L HCI The newly synthesized resin containing glycol amic acid group for - [242]
0.5g/L HCI 732-type resin - strongly acidic cation exchange resin used 21% [243]
25mg/L HCI amino and non-amino functionalized silica gels 99% [244]

- H2S04 HDEHP/SiO2-P - di(2-ethylhexyl) phosphonate silica-polymer - [233]
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Cont. of Table 11

1-2mg/L HCl and HNOs 1-(2-pyridylazo)-2-napththol (PAN) and acetylacetone (acac) immobilized gels - [228]
silica sol-gel material doped with trioctylmethylammonium 1-phenyl-3-methyl-4-benzoyl-
0.18mg/L HNOs g P v Y pheny Y y - [245]
5-onate
Hbet—-STFSI-PS-DVB - sulfonyl(trifluoromethanesulfonylimide) poly(styrene-co-
49.5mg/L HCIl and HNO3 o - [246]
divinylbenzene)
PC-88A - 2-ethylhexyl phosphonic acid mono-2-ethylhexyl ester; Versatic 10 -
H2S04 99% [222]

neodecanoic acid; and XAD-7HP - acrylic ester co-polymer
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Finally, as demonstrated in Section 2.1.3.2, the use of ionic liquid for REE
recovery is explored achieving up to 97% of scandium recovery [247-250]. As
discussed by Makanyire et al. (2016), comparing with solvent extraction, the ionic
liquids are water-soluble determining environmental and economic management
related issues. According to the authors, ionic liquids are classified as green solvent
due to the low vapor pressure, decreasing health impairments, environmental and
security risks. However, the costs of these organic reagents are still considered too
high, which makes the ionic liquids non-competitive with organic extractants [251].

Turanov et al. (2016) and Sun et al. (2011) studied ionic liquids for selective
scandium separation over yttrium and REE. Results indicated that these compounds
might be used for selective separation of REE. Considering the number of publications
focusing on REE separation by the ionic liquid, the cost issues may be solved by
designing a process that results in a high-pure product. So, the raw material cost would
be paid in the process by itself. In the present review, it was realized that the interest
on the ionic liquid in the last years has increased, mainly due to the importance of REE
extraction and separation to obtain high-pure products caused by Chinese market

control and raises on their consumption.

Liquid membrane have demonstrated an outline for scandium recovery. Parhi
et al. (2019) studied the hollow fibre liquid membrane (HFLM) for scandium separation
from manganese-containing solution (HCI). The ionic liquid (IL) R4aND achieved better
results than D2EHPA in chloride medium [252]. It was monstrated that process using
liquid membranes benefits the process in light of sustainability since toxic and

dangerous reagents are replaced [105,253,254].

2.1.5. Sustainable evaluation and challenges to be overcome
By the reason of Chinese control on the REEs market (95%) [17,23] countries
around the world have searching for new sources of those elements. Indeed, Brazil
has more REESs ores than China but still needs investment to explore these resources.
North America, Africa, Asia, and Australia have REEs ores to be explored. As related
by Chen (2011), even comparing the number of deposits (REEs resources) with

reserves (resources for industrial applications), Brazil is the leader in REEs sources —
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32% - followed by China (22%). There are almost 34 countries spread in the world,

and the expectation is for growth [255].

The main discussion in the last years about mining activities is the depletion of
natural resources. Many authors have argued that they will be exhausted, and to meet
the sustainable development, the metals resources would change from natural to
recycling (urban mining). Indeed, the scarcity of natural sources is more about
economic viability issues, where the grade of the target metal (or metals) has
decreased. In addition, the demand won’t decrease or remain constant, leading us to
search for new sources [18,256]. For this reason, a search on scandium extraction
from many types of sources has been increased in the last years, as the present study
showed.

New scandium sources may contribute to the circular economy, and industrial
wastes (mining and coal ashes) and municipal wastes (i.e. WEEE) were widely
investigated to achieve it. According to Binnemans et al., the investment in sustainable
primary mining (from new REESs ores to reopening old mines) and urban mining will
support the critical metals supply (as well as scandium) [257,258]. Nonetheless,
scandium recycling rate is none, as shown by the European report [17]. In fact, the
knowledge of new opportunities allied to the innovative extraction/recycling processing

targeting circular economic must be invested.

Indeed, such REEs are partially used for green energy production. As it is
expected an increase of 5% on production, it's also important a green extractive
processing. Due to low REEs content in natural resources, sustainability must be led
to reuse of mining tailings and recycling processing. Many strategies are available to

be used to achieve other SDGs, as discussed by Monteiro et al. (2019).

2.1.6. Future strategy and process perspectives for scandium extraction
The present study discussed the current techniques for scandium recovery
from primary and secondary sources; likewise, opportunities were also discussed.
Indeed, the focus here was for processing in aqueous media (hydrometallurgy).
Despite the present study did not consider pyrometallurgical processing as sustainable

route, the combination of pyro + hydro could reach this goal for many reasons.
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First, iron may be removed by thermal processing, which can be used as raw
material for pig iron or steel production. However, the literature review has shown that
this material contains high amount of impurities which decreases its added-value [51].
Surely, high energy is required for the process; on the other hand, industrial or urban
wastes can be used for energy production, which must benefit the SDGs [32].
Considering the greenhouse gases released and energy consumption,
hydrometallurgy processing is the may route to reach the goals proposed by U.N.
[32,59,60].

The most important aspect of ecofriendly scandium processing is to promote
its recycling and reuse minimizing the dependency of such natural resources.
Furthermore, effective administrative policies to establish and implement recycling
programs in governmental spheres is crucial [26]. For countries such as Brazil, the
USA, and Australia - that have continental sizes - they will be benefited by aqueous
processing, where small factories may be spread over the territory, in spite of one big
thermal processing factory [64], mainly for urban mining where scandium can be

obtained.

Sections 2.1.3.2 and 2.1.3.3 have shown that the main scandium sources to
supply its future demand are mining tailings (mainly bauxite residue and nickel laterite).
As WEE are rich in REEs, such as yttrium, lanthanum, cerium, and neodymium, and
scandium is present in a few of them, urban mining focusing on the recovery of all of
these elements, as well as other metals (as copper, zinc, gold and silver), the SDG
would be achieved. The future of scandium production and supply can be considered
as promising. Economics aspects of mine production allied to sustainability are all
explored in the present literature review, which goes straight to the sustainable
development goals for a green production [32,33,60]. Among the existing extractive
routes and those at the beginning of development, the processing in agueous media

might achieve the goals for an ecofriendly process for scandium extraction

It is considered that scandium content over 20mg/kg — 50mg/kg can be
explored due to the economic viability, and considering the aspects pointed by Chen
(2011), and adopting for scandium supply, it is important to recognize that the literature
review presents the characterization of different materials to be used as raw material

for metals production, such as WEEE and mining tailings.
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Despite scandium is the target element, many others can be extracted. For
instance, bauxite residue may contain yttrium and elements from the lanthanide group
to have prospected. Furthermore, the literature review has shown that titanium and
zirconium can also be recovered. For sodium, it is extracted and recycled in the Bayer
Process. Iron, aluminum, and silicon may be used for new product development, as
Izidoro et al. (2019) demonstrated for zeolite A synthesis for industrial wastewater
treatment [27]. However, acid consumption is still a challenge to be overcome. Despite

that, it may achieve a circular economy.

From nickel laterite waste, scandium content is lower and its extraction may
have the same problems as bauxite residues, and nickel and cobalt may be recovery
with scandium. Considering coal ashes, the concentration is even lower and both

technical and economic viability would not be achieved.

For scandium supply, urban mining would not be considered due to low
content. Also, associated with the difficulty of REEs separation, mixed oxides of these
elements would be produced instead of separated. Still, the recovery of such elements
will increase the economic benefits of recycling, even more using a residue as raw

material.

From urban mining, scandium concentration would be increased on the
dismantling step, where parts, where it is found, may be separated, as the case of
processor socket. Considering the studies were quantified scandium on WEEE, all of
them it is presented in trace concentration. It indicates that it may be difficult to obtain
scandium concentrated in recycling process. On the other hand, the recycling and the
recovery of metals from wastes will reduce environmental impacts and improve
efficiency. As a conclusion, despite those problems, it is a way to reach sustainability

on the extraction of scandium.

Certainly, several issues must be solved, as to how far recycling is priceless
than extractive processing from natural resources. It is well known that the separation
of metals on recycling processing may be more expansive than from natural, due to
the number of impurities found in these sources. In other words, a technical feasibility
study must be taken into account. It is the key to sustainability: join the environment

with the economic aspects.
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3. OBJECTIVES

The goals of this thesis were: the characterization of the scandium sources;
study the parameters of acid leaching, such as acid concentration, temperature,
solid/liquid ratio and time; and the parameters of scandium and zirconium separation
by solvent extraction, such as organic extractant, pH, temperature, TBP as modifier
and A/O ratio.
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4. MATERIALS AND METHODS

A Brazilian company supplied the bauxite residue. In contrast, the silicate-
based ore was supplied by a Canadian company and sent to the University of Sao
Paulo by the Hydrometallurgical group of the University of Queensland. The

methodology is detailed in each article presented in Section 5.

Figure 10 shows the methodology for experiments with bauxite residue. The
characterization and leaching experiments of bauxite residue were carried out at
LAREX at the University of Sdo Paulo. First, the sample was homogenized and then
dried for characterization. Next, chemical and physical characterization was carried out
by X-ray fluorescence, scanning electron microscopy coupled with energy dispersive
spectroscopy, particle size distribution, X-ray diffraction, total organic carbon, and

inductively coupled plasma optical emission spectrometry.

After chemical characterization, leaching experiments were carried out
evaluating two inorganic acids: sulfuric acid (H2SO4) and phosphoric acid (HzPOa4).
Experiments were performed in a glass reactor under stirring and temperature control.
It was evaluated the effect of time, solid-liquid ratio, H202 dosage, temperature, and
acid concentration. In addition, such experiments were carried out to study the

scandium extraction and co-extraction of other valuable elements and contaminants.

Solvent extraction experiments were carried out to separate scandium and
zirconium from the bauxite residue leach solution. Two trialkylphosphine acids and one
tertiary amine were studied, evaluating the effect of pH, temperature, organic

extractant concentration, the synergism with TBP, and aqueous-organic ratio.
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BAUXITE RESIDUE Chemical and physical
analyses:

Moisture Content;
l +  Alkalinity;
+ Particle size;
( Characterization I - EDXRF;
SEM/EDS;
XRD;
Loss of ignition and

TOC;
Parameters evaluated: + ICP-OES

Time;
Solid-liquid ratio;

H,0, dosage; « l Leaching experiments ]
Temperatura;

Acid concentration

Parameters evaluated:
« pH;
] « Temperature
I » +« Organic extractant
concentration;
TBP mixture;
A/O ratio

Solvent extraction
experiments

Figure 10: Schematic flowchart of the methodology used for characterization, leaching,
and solvent extraction experiments of bauxite residue

The silicate-based material was characterized at the School of Chemical
Engineering at the University of Queensland and LAREX at the University of S&o
Paulo. Chemical characterization was carried out scanning electron microscopy
coupled with energy dispersive spectroscopy, particle size distribution, X-ray
diffraction, and inductively coupled plasma optical emission spectrometry. Figure 11
depicts the methodology used for experiments carried out using silicate-based material

to extract scandium and valuable elements.
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SILICATE-BASED ORE

l Chemical and physical
analyses:
Particle size;
SEM/EDS;
XRD;
ICP-OES

>

~—

[ Characterization

. . Dry digestion and sulfation
[ Direct leaching ] [ ! +gwater leaching ]

| |

Parameters evaluated: Parameters evaluated:
Solid-liquid ratio; + Acid dosage;
H,0, dosage; * Roasting

*+ Na,S,0, dosage; temperature
Temperatura;

Acid concentration

Figure 11: Schematic flowchart of the methodology used for characterization of silicate-
based ore and extraction experiments.

Extraction experiments were carried out using H2SOa4. Direct leaching, dry
digestion, and acid baking followed by water leaching techniques were adopted to
extract scandium and rare earth elements. First, direct leaching was studied,
evaluating the effect of solid-liquid ratio, acid concentration, H202 and Na2S204
dosage, and temperature. Then, dry and acid baking was studied, and the effect of

acid dosage and roasting temperature were evaluated in-depth.

The aqueous solution of leaching and solvent extraction experiments was
analyzed in ICP-OES to quantify trace elements (scandium and rare earth elements)
and in EDXRF or AAS for chemical quantification of elements in high concentration,

when specified.
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5. RESULTS AND DISCUSSION

This section presents four manuscripts submitted and published in scientific
journals. Chapter 5.1 shows the data of bauxite residue characterization comparing
with the literature review. Moreover, a discussion of challenges and possibilities within

different techniques to extract scandium and valuable elements is approached.

Chapter 5.2 depicts the results for acid leaching of bauxite residue aims the
extraction of scandium. The inorganic acids H2SO4 and H3PO4 were studied in direct
leaching experiments through different parameters: time (30min — 660min), solid-liquid
ratio (1/10 — 1/50), H202 dosage (15g/L and 1-4mL/h), temperature (25°C — 90°C) and

acid concentration (10% - 60%).

Chapter 5.3 shows the data for extraction of scandium and valuable elements
from silicate-based ore by direct leaching and dry digestion/acid baking. First, the effect
of solid-liquid ratio (1/5 — 1/50), H2SOa4 concentration (0.5mol/L — 4.0mol/L), H202 and
Na:S204 dosage (1% - 10%) and temperature (25°C — 90°C) were evaluated
considering the extraction yield of the target elements. Also, the dry digestion and acid
baking were evaluated by studying the effect of acid dosage (0.6mL - 1.5mL) and
roasting temperature (25°C — 400°C).

Finally, Chapter 5.4 brings forward results of scandium and zirconium
separation from the bauxite leach solution. The organic extractants Alamine 336,
D2EHPA, and Cyanex 923 were evaluated to obtain high separation factors of the
target elements compared to the main contaminants (iron, aluminum, and titanium).
The effect of pH (0.5 — 2.0), temperature (25°C — 60°C), concentration of organic
extractant (5% - 25%), synergism with TBP (1% - 10%), and A/O ratio (5/1 — 1/5) were

evaluated.
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5.1. Characterization of bauxite residue from a press filter system:

comparative study and challenges for scandium extraction

A.B. BOTELHO JUNIOR; D.C.R. ESPINOSA; J.A.S. TENORIO

Department of Chemical Engineering; Polytechnic School, University of Sao Paulo, Sao Paulo — Brazil.

Abstract

A new step in the Bayer Process has been used to recover NaOH and to decline its
content from the red mud. After the digestion, the residue is separated from the Bayer
liquor and goes through press filters, which enables to recover NaOH and decrease
the moisture content. It is already known that the red mud is one of the most important
resources of scandium. For this reason, the goal of this work was to characterize a
Brazilian Red Mud for scandium recovery. The sample was collected after the press
filter system. Analysis of EDXRF, SEM-EDS, and XRD were performed. Microwave
digestion using acids mixture was carried out to determine the concentration of the
main elements. Fe20s3 represents 40% of the BRM, and Sc concentration is 43mg/kg.
The SiO2 content is 22%, which is the highest found in the literature review. On the
other hand, sodium concentration is the lowest. Literature review was carried out to
compare with BRM, as well as the current studies to recover scandium by the leaching-
ion exchange process. Scandium recovery using leaching-ion exchange process may
be possible with efficiency higher than 90%. In addition, the most challenge is the silica
gel formation during the leaching.

Keywords: Brazilian red mud; Bauxite residue; Critical metals
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Statement of Novelty

A Brazilian Red Mud (or bauxite residue) has been fully characterized.
Because its environmental risks and the huge amount stored in dams and due to the
recent accidents occurred in Brazil caused by mine tailing dams collapse, it is important
to give new reuse and applications for these residues. The literature review has
demonstrated that bauxite residues may contain several rare earth elements, being
scandium the most valuable and critical. However, there is a lack in the literature about
the red muds from Brazil. Based on this situation, the characterization and the
discussion about scandium recovery focusing on sustainable process by leaching-ion

exchange presents the novelty of this work.

5.1.1. Introduction

Brazil is the third country in bauxite resources and production in the world
[259,260]. This ore is the raw material for alumina production through the Bayer
Process, where sodium hydroxide is used as leaching agent, which enables the
selective leaching of alumina. After the leaching step, solid-liquid separation is required
[261,262]. The solid phase (residue) is called red mud, or bauxite residue. For each
tonne of alumina produced, around 1-1.5 ton of red mud is generated. An estimate
indicates that, in 2015, 4 billons tonnes of bauxite residue were generated around the

world, four times higher than in 1985. By now, it is stocked in tailings dams [263-265].

In an innovative process, after the solid-liquid separation, the red mud goes
through a press filter equipment to recover NaOH solution and decline the moisture
percentage of the residue. As a result, the dam that had previously been built for wet
disposal increased its useful life for more 30 years. Figure 12 shows the flowchart of
the Bayer Process. NaOH solution recovered might be sent to the comminution step,
which helps to mill of bauxite to reach the particle size distribution desired. The

desilication step is not shown in Figure 12.
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Figure 12: The flowchart of the Bayer Process, where the red mud goes through the
press filter for NaOH solution recovery and to decline the moisture content

The major elements presented in a red mud are iron, aluminum, sodium (from
digestion), silicon and titanium. Nonetheless, there is also the presence of several
elements in a minor concentration, which can be cited scandium, yttrium, zirconium,
and vanadium. Rare earth elements (REE) from the lanthanide group can also be
found [263].

In light of the rare earth resources, almost 90% of world’s production originates
from China. By 2009, China’s and world production increased 77% (129,000ton) and
45% (132,000ton), respectively [266]. Consequently, the Chinese government sets
guotas for the rare earth exportation. In 2010, the exportation of rare earth elements
was cut, causing an increase in market price [62,63,266]. For this reason, alternatives
have been studied to obtain those elements from different resources to supply the
demand.

The presence of those elements relies on the bauxite composition, which
differs in any part of the world. Despite the presence of different REE, scandium is the
most valuable element present in the red mud, representing 95% of the economic value
of the residue [20,267].

To the best of our knowledge, scandium is obtained only as a by-product from

the extraction of titanium and rare earth (China), uranium (Kazakhstan and Ukraine)
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and apatite (Russia). China is responsible of 66% of the scandium global production.
Resources of scandium are found in Australia, Canada, China, Kazakhstan,
Madagascar, Norway, the Philippines, Russia, Ukraine and the USA [65]. However,
about 70% of total scandium sources are in bauxites, and after the Bayer Process, it
is sent to red mud [268,269].

The European Union considered scandium as critical due to the risk of supply
interruption, strong control of a few countries on production and also its need in the
manufacturing of modern life [270-272]. Today, these critical metals are in critically
short supply, and it is important to prevent this list from continuing. Among these
opportunities, the recovery of scandium from red mud has been considered. Several
extraction process have been studied; however, it must be designed according to the
characteristics of the residue. Despite the studies presented in the literature [273],
none of them considered scandium extraction from a red mud from Brazil. A brief
literature review is given to provide the state of art knowledge existing in scandium

recovery from red mud.

5.1.2. A literature review of scandium recovery from red mud
There are a few routes that are being explored for scandium recovery from red
mud. Some of them also considered the extraction of the main elements present in the

residue, such as iron, aluminum, titanium, and sodium.

Borra et.al. (2016) studied the iron extraction by the smelting process for both
iron recovery and to increase the scandium content. The red mud from Greece was
mixed with graphite powder and wollastonite and heated at 1500°C. Results showed
that 85% of iron was removed, and the REE content increased in slag comparing with
concentration in red mud. Leaching experiments in slag showed that all scandium, 70%
of titanium and most of REE were recovered using HCIl and HNOs at 90°C [274].

Hodge et al. (2019) studied the recovery of aluminum and sodium by the
bauxite residue sinter leach process (BRSLP). Iron and aluminum are the main metals
presents in the red mud, followed by silica, sodium, and titanium. The process consists
in to make NaAlO:2 soluble and insoluble Ca2SiO4 avoiding reactive silica to precipitate

aluminum. The red mud was mixed with sodium and calcium carbonate and heated at
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1000°C. Results indicated sodium and aluminum recovery up to 50%, while silica

recovery was lower than 10% [155].

Also, a combination of sulfation and water leaching can be used for REE
recovery. The process consists in a reaction between sulfuric acid and red mud in an
oven in temperatures above 200°C. The reason for that is to form REE sulfate, which
is soluble in water. Despite results indicated that the REE extraction reached 90%,
scandium leaching by water might reach 60% [164,275].

Although iron, sodium and aluminum removal are extremely important for both
concentrate the scandium and further to remove contaminant from the process, the
use of pyrometallurgy to recover metals from red mud make it economically infeasible
[263,268,276].

Using pyrometallurgy has been losing its competitiveness on REE recovery
from low-grade resources, due to the high energy consumption and environmental
pollutants [263,277-279]. In spite of the REE extraction reaches 90% by sulfation and
water leaching, the efficiency on scandium extraction is lower when compared with
direct leaching. For this reason, hydrometallurgical processing has been developed,

mainly for the extraction from low-grade resources.

Studies have considered the use of ionic liquid for scandium extraction. Davris
et al. (2016) studied the direct leaching of Greek red mud using functionalized
hydrophobic ionic liquid, which is an organic solvent consisting solely of ions. These
ionic liquids provide selective dissolution during the leaching reaction. The authors
obtained 70-85% REE extraction, while results for scandium was did not exceed 45%
[280].

Bonomi et al. (2018) studied the direct leaching of red mud with Brgnsted
acidic ionic liquid 1-ethyl-3-methylimidazolium hydrogensulfate. Scandium extraction
reached 80%, while iron extraction was almost 100% at the same condition [176].
Despite the higher efficiency on scandium extraction, both high iron extraction and the
price of ionic liquid might make the process infeasible. Comparing with mineral acids,

ionic liquids are considered too expensive.

Pepper et al. (2016) studied the leaching of red mud by different mineral acids.

Iron extraction is lower using phosphoric acid than sulfuric acid [281]. Borra et.al.
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(2015) studied REE recovery by direct leaching using different inorganic and organic
acids from Greek red mud. The authors showed that the scandium extraction is directly
related with iron extraction, which might indicate that scandium is trapped by the iron
phases. Scandium extraction reached 80% as well as iron extraction [54].

There are two main problems with the direct leaching of red mud. It will be
necessary extremely acid conditions primarily due to the alkaline content of the red
mud, which makes the acid consumption excessive and turn the process infeasible.
The red mud is obtained from an alkaline process, and most of all elements are
presented as hydroxide. Further, there is sodium hydroxide presented in the residue.
The acid consumption can be decreased in high liquid/solid ratios, but the amount of

solution to be treated also increases [48,54,273,282].

Another problem on the acid leaching process is the silica gel formation, as
showed by Alkan et.al. (2018). This makes the solid-liquid separation difficult. In
addition, the silica gel traps a part of the liquor generated during the acid leaching,

which decreases the metals extraction, mainly rare earth elements [48].

Solvent extraction is commonly used for the separation of REE from the liquor
generated on the leaching step [1,283]. The high concentration of iron as the major
contaminant decreases the process efficiency. lon exchange chelating resins can be
used also for scandium recovery [19,284,285]. Parameters for the extraction process
are established according to the composition of the red mud and its physicochemical
characteristics. Consequently, an industrial process can be designed for scandium

extraction and further elements with economic aspects.

For this reason, the aim of this work was the characterization of Brazilian Red
Mud (BRM) for scandium recovery. The moisture content, alkalinity, and patrticle size
distribution were analyzed. The X-ray fluorescence and X-ray diffraction analysis were
performed to study the main elements and the mineral phases present in the residue.
Analysis by SEM/EDS were carried out to study the residue morphology. Quantification
analysis was performed in ICP-OES after acid digestion. All results were compared
with red mud from different parts of the world. From these results, a critical overview
was made to evaluate the hydrometallurgical process and challenges to obtain

scandium and valuable metals from BRM.



93

5.1.3. Materials and methods
A sample of BRM (16kg) was received from a Brazilian company.
Subsequently, the red mud was separated from Bayer liquor and went through the
press filter. The sample was homogenized following the pile method and separated in
1kg packages. Then, the BRM was ground using mortar and pestle for the moisture
content analysis. Samples used for alkalinity measurements, particle size analysis,
XRD, SEM-EDS, EDXRF and digestion were first dried in an oven at 60°C for 24 hours.

5.1.3.1. Moisture Content

The analysis of moisture content were performed by infrared moisture analyzer
(GEHAKA — 1V2000) with a 1g of the sample. Two different methods were applied:
Auto Dry, where the sample was heated until at 150°C and maintained until mass loss
had been less than 0.05%; and drying time, where the sample was heated until at

150°C and maintained for 30min. All analysis were carried out in duplicate.

5.1.3.2. The pH Measurements

A 2509 of the BRM dried was mixed with 1L of deionized water and left to stand
for 7 days [286]. The pH was measured using a pHmeter HANNA and an electrode
(Sensoglass) Ag/AgCl 3mol/L. The measurement was also performed by titration,
where 10mL of the extract was mixed with 90mL of deionized water and methyl orange
as indicator. Sulphuric acid 0.1mol/L was used, and the pH was quantified using

Equation 1.

H,S0, + 20H™ - S0, % + 2H,0 Equation 1

5.1.3.3. Particle Size Analysis
The method of sieves was used for the particle size analysis. Eight sieves were
used: 4mm, 2mm, 1mm, 0.5mm, 0.25mm, 0.125mm, 0.075mm, 0.038mm and the

ground. The sieves were stirred for 15min. The linearized Gates-Gaudin-Schumann
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(GGS) (Equation 2) and Rosin-Rammler-Bennet (RRB) (Equation 3) models were

calculated, as presented in Table 12 [287-293].

Table 12: Distribution models. [288,289]

Model Parameters Equations
GGS K, m D\™
= (%)
k
RRB D', n X =1—e- (/D)

InX=-mIhK+m.lInD

In (ln (LX)) = —n.InD" +n.InD

Equation 2

Equation 3

Equation 4 was used to calculate the D10, D50 and D90, where x is 10, 50 and
90. Sauter Mean Diameter (SMD), d? and d® were calculated using Equations 5-7,
respectively. The SMD is directly related to the surface area per unit of volume and the

mean volumetric fraction [290,291,294].

Dx = [(A X log %x> — log %1] + D,

log %,—log %,

35
253
d® = o
Z_

Equation 4

Equation 5

Equation 6

Equation 7

5.1.3.4. Energy Dispersive X-Ray Fluorescence Analysis (EDXRF)
EDXRF analysis was carried out using the PANalytical Model Epsilon 3-XL

equipment. A quantification is performed through energy dispersion that identifies the
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elements contained in the sample from Sodium to Americium. The atoms of the sample
generate a characteristic X-rays with irradiation of the X-ray beam. Omnian method
was used to quantify elements according to the wavelengths and specific energy for
each element. For this purpose, 3g of sample was added in a sample holder with 6um

polypropylene film.

5.1.3.5. Scanning Electron Microscopic Energy-Dispersive X-Ray
Spectroscopy (SEM-EDS) Characterization

Analyses by micro-regions was a well-explored technique at the present study

to define the chemical compositions of the main mineral phases. Through a

microscope, coupled with quantitative analysis system, "in situ" analysis was carried

out.

Scanning electron microscopy with backscattered electron detector and
coupled with energy dispersion microanalysis was used to analyse the morphology, to
identify the main elements presented in the residue and their distribution (Phenom

model ProX). The microscope contains a Si (Li) detector with a resolution of 15kV.

Contrast by retro-scattered electrons makes the particles rich in elements with
a higher atomic number are lighter in grayscale. Particles with darker tonality represent
elements with lower atomic weight. The accuracy and reproducibility of the EDS

analyses were evaluated several times through the standards provided.

5.1.3.6. X-Ray Diffraction (XRD) Characterization

A mineralogical assessment of BRM was performed by MiniFlex 300 (Rigaku)
with incident CuKa radiation and equipped with graphite monochromator and nickel
filter. The sample analyzed was pooled, which was scanned from 3° to 100° (28) with

a 4°/min rate and 0.02 step.

A data containing diffraction peaks was obtained as a response. Knowing the
wavelength of incident X-ray beam and with the aid of Bragg's law, it is possible to
determine the interplanar spacings of reflections corresponding to the phases reached
by the beam. Comparing these interplanar spacing values with the spacings listed on

standard cards, it is possible to determine the presence of phases in the samples. The
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PDXL software with the databases COD and ICDD were used to identify and quantify
(Rietveld method) the phases that make up the BRM. It should be remembered that
the X-ray diffraction technique has no resolution for present phases with a volume
fraction less than 5%.

5.1.3.7. Loss On Ignition And Total Organic Carbon

The loss on ignition analyses were performed in two different temperatures:
900°C and 1100°C. In a porcelain crucible, 5g of BRM sample was placed in a muffle
furnace [295]. The sample was then heated at a rate of 10°C/min until reaching the

desired temperature, and then maintained for 2 hours.

The analysis of Total Organic Carbon was carried out using the TOC
equipment solid module (Shimadzu). A sample of 0.05g was put on the porcelain
crucible and heated until 900°C to quantify the total carbon. The equipment has,
internally, an ozone atmosphere (made using oxygen ultrapure) to promote the carbon
oxidation. To quantify the carbon inorganic, 0.05g of sample was mixed with 0.4mL of
phosphoric acid in a porcelain crucible. Then, the mixture was heated until 200°C. The

difference among these results is the total organic carbon.

5.1.3.8. Microwave Acid Digestion And ICP-OES Analysis

The acid digestion was performed in a microwave acid digester equipment
(MARS 6 iIWAVE CEM). A sample of BRM was dried at 60°C for 24h, where 0.1g was
mixture of acids: 2.5mL H2SO4 (P.A. 98%), 2.5mL H3sPOas (P.A. 85%), 2.0mL HNO3
(P.A. 65%) and 2.0mL HF (P.A. 48%). The temperature of the vessel was increased
until 200°C in 5min, and maintained for 60min; then, it was cooled for 15min until 70°C.
After reaches the room temperature, 0.9g of boric acid (HsBOz3) was added for HF
neutralization. The sulfuric-phosphoric acids combination is used to react with alumina
(Al203), while nitric acid is used to react with metals in general. Hydrofluoric acid is

necessary to react mainly with silica, as well as other oxides.
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5.1.4. Results and discussion

5.1.4.1. Analysis of moisture and pH measurements

Analysis of the moisture content of the BRM (fresh sample) were performed
using infrared equipment by two different methods and the analysis were made in
duplicate. Results obtained were very similar. AutoDry method showed that the
moisture content was 23.1%, similarly with result obtained using drying time, which
was 22.9%. Comparing with the literature, there are less moisture content than in other

residues.

KauRen & Friedrich (2018) studied a red mud from an old industrial landfill,
where the sample contained 30.5% of moisture [296]. Pascual et.al. (2009) studied a
red mud from Spain for thermal characterization. The moisture content of Spanish red
mud was 33.3% [297].

As can be seen, the moisture content on BRM is lower, and it occurs because
the red mud is filtrated for NaOH recovery, which decreases its moisture content.
Furthermore, the NaOH removal might also declines the alkalinity. Literature review
shows that the alkalinity on the red mud is considered high (pH >13) [263,264]. The
pH value of the residue is different due to characteristics of bauxite, which impacts on

the NaOH consumption in the process.

For the analysis, a sample of BRM was mixed with deionized water and left to
stand for 7 days to obtain an extract of the residue. The alkalinity was measured using

a pHmeter and titration. The results obtained were, respectively, 12.7 and 12.6.

As Borra et.al. (2015) showed, the extraction of REE from red mud increases
when the concentration of acid increases, which is required due to the high alkalinity
of the residue [54]. Knowing the pH value of the red mud is important for economic

viability, to calculate the acid consumption in the leaching step.

Singh et.al. (2018) studied an Indian red mud for construction applications,
where the pH of the residue was 11.0 [298]. Snars and Gilks (2009) evaluated red mud
from different parts of the world for environmental applications. The pH values varied
from 9.75 (Italy) to 12.6 (Worsley — England). In a Brazilian sample analyzed by the
authors, the pH was 12.2 [299].
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The alkalinity is not only due to the presence of NaOH, but also the presence
of metal hydroxides in the red mud. Most of all metals precipitates as hydroxide in
alkaline medium [70]. Different methodologies were studied to decline the alkalinity of
red mud. Water can be used for NaOH removal, which can reaches 15% after several
washes; however, the alkalinity still remains as same as before caused by the buffering

activity of the metal hydroxides that are present in the red mud [54].

Panda et.al. (2017) characterized and studied a neutralization of a red mud
from India using bio-neutralization. The bio-neutralization decreases the red mud
alkalinity from pH 10.5 to 7.5 after eight days, and the reached equilibrium after four
days [287]. Results obtained for BRM indicates that the use of filter press after the
solid-liquid separation declines the moisture content in the BRM, and slightly

decreases the alkalinity, the latter being similar to data found in the literature.

5.1.4.2. Particle Size Analysis

Figure 13 shows the particle size distribution of BRM. The value of D10
obtained was 0.06mm, which indicates that 10% of the particles have a diameter
smaller than it. The values of D50 and D90 are, respectively, 0.26mm and 0.95mm.
Literature review shows that the residue is composed of fine particles. Li et al. (2014)
showed that the particles size was 50% lower than 0.15mm, and more than a half of
the particles were in range of 0.15 — 0.4mm [300]. The particle size distribution of the
red mud studied by Liu and Poon (2016) showed that the D50 and D90 values were,
respectively, 0.02mm and 0.04mm [301].

Applying mathematical models is important to obtain statistical parameters
used in industrial processes, that are representative of the particulate material residue.
Figure 14 and Figure 15 present the GGS and RRB distribution models for BRM. The
r2 (correlation coefficient) showed that the residue fitted better to the RRB distribution
- 0.9585 -, while r? for the GGS model was 0.8114.
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The Indian red mud studied by Singh et.al. (2018) were considered by the
authors as ultrafine, where the D90 value was 0.075mm. According to the authors, the
presence of aluminum and sodium minerals provide to the residue a characteristics
fineness [298]. Finer red mud particles were also observed in the residue studied by
Panda et.al. (2017), where the D10 value was less than 0.1mm [287].

5.1.4.3. Energy Dispersive X-Ray Fluorescence Analysis (EDXRF)
The EDXRF analysis was performed to know which elements are present in
the sample. Also, it is helpful for the SEM-EDS and XRD analysis, as well as calibration

curves for ICP-OES analysis.

Table 13 shows the concentration of major components (oxides) in BRM, and
Table 14 shows the concentration of minor components. The main compound is iron
(36.78% as oxide), followed by aluminum (11.65%) and silicon oxides (9.89%).
Specifically, the sodium concentration is reduced when comparing with literature,
which is a consequence of the press filter uses.

Table 13: Major components (oxides) in the Brazilian Red Mud analyzed in X-ray

fluorescence, in percentage

Concentration

Compound
(%)
Fe.03 36.78
Al203 11.65
SiO; 9.89
CaO 5.16
TiO, 2.22
Na.O 2.04
ZrO; 0.37

KauBen and Friedrich (2018) analysed a red mud for aluminum recovery by

alkaline extraction. XRF analysis showed the presence of 29.5% Fe203, 27% Al203,
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13.1% SiO2 and 8% TiO2. Na20 content presented in BRM is lower than red mud

studied by the authors — 7% -, as for the reasons discussed previously [296].

Mesgari Abbasi et.al. (2016) analysed an lIranian residue for the red
mud/carbon nanotube composites synthesis. The composition of the sample was
28.78% Fe20s3, 21.35% CaO, 19.29% SiO2 and 17.25% Al20s. TiO2, Na20, MgO and
K20 were also presented in the sample analyzed (7.36%, 1.79%, 1.75%, and 0.63%,
respectively) [302].

Snars and Gilkes (2009) studied red mud samples from different countries and
industries around the world. The residues with most iron oxide concentration were from
Worsley (56.9%) and Brazil (45.6%) [299]. The hydrometallurgical process is harmed
by the high iron concentration, which impacts directly the separation process
[1,225,283].

Besides acid consumption for the leaching of iron (pH below 3.5), it will be
necessary to remove it from the liquor to obtain the desired elements (i.e. precipitation),
or use techniques that will recover the desire metal selectively (i.e. solvent extraction
or ion exchange resins). Due to the differences in concentration between iron and
scandium (more than 1,000 times), iron impacts directly on the costs of the process.
For this reason, hydrometallurgical processing must consider these elements for

economic feasibility studies.
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Table 14: Minor components (oxides) in the Brazilian Red Mud analyzed in X-ray

fluorescence, in percentage

Concentration

Compound
(%)
V205 0.088
Cr203 0.061
MgO 0.056
Nb20s 0.052
Rb->0O 0.039
Bi,O3 0.027
SrO 0.022
CuO 0.018
Zn0O 0.015
Gay03 0.015
HgO 0.014
Sc20s3 0.012
As20s3 0.009

Scandium is the most important element among those presented in minor
concentration. In red mud, it can represent more than 95% of economic value [268].
The concentration of scandium in the BRM might be 0.012% (oxide), as X-ray
fluorescence analysis showed. Besides that, gallium (Ga203 — 0.015% in BRM) is also
considered as a critical metal and it can be also recovered from red mud [116,303—
305]. Gallium production is mainly as a by-product of the Bayer Process, and its

amount in bauxite resources is more than 1 million tonne [56].

Scandium is also considered critical metal. Titanium might be considered in
the near future, due to its unique proprieties and applications [48]. Major elements
content in BRM is quite similar comparing with bauxite residues around the world, as

EDXRF analysis showed.

5.1.4.4. Scanning Electron Microscopic Energy-Dispersive X-Ray
Spectroscopy (SEM-EDS) Characterization

Figure 16 shows the image of backscattered electrons of the BRM and the

EDS spectra (Figure 16a — 400x, b — 2500x%, and c— 10000x). The elements presented
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in the residue were: oxygen, iron, titanium, calcium, sodium, aluminum and silicon. The
main element in the sample is oxygen, once the residue comes from a process to
extract alumina from bauxite (oxide) using sodium hydroxide [264], which indicates that
the main mineral phases can be oxides and hydroxides.

Iron is the main metal present in the BRM, giving its red coloration to the
residue. The presence of silicon in bauxite causes losses of alumina and sodium
hydroxide. Reactive silica is the most cause of aluminum and sodium losses, and the
literature review indicates that bauxites containing 6-8% of reactive silica are not
economical feasible for alumina extraction. In the Bayer Process, silica reacts forming
sodium aluminum hydrosilicate and is removed from the Bayer liquor as part of red
mud. Several studies and patents have discussed processes to remove reactive silica

from the bauxite and to recover aluminum and sodium from red mud [155,306—308].

Scandium and other rare earth elements were not detected in SEM-EDS
analyses due to their low concentration. According to Vind et al. (2018), scandium is
hosted by hematite, goethite and zircon in a following proportion: 55%, 25% and 10%,
respectively. Also, in acid leaching the extraction of scandium is dependent on iron
extraction, which is first released from goethite and then from hematite. A reason to
explain the main presence of scandium in hematite phase may be it substitutes ferric
iron, while in the goethite phase hosts scandium in its particles surface
[20,96,129,268].

As it can see, BRM particles can be considered as thin, as shown in Figure 13;
in addition, SEM/EDS analysis showed that the smallest particles are composed
mainly for iron (82.6%wt), followed by oxygen (7.5%wt) and aluminum (3.1%wt)
(Figure 16a). It might indicate the high presence of iron mineral phase, such as
hematite or goethite.

In the meantime, the same image showed the biggest particle size is mainly
composed of iron (48.7%wit), titanium (36.9%wt) and oxygen (11.8%wt). It can
indicates the presence of ilmenite (FeTiOs). Pontikes & Angelopoulos (2013) showed
that titanium can be present in the red mud as oxide (rutile and anatase), calcium
titanium oxide and iron-titanium oxide. As scandium is present in iron mineral phases,

magnetic separation can concentrate scandium but also resulting in metal losses.
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Nevertheless, further analysis showed different composition for a same patrticle
size. Figure 16b and Figure 16¢ show the SEM image in 2500x and 10,000x,
respectively and their EDS analysis. Several points were investigated and no
separation among the metals were identified, i.e. iron, aluminum and titanium were
always presented in the sample with a small difference in their composition among the
particles analysed. As a conclusion, a scandium concentration by mechanical

separation is rejected.



105

0 1 2
35,615 counts in 40 seconds

0]
@

° 1
61,801 counts in 15 seconds

®0
Fe Na
Al
Ti
Si CaTi Fe
c oo 96

[] 1 2
145,588 counts in 40 seconds

Figure 16: The image of backscattered electrons of the BRM and EDS spectra of the
analyzed point (SEM-EDS) a) 400x, b) 2500x and c) 10000x
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5.1.4.5. X-Ray Diffraction (XRD) Characterization

The diffractogram of the BRM is shown in Figure 17, as well as the phases
identified. Table 15 shows the formula of these phases. The main phase presented in
the BRM is hematite, followed by gibbsite, sodalite, and quartz. The results obtained
are in accordance with the literature review. Moreover, the results agree with EDXRF
and SEM/EDS analyses, which identified as the main elements iron, aluminum, sodium

and silicon.

As it was observed in SEM/EDS analysis, titanium can be present in the BRM
in different oxides, such as calcium-titanium and iron-titanium oxides, as well as
titanium oxide. The XRD showed also the presence of paranatisite (sodium and
titanium silicate). It shows that a portion of titanium is also presented as silicate, not
only as oxide. The residue studied by Kaupen and Friedrich (2018) has as the main
phases hematite (44%), gibbsite (15%), boehmite (13%) and sodalite (7%) [296].

The red mud studied by Abhilash et.al. (2014) had different phase proportions.
The Indian red mud analyzed by the authors has as major phases gibbsite, quartz,
boehmite, calcite, and anatase. Afterward, minor phases presented in the sample were
hematite, sodium aluminum titanium silicate, calcium oxide allanite-La and dissakisite-
Ce [309]. The Indian red mud studied by Singh et.al. (2018) has sharper peaks of
Hematite. Peaks of Quartz and Gibbsite were detected, as well as Goethite and Calcite
[298]. The Chinese red mud studied by Liu et.al. (2009) had as the mineral phases
quartz, hematite, limonite, cancrinite, calcite, and illite. Most of the iron in the sample
was presented as hematite and limonite (98.41%) [310].
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Table 15: The main phases, their formulas and percentage detected in the BRM

sample

Phase Formula

Quartz SiOy
Sodalite Nas(AlzSiz012)Cl
Gibbsite Al(OH)3
Goethite FeO(OH)
Hematite Fe203
Boehmite AIO(OH)
Gypsum CaS0.4.2H,0

In study developed by Snars and Gilkes (2009), red mud samples from
different parts of the world were analyzed and distinct phases were identified. In
general, major phases presented in red mud were hematite, goethite, quartz, gibbsite,
boehmite, anatase and calcite. Red mud from Italy had Halite (NaCl) as the main
substance, due to the previous treatment with seawater before its disposal. Sample
from Brazil analyzed by the authors had hematite and goethite as the main mineral
phase, and a small quantity of gibbsite. Peaks of quartz were not identified [299].

The red mud studied by Panda et.al. (2017) has predominantly gibbsite,
hematite, and quartz. Vanadium oxide was also detected [287]. Liu et.al. (2017)
studied the scandium recovery from high alkali Chinese red mud, which the main
phases identified by the authors were goethite (25.52%), hematite (14.63%), gibbsite
(11.90%), zeolite (6.33%) and quartz (6.28%) [311].

The difference between mineral phases of the residue is not only their
composition, but also the mineral phases of bauxite processed on the Bayer process.
Still, as each process is adapted to process a specific mineral, it affects the residue
generated. The main phases found in red muds are composed by iron (Hematite and
Goethite), aluminum (Boehmite and Gibbsite) and silicon (Quartz), and also calcium

(Calcite and Gypsum) and titanium (Anatase).
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Figure 17: X-ray diffractogram of the BRM sample and the main phases detected

5.1.4.6. Loss On Ignition And Total Organic Carbon

Experiments of loss on ignition were performed in two different temperatures:
900°C and 1100°C. It represents the organic and inorganic carbon, and water which is
chemically bound in the minerals [298,312]. Results were 14.5% and 14.8% for
temperatures of 900°C and 1100°C, respectively. It is possible to confirm that the

results were pretty much similar.

The loss on ignition of the red mud studied by Liu and Poon (2016) was 8.14%
[301]. Grafe et.al. (2011) examined different samples of red mud, where the loss on

ignition varied from 4.4% (Arkansas) to 14% (Suriname) [295].

The organic carbon analysis were carried out in two parts: the first is the total
carbon analysis, where a sample is heated until 900°C and the sensor makes the
guantification; the second part is the inorganic carbon quantification, where the sample
is mixed with phosphoric acid and heated until 200°C. It was not found any data in
literature review reporting the presence of organic carbon in red mud. In the same way,
Power & Loh (2010) discuss the origins and chemistry of organic compounds in the

Bayer process. According to the authors, the presence of organic matter raise the costs
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for alumina production, which are composed of humic substances, lignins and
cellulose. Furthermore, the organic carbon distribution in bauxite residue is different
comparing with the raw material, incorporated during the bauxite leaching as both
precipitate and by adsorption. The organic matter differs also in concentration and

types of compounds [313].

Results showed that the total carbon presented in the BRM is 0.6%, while the
inorganic carbon is 0.32%. Therefore, the total organic carbon is 0.28%. As pointed
before, analysis of organic carbon in red mud were not found in the literature. Power
et al. (2010) evaluated bauxite samples from Guinee, Australia, Brazil, Suriname and
India. The authors reported that the organic carbon percentage were, respectively,
0.25%, 0.03%, 0.18%, 0.47% and 0.18% [313].

5.1.4.7. Microwave acid digestion and characterization using inductively-

coupled plasma (ICP-OES)

The digestion in the microwave was performed using 2.5mL of sulfuric acid,
2.5mL of phosphoric acid, 2mL of hydrofluoric acid and 2mL of nitric acid for each 0.1g
of BRM. The liquor obtained was filtrated, but no solid phase was detected. Then, it
was analyzed for the main elements: Fe, Al, Si, Ca, Na, Ti, Nb, Sc, Y and Zr. Besides
yttrium was not detected in the EDXRF analysis, it is in most cases found with
scandium. Still, this REE is considered a critical metal. Its applications are in lasers,
phosphors, alloys, medical devices, superconductors, wind turbine additive and other

sustainable technologies [283,314].

Results are shown in Table 16. Iron is the main element in the sample —
189.4kg/tonne, which represents 46.45% of all elements analyzed. The concentration
of aluminum, silicon and titanium are 91.8kg/tonne (22.52%), 75.2kg/tonne (18.53%)
and 14.1kg/tonne (3.47%), respectively. Among the elements presented in minor
concentration, there are niobium, zirconium, scandium and yttrium in the concentration
of 1356.2mg/kg, 1320.3mg/kg, and 42.21mg/kg and 24mg/kg, respectively.

The Table 16 also compares the composition of BRM with red mud samples
from different parts of the world. The goal of this part is to study the differences between
the bauxite residue from Brazil and other countries. All those studies evaluated

scandium and REE recovery using techniques discussed in Introduction. The
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concentration of those metals are presented in the literature in a different ways, as

concentration or percentage which is indicated.

Zirconium was detected in the sample from Jamaica, where the concentration
found is 6.5mg/kg. The presence of yttrium was detected in samples from India
(0.005%), Greece (76mg/kg and 0.01%) and from Jamaica, being the last one with the
highest concentration among all — 373mg/kg. Scandium, which represents 95% of the
economic value of the rare earth elements, was detected in the samples from India
(0.005%), China (76mg/kg), Greece (121mg/kg and 0.02%), Canada (47mg/kg) and
Jamaica (55mg/kg).

Among the elements present as majority, the BRM has the highest silicon
concentration of all (23.7%). As Alkan et.al. (2018) showed, acid leaching of the red
mud causes a silica gel formation, which difficult the hydrometallurgical problematic
[48]. For this reason, the recovery of scandium from BRM has technical viability to be

overcome.

Aluminum oxide content in the BRM is also higher than the red mud samples
verified in the literature, which may be caused by the elevated reactive silica content
in bauxite, which resulted in high aluminum and silicon concentration in the residue.
Sodium oxide content in the BRM is the lowest among them, due to the use of the
press filter to recover NaOH solution during the process. As a result, acid consumption

can be lower than other red muds given in Table 16.

Narayanan et al. 2018 showed that it is also possible to recover elements such
as lanthanum, cerium and praseodymium from red mud. On the other hand, separation
of those rare earth elements has technical feasibility to come through due to its
chemical characteristics [162]. Zirconium could be a sub-product of the process of
scandium recovery from BRM. Nevertheless, scandium is still the most valuable
element in the residue to be recovered. Rare earth elements such as lanthanum and

cerium were not identified in the BRM sample.
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Table 16: Composition of the BRM and data reported from other red muds. The values are presented in percentage of oxides, except

when mg/kg or in elementary is indicated

Country Brazil India China China China  Greece Greece Australia Spain Canada Jamaica
BRM [309] [311] [300] [116] [51] [315] [281] [297] [316] [162]
Fe>Os 36.4 37.03 27.22 48.22 20.74 44.6 42.34 29.82 47.85 442 202
Al203 23.3 19.87 11.872 7.3 20.73 23.6 16.26 21.69 20.2 18.22 162
SiOz 21.6 10.23 9.442 8 17.19 10.2 6.97 12.28 7.5 14.32 1
CaO 5.9 1 2.242 0.9 15.85 11.2 11.64 1.79 6.22 4.42 22
Na.O 9.0 1 7.312 1.4 6.39 2.5 3.83 5.19 8.4 6.22
TiO2 3.2 11.98 2.162 1.4 5.29 5.7 4.27 6.88 9.91 9.32 182
Sco03 0.0097 0.0052 768 1 1 1213 0.02 1 1 473 558
Y203 0.0041 0.001 1 1 1 768 0.01 1 1 1 3733
ZrOy 0.2399 1 1 1 1 1 1 1 1 L 6.53
V205 0.0310 1 1 1 1 1 1 1 1 1 1
La>O3 0.016 1 1 1 1 1 1 1 1 L 1
CeO: 0.0664 1 1 1 1 1 1 1 1 L 1
Nd2Os 0.0109 1 1 1 1 1 1 1 1 L 1

1 not analyzed

2 elementary (%)

3 elementary (mg/kg)
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5.1.5. Discussion about the scandium extraction from Brazilian red mud by
leaching-ion exchange process

Paramguru et al. (2005) published a review paper about the many uses for red

mud, not only for scandium extraction [317]. Akcil et al. (2018) discussed a several
techniques for scandium extraction from red mud by hydrometallurgical processing
[49]. However, a thorough characterization of Brazilian red mud was never been
carried out, which showed important to design a process that overcomes the
challenges of scandium extraction from BRM. As discussed previously in Introduction,
it will be discussed the scandium extraction from BRM, techniques well explored and

the challenges to be overcome.

From a complete characterization of the residue, mainly quantifying the
scandium concentration, an extraction process can be designed. The BRM contains
the lowest sodium content; in other hand, silicon concentration is the highest. Both

considerations represents positives and negatives aspects, respectively.

A hydrometallurgical route comprises the steps of leaching (acid or alkaline),
purification (i.e. precipitation) and followed by selective separation (i.e. solvent
extraction of ion exchange resins) [318]. In the leaching step, direct leaching is
advantageous because it is not necessary to prepare the material, which would
increase process costs [48,176,268]. In a few cases, magnetic separation can

concentrate the desire metals in non-magnetic or magnetic fractions [49,317,319,320].

However, in our literature review, magnetic separation was not applied for red
mud without pre-treatment. Deng et al. (2017) concentrated scandium and titanium by
magnetic separation. Previously, the bauxite residue was mixed with sodium salts and
the non-magnetic material concentrated in scandium and titanium was obtained after
a carbothermal reductive roasting [321]. Despite the high scandium separation, the

temperature reaches at 1050°C,[300] which result in high energy consumption.

The leaching of the scandium, as well as yttrium, titanium, zirconium and
gallium, is possible in an acid medium at pH below 4.0. Yttrium can be leached in pH

below 6.5. Meanwhile, the leaching of zirconium is possible in pH below 0 [70].
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In an acid medium, iron and aluminum are also leached. Both elements are
the main metals presented in the BRM. The liquor generated in the leaching would
have a high amount of those elements. Studies indicated that the iron extraction in
acidic medium can reaches 50% depending on leaching conditions, but most of the
best results for scandium extraction reports at least 5% of iron extraction [281]. In
general, iron concentration in the liquor might reaches 300pm, while REE content

reaches 9ppm [54].

Equation 1 shows the leaching of metal hydroxides in acidic medium (Me =
metal). Iron is mainly presented as hematite (Equation 8 and 9), where its leaching can

generate both ferrous iron and ferric iron, depending on the redox potential.

Titanium and zirconium leaching are represented in Equation 10. The leaching
of scandium by sulfuric acid is shown in Equation 11. A thermodynamic simulation was
carried out on FactSage 7.2 software, which showed that the main presence of Sc*3in
the liquor, and low quantity of Sc(OH)*? (Equation 11) The use of other leaching
agents, such as nitric, hydrochloride or phosphoric acid, also obtain scandium as +3.

The use of computational thermodynamic can be a useful tool on leaching studies.

Me(OH), + 2x H & Me** + x H,0 Equation 8
Fe,0; + 6 HY & 2Fe*3 + 3 H,0 Equation 9
(Tior Zr)0, + 4 HY & (Tior Zr)** + 2 H,0 Equation 10
2 Sc(OH)5 + 3 H,S0, & 2 Sc*3 + 6 H,0 + 3 50,2 Equation 11

As can be observed in Table 16, scandium content in the BRM is pretty similar
with red muds around the world, as well as iron and aluminum. There are two main
differences: sodium and silicon content. As explained before, the low concentration of
sodium is due to the filter press process for sodium hydroxide recovery. Its removal
can benefit the leaching process, where the acid consumption must be lower than other

red muds.
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Due to the alkalinity of the residue, it is necessary high concentrations of acid
for both neutralize the residue and to extract scandium. The acid consumption can
reaches 70% during the process [322]. The extraction of metals increases as the acid
concentration increased. Pepper et al. (2016) showed that the iron extraction increased
from 5% using 1M of sulfuric acid to 50% using 5M [281]. The authors do not evaluate
the leaching of scandium, but the scandium extraction is directly related to iron

leaching.

Despite the advantage on acid consumption that BRM has comparing with the
literature, on the other hand, the high silicon content is a problem on leaching step,
which causes the silica gel formation. The gel formed make the solid/liquid separation
difficult and trap a part of liquor generated. Equation 12 shows the monosilicic acid
(Si(OH)4) formation, which polymerizes producing polysilicic acid (Figure 18) [323].
The silica gel formation can be avoided using high liquid/solid ratio (up to 1/25), which
can also increases the scandium extraction. In spite of that, high amount of solution
would be treated for selective scandium separation.

In order to solve this problem, Alkan et.al. (2018) studied the leaching process
for scandium and titanium extraction with sulfuric acid and hydrogen peroxide. The use
of H2SO4+H202 avoided silica gel formation. Leaching experiments without hydrogen
peroxide showed dissolution of silicon, while experiments with oxidant agent showed

no silicon dissolution, where all silicon precipitates forming Quartz [48].

However, there are two main points about it. First, there is no study on the
literature about the kinetics of silica gel formation during the acid leaching of red mud,
which can be used to evaluate different routes to depress or to avoid its formation.
Allied to that, the study presented by Alkan et al. also didn’t explored the kinetics of
H2S04+H202 reaction. Secondly, most of the studies considered the leaching in solid-
liquid ratio equals to 1/50, which increases the costs of the process with the quantity
of solution used to extract the metals and also to be separated. The BRM sample can
be used in a future study to explore the kinetics on silica gel formation and investigate
different possibilities to avoid it. Moreover, the use of thermodynamic simulation on
leaching may be used to study the scandium extraction avoiding the silica gel forming
[41].
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n SiOZ(S) +2nH,0 - n Si(OH)4(aq) Equation 12
OH OH OH OH OH
I I +H,Si0, | I |
OH—Si—OH + OH—Si—OH ———+ OH—Si—0—Si—0 — Si—OH
| | 0 | | [
OH OH OH OH OH

Figure 18: Silica gel polymerization during the acid leaching producing polysilicic acid

After the leaching, a precipitation is required to purify the liquor to remove
contaminants such as iron and aluminum. However, the precipitation technique
through pH variation can present disadvantages due to the high acid concentration.
Nonetheless, the iron precipitation causes the co-precipitation of several metals
presented in the solution, primarily in minor concentration, which might result in

scandium losses [324,325].

The separation can be carried out using an ion exchange technique, both ion
exchange resins as well as solvent extraction. The advantage of chelating resins is the
selectivity for ions present in solution [326,327], which is important to remove scandium
from the liquor.

Literature review showed that iron concentration must be at least 1,000 times
higher than scandium. Bao et.al. (2018) studied two chelating resins, aminomethyl-
phosphonic (TP 260) and iminodiacetate (TP 209), and one solvent impregnated resin,
bis(2,4,4-trimethylpentyl) phosphinic (TP 272), for scandium adsorption. The
scandium-iron separation was 56 times higher for Fe(ll) than Fe(lll), due to the order
of resin selectivity [284]. Iron and aluminum are the main contaminants present in the

liquor, and both are partially adsorbed by the resin.

Li et.al. (2018) studied the scandium recovery by solvent extraction. The
organic extractant used was D2EHPA with di-(2-ethylhexyl) phosphate. The effect of
pH was studied and scandium separation increased as the pH increased. The main
contaminant which decreased scandium extraction efficiency was calcium. The
process efficiency was 98% using 2% DEHPA at pH 1.8 as aqueous/organic (A/O)
ratio 3:1.[328] According to the authors’ knowledge and literature review, both

chelating resin and solvent extraction can separate selectively scandium, but iron and
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aluminum would be also adsorbed. An elution/stripping will carry out also those

elements. Synergism can also benefit the selective separation.

This discussion comparing with the literature shows that the main challenges
to be overcome on scandium extraction from BRM are: i) to avoid the silica gel
formation; ii) selective elution/stripping from ion exchange separation. The acid
consumption might not be a problem due to the low sodium content resulting in higher
scandium extraction and economic feasibility. The literature review also showed that

the selective scandium separation should be further explored.
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5.2. Extraction of scandium from critical elements-bearing mining waste:

silica gel avoiding in leaching reaction

A.B. BOTELHO JUNIOR; D.C.R. ESPINOSA; J.A.S. TENORIO

Department of Chemical Engineering; Polytechnic School, University of Sao Paulo, Sao Paulo — Brazil.

ABSTRACT

Scandium is one of the most valuable rare earth elements, and its extraction is
centralized in China. For this reason, the search of new scandium sources is required
to supply the demand. Bauxite residue is considered a secondary scandium resource.
It has estimated around 4 billion tonnes of bauxite residue worldwide with 20—
200mg/kg of scandium. Hydrometallurgical route is considered advantageous due to
its low content. However, the acid leaching generates silica gel reducing the extraction
rate and making the solid/liquid separation difficult. H202 can be used to avoid its
synthesis, and the parameters during the leaching must be explored. Despite the
studies in the literature about scandium extraction from bauxite residue, there is a lack
of investigation about suppressing the synthesis of silica gel in the acid reaction. For
this, the present study aimed the scandium extraction from bauxite residue by H2SO4
and HsPOa leaching. The use of H202 was evaluated to avoid silica gel formation. The
effect of time, temperature and acid concentration was evaluated. Results showed that
scandium extraction is directly related to iron extraction. The H20:2 contributed to silicon
oxide formation during the acid reaction but declined scandium extraction by half. The
leaching rate increased from 25°C to 90°C achieving 99% for iron and aluminum and
91% for scandium. The increase of H2SOa4 concentration increased the titanium
leaching. Leaching of metals using Hs3PO4 was similar to H2SO4 leaching. Moreover,
the extractive process focused on near-zero-waste generation is essential to avoid

waste stored in dams.

Keywords: Leaching; bauxite residue; red mud; sustainability.
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5.2.1. Introduction

In 2020, the European Union updated the list of critical materials, those at risk
of interruption in the short and medium-term. At the same, these elements in the list
are supplied for a few countries, which results in market control. In the new list, bauxite,
lithium, titanium, and strontium were added, totalizing 30 critical materials. There is
also niobium in the list mainly supplied by Brazil, lithium by Chile, and the rare earth
elements, where China controls around 95% of the market [329]. For this reason, the
search for new sources of critical materials (both primary or secondary) is necessary

to be independent of other countries, and there is no risk of interruption in supply.

Among the list elements, the main critical could be the rare earth elements
(scandium, yttrium, and the lanthanide group elements) since up to 98% of global
production is from China [62,329]. Scandium is one of the most valuable (US$ 3,800
per kg of the oxide 99.99% purity), and it's not usually found in rare-earth minerals,
except in the Bayan Obo reserve (China) with 0.006% - 0.016% of Sc20s3 [1,3]. It is
worth mentioning that scandium is not traded as a commodity, and for this reason its

price can vary significantly.

Scandium is mainly applied in solid-oxide fuel cells as well as heat exchangers.
Also, its use for optical, electronic, aeronautical, automotive, and transportation
industries is due to its alloy characteristics, mainly for military applications. Moreover,
its consumption has increased due to the specific mechanical and chemical properties

over other metals [20].

Scandium extraction is restricted to a uranium extraction (0.1% of Sc20s3).
China, the Philippines, and Russia are the leaders in global production. New recovery
processes have been developed, as in the case of Canada (Sorel-Tracy, Quebec) and
Australia (the Owendale and Sunrise projects in New South Wales and the SCONI
project in Queensland). In the Philippines, scandium oxalate was produced from high-
pressure leaching of nickel operation. In Russia, scandium recovery from bauxite
residue is ongoing (Ural Mountains). There is a development of process for scandium
recovery uranium production in Dalur (Kurgan region). In Turkey, ammonium-
scandium-hexafluoride was produced as by-product from nickel and cobalt production
[1,3,20].
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Moreover, slags from blast furnaces used in the production cast iron and tin

smelting [1], nickel laterite residue [20], and bauxite residues [330] are also sources of

scandium.

Nickel laterite ores in Australia and Brazil may contain high scandium-content
— up to 400mg/kg; however, scandium is found only in a few nickel reserves [20,331].
Bauxites worldwide, on the other hand, are rich in scandium — from 7mg/kg to 53mg/kg
in the ore. After the Bayer Process for alumina production, the scandium is trapped by
the bauxite residue (also called red mud) and sent to dams. Scandium concentration
may vary from 134mg/kg (Greece) and 121mg/kg (Jamaica) to 43mg/kg (Brazil)
[37,129,176]. Russian bauxite residue contains from 50 to more than 300mg/kg of
scandium [125,126].

It has calculated up to 4 billion tonnes of bauxite residue stored worldwide,
whose value in scandium oxide can vary between US$400 — 4,500billion. Thus, and
due to the problems that mining tailings in dams have been caused [27,332,333],
different strategies have been explored for scandium extraction from the residue:
pyro+hydrometallurgical routes and hydrometallurgical.

Borra et al. (2016) studied the pyro+hydrometallurgical processing for
scandium obtaining. First, an alkali fusion (950°C — 1500°C) followed by water leaching
was used for aluminum recovery. Further, the solid phase's smelting is used for pig
iron obtaining, and the slag is leached by acid for rare earth elements (including
scandium) and titanium recovery [51]. Besides, the flowchart results in different
products, energy consumption could make the process expensive, and the slag with
high silicate content could result in a silica gel formation during the acid leaching.

Different hydrometallurgical processing has been explored for scandium
recovery from the bauxite residue, as depicted in Table 17. Anawati & Azimi (2019)
studied the acid baking using sulfuric acid (H2SOa) followed by water leaching, where
the efficiency achieved up to 80%. In this case, as most of the scandium is trapped in
iron mineral phases, the process focused on converting the iron compounds into a

soluble one in water and rare earth elements [164].

Rivera et al. (2018) studied the dry digestion of bauxite residue comparing with
direct leaching to avoid the silica gel formation. In direct leaching, silicon leaching

increased as the acid concentration increased. On the other hand, dry digestion
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avoided silicon dissolution due to the silica hydrolysis depletion, and the leaching of

scandium and iron achieved 40% and 25%, respectively [127].

Reid et al. (2017) [316], Rychkov et al. (2021) [125], and Alkan et al. (2018)
[48] studied the direct leaching of bauxite residue by H2SO4, and Borra et al. (2015)
[54] studied the hydrochloride acid (HCI) as leaching agent comparing with minerals
acids and results indicated that the scandium leaching rate was similar among them.
The scandium extraction by different leaching agents could be useful for industrial
applications. Furthermore, Bonomi et al. (2018) [176] studied an ionic liquid for

scandium recovery in temperatures above 150°C as an option for industrial approach.

The biggest challenge for direct leaching of bauxite residue is the silica gel
formation. Alkan et al. (2018) demonstrated that its synthesis could be avoided using
hydrogen peroxide (H202), but scandium leaching efficiency decreased since iron
oxides were not leached [48]. Nevertheless, the acid leaching of bauxite residue
suppressing silica gel formation avoids the liquor being trapped during its synthesis,
increasing the process efficiency. In other work, Alkan et al. (2019) studied the
scandium leaching from bauxite slag leaching after iron removal under oxidizing
medium (H202). In direct leaching experiments, the scandium extraction achieved
similar results than direct leaching, but silicon leaching was close to 0% [334]. As
observed, the use of H202 can avoid the silicon leaching and consequent silica gel

formation.
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Table 17: An overview of previous studies for scandium extraction from bauxite residue by different hydrometallurgical routes

Bauxite . Leaching o
] Scandium ) Solid/Liquid ] o
Reference residue Process Extracting agent agent ) Temperature Time Efficiency
content ] ratio

source concentration
Ochsenkuehn- 08
Petropoulou et  Greece Direct leaching H2SOa4 3M 1/5 90°C 60min 50%

127.9mg/kg

al. (2018) [161]

Carbonization
Rychkov et al. _ ) CO2
Russia 0.009% method + Direct pH O 1/3 30°C 6h 50%
(2021) [125] } H2SO4
leaching

Roasting and
Wei et al. 0.012% magnetic

China . ) HCI 20% 1/6 80°C 5h 80%
(2020) [335] (oxide) separation before
direct leaching
Anawati & ) )
o Acid baking + H2S04 0.95mL 9.5mL H20/g
Azimi (2019) Canada 31.1mg/kg _ 200°C 2h 80%
water leaching H20 H2S04/g BR BR
[164]
Alkan et al. ) ) 2.5M H2S04 : _
Greece 120mg/kg Direct leaching H2S04 + H202 1/10 90°C 30min 68%
(2018) [48] 2.5 M H202
1-ethyl-3-
. methylimidazolium
Bonomi et al. . _
Greece  134mg/kg Direct leaching hydrogensulfate - 2.5% 200°C 12h 80%

(2018) [176] -
(Brgnsted acidic

ionic liquid)
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Zhu et al.

7mol/L H2SOa

China 0.015% Direct leaching H2S04 + CaF2 1/5 90°C 75min 95%
(2020) [53] + 5% CaF2
1/1 (dry
Dry digestion
Rivera et al. digestion);
Greece  121mg/kg followed by H,S04 98% 25°C 24h 40%

(2018) [127]

water leaching

1/20 (water

leaching)
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Furthermore, the study of different leaching agents can benefit industrial
applications. The leaching residue's composition must be studied to focus on a new
application or use, preventing more waste in dams and contributing to the circular
economy. For this reason, the goal of the present study was the extraction of scandium
from bauxite residue in aqueous media. The present study contributes to the 17

sustainable development goals, mainly the targets 8.2, 8.4, 12.4, and 12.6 [42].

There is no study in the literature of scandium extraction from a Brazilian
bauxite residue. Sulfuric and phosphoric acid were studied as leaching agents. The
effect of solid-liquid ratio, acid concentration, time, and temperature were evaluated.
Hydrogen peroxide (H202) was tested to avoid silica gel formation, and its

concentration was studied.

Besides the efficiency rates, the solid phase (leaching residue) was also
analyzed to explore future applications for the waste generated during the extractive
step. The residue formed in oxidative acid leaching (acid + H202) was also analyzed

to study the silica gel formation.

5.2.2. Materials and methods

5.2.2.1. Materials

A Brazilian company provided the bauxite residue used in the present study.
The material was dried at 60°C for 24h before chemical characterization. The chemical
composition was carried out by complete dissolution of the residue by acid mixture
(HsPOa4, HF, HNOgs, and H2S04) and further neutralization by boric acid (HsBO3) in a
microwave acid digestion system (CEM MARS 6 iWAVE) followed by Inductively
Coupled Plasma Optical Emission Spectrometer (ICP-OES — Agilent Technologies 70

series).

Particle size distribution was analyzed in eight different sieves (4, 2, 1, 0.5,
0.25, 0.125, 0.075, and 0.038mm). The mineralogical assessment of the bauxite
residue was investigated using MiniFlex 300 X-ray diffractometer (Rigaku) from 3° to
100° (20) at a rate of 4°/min in steps of 0.02°. Loss of ignition was tested at 900°C and
1100°C at a rate of 10°C/min for 2h. The chemical characterization of the bauxite

residue used in leaching experiments has already been reported elsewhere [37].
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All reagents used in leaching experiments were of analytical grade: H3POas
(85%), H2SO4 (98%), and H202 (27%). Ultrapure water was used to prepare the acid
solutions. For the leaching experiments, the bauxite residue was dried at 60°C for 24h.

Then, the material was ground using a mortar and pestle.

5.2.2.2. Methodology

Leaching experiments were performed in an automated 1L batch-glass reactor
(Atlas Sodium) under stirring (800rpm) with a reflux condenser and temperature
control. Acid solution (500mL) was added into the reactor until reaching the desired
temperature before adding the dry material. After the leaching procedure, the solid-
liquid mixture was collected from the reactor, and the separation was first performed
in ultracentrifuge (3,000rpm during 10min). Then, the liquor was filtered from the
leaching residue using a glass fiber filter paper (0.7um). The leaching residue was

washed using ultrapure water. Both liquor and washing water were analyzed.

The experimental error was determined using acid concentration equals 20%,
and the leaching experiment performed at 25°C, 800rpm, solid-liquid ratio equals 1/10
during 8 hours. The experiment was carried out in triplicate [40]. The standard variation
was equal to 2.4%, and it was applied in all experiments performed in the present

study.

Table 18 shows the experimental conditions for scandium extraction in an
acidic medium. Samples were analyzed in ICP-OES and EDXRF (PANalytical Epsilon
3 XL) (leaching liquor). The mineralogy of the leaching residue was analyzed in XRD.
Samples were diluted in HNO3 4% for chemical analyzes in ICP-OES. Iron, titanium,
and aluminum were analyzed in EDXRF, and scandium was analyzed in ICP-OES.
The leaching residue was washed using ultrapure water and dried at 60°C for 24h
before XRD analysis. Achieving the best conditions, the final liquor was characterized
by ICP-OES.
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Table 18: Conditions of leaching experiments for scandium extraction from bauxite

residue

Time 30 — 660min

Solid-liquid ratio (S/L) 1/10 — 1/50
15g/L (0.44mol/L) and 1 —

H202
4mL/h (0.35 — 1.40mol/L)
Temperature 25-90°C
) 20% (3.8mol/L ) - 60%
Concentration
(12.5mol/L)

5.2.3. Results and discussion

5.2.3.1. Characterization of the critical elements-bearing mining waste

The characterization of the bauxite residue is presented in Table 19. The main
element is iron, followed by aluminum, silicon, sodium, calcium, and titanium. Among
the element in low concentration, there are five rare earth elements, vanadium, and
zirconium. Considering the most valuable elements in the bauxite residue, scandium
represents 93% of economic value, followed by zirconium (5.3%) and cerium (1.4%).
For this reason, the focus on leaching experiments was on scandium leaching as the

target element, as well as aluminum and iron as the primary contaminants.

XRD's principal mineral phases were: Quartz, Sodalite, Paranatisite, Gibbsite,
Goethite, Hematite, Boehmite, and Gypsum (see Figure 24). The moisture content was
23.1%, and the D10, D50, and D90 were 0.06mm, 0.26mm, and 0.95mm, respectively.
The losses on ignition analyses carried out at 900°C, and 1100°C achieved similar
results: 14.5% and 14.8%, respectively. The total carbon content was 0.6%, the

inorganic carbon was 0.32%, and the total organic carbon was 0.28%.
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Table 19: Characterization of bauxite residue

Fe20s3 36.4

Al203 23.3

% SiO2 21.6

Cao 5.9

Na20 9.0

TiO2 3.2

Sc 43.5

Y 24.2
Zr 1329.8

g/tonne Vv 130.3
La 103.7

Ce 405.1

Nd 77.6

5.2.3.2. Kinetic modeling of scandium extraction

The leaching of scandium, iron, aluminum, silicon, and zirconium were
evaluated overtime at 25°C, 800rpm, H2SO4 concentration equals to 20% solid-liquid
ratio equals to 1/10 for 10 hours (600min). Figure 19a shows the leaching rate of
aluminum, iron, titanium, zirconium, and silicon over time. The acid leaching is first for

neutralization of the alkali residue and dissolution of aluminosilicates [54].

The extraction of scandium and iron increases over time, while aluminum and
zirconium slightly decreased after 4h. Titanium leaching remained constant. The
leaching of silicon remained constant between 1-4h and then declined after 4h of the
experiment. It occurs due to the silica gel formation (Figure 20), which traps the liquor

as the chain increases. For this reason, the leaching rate declined for silicon over time.

Equation 13 depicts the silica gel formation from the sodalite mineral phase.
The synthesis occurs in extremely acid conditions, where each mol of sodalite reacting
with 24mol of H* ions generate 6mol of silica gel. The leaching of silicon is related to
the sodalite decomposition, and as the silica gel is formed, the silicon extraction

declined over time [281]. The synthesis of silica gel was observed in the samples took
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until 6 hours of leaching reaction. The results indicated that after 8h of the leaching
process, the leaching of silicon achieved the equilibrium, indicating the silica gel
synthesis achieved the equilibrium. The main point was observed between 4h and 6h
of leaching reaction.

Figure 19b shows the relation of scandium over iron leaching. As observed,
the extraction of scandium is closed related to iron leaching — the recovery of scandium
increases as iron extraction increases. In the bauxite, iron compounds host scandium
ions during the mineral formation. After the Bayer process, the bauxite residue host
such compounds [20,96,305]. In the case of Greek bauxite residue, Vind et al. (2018)
stated that hematite, goethite, and zircon might host 55%, 25%, and 10% of the total
Sc in the bauxite residue, respectively. So, only iron compounds are responsible for
hosting around 80% of scandium ions [129]. For this reason, scandium extraction from

bauxite residue is strictly connected to iron and zirconium leaching.

The effect of S/L ratio was studied. No difference was observed in the finds.
The leaching of iron and scandium increased from 2.5% and 47% (S/L ratio equals to
1/10) to 4.1% and 58% (S/L equals to 1/50), respectively. The same behaviour was
observed for aluminum (from 20% to 32%), titanium (from 5% to 9%) and zirconium
(from 17% to 25%). As reported by Borra et al. (2015), the increase of the amount of
acid rose the leaching of metals [54]. There is no economic advantageous to use S/L
ratio equals to 1/50 to achieve the same scandium extraction rate. For this reason,

further experiments were carried out in S/L ratio equals to 1/10.
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Figure 19: (a) Leaching of aluminum, iron, titanium, zirconium and silicon over time;
and b) Leaching of iron and scandium correlation. Experimental conditions: T = 25°C,
8000rpm, H2S0O4 concentration = 20%, S/L = 1/10.
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Figure 20: Reaction of silica gel formation during the acid leaching of bauxite residue
[48]
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Nag(Al6Si6024)Cl2(S) + 24H+(aq) i 6Al+3(aq) + 6H4SlO4_(S) + 8Na+(aq.) + ZCl_(aq)
Equation 13 [281]

Four kinetic models were tested for iron and scandium leaching through the
shrinking core model: a) diffusion control through the fluid film (Equation 14); b) solid
product diffusion control (Equation 15); c) surface chemical reaction control (Equation
16) [316,336]; and d) porous product layer (Equation 17) [337-339]. In the equations,
ki, ke, k3, and ks (min!) are the rate constants, t is the time reaction (min), and x the

fractional conversion of scandium and iron.

1-(1- x)§ =k, Xt Equation 14
1-3(1- x)§ +2(1—-x)=k, Xt Equation 15
1-(1- x)§ =ky Xt Equation 16
1-— gx -(1- x)é =k, Xt Equation 17

The kinetic modeling for iron and scandium following the Equations 14-17 is
presented in Figure 21, where the equations were plotted versus the reaction time. The
rate constants (k) were calculated from the slopes, and their correlation coefficients
are also given in Figure 21 and Table 20. The results indicated that the solid product
diffusion control controls the iron leaching and scandium leaching best fitted by the

surface chemical reaction control.



130

0.40
L]
L]
0.354 . ° 0.10 .
= Fe °
0.304 = = Fe
® Sc >¢0.08 4 ® Sc
o
5 025 ° N
< & 0.06+
= ° @
T 0.20 g
= X o
1 =)
T 0154 50044 .
L] 0
L] —
0104 0.02 4
° L]
0.05 °
0.00 - o=
0.00 T T T T T T T T T T T T T T
0 100 200 300 400 500 600 700 0 100 200 300 400 500 600 700
( ) time (min) (b) time (min)
0.040
° .
0.20 4
° . . 0.035
L] € L]
° Fe
0.030 4
® Sc ® Sc
0.15 @
& S 0.025
B ° %
X . = 0.020
T 0.10 x
] 5] L]
- 0015
! L]
L4 —
° 0.010
0.05 .
0.005 °
° L]
0.000 = =
0.00 T T T T T T T T T T T T T T
0 100 200 300 400 500 600 700 0 100 200 300 400 500 600 700
( ) time (min) (d) time (min)

Figure 21: Kinetic modeling of scandium and iron leaching from bauxite residue: a)
diffusion control through the fluid film; b) solid product diffusion control; c) surface
chemical reaction control; d) porous product layer. T = 25°C, 8000rpm, H2SO4
concentration = 20%, S/L = 1/10, t = 10h.

Reid et al. (2017) studied the leaching of scandium from bauxite residue under
microwave treatment by sulfuric acid 1.5mol/L. Kinetic modeling at 25-90°C within
12min was controlled by the diffusion step and scandium leaching achieved 64% [316].
Anawati & Azimi (2019) studied the water leaching kinetic of scandium after acid baking
(200°C), where the results suggests the diffusion control due to the treatment with

sulfucic acid concentrated before leaching step [164].

Wei et al. (2020) studied the scandium leaching from bauxite residue using
HCI, where the efficiency achieved up to 84% using 20% of acid concentration, 80°C
for 3 h and solid-liquid ratio equals to 1/10, and the kinetic modelling reached the
Avrami model [335]. Basturkcu (2020) studied the leaching of rare earth elements from
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bauxite residue. In the case of yttrium, the kinetic modelling fitted better for product
diffusion control [340].

Table 20: Rate constant for iron and scandium extraction for different kinetic models

and their respective correlation coefficient values.

diffusion control solid product surface chemical porous product
through the fluid film diffusion control reaction control layer
k1 (min-1) R2 k2 (min-1) R2 ks (min-1) R2 k4 (min-t) R2
Fe 1x10° 0.9804 2x107 0.9824 7x106 0.9805 7x108 0.9747
Sc 0.0005 0.9448 0.0002 0.9351 0.0003 0.9459 7x10° 0.9239

5.2.3.3. Acid leaching of bauxite residue supported by hydrogen peroxide

Silica gel polymerization during the acid leaching of bauxite residue is one of
the biggest challenges to be overcome since a part of the liquor is trapped inside the
silica gel, resulting in losses of extraction efficiency rate. Moreover, iron sulfates as

rhomboclase compounds result in co-precipitation of scandium in the leaching residue.

Anawati and Azimi (2019) explored the acid baking-water leaching, where the
bauxite residue was mixed with H2SO4 concentrated (98%) and further baked in a
furnace 400°C. The solid material is then leached with water. It converts scandium into
a soluble sulfate salt. Results indicated high scandium recovery (up to 80%) and no
silica gel formation. On the other hand, industrial-scale challenges are related to mixing
H2SO4 concentrated and bauxite residue and handling it (worker safety and corrosion-
resistant equipment) and the acid recovery from the off-gas of the acid-baking kiln
[164].

Indeed, direct leaching consumes less energy than acid baking. For this
reason, different approaches might be explored. Alkan et al. (2018) studied silica gel
suppression on H2S04 leaching with hydrogen peroxide (H2032). In direct acid leaching,
the rhomboclase phase is formed during acid leaching and co-precipitate scandium.
The authors stated that the leaching of silicon and, consequently, silica gel formation
declined as the concentration of H202 increased due to the oxidizing medium. On the
other hand, the extraction of scandium decreased. It might be occurred due to the non-
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leaching of the goethite phase from the bauxite residue since scandium is trapped
inside this phase [48,129].

For the present study, it was explored the oxidizing leaching in order to avoid
silica gel formation. First, a solution with H2SO4 20%v/v was prepared with H202 15g/L
(0.44mol/L) right before the leaching experiment. Due to the fast decomposition in
acidic medium, experiments were carried out adding H202 over the leaching reaction
— 1mL (0.35mol/L), 2mL (0.70mol/L), and 4mL/h (1.40mol/L).

Results are presented in Figure 22. A slight increase in leaching rate was
observed when compared with non-oxidizing leaching. However, the scandium
leaching dropped as the H202 was applied in the reaction. As Alkan et al. (2018)
observed, the leaching efficiency of scandium decreased as the H202 concentration
increased. It might indicate most of the scandium is trapped in the goethite phase of
the bauxite residue since iron oxide was still identified in the leaching residue (Figure
24).

In extremely acid conditions, the reaction of sodalite avoiding silica gel
formation by H20:2 is proposed in Equation 18. As H20: is present in the solution,
silicon from sodalite forms silicon oxide. However, at the same conditions, H20:2

decomposes fast in Hzg) and Oz().

Nag(Al6Si6024)Cl2(s) + 24H* (qq) + H,0, — 6Al+3(aq) + 6Si02(s) + 8Na+(aq_) +

2C1" 4q) + 13H,0 + 1/, 0, Equation 18

According to Alkan et al. (2018), H202 benefits titanium leaching. Equation 19
shows the reaction of titanium oxide and H2SOa4, which forms TiOSOa. In oxidizing
leaching (Equation 8), it reacts with H202 forming TiO-OSOx - titanium peroxo sulfate,
soluble during leaching reaction. However, as presented in Figure 22, in the present

study, H202 had almost no effect in titanium leaching.

Figure 23 shows the redox potential of the leaching liquor in mV. As the
oxidizing agent is added, the redox potential increased, mainly when the H202 was

added during the experiment. At these conditions, Fe(ll) is stable [225]. It occurs due
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to the decomposition in an acidic medium. As a fresh oxidizing agent is added over the
experiment, the silica gel formation is avoided. Moreover, as observed in Equation 20,
titanium leaching increases as H202 is added during the process.

TiOz(s) +HZSO4(aq) - [Ti0]504(aq) + H,0 Equation 19
[Ti0]504(aq) + H,0, — [Ti0 — 0]504(aq) + H,0 Equation 20
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Figure 22: The effect of H202 on the leaching rate of aluminum, iron, titanium, silicon,
scandium, and zirconium from the bauxite residue. Experimental conditions: T = 25°C,
8000rpm, H2S0O4 concentration = 20%, S/L = 1/10, t = 8h. H202: 15g/L = 0.44mol/L;
ImL/h = 0.35mol/L; 2mL/h = 0.70mol/L; 4mL/h = 1.40mol/L.
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Figure 23: Redox potential (ORP) of experiments varying the H202 adding.
Experimental conditions: T = 25°C, 8000rpm, H2SO4 concentration = 20%, S/L = 1/10,
t = 8h.

Figure 24 shows the XRD of the bauxite residue and leaching residues. It is
possible to see that gypsum peaks were identified in the leaching residues formed an
oxidizing reaction. Peaks of iron oxide were identified in all samples, as well as quartz

and iron sulfate. Similar results were presented in the literature [48,315].
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Figure 24: XRD of bauxite residue and leaching residues of experiments performed
using H2SO4 20% and oxidizing media: 1 - Iron oxide; 2 — Quartz; 3 — Sodalite; 4 —
Gibbsite; 5 — Boehmite; 6 - Iron sulfate; 7 — Gypsum.

5.2.3.4. Effect of temperature on leaching rates

The effect of temperature was evaluated with and without H202 (1.40mol/L) in
a solid-liquid ratio equals to 1/10, 800rpm during 8h. The temperatures studies were
25°C, 45°C, 60°C, and 90°C. The results are presented in Figure 25, where it is
observed that the temperature enhances the extraction of scandium, iron, and
aluminum, achieving up to 90% in both cases. Titanium and zirconium leaching slightly
increased from 5% to 26% and from 17% to 26%, respectively. Also, titanium extraction

had almost no difference under H20: effect.

For silicon, the opposite was observed. As the temperature increased, the
leaching of silicon declined. It may have occurred due to the decomposition of silica
gel at high temperatures. At 25°C and 45°C, a similar leaching rate was observed. At
60°C and 90°C, the extraction efficiency declined to almost 0%. Furthermore, no
differences were observed in acid leaching with and without H202 during 8h of reaction.

The scandium extraction in oxidizing medium is lower at 25°C and 45°C, as well as
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iron. At high ORP values, iron precipitates [341]. As the leaching occurred under H202

effect, probably the leaching of iron is lower, and less scandium was released.

Also, the use of H202 was not necessary to avoid silicon leaching and further
silica gel formation. Comparing the methodology and used by Alkan et al. (2018) [48],
the silicon leaching was close to 0% after 8h of reaction time and at 90°C in the present
study (scandium leaching up to 90%), while Alkan et al. studied the scandium leaching
during 30min at 75°C (scandium leaching up to 65%). Moreover, it was observed that
as the silicon leaching declined, the solid-liquid separation was facilitated, which may

indicate that SiO2 is formed instead of silica gel.

Figure 26 shows the XRD of leaching residue for each temperature studied. At
25°C and 45°C, the solid phase comprises quartz, iron sulfate, iron oxide, and gypsum.
As the temperature increases, the leaching residue becomes more concentrated in
quartz and gypsum, corroborating iron's leaching rate. At 90°C, the residue is

composed of quartz and gypsum.



137

—u— Al
100 ° —o Fe
. —A—Ti
—vSi
80 Sc
> | = Zr
o
S 60 /
o /
£ / /
= /
% 0 / /.
T 40~ /o
- /
// y®
/ . — R
20 - | =
03 v
0 T T T T T T T T T T T T T T 7 T 1
20 30 40 50 60 70 80 90 100
Temperature (°C)
(a)
—u— Al
—o—Fe
100 . AT
g | —v Si
- / Sc
= 80 P — Zr
S Y/
v r
© 60 / V.
o %
£ /A
S
Q@ 40 / /
(] /
= Y/
———4
20 =t ;A
WV B A’
0 T T T T T T T T F T T T T T 7 T 1
20 30 40 50 60 70 80 90 100
Temperature (°C)
(b)

Figure 25: The effect of temperature on the leaching rate of aluminum, iron, titanium,
silicon, scandium, and zirconium from the bauxite residue. Experimental conditions:
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Figure 26: XRD of bauxite residue and leaching residues of experiments performed
using H2SO4 20% and oxidizing media: 1 - Iron oxide; 2 — Quartz; 3 — Sodalite; 4 —

Gibbsite; 5 — Boehmite; 6 - Iron sulfate; 7 — Gypsum.

Additionally, the leaching of bauxite residue directly depends on the activation
energy. The Arrhenius equation, which express the rate constant and temperature
relationship assuming the reaction mechanism is unchanged as the temperature varies
[342,343], is used to calculate the activation energy. The equation also allows the
determination of apparent activation energy for leaching of the elements from the
bauxite residue [164]. It is shown in Equation 21, where A is the frequency factor, E is
the activation energy (J/mol), and R is the gas constant (for the present study, it is
equals to 8.31J/(mol.K)) [318,336,343]. The linear form is depicted in Equation 22.
Results are presented in Table 21 for both systems (with and without an oxidizing

agent).

E

k = Ae RT Equation 21

Ink=InA-— Equation 22



139

Table 21: Values of activation energies calculated and frequency factor for the leaching
of aluminum, iron, titanium, silicon, scandium, and zirconium from the bauxite residue
by H2S04 20%.

Al Fe Ti Si Sc Zr

) The activation

without 24.23 51.62 23.06 -56.40 9.72 6.05
o energy (J/mol)

oxidizing

Frequency
agent fact 3.2x104 28x10% 15x10% 3.9x101° 44x102 5.2x101?
actor

) The activation
with 21.22 44.39 17.98 -69.11 21.46 4.95

o energy (J/mol)
oxidizing

Frequency
agent fact 9.3x10*4 3.6x107 88x10°% 7.2x10% 9.8x10*4 7.2x107
actor

5.2.3.5. Effect of sulfuric acid concentration on leaching of bauxite residue

The effect of H2SO4 concentration was studied from 10% to 60% at 90°C, solid-
liquid ratio equals to 1/10, 800rpm during 8h. The use of H202 was also evaluated. The
leaching rate is presented in Figure 27. Alkan et al. (2018) studied the effect of H2SO4
concentration in the leaching rate of Greek bauxite residue. As the acid concentration
increased, the silicon leaching decreased. According to the authors, it occurs due to
the increase in ionic strength. At 75°C during 2h in a solid-liquid ratio equals to 1/10,
the silicon leaching decreased from 60°C to close to zero as the H2SO4 concentration
increased from 1M to 4M [48]. As data presented in Figure 27, almost no silicon was

leached in all acid concentrations.

As depicted by VoRRenkaul et al. (2017), acid concentration increases, leading
to a fast silicon liberation with high ionic strengths. As a result, silicon precipitates as
oxide and releases the main elements [344]. Indeed, as observed in Figure 25, the
temperature has a similar effect. For this reason, no difference was observed in silicon

leaching as the H2SO4 concentration increased from 10% to 60%.
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Figure 27: The effect of H2SO4 concentration on the leaching rate of aluminum, iron,
titanium, silicon, scandium, and zirconium from the bauxite residue. Experimental
conditions: 800rpm, S/L = 1/10, t = 8h, T = 90°C. Oxidizing agent = H202 (1.40mol/L)

Zirconium leaching had almost no difference — from 25% (10% of H2SO4) to
33% (60% of H2S04). The oxidizing leaching increased the leaching rate only in H2SO4
concentration equals to 10%, where the zirconium leaching was 32% under the H20:2
effect. On the other hand, as the acid concentration increased, no difference was
observed in the leaching rate. It might be due to the H202 degradation since the acid

conditions facilitate the process.

Aluminium and iron leaching increased from ~90% to ~100% as the acid
concentration increased from 10% to 20% and remained constant. In the case of
titanium, it is clearly shown that the increase in H2SOa4 concentration benefits the
leaching rate. As shown in Equation 19, the increase of acid concentration benefits
the generation of [TiO]SOa4@q) and consequently the titanium leaching. The oxidant
leaching had effect in titanium leaching for 10% of H2SO4 (Equation 20); on the other
hand, comparing acid concentration 20-60%, the H202 had no effect probably due to

its faster decomposition in extremely acid conditions.
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For scandium leaching, it is observed in Figure 27 that the efficiency rate
increased from 77% to 92% as the acid concentration increased from 10% to 20%. At
60% of H2SO4 concentration, the scandium extraction decreased to 89%. It occurs due
to the excess of sulfate ions (SO4?2) in the media compared to scandium ions [345].
The XRD of leaching residues obtained in experiments varying the acid concentration

were similar to those presented in Figure 26.

Figure 28 depicts the redox potential of the leaching liquor in each acid
concentration with and without an oxidizing agent. As the H2SO4 concentration
increased from 10% to 60%, the redox potential decreased even after H202 addition.
It indicates that a part of H202 decomposes with the increase of the H* ions in solution.
Equation 23 shows the direct hydrogen peroxide decomposition pathway in an acidic
medium (Eo = 1.77V). As the concentration of H* ions increased, the water generation
increases. Moreover, it has formed hydroxyl radicals (OHe) at the same conditions, as
depicted in Equation 24, which has higher electrochemical oxidation potential (Eo =
2.8V). To avoid silica gel formation, the H202 is the main reagent and not the redox
potential (Equation 18).

H,0, + 2H* +2e¢~ - 2 H,0 Equation 23 [346,347]

H,0,+ e~ - OHe +0H™ Equation 24 [348]
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Figure 28: Redox potential (ORP) of experiments varying the H2SO4 concentration.

Experimental conditions: 800rpm, S/L = 1/10, t = 8h, T = 90°C. Oxidizing agent = H20:.

5.2.3.6. Comparative on leaching efficiencies on sulfuric and phosphoric

acid
The experiments with HsPO4 were performed varying the acid concentration
and temperature. As previously demonstrated, the oxidizing leaching has almost no
effect on extraction rate, mainly scandium, and silica gel was avoided as the
temperature increased, where H20:2 is quickly degraded. For this reason, experiments

for HsPO4 leaching were carried out without an oxidant agent.

Figure 29 shows the leaching rate for temperature varying from 25°C to 90°C.
As observed for H2SO4 leaching, the temperature increased the extraction efficiency
of the main elements. Iron and aluminum leaching increased from 8% and 28% (25°C)

to 95% and 91% (90°C), respectively. Scandium efficiency achieved similar results.

Zirconium extraction slightly increased from 24% to 37% as the temperature
increased from 25°C to 90°C. In the case of silicon, the leaching rate decreased as the
temperature increases. Similar results were observed for the H2SOs reaction.
However, at 90°C, the percentage of silicon extracted from the bauxite residue was
13% compared to 0.2% of the leaching rate using H2SOa4 (Figure 25). By the same
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token, titanium extraction at 90°C was 36% using 20% H3sPO4, in contrast to 26% using
20% H2SO0a.
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Figure 29: The effect of temperature on the leaching rate of aluminum, iron, titanium,
silicon, scandium, and zirconium from the bauxite residue. Experimental conditions:
800rpm, H3zPO4 concentration = 20%, S/L = 1/10, t = 8h.

Table 22: Values of activation energies calculated and frequency factor for the leaching
of aluminum, iron, titanium, silicon, scandium, and zirconium from the bauxite residue
H3sPO4 20%.

Al Fe Ti Si Sc Zr
The activation
18.25 37.37 23.29 -10.33 16.75 6.38
energy (J/mol)
Frequenc
fq y 2.4x10°3 3.2x10° 1.0x 103 2.1x10? 3.8x 1073 3.1x10"
actor

The effect of HsPO4 concentration was evaluated from 10% to 60%, and the
leaching rate is shown in Figure 30 for experiments performed at 25°C (a) and 90°C
(b). In both cases, the silicon leaching decreased as the acid concentration increase.

As depicted in H2SO4 experiments, the silicon release from the sodalite phase
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increased with high ionic strengths and then precipitated as oxide [344]. Also, the
temperature contributes to the silicon precipitation. For experiments carried out with
20% HsPO4 at 25°C, the leaching rate was 26%, while at 90°C and same acid

concentration, the extraction of silicon was 13%.

The aluminum, iron, and scandium extraction were similarly achieving up to
100% at 90°C for H3PO4 above 20%. Titanium extraction increased as the temperature
and acid concentration increased. Figure 31 shows the XRD of leaching residues of
the experiment performed at 90°C in different HsPO4 concentrations. In contrast to
H2SO4 experiments where calcium sulfate (CaSOa4) and silicon oxide were detected

(Quartz), the leaching residues are rich in silicon oxide.
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Figure 30: The effect of HsPO4 concentration on the leaching rate of aluminum, iron,
titanium, silicon, scandium, and zirconium from the bauxite residue. Experimental
conditions: 800rpm, S/L = 1/10,t=8h, T = (a) 25°C and (b) 90°C.
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Pepper et al. (2016) depicted titanium tends to be more stable in the bauxite
residue than other mineral phases, such as those with iron and aluminum. The
increase of titanium leaching with more concentrated acid contributes to the higher
concentration of protons facilitating the extraction rate [281]. As observed in Figure 30,

the temperature also benefits the process.
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Figure 31: XRD of bauxite residue and leaching residues of experiments performed at
90°C using H3POu in different concentrations: 1 - Iron oxide; 2 — Quartz; 3 — Sodalite;

4 — Gibbsite; 5 — Boehmite.

5.2.4. Discussion on leaching of bauxite residue into a near-zero-waste
generation
According to the results presented before, the best conditions for scandium
extraction in both H2SO4 and H3POa4 leaching was: 20% of acid concentration, solid-
liquid ratio equals to 1/10, 90°C and 8h. For this, the composition of the liquor was
characterized and depicted in Table 23. The rare earth content varies from 2.4mg/L
(scandium) to 27.6mg/L (cerium). The main elements in the solution are iron (up to

11,000mg/L) aluminum (up to 6,000mg/L) and sodium (up to 3,100mg/L). Calcium
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content differs according to the leaching agent, as a part of the element precipitates in
the H2SO4 leaching as sulfate (Figure 29). The HsPO4 leached more silicon than H2SO4
— 454mg/L and 7.4mg/L, respectively — as well as titanium — 312mg/L and 200mg/L.

It's worth mentioning that scandium extraction achieved 50% at 25°C for 8h
with low iron leaching (up to 3.5%), where the Fe/Sc ratio was up to 180. Indeed, the
amount of iron may impact the recovery of scandium by ion exchange technique.
Comparing with all scandium, and consequently iron, extraction (Fe/Sc ratios equals
to 4,000), it generates a liquor with low concentration of contaminants, which can be
more feasible for separation steps than the highest scandium extraction and,
consequently, contaminants leaching. As a matter of fact, the Fe/Sc ratio is the

potential showstopper for scandium extraction from bauxite residue.

The economic analysis is presented in Figure 32, considering the most
valuable elements in the leaching liquor. Scandium is responsible for at least 95% of
the solution's economic value, followed by zirconium and neodymium. Comparing the
costs of leaching agents, which are similar [47], the leaching with H2SO4 achieved the
most valuable solution. Also, the leaching of contaminants such as aluminum, calcium,

and silicon was lower, facilitating further separation steps.

Table 23: Composition of the liquor in mg/L after leaching by H2SO4 and HsPOa.
Experimental conditions: acid concentration = 20%, 800rpm, S/L = 1/10,t=8h, T =
90°C.

Al Fe Ca Na Sc Si Ti V Zr La Ce Nd

Y

H.SO, 5059.8 11804.3 480.1 31045 27 74 2004 86 434 59 276 22 15

HsPO, 6147.1 118125 2157.3 33004 2.4 4547 3122 80 521 60 270 20 14
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Figure 32: Economic value of the liquor obtained after leaching process by (a) H2SOa4
and (b) H3sPOs4. Experimental conditions: acid concentration = 20%, 800rpm, S/L =
1/10,t=8h, T =90°C.

Considering the residue, the H2SOa4 leaching generated a residue composed
mainly of silicon dioxide, titanium oxide, and calcium sulfate (Figure 29), while the
HsPOa4 leaching generated a residue mainly composed of silicon dioxide and titanium
oxide (Figure 30). In both cases, the leaching residue may be used for titanium
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extraction by HCI. Haverkamp et al. (2016) studied the leaching rate process of
titanium-rich ore at 80°C. If the goal is TiO2 production, titanium hydrolysis can be

avoided during leaching, but favored for selective separation after extraction step [45].

In contrast to ilmenite ores, in which the reaction occurs with 10.3mol/L of HCI,
the residue's leaching from the bauxite processing might occur in lower acid
concentration. For both H2SO4 and HsPOs, as results demonstrated (Figure 27 and
Figure 30), the leaching rate of bauxite residue for titanium achieved up to 60% and
80% using 60% of H3PO4 and H2SOa4, respectively. Pepper et al. (2016) compared
common minerals acids (H2SO4, H3PO4, HNOs, and HCI) and concluded that for
leaching reaction using 5mol/L is: Hs3PO4 > HCI > H2SO4 > HNO3 [281]. For H3POa, the
number of H* ions in solution is three times higher than HCI. At the same time, the

H2SO4 solution has two times H* ions and achieved lower efficiency.

Also, the leach residue can be used for construction industry, due to the
composition (high calcium and silicon content). Bauxite residue has been studied by
different authors to be used for cement production [43,44,349,350]. However, due to
the presence of scandium and other rare earth elements, as well as titanium, the
extraction of these valuable elements before cement production. As a result, a near-
zero-waste process is designed for the recovery of different elements and the

application of the wastes generated throughout the process.

Comparing the amount of solid phase before and after acid extraction, the
H2S0O4 leaching residue was 34% of the input process, while HzsPOa leaching residue
was 25%. It's worth mentioning that residues containing phosphorous required
attention, due to negative impact on aquatic life and soils triggering eutrophication
processes, causing proliferation of algae and macrophytes [351-353].

Considering that the current process sent the bauxite residue to the dams, the
proposed process results in less residue to be stored. Due to the characteristics of the
leaching residue in both acid processes, the material can be used for construction

[310,354-356]. It results in a near-zero-waste process.
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ABSTRACT

The European Union and several countries/regions classified the rare earth elements
(REE) as critical due to the risk of supply interruption. For this reason, the growing
demand for REE makes forgotten reserves gain economic interest. So, the search of
new sources and the development of chemical process is important, as silicate-based
ore. Since there is almost no literature for extraction of REE from this source, a new
approach has been developed at the present study. Direct leaching and acid baking
were studied using sulfuric acid. The effect of acid concentration, temperature, solid-
liquid ratio, oxidizing/reducing medium, and acid dosage were studied. Results showed
that the extraction of REE achieved up to 80% at 90°C in oxidizing medium, and
scandium and iron achieved 13.5% and 65.0%, respectively. For acid baking
experiments, the results were better than direct leaching for REE - over 85%.
Scandium leaching rate was lower than direct leaching. On the other hand, the
extraction of iron was lower in acid baking than direct leaching. Iron and scandium
extraction rates were higher in lower temperatures (< 200°C) and acid dosage
achieving 50% and 6.3%, respectively. Future studies may explore the thermal

treatment before acid leaching.

Keywords: lanthanum; scandium; leaching; acid baking; critical metals.

5.3.1. Introduction
The rare earth elements denote a group of 17 elements that includes
scandium, yttrium, and lanthanides (elements with atomic numbers 57 — 71). The term

is not because they are rare, since their concentration in the Earth's crust ranges
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around 150-220ppm (copper is 55ppm and zinc is 70ppm, for instance), but due to
their chemical similarity. Despite that, these elements are rarely concentrated into
minable ore deposits, making the extraction of rare earth elements an economic and

technical challenge [1,357].

The market is controlled by China. As a result, the European Union classified
the rare earth elements as critical materials and the risk of supply interruption in the
middle term [329]. For this reason, the search for new sources of rare earth elements
is necessary to serve the growing market. For this reason, several researches are

focused in new rare earth elements source to supply the market [41,358,359].

On the other hand, extraction from primary resources (e.g. ores) are still
necessary [55,258,360—-362]. The main minerals of rare earth elements in the world
are Monazite (phosphate - (Ce,La,Nd,Th)POa4), Xenotime (phosphate - YPOa4), and
Bastnasite (carbonate - (Ce,La,Y)COsF) [35]. China is the largest producer (140,000
tons), followed by the USA (38,000 tons), Burma (30,000 tons), and Australia (17,000
tons). Moreover, the reserves are concentrated in China (44 million tons), Vietnam (22
million tons), Brazil (21 million tons), and Russia (12 million tons). In 2015, the global
production was 130,000 tons; in 2021, it is expected up to 240,000 tons [5].

Among the extractive routes currently adopted, the hydrometallurgical has the
advantage of producing high-pure products even in low concentrations, as in the case
of rare earth elements. The processing route can vary according to the rare-earth
mineral. Monazite extraction, for instance, a phosphate mineral, can occur by sulfuric
acid digestion (200-220°C) and further purification steps, such as precipitation and
solvent extraction; alkali treatment at 140-150°C with sodium hydroxide 70% is also
used. Bastnasite ore (REECOsF, where REE = rare earth elements) can be processed
by hydrochloric acid 10%, sulfuric acid concentrated at 480°C, or by calcination before

leaching. Further steps are also precipitation and solvent extraction [1].

In all cases above mentioned, different rare earth elements can be obtained.
In the case of scandium, the most valuable among them is rarely found, and its
extraction is commonly limited to uranium, thorium, niobium, and rare earth elements
production as a by-product. Different extractive approaches can be used, such as alkali
fusion, acid leaching under pressure, and chlorination (hydrochloric acid in high

temperatures) [357].
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A hydrometallurgical route has explored the extraction of rare earth elements
from bauxite residue and nickel laterite waste since these elements' concentration is
up to 100mg/kg or lower [20,54,363]. Borra et al. (2015) studied the direct leaching of
bauxite residue to extract rare earth elements achieving up to 80% of extraction

efficiency [54].

Moreover, the acid baking has been explored for extraction of rare earth
elements due to low acid consumption and faster kinetics. Anawati & Azimi (2019)
studied the acid baking of bauxite residue to extract rare earth elements. Sulfuric acid
concentrated was mixed to the material and heated at 200-400°C. Then, the material
resulted was leached with water for extraction of rare earth elements, where achieved
the equilibrium within 2h at 90°C [164]. Kim & Azimi (2020) studied the extraction of
slag rich in rare earth elements by acid baking, and the authors also stated that the
water leaching achieved the plateau after 120min in all cases, and the kinetic rate is
faster at 90°C than lower temperatures [364]. Zou et al. (2021) demonstrated that
lanthanum and cerium extraction also achieved the plateau after 120min from rare

earth polishing powder wastes after the baking process [365].

Due to the increasing interest in such elements and control of fewer countries
of their extraction, new resources search makes necessary. Among the potential
resources of rare earth elements there are silicates and oxides. In the case of silicate-
based ores, there is a lack in the literature due to scarcity. However, due to the growing
demand for rare earth elements, these reserves have been considered even with lower

rare earth elements than recognized minerals [35].

There are only a few works in the literature about direct leaching or acid baking
of rare earth elements from silicate-based ores, probably because such minerals are
less common than phosphates (Monazite and Xenotime) and carbonates (Bastnasite)
[35]. However, since these elements' consumption has grown over the years, it is

necessary to search for new potential resources of rare earth elements.

For this, the present study's goal was the extraction of rare earth elements
from a silicate-based ore by the hydrometallurgical route. Sulfuric acid was used as a
leaching agent. First, direct leaching experiments were carried out in an acid medium
for 8 hours. The effect of solid-liquid ratio, concentration, and temperature were

studied. The use of sodium dithionite and hydrogen peroxide were evaluated as
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reducing and oxidizing agents, respectively. Secondly, acid baking was studied,
varying the sulfuric acid/ore ratio and temperature. To compare with acid baking, dry
digestion was carried out at room temperature (25°C). After the sulfation process, the
water leaching was carried out at 90°C for 2 hours. The samples were characterized
in XRD, SEM/EDS, and ICP-OES.

5.3.2. Materials and methods

5.3.2.1. Materials

The silicate-based ore rich in rare earth elements was supplied from a
Canadian site (primary ore). The particle size distribution was measured. The
guantification of the main elements was carried out in XRF. Minor elements were
determined by alkali fusion by mixing 0.5g of the ore with 1.5 g of sodium carbonate
and 1.5 g of sodium tetraborate decahydrate at 1100°C for 30min followed by
dissolution in HCI media.

The mineralogical assessment was carried out by X-ray diffraction technique
(XRD, Rigaku MiniFlex 300). The sample analyzed was pooled and scanned from 3°
to 100° (20) with a 4°/min rate and 0.02 step. The powder morphology was studied by
scanning electron microscopy with a backscattered electron detector and coupled with

energy dispersion (Phenom model ProX).

Sulfuric acid (95-98%, Quimica Moderna), nitric acid (65%, Neon), hydrogen
peroxide (29%, Synth), and sodium dithionite (99%, MetaQuimica) were of analytical

grade. Acid solutions and calibration curves were elaborated with ultra-pure water.

5.3.2.2. Experimental design

Before extraction experiments, the samples were ground into -0.5mm of
particle sizes using a motorized pestle/mortar mill (Marconi) to ensure sample
homogeneity and dried at 60°C for 24 hours. Before experiments, the experimental
error was calculated, as previously depicted [40]. The leaching experiment was carried
out at 25°C, solid-liquid ratio equals 1/10, 4mol/L of sulfuric acid, 200rpm of stirring

speed during 8h. The standard deviation calculated was 3.2%.
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5.3.2.3. Direct leaching

The experiments to evaluate the effect of acid concentration, solid-liquid ratio,
reducing and oxidizing agent, and temperature were carried out in sealed Erlenmeyer
flasks (250mL) under stirring (200rpm) and temperature control (25°C). To study the
effect of temperature, the experiments were performed in glass reactors (200mL) fitted

with a reflux condenser and placed on a hot plate with a magnetic stirring system.

The parameters explored in the present study are depicted in Table 24. The
effect of solid-liquid ratio was studied for 1/5, 1/10, 1/25, and 1/50, and further, the
sulfuric acid concentration was evaluated for the values of 0.5mol/L, 1.0mol/L,
2.0mol/L, and 4.0mol/L. The oxidizing and reducing leaching was studied using
hydrogen peroxide (H202) and sodium dithionite (Na2S204), considering the
concentrations of 1%, 2.5%, 5%, and 10% (vy,0,/Vaiia sotution @Nd Vna,s,0,/Vacia sotution:

respectively). The effect of temperature was studied at 25°C, 45°C, 60°C, and 90°C.

Table 24: Parameters studied in direct leaching experiments for the extraction of rare

earth elements from silicate-based ore

Variables Conditions

Solid-liquid ratio (S/L) 1/5 - 1/50
Concentration 0.5mol/L — 4.0mol/L

Na25204 1% - 10%

H202 1% - 10%

Temperature 25-90°C

After the leaching procedure, the mixture was first centrifuged at 3,000rpm for
10min and then filtered with a quantitative filter paper 2um. The leaching residue was
washed using ultra-pure water and dried at 60°C for 24h for XRD analyses. The leach
solution and the washing water were diluted in HNO3s 4% for chemical analyzes in
Inductively Coupled Plasma Optical Emission Spectrometer (ICP-OES — Agilent

Technologies 70 series). Iron concentration was analyzed in AAS (Shimadzu AA-7000)
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5.3.2.4. Dry and acid baking

Crushed samples were mixed with 0.6mL-1.5mL of sulfuric acid 98% in a
porcelain crucible with a glass rod homogenizing the mixture. The temperatures
studied were 25°C (dry digestion), 200°C, 300°C, and 400°C. Further, the water
leaching was studied at 90°C for 2h and the solid/liquid ratio equals 1/10.

5.3.3. Results and discussion

5.3.3.1. Characterization and economic analysis of silicate-based ore

The chemical composition of the ore was analyzed to provide a basis for
extraction efficiency calculations. The major elements in the form of oxides are shown
in Table 25. Silicon is the main element in the ore, followed by iron, calcium, aluminum,
and titanium. Sodium, magnesium, potassium, manganese, and phosphorous oxides

are concentrated above 0.4%.

The concentration of zirconium and rare earth elements is presented in Table
26, as well as the economic importance of each element in the silicate-based ore. From
the characterization, it is evident that the ore is rich in zirconium and both heavy and
light rare earth elements. Also, it is rich in scandium (191mg/kg). Among the minor
concentration elements, lanthanum, cerium, neodymium, and yttrium are the main rare
earth elements where the total is 1.1wt%. On the other hand, the most valuable

element is scandium (76.8%), followed by neodymium and zirconium.
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Table 25: Major chemical components in the ore

Compounds  wt%

SiO2 39.4
Fe20s3 36.3
Cao 8.79
Al20s 4.61
TiO2 2.32
Na20 1.64
MgO 1.44
K20 1.42
MnO 1.09
P20s 0.43

Table 26: Zirconium and rare earth elements composition of the ore sample and their

economic value in the silicate-based ore

Elements Concentration (mg/kg) Economic value (in US$)
Zr 8,090 6.0%
Ce 5,420 0.8%
La 2,330 0.3%
Nd 2,140 7.3%
Y 1,100 0.2%
Pr 626 3.2%
Th 375 1.7%
Sm 358 0.1%
Gd 268 0.4%
Dy 238 2.8%
Sc 191 76.8%

The cumulative particle size distribution is shown in Figure 33. In the silicate-
based ore, 90% of the particles are smaller than 1412.9um, and 50% are smaller than

348.5um. Since the particle size distribution of the sample is considered high, and due
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to the fact that the study of its effect in acid leaching was not explored in the present

study, the ore sample was ground into -0.5mm.

Scanning electron microscopy (SEM) was used to study the sample's surface
morphology, as presented in Figure 34. The EDS spectrum shows the distribution of
the chemical elements. As shown, the sample matrix is mainly composed of silicon and
oxygen, indicating the presence of silicates as main compounds. Calcium and iron
were also identified. Among the minor elements presented in Table 26, it was identified
zirconium, lanthanum, cerium, neodymium, and yttrium. These results are in line with

the chemical characterization.
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Figure 33: Particle size distribution of the silicate-based ore

Figure 35 shows the X-ray diffractogram of the sample. The main phases
identified were Dickite (Al2Si205(0OH)a), Ferrohornblende
((Na,K)Caz(Fe,MQg)s(Al,Si)sO22(OH)2), Fayalite (Fe2(SiOy)), Hedenbergite
(CaFeSi206)), and Albite ((Na,Ca)Al(Si,Al)30s). As previously observed in the

SEM/EDS analyses, the main mineral phases identified were silicates. It was
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impossible to confirm the rare earth elements’ mineral phases due to the low

concentration in the ore.

The common silicate minerals of rare earth elements are: Allanite
((Ce,Ca,Y)2(Al,Fe?*,Fe3")3(Si04)3(OH)), Gadolinite  (Y2Fe?*Be2Si20O10),  Zircon
((Zr,REE)SiO4), Thortveitite ((Sc,Y)2Si207), Cascandite (Ca(Sc,Fe3*)HSiz0o),
Gadolinite (Yz2Fe?*Be2Si2010) or Jervisite ((Na,Ca,Fe?*)(Sc,Mg,Fe?*)Si20s) [357]. For
this reason, it is worth concluding that the rare earth elements could be in the ore as

silicates.

Preliminary magnetic separation was carried out and the mineral phases and
their respective percentage are presented in Table 27. Results demonstrated that 80-
90% of rare earth elements and 90% of scandium, 90% of silicon and 88% of
zirconium, which shows that the main valuable elements are hosted in silicates and
zircon mineral phases. Only 20% of iron is magnetic (mainly as ilmenite) is presented
in the magnetic fraction. As a conclusion, the magnetic separation did not concentrate
the rare earth element or removed impurities, and leaching experiments were carried

out using the raw material.

Table 27: Mineral phases of the magnetic and non-magnetic fraction of the silicate-

based ore
Magnetic fraction Non-mag fraction

Hedenbergite  14.28% Phlogopite 9.14%
Hilairite 1.49% Hedenbergite  15.20%

[Imenite 14.91% Zirconia 4.73%
Zirconia 1.45% Fayalite 11.81%
Fayalite 10.87% Diopside 21.20%

Diopside 31.46% Hastingsite 1.65%
Ferrohornblende 10.94% Albite 22.02%

Magnetite 14.60% Ferrohornblende 14.25%
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Figure 34: The image of backscattered electrons of the ore and EDS spectra of the

particles
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Figure 35: X-ray diffractogram of the silicate-based ore and the main phases detected

The extractive process of rare earth elements from silicate ores can be
accomplished through different approaches. In the case of Gadolinite, for instance, it
can be performed by a) alkali fusion + water leaching; b) chlorination; and c) acid
leaching (H2SO4, HCI, or HNO3) and further precipitation as oxalate [1]. The
disadvantages of alkali fusion are the high sodium hydroxide consumption, difficulty to
wash and filter due to the high viscosity, and a large amount of water to recover the
excessive sodium hydroxide [357]. Moreover, as in the case of scandium extraction
where the alkali fusion step is used and further acid leaching, the consumption of acid
for both neutralizes the alkali and extract the elements can make the process

economically unfeasible. It can be observed in scandium extraction from bauxite

residue [37,54,164].

For this reason, in the present study it was explored direct leaching and acid

baking. The elements analyzed were iron, zirconium, titanium and the rare earth
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elements. All the rare earth elements can be extracted in an acid medium, as proposed
in the acid leaching. In the case of dry digestion or acid baking using sulfuric acid, the
purpose is to convert the rare earth elements into sulfate salts, water-soluble. The
same can occur in direct leaching by sulfuric acid. In the case of nitric or hydrochloric
acids, they have been replaced due to the leaching efficiency, costs and cause

industrial problems related to corrosion.

Reid et al. (2017) demonstrated that the extraction rate of rare earth elements
by mineral acids from bauxite residue might achieve similar results. Scandium leaching
rate was 32%, 45%, and 40% using nitric, hydrochloric, and sulfuric acid 1.5mol/L at
90°C for 30min. Similar results were obtained for neodymium [316]. Zhang et al. (2020)
demonstrated that sulfuric acid could be used for scandium extraction silicate ore [86].
Nevertheless, there is a lack of literature about sulfuric acid leaching of rare earth

elements from silicate-based ore.

5.3.3.2. Direct leaching

Effect of solid-liquid ratio and acid concentration

The experiments were performed in Erlenmeyer flasks at 25°C for 8h and
stirring speed 200rpm. The experiments were carried out with 100mL of sulfuric acid
4mol/L, varying the mass of the ore. The leaching rate of iron, zirconium, lanthanum,
cerium, neodymium, and scandium are shown in Figure 36. Titanium content was
lower than the detection limit of the equipment. The redox potential of the leaching

liquor was measured at 630mV.

The leaching rate of zirconium was lower than 0.5% - it was 0.4% for solid-
liquid ratio equals to 1/5 and slightly increased to 0.5% for 1/50. For iron, the leaching
rate increased from 33.2% to 53.3% as the solid-liquid ratio increased from 1/5 to 1/50.
It occurs since the increase in the solid-liquid ratio increases the amount of acid for

each part of the ore's leaching reaction.

In the rare earth elements, there was virtually no difference in the increase of
the solid-liquid ratio. In the case of lanthanum, cerium, and yttrium, for instance, the
leaching rate increased from 61.0%, 57.7% and 47.7% (1/5) to 64.9%, 61.0% and
52.0% (1/50), respectively. Scandium extraction achieved up to 3%.
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Figure 36: Leaching rate of iron, zirconium, lanthanum, cerium, neodymium, yttrium,
and scandium varying the solid-liquid ratio. Experimental conditions: 100mL of sulfuric
acid 4mol/L; T = 25°C; t = 8h; stirring speed = 200rpm.

Figure 37 shows the effect of acid concentration in the leaching of silicate-
based ore. The iron extraction increased from 19.7% (0.5mol/L) to 24.8% (1.0mol/L)
and then remained constant as the concentration of H* increased. It might occur due
to the reaction of iron oxides present in the ore, which are easier leached than other
iron compounds [366] than ilmenite [367], for instance. In this case, hydrochloric acid
with sodium bifluoride and metallic iron is used as a reducing agent for titanium
extraction [45].

The leaching of scandium slightly increased as the acid concentration
increased until 2.4%. Zirconium leaching remained the same (up to 0.45%). The
extraction of lanthanum, cerium, neodymium, and yttrium decreased as sulfuric acid
concentration increased. The concept of salvation can explain the decrease in leaching

efficiency. As the concentration of electrolyte increases, the proportion of
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water/electrolyte decreases, resulting in fewer water molecules for the leaching

reaction because cations and anions tightly hold them in the solution [316,368].

As shown in Equations 25 and 25, the leaching of rare earth elements by
sulfuric acid generates their ions in sulfate media. As the concentration of sulfate
anions increases, the rare earth elements precipitate as sulfate salts [345]. It may
explain why the leaching of rare earth elements declined.

REE;03 + HpS04,, — REE*® + $0,7% + H,0 Equation 25
REE*® +50,7% — REE,(S50,); Equation 26
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Figure 37: Leaching rate of iron, zirconium, lanthanum, cerium, neodymium, yttrium
and scandium varying the acid concentration. Experimental conditions: 100mL of
sulfuric acid; solid-liquid ratio = 1/10; T = 25°C; t = 8h; stirring speed = 200rpm.
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Oxidizing and reducing leaching experiments

Hydrogen peroxide and sodium dithionite were used as oxidants and reducing
agents, respectively, in the leaching process. In the case of hydrogen peroxide, it was
studied due to the silica gel synthesis during silicates' leaching. Alkan et al. (2018)
studied the oxidizing leaching of bauxite residue to avoid silica gel formation. As stated
by the authors, the compound is formed during the acid leaching of silicates, and its
synthesis decreases the leaching rate since a part of the liquor generated in the
leaching is trapped. By the same token, H* are consumed during the silica gel
synthesis. Also, the silica gel causes practical process problems due to the difficulty in

the solid-liquid separation step [48].

In the case of sodium dithionite as a reducing agent, it was used to reduce the
redox potential during the reaction. Figure 38 shows the Pourbaix diagram of Fe-S-
H20 system, where is highlighted the pH of the leach solution and initial redox potential
and the decrease as the sodium dithionite is used in the reaction. According to Luo et
al. (2015), and as demonstrated in the Pourbaix Diagram, in reducing medium the
leaching of iron could be benefited and the target metals present in these compounds
will be released [366].
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Figure 38: Pourbaix Diagram of Fe-S-H20 system elaborated with the FactSage 8.0

software.
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Since the same rare earth elements can be found in iron compounds, as
scandium [164], the conversion into ferrous iron and thereby release the elements,
reducing agent to lower the potential of the leaching reaction can be highly beneficial.
Luo et al. (2015) stated that the use of a reducing agent in the leaching of nickel laterite

increased the leaching of iron and nickel from 40% to up to 60% [366].

Figure 39 shows the leaching rate of iron, titanium, zirconium, and rare earth
elements adding hydrogen peroxide and sodium dithionite into the reaction. The
extraction efficiency in oxidizing leaching increased as the hydrogen peroxide was
added into the system until 2.5% in all cases and then slightly decreased. The
exception was iron, where declined from 29.3% (2.5v/v% of hydrogen peroxide) to
9.3% (10.0v/v% of hydrogen peroxide). As depicted in Figure 38, for sulfuric acid
2.0mol/L without oxidant agent, the iron can be presented in the solution as ferrous
iron and in the solid phase as iron sulfate, where it occurs after the leaching reaction.
However, in the oxidizing leaching reaction where the redox potential increased to

1,000mV, iron oxide is not leached totally, and only a part generates iron sulfate ions.

The leaching of lanthanum, cerium, and neodymium increased from up to 65%
(without hydrogen peroxide) to 85% (5.0v/v% of hydrogen peroxide). In the case of
scandium, its efficient rate increased from 2.6% (without hydrogen peroxide) to 4%
(5.0viv% of hydrogen peroxide). The leaching of titanium increased in the oxidizing
leaching. The H2S04-H202 system contributes to the formation of titanium peroxo
sulfate, which is soluble during leaching, as shown in Equation 27 and Equation 28
[48].

Tio, + H,S0, — [Ti0]SO, Equation 27

[Tio]lso, + H,0, — [TiO — 0]SO, + H,0 Equation 28
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Figure 39: Leaching rate of iron, zirconium, lanthanum, cerium, neodymium, yttrium
and scandium varying the percentage of (a) hydrogen peroxide (H202) and (b) sodium
dithionite (Na2S204). Experimental conditions: 100mL of sulfuric acid 2.0mol/L; solid-
liquid ratio = 1/10; T = 25°C; t = 8h; stirring speed = 200rpm.

The leaching rate in reducing medium is presented in Figure 39b. As observed,
the H2S04-Na2S204 system increased the leaching of rare earth elements from around
60% (without sodium dithionite) to 80% (1.0wt% of sodium dithionite) and 70% (2.5wt%
of sodium dithionite). The same behavior was observed for the other elements. The

decrease in leaching efficiency above 2.5wt% of sodium dithionite. This is not because
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of reducing redox potential but due to the acid consumption by sodium dithionite. As
previously reported, in an acid medium, sodium dithionite reacts with H* and releases
H2S [225,369-371]. For this reason, as more reduction is added into the leaching
process, the extraction rate decreased, and consequently, the pH of the solution grew
(until 3.0). As a result, the leaching efficiency achieved lower values for 10wt% of
sodium dithionite than 2.5wt%.

Comparing the oxidizing and reducing leaching reaction, the H2S04-H202
system has more benefit to the leaching of rare earth elements than the H2SOa-
Na2S204 system, where the extraction of lanthanum, cerium, and neodymium achieved
up to 80%. The concentration of yttrium and scandium in the solution increased more
than 17%, adding 1wt% hydrogen peroxide into the reaction. For 1wt% of sodium
dithionite, yttrium content increased 12%, and no difference was observed for

scandium.

Thermodynamic experiments

The effect of temperature in the oxidizing leaching of silicate-based ore was
studied from 25°C to 90°C. Results are presented in Figure 40, which shows that the
increase in temperature benefited rare earth elements' leaching. Lanthanum, cerium,
neodymium, and yttrium extraction slightly increase in the function of temperature. In
iron, titanium, zirconium, and scandium, the extraction was even more accentuated —
65.0%, 31.1%, 3.1%, and 13.5% at 90°C, 4.0mol/L of sulfuric acid, and 1v/v% of

hydrogen peroxide, respectively.

As observed in experiments carried out with 2.0mol/L of sulfuric acid and
1viv% of hydrogen peroxide (Figure 40b), the extraction of lanthanum, cerium, and
neodymium slightly decreased as the temperature increased from 25°C to 90°C. It
might be occurred due to the decomposition of hydrogen peroxide as the temperature
increased. At 25°C, the oxidant agent acts with the acid in the leaching reaction;
however, hydrogen peroxide decomposes faster with increasing temperature, which is

ever more favorable in an acid medium [48].

On the other hand, the leaching of iron, zirconium, titanium, and scandium
increased as the temperature increases. It may indicate that scandium, the most

valuable rare earth element in silicate-based ore, is strongly related to their minerals.
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Due to its low concentration, scandium was not detected in SEM/EDS and XRD
analyses. Moreover, it is already known that it is spread out in different minerals and
not concentrated in a few compounds. Scandium occurs in trace concentration is up
to 800 minerals, also because it substitutes the major elements, like iron and

aluminum, in the ores [20,357]. It difficult its extract from primary resources.
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Figure 40: Leaching rate of iron, zirconium, lanthanum, cerium, neodymium, yttrium
and scandium varying the temperature. Experimental conditions: 100mL of sulfuric
acid (a) 4.0mol/L and (b) 2mol/L; 1v/v% H202; solid-liquid ratio = 1/10; t = 8h; under
magnetic stirring.
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Figure 41 shows the correlation between the scandium leaching and iron,
zirconium, and rare earth elements. Low linear correlation r?> < 0.9 was observed for
zirconium and cerium. It shows that scandium is spread out in different minerals in the
silicate-based ore. The linear correlation (r?) between lanthanum and cerium was
equaled to 0.98 and up to 0.9 between iron and rare earth elements. It indicates that
the rare earth elements might be in the same minerals containing iron. As the iron
leaching increased from 30% (25°C) to 65% (90°C) and the rare earth elements
increased from up to 60% (25°C) to 80°C (90°C), it shows that not all iron compounds

contain rare earth elements.

The effect of temperature can be expressed by the Arrhenius equation as
depicted in Equation 29 and Equation 30, where K is the reaction rate, A is the
frequency factor, Ea is the activation energy, R is the gas constant (8.3145J/(mol.K))
and T is the temperature [86,343]. Results are shown in Table 28. The activation
energy for iron, titanium, zirconium, and scandium was 11.3, 39.4, 31.6, and
25.4kJ/mol, respectively. For lanthanum, cerium, neodymium, and vyttrium, the

activation energy was 4.7, 5.4, 6.8, and 4.5kJ/mol, respectively.

—-Ea

K = Ae rT Equation 29

InK = InA - }f—‘; Equation 30
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Figure 41: Correlation between leaching rates of scandium and (a) iron, (b) titanium (c)
zirconium, (d) lanthanum, (e) cerium, (f) neodymium and (g) yttrium rates in different
temperatures. Experimental conditions: 100mL of sulfuric acid 4.0mol/L; 1v/v% H202;
solid-liquid ratio = 1/10; t = 8h; stirring speed = 200rpm.
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Table 28: Arrhenius data for the leaching of iron, zirconium, lanthanum, cerium,
neodymium, yttrium and scandium varying the temperature. Experimental conditions:
100mL of sulfuric acid 4.0mol/L; 1v/v% H20z2; solid-liquid ratio = 1/10; t = 8h; stirring
speed = 200rpm.

Fe Ti Zr La Ce Nd Y Sc

Activation
energy 11,217.87 39,404.73 31,617.41 4,661.09 5,387.19 6,830.66 4,541.61 25,448.91
(J/mol)

F
requency 5.90 x 9.73 X
factor (x 3.38 26.19 19.83 12.73 29.48 0.14
10* 107
107?)
linear

correlation 0.8911 0.9639 0.8492 0.788 0.7051 0.8401 0.8663 0.9098
(r?)

Dry digestion and acid baking experiments

Despite the direct leaching achieved extraction rate of rare earth elements,
there are different leaching methods studied. Dry digestion and acid baking are a few
of them studied in the literature to extract rare earth elements. One of the reasons is
the recovery of sulfuric acid in the process. Rivera et al. (2018) reported that the dry
digestion for extraction of rare earth elements the economic benefits than direct
leaching [127]. In acid baking, where the source is mixed with sulfuric acid and heated
at 200-400°C, SO: released from the pyrometallurgical step can be recovered for
sulfuric acid production and then recycled. Nevertheless, direct leaching consumes

less energy than acid baking [164].

Moreover, the main problem of direct leaching of silicate ores by sulfuric acid
is the silica gel formation. According to Terry (1983), the following results the action of
acids in the silicate [86,372]:

a) Complete destruction of silicate structure and cations release, generating silica

gel;
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b) Partial dissolution of silicate structure and cations release, which leads the silica
compound in the solid phase; and

c) The acid does not react with the silicate.

Anawati & Azimi (2019) studied the acid baking of bauxite residue to extract
rare earth elements. The authors state that the water leaching achieved equilibrium
within 2h of the process. Moreover, water leaching at 90°C achieves a faster kinetic
reaction than at lower temperatures [164]. Kim & Azimi (2020) studied the extraction
of slag rich in rare earth elements by acid baking, and the authors also stated that the
water leaching achieved the plateau after 120min in all cases, and the kinetic rate is

faster at 90°C than lower temperatures [364].

Zou et al. (2021) demonstrated that lanthanum and cerium extraction also
achieved the plateau after 120min in leaching after the baking process from rare earth
polishing powder wastes [365]. As depicted by Demol et al. (2019), the reaction time
of water leaching after acid baking of rare earth concentrates varies between 0.08 - 3h
[35]. For this reason, for the present study, it was adopted as leaching time as 2h.

Effect of acid dosage

The experiments were performed at 400°C, and the acid dosage studied were:
0.6mL, 1.0mL, 1.3mL, and 1.5mL for each gram of ore. The mixture was homogenized
at room temperature and then heated to the desired temperature for 2 hours. The water
leaching was carried out using ultra-pure water in a solid-liquid ratio equals to 1/10 at
90°C for 2h.

The effect of resin dosage is shown in Figure 42. The extraction of cerium
achieved 92% for 0.6mL of acid dosage for each gram of sample. It is higher than
direct leaching experiments, where its extraction achieved up to 80%. Similar results

were observed for lanthanum and neodymium.

Yttrium extraction was higher indirect leaching than acid baking at 400°C. The
same was observed for iron and scandium. During heating, iron compounds are
converted to iron sulfate, which is soluble in water. Equations 7-8 show the reaction of

iron with sulfuric acid concentrated at 150-250°C generating iron sulfates. In
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temperatures up to 400°C (Equation 33-34), iron oxide (hematite) is formed, releasing
sulfur oxide. Basic iron sulfate can also be formed. In both cases, the iron compound

Is insoluble [35].

According to the equations, the increase in sulfuric acid dosage growth the
generation of insoluble iron compounds. As these compounds bearer scandium and
its release during water leaching are directly related to iron extraction, the leaching of
scandium is declined. Moreover, it is reported in the literature that, at high
temperatures, the rare earth elements compounds formed in the acid baking are

insoluble in the water leaching [35].

Moreover, after the water leaching, the leach solution's pH was up to 1.5, which
indicates that most of the sulfuric acid was released as gas in the baking step. As
shown in Equation 31-34, the same might occur in the leaching of rare earth elements:
first, sulfate compounds were formed; and due to the temperature, a decomposition

occurs, forming oxides.

Figure 43 shows the X-ray diffractogram of the samples after acid baking. Iron
sulfate was identified in samples after acid baking. However, hematite was also
identified. As depicted, the mineral phase Fayalite was decomposed; on the other

hand, other silicate phases did not fully react with sulfuric acid concentrated.

Fey0sy) + 3HyS04y = Fe(S04)3 ,, + 3H,0(q) Equation 31
Fe304 (s)+ 4H,504, — Fe; (504)3(5) + FeSO4(S)(s) +4H,0, Equation 32
Fe, (504)3(5) 2 Fe203(s) + 3503(9) Equation 33

Fe, (504)3(5) - Fe,0(50,), + 503(9) Equation 34
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Figure 42: Leaching rate of iron, zirconium, lanthanum, cerium, neodymium, yttrium,
and scandium varying the acid dosage. Experimental conditions for baking: 1g of ore;
T = 400°C; 2h. Experimental conditions for water leaching: solid-liquid ratio = 1/10; t =

2h; under magnetic stirring.

3000 5 5
6'6f2 r 2 21 1
I 15, 5 .
A R AR e e S lotlSmL
62
.2 \ 42 1 1
. 2000 + 6
)
o
L \ 1
= Ty
a 2
: :
E .
= 1000 u‘ LM,G Y A'” H i L 1g:1.0mL
‘ 2
Y
2 .
04 HUMMWW\ \L WW e 1g9:0.6mL
0 10 20 30 40 50 60 70 80
26 (%)

Figure 43: X-ray diffractogram of the samples and the main phases detected varying
the acid dosage. Experimental conditions for baking: 1g of ore; T = 400°C; 2h. Peaks:
1- Dickite; 2- Ferrohornblende; 3- Fayalite; 4- Hedenbergite; 5- Albite; 6- Iron sulphate;

7- Hematite.
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Effect of temperature

The baking process temperature was evaluated between 200-400°C using a
proportion 1g or ore / 0.6mL of sulfuric acid. Dry digestion (25°C) was also tested for
the same proportion. Ultra-pure water was used for leaching at 90°C for 2h. Results
are shown in Figure 44. The pH of the liquor of water leaching increased from 0.2
(25°C) to 1.5 (300°C and 400°C). Equation 35 depicts the decomposition reaction of
sulfuric acid in the baking process. As the temperature increases, there will be less
acid to react with the ore, and sulfur oxide and water will be released as gases [35].

H2504(l) - 503(9) + H,0 ) Equation 35

For cerium extraction, the highest extraction occurred at 400°C. Indeed, the
acid baking at 400°C releases more sulfur oxides than in lower temperatures, which

explains low leaching rates.

There was almost no effect in neodymium and yttrium extraction as the
temperature in acid baking increased. At 200°C of process, lanthanum achieved the

highest extraction rate (87.0%), as well as zirconium (4.9%)

Comparing to direct leaching, acid baking increased the extraction of rare earth
elements. For iron extraction, the extraction rate was higher in lower temperatures
(25°C and 200°C). In the case of scandium, the highest extraction rate was obtained
in dry digestion and acid baking at 200°C (6.3% and 5.7%, respectively), lower than
obtained in direct leaching at 90°C (13.5%).

Varying the acid dosage (0.6mL and 1.5mL) for the baking process at 200°C,
presented in Figure 44b, the extraction of rare earth elements slightly increased.
According to the results presented here, it is concluded that dry digestion or acid baking

could partially destroy the silicate structures.

As observed, the extraction rate of lanthanum, cerium, and neodymium was

higher than direct leaching. On the other hand, scandium, titanium, zirconium, and
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yttrium rates were lower. For iron, no difference was observed between direct leaching

and dry digestion or acid baking.
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Figure 44: Leaching rate of iron, zirconium, lanthanum, cerium, neodymium, yttrium,
and scandium (a) varying the temperature and (b) varying the acid dosage at 200°C.
Experimental conditions for baking: 1g of ore; 2h. Experimental conditions for water

leaching: solid-liquid ratio = 1/10; t = 2h; under magnetic stirring.
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5.4. Selective separation of Sc(lll) and Zr(IV) from the leaching of bauxite
residue using trialkylphosphine acids, tertiary amine, tri-butyl

phosphate and their mixtures

A.B. BOTELHO JUNIOR; D.C.R. ESPINOSA; J.A.S. TENORIO

Department of Chemical Engineering; Polytechnic School, University of Sao Paulo, Sao Paulo — Brazil.

ABSTRACT

The separation of scandium from the solution generated in acid leaching is one of the
main challenges for the hydrometallurgical processing of bauxite residue. Several
organic extractants were evaluated, being the most prominent phosphine acids, while
amine-based compounds have shown great results for separating metallic ions. The
present study aims at the separation of scandium and zirconium from the Brazilian
bauxite residue. The acid leaching was carried out using 20% of H2SOa, S/L ratio
equals 1/10, for 8h at 90°C. Further, solvent extraction experiments were carried out
using D2EHPA, Cyanex 923, and Alamine 336 diluted in kerosene, evaluating the
effect of pH, temperature, extractant concentration, synergism with TBP and A/O ratio.
After optimizing various process parameters, Alamine 336 has obtained separation
factors of Zr/Al, Zr/Fe, and Zr/Ti equal to 15150, 45054, and 19713, respectively, at pH
1.0, A/O ratio equals to 1:1 and 25°C. The stripping rate achieved 92% using Na2CO3
0.25mol/L. The scandium separation ratio reached higher values for Cyanex 10% than
D2EHPA 10% + TBP 5%. Scrubbing for contaminants removal may be carried out
using HCI 5mol/L with 0.1% of scandium losses, and all scandium was stripped by
HsPO4 5mol/L. Despite the works reported in the literature, none explored the recovery
of scandium and zirconium by the leaching-solvent extraction process. The flowchart

proposed is strictly connected to the sustainable development goals 7, 8, 9, and 12.

Keywords: solvent extraction; Cyanex 923; Alamine 336; scandium
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5.4.1. Introduction

The biggest challenge of the current process development is to design a
process approaching the circular economy, where all the residues and wastes may be
used for other applications [26]. Also, such materials would support the supply chain
of critical materials, which has supply risk in the short and medium-term [329]. In this
context, the extraction of critical metals from bauxite residue, a waste material
produced in the Bayer process for alumina production, may represent a significant
advance for sustainable development [373].

The residue contain as main elements iron (15-46%), aluminum (5-24%),
titanium (2.1-11%), silicon (3-30%) and sodium (2.1-11.7%), and in trace concentration
there are rare earth elements and zirconium [273]. In 2020, the European Union
updated the list of critical raw materials [374], where it is present titanium, zirconium,
and rare earth elements, in special scandium, which represents up to 95% of the

economic value of the bauxite residue [20]. It is because scandium is dispersed in the
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Earth's crust and is rarely found in concentration which makes its extraction

economically feasible [55].

Several studies have been developed in the last years on scandium extraction
from the residue, and pyrometallurgical and hydrometallurgical routes have been
explored. For instance, Borra et al. (2016) studied the alkali roasting for aluminum
removal followed by smelting for iron removal. The slag generated is then leached to
recover rare earth elements and titanium with up to 80% [51]. Also, the combination of
sulfation, roasting, and water leaching was previously explored, but the kinetic of
scandium dissolution is low (2 days under stirring) [275]. In both situations, the

scandium extraction yield is around 60%.

Furthermore, as depicted by Liu & Naidu (2014), pyrometallurgical requires
high energy consumption, and it is not suitable for the extraction of elements in trace
concentrations [20]. Direct leaching of bauxite residue may achieve up to 90% of the
scandium extraction rate using mineral acids, where sulfuric acid (H2SO4) is the most
common for industrial purposes. Also, the literature review reports high extraction of

contaminants requiring separation steps [48,54,159,160].

Precipitation, ion exchange resins, and solvent extraction are some techniques
that have been explored [19]. Membranes supported with organic extractants have
demonstrated promising results but require more development for industrial feasibility
[214,252]. The removal of contaminants or separation of target metals by precipitation
is widely applied, but it would cause losses of scandium due to the high concentration
of iron in the solution (over 10,000 times) [375]. lon exchange resins have been
demonstrated a separation yield of 90% for scandium; however, as depicted by Bao et
al. (2018), the separation factor of Sc/Fe(lll) and Sc/Fe(ll) systems were 0.16-29.4 and
55-409, respectively. Thus, it shows that the separation of scandium and iron is low
[284].

Solvent extraction is an established technique for the separation of purification
of an aqueous solution by a mixture of the organic and aqueous phases, where the
organic extraction removes the target element. The separation of the phases occurs
by density difference [284]. Table 29 shows the literature review for scandium and
zirconium separation by solvent extraction. Phosphinic and phosphoric acids (Cyanex

272, and D2EHPA) are frequently used to extract scandium due to the interaction
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between the ions and the functional group. At the same time, amine-based extractants
(Aliquat 336, Alamine 336, Alamine 300, and TEHA) are most suitable for zirconium
extraction.

Table 29: A literature review of scandium and zirconium separation by solvent

extraction
0,
SC Medium Organic extractant & Reference
content recovery
24mg/L H3PO4 P204 - di-(2-Ethylhexyl) phosphoric acid 95% [206]
Cyanex 272 - di-2,4,4-trimethylpentyl phosphinic
140mg/L  H2SO4 acid; Cyanex923 - a mixture of four trialkyl 95% [210]
phosphine oxides
HNO:3,
>2¢g/L HCI, and TRPO - isoamyldialkyl(C7-C9)phosphine oxide 80% [211]
H2S04
PCB88A - 2-ethylhexylphosphonic acid mono-2- up to
4.5mg/L HNOs ethyl- hexyl ester; Versatic 10 - neodecanoic acid 90% [376]
D2EHPA - di-2-ethylhexyl phosphoric acid; TBP - o
20mg/L H2S04 tri-n-butyl phosphate 99.72% [215]
Zr . . %
Medium Organic extractant Reference
content recovery

Aliguat 336 - tricaprylmethylammonium chloride, a
guaternary ammonium salt; Alamine 308 - tri-
0.2g/L H2S04 isooctyl amine; Alamine 336 - mixture of tri- 90% [377]
octyl/decyl amine; Alamine 300 - tri-n-octyl amine;
and TEHA - tri-2-ethylhexyl amine
D2EHPA - di-2-ethylhexyl phosphoric acid,;
Cyanex 272 - di-2,4,4-trimethylpentyl phosphinic
029/ HzS0. acid: and LIX 63 - 5,8-diethyl-7-hydroxy-6-
dodecanone oxime
LIX 63 - 5,8-diethyl-7-hydroxy-6-dodecanone
0.2g/L HNO3 oxime; PC 88A - 2-ethylhexylphosphonic acid > 95% [379]
mono-2-ethyl- hexyl ester

90% [378]

There is little literature reporting the recovery of both scandium and zirconium
from the bauxite residue. Wang et al. (2013) propose separating zirconium using a
primary amine extractant Primene JMT and scandium extraction by D2EHPA.
However, the authors stated that scandium is co-extracted by the amine-based
extractant, which declines the process efficiency [50]. For this reason, it is necessary
to study to achieve a high separation rate of the Zr/Sc system and then obtain a

scandium solution.

The present study aims to recover scandium and zirconium from leach solution

of bauxite residue by solvent extraction. Leaching experiments were carried out with
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dry bauxite residue with H2SOa4. The leach solution was characterized before solvent
extraction experiments. Cyanex 923, D2EHPA, and Alamine 336 in kerosene were
tested for selective separation. The effect of pH, temperature, extractant concentration,
and the synergism with TBP. Experiments were carried under magnetic stirring and
temperature control for 15min in a beaker. The aqueous phase was separated from
organic was performed in a glass separatory funnel and filtered for removal of organic

remained.

5.4.2. Materials and methods

The present study proposes separating scandium and zirconium from bauxite
residue, as depicted in Figure 45. First, the leaching of bauxite residue was carried to
extract metals by sulfuric acid (H2SOa4). Leaching parameters were evaluated. Then,
separation steps were necessary to obtain high pure solutions containing scandium
and zirconium. Solvent extraction was the techniqgue chosen owing to its high
selectivity than others. Three different organic extractants were studied:
trialkylphosphine acid, tertiary amine, and their mixture with tri-butyl phosphate.

BAUXITE RESIDUE

H.S0. 20% LEACHING LEACHING RESIDUE
TR 90°C, 8h, SIL = 1/10 fich in Si0, and CaSO,
N
SOLVENT — Se
REAGENTS
EXTRACTION 7

A

Waste solution

Figure 45: Initial process design for scandium and zirconium separation from bauxite
residue
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5.4.2.1. Materials

A Brazilian company supplied the bauxite residue sample. The chemical
characterization is presented in Table 30. The main mineral phases were quartz,
sodalite, gibbsite, goethite, hematite, boehmite, and gypsum. The moisture content
and losses on ignition at 1100°C were 23.1% and 14.8%, respectively. The total

organic carbon and inorganic carbon content were 0.6% and 0.32%, respectively [37].

Cyanex 923 (mixture of four trialkylphosphine acids - TRPO), D2EHPA (di-2-
ethylhexyl phosphoric acid), TBP (tributylphosphate), and Alamine 336 (tertiary amine)
with purity 295% were used as the reagents without purification. Table 31 shows the
physicochemical properties of the extractants used and the chemical structures. The
extractants were dissolved in kerosene before experiments. The reagents H2SOa4,
NaOH, NaCl, NaCOs, HNOs, HCI, and HsPOa4 were of analytical grade. The stock
solution was prepared using the following reagents: Fe2(S04)3.8H20, Al2(SO4)3.17H20,
La20s, Y203, and Nd20s previously dissolved and Sc, Ce(lV), Zr(IV), and Ti(IV)

solutions (1,000mg/L). Ultra-pure water was used to prepare the solutions.

Table 30: Chemical characterization of bauxite residue used in the present study [37]

Fe,O3 A|zo3 SiOz Cao Na,O Ti02
%
36.4 23.3 21.6 5.9 9 3.2
Sc Y Zr \% La Ce Nd

g/tonne

43.5 24.2 1329.8 130.3 103.7 405.1 77.6
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Table 31: Properties and structure of organic extractants used in the current study [380—383]

Type

Structure

Properties

Cyanex 923

R
R—P—0
R

phosphine oxides as follows:
RsP(0), R2R'P(0), RR2P(0), R'3P(0)
Where R = [CH3(CH?2)7] - normal octyl

R'= [CH3(CHz2)7] - normal hexyl

Molecular weight — 348
Flash point (°C) — 182
Specific gravity (at 20°C) - 0.88g/cm3
Viscosity at 25°C (C.P.) — 40
Solubility (g/100g solvent) - 0.001

D2EHPA

RO o)

N
)

RO/ OH

R: C4HoCH(C2Hs)CHz2,C16H3504P

Molecular weight - 322.43
Flash point (°C) — 233
Specific gravity (at 20°C) - 0.970g/cm?
Viscosity at 25°C (C.P.) - 0.42
Solubility (g/100g solvent) - 0.012

Alamine 336

R\
R—N
R

R: CgH17,C24Hs1N

Molecular weight - 353.67
Flash point (°C) — 226
Specific gravity (at 20°C) - 0.8153g/cm?
Viscosity at 25°C (C.P.) - 10.4
Solubility (g/100g solvent) - 0.01

TBP

R0
R—ofP:O
R—O0

CH3(CH2)30)3PO

Molecular weight - 266.31
Flash point (°C) — 400
Specific gravity (at 20°C) - 0.966g/cm?
Viscosity at 25°C (C.P.)-3.5-4.0
Solubility (g/100g solvent) - 0.042
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5.4.2.2. Analytical procedure

Samples from solvent extraction experiments were analyzed in energy
dispersive X-ray fluorescence (EDXRF - PANalytical Epsilon 3 XL) to determine Fe,
Al, Ti, and Zr, and an inductively coupled plasma optical emission spectrometry (ICP-
OES - Agilent Technologies 70 series) for the determination of rare earth elements.
The mineral assessment was carried out in X-ray diffraction equipment (MiniFlex 300
- Rigaku). Samples were diluted when necessary using HNO3s 4%. The conditions of
operation of the equipment followed the manufacturer's protocol. The pH was

measured using Ag/AgCI electrode 3mol/L (Sensoglass).

5.4.2.3. Methodology

Leaching procedure

The bauxite residue sample was dried at 60°C for 24 hours before leaching
extraction. Experiments were carried out in a glass reactor (Atlas Sodium) at 800rpm
using H2S04. The temperature was controlled throughout the experiment. The effect
of acid concentration, temperature, time, and solid-liquid ratio were evaluated. After
the process, the solid-liquid separation was performed in the Bluchner funnel and
coupled to the vacuum pump. Liquid samples were analyzed in ICP-OES for chemical

guantification, and the solid phase was analyzed in XRD.

Solvent extraction procedure

The extraction experiments were performed by mixing 10mL of the organic
phase and 10mL of the synthetic solution of bauxite residue leaching. The volumes
changed when required. Experiments were carried out for 15min under magnetic
stirring. The pH was controlled using H2SO4 concentrated and NaOH 8mol/L as
necessary. The effect of pH was studied using aqueous/organic ratio (A/O) equals to
1:1 and concentration of organic extractant 10% at 25°C and 60°C. Effect of organic
extractant concentration and the synergic effect of TBP as modifier in extraction
efficiency was explored (5% - 25%v/v and 1% - 10%v/v, respectively). The effect of the

A/O ratio was also studied.
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Stripping experiments were carried out using inorganic acids (H2S0a4, HCI,
HNOs, and H3POa4) and salts (NaCl and N2CO3). Experiments were carried out under
magnetic stirring for 15, and the A/O ratio equals 1:1 if different was used. The effect

of stripping agent concentration was evaluated from 0.1mol/L to 5mol/L.

In extraction/stripping experiments, the agueous phase was separated from
organic by a separatory funnel in stand-by for 5min. Then, the aqueous solution was
removed from the funnel and filtered for all organic solution removal. The experimental
error was calculated by repeating experiments where the values were lower than 5%
[40]. EDXRF determined the metallic ions concentration for significant elements and

ICP-OES for trace elements.

The extraction efficiency (E), distribution ratio (D), stripping ratio (S), and
separation factor (B) were calculated as depicted in the following equations, where: Mt
and Ma are the initial and final concentrations of the metallic ions in the aqueous phase;
Mag and Morg are the concentration of metallic ions in the stripping solution and the
loaded organic phase; and D1 and D2 are the distribution ratio of metallic elements 1
and 2. The concentration of metallic ions elements in the organic phase was calculated

by mass balance.

E = YMa Equation 36
My
D = % Equation 37
§ = ag Equation 38
Morg
B = % Equation 39
2

5.4.3. Results and discussion

5.4.3.1. Leaching experiments
The extraction of scandium was carried out with 500mL of the acid solution,

and the dry bauxite residue was added into the reactor after the solution reached the
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desired temperature. The leaching time was studied at 25°C, the S/L ratio equals 1/10,
and the acid concentration equals 20%. Results have shown that the scandium
extraction achieved the plateau after 8h (47%). The leaching of scandium was related
to the dissolution of iron since the element is mainly hosted in hematite and goethite

mineral phases [129].

One of the main problem in direct leaching of bauxite residue is the synthesis
of silica gel, which increase the acid consumption, decline scandium extraction and
difficult the solid-liquid separation [48]. In the current study, it was also observed that
the leaching of silicon from the sodalite mineral phase declined over time due to the
compound formation until 8h. No difference was observed varying the S/L ratio for the

extraction of scandium.

The temperature improved the extraction of the elements from bauxite residue.
The extraction of scandium increased from 47% at 25°C to 92% at 90°C. However, the
same leaching rate was observed for aluminum and iron. The extraction of zirconium
increased from 17% (25°C) to 26% (90°C), while silicon leaching achieved 0% at 90°C.

The effect of acid concentration was evaluated from 10% to 60% at 90°C for
8h, and the S/L ratio equals 1/10. The extraction of scandium increased from 77% to
92% as the acid concentration increased from 10% to 20-40%. At 60% of H2SO4, the
scandium extraction declined to 69% due to the excess of SO42 ions compared to
scandium ions [345]. The leaching efficiency for zirconium has no difference as the

acid concentration increased.

As a result, the best conditions for scandium extraction from bauxite residue
were 20% of H2SO4, S/L ratio equals 1/10, and 8h of leaching reaction at 90°C. The
chemical characterization of the leach solution is presented in Table 23. The primary
contaminants are aluminum and iron, while the most valuable elements are scandium
(>95% of the economic value) and zirconium (around 3% of the economic value). For
this reason, the present study focused on the extraction of scandium and zirconium.
According to the data presented in Table 23, a synthetic solution was prepared for
extraction experiments considering the metallic elements Al, Fe, Sc, Ti, Zr, La, Ce, Nd,

and Y at pH 0.5, as the real leach solution.
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Table 32: Composition of the liquor in mg/L after leaching by H2SO4. Experimental
conditions: acid concentration = 20%, 800rpm, S/L = 1/10,t=8h, T = 90°C.

Al Fe Ca Na Sc Si Ti \Y Zr La Ce Nd Y

mg/L  5059.8 11804.3 480.1 31045 2.7 74 2004 86 434 59 276 22 15

5.4.3.2. Solvent extraction experiments

Effect of extractants (D2EHPA, Cyanex 923 and Alamine 336)

The investigation of three different organic extractants was carried out focus
on the extraction of scandium and zirconium with low extraction of contaminants (such
as iron and aluminum). The most common extractants used for extraction of rare earth
elements and zirconium are phosphorus [50], carboxylic acids [384], solvating [385],
and anion exchangers [386]. The present study tested D2EHPA and Cyanex 923, both
organophosphorus extractants, and Alamine 336, anion exchanger, diluted in
kerosene (10% of organic extractant) and A/O ratio 1:1 for 15min under magnetic

stirring.

First, the effect of pH was studied from 0.5 to 2.0 in different temperatures
(25°C and 60°C) from the synthetic solution based on acid leaching of bauxite residue.
Then, the pH was measured and controlled in all experiments, adding NaOH or H2SOa4

to maintain the desired value.

At pH above 2.0, iron precipitates and carries scandium and other elements to
the solid phase [387]. Losses of scandium were observed by Yagmurlu et al. (2017) in
the precipitation of leach solution from bauxite residue using NaOH, KOH, limestone,
and NHs as the pH of the solution increased. Phosphate precipitation showed similar
results, where there was precipitation of iron and scandium over 50% at pH above 1.5
[375]. Similar achievements were found in the hydrometallurgy of nickel laterite, where
the iron precipitation occurs and co-precipitates the targets metals due to the
interaction between ferric or ferrous iron and other metallic ions present solution
[225,325,387,388]. For this reason, the experiments were limited to pH 2.0.

Results of extraction yield at 25°C are shown in Figure 46. The extraction order
for zirconium can be given as follows: Alamine 336 >>> Cyanex 923 > D2EHPA. In the
case of scandium, the extraction order was D2EHPA > Cyanex 923 >>> Alamine 336.
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It followed the common extraction behavior varying the pH value, where the extraction
yield increased until the plateau and then declined [389]. It is clearly shown that
zirconium separation was more selective using Alamine 336 than D2EHPA and
Cyanex 923. In H2SO4 media, the extraction of zirconium is possible by two reactions:

adduct formation reaction and anion exchange reaction.

Equations 40-42 illustrate the extraction of zirconium in H2SO4 media by
Alamine 336. First, the amines from the extractant are protonated by the acid
(Equation 40). Then, in low pH, the zirconium extraction occurs by adduct formation
as represented in Equation 41, representing the reaction that occurred in the present
study. Finally, the extraction of zirconium in higher acidity may be represented as
depicted in Equation 42 [377].

R3N(org) + H2S04(0y = RsNH2S04 4o
Equation 40 [377]

Zr(S04)2(4q) + 2RsNH2S04 5 = (RsNH2504),27(S04)2 4
Equation 41 [377]

7r(50,),* .  + 2R3NH,S 04,0 = (RINH)ZZT(S04)2(1 g + 2HSO4™ (4

(aq)
Equation 42 [377]
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Figure 46: Effect of pH on extraction of metals from synthetic solution of bauxite residue
leaching by (a) D2EHPA, (b) Cyanex 923, and (c) Alamine 336. Experimental

conditions: A/O ratio = 1:1; organic extractant concentration = 10%; 15min; 25°C

According to the present data, the extraction of zirconium was higher in pH
below 1.5. Iron and titanium extraction achieved the maximum value at pH 2.0 by
Alamine 336 (20%). Similar results were found by Wang & Lee (2015). The declined
in zirconium extraction as the pH increased from 1.5 to 2.0 may be explained due to
the salting out of sulfuric acid. However, as the solution becomes more acidic (below
pH 0.5), low extraction of zirconium is expected due to the competition of metallic ions
complexes and bisulfate to react with amines [377]. For this reason, the extraction of
zirconium was selective at pH 1.0 using Alamine 336 with low co-extraction of iron

(1.4%) and aluminum (4%). About 3% of titanium was co-extracted as well.
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The extraction of scandium was closed to 100% in all pH values using
D2EHPA with only one contact, as reported by the literature [50]. On the other hand,
the extraction was not selective over other elements. For example, the extraction of
yttrium increased from 40% (pH 0.5) to 95% (pH 1.5), while the other rare earth
elements were lower than 15%. Equation 43 shows the generic reaction between the
rare earth elements (represented as REE) and the organic extractant. Zirconium was
also all extracted in pH between 0.5 and 1.5. Iron extraction increased as the solution
become less acidic, while titanium extraction declined from 60% to 40%.

(REE)*3 ) + 3(HX)z (g = (REE)X33HX orgy + 3H (aq) Equation 43 [201]

Scandium in acid media reacts with sulfate and bisulfate ions forming a
complex (Equation 44), which reacts with the organic extractant Cyanex 923, as
Souza et al. (2019) depicted in Equation 45.

Despite the data reported in the literature, the extraction of scandium was
lower than 80% in experiments with Cyanex 923. Due to the presence of zirconium in
the solution, the extraction yield was over 90% in pH values between 0.5 and 1.5. The
data presented have demonstrated that the extraction of scandium would be more

selective than other elements if zirconium is first removed from the solution.

Sc*3(agy + 50477 gy + HSO4™ (4 = HSC(S04)2 4y Equation 44 [331]

(aq) )

HSc(SO4)2(aq) + (HX)Z(OTg) - HSc(50,),. (HX)z(org) Equation 45 [331]

Table 33 shows the distribution coefficient for iron, titanium, zirconium, and
scandium in pH varying from 0.5 to 2.0 at 25°C and 60°C. In general, the extraction of
metallic ions had no difference as the temperature increased. In most cases, the
coefficient value was lower than 1 for the rare earth elements, except for yttrium

extraction at pH over 1.0 and 25°C, and yttrium, lanthanum, and cerium at pH 2.0 and
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60°C by D2EHPA. It shows that Cyanex 923 was more selective for scandium than
other rare earth elements. Therefore, it is essential to design a separation process to

obtain high pure scandium products.

In the zirconium case, the distribution coefficient achieved the maximum value
at pH 1.0 and 25°C by Alamine 336, while for iron and titanium, the value was pretty
much close to 0. Results obtained for experiments performed with Cyanex 923
demonstrated the selective for zirconium than rare earth elements. For scandium, the

best results were obtained at 25°C, mainly in an acidic solution (pH 0.5).

As Souza et al. (2019) observed, the extraction of scandium by Cyanex 923
declined as the temperature increased. According to the authors, it occurs due to the
exothermic reaction between scandium ions and the organophosphorus extractant
[331]. Also, the increase of temperature rose the extraction of iron and aluminum. As
a result, further experiments for the extraction of zirconium were carried out using
Alamine 336 at pH 1.0 and 25°C. In the case of scandium, both D2EHPA and Cyanex
923 at pH 0.5 and 25°C were tested.
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Table 33: Distribution coefficient of iron, titanium, zirconium, and scandium in pH from
0.5t0 2.0 at 25°C and 60°C

Fe Ti Zr Sc
pH 0.5 0.2 1.7 24.2 188.2
pH 1.0 0.6 1.7 64.5 198.1
D2EHPA pH 1.5 0.6 0.9 8.2 225.5
pH 2.0 0.7 0.6 0.7 280.9
pH 0.5 0.1 0.6 42.6 4.5
. pH 1.0 0.2 0.5 49.9 3.6
25°¢ CYANEX 923 pH 1.5 0.1 0.3 8.6 2.6
pH 2.0 0.1 0.1 0.2 0.4
pH 0.5 0.1 0.1 6.2 0.0
ALAMINE pH 1.0 0.0 0.0 625.4 0.0
336 pH 1.5 0.1 0.2 24.5 0.0
pH 2.0 0.3 0.2 2.3 0.0
pH 0.5 0.5 1.8 32.4 20.0
pH 1.0 1.4 4.0 22.5 142.8
D2EHPA pH 1.5 1.4 41 11.1 151.0
pH 2.0 1.3 1.2 0.8 117.1
pH 0.5 0.0 0.4 40.6 1.1
. pH 1.0 0.0 0.4 18.4 0.3
so'c CYANEX 923 pH 1.5 0.0 0.1 3.1 0.3
pH 2.0 20.7 8.0 10.4 0.0
pH 0.5 0.0 0.0 13.7 0.0
ALAMINE pH 1.0 0.0 0.1 27.0 0.0
336 pH 1.5 0.0 0.0 19.8 0.0
pH 2.0 0.0 0.0 1.0 0.4

Extraction of zirconium

As previously reported, zirconium was highly separated by all organic
extractants here studied, but Alamine 336 had demonstrated a high separation factor.
For this reason, it was studied its extraction before the recovery of scandium. In
experiments using the amine extractant, the effect of organic extraction concentration
was evaluated from 5% to 25%v/v. The same solution composition of previous
experiments was used, and the results are depicted in Figure 47. In all conditions, the
extraction of zirconium was over 96%, and the coefficient distribution achieved the

maximum value for an experiment using 10% of Alamine 336 - 625.4 (Table 34).

Table 34 shows the separation factor of zirconium compared to aluminum,
iron, and titanium, where it is demonstrated that the separation was highly selective.
The plot of log D vs. log [Alamine 336] determined the number of molecules of the

extractant interacting with zirconium, and results indicated that at least one molecule
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of organic extractant reacts with the metallic ion. As shown by Wang & Lee (2015), the
extraction of zirconium by Alamine 336 may be represented as Equation 46. The
difference may be related to the concentration, where the authors studied the

extraction from 0.2g/L of zirconium.

Zr(S04)z(0q) + RsNHyS04,, ) = RsNH;S04. Z1(S04)2 1 Equation
46
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Figure 47: Effect of Alamine 336 concentration on extraction of metals from the
synthetic solution of bauxite residue leaching. Experimental conditions: A/O ratio = 1:1;
pH 1.0; 15min; 25°C

Table 34: Separation factor for the zirconium in comparison to aluminum, iron, and

titanium
Alamine 336 concentration
5% 10% 15% 20% 25%
Zr/Al 612.2 15150.6 2899.5 270.1 848.7
Zr/Fe 356.3 45054.6 839.4 278.3 483.6
Zr/Ti 414.4 19173.2 690.6 322.3 312.1

Dy 435 625.4 49.2 26.6 25.6
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The synergic effect between Alamine 336 and TBP was explored, and the
extraction results are presented in Figure 48. The presence of solvation extractant had
no benefit to zirconium extraction or improvement on selective extraction. As an
opposite effect, the extraction of iron increased as TBP was used. In conclusion, TBP

has no benefits in the extraction of zirconium by Alamine 336.
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Figure 48: Effect of TBP concentration on extraction of metals from synthetic solution
of bauxite residue leaching. Experimental conditions: A/O ratio = 1:1; pH 1.0; Alamine
336 concentration = 10%; 15min; 25°C.

The effect of the A/O ratio was studied at 25°C, for 15min, Alamine 10% in
different A/O ratios. The extraction of zirconium increased as the amount of organic
phase increases. The extraction of iron and aluminum remained up to 10% in all A/O
ratios tested. The Bzra and Bzrire achieved the maximum value for A/O ratio equals to
1:1. If more mixer—settler plates are used in A/O ratios between 5/1 and 2/1, the
extraction of iron and aluminum would increase, and the stripping step might be
compromised. The use of only one contact would result in an economic advantage to

the process.



195

—a— Al
—o—Fe
100 . +;i
v Zr

Sc

@

S
1

<

La
—e—Ce
v —*— Nd

IS o
o o
1 1

Separation efficiency (%)
N
o

o
1

T T
51 41 31 21 11 12 13 14 15
A/O ratio

Figure 49: Effect of A/O ratio on the extraction of metals from the synthetic solution of
bauxite residue leaching. Experimental conditions: pH 1.0; Alamine 336 concentration
=10%; 15min; 25°C.

Extraction of scandium

The extraction of zirconium from bauxite residue leach solution was carried out
with Alamine 336 10%, A/O 1:1, for 15min at 25°C. About 4% of iron and 1.4% of
aluminum were co-extracted. As a result, a synthetic solution without zirconium and
considering the extraction of iron and aluminum was prepared for scandium separation
experiments. The organic extractants tested were D2EHPA and Cyanex 923 in

different concentrations and the effect of TBP as modifier and A/O ratio.

The effect of organic extractant concentration was evaluated at pH 0.5, A/O
1:1, for 15min at 25°C. Results are shown in Figure 50. In the case of D2EHPA, no
significant variation in the extraction of scandium in the intervals investigated was
observed, which indicates that only one molecule reacts with scandium ions.
Furthermore, the coefficient distribution for iron, titanium, yttrium, and lanthanum has

demonstrated the same behavior as scandium.

The extraction efficiency for titanium and yttrium increased as the D2EHPA
concentration increased, reaching 80% and 60%, respectively. Iron and lanthanum
extraction achieved up to 40%. Although all scandium was extracted, iron and titanium
in the organic phase may represent a problem for the final scandium solution in the
stripping step. As observed by Saratale et al. (2020), iron was extracted and the rare
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earth elements by phosphonic acid extractants. As mentioned by the authors, it must
be considered the highest extraction efficiency of target metals and the lowest
extraction of impurities [380]. Gao et al. (2019) also observed high selective for
scandium by D2EHPA in H2SO4 media, as well as iron and titanium [209].
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Figure 50: Effect of (a) D2EHPA and (b) Cyanex 923 concentration on extraction of
metals from synthetic solution of bauxite residue leaching. Experimental conditions:
A/O ratio = 1:1; pH 0.5; 15min; 25°C

Comparing to data presented in Figure 50b, the scandium separation was
more selective over titanium (<56%), iron (<28%), and other rare earth elements

(<30%). The extraction rate for scandium increased from 65% (Cyanex 923 5%) to
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100% (Cyanex 923 10-20%), while other elements remained constant. Titanium
extraction increased from 27% to 56% as the extractant concentration increased. The
coefficient distribution for iron, titanium, scandium, yttrium, and lanthanum in different
concentrations of D2EHPA and Cyanex 923 is depicted in Table 35. The slope for
scandium using Cyanex 923 (1.7) has demonstrated that two organic molecules react

with the ions, which is depicted in Equation 46.

Table 35: Coefficient distribution for iron, titanium, scandium, yttrium, and lanthanum

in different concentrations of D2EHPA and Cyanex 923

Fe Ti Sc Y La
log [extractant concentration] log D log D log D log D log D
-1.3 -0.6 0.1 1.6 -0.5 -0.5
-1.0 -0.3 0.4 1.7 0.0 -0.2
D2EHPA -0.8 -0.3 0.4 1.9 0.0 -0.4
-0.7 -0.3 0.4 2.7 0.3 -0.4
-0.6 -0.1 0.5 1.9 0.2 -0.2
-1.3 -0.6 -0.4 0.3 -0.3 -0.5
Cyanex -1.0 -0.5 -0.1 1.9 -0.2 -0.3
923 -0.8 -0.4 0.0 1.7 -0.2 -0.4
-0.7 -0.5 -0.1 1.8 -0.3 -0.6
-0.6 -0.4 0.1 15 -0.4 -0.6

The synergism between organophosphorus extractants and TBP was studied,
and the results are presented in Table 36. The modifier showed beneficial for selective
separation of scandium as the extraction of contaminants by D2EHPA. The extraction
of iron, titanium, yttrium, and lanthanum declined under modifier effect until up to 40%,

which is the same separation efficiency of Cyanex 923 without TBP.

Zhang et al. (2018) found that up to 95% of scandium was extracted with the
D2EHPA + TBP mixture; on the other hand, the increase in TBP concentration declined
the separation of scandium and slightly increased iron extraction. According to the
authors, the TBP is also a neutral extractant and reacts with D2EHPA forming a neutral
molecule. Therefore, it decreases the effective concentration of D2EHPA in the solvent

and has a lower scandium extraction rate [215].

Despite the data reported by Zhang et al. (2018), the extraction of iron declined
as the TBP was used. It may be related to the acidity of the solution. The experiments
performed by the authors occurred at pH -0.4, while the data presented in Table 36
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was carried out at pH 0.5. According to Wang et al. (2013), the extraction of iron by
D2EHPA + TBP mixture is improved in pH above 0.4 achieving 10% of yield from a
solution with 1.6g/L of iron [50].

Table 36: Effect of TBP concentration on extraction of metals from synthetic solution
of bauxite residue leaching by (a) D2EHPA and (b) Cyanex 923. Experimental
conditions: A/O ratio = 1:1; pH 0.5; organophosphorus extractants concentration =
10%; 15min; 25°C.

TBP Sc/Fe Sc/Ti Sc/Y Sc/lLa Sc/Ce
0 99.1 21.5 55.0 91.7 1071.2
1 136.2 38.5 55.4 84.0 40455.8
D2EHPA 2.5 88.6 21.4 64.5 83.4 -
5 171.4 29.8 108.8 259.0 -
10 115.3 52.9 72.8 88.5 -
288.2 98.0 134.4 163.8 485.1
1 231.8 103.0 115.7 176.4 544.1
Cyanex 25 700.7 295.5 380.7 605.2 1358.4
923 5 293.3 115.6 181.8 254.7 769.5
10 218.3 117.8 121.2 182.8 2376.0

Cyanex 923 demonstrated that there is no difference as TBP was used, neither
to increase the extraction of rare earth metals nor to make the reaction more selective
for scandium. Comparing the results depicted in Table 36, D2ZEHPA 10%v/v + TBP
10%v/v (Equation 47) achieved the same selective rate than Cyanex 923 10%v/v
without modifier (Equation 45). Moreover, Cyanex 923 extracted more rare earth
elements than D2EHPA, which may be used to obtain a mixture of rare earth elements

as the final product.

HSC(SO4)2(aq) + HX(Org) + TBP(org) —>HSC(SO4)2HXTBP(OT-Q) Equation

a7
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The effect of the A/O ratio was evaluated for both organophosphorus
extractants at pH 0.5, 25°C, and 15min without TBP. Results are shown in Figure 51.
The extraction of scandium achieved 100% at A/O 1:1 and remained constant as the
organic fraction increased. The extraction of iron and titanium was constant between
5/1 and 1/3 and then increased, achieving 52% and 80% in A/O equals 1/2. The same
behavior was observed for yttrium extraction. No difference was observed in all

experiments considering the separation factor for Sc/Fe and Sc/Ti.
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Figure 51: Effect of A/O ratio on extraction of metals from synthetic solution of bauxite
residue leaching by (a) D2EHPA and (b) Cyanex 923. Experimental conditions: pH 0.5;

organophosphorus extractant concentration = 10%; 15min; 25°C.
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The same may be inferred for Cyanex 923. As the amount of organic extractant
increased, the process becomes more selective for scandium than other rare earth
elements, and the separation factor for Sc/Fe and Sc/Ti was kept constant. Thus,
considering the selective extraction, Cyanex 923 has demonstrated highly selective for
scandium than other elements compared to D2EHPA. For this reason, further

experiments were carried out with Cyanex 923.

5.4.3.3. Stripping experiments

Zirconium stripping

The results previously presented demonstrated that all zirconium ions were
removed according to the following conditions: Alamine 336 concentration 10%, A/O
ratio 1:1, 25°C, and 15min of only one aqueous-organic contact. The stripping
experiments were carried out using NaCl and Na2COs in different concentrations. The
literature review has shown that different solutions may be used as stripping agents
from amine-based extractants, such as diluted acid [390], water [391], diluted alkaline

and saline solutions [377,378].

Banda et al. (2012) evaluated HCI and H2SOa4 to strip zirconium and hafnium
from Alamine 336 in different concentrations. The recovery of zirconium from the
organic phase increased as the acid concentration increased, achieving 21.1% for
H2SO4 and 100% for HCI [378]. However, stripping using alkaline solutions may

generate turbidity and making impossible the aqueous-organic separation [377].

Wang & Lee (2015) has demonstrated that the stripping of zirconium from
amine-based extractant (Alamine 308) is highly effective using NaCl and Na2COs even
in low concentrations (<0.2mol/L). According to the authors, saline solutions above
0.05mol/L achieved over 90% of efficiency [377]. From extraction of zirconium in low
acidity by one molecule of Alamine 336, the stripping process may be represented by
Equation 48 for NaCl and Equation 49 for Na2COs, where amine salt is deprotonated

in the process.
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RsNH;S04.Zr(S04)zggy + NaCl = RsNHClorg) + NapZr(S04)z 40y + HS04™ (g

Equation 48

R3NH2504.Zr(SO4)2(Org) + Na2C03(aq) = 2R3N org) + NazZr(SO4)2(aq) + H,S0, +

co, + %02 Equation 49

For this reason, the present study explored the use of NaCl and Na2COs for
zirconium stripping in different concentrations (mol/L). Experiments were performed at
25°C, A/O ratio equals 1:1 for 15min, and the results are shown in Table 37. In all
cases, neither iron nor aluminum previously co-extracted were stripped, which resulted
in a highly pure solution of zirconium sulfate. The stripping achieved up to 91% in all
concentrations of Na2COs, while the same efficiency was possible using 1 and 2mol/L
of NaCl, despite the results obtained by Wang & Lee (2015). There are only a few
publications related to saline solutions as stripping agents for zirconium from amine

extractants.

Table 37: Stripping of Zr from loaded Alamine 336 10% by NaCl and Na-COs at A/O
1:1, for 25min at 25°C.

Zr stripping
NaCl Na2COs
0.25 10% 92%
0.5 70% 94%
91% 91%
93% 92%

Scandium stripping

According to data obtained previously, the extraction of scandium was highly
selective using Cyanex 923 10%, A/O ratio 1:1, 25°C, and 15min of only one aqueous-
organic contact. The inorganic acids H2SO4, HNOs, HCI, and H3POa4, were evaluated
for scandium stripping in concentrations from 0.1mol/L to 5mol/L, 25°C, and 15min.
The effect of rare earth elements stripping was also evaluated. Results are shown in
Table 38. As reported by the literature, the use of most inorganic acids has low
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efficiency for scandium stripping. Souza et al. (2019) evaluated the use of H2SOa,
HNOs, and HCI 5mol/L, which stripping rate was 2.4%, 7.5%, and 1%, respectively.
The difference may be related to the scandium and contaminants concentration in the
organic phase [331].

Experiments with H2SO4 showed that the stripping of scandium declined as
the acid concentration increased in both A/O ratios, probably due to the high
concentration of sulfate ions. Even using H2SOa4 at A/O ratio equals to 2:1, the stripping
of scandium was lower than 72%. The stripping of iron and titanium achieved 34% and
51%, respectively, for H.SO4 0.5mol/L and A/O ratio equals to 1:1, and declined as the
acid concentration increased. Data obtained for the A/O ratio equals to 2:1
demonstrated that 62% and 50% of iron and titanium were stripped - concentration
was lower than 220mg/L and 60mg/L, respectively. The increase of HCI concentration
also declined the stripping of scandium but observed losses in all acid conditions,
5mol/L the lowest value (0.1%). The literature reports similar results for both acids
[392].

In the case of HNOs, the scandium recovery reached 15.5% in acid
concentration 5mol/L. Despite all inorganic acids, HsPO4 has demonstrated a higher
scandium stripping rate achieving 100% (5mol/L). In general, the stripping of other rare
earth elements was lower than 1%, which shows the separation process is highly

selective for scandium.

Das et al. (2018) showed that scandium could be entirely stripped from
organophosphorus extractants by NaOH, which may be more selective than inorganic
acids considering the presence of iron [216]. Otherwise, Ye et al. (2019) have
demonstrated that impurities such as iron and aluminum may be co-extracted into the
solution using alkaline solution [206]. Moreover, Wang et al. (2013) stated that
precipitate is formed in the scandium stripping by NaOH from D2EHPA extractant [50].

Therefore, it would make the process unfeasible on an industrial scale.

Souza et al. (2019) has depicted that oxalic acid may be used for scandium
stripping, but the authors achieved a lower percentage than the current study.
According to the authors, 4% oxalic acid stripped up to 85% of scandium, while HsPOa4

5mol/L recovered all scandium from the organic phase [331]. Thus, considering
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scandium and all other rare earth elements stripping, HsPO4 5mol/L has demonstrated

high selective for scandium.

Table 38: Stripping Sc and rare earth elements from loaded Cyanex 923 10% by

inorganic acids for 25min at 25°C.

H2S04 HNOs HCI HsPO,4 H2SO04

AIO=11 AO=11 A/O=11 A/O=1:1 AO=21
0.1 41.1% 3.4% 7.2% 0.0% 72.4%
0.5 33.6% 2.0% 0.7% 38.5% 46.4%
Sc 1 22.7% 2.9% 2.8% 60.2% 31.0%
5.6% 7.1% 1.3% 95.1% 8.2%
0.5% 15.5% 0.1% 100.0% 0.9%
0.1 0.06% 0.08% 0.05% 0% 0.40%
0.5 0.19% 0.18% 0.05% 0.20% 0.30%
Y 1 0.14% 0.23% 0.02% 0.20% 0.30%
0.20% 0.15% 0.09% 0.18% 0.33%
5 0.22% 0.14% 0.07% 0.22% 0.43%
0.1 0.21% 0.09% 0.32% 0.00% 0.28%
0.5 0.21% 0.06% 0.17% 0.36% 0.23%
La 1 0.16% 0.15% 0.16% 0.38% 0.22%
0.12% 0.16% 0.07% 0.41% 0.17%
5 0.13% 0.21% 0.13% 0.42% 0.10%
0.1 0.11% 0.04% 0.14% 0% 0.05%
0.5 0.06% 0.02% 0.13% 0.08% 0.06%
Ce 1 0.07% 0.04% 0.15% 0.05% 0.07%
0.06% 0.09% 0.18% 0.05% 0.02%
0.04% 0.08% 0.22% 0.03% 0.06%
0.1 0.70% 0.05% 0.97% 0% 1.35%
0.5 1.00% 0% 0.50% 1.28% 0.82%
Nd 1 0.68% 0.31% 0.49% 1.26% 0.37%
0.61% 0.45% 0.31% 1.12% 0.57%
5 0.50% 0.73% 0.08% 0.75% 0.17%

5.4.3.4. Conceptual flow-sheet for recovery of zirconium and scandium from
bauxite residue

Figure 52 shows the flowchart of scandium and zirconium recovery from

bauxite residue. Despite the works reported in the literature, none explored the

recovery of scandium and zirconium by the leaching-solvent extraction process. The

rare earth element is the most valuable, representing up to 95% of the economic value
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in the residue [49,393]. After the acid leaching of the bauxite residue, zirconium is the
second most valuable element, more than the other rare earth elements present in the
leaching solution. Also, preliminary experiments evaluating D2EHPA, Cyanex 923, and
Alamine 336 depicted that organic extractants were more selective for zirconium than

scandium, and its removal is beneficial for scandium separation.

The leaching rate of scandium and zirconium by 20% H2SO4, at 90°C, S/L ratio
equals 1/10 for 8h, was 92% and 26%. The separation of zirconium was carried out by
Alamine 336 10% in kerosene, pH 1.0, A/O ratio equals 1 with a single theoretical
contact at 25°C for 25min. As a result, all zirconium was extracted with low co-
extraction of aluminum and iron. The stripping was highly efficient (92%) using
Na2COs, obtaining high-pure zirconium solution without impurities. Then, another
stripping is required for iron and aluminum removal from the organic phase before

Alamine 336 regeneration for its reuse in the process.

In scandium recovery, Cyanex 923 was selective for the element after
zirconium separation at pH 0.5, 10% of organic extractant in kerosene, A/O ratio equals
to 1 with a single theoretical contact at 25°C for 25min. All scandium was separated
with co-extraction of aluminum, titanium, iron, and rare earth elements. Stripping
experiments has demonstrated that HCI 5mol/L may be used for contaminants removal
with negligible losses of scandium (0.1%). Then, a final solution may be obtained by
HsPO4 5mol/L. From the organic phase, rare earth elements may be stripped before

Cyanex 923 reuse.

Considering the leaching and separation steps, the mass balance achieved an
efficiency rate of 92% for scandium and up to 25% for zirconium as a co-product. Such
flowchart designed may be advantageous considering the recovery of two valuable

elements from the bauxite residue, which is currently stored in dams.
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206

Moreover, the leaching residue is rich in silicon oxide and calcium sulfate. The
literature review has shown that this material may be used for the construction sector
[43,44], titanium recovery [45], or production of zeolites for wastewater treatment
[27,46]. In addition, there are several studies in the literature that report the use of
bauxite residue as raw material for cement [349,350,354]. Due to rare earth elements
in the residue, in special scandium, it might be economically feasible to extract these
valuable elements and then use leaching residue for cement production. Moreover, the
material has titanium in its composition, and an extraction step by HCI concentrated

may be performed [45].

According to studies developed by Fungaro et al., the synthesis of zeolites was
carried out with wastes with a similar composition of the leaching residue of the current
study, where a high concentration of calcium and silicon produces zeolites for

adsorption of cadmium and cesium, for instance [394,395].

Considering the process designed in this work, the goal is to recover scandium
as the main product and zirconium as a co-product. Indeed, the current process
proposes the reuse of bauxite residue for different applications for the wastes
generated throughout the process in addition to the final products. As a result, the
flowchart described in Figure 52 achieves the SGDs presented in Table 39. However,
considering the production of scandium from the primary source, only the targets 7.2,
7a, 8.2, and 9.5 are achieved. For this reason, the present work is strictly connected

to sustainable development.
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Table 39: The Sustainable Development Goals related to the scandium production

from bauxite residue.

SDGs targets

By 2030, increase substantially the share of renewable energy in the global energy
7.2 mix

7.2.1 Renewable energy share in the total final energy consumption

7 By 2030, enhance international cooperation to facilitate access to clean energy
7a research and technology, including renewable energy, energy efficiency and
advanced and cleaner fossil-fuel technology, and promote investment in energy
infrastructure and clean energy technology

Achieve higher levels of economic productivity through diversification,
8.2 technological upgrading and innovation, including through a focus on high-value
added and labour-intensive sectors

Improve progressively, through 2030, global resource efficiency in consumption
and production and endeavour to decouple economic growth from environmental
8.4 degradation, in accordance with the 10-Year Framework of Programmes on
Sustainable Consumption and Production, with developed countries taking the
lead

Promote inclusive and sustainable industrialization and, by 2030, significantly raise
9.2 industry’s share of employment and gross domestic product, in line with national
circumstances, and double its share in least developed countries

By 2030, upgrade infrastructure and retrofit industries to make them sustainable,
with increased resource-use efficiency and greater adoption of clean and
environmentally sound technologies and industrial processes, with all countries
taking action in accordance with their respective capabilities

9.4

9 Enhance scientific research, upgrade the technological capabilities of industrial
sectors in all countries, in particular developing countries, including, by 2030,
9.5 encouraging innovation and substantially increasing the number of research and
development workers per 1 million people and public and private research and
development spending

Support domestic technology development, research and innovation in developing
9b countries, including by ensuring a conducive policy environment for, inter alia,
industrial diversification and value addition to commodities

By 2030, achieve the sustainable management and efficient use of natural
resources

12.2

By 2020, achieve the environmentally sound management of chemicals and all
wastes throughout their life cycle, in accordance with agreed international
frameworks, and significantly reduce their release to air, water and soil in order to
minimize their adverse impacts on human health and the environment

12.4

By 2030, substantially reduce waste generation through prevention, reduction,

12 12.5 recycling and reuse

Encourage companies, especially large and transnational companies, to adopt
12.6 sustainable practices and to integrate sustainability information into their reporting
cycle

Support developing countries to strengthen their scientific and technological
12a capacity to move towards more sustainable patterns of consumption and
production
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CONCLUSIONS

From the results obtained for scandium extraction, the main conclusions were:

The bauxite residue contains 43.5mg/kg of scandium, 1329.8mg/kg of
zirconium, 36.4% of Fe203, 23.3% of Al203 and 21.6% of SiOz;

The main mineral phases of the residue were quartz, sodalite, gibbsite, goethite,
hematite, boehmite, and gypsum;

The moisture content was 23.1%, and the D10, D50, and D90 were 0.06mm,
0.26mm, and 0.95mm, respectively;

The losses on ignition analyses were 14.5% (900°C) and 14.8% (1,100°C),
respectively. The total carbon content was 0.6%, the inorganic carbon was
0.32%, and the total organic carbon was 0.28%;

Scandium and zirconium content in the silicate-based ore were 191mg/kg and
8,090mg/kg. The material has 36.3% of Fe20s3, 4.61% of Al203 and 39.4% of
SiOz;

The main mineral phases of the silicate-based ore were dickite,
ferrohornblende, fayalite, hedenbergite, and albite;

The H20: little contributed to silicon oxide formation during the acid leaching of
bauxite residue; on the other hand, the extraction rate for scandium declined
due to low iron oxide leaching;

The leaching rate of iron, aluminum, titanium, and zirconium increased from
25°C (3%, 20%, 5%, and 17%, respectively) to 90°C (99%, 92%, 26%, and 26%,
respectively) with and without an oxidizing agent;

At 25°C, 20% of H2SO4 and 8h of reaction time, scandium and iron leaching
achieved up to 50% and 3.5%, respectively, which can be more feasible for
separation steps than at 90°C due to high concentration of contaminants;

In the case of scandium, the leaching rate achieved 92%. No effect of H202 was
observed for experiments carried out at 90°C;

Silicon leaching decreased from 9% to almost 0% as the temperature increased
in both oxidizing and non-oxidizing medium, indicating that it accelerates

precipitation as oxide;
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12.The leaching residues of experiments carried out at 90°C are mainly composed
of quartz (silicon dioxide) and gypsum (calcium sulfate);

13.As the acid concentration increased, the leaching rate of titanium increased
from 25% (10% of H2S04) to 83% (60% of H2SO4). On the other hand, scandium
leaching declined from 92% to 73%, since it precipitates due to the high sulfate
ions concentration;

14.The extraction rates in HsPOa4 leaching were similar to H2SO4 leaching, where
the efficiency for scandium, aluminum, and iron achieved up to 90%, and the
leaching residue were composed mainly by quartz;

15.The leaching of silicon from sodalite mineral phase achieved 13% and
concentration 61 times higher than in H2SO4 leaching solution;

16. Analysis of the leaching solution in both cases demonstrated that scandium is
responsible for 95% of economic value. Yttrium, neodymium, lanthanum and
cerium have also economic interest;

17.1n the direct leaching of silicate-based ore, the solid-liquid ratio has almost no
effect on the extraction of rare earth elements. As the amount of acid solution
increased, the extraction of iron also increased. The same was observed
varying the sulfuric acid concentration;

18.The use of hydrogen peroxide was beneficial to the extraction of rare earth
elements. The leaching of lanthanum, cerium, and neodymium increased from
up to 65% (without hydrogen peroxide) to 85% (5.0v/v% of hydrogen peroxide).

19.1n the case of scandium, its efficient rate increased from 2.6% (without hydrogen
peroxide) to 4% (5.0v/v% of hydrogen peroxide). The exception was iron, where
declined from 29.3% (2.5v/v% of hydrogen peroxide) to 9.3% (10.0v/v% of
hydrogen peroxide);

20.The H2S04-Na2S204 system increased the leaching of rare earth elements from
around 60% (without sodium dithionite) to 80% (1.0wt% of sodium dithionite)
and 70% (2.5wt% of sodium dithionite);

21.Comparing the oxidizing and reducing leaching reaction, the H2S04-H202
system has more benefit to the leaching of rare earth elements than the H2SOu-
Na2S204 system, where the extraction of lanthanum, cerium, and neodymium
achieved up to 80%;

22.The extraction of the valuable elements from the silicate-based ore by direct
leaching increased from 40% (25°C) to 80% (90°C);
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23.The extraction of rare earth elements by acid baking achieved up to 80% at
200°C of roasting temperature for 2h and 1g of ore : 0.6mL of H2SOa4
concentrated. Scandium leaching rate was lower than direct leaching (5.6%);

24.Scandium extraction from bauxite residue achieves more SDGs than from
silicate-based ore, which are: 7, 8, 9, and 12;

25.The solution was obtained after the leaching of 20% H2SO4, S/L ratio equals to
1/10, for 8h at 90°C, where 92% of scandium and 26% of zirconium were
extracted,

26.Cyanex 923 and Alamine 336 were more selective for zirconium than scandium
in all pH values. D2EHPA was more selective for scandium at pH 1.5 and 2.0,
where 89% and 40% of zirconium was extracted, respectively;

27.No difference was observed for the extraction of metals, increasing the
temperature from 25°C to 60°C;

28. All zirconium was separated from the solution using Alamine 336 10%, A/O ratio
equals 1:1, at pH 1.0 for 15min at 25°C. No synergic effect was observed
between amine extractant and TBP;

29.Cyanex 923 was more selective for scandium than D2EHPA, where the
separation factor for Sc/Fe was 288 and 99, and Sc/Ti was 98 and 21.5,
respectively, considering 10% of organic extractant, A/O ratio equals to 1:1 at
25°C for 15min;

30.The D2EHPA + TBP mixture reached the same selective separation of
scandium as Cyanex 923 without the modifier;

31. Stripping of zirconium achieved 92% using Na2COs for concentrations from
0.25mol/L to 2mol/L;

32.The increase in NaCl concentration increased the stripping from 10%
(0.25mol/L) to 93% (2mol/L);

33.Scrubbing of Cyanex 923 for contaminants removal may be carried out with HCI
5mol/L with losses of 0.1% of scandium. All remained scandium may be stripped
using HsPO4 5mol/L;

34.The mass balance process design from bauxite residue demonstrated that
scandium extraction reached 92% of efficiency, while zirconium was 25% as co-
product;

35.Considering 100 tons of bauxite residue, an amount of 4kg of scandium and

31.9kg of zirconium may be produced. Considering the production of scandium
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oxide or fluoride, the process would generate up to US$ 46,626 or US$
1,940,980, respectively;

36.The process design is strictly connected to the sustainable development goals
number 7 (7.2 and 7a), 8 (8.2 and 8.4), 9 (9.2, 9.4, 9.5 and 9b), and 12 (12.2,
12.4,12.5,12.6, and 12a).
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