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RESUMO

O consumo de compostos a base de niobio aumentou nas tltimas décadas devido a sua crescente
gama de aplicagdes. Os avangos tecnologicos e industriais recentes elevaram a demanda por
niobio (Nb), especialmente nos setores de aviagdo, construcao civil, componentes eletronicos e
de comunicacdo, energia, além das industrias automotiva, metalirgica e siderirgica. Nesse
contexto, embora essas aplicagdes ainda ndo tenham atingido o fim de vida, investigar a
recuperagdo de Nb a partir de fontes secundérias torna-se necessaria para a produgdo de novos
compostos com alto valor econdmico. Como fonte secunddria modelo, foram escolhidas as
particulas finas fora dos padrdes comerciais que sao descartadas no processamento de ligas Fe-
Nb, tornando-se passivos para a industria metalargica. A quimica do nidobio em meio aquoso ¢
complexa e pouco explorada, havendo escassez de dados de solubilidade na literatura. Por isso,
foi realizada uma avaliacdo termodinamica das propriedades fisico-quimicas e da especiacao
do sistema Nb-K-H>O utilizando os softwares PHREEQC e OLI Studio Stream Analyzer. O
objetivo foi avaliar a influéncia de parametros de processos (composi¢do quimica, pH,
temperatura e supersaturacao) na cristalizagdo de niobato de potassio e acido nidbico. Para o
estudo experimental de solubilidade, o acido nidbico (Nb2Os-nH20 HY-340) e o niobato de
potassio (mistura cristalizada das fases KaNbsO17 ¢ KNbO3) foram avaliados em funcao da
temperatura em diferentes concentracdes de solucdo de KOH (0 a 2 mol/L). As medi¢des
experimentais de solubilidade foram realizadas utilizando o Crystal 16. O tempo de equilibrio
do 4cido nidbico em meio alcalino também foi avaliado. Esses resultados sdo essenciais para o
desenvolvimento do conhecimento cientifico e tecnologico sobre o nidbio em meio aquoso, que
¢ escasso na literatura. Particulas finas de liga Fe-Nb foram lixiviadas em KOH a T= 96 °C,
produzindo um licor alcalino e permitindo a recuperacao de compostos de niobio a temperaturas
relativamente baixas e pressao atmosférica. O niobato de potéssio foi obtido por cristalizagao a
partir do resfriamento da solugdo alcalina de potéssio, sendo utilizado como precursor para a
producdo de acido nidbico e, posteriormente, O0xido de niodbio. Apesar da cinética de
cristalizacao lenta, verificada a diferentes taxas de resfriamento, as analises de DRX e
composi¢ao quimica confirmaram a formacao de fases cristalinas — KNbO3 ¢ K4NbsO17— ¢ a
microscopia Optica mostrou cristais em forma de placa isolados em sua maioria. Por outro lado,
acido niobico amorfo foi obtido por precipitagdo de uma solugdo de niobato de potassio com
H>SO4 a 0,50 e 0,25 mol/L. Um protocolo de lavagem foi implementado para eliminar as
impurezas do 4cido nidbico precipitado. Apds calcinagdo a 900°C por 5 horas, o DRX revelou
apresenca de uma fase de niobato de potassio (K2NbgO21) com morfologia em forma de bastoes.
Este trabalho fornece a base para a futura recuperagdo e valorizagao de produtos contendo
niobio a partir de residuos em direcdo a circularidade e ressalta a viabilidade de recuperar
compostos de nidbio a partir de fontes secundarias em condi¢des amenas de temperatura e
pressao.

Palavras-chave: compostos de niobio; licor alcalina; solubilidade; cristalizagdo; modelagem

termodinamica.



ABSTRACT

The consumption of niobium-based compounds has risen due to the broadening of the range of
applications. Recent technological and industrial developments have increased the niobium
(Nb) demand, particularly in aviation, construction, electronics, communication, energy as well
as the automotive, metallurgical and steel industries. In this regard, although many of these
applications have not yet reached their end-of-life, investigating the recovery of Nb from
secondary sources is essential for the production of new compounds with high economic value.
As a model secondary source, the alloy fines that are out of the commercial standard and are
discarded in the Fe-Nb alloy processing were chosen, becoming a liability in the metallurgical
industry. The chemistry of niobium in aqueous media it is complex and has been under-
investigated, with limited solubility data available. Thus, a thermodynamic evaluation of
physical-chemical properties and speciation of Nb-K-H»0 system was carried out using
PHREEQC, OLI Studio Stream Analyzer. Aiming to evaluate the influence of process
parameters (chemical composition, pH, temperature and supersaturation) on the crystallization
of potassium niobate and niobic acid. To the experimental solubility study, niobic acid
(Nb205.nH20O HY-340) and potassium niobate (crystallized mix of phases K4NbsO17 and
KNbO3) was evaluated as a function of temperature in different concentrations of KOH solution
(0 to 2 mol/L). Crystal 16 was used in the experimental measurements of solubility. The
equilibrium time of niobic acid in alkaline medium was also evaluated. These results are
essential to develop scientific and technological knowledge about niobium behaviour in
aqueous media, which is scarce in the literature. Fe-Nb alloy fines leached in KOH at 96 °C,
producing an alkaline liquor enabling the recovery of niobium compounds at relatively low
temperatures and atmospheric pressure. Potassium niobate was obtained from the cooling
crystallization of potassium alkaline liquor and was used as a precursor for producing niobic
acid and further niobium oxide. Despite its low crystallization, observed at different cooling
rates, the XRD and chemical analysis indicated that potassium niobate was formed in different
crystalline phases — KNbO3 and K4NbsO17 — with microscopy imagens showing isolated plate-
like crystals. On the other hand, an amorphous niobic acid with residual potassium sulphate
was obtained through precipitation from a potassium niobate solution with H>SO4 0.50 and 0.25
mol/L. A washing protocol was implemented in order to remove the impurities of precipitated
niobic acid. After the calcination at 900°C for 5h, the XRD shows the presence of a potassium
niobate phase KoNbgO»1 with rod-like morphology. This study provides the basis for future
recovery and valorisation of niobium-containing products from waste materials towards
circularity and highlights the feasibility of recovering niobium compounds from secondary
sources under mild temperature and pressure conditions.

Keywords: niobium compounds; alkaline liquor; solubility; crystallization; thermodynamic
modeling.
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CHAPTHER 1 - INTRODUCTION / INTRODUCAO

1.1  Contextualization / Contextualizagdo

English

Brazil is the largest niobium producer and holds the largest world reserves with around
98.5%, followed by Canada (1.0%) and Australia (0.5%). According to ANM (Brazilian
National Mining Agency - Agéncia Nacional de Mineragdo), in 2020 niobium was the
fifth highest-added value metal in exports, after iron, gold, aluminium and copper, which
makes it a strategic metal (Decree n® 10.657, 2021). In addition, niobium is classified by
the European Union as one of the thirty-four critical raw materials, as it presents a high
risk of supply and high growth in demand (von Rennenberg, 2021; European

Commission, 2023).

In Brazil, the main niobium reserves are concentrated in Araxa (Minas Gerais), Catalao
and Ouvidor (Goiés), Presidente Figueiredo (Amazonas), and Itapud do Oeste, Rio
Crespo, Ariquemes (Ronddnia). According to the ANM, Araxa holds approximately 90%
of the reserves and has a measured reserve of 742 Mt of pyrochlore ore
[(Na,Ca)>Nb2Os(OH,F)] while Cataldao and Ouvidor contain 82.3 Mt of pyrochlore ore.
In Presidente Figueiredo, the Pitinga reserve contains a measured reserve of 108.2 Mt of
columbite ore [(Mg,Fe?",Mn)(Nb,Ta).06] while in Itapud do Oeste, Rio Crespo and
Ariquemes there are minor reserves of columbite-tantalite ore. The niobium contents in
these ores range between 0.21 to 2.85% in Nb2Os. In the case of pyrochlore, the reserves
are found in carbonatite bodies, while those of columbite—tantalite are in pegmatites

associated with rapakivi granites (ANM, 2019).

Due to the industrialization and increased consumption of niobium, studies show its use
in various applications such as electrolytic and ceramic capacitors, material for medical
implants with excellent biocompatibility, optical films, battery alloys, semiconductor and
microelectronic components, chemical products for specific applications in catalysis and
optical lenses (Alves & Coutinho, 2015; Bruziquesi et al., 2019; Heisterkamp & Carneiro,
2001; Peiffert et al., 2010). Also, chemical solutions with niobium have received attention

due to radioactive isotopes (Filella & May, 2020).
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Niobium as Nb2Os has gained prominence in electric batteries for its use as an anodic
material for intercalation reactions, providing high volumetric capacity, and stability over
a wide range of temperatures and pH (Liibke et al., 2016) and in hybrid supercapacitors
starting from Nb>Os microspheres synthesized from high porosity carbon matrices
(Bruziquesi et al., 2019). Other niobium-containing products are alkaline niobates which
have attracted attention because of their excellent optical, ferroelectric and

photorefractive properties (Kanie et al., 2011; Bai et al., 2017; Andrade et al., 2000).

Due to its high melting point, niobium has been widely used as a component of various
metallic alloys with a great impact on alloys refining, fostering an improvement of
corrosion resistance and reducing weight (Labinger, 1982). These alloys are present in
turbines, chemical and petrochemical equipment’s, magnetic superconductors, metallic
structures in civil construction and others (Alves & Coutinho, 2015; Deblonde et al.,

2015, 2016).

The need for innovative and technological energies in a situation where non-renewable
resources must be replaced and greenhouse gas emissions must be reduced, the use of
electric batteries and solar panels stand out and niobium has been ultimately been studied
for applications in this sector (Baktash et al., 2020; Dolganova et al., 2020; Lii et al.,
2010; Nikolay et al., 2011; Park et al., 2013; Sasidharan et al., 2012; Liibke et al., 2016;
Vasconcelos, 2019).

In the near future, it is expected that the implementation of technological innovations and
advancements will require the increase in recyclability of niobium (today this rate is
around 20-30% - mainly in European countries), with regulations that encourage niobium
supply companies to work on the circular economy and obtain raw materials from
secondary sources (Sociedade de Quimica, 2021; European Commission, 2014). In the
case of critical raw materials, such as niobium, the application of circular economy
principles aims to reduce dependence on suppliers and the processing of secondary
resources (von Rennenberg, 2021). Urban mining is an alternative that involves the
recycling or reusing of post-consumer goods as a means of economically reusing wastes
that have a high added value and that can still be utilized to reduce environmental
liabilities. It is a circular economy approach since the raw materials come from end-of-

life objects and infrastructures that already exist. One of the benefits of urban mining is
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the recovery of valuable metals from the ever-growing e-waste streams, especially those

containing critical raw materials (Zeng et al., 2018, Tesfaye et al., 2017).

The Fe-Nb alloy is the main product of niobium, and its production begins with the ore
fragmentation, which includes crushing, grinding, and desliming, followed by
concentration. The impurities are removed from the ore by leaching and in the final stage
the aluminothermic reduction with iron metallic produces the Fe-Nb alloy. Then,
granulometric separation is carried to get the allow with adequate commercial size
specification. However, alloy fines are generated in the crushing step and separated from

the product. This material, out of commercial specification, needs subsequent processing.

In this context, the present study proposes to obtain niobium-containing compounds from
Fe-Nb alloy fines. This will enable the development of technology to recover niobium
from secondary sources and promote the circular economy. Thus, a thermodynamic study
of physical-chemical properties and speciation of niobium-potassium-water system is
essential to understand the variables of leaching and crystallization processes. For the
crystallization step, solution composition, pH, supersaturation levels and temperature
were investigated through thermodynamic modelling and with results from experiments
addressed, to obtain high-quality niobium oxide, a precursor for many distinct niobium

products.

Portugués

O Brasil ¢ o maior produtor de nidbio e possui as maiores reservas mundiais, com cerca
de 98,5%, seguido pelo Canada (1,0%) e Australia (0,5%). Segundo a ANM (Agéncia
Nacional de Mineragdo), em 2020, o nidébio foi o quinto metal de maior valor agregado
nas exportagdes, apds ferro, ouro, aluminio e cobre, o que o torna um metal estratégico
(Decreto n® 10.657, 2021). Além disso, o nidbio ¢ classificado pela Unido Europeia como
um dos trinta e quatro materiais criticos, devido ao alto risco de abastecimento e ao
crescimento significativo na demanda (von Rennenberg, 2021; Comissdao Europeia,

2023).
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No Brasil, as principais reservas de niobio estdo concentradas em Araxa (Minas Gerais),
Cataldao e Ouvidor (Goias), Presidente Figueiredo (Amazonas) e Itapud do Oeste, Rio
Crespo e Ariquemes (Rondonia). De acordo com a ANM, Araxa detém aproximadamente
90% das reservas, com uma reserva medida de 742 Mt de minério de pirocloro
[(Na,Ca),Nb20O¢(OH,F)], enquanto Cataldao e Ouvidor possuem 82,3 Mt de minério de
pirocloro. Em Presidente Figueiredo, a reserva de Pitinga possui uma reserva medida de
108,2 Mt de minério de columbita [(Mg,Fe*",Mn)(Nb,Ta).0¢], enquanto em Itapua do
Oeste, Rio Crespo e Ariquemes ha reservas menores de minério de columbita-tantalita.
Os teores de nidbio nesses minérios variam entre 0,21% ¢ 2,85% em Nb2Os. No caso do
pirocloro, as reservas encontram-se em corpos de carbonatito, enquanto as de columbita-

tantalita estdo em pegmatitos associados a granitos rapakivi (ANM, 2019).

Devido a industrializagdo € ao aumento do consumo de niobio, estudos apontam seu uso
em diversas aplicacdes, como capacitores eletroliticos e ceramicos, materiais para
implantes médicos com excelente biocompatibilidade, filmes Opticos, ligas para baterias,
componentes semicondutores € microeletronicos, produtos quimicos para aplicagdes
especificas em catalise e lentes Opticas (Alves & Coutinho, 2015; Bruziquesi et al., 2019;
Heisterkamp & Carneiro, 2001; Peiffert et al., 2010). Além disso, solu¢des quimicas com

niébio tém recebido atengdo devido a isdtopos radioativos (Filella & May, 2020).

O nidbio, na forma de Nb>Os, ganhou destaque em baterias elétricas por seu uso como
material anddico para reacdes de intercalacdo, proporcionando alta capacidade
volumétrica e estabilidade em ampla faixa de temperaturas e pH (Liibke et al., 2016), e
em supercapacitores hibridos, a partir de microesferas de Nb>Os sintetizadas a partir de
matrizes de carbono de alta porosidade (Bruziquesi et al., 2019). Outros produtos
contendo nidbio, como o0s niobatos alcalinos, tém atraido atencdo devido as suas
excelentes propriedades Opticas, ferroelétricas e fotorrefrativas (Kanie et al., 2011; Bai et

al., 2017; Andrade et al., 2000).

Devido ao seu alto ponto de fusdo, o nidbio tem sido amplamente utilizado como
componente de vdarias ligas metdlicas, com grande impacto no refinamento de ligas,
promovendo melhoria na resisténcia a corrosao e reducao de peso (Labinger, 1982). Essas
ligas estdo presentes em turbinas, equipamentos quimicos e petroquimicos,
supercondutores magnéticos, estruturas metalicas na construgao civil, entre outros (Alves

& Coutinho, 2015; Deblonde et al., 2015, 2016).



19

Com a necessidade de energias inovadoras e tecnoldgicas, em um contexto onde recursos
ndo renovaveis precisam ser substituidos e as emissdes de gases de efeito estufa devem
ser reduzidas, destacam-se o uso de baterias elétricas e painéis solares. O nidbio tem sido
estudado para aplicacdes nesse setor (Baktash et al., 2020; Dolganova et al., 2020; Lii et
al., 2010; Nikolay et al., 2011; Park et al., 2013; Sasidharan et al., 2012; Liibke et al.,
2016; Vasconcelos, 2019).

No futuro proximo, espera-se que a implementagdo de inovagdes tecnoldgicas exija um
aumento na reciclabilidade do niobio (atualmente, essa taxa ¢ de cerca de 20-30%,
principalmente em paises europeus), com regulamentagdes que incentivem as empresas
fornecedoras de niobio a trabalharem na economia circular e a obterem matérias-primas
de fontes secunddrias (Sociedade de Quimica, 2021; Comissao Europeia, 2014). No caso
de materiais criticos, como o niobio, a aplicagdo de principios de economia circular visa
reduzir a dependéncia de fornecedores e o processamento de recursos secundarios (von
Rennenberg, 2021). A mineragdo urbana ¢ uma alternativa que envolve a reciclagem ou
reutilizagdo de bens de consumo pods-uso como forma de reaproveitar economicamente
residuos de alto valor agregado, ainda utilizaveis, para reduzir passivos ambientais. Trata-
se de uma abordagem de economia circular, pois as matérias-primas provém de objetos e
infraestruturas de fim de vida que j& existem. Um dos beneficios da mineracdo urbana ¢
a recuperacdo de metais valiosos provenientes de fluxos crescentes de lixo eletronico,

especialmente os que contém materiais criticos (Zeng et al., 2018; Tesfaye et al., 2017).

A liga Fe-Nb ¢ o principal produto do nidbio, e sua produgdo comega com a fragmentacao
do minério, que inclui britagem, moagem e deslamagem, seguida da concentragcdo. As
impurezas sdo removidas do minério por lixiviagdo, e, na etapa final, a redugdo
aluminotérmica com ferro metélico produz a liga Fe-Nb. Em seguida, ¢ realizada a
separagdo granulométrica para obter a liga com especificagdes comerciais adequadas. No
entanto, finos da liga sdo gerados na etapa de britagem e separados do produto. Este

material, fora das especificagdes comerciais, necessita de processamento subsequente.

Nesse contexto, o presente estudo propde obter compostos contendo nidbio a partir de
finos da liga Fe-Nb. Isso permitira o desenvolvimento de tecnologias para a recuperagao
de niobio de fontes secundarias e promovera a economia circular. Assim, um estudo
termodindmico das propriedades fisico-quimicas e da especiagdo do sistema nidbio-

potéssio-agua ¢ essencial para compreender as varidveis dos processos de lixiviagdo e
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cristalizacdo. Para a etapa de cristalizagdo, foram investigadas, por meio de modelagem
termodinamica e experimentos, a composicao da solucdo, pH, niveis de supersaturacio e
temperatura, com o objetivo de obter 6xido de nidbio de alta qualidade, precursor de

diversos produtos distintos de nidbio.

1.2 Justificative and Relevance / Justificativa e Relevancia

English

In 2019, Brazil was responsible for 88% of niobium production worldwide, followed by
Canada with 10% (Padilha, 2020). About 90% of niobium is commercialized in the form
of Fe-Nb alloy and the other part as NboOs (Sumario Mineral Brasileiro, 2017; Barky and
Zeng, 2022).

The high added-value of niobium ores, as well as the fact that Brazil is the world leader
in reserves, contribute to the attractiveness of national and international production and
commercialization. Hence, there is a need for scientific knowledge of the physico-
chemical changes that occur during the industrial processes, as well as their social,

economic, and environmental aspects.

The aim of this research is the production of high added-value niobium compounds by
the hydrometallurgical processing of Fe-Nb alloy fines, composed of niobium, iron,
potassium, silicon, and aluminium. The crystallization process variables such as pH,
temperature, solution concentration, and chemical species distribution were evaluated to
understand the behaviour of the system. Equilibrium calculation which requires the

thermodynamic data on niobium systems were also essential to guide the experiments.

The relevance and impact of this project for scientific, technological and innovation
development are in the generation of specific knowledge, essential for the development
of new niobium applications and products. This knowledge, which is scarce in the
literature, will allow advancements in the chemistry of niobium compounds and provide
the potential to obtain niobium products from secondary materials for new applications.
The processing of these materials will ease the urban mining and the circular economy in

the niobium chain.
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As a result, this thesis intends to contribute for a better use of mineral resources with a
more effective use of niobium-bearing minerals, as well as the use of wastes from the
iron-niobium extraction process to obtain new products, improving sustainability to
niobium chain. Considering 1) the growth in the use of niobium in the world; ii) the
interest in obtaining high-purity niobium compounds, and iii) the need of understanding
the effect of process variables in the processing of Nb-bearing liquors, this project also
proposes to carry out fundamental studies of solubility to design properly the

crystallization and precipitation processes.

Portugués

Em 2019, o Brasil foi responsavel por 88% da produ¢ao mundial de nidbio, seguido pelo
Canada, com 10% (Padilha, 2020). Cerca de 90% do niébio ¢ comercializado na forma
de liga Fe-Nb, e o restante como Nb2Os (Sumario Mineral Brasileiro, 2017; Barky e
Zeng,2022).

O alto valor agregado dos minérios de niobio, bem como o fato de o Brasil ser lider
mundial em reservas, contribui para a atratividade da producdo e comercializa¢ao
nacional e internacional. Assim, torna-se necessario o conhecimento cientifico das
mudangas fisico-quimicas que ocorrem durante os processos industriais, bem como de

seus aspectos sociais, econdmicos € ambientais.

O objetivo desta pesquisa ¢ a producao de compostos de nidbio de alto valor agregado
por meio do processamento hidrometalirgico de finos da liga Fe-Nb, compostos de
niébio, ferro, potéssio, silicio e aluminio. Foram avaliadas as variaveis do processo de
cristalizagcdo, como pH, temperatura, concentracdo da solugdo e distribuicao de espécies
quimicas, para compreender o comportamento do sistema. Os calculos de equilibrio, que
exigem dados termodinamicos sobre sistemas contendo nidbio, também foram essenciais

para orientar os experimentos.

A relevancia e o impacto deste projeto para o desenvolvimento cientifico, tecnologico e
de inovagdo residem na geracdo de conhecimentos especificos, essenciais para o

desenvolvimento de novas aplicagdes e produtos de nidbio. Esse conhecimento, escasso
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na literatura, permitird avancos na quimica de compostos de niobio e proporcionara o
potencial para obter produtos de nidbio a partir de materiais secundérios para novas
aplicagdes. O processamento desses materiais facilitara a mineracao urbana e a economia

circular na cadeia do nidbio.

Como resultado, esta tese pretende contribuir para um melhor aproveitamento dos
recursos minerais, com o uso mais eficaz de minerais que contém nidbio, bem como para
o reaproveitamento de residuos do processo de extracao de ferro-niobio para obtencao de
novos produtos, promovendo maior sustentabilidade na cadeia do nidbio. Considerando:
1) o crescimento no uso do nidbio no mundo; ii) o interesse em obter compostos de nidbio
de alta pureza; e iii) a necessidade de compreender o efeito das variaveis de processo no
tratamento de solugdes contendo Nb, este projeto também propde a realizacao de estudos
fundamentais de solubilidade para projetar adequadamente os processos de cristaliza¢ao

e precipitacao.

1.3 References

Alves, A. R., & Coutinho, A. Dos R. (2015). The Evolution of the Niobium Production
in Brazil. Materials Research, 18(1), 106—112.

ANM. Anuario Mineral Brasileiro. Disponivel em: <www.anm.gov.br>.

Andrade, J. S., Pinheiro, A. G., Vasconcelos, 1. F., De Aratjo, M. A. B., Valente, M. A.,
& Sombra, A. S. B. (2000). Structural studies of KNbO3 in niobate glass-ceramics.
Journal of Physics and Chemistry of Solids, 61(6), 899-906.
https://doi.org/10.1016/S0022-3697(99)00387-X.

Bai, S., Zhang, J., Chen, Z., Wang, Y., Hong, M., & Karaki, T. (2017). Near-room-
temperature synthesis of niobate hydrate particles with hexagonal-platelike
morphologies.  Materials  Chemistry and  Physics, 199, 230-238.
https://doi.org/10.1016/j.matchemphys.2017.06.048.



23

Baktash, A., Amiri, O., & Saadat, M. (2020). High efficient perovskite solar cells base on
niobium doped TiO2 as a buffer layer. Journal of Nanostructures, 10(1), 119-127.
https://doi.org/10.22052/INS.2020.01.013.

Bruziquesi, C. G. O., Balena, J. G., Pereira, M. C., Silva, A. C., & Oliveira, L. C. A.
(2019). Niobium: A strategic chemical element for brazil. Quimica Nova, 42(10),
1184—1188. https://doi.org/10.21577/0100-4042.20170442.

Deblonde, G. J. P., Chagnes, A., Bélair, S., & Cote, G. (2015). Solubility of niobium(V)
and tantalum(V) under mild alkaline conditions. Hydrometallurgy, 156(June), 99—
106. https://doi.org/10.1016/j.hydromet.2015.05.015.

Deblonde, G. J. P., Chagnes, A., Roux, M. A., Weigel, V., & Cote, G. (2016). Extraction
of Nb(v) by quaternary ammonium-based solvents: toward organic hexaniobate
systems. Dalton Transactions, 45(48), 19351-19360.
https://doi.org/10.1039/C6DTO03873E.

Dolganova, 1., Rodl, A., Bach, V., Kaltschmitt, M., & Finkbeiner, M. (2020). A review
of life cycle assessment studies of electric vehicles with a focus on resource use.

Resources, 9(3), 4-8. https://doi.org/10.3390/resources9030032.

European Comission (2023). Study on the Critical Raw Materials for the EU 2023 — Final
Report.

Filella, M., & May, P. M. (2020). The aqueous solution thermodynamics of niobium
under conditions of environmental and biological interest. Applied Geochemistry,

122, 104729. https://doi.org/10.1016/j.apgeochem.2020.104729.

Kanie, K., Numamoto, Y., Tsukamoto, S., Takahashi, H., Mizutani, H., Terabe, A.,
Nakaya, M., Tani, J., & Muramatsu, A. (2011). Hydrothermal synthesis of sodium
and potassium niobates fine particles and their application to lead-free
piezoelectric  material. ~ Materials  Transactions, 52(11), 2119-2125.

https://doi.org/10.2320/matertrans.M2011148.

Labinger, J. A. (1982). Niobium and Tantalum. In Niobium and tantalum (pp. 705-782).



24

Li, X., Mou, X., Wu, J., Zhang, D., Zhang, L., Huang, F., Xu, F., & Huang, S. (2010).
Improved-Performance Dye-Sensitized solar cells using Nb-Doped TiO2
electrodes: Efficient electron Injection and transfer. Advanced Functional

Materials, 20(3), 509-515. https://doi.org/10.1002/adfm.200901292.

Liibke, M., Sumboja, A., Johnson, L. D., Brett, D. J. L., Shearing, P. R., Liu, Z., & Darr,
J. A. (2016). High power nano-Nb205 negative electrodes for lithium-ion
batteries. Electrochimica Acta, 192, 363-369.
https://doi.org/10.1016/j.electacta.2016.01.226.

Nikolay, T., Larina, L., Shevaleevskiy, O., & Ahn, B. T. (2011). Electronic structure
study of lightly Nb-doped TiO2 electrode for dye-sensitized solar cells. Energy
and Environmental Science, 4(4), 1480-1486.
https://doi.org/10.1039/c0ee00678e.

Heisterkamp, F., & Carneiro, T. (2001). Niobium: Future possibilities - Technology and
the market place. Niobium, Science and Technology, 1, 1109-1159.

Park, G., Gunawardhana, N., Lee, C., Lee, S. M., Lee, Y. S., & Yoshio, M. (2013).
Development of a novel and safer energy storage system using a graphite cathode
and Nb205 anode. Journal of Power Sources, 236, 145-150.
https://doi.org/10.1016/j.jpowsour.2012.10.102.

Peiffert, C., Nguyen-Trung, C., Palmer, D. A., Laval, J. P., & Giffaut, E. (2010).
Solubility of B-Nb205 and the hydrolysis of niobium(V) in aqueous solution as a
function of temperature and ionic strength. Journal of Solution Chemistry, 39(2),

197-218. https://doi.org/10.1007/s10953-010-9495-z.

Sasidharan, M., Gunawardhana, N., Yoshio, M., & Nakashima, K. (2012). Nb2O5 hollow
nanospheres as anode material for enhanced performance in lithium ion batteries.
Materials Research Bulletin, 47(9), 2161-2164.
https://doi.org/10.1016/j.materresbull.2012.06.004.



25

Tesfaye, F., Lindberg, D., Hamuyuni, J., Taskinen, P., & Hupa, L. (2017). Improving
urban mining practices for optimal recovery of resources from e-waste. Minerals

Engineering, 111(April), 209-221. https://doi.org/10.1016/j.mineng.2017.06.018.

Von Rennenberg, T. 2021. Towards a circular economy of critical raw materials: The

case of niobium.

Vasconcelos, Y. O Polémico Nidbio. Revista Fapesp, p. 64—69, mar. 2019.

Zeng, X., Mathews, J. A., & Li, J. (2018). Urban Mining of E-Waste is Becoming More
Cost-Effective Than Virgin Mining. Environmental Science and Technology,

52(8), 4835-4841. https://doi.org/10.1021/acs.est.7b04909.



26

CHAPTER 2 - OBJECTIVES
2.1  General Objectives

The overall aim of this thesis is to design a crystallization- and precipitation-based process
for the recovery of niobium-based compounds from potassium alkaline liquor containing
Nb and Fe. This includes the determination of solubilities of potassium niobate and niobic
acid in aqueous systems, in the presence and absence of electrolytes, and in diverse
temperatures, to develop a process that allows circular economy for both primary and
secondary materials and the obtaining solids with adequate properties for new

applications.

2.2 Specific Objectives

. Thermodynamic and experimental study of the dissolution kinetics and
solubility of niobium compounds in pure aqueous systems and in the presence
of electrolytes under specific conditions of pH and temperature;

. Development of the crystallization of potassium niobate from liquor of Fe-Nb
alloy fines produced via leaching with KOH solution;

. Investigating the process parameters for the crystallization of potassium
niobate;

. Investigate the use of potassium niobate as a precursor for the precipitation of
niobic acid;

. Evaluate process conditions for obtaining niobium oxide by calcination from
the niobic acid;

. Extensive characterization of all solids produced in this study.
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CHAPTER 3 — CRYSTALLIZATION-BASED RECOVERY OF NIOBIUM
COMPOUNDS FROM ALKALINE LEACHING OF FE-NB ALLOY FINES

3.1 Introduction

The growth of the niobium industry has sparked interest in exploring its potential
applications. Niobium is a refractory metallic solid of low density (8.57 g/cm?), high
thermal and electrical conductivity (Dolganova et al., 2020). It is soft, ductile and presents
very high melting and boiling points of 2468 °C and 4744 °C, respectively (Hageliiken,
2014; Nico et al., 2016). Vast literature can be found related to metallic alloys, ceramic
capacitors, material for medical implants with excellent biocompatibility, optical films
and lenses, semiconductor and microelectronic components, and chemical products
catalysis (Alves and Dos Reis Coutinho, 2015; Bruziquesi et al., 2019; Heisterkamp and
Carneiro, 2001; Peiffert et al., 2010). Moreover, niobium has received special attention
for recent applications in electric batteries and solar panels (Baktash et al., 2020;
Dolganova et al., 2020; Lii et al., 2010; Liibke et al., 2016; Nikolay et al., 2011; Park et
al., 2013; Patat et al., 2022; Sasidharan et al., 2012; Yi et al., 2021).

The increase in niobium production is directly linked to the expanded use of Fe-Nb alloy
in the construction of high-pressure pipelines, offshore oil drilling platforms, and as major
components in the automotive industry. Niobium has been widely applied as a component
of various metallic alloys with a great impact on alloys refining, as it improves corrosion
resistance and reduces the weight of vehicles, decreasing the fuel consumption and
increasing their efficiency (Alves and Dos Reis Coutinho, 2015; Bakry et al., 2023;
Labinger, 1982; Mackay and Simandl, 2014). Meanwhile, superalloys account for
approximately 8% of niobium use (Von Rennenberg, 2021), with widespread use in the

aircraft and automotive industries.

Brazil is the highest niobium world producer, followed by Canada, Australia and Angola
(Gasik et al., 2020; USGS, 2017). In 2019, Brazil was responsible for 88% of niobium
world production and about 90% of niobium is commercialized as Fe-Nb alloy (ANM,
2020; Bakry et al., 2023). In general, beneficiation for both columbite-tantalite or
pyrochlore ores starts with the enrichment of the Nb>Os grade by physical and chemical
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methods, including magnetic separation, flotation and impurities leaching. The
concentration process is followed by an aluminothermic reduction to produce the main
product, the Fe-Nb alloy and/or to a hydrometallurgical process to produce the high a
purity niobic oxide, NbyOs.

The Fe-Nb alloy production involves the griding of the Fe-Nb alloy followed by particle
size separation to get the product with the required commercial size specification. The
grinded alloy out of granulometric specification (fines) is either recycled to the
pyrometallurgical step, which makes the process more expensive due to the high energy
consumption or stored as a lower added-value material for optional subsequent

processing.

Niobium and its compounds are very stable and almost insoluble in inorganic acid. Unlike
many metals, niobium is resistant to most organic and mineral acids, except hydrofluoric
acid, at all concentrations below 100 °C, (Gupta & Suri, 1994; Wang et al., 2009). Due to
environmental and health concerns related to the high toxicity of fluorine-based
techniques, and the comparatively high solubility of niobium in alkaline media,
hydrometallurgical processes using KOH or NaOH are gaining space in the processing of
niobium ores (De Cock et al., 2017; Deblonde et al., 2015, 2016, 2019; Wang et al., 2009,
2018; Zhou et al., 2005a, 2005b). In alkaline solutions, niobium undergoes hydrolysis
and, according to Schweitzer (2003), the affinity with Na or K-based solutions can be

related to its embrittlement in presence of potassium and sodium salts.

Zhou and co-workers (2005a) studied the dissolution of Nb,Os in highly concentrated
KOH solution and showed that the formation of a soluble phase of potassium niobate is
favoured at high KOH concentrations (84 wt.%). Same authors (2005b) evaluated the
decomposition of a low-grade niobium-tantalum-ore by concentrated KOH solution in an
alkali-to-ore mass ratios of 10:1, 7:1 and 3:1. The conversion rate of Nb increases slowly
rising the alkali-to-ore ratio in the beginning of reaction and conversion of less than 10%

was obtained at the lowest ratio.

Wang and co-workers (2009) studied the niobium alkaline leaching of a low-grade
refractory ore. They adjusted the Nb/Ta ratio with Nb,Os to get good extraction. The
KOH: ore mass ratio was reduced from 7:1 to 2:1 to cut the need for concentrating the

initial solution and hence reducing the energy consumption. In another study (2018), they
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investigated the leaching kinetics of niobium-bearing mineralization (Nb2Os ~14 wt.%)
in a hydrothermal system using KOH (alkali-to-solid mass ratio 4:1) and reported the

obtaining of a potassium niobate phase.

In this chapter, we propose a new destination for Fe-Nb alloy fines to achieve an efficient
resource utilization, considering that the process can be used for the recovery of niobium
from other secondary sources, such as spent batteries and alloys thus promoting the
circular economy. Moreover, the crystallization of potassium niobate from an aqueous
solution under mild conditions of temperature and atmospheric pressure, distinct from the
majority studies in literature which report complex hydrothermal methods (Bai et al.,

2011; Cao et al., 2012; Hayashi, H., Hakuta, Y., & Kurata, 2004; Yang et al., 2023).

Figure 1 shows the process diagram for obtaining new niobium compounds from Fe-Nb
alloy fines at relatively low temperatures and atmospheric pressure (except for the
calcination step). After Nb leaching from the fines with KOH, potassium niobate was
crystallized from the leachate. Subsequently, potassium niobate was dissolved in distilled
water and used in the precipitation of niobic acid (hydrated niobium oxide). Finally, the

calcination of niobic acid produced the niobium oxide.

LEACHING | \ EVAPORATION | |
Fe-Nb Alloy Fines

Alkaline Liquor Concentrated CRYSTALLIZATION
Liquor
CALCINATION "Ai PRECIPITATION
Niobium Oxide 2
o 3 Potassium
Niobic Acid .
Niobate

Figure 3.1. Schematic overview of process for niobium recovery from Fe-Nb alloy fines.
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3.2 Materials and methods
3.2.1 Materials

The Fe-Nb alloy fines were prepared by quartering and submitted to dry granulometric
analysis using vibrating sieves with openings of 600, 300, 212, 106, 75 and 53 um for 20
minutes at 7 rpm (ENGETOTUS LTDA 701640). Particles with size < 106 pm were
selected to be used in the subsequent leaching.

All solutions were prepared with distilled water. Analytical grade KOHs) (85%, CAS:
1310-58-3 - Exodo Cientifica) and H2SOs (98%, CAS: 7664-93-9 - Exodo Cientifica)

were used without further purification.

3.2.2 Leaching of Fe-Nb alloy fines

Alkaline leaching was conducted in two steps. First, the activation of solids was done
where a mixture of (i) 75 g of Fe-Nb alloy fines, 125 g of KOH and 50 mL of distilled
water were added to a jacketed reactor, and kept for 1 hour without stirring; then (ii) 500
mL of distilled water was added to the 1 L reactor and the suspension was stirred at 300
rpm for 2 hours under atmospheric pressure and maintained at 96 °C. A condenser
attached to the reactor allowed to recycle the water to the reactor minimizing the losses.

The liquor was filtered using a membrane filter (0.45 um).

The extent of leaching (X) was calculated using Equation 3.1.

X)% = (1 —%)xmo SRY

o

Mr and My are the calculated mass of the element in the residue from the leaching step

and in the Fe-Nb alloy fines, respectively.

3.2.3 Crystallization

The liquor was concentrated by evaporation at around 100 °C, until 40% reduction of the
initial volume was obtained. Potassium niobate was then crystallized by cooling the liquor

in a 1.5 L reactor. The temperature inside the crystallizer was controlled by circulating
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water from a thermostatic bath (BROOKFIELD TC-502) into the jacket of the vessel.
The liquor was stirred at 300 rpm during cooling at 2 °C/min from 100 to 30 °C and
remained under stirring for an additional 1 hour at 30 °C. The solids obtained were
vacuum filtered on a quantitative strip filter paper (0.45 um) and dried at 80 °C for 12

hours prior to analysis.

3.2.4 Precipitation

Niobic acid was precipitated by adding H>SO4 to a potassium niobate solution. The initial
solution was prepared dissolving 30 g of the previously crystallized potassium niobate
into 300 mL of distilled water for 30 minutes at 90 + 0.5 °C. At the end of dissolution, the
pH of solution was about 11.6. A solution of 0.5 mol/L H>SO4 was used as precipitant
agent, that was added at a rate of 2.0 = 0.5 mL/min to the potassium niobate solution until
pH 3 was attained and then maintained constant. During the precipitation of niobic acid,
the temperature of the system was kept at 90 + 1.2 °C and under stirring at 300 rpm. The
solids obtained were vacuum filtered on a strip filter paper and dried at 80 °C for 12 hours

prior to analysis.

3.2.5 Calcination

The dehydration of niobic acid (Nb2Os.nH>O - hydrated niobium oxide) into niobium
oxide (Nb2Os) was carried out in a furnace (NOVUS-N1040) at 900 °C for 5 hours using

a platinum crucible.

3.2.6 Chemical analysis and characterization

The chemical composition of the aqueous solutions was determined by ICP-OES (Perkin
Elmer, model Optima 7300DV). The detection limits were < 0.005 mol/L and Lutecium
(1 mg/kg) was used as an internal standard to evaluate the instrument performance and
precision of analysis. The crystalline phases in solids were identified using a PHILIPS X-
ray Diffractometer (PANalytical - controller PW3710/31, generator PW1830/10 and
detector PW3020/00), with a Cu (Ka) radiation and a scanning rate of 0.06 °/s in the 2 0.

The chemical composition of the solids was obtained by X-Ray Fluorescence (XRF) in
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spectrometer with wavelength dispersion (WDXRF-ARL PERFORM’X, Thermo
Scientific GEN-X 4200W) and Rd tube.

Structural characteristics were analysed with Fourier Transform Infrared with an
attenuated total reflectance (FTIR-ATR) spectroscopy (Bruker Alpha spectrometer) at a
resolution of 4 cm™ and 128 scans from 4000 to 350 cm™!. The collected spectra were
normalized using the band at 1625 cm™ as reference. Additionally, RAMAN spectroscopy
(Horiba Jobin Yvon - LabRamHRS800) was used to identify the structure and phases of
the solids with a helium-neon laser (A = 632.8 nm) and a microscope (Olympus BX-41,
100x). The crystallized and precipitated solids were also imaged using optical microscopy
(NOVEL- BM2100POL) and Scanning Electron Microscopy (SEM) (FEI Quanta 3D
FEG).

3.3 Results and discussions

3.3.1 Samples preparation and leaching

Figure 3.2 shows the temperature profile during the leaching of Fe-Nb alloy particles (<
106 um) with KOH solution. The leaching involves the oxidation of Nb and the H
reduction, thus causing the H> evolution (Equation 3.2). After 60 minutes of reaction the

temperature was stabilized and maintained at 96 °C.

200

150 2Nb + 2KOH + 2H20 —

100 £ 2KNbO3 (aq) T 3H, @

Temperature (°C)

(3.2)
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Figure 3.2. Temperature profile during alkaline leaching of the alloy fines (dashed line:
fixed temperature at 96 °C).
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Table 3.1 shows the chemical composition of feed and the residue after leaching. The
extraction of niobium was approximately 77% w/w. According to Wang et al. (2009),
lower KOH concentrations in the leaching could positively influence niobium extraction
and improve leaching efficiency as it would reduce the viscosity of the liquor as well as
the resistance to mass transfer at the solid-liquid interface. The liquor obtained contained
0.65 mol Nb/kgiiquor and 2.7 mol K/kgiiquor However, leaching optimization was not the
primary objective of this study, but to obtain a niobium-rich alkaline liquor for further

crystallization of potassium niobate.

Table 3.1. Chemical composition of Fe-Nb alloy fines and residue from the alkaline
leaching.

Grade (%)* Nb Fe K Al Mn Si Ti Ta P

Fe-Nb alloy fines 47.67 2252 <0.01 0.66 0.11 201 023 0.1 0.11

Residue 11.10 21.00 11.58 0.20 0.10 1.50 0.19 0.02 0.06

* The content of each element was calculated considering the initial mass of Fe-Nb alloy fines and the
residual mass after the alkaline leaching.

Figure 3.3 shows the XRD of the Fe-Nb alloy fines and the residue. As expected, for Fe-
Nb alloy peaks related to both iron and niobium metallic are present. In addition to Fe
and Si0;, the leached mass shows peaks that may be related to potassium niobium oxide
silicate and potassium iron niobium oxide phases. The identification of these phases

indicates the reaction between KOH and the alloy fines.

The high alkaline concentration may result in the oxidation of silicon and favour the
formation of silicate molecules (Si(OH)x) (Cekerevac et al., 2012) which reacts with
potassium and niobium and forms the oxidized phase. As showed by Zhou et al. (2015),
iron can be slightly dissolved during the alkaline leaching but as result of oxidation it can

also react in the medium and form stable phases.

According to Masoud (2005), the potassium niobium silicate phase KesNbeSisO26 is
labelled as the stable high-temperature phase that results from the chemical reaction of
KNbO; with the silica rich grain boundary. Feizpour et al. (2014) also found this phase

in the solids after a low-temperature calcined powder reaction. This may indicate that the
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insoluble potassium niobate phase may be formed during leaching when temperature rises

to 200°C through reaction with silicate and iron.

Fe-Nb alloy b —— Leaching
a Residual Solid
= K FeNb,;0,,
| 00-047-0523
| |||| I|II|...|],.||.||II| hd o
= Fe-Nb = SiO,
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Figure 3.3. Diffractogram of (a) Fe-Nb alloy fines and (b) leaching residual solid.

3.3.2 Crystallization of Potassium Niobate

A niobium-rich alkaline liquor was successfully produced (88% of extraction) for further
crystallization at a relatively middle condition. It was not the objective of this work a
detailed study of the leaching step, and just obtain a solution rich in niobium with certain
amount of contamination by iron. Higher levels of extraction can be obtained by
increasing temperature or pressure. The initial composition of the alkaline liquor obtained
from fines alloy Fe-Nb leaching (32.78 g/L) and the variation of Nb, Fe and K
concentrations are shown in Table 3.2. According to the theoretical calculations based on
Nb concentration, the crystallization yield was 89 %. The extent of crystallization based

on the variation of experimental niobium concentration in the evaporation and post-
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crystallization step is approximately 80 %. It is noteworthy that the theoretical
concentration in cooling crystallization of Nb and K was considered here as the solubility
of KNbO; at 30 °C as obtained from thermodynamic simulations (OLI Studio Stream
Analyzer). However, solubility studies are necessary, since multiple potassium niobates

phases that can be formed.

Table 3.2. Variation of chemical composition of the liquors after the steps of leaching,

concentration and colling.

. Densit
Liquor Nb (mol/Kkgiiquor) K (mol/Kgiiquor) Fe (mol/Kgiiquor) (@ /cm3})7
Steps Theoretical® Real™ Theoretical Real® Theoretical Real®
Leaching 0.74° 0.65 3.6 2.7 0.58° 0.001 1.23
Evaporation 1.04 1.05 5.0 4.1 0 0.003 1.38

0.095¢ 0.22 0.095¢ 3.9 0 0.002 1.16

Cooling crystallization

2 Real concentration of the liquors: Detection limit by ICP-OES <0.005mol/L.
b Considering that all Nb and Fe were recovered from Fe-Nb alloy fines.

¢ Based on the solubility of KNbO3 in 5 mol/L KOH at 30 °C obtained from OLI Studio.
* Theoretical: mass balance data; Real: experimental data.

Two potassium niobate phases were identified in the crystallized solids (Figure 3.4): the
dominant and metastable phase K4NbsO17 and the stable phase KNbOs;. The unknown
peaks may be related to the soluble intermediate hexaniobate phase KgNbsO19.nH>O (Bai
etal., 2017a, 2011; Kanie et al., 2011). This may indicate that the KNbO3 formation may
involve the intermediate K4NbsO17 or hydrated phases in the first stage.

Mixtures of potassium niobate phases (K4aNbgO17 and KNbO3) were reportedly formed
by hydrothermal crystallization under different temperatures and initial concentrations of
niobium and potassium hydroxide. Hayashi et al. (2004) observed that the K4NbsO17 was
preferably formed under medium KOH concentration (0.5 mol/L) and Kudo et al., (2004)
noticed that K4NbeO17 was firstly formed thus enabling the formation of the stable phase
KNbO;. Temperature of the system is crucial to determine which phase will be formed.
The distinct phase, KsNbsO19, was obtained by Wang et al. (2009) from an alkaline liquor
containing higher KOH concentration, 6.8 mol/L. According to studies, highest
concentration of KOH is favourable to formation of KsNbsO19 phase (Bai et al., 2017b;
Kaseda et al., 2011; Kong et al., 2013). According to Zhou et al. (2005) (H. Zhou et al.,

2005), the increase in the KOH concentration increases the activity of OH™ and likely
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hinders the formation of the most stable phase of potassium niobate (KNbO3). As the
initial concentration of KOH used in this work (4.1 mol/L) was quite lower than that used
by Wang et al. (2009) (Wang et al., 2009), lower concentration of KOH may favour the
formation of K4NbsO17 or its mixture with the KNbO3 phase, coherent with the results

observed.

Amini et al. (2009) (Amini and Mirzaee, 2009) produced a potassium niobate with similar
profile and attributed to a metastable phase of KNbOs;. The formation of a hexaniobate
phase could be expected, since complex soluble hexaniobate phases can be formed during

the reaction of Nb and KOH (Bai et al., 2017; Kong et al., 2013).
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Figure 3.4. Diffractogram of the crystallized potassium niobate at 30.0+0.8 °C and 300
rpm.

Figure 3.5 (a) shows the FT-IR spectra obtained for potassium niobate sample. The bands
observed around 3500 to 2500 cm™! are attributed to OH group and to water in the
structure of the solid. The bands in the range of 1000 and 2000 cm! are related to adsorbed
water molecules or regions with H-bonds of water (Feizpour et al., 2014), and they

indicate hydrated Lindqvist ions. Its structure is related to hexaniobate salts HxNbsO1o*"
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® which are dominant species for Nb(V) in aqueous medium with pH > 8 (Deblonde et
al., 2016b, 2015b, 2015¢c; Nyman, 2011; Nyman et al., 2006) and are also precursors for
several polyoxoniobates, including Nb702%", Nbig02s%, Nb2Oss®> and NbysO72Ho!>
(Petrus et al., 2022; Ye et al., 2013).

The bands at wavenumbers smaller than 1000 cm™ are characteristic of niobates and are
related to Nb-O octahedral vibrations which indicate the formation of perovskite structure
(K-Nb-O) (De Andrade et al., 2000; Feizpour et al., 2014; Wang et al., 2009). The
shoulders in this region may be attributed to the presence of the more crystalline
perovskite structure (Leal Marchena et al., 2016). Similar spectra to potassium niobate
are reported in literature (De Andrade et al., 2000; Piskin et al., 2021; Santos et al., 2002;
Wang et al., 2007).

In the Raman spectra (Figure 3.5 (b)) bands associated to K4NbsO17 and KNbO;3 phases
were identified. The band at 200-300 cm™ may be related to hydrated KsaNbsO7 (De
Andrade et al., 2000; Maczka et al., 2011). The band at 530 cm™ is characteristic of
potassium niobate phases and belong to the NbOg oxygen octahedral vibration (Hajdara
et al., 2012; Maczka et al., 2011). Stretching vibrations and short Nb-O bonds can be
observed at 800-1100 cm™ (Maczka et al., 2011). Galutskiy et al., (2020) (Galutskiy et
al., 2020), related the band around 800 cm™ with a high proportion of ideal structure of a

single crystal growth in orthorhombic phase of potassium niobate.
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Figure 3.5. (a) FTIR and (b) Raman spectra of potassium niobate solid crystallized at
30.0 = 0.8 °C for 1 hour and 300 rpm.

Mostly isolated single crystals of potassium niobate exhibiting a rectangular shape with
long-side lengths are shown in Figure 3.6 (a). The low temperature of crystallization when
compared to hydrothermal synthesis allowed fewer defective particles to be formed, with
more homogeneous structures. This observation is in agreement with the study of Bai et
al. (2017) (Bai et al., 2017b) that investigated the crystallization of potassium niobate
from Nb2Os- KOH solution, at relatively low temperatures, and in the presence of sodium
dodecyl benzene sulfonate surfactant. According to these authors, a relatively lower
temperature can provide the needed driving force for crystal growth. Reducing the
temperature from 200 to 60°C slowed the dissolution of Nb2Os and this could have
stabilized the precursor and prompted more heterogeneous nucleation. When the
synthesis was performed at 200°C, mainly fractured particles were obtained, probably due
to fast dissolution of Nb,Os in the alkaline solution. In addition, at the lower temperature
of reaction, the particles exhibited improved hexagonal morphology. It is noteworthy
from the SEM image (Figure 3.6 (b)) that the crystals surface is rough, which points out
to high supersaturations. In cooling crystallization, the supersaturation was driven by a
cooling rate of 2 °C/min. Hence, lower cooling rates would likely favour the formation

of single crystals with smoother surfaces and possibly the most stable forms. The
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chemical mapping (Figure 3.6 (c-f)) confirms the uniform composition of niobium,

potassium and oxygen in the solids.

Figure 3.6. (a) Optical Microscopy, (b) and SEM image of potassium niobate crystallized
at 30.020.8 °C for 1 hour and 300 rpm. Chemical mapping: ¢) background, d) Nb, e) K,
and f) O.

The control of potassium niobate crystals shape and morphology is dependent of the
supersaturation in alkaline medium. This is related to the phases solubility, and according
to literature, the particles size may decrease with increasing KOH concentration (Kanie
et al., 2011; Kong et al., 2013). In general, the particle size decreases with higher initial

concentration of KOH. This phenomenon is derived from homogeneous nucleation and
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enhancement of the number of potassium niobate nuclei by the increasing KOH

concentration.

3.3.3 Precipitation of Niobic Acid

Dissolution of crystallized potassium niobate supplied the solution to precipitate niobic
acid. This was done at 90 °C to maximize the dissolution of the potassium niobate, which
solubility increases with temperature, as proven by its prior crystallization via cooling.
The yield of the process was 90 % from the expected, based on Nb concentration and the
efficiency of precipitation was higher than 99%, revealing that all dissolved niobium was

precipitated as niobic acid.

Figure 3.7 shows the diffractogram of precipitated niobic acid, with characteristics of
amorphous structure, without virtually distinctive peaks due to low intensities and broad
bumps, in accordance with the literature (Brandao et al., 2009; Chan et al., 2017; Chen et
al., 2022; Guo and Qian, 1993; Lebarbier et al., 2012; Tanabe, 1987). Only two small
diffraction peaks were observed, that could be derived from arcanite — potassium sulphate
phase. This was supported by the chemical composition obtained by XRF (Table 3.3) that
confirms the presence of potassium and residual sulphur in the solid. In order to provide
a high-quality niobic acid and further niobium oxide, washing protocols with distilled
water could be implemented for the solid yield, based on the higher solubility of K- and
S-based solids (Eysseltova and Bouaziz, 2012) when compared to Nb-based compounds

(highly insoluble) (Filella and May, 2020). This was not the objective of the present study.

According to Lebarbier et al. (2012), the crystallinity of niobic acid can be enhanced with
heat treatment at temperatures higher than 300°C. The complexity in the structure of
amorphous niobic acid makes it difficult to further control the acidity by structure

manipulation which may influence its catalytic properties (Fan et al., 2013).
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Figure 3.7. XRD pattern of precipitated niobic acid precipitated with 0.5 mol/L H>SO4 at
90+1.2 °C and 300 rpm.

The SEM images (Figure 3.8) show that niobic acid was composed of aggregates of small
particles. It was possible to identify regions with the presence of larger potassium sulphate
particles (Figure 3.8 (a-b)), confirmed by the chemical mapping (Figure 3.8 (c-g)), with
higher crystallinity, corroborating the XRD results. Deposits of niobic acid can be seen
on top of the potassium sulphate particles. Figure 6¢c, shows amorphous deposits on top
of a much larger crystal. The chemical mapping highlights that the amorphous phase is
comprised of Nb and that the presence of K and S can be related to the large crystal where

the small irregular material is deposited.
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Figure 3.8. SEM images of precipitated niobic acid 0.5 mol/L H2SO4 at 90 + 1.2 °C and
300 rpm. Dashed line: region with sulphur and potassium. Chemical mapping: c)

background, d) Nb, e) K, f) S and g) O.

The FTIR spectra of the niobic acid sample is presented in Figure 3.9 (a). The band
observed around 3500 and 2500 cm! is related to the Nb-OH of adsorbed H>O, implying
the presence of water in the samples. The absorption peak around 800 and 1000 cm™ can
be assigned to the stretching vibrations of the oxygen bonds (O—-O) (Uekawa et al., 2003)
and to Nb=0, also associated to NbOs tetrahedra (Lewis acid sites), and Nb-O-Nb bonds
typical of niobium solids (Hughes, 1964; Nakajima et al., 2011). These features, as well
as the shoulder observed at ca. 500 cm™ are characteristic of the hydrated niobium oxide.
Weak bands around 750, 500, and 400 cm™' can be associated to Nb-O bonds and HSO4,
respectively, in hydrated niobium oxide (Brandao et al., 2009; Prasetyoko et al., 2008).
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Figure 3.9 (b) shows the Raman analysis, that was conducted across two different regions
of the precipitated niobic acid. These regions are characterized by the presence and
absence of potassium and sulphate in the niobic acid, as evidenced by SEM images
(Figure 3.8). The spectrum obtained from the analysis of region 1 shows characteristic
peaks of niobic acid without the presence of impurities (Brandao et al., 2009; Chan et al.,
2017; Lebarbier et al., 2012). However, region 2 exhibits bands that are related to the
presence of sulphate in the solids. According to Qiu et al. (2019) (Qiu et al., 2019), the

bands at 400 to 1150 cm™! are characteristic of potassium sulphate phase K2SOsa.
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Figure 3.9. (a) FTIR and (b) RAMAN spectra precipitated niobic acid precipitated with
0.5 mol/L H2SO4 at 90+1.2 °C and 300 rpm.

3.3.4 Calcination

The calcined niobic acid (900 °C, 5 h) yielded a product containing a proportion of 87.5%
of Nb2Os and impurities such as potassium and sulphur (Table 3.3). Due to the presence
of the impurities in the solids, the XRD analysis (Figure 10) after calcination shows a
potassium niobate phase as the majority phase in addition to the niobium oxide phase.

The unidentified peaks are likely related to another minor intermediate phase.



44

—— Calcined
Niobic Acid

w— Nb,O
00-043-1042

‘ J| || A T OO T 1O O
w— K,NbgO,,
00-031-1060

| |..-..I . ||..|| I..Ill 1 1
10 20 30 40 50 60 70 80

20

Figure 3.10. XRD of calcined precipitated niobic acid at 900°C for 5 hours.

Figure 3.11 shows the SEM image of calcined niobic acid. The thermal treatment changed
the morphology and crystalline structure of the solid from the aggregates of small
amorphous particles to crystalline rod-like crystals. According to Guo et al (2020) (Guo
et al., 2020), the KoNbgO»; particles with columnar structure can stuck to each other and
form a cluster. This behaviour also was observed in the obtained solid, along with some
dispersed particles. As the crystalline structure of Nb,Os changes due to heat treatment,

its columnar structure is also reported in other studies (Jun Park et al., 2021, Xiao et al.,

2008).

Figure 3.11. SEM image of calcined precipitated niobic acid at 900°C for 5 hours.
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The chemical composition of calcinated niobic acid (Table 3.3) also confirmed the
presence of potassium as an impurity. Since no washing protocol of niobic acid was
implemented after its precipitation, the solid contained 11.7% of K. During calcination,
the sulphur was removed, and potassium remained in the solids leading to the formation
of a potassium niobate phase, K2NbgO»1 that was identified by the XRD. According to
Cheng et al (2018) (Cheng et al., 2018), this phase exhibit a high structural stability and
electrochemical reversibility with a potential material do be used for lithium storage.
Additionally, it has dielectric properties and high level of photocatalytic activity (Chandel
and Jindal, 2023). However, since the intention of this work was to obtain niobium oxide,
this result reinforces the need to implement a washing procedure after the precipitation
process of niobic acid to reduce the presence of contaminants in the solids and produce

high-quality niobium oxide.

Table 3.3. Chemical composition of potassium niobate, niobic acid and niobium oxide by XRF analysis.

Content (%) Nb K S 0 Fe Si Al Ta P Ca

Potassium

] 423 247 0.04 233 <0.01 <0.01 <0.01 0.02 <0.01 <0.01
Niobate

Niobic Acid 547 11.7 24 303 024 037 0.04 <0.01 <0.01 <0.01

Niobium Oxide 612 12.1 19 326 024 032 0.04 <0.01 <0.01 <0.01

Considering the metallic secondary source of niobium, the presence of impurities is
critical factor in the recovery process. It is important to notice that the produced niobium
compounds were not influenced by the presence of the main impurities from the starting
material such as Fe, Si and Al. Yet, as the application of niobium compounds in industry
is greatly dependent on purity level, the amount of impurity increases the level of difficult
in recovery Nb, implementing a pretreatment step in the leachate, prior to the
crystallization step, could help minimize further the presence of impurities in the final

product. Moreover, applying a washing protocol on the solids could also act to enhancing

purity.
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Specific conditions for the crystallization of potassium niobate by cooling and the acid

precipitation of niobic acid were investigated and are presented in the following chapters.

3.4 Conclusions

A new route was developed and validated for the recovery of niobium compounds from
Fe-Nb alloy fines containing Al and Si as main impurities, at relatively low temperatures

and atmospheric pressure.

A niobium-rich liquor was obtained through alkaline leaching of Fe-Nb alloy fines with
KOH, which recovered approximately 88 % of the Nb. The crystallization of potassium
niobate and the subsequent synthesis of niobic acid highlighted the efficiency of the
method. Both KNbO; and K4NbsO17 phases (stable and metastable, respectively) were
formed from the cooling crystallization. With a recovery of 66% of Nb from the initial

liquor.

An amorphous niobic acid was obtained by precipitation with H>SO4, subsequently used
as a precursor to produce niobium pentoxide via calcination. In addition to Nb2Os, a
potassium niobate phase (KoNbgOz1) was also seen in the calcined solid due to residual
potassium present in the solid. The improvement of the purity of niobium oxide products
can be achieved by implementing an impurity removal procedure — such as a washing

protocol.

In addition, this study successfully demonstrated the feasibility of producing niobium
compounds from Nb-alloys containing iron, silicon, and aluminium without significant
contamination. This approach establishes a viable route for efficient niobium recovery
from secondary sources and offers a promising opportunity for sustainable niobium

production.
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CHAPTER 4 — INVESTIGATION OF SOLUBILITY OF NIOBIUM
COMPOUNDS UNDER ALKALINE CONDITIONS

4.1 Introduction

Niobium (Nb) is a transition metal in group V of the periodic table. Oxidation states from
+1 to +VII are possible, but only Nb(V) exists under usual redox conditions in biological
and environmental systems (Filella and May, 2020). In addition, it is a refractory metallic
solid of lower density (8.57 g/cm®), has high thermal and electrical conductivity
(Dolganova et al., 2020; CBMM, 2021), is soft, ductile and presents a very high melting
point of 2468 °C (Hageliiken, 2013), being very resistant to corrosion as a result of the

creation of a surface oxide film (Souza et al., 2013) .

Due to its complexity, the chemistry of niobium has been under investigated (Filella and
May, 2020). The speciation diagram is the most employed tool to study the aqueous
system and evaluate the effect of pH and total niobium concentration on the species
formation. The solubility data of niobium compounds in aqueous media are scarce in the

literature and an effort is needed to collect them.

In pure aqueous media, Nb(V) is stable in the water stability field (Deblonde et al., 2016a,
2015c; Jo et al., 2022), while Nb(III) is very unstable and rapidly oxidates into Nb(V)
(Santandrea et al., 2018). Nb(V) complexes can exist in alkaline and acidic media with a
tendency to hydrolyze due to their low stability in aqueous solutions and strong oxygen
bonds (Deblonde et al., 2015c; Jehng and Wachs, 1991). Additionally, these complexes
produce insoluble oxides with amphoteric behavior in both acidic and basic conditions.
These oxides produce anionic species above pH 4 and cationic species below pH 4

(Peiffert et al., 2010).

Mononuclear species of Nb(V) can exist in aqueous media as Nb(OH);>*, Nb(OH)4",
Nb(OH)7*~, Nb(OH)s” and Nb(OH)s". Jo and co-workers (2022) described that the
increase in Nb concentration, due to the increase in the solubility observed in pH values

higher than 12.5, enables the formation of hydrolyzed species of Nb(V) in addition to
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Nb(OH)7*~ and in pH values higher than 14.5 the formation of NbO2(OH)4>~ species is
predicted.

In alkaline medium, niobium is known for Lindqvist type ions HxMO19*® (M= metal)
and the formation of the cluster MsO19 has been reported (Deblonde et al., 2015b; Petrus
et al., 2022). This structure (HxNbsO19*®)) is the dominant specie for Nb(V) in aqueous
medium in pH > 8§, related to hexaniobate salts formation (Deblonde et al., 2016¢, 2016d,
2015a, 2015¢; Nyman et al., 2006). The hexaniobate ions are also precursors for several
polyoxoniobates, including NbigO2s®, Nb2oOss®> and Nb2sO72Ho'* (Ye et al., 2013).
Petrus et al. (2022) predicted in the speciation diagram the formation of new species
Nbi9025%, Nb7022°" and HoNb4O7”, being the NbigO2s specie predominant from acid
to neutral pH values. The HyNb4O7,”" is also formed in similar pH but in higher niobium
concentrations. Therefore, the Nb;O2,”" is probably a transient intermediate and rapidly
reacts to form the aforementioned species. Additionally, Jehng and Wachs (1991)
speculate that hexaniobate species begin to degrade into tetrameric (NbsO16'>") and

monomeric (NbO2(OH)4>) species in alkaline and dilute solutions.

The hexaniobate ion is an excellent precursor for the synthesis of heteropolyoxoniobates.
When associated with elements such as K, Na, Rb, Cs and Li (reaction rate:
Cs>Rb>K>Na>Li), these can be introduced to this structure and produce new
compounds, e.g., the potassium ion, for example, can form species such as Ka4(NbsO19)*

, Ks(NbsO19) and K1o(NbsO19)>" (Antonio et al., 2009; Nyman et al., 2006).

In acid medium, niobium may form niobic acid, a hydrous niobium oxide (Nb2.Os.nH>O)
that has low solubility in water. Niobic acid can be calcinated to produce anhydrous
niobium pentoxide. Niobic acid is a more reactive compound than its equivalents and is
produced by hydrometallurgical route (Deblonde et al., 2015), either by NbClsaq)

neutralization or by precipitation through the acidification of alkaline Nb solutions.

Little is known about the solubility of many niobium compounds. Most of the found in

literature refers to niobium pentoxide and niobic acid, as compiled in Table 4.1.



Table 4.1. Solubility studies for niobium compounds.

SOLUBILITY
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COMPOUND METHOD CONDITION REFERENCE
Nb (mol/Kg)
Precipitation with s I=1 to 6 mol/L KNbO3, 19 °C;
Nb2Os KNOs 1.4 x 10 pH=0t07 Babko et al., 1963
Precipitation _ Cmco Yajima et al., 1992 and
Nb2Os (reagents not 1 %108 =01 m(})II/:Lzl\ig(él, 25°C Yajima 1994 — cited by
reported) P Lothenbach et al. 1999
I=0.1 - 6 mol/kg NaClOg;
Nb2Os Recrystallization 6 x 10710 10 - 70°C, pH=11t0 9 Peiffert et al., 2010
monoclinic phase
Nb2Os Not reported ~10* to 1077 0.1 — 1 mol/Kg NaOH and Na>COs3, 550 °C Kotova, 2011
10 to 1073 10”2 mol/Kg HF and
Nb2Os Not reported 10°15 to 1003 > 1 mol/kg HF at 550 °C, 1000 bar, Co-CoO Kotova, 2012
oxidizing medium
i i 0.1 and 1 mol/kg HCI and KCl, 300 and 500 Kotova, 2015
5 4 B s
Nb20s Not reported 1070 10 °C, 100 MPa Co-CoO oxidizing medium
— 105 -4
Nb2Os Not reported ~107 to 1078 1=107a 10 mSI/L HF, 150, 200 and 250 Timofeev et al., 2018
C;pH<3
Hydrolysis with 6 [=0.12 mol/L NaCl/ NaOH/ Na>COs; 25 °C;
Nb20s5.nH20 NbCls 54 x10 pH=6 t0 12
Deblonde et al., 2015a
NasHNbeO'15.15H0 Hydrothermal ~10°? 1=0.09-0.18 NaCl/KCl; 25 °C; pH= 11 to

Nb>Os5 and KOH

12
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As can be seen in the table 4.1, niobium oxide has low solubility in the aqueous medium.
In hydrofluoric acid solution, niobium has higher solubility when compared to other

aqueous acids, due to less prone to form polymeric species (Nikolaev et al., 2009).

Babko et al. (1963) investigated the solubility of freshly precipitated niobium hydroxide
(probably an amorphous phase) in the presence of HNOj;. This study was used by
Etxebarria et al. (1994) to estimate the solubility product of niobium pentoxide. On the
other hand, Lothenbach et al. (1999) used the data of Yajima et al. (1992) and Yajima
(1994) of the Nb2Os solubility in NaCl to calculate solubility products from this study
(publications Yajima et al. (1992) and Yajima (1994) not available).

Peiffert et al. (2010) studied the effect of temperature, ionic strength and pH on the
solubility of the monoclinic phase of Nb>Os, obtained at moderate temperatures (~ 600 —
900 °C). The results show the increase of solubility with the increase in temperature and

ionic strength, and the presence of polyoxoniobates was reported at higher pH values.

Kotova (2011, 2012, 2015), studied the solubility of niobium oxide in the presence of
different electrolytes such as NaOH, NaxCO3, KCI, HCI and HF. Co-CoO buffer with low
oxygen fugitiveness was used due to the negative influence of an increase in oxygen
fugitiveness on the solubility (Korzhinskaya et al., 2017). Niobium pentoxide showed low
solubility in presence of NaOH, Na,COs3 and the effect of niobium chloride complexes in
the niobium solubility was insignificant. However, the solubility of Nb>Os increases
strongly with rise in the concentrations of fluoride solutions. Timofeev et al. (2018) also
investigated the solubility of Nb>Os in HF solutions at lower pH values by adding HC1O4.
They also notice that a decrease in the pH increases the solubility of niobium oxide at low

HF concentration.

However, for niobates, there is a lack of solubility data in the literature. To the best of our
knowledge, only Deblond et al. (2015a) studied the solubility of a sodium niobate phase
in NaCl/KCl medium at 25 °C. This study shows the effect of the common-ion in the
solubility, where an increase in Na" caused a decrease in the solubility of sodium niobate.
Moreover, the authors report an increase in the solubility influenced by the potassium
ions, related to the interaction of potassium with hexaniobate ions. Same authors also
studied the solubility of niobic acid increases with the rise in pH and showed that the

hexaniobate ions play a major role in the solubility of niobic acid in aqueous medium.
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Due to scenario of the scarcity of solubility data for niobium compounds, an effort was
made here to measure the solubility of potassium niobate (mix of phases K4NbsO17 and
KNbO3) and niobic acid (Nb2Os.nH>O) in different temperature and concentrations of
KOH solution. An equilibrium study was conducted to investigate the solubility of niobic
acid in KOH solutions of 0.10, 0.25, and 0.50 mol/L at 30 °C. Additionally, solubility
experiments for both potassium niobate and niobic acid in alkaline media (0 to 2 mol/L
KOH) were performed using Crystal 16 equipment. Thermodynamic modeling was made

for the system Nb-K-H>O by OLI Studio stream analyser and PHREEQC.

4.2 Materials and methods

4.2.1 Reagents

Potassium niobate (KN) was synthesized by cooling crystallization from Fe-Nb alloy
fines alkaline liquor, as shown in Chapter 3. Niobic acid HY-340 (NA) was obtained from
CBMM (Brazilian Company of Metallurgy and Mining, from Portuguese: Companhia
Brasileira de Metalurgia e Mineracdo). Analytical grade NaOHgs (Exodo Cientifica,
CAS: 1310-73-2) and KOHg) (Sigma Aldrich, CAS: 1310-58-3) were used without

further purification. Solutions were prepared with deionized and distilled water.

4.2.2 Thermodynamic modeling

To obtain the solution description parameters, such as composition data, saturation index,
distribution of the species in the solution and possible solid phases formed in the
multicomponent systems, thermodynamic modelling was performed using OLI Studio
Stream Analyser (version 11) and PHREEQC (version 3.4.12927; Parkhurst and Appelo,
2013). The thermodynamic framework AQ (aqueous model) and MSE (Mixed Solvent
Electrolyte) were used in OLIL. The AQ thermodynamic framework includes both stable
phases — KNbOs3 and Nb>Os — and is applied to electrolytes dissolved in water, using the
Bromley-Zemaitis activity model. In contrast, the MSE framework contains only the
Nb20Os and utilizes the MSE activity model, which uses (i) the extended Debye-Huckel
term that accounts for long-range interactions, (ii) an UNIQUAC term that accounts for

short-range interactions, and a middle-range term that includes the ionic interactions. In
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PHREEQC, the SIT (Specific ion Interaction Theory) database (sit.dat) was used as the

aqueous model.

In addition, the speciation diagram of hexaniobates species were made based on the
calculations shown by Etxebarria et al., (1994) using the equilibrium constants of the
hydrolysis products of Nb(V) at 25 °C, as a function of pH (Table A1). According to the
Equations 4.1 to 4.9:

[Clr = [NbgO%5] + [HNbsO75] + [H,Nbg0%5 1 + [H3Nbys035] (4.1)

[Clr (4.2)

INb6OYs ] = T3 T D) + (. 2 D) + (Ko B

[HNbgO75] = [NbgOP5]. K. [H*] (4.3)
[Hsz6O§’§] = [Nbeoffg]-Kz-[H-l-]z (4.4)
[H3Nb60§§] = [Nb60?§].K3.[H+]3 (4-5)
o = INbsOis] (4.6)
! [Cly
_ [HNbs075] (4.7)
“2 =7,
. _ [H;Nbs035 ] (4.8)
3 [Cly
[H3Nbg035] (4.9)

“= T e,
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4.2.3 Experimental

The equilibrium study was performed for the commercial niobic acid HY-340 at different
concentrations of KOH solution. A mass of niobic acid was mixed into 10 mL of KOH
solutions with concentrations from 0.10 to 0.50 mol/L in polyethylene vessels (Table 4.2).
The experiments were carried out in a shaker (SOLAB SL-222) at 30 = 0.5 °C and 200
rpm. The achievement of the steady-state conditions was assessed by monitoring Nb
concentration in solution as a function of time (0 - 300 hours). The samples were filtrated
using a 0.45 pm syringe filter (MILLIPORE MILLEX-HV PVDF 0.45 pum). The pH
measurements and quantification of Nb quantification were performed after the filtration

process.

Table 4.2. Conditions of equilibrium study of niobic acid in alkaline medium at 30 + 0.5

°C and 200 rpm for 312 hours.

Mass of Niobic Acid (g) KOH (mol/L)
0.20 0.10
0.20 0.25
0.50 0.50

The Nb in the aqueous solution was determined by ICP-OES (Perkin Elmer, model
Optima 7300DV; detection limits < 0.005 mol/L) and UV-vis (BEL-M5I

spectrophotometer) methods.

The Nb quantification with UV-Vis was performed using a methodology adapted from
Deblonde and co-workers (2015b). Each sample was diluted in 4 M NaOH solution 10
minutes before the measurement and recorded against the corresponding blank sample
using a quartz cuvette. The absorbance (4) was measured at 246.5 nm, using an optical
path length (/) of 1 cm and the extinction coefficient (¢) was 15900+600 L/mol.cm to
NbsO19® and 14300+400 L/mol.cm to HNb¢O19” species. The Beer-Lambert law was

used for the determination of niobium concentration (c), according to Equation 4.10.
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A=¢.c.l (4.10)

Crystal 16 (Technobis Crystallization Systems® — software v. 2.3.2.5300) was used to
estimate the solubility of potassium niobate and niobic acid. The equipment is a multi-
reactor crystalliser that consists of 16 reactors (4 rows with 4 vials of 1 mL each) and to
determine the solubility, clear and cloud points (dissolution and recrystallization,

respectively) should be collected based on the transmissivity of each vial.

Different masses of solute were analysed in deionized water and KOH solution (0 to 2
mol/L). Each cycle of measurements was made of a temperature ramp from 20 to 70 °C,
with a heating rate of 0.1 °C/min and stirring speed of 700 rpm. In this study, only the

clear points were collected, when 100% of transmissivity were achieved.

Table 4.3 shows the initial experimental conditions used for estimating the solubility of
potassium niobate and niobic acid under different concentrations of KOH. Were carried

out 4 cycles for each condition described in the following Table 4.3.

Table 4.3. Experimental data for estimating the solubility of potassium niobate (KN) and
niobic acid (NA) in different concentrations of KOH solution in a temperature ramp from

20 to 70 °C using Crystal 16.

KN NA
MASS (mg) MASS (mg)
KOH (mol/L) KOH (mol/L)
MIN MAX MIN MAX
0 80 300 0.75 5 80
0.10 30 80 1.00 5 60
0.25 10 80 1.50 10 80
0.50 10 80 2.00 10 60

1.00 10 50
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4.3 Results and discussion

4.3.1 Niobium Speciation

The speciation diagram of niobium in aqueous media was the first step to understanding
the system and was also essential to elucidate the formation of niobium complexes. Figure
4.1 (a) shows the Nb-H>O speciation diagram, simulating of the hydrolysis of Nb(V) in a
broad pH range at 25, 50 and 100 °C. According to the PHREEQC modeling, the specie
Nb(OH)s is dominant at lower pH values. As the pH increases the species Nb(OH)s™ and
Nb(OH);2 become predominant. At 100 °C the predominance area of these species
changes, becaming available at lower pH values. However, the hexaniobates species were
not available in the PHREEQC database, reason why they do not appear in this diagram.
Hence, the hexaniobates speciation (Lindqvist ions structure) was previewed considering
the equilibrium equations shown in Table A1 at 25 °C (Etxebarria et al., 1994; Petrus et
al., 2022 - Figure 4.1 (b)).

According to literature (Deblonde et al., 2015b; Petrus et al., 2022), the hexaniobate
species are present in an alkaline medium. Figure 4.1 (b) shows the distribution of species
and the major formation of hexaniobates occurs at pH > 8 and only the third protonation

occurs at lower pH values.
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- ! 1.0 4 - Nbeowee

Nb(OH), Nb(OH), . —— HNbgO,¢"
—— H,NbgO, &
0.8 HyNbeO,6™

1.0 H

0.8

0.6
0.6 4

0.4 4

8¢ 0.2
0w
100°C 00

04 |

0.2 4

0 2 4 8 8 10 12 14 8 9 10 1 12 13

pH pPH

b)
(@) {
Figure 4.1. Speciation diagram of Nb-H>O system by (a) PHREEQC - SIT databank at

25, 50 and 100 °Cand (b) data from the literature for hexaniobate species in an alkaline

medium at 25 °C. Initial conditions: [Nb] = 1 mol/L and 1 atm.

14
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The system K-Nb-H,O was modelled on OLI Studio and considered the formation of
solid phases that may occur in aqueous medium, as shown in Figure 4.2. It is noticeable
that Nb2Os is the dominant solid at lower pH values and the KNbOs3 is formed with the
increase in pH (pH > 4). However, on the OLI database only the stable phase KNbO3
information is presented and the formation of metastable phases, such as K4NbeO17, are

not considered.
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o
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Figure 4.2. Speciation diagram of K-Nb-H>O system at 25°C and latm. (Initial
[KNbO3] = 1 mol/L — OLI Studio databank — AQ thermodynamic framework).

4.3.2 Kinetic of niobic acid dissolution in alkaline medium

The dissolution of niobic acid was monitored as a function of the concentration of KOH
solution throughout 312 hours of an experiment at 30 + 0.5 °C and 200 rpm, as shown in
Figures 4.3 - 4.5. If all niobium was dissolved in KOH solution, the niobium
concentration would be 0.15 (at 0.10 and 0.25 mol/L KOH solution) and 0.37 mol/L (at
0.50 mol/L KOH solution) (dashed grey line in the figures).
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Figure 4.3. Aqueous niobium concentration measured by ICP-OES and UV-spectroscopy
(y=246.5 nm) from equilibrium study of niobic acid in 0.10 mol/L KOH solution at 30 +
0.5 °C, 200rpm and pH=12.8 + 0.4. (Blue circle: HNbsO19” and red circle: NbsO19™® by
UV-Vis method and pink circle: Nb total by ICP-OES, grey circle: sum of species

HNbeO19” and NbsO19®, dashed line: maximum of niobium concentration).
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Figure 4.4. Aqueous niobium concentration measured by ICP-OES and UV-spectroscopy

(y=246.5 nm) from of niobic acid in 0.25 mol/L KOH solution at 30 + 0.5 °C, 200 rpm
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and pH=13.5 £ 0.1. (Blue square: HNbsO19™ and red square: NbsO19® by UV-Vis method

and pink square: Nb total by ICP-OES, grey square: sum of species HNbsO19”' and
NbeO1978, dashed line: maximum of niobium concentration).
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Figure 4.5. Aqueous niobium concentration measured by ICP-OES and UV-spectroscopy
(y=246.5 nm) from equilibrium study of niobic acid in 0.50 mol/L KOH solution at 30 +
0.5 °C, 200 rpm and pH=13.8 + 0.6. (Blue triangle: HNbsO19” and red triangle: NbsO19™
by UV-Vis method and pink triangle: Nb total by ICP-OES, grey triangle: sum of species

HNbsO19”7 and NbsO1978, dashed line: maximum of niobium concentration).

The niobium content in the solution was measured by UV-spectroscopy through the
hexaniobates species NbsO1o® and HNbsO19”" quantification. During the study of
equilibrium, the pH value was above 12 and because of this, the UV-spectroscopy method
could be effectively used (Deblonde et al., 2015a). As mentioned before, in alkaline media
the niobium is complexed into hexaniobate and the species NbsO19>” and HNbsO19'~ are
dominant at higher pH values (see Figure 1(b)). The pH behavior of niobic acid in KOH
solutions with time is given in Table A2 (Appendix).
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A difference in the niobium quantification between the ICP-OES and UV-vis methods is
noted and its variation increases with the increase in KOH concentration and,
consequently, an increase in Nb dissolved in the solution. According to the method used
in this work, based on the study of Deblonde et al. (2015b), the nature of the alkali ion
alters the wavelength in which maximum absorbance is observed (246.5 and 247.5 in
NaOH and KOH solution, respectively). This occurs due to the ion-pairing effect that
increases as the size of the cation increases (Cs > K > Na) and is reflected on the
stabilization of the electron. However, an equilibrium between the deprotonated and the
monoprotonated cluster is observed at 240 nm — close to the wavelength of Nb
quantification. The hydroxide concentration also has an influence on the system, showing

that an increase in the ionic strength makes the equilibrium constant decrease.

Additionally, some studies reported the presence of species as HxNb702* as an
intermediate from decaniobate Nb19O2s® and monoprotonated HxNbeO19*®, at high pH
values, in the same region of hexaniobates (Klemperer and Marek, 2013; Niu et al., 2007;
Nyman, 2011; Petrus et al., 2022). This may result in an underestimation of the total of
aqueous niobium. There is a lack of accurate data on speciation for the niobium system
in a range of concentrations. It is necessary to account that the limitations of the method
and the stability of polyoxoniobates may influence the measurements. In another study
made by our research group (in preparation), the data of kinetics of dissolution of niobic
acid was modeled in 0.10 and 0.25 mol/L KOH solution using machine learning
techniques. The random forest model was used to fit and to compare to the linear
regression of the data. As a result, the ICP-OES data fit better to the proposed model, due
to the difference between the square error calculation for both methods: ICP-OES and

UV-vis.

According to OLI Studio simulation, the solubility of niobium oxide increases with the
growth of KOH concentration in the aqueous medium, when the formation of additional
phases from the reaction of Nb(V) and KOH is not considered. Experimentally, following
OLI prediction, the increase in KOH concentration favors the dissolution of niobic acid,
a hydrated niobium oxide phase. The concentration of aqueous Nb increases with time
until the concentration of niobium in solution is considered constant (less than 10%
variation). The time of equilibrium was achieved after 100 hours of experiment in all the

tested concentrations of KOH. Although, it is possible to observe a variation on Nb
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concentration in the experiment with higher KOH concentration — 0.50 mol/L, between
140 to 170 minutes. This variation could be related to the kinetics of formation of

polyoxoniobates in solution that directly influence the solubility of niobic acid.

From this study was possible to predict the solubility of niobic acid in KOH solution in
the mentioned conditions, at 30 + 0.5 °C and 200 rpm. At the end of each experiment, the
niobium concentrations for each studied condition (0.10, 0.25 and 0.50 mol/L KOH)
given by ICP-OES were 0.016,0.101 and 0.286 mol/L and by UV-vis method were 0.018,
0.102 and 0.154 mol/L, respectively. Even though Lindqvist ions have been known for a
long time (Nyman, 2011), the properties of polyoxometalates ions in different electrolytes
are scarce, especially for niobium. The remained solid was characterized by FTIR and

XRD and is presented in Figure Al.

Figure 4.6 shows that the dependence of solubility of niobic acid with the KOH
concentration. Niobic acid is known to be insoluble in water, especially at low pH. This
result is in agreement with the literature, which reports an increase in the presence of
Nb(V) in an alkaline medium with the pH (De Cock et al., 2017; Deblonde et al., 2015a;
Petrus et al., 2022; Wang et al., 2009). The fitted equation of the solubility from

equilibrium study is shown in Table A3.
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Figure 4.6. Solubility of niobic acid versus KOH concentration in solution from the

equilibrium study at 30 + 0.5 °C. Aqueous niobium concentration measured by ICP-OES.
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4.3.3 Dissolution of niobium compounds in alkaline medium: experimental

and modeling

Thermodynamic modeling by the OLI Studio was also used to predict the solubility of
niobic acid (Nb2Os.nH>O) and potassium niobate crystallized from an alkaline liquor
(Souza et al., 2024) (mix of phases: K4NbsO17 and KNbO3). The detailed composition of
the solids was analyzed via XRF (Table A4). For the potassium niobate, the clear points
collected from the Crystal 16 were plateaus of transmissivity close but not at 100 %, the
real solubility was not determined. Nonetheless, a pseudo-solubility could be estimated

based on the maximum dissolution of the niobium compounds in an alkaline medium.

For the solubility simulations the temperature and concentration of niobium in aqueous
media — with and without the presence of electrolytes — were considered. Figure 4.7 shows
the results of niobic acid in different concentrations of KOH solution obtained from

Crystal 16 and OLI Studio simulation.
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Figure 4.7. Pseudo-solubility of niobic acid (Nb2Os.nH>O) in KOH versus temperature,
obtained from Crystal 16 and predicted by OLI Studio.
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It can be seen that OLI and experimental results show good fit, with an expressive
increase in the solubility of niobic acid with the temperature in the range of 20 to 70 °C
and slight decrease with the increase in the KOH concentration. The OLI Studio
simulation shows the formation of potassium niobate as the stable phase (KNbO3) for
concentrations higher than 1.5 mol/L (Figure A2). The Crystal 16 methodology adopted
in this study was based on the dissolution of a known amount of solids in a known amount
of solvent with the increase of temperature. The solubility data is collected when this solid
is fully dissolved. Hence, no solid phase remained to be analysed at the end of the
experiment, since the maximum dissolution of the solid in the aqueous medium was taken
into account. No evidence of formation of any solids from the reaction of dissolved Nb(V)
in a highly concentrated KOH solution was found, even when the solution temperature
was subsequently lowered to 20 °C and kept under stirring for over 48 h, likely due to the

slow kinetics of potassium niobate formation.

The solubility of niobic acid in distinct media has been reported in the literature in the
past years (Table 4.1). It is noteworthy that similar studies for niobic acid were not found
in the same conditions used in this work, so that the difference between the values in
Table 4.1 and those determined in this work are not comparable. The presence of -niobate
species should be considered in the system. It is known that polyoxoniobates (NbsO19*%,
Nb7022*?, Nb19025%") form in alkaline solutions and that their formation depends on the

media (Klemper and Marek, 2013).

The pseudo-solubility of potassium niobate was evaluated in a range of 0 to 1.0 mol/L of
KOH solution, as shown in Figure 4.8. To our knowledge, no quantitative data has been
reported on the solubility of any potassium niobate phase in an alkaline medium. As an
overall trend, the pseudo-solubility of crystallized potassium niobate (KN) increases with
temperature. On the other hand, it decreases with the increase of KOH concentration, such
that even the lowest concentration of KOH investigated (0.10 mol/L) lowers the solubility

by roughly 70 %.
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Figure 4.8. Pseudo-solubility of crystallized potassium niobate (mix of phases) in KOH
dependence on temperature, obtained from Crystal 16 and predicted by OLI Studio stream

analyser.

According to the physicochemical analysis of the material, showed on the Chapter 3, two
main potassium niobate crystals are present in the solids: the dominant and metastable
phase K4NbsO17 and the stable phase KNbOs3. This indicates that the crystallization of the
stable phase may occur via a metastable phase in the first stage. Consequently, these
phases could exhibit different solubilities in aqueous medium. Moreover, as the
potassium niobate used in this study was produced by cooling crystallization from an
alkaline liquor from the leaching of Fe-Nb alloy fines, the presence of impurities is
expected, as was presented in the chemical composition of the potassium niobate in Table
4.5. The impurities may have a considerable effect on the solubility of a system by

combining and reacting chemically in the solution and forming complexes.

Crystallized potassium niobate was shown to be more soluble than the stable phase when
compared to the solubility results from OLI Studio. This is expected since the potassium
niobate used in the experiment is majority formed of a metastable phase, usually more

soluble than the stable phase of the K-Nb-H>O system.

An effort was made to measure of solubility of hydrothermal KNbOs3, as stable phase of

the system, also using Crystal 16. However, due to the very slow kinetics of dissolution

80
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associated to the perovskite-type of structure (Ozmen et al., 2018), it was not possible to
determine the solubility by Crystal 16. No changes were visible in the transmissivity,

even after leaving the vials at 80 °C for 48h.

The formation of hexaniobates species depends on the degree of alkalinity of the solution
according to the suggested reactions shown in Equations 4.11 — 4.14. In dissolution,
KuNbeO17 first dissolves into NbeOi7* complex and afterward transforms into the
NbsO19* hexaniobate ion. The same is observed in the KNbO; phase, which first dissolves

into NbOs’~ and then into the Lindqvist ion form.

KuNbeO17 = NbsO 17+ + 4K+ 4.11)
NbeO17+ + 40H" = NbeO16% + 2H,0 (4.12)
KNbO; + 60H" = NbOg” + K* + 3H20 (4.13)
NbOs”" + 17H,0 = NbsO 1> + 340H" (4.14)

According to Deblonde et al. (2015a), the interaction between potassium and hexaniobate
ions prevents the determination of solubility products of niobium in a potassium medium.
These interactions may alter the free ions concentration and change the equilibrium of the
solution. The formation of ion pairs has an important influence on the determination of
solubility. There is a lack of literature concerning the mechanisms of the formation of

niobate complexes in aqueous solutions.

4.4 Conclusions

In this study we have investigated the solubility of niobic acid and potassium niobate
under alkaline conditions experimentally and supported by the thermodynamic modeling

from OLI Studio Stream Analyser.

The use of UV-Vis as method of quantification of niobium in equilibrium study of niobic
acid shows that the hexaniobates may not be the only complexes formed during the

reaction with KOH and that depends on the stability of polyoxoniobates in the solution.
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A change in the structure of niobic acid occurs after 100 hours of reaction and the presence

of hexaniobate was confirmed by the characterization of the remained solid.

The solubility of niobic acid measured by Crystal 16 shows a slight decrease in the
dissolution of the solid with increase in KOH concentration — from 0 to 2 mol/L KOH at
20 to 70 °C. The strong interaction of K" ions with hexaniobate ions may increases the

solubility of niobic acid up to a certain minimum concentration of KOH.

The pseudo-solubility of a mixed-phases potassium niobate increases with temperature
but decreases with the increase of KOH concentration, e.g., at 40 °C, for example, the
solubility of potassium niobate is 11.5 g/L in 1 mol/L KOH and 80.5 g/L in 0.10 mol/L
KOH. The presence of the metastable phase K4NbsO17 suggests that the mixed phases
exhibit higher solubility compared to the predictions of thermodynamic modeling for the

stable phase KNbO:s.

The results from this study help address the gap in the literature of aqueous solubility of
niobium compounds under alkaline conditions and highlight the importance of solubility

data of niobium for the development of hydrometallurgical process.
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CHAPTER 5 — COOLING CRYSTALLIZATION OF POTASSIUM
NIOBATE IN AQUEOUS MEDIUM UNDER MILD CONDITION OF
TEMPERATURE AND PRESSURE

5.1 Introduction

Crystallization is one of the major unit operations of a chemical process in which a
dispersed solid phase is formed from a continuous homogeneous phase. It involves a
complex variety of conditions such as nucleation, crystal growth, fluid dynamics,
agglomeration, mass transfer, supersaturation and diverse solid and liquid properties
(Nyvlt et al., 2001; Lewis et al., 2015; Chabanon et al., 2016). Due to its versatility,
crystallization is frequently used in industry, in many sectors, to obtain high-purity
products, to recover raw materials and to maximise water reuse (Souza et al., 2021; Ibis
etal., 2021; Penha et al., 2018, 2019, 2020 2021a, 2021b; Zago et al., 2019; Rocha et al.,
1995, 2004).

It is a process governed by the creation of a driving force in solution — the supersaturation
— which is based on the concentration of the solute in the medium and its solubility in the
prevailing temperature and pressure. Supersaturation is the most important variable in the
crystallization and affects all the mechanisms of the process and the rate in which they
occur. Crystals are created when nuclei are formed and grow, and kinetics play a role
important in this process. The system must be supersaturated for nucleation and crystal
growth happen. This supersaturation can be generated by diverse forms, mainly a change

the temperature, removing a solvent and/or by adding a precipitant agent.

In this chapter the cooling crystallization of potassium niobate was studied. The saturated
solution subjected to cooling induces the nucleation and growth of crystallites of the
dissolved substances. Different variables such as initial concentration of liquor and rate
of cooling were evaluated. Moreover, the crystallization of potassium niobate from an
alkaline liquor was carried out at atmospheric pressure, distinct of the majority studies in

literature.

Potassium niobate in its most stable phase — KNbO3 — is a perovskite-type compound and

its crystalline structure, cubic, tetragonal, orthorhombic, and rhombic, depend on the
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temperature of synthesis. At atmospheric temperature and pressure, potassium niobate
has an orthorhombic structure, being tetragonal at 225 °C and cubic near 435 °C (Wood,

1951). These properties may influence the behaviour of this compound in aqueous media.

Due to its piezoelectric and photorefractive properties, potassium niobate has several
applications. Associated to its structure, potassium niobate is an interesting material for
the study of ferroelectric phase transitions, because it undergoes a cubic—tetragonal—
orthorhombic-rhombohedral phase change sequence (Hewat, 1973), where the
orthorhombic crystals have piezoelectric properties (Komatsu et al., 2001); and as a
material to substitute lead zirconate titanate (PZT) (Kanie et al., 2011) — currently the
main material used for piezoelectric applications. There are also considerable applications
for potassium niobate in ceramics and glasses (Amini and Sacks, 1991; Bai et al., 2017;

De Andrade et al., 2000).

Besides this, potassium niobate oxides have been studied for their photocatalytic
properties, especially the K4NbeO17 due to their anisotropic structure (Zhou et al., 2014).
However, due to large bandgap, the potassium niobate has no photocatalytic activity
under visible light irradiation (Zhou et al., 2014). The K4Nb¢O17 structure is composed
of significantly distorted octahedra with N=O bonds that is oriented toward the interior
of the lamellar region and slightly distorted octahedra with Nb-O bonds deformed toward

the interior of the lamellar region, producing distinct characteristics.

Alkaline Leaching of the niobium ores, soluble potassium niobate can be obtained.
According to Reisman and Holtzberg, (1955), the study of equilibrium interactions of the
M>0-Nb2Os (M=K, Na) has problems that involves the metastable fields formation and
the dissimilarity between the aqueous (aq) and anhydrous (s) systems. Depending on the
synthesis path of niobate, its crystallization could involve the formation of metastable

phases which are later changed to the most stable phase.

A soluble metastable phase may be formed before the final stable phase is founded. For
example, KoNbO4 can be hydrolyzed to KsNbsO19.nH>O followed by the formation of the
more stable and insoluble KNbO3; (Wang et al., 2009; H. Zhou et al., 2005; H. M. Zhou
et al., 2005) . According to Hayashi et al., (2004) and Magrez et al. (2006), K4NbsO17 is
a metastable phase which processes a layered structure consisting of (NbsO17)* layers

and interlayers of K" ions. The KNb3Og structure is formed by two Nb2O19 octahedra units
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separated by NbOs octahedra that is connected by its vertices and by K ions with distinct
K-O distances.

The synthesis of potassium niobate particles has been studied by many methods, such as
the sol-gel method, microwave-assisted method and the hydrothermal method, as shown
in Table 5.1. The sol-gel method needs complex chemicals and the microwave-assisted
method has interesting advantages, especially regarding lower energy consumption and
control of reaction time. Nevertheless, the hydrothermal method is better understood and
commonly used. In general, wet chemical methods such as hydrothermal, sol-gel and

solvothermal can produce small particles.



Table 5.1. Studies about the synthesis of potassium niobate.
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Author Method Reagents Product
Yang et al., 2023 Solvothermal | Nb2Os KOH KNbO3 K4NbsO17
Kong et al., 2013 Solvothermal | Nb2Os KOH KNbO3 Ku4NbsO17  KNb3Og KoNb2Os
You et al., 2021 Hydrothermal |Nb2Os KOH KNbO;
Duarte et al., 2015 Hydrothermal |Nb2Os KOH KNbO; K4NbsO17  KNb3Os
Vuttivong and Vittayakorn, 2015 | Hydrothermal |Nb2Os KOH KNbO3
Feizpour et al., 2014 Hydrothermal |Nb2Os K>COs; NaCOs (K,Na)NbO3
Maetal., 2014 Hydrothermal |Nb2Os KOH K4NbsO17
Bai et al., 2011 Hydrothermal |Nb2Os KOH  NaOH KNbO3 NaNbOs (K,Na)NbO3
Kanie et al., 2011 Hydrothermal | NbCls KOH NaOH KNbO3 (K,Na)NbO3
Handoko and Goh, 2010 Hydrothermal |Nb2Os KOH  NaOH (K,Na)NbO3
Han et al., 2008 Hydrothermal | Nb,Os KOH KNbO; K4NbsO17
Wang et al., 2007 Hydrothermal |Nb2Os KOH KNbO3
Magrez et al., 2006 Hydrothermal | Nb>Os KOH KNbO;
Simdes et al., 2004 Hydrothermal |Nb2Os CsHsKOg4 KNbO3 KNbO3
Hayashi et al., 2004 Hydrothermal | Nb,Os KOH K>COs KNbO; K4NbsO17
Liu et al., 2002 Hydrothermal |Nb2Os KOH KNbO; K4NbsO17  KNbs3Os
Luetal., 1998 Hydrothermal |Nb2Os KOH KNbO;
Uchida et al., 1998 Hydrothermal |Nb2Os KOH KNbO; K4NbeO17




Cheng et al., 2005
Komatsu et al., 2001
Vlazan et al., 2017
Khorrami et al., 2015
Caoetal., 2012

Amini and Mirzaee, 2009
Tanaka et al., 2007
Amini and Sacks, 1991
Raja et al., 2017

Suetal., 2010

Lee et al., 2009
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Sol-gel
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Sol-gel
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Despite the large amounts of methods to produce potassium niobate, the variation in the
structure phase and morphology of the solids, even if the same reagents were used, is a
challenging issue. In this sense, the main advantage of the hydrothermal method is the
potential to obtain highly purified and homogenized metal oxide powders by controlling

the stoichiometry of reagents, temperature, and time of reaction (Kanie et al., 2011).

Han et al. (2008) studied the hydrothermal synthesis of the stable phase of potassium
niobate (KNbOs3) and the stability of the system K-Nb-H>O. This study shows the
dependence of KNbO3 formation on the temperature, in which the stable phase stabilizes
at 250 °C. According to these authors, a high alkaline concentration may promote the
formation of KNbO3, while the stability of hexaniobate ion in solution increases in lower
KOH concentration medium and temperature. Magrez et al. (2006) also synthesized
potassium niobate hydrothermally at 150 °C for 6 days and presented a structural
transformation of NbsO19® hexaniobate ions to the perovskite structure of KNbOs,
explained by the following reactions. The first one is related to the dissolution of niobium
pentoxide (Nb2Os) forming NbsO19® hexaniobate Lindqvist ion, where NbOg octahedrons
share edges. Subsequently, this complex changes into a single octahedron NbOg’~ anions,
which function as elementary specie with a NbO3™ corner-sharing octahedron network for

potassium niobate perovskite, according to the reactions (Equation 5.1 — 5.6):

Nb:Os dissolution:

Nb>0s5 + OH = NbsO19* + 4 H,O (5.1)
KNbO;s formation:

NbsO19% + 340H" = 6NbOs"™ + 17H20 (5.2)
NbOg’™ + K* + 3H,0 = KNbO;3 + 60H (5.3)
K4NbsO;7 formation:

NbsO16> + 2H,0 = NbO17* + 40H- (5.4)

NbsO17* + K" = KauNbsO17 (5.6)
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Several studies show the importance of KOH concentration in the hydrothermal synthesis,
that involves heterogeneous chemical reactions in aqueous medium at temperatures
higher than 100 °C and under pressure greater than 1 atm (Kanie et al., 2011; Kong et al.,
2013; Uchida et al., 1998; Vuttivong and Vittayakorn, 2015; Wang et al., 2007). These
studies have shown that higher KOH concentrations promote the KNbO3 formation and
that controlling the KOH concentration influences the particle size distribution. One
limitation of this method is the long synthesis time for the complete reaction and

formation of the potassium niobate crystals.

Liu et al. (2002) identified that both the KOH concentration and reaction temperature are
key factors influencing the final products, with KNbO3 formed in strongly alkaline media
(6 — 10 mol/L KOH) and at 120 °C for 7 days, while K4sNbsO17 and KNb3zOg were
produced in moderately and slightly alkaline media (0.5 — 4 mol/L KOH), at 180 °C for 4
days. In contrast, Vuttivong and Vittayakorn (2015) produced only the KNbO3 via
hydrothermal method using 15 mol/L KOH at 150 and 200 °C for 24 hours. Lu et al.
(1998) showed that the amount of Nb,Os used also affects the final product - at higher
concentrations of Nb in the aqueous solution the solids present a pseudo cubic crystalline

structure.

Bai et al. (2011) explored the hydrothermal synthesis of potassium and sodium niobates
and the effect of the use of surfactants on the morphology of the particles. The results
show that the use of surfactants like sodium dodecyl benzene sulfonate improved particle
growth without altering their strip-like shape. In another study, Bai et al. (2017) produced
potassium niobate at lower temperature synthesis (40 to 70 °C) with the addition of

sodium dodecyl benzene sulfonate enhancing the hexagonal morphology of the particles.

Ma et al. (2004) produced K4NbsO174.5H>0 via hydrothermal method and the increasing
the KOH concentration enhances the crystallinity of this phase, which also demonstrated

a promising adsorption capacity for Cr (III) ions.

Microwave-assisted synthesis is another effective method for producing potassium
niobates, offering shorter reaction times and precise control over the phases formed.
Feizpour et al. (2014) evaluated different heating temperatures by this method and
showed that higher temperatures increase the crystallinity of niobate solids and increase

the particle size. Duarte et al. (2015) also used a microwave-assisted solvothermal
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method. They observed that the higher K/Nb ratio could favour the formation of the
KNbO; phase and the adjusted of pH with acetic acid to less basic values promote the
formation of metastable phases, such as KsNbsO17 and KNb3Os.

The sol-gel is a method used to produce inorganic oxides by a preparation of a colloidal
dispersion — sol. The gel is characterized as a substance that contains a solid network
formed by the establishment of bonds between the particles or the molecular species of
the sol (Alves, 2019). Amini and Sacks (1991) synthesized KNbOs3 through the hydrolysis
of alkoxides at low temperatures and a stable gel was obtained controlling the water
concentration. Crystalline phases such as KoNbsOg and K4NbsO17 appear at temperatures
higher than 600 °C and KNbO3 formation above 750 °C. Cheng et al. (2005) used
potassium and niobium ethoxide solutions with the addition of H>O; under stirring in air
and, followed by reflux at 100 °C, to synthesize KNbO3 thin film. It was observed the
presence of K4sNbsO17 with the increase of H>O; addition.

Additionally, Amini and Mirzaece (2009) synthesized KNbO3 and KuNbegOi7 by
hydrothermal-assisted sol-gel processing. They identified a potassium deficient phase
formation (K4NbsO17) due to the volatility of KO during the process in different
temperatures. Tanaka et al. (2007), observed that the formation K4NbsO17 was related to
the existence of the remained dimer in the precursor solutions that became the nuclei of

this phase rather than volatilization of K>O during the heat treatment.

Hayashi et al. (2004) used supercritical and subcritical water conditions to produce
potassium niobate, finding that the metastable phase K4NbegOi7 is formed under
subcritical conditions (< 300 °C), and that higher temperatures and longer heating times
promote KNbO3 formation. Simdes et al. (2004) synthesized thin films of potassium
niobate hydrothermally, using potassium biftalate and niobium oxide, achieving
acceptable electrical characteristics for applications in switches, non-volatile memories,

and surface acoustic wave devices.

The solid-state method was used by Lee et al. (2009), Su et al., (2010) and Raja et al.
(2017) to produce potassium niobate as K4NbsO17 and KNbO3. This method offers the
advantage of high yield quantity and easier processing. However, to successfully produce
the potassium niobate, it is necessary to use high temperatures (200 to 1000 °C) and

reaction time.
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Among these methods, crystallization by cooling is generally used for substances with
moderate to high solubility, when the solubility-temperature curve shows a positively
steep and the final crystallizer temperature must be as low as possible to avoid loss of the
product in the mother liquor. In addition, a lower rate of crystal growth and heat transfer

must be considered for higher liquid viscosity at lower temperatures (Lewis et al., 2015).

By decreasing in the temperature, the supersaturation is created and reduced by the
growth of crystals in the solution. Supersaturated solutions are thermodynamically
unstable. However, in some specific conditions, their properties can be stable for some
time, and the metastable phases may be formed. The main limitation of this method is
that the yield is limited by the solubility of the compound at lowest temperature. The
control of nucleation is also an issue to achieve the crystal properties and high-quality

product.

To improve purity, thermal treatment can be applied to crystallized potassium niobate
aiming to remove volatile phases, thermal decomposition and changing the structure into
crystalline substances (Campos et al., 2018). Calcination plays a crucial role in
determining the structure of the crystal and physicochemical properties of the potassium
niobate. The temperature has an important influence in the phase formation, and the
structure transition of potassium niobate is related to crystalline transformation in the
range of 50 to 500 °C. The phase transition may occurs following from rhombohedrum
or triclinic to orthorrombic, orthorrombic to tetragonal and tetragonal to cubic — from low

temperature to high temperature (Wen et al., 2005; You et al., 2021; Zhang et al., 2013).

Several studies also have shown that calcination step favour the formation of crystalline
structure of alkali niobates (Amini and Mirzaee, 2009; Cao et al., 2012; Khorrami et al.,
2015; Lente, 2015; Pecchi et al., 2013; Raja et al., 2017; Su et al., 2010; Tanaka et al.,
2007; Vlazan et al., 2017; Yang et al., 2023; You et al., 2021). Some of these studies
found that from 500 °C a powder of pure KNbO3 can be produced via different approaches
wet-chemical methods (Khorrami et al., 2014; Pecchi et al., 2013, Raja et al., 2017,
Vlazan et al.,, 2017, Cao et al., 2012). Khorrami et al (2014) shows by the
thermogravimetric analysis of alkali niobates that potassium niobate needs a higher
calcination temperature than sodium niobate solids due to the lower chemical reactivity

of potassium in comparison with sodium.
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Furthermore, one of the difficulties when crystallizing potassium niobate is to control the
stoichiometry of potassium and niobium, since the potassium tends to volatilize with the
increase of the temperature in the heating process. In case of low temperature of
calcination and volatilization of K>O, the secondary phase K4NbcO17 can appear and

prevent the crystallization of single-phase KNbOs3 (Tanaka et al., 2007, Cao et al., 2012).

In the present study, potassium niobate was crystallized by cooling the alkaline liquor
from Fe-Nb alloy fines alkaline leaching (Chapter 3). In this context, this chapter aims to
investigate the parameters for cooling crystallization of potassium niobate in atmospheric
pressure, and the chemical composition and morphology of the obtained solids. To this
end, the initial concentration of the alkaline liquor was evaluated, and different cooling
rates were carried out (0.1, 0.5 and 1 °C/min) to understand their influence on the chemical
composition, morphology and kinetic in potassium niobate crystallization.

Characterization of all obtained solids was also performed.

5.2 Materials and methods

5.2.1 Reagents

Fe-Nb alloy fines (< 106 pm) were used as the starting material to produce the alkaline
liquor. The alkaline liquor was produced according to experimental procedure presented
in Chapter 3, section 3.3.2. Analytical-grade KOHjs) (85%, CAS: 1310-58-3) was used
without further purification in all experiments. Solutions were prepared with distilled or

Milli Q water.

5.2.2 Potassium niobate crystallization from alkaline liquor

The initial concentration of Nb and K in the alkaline liquor was evaluated at different
temperatures by removal of water of the liquor. The alkaline liquor was evaporated at 100
°C and kept in boiling until 60, 40 and 20 wt% removal of water from the initial volume,
and the liquor was cooled until 15 and 30 °C for each concentration, as shown in Figure

5.1:
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Figure 5.1. Crystallization of potassium niobate steps from removal of water by

evaporation and cooling crystallization in different conditions.

The experimental apparatus for the crystallization of potassium niobate was described in
Chapter 3, section 3.2.3. The temperature was controlled with the circulation of water
into the jacketed reactor with a thermostatic bath (Solid Steel SSD). The liquor was kept
under stirring at 300 rpm at a cooling rate of 0.45 £ 0.05 °C/min. The initial temperature
of the liquor was 100 °C and when the final temperature was achieved, the solution was
kept at constant temperature and stirring for 1 hour. The solids obtained were vacuum

filtered on a quantitative strip filter paper and dried at 60 °C for 12 hours prior to analysis.

5.2.3 Evaluation cooling rate in the crystallization of potassium niobate

Table 5.2 shows the conditions used to investigate the influence of cooling rate on
crystallization of potassium niobate. An aqueous solution was prepared using the
previously crystallized potassium niobate. The concentration was determined according

to the solubility data from Crystal 16 (see Chapter 4).
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Table 5.2. Experimental conditions used for cooling crystallization of potassium niobate.

Experimental conditions

Cooling rate 0.1, 0.5 and 1.0 °C/min
Initial temperature 80 °C
Final temperature 30°C

Solubility of potassium niobate in water — Crystal 16 data

Concentration 338.5 g/L
Temperature 70 °C

The crystallization was carried out by cooling the solution of potassium niobate in a
reactor with 250 mL of capacity. The temperature was controlled with the circulation of
water into the jacketed reactor with a thermostatic bath (Julabo FP 50). The solution was
heated at 80 °C for 1 hour to the dissolution of potassium niobate and then cooled at the
desired cooling rate until 30 °C. When the temperature of 30 °C was achieved, the
crystallization process was maintained for 24 hours. The solution was kept under stirring
at 200 rpm. Samples were taken during the experiments to monitor the concentration of

Nb and K. The solids were centrifuged and dried at 60 °C for 12 hours prior to analysis.

5.2.4 Supersaturation index

The supersaturation of the system during the crystallization was calculated from the

chemical solution composition measurements using the Equation 5.7:

g= % (5.7)
Ceq

Where S is the supersaturation, ¢ the concentration in the solution and c.4 the equilibrium
concentration (solubility), with 1 representing the saturation state. The solubility data was

given by OLI and Crystal 16 curves.
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5.2.5 Thermal conversion

Potassium niobate was calcined in a furnace (Carbolite CWF1200) at 500 to 900 °C for 2
hours in a heating rate of 5 °C/min to evaluate the thermal conversion in the crystalline

structure of the solids, as presented in Table 5.3.

Table 5.3. Calcination of crystallized potassium niobate (Rate of heating: 5°C/min for 2

hours).
Temperature (°C)  Initial mass (g) Final mass (g) Loss (%)
500 0.6355 0.6135 3
600 0.7686 0.7177 7
700 0.6458 0.6013 7
800 0.6070 0.5574 8
900 0.7281 0.6523 10

5.2.6 Physico-chemical characterization

The chemical composition of the aqueous solutions was determined by ICP-OES (Perkin
Elmer - Optima 7300DV and Thermo Scientific - iCAP 7000 Series). The detection limits
were < 0.005 mol/L.X-ray diffraction was carried out to identify the crystalline phases in
solids using the PHILIPS equipment (XRD PANalytical and PANalytical, X Pert Pro)
both with a Cu (Ka) radiation.

The chemical composition of the solids was analysed by X-ray fluorescence spectrometer
with wavelength dispersion (WDXRF - ARL PERFORM’X - Thermo Scientific GEN-X
4200W) and Rd tube (SGNf Rh 50u).

To analyse the structural characteristics the Fourier Transform Infrared (FTIR)
spectroscopy was used and performed in a spectrometer at a resolution of 4 cm™! and

scanned from 4000 to 400 cm™! (Bruker Alpha and Perkin Elmer UATR Two).

Scanning Electron Microscopy (SEM) (APREO 2C — Thermo Ficher) coupled with
Energy-Dispersive X-ray Spectroscopy (EDS) (Bruker Xflash 60-30) was perfomed to

investigate particle morphology and chemical composition. The solids produced were
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also analysed by using optical microscopy (NOVEL-BM2100POL). The samples were
fixed on a glass slide and the images were captured using the camera with coupled

objective lenses.

The size of suspended particles was measured by dynamic light scattering (DLS) (Zeta
Sizer Pro, Malvern PANalytical) using a polypropylene cuvette.

The thermal stability of the solids was evaluated by thermogravimetric analysis (Netzsch

STA 449 F3 Jupiter) under an inert atmosphere with nitrogen at a flow rate of 80 mL/min.

5.3 Results and Discussions
5.3.1 Cooling crystallization of potassium niobate

5.3.2.1 Evaluation of the initial concentration of the alkaline liquor

The crystallization of potassium niobate was evaluated by changing the initial
concentration of the leached alkaline liquor and, as consequence, changing the
supersaturation of the solution. The initial concentration of niobium and potassium were
monitored based on pre-concentration steps of 60, 40 and 20 wt% of water removal by
evaporation at 100 °C, respectively. The crystallization of potassium niobate was carried
out in a cooling rate of 0.45 + 0.5 °C/min from 100 °C to 30 and from 100 °C to 15 °C.
The variation in the initial concentration of the alkaline liquor and temperature was
proposed to evaluate how the change in the supersaturation of the liquor could influence
in the potassium niobate crystallization. No crystallization occurred during the pre-

concentration step.

Figure 5.2 shows the theoretical and experimental concentration of Nb and K in the
alkaline liquor, after the pre concentration by removal of water and post crystallization

steps.
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Figure 5.2. Concentration of (a) Nb and (b) K during alkaline leaching, pre concentration
of liquor and post crystallization steps of the crystallized potassium niobate at 30 and 15

°C.

From the Figure 5.2 it is possible to observe the consumption of niobium and potassium
in each step of the potassium niobate crystallization. The Nb consumption during the

crystallization of potassium niobate (Figure 5.2 (a)) declines with the decreases in the
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wt% removal of water from the alkaline liquor and in whole crystallization.
Counterintuitively, the Nb consumption for the 60 % water removal at 15 °C was not the
highest. When 60 wt% of the water removed from the liquor and the final temperature of
crystallization of 30 °C was reached, the Nb consumption was the highest. The situation
of 20 wt% removal of water at 15 °C was not evaluated, once the crystallization yield was

lower than expected (Figure 5.3).

Table 5.4 shows the supersaturation of each condition in potassium niobate
crystallization, calculated based on the experimental concentration of niobium using the
Equation 5.7. The supersaturation reaches a maximum value in the pre concentrated
liquors and decrease after the crystallization process. This behaviour is expected, since
the concentration of liquor rise after the evaporation step by removal of water and

decrease after Nb and K are consumed by the crystallization of potassium niobate solids.

Table 5.4. Supersaturation index of experimental data of crystallization of potassium

niobate from the alkaline liquor.

60 wt% 40 wt% 20 wt%
30 °C 15°C 30 °C 15°C 30 °C
Leaching 8.24 8.24 8.24 8.24 8.24
Pre concentration 22.38 28.47 18.99 24.17 16.86
Post crystallization 7.22 11.9 10.23 15.41 16.82

* The solubility limit was based on KNbO3 phase from OLI Studio modeling at 30 °C = 0.059 mol/L and
15 °C =0.047 mol/L.

In the pre concentrated liquors with 60 and 40 wt% of removal of water from the alkaline
liquor, the highest values of supersaturation were observed when 15 °C was the final
temperature of cooling crystallization. However, the crystallization yield of potassium

niobate had better performance at 30 °C than at 15 °C, as presented in Figure 5.3.

The cooling crystallization yield of potassium niobate was monitored in each condition —
pre-concentrated 60, 40 and 20 wt% at 30 and 15 °C (Figure 5.3). The amount of solids
formation decreases with decreasing initial concentration of Nb in liquor (1.33, 1.13 and
1.00 mol/kgiiquor, respectively), which is expected, since the supersaturation also

decreases. Furthermore, decreases in the final temperature of the system also reduced the
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formation of solids at the end of the crystallization although a high yield was expected
according to theoretical calculation by mass balance. This difference could be related to
the kinetics of the mix of phases of potassium niobate during the crystallization and the

presence of impurities in the liquor.

Due to the low crystallization yield when the potassium niobate was crystallized until 30
°C with the liquor pre-concentrated 20 wt%, the final temperature of 15 °C was not
evaluated. According to the theoretical calculations, the highest yield was expected at 30
°C and was obtained only 11% of the predicted value. When the liquor was pre
concentrated with 40 wt% water removal and potassium niobate crystallized until 30 °C,

the yield reached 96 % while 60 wt% of water removal from the liquor presented 86 %

of yield.
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Figure 5.3. Theoretical and experimental crystallization yield of potassium niobate solids
after the cooling crystallization at 30 and 15 °C in 60, 40 and 20 wt% pre concentrated

alkaline liquor and the extent of reaction.

The produced solids were characterized by XRF analysis and Table 5.5 shows the
chemical composition of crystallized potassium niobate. There is no significant difference
between the samples of potassium niobate, that present approximately 44 % of Nb and 26

% of K. With the exception of the potassium niobate crystallized from 20 wt% pre
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concentrated liquor which shows 10 % more Nb and K in its composition — probably

related to a formation of a different phase.

Table 5.5. Chemical composition of potassium niobate crystallized at 30 and 15 °C in 60,

40 and 20 wt% pre concentrated alkaline liquor.

SAMPLE Nb (%) K (%)
60 wt% 30°C 43.38 27.29
60 wt% 15 °C 44.77 26.20
40 wt% 30 °C 44.89 25.07
40 wt% 15 °C 43.98 26.33
20 wt% 30 °C 55.28 20.57

The relative amounts of Nb and K can also be compared to identify potassium niobate
phases. The stable phase KNbO3 exhibits a chemical composition of 34.95 % of Nb and
41.51 % of K, whereas the intermediate phase K4NbeO17, for instance, presents 41.94 %
of Nb and 33.20 % of K. Based on the chemical composition showed in Table 5.5, it can
be inferred that K4uNbsO17 could be the predominant phase of the crystallized potassium

niobate.

A mix of potassium niobate phases were identified in the crystallized solids as shown by
the XRD analysis (Figure 5.4). It is possible to observe that the increase of the initial
concentration of the liquor, i.e., higher supersaturation, results in more crystalline

structures of potassium niobate solids, with well-defined peaks.

According to Figure 5.4, two majoritary phases are present in the solids: the metastable
phase K4NbeO17 and the stable phase KNbO3. The unknown peaks may be related to the
soluble intermediate hexaniobate phase KsNbsO19.nH>O (Bai et al., 2011, 2017; Kanie et
al., 2011). The limited of crystallography data on potassium niobate phases hinders the
accurate identification of all peaks in the crystallized solid. Some studies report that
mixtures of these two phases (K4sNbsO17 and KNbO3) were observed using different
methodologies such as hydrothermal, solvothermal, precipitation, sol-gel and solid state,

as presented in Table 5.1. Most of these studies use Nb2Os as source of niobium to produce
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potassium niobates. As far as we know, this is the first study that presents the cooling
crystallization of these phases from a recovered alkaline liquor from a secondary source
of niobium. Kong et al. (2013) and Yang et al. (2023) produced Lindqvist type
hexaniobates from solvothermal reaction with NboOs and K4NbeO17 predominates in the
solids were predominantly, as a product with K-rich phase. Han et al (2008), shows that
these two phases can coexist under a wide pH range and specific hydrothermal conditions
of temperature from a Nb2Os solution. They also show the effect of KOH concentration
on the phase to be formed— higher concentration of KOH leads to the formation of the
stable phase KNbOs, while the amount of NbsO17*+ ions is reduced. In addition, Kudo et
al. (2004) observed that the metastable phase K4NbsO17 was firstly formed and enabled
the formation of the stable phase KNbO3 under directional solidification of the starting
materials at higher temperature (800 °C). Here, a solid phase with similar profile was

produced under much milder conditions of temperature and pressure.
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Figure 5.4. XRD of potassium niobate solids obtained by cooling crystallization from pre

concentrated liquors until 30 and 15 °C.
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Figure 5.5 shows the FT-IR spectra obtained for all crystallized potassium niobate solids
from pre concentrated liquors. The bands observed around 3500 to 2500 cm are
characteristic to the O-H vibrations and -OH groups, confirming the presence of water
molecules in the surface of the solids (Vlazan et al., 2017). The bands of potassium
niobate obtained from 20 wt% pre concentrated liquor shows a higher intensity in this
region, which may imply a more hydrated solid. The bands in the range of 2000 to 1000
cm! are attributed to adsorbed water on the surfaces of the samples (Feizpour et al., 2014;
Zhang et al., 2013). The bands from 1000 to 500 cm™ corresponding to the vibrations of
metal-oxygen bonds: Nb-O from NbOg octahedron, reveals the formation of potassium
niobate. Additionally, KNbO; has related bands in the region of 500 cm™!, suggesting
different crystalline structure such as orthorhombic, cubic or tetragonal (Zhang et al.,
2013).
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Figure 5.5. FT-IR spectra of potassium niobate solids obtained by cooling crystallization

from pre concentrated liquors until 30 and 15 °C.

Optical microscopies in Figure 5.6 reveal that potassium niobate crystallized from pre

concentrated alkaline liquor at different conditions of concentration and temperature
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shows mostly isolated single crystals with a rectangular shape and long-side lengths. In
the Figures 5.6 (a) and (b) it is possible to observe particles with more distinct
morphology and size, with the presence of small agglomerates, formed from the solutions
pre-concentrated by 60 % water removal. Figures 5.6 (c) and (d) show the potassium
niobate that was crystallized from the liquor with 40 wt% of removal of water, which
presented more homogeneously sized crystals, with an improved hexagonal morphology.
And the solids crystallized at lower concentration - 20 wt% at 30 °C shows the presence
of agglomerated particles, Figure 5.6 (e), comprised mostly by crystals in the same size
range. It is also noteworthy that, despite the lower yield, crystals observed in Figure 5.6
(e) are the largest ones. Liu et al. (2002) also found particles with a hexagonal shape by
hydrothermal synthesis at lower temperature and reaction time (120 °C for 2 days). They
related the formation of the hexagonal particle as an intermediate form of potassium

niobate before the formation of the stable phase KNbOs3 (rodlike shape).

As mentioned in Chapter 3, section 3.4.2, the low temperatures of crystallization when
compared to hydrothermal methods allowed that fewer defective particle were formed
with more homogeneous structures and the lower cooling rate favouring the formation of
the crystalline particles. The supersaturation was driven by the different initial
concentration of the pre concentrated alkaline liquor. Hence, as expected, the higher
concentration, i.e., higher supersaturation, favours the formation of smaller crystals by

enhancing the nucleation rates.
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Figure 5.6. Optical Microscopy of potassium niobate crystallized from pre concentrated
alkaline liquor (a) 60 wt% at 15 °C, (b) 60 wt% at 30 °C, (c) 40 wt% at 15 °C, (d) 40 wt%
at 30 °C and (e) 20 wt% at 30 °C.
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5.3.2.2 The influence of cooling rate in the crystallization of potassium
niobate

Three different cooling rates — 0.1, 0.5 and 1 °C/min — were evaluated in order to find out
their influence on the cooling crystallization of potassium niobate in a temperature range
of 80 to 30 °C. According to the crystallization yield seen in Figure 5.3, the final
temperature was set as 30 °C. Hence, a solution was prepared with the previously
crystallized potassium niobate, as a mix of metastable and stable phase — K4NbsO17 and
KNbO3, respectively. Table 5.6 shows the initial concentration of niobium and potassium

in the start solution.

Table 5.6. Initial concentration of Nb and K in the potassium niobate solution to
crystallization at different cooling rates (0.10, 0.50 and 1.00 °C/min) in a temperature
range of 80 to 30 °C.

Rate (°C/min) 0.10 0.50 1.00
Nb (mol/L) 1.80 1.88 1.79
K (mol/L) 0.22 0.23 0.21

Figure 5.7 shows the consumption of niobium during the crystallization of potassium
niobate at different cooling rates. The concentration of Nb was normalized to standardize
the initial Nb concentration in all solutions. Thus, the initial Nb concentration was set as
100 % to be used for comparison between the samples during the cooling crystallization.
It is observed that the Nb consumption during the potassium niobate crystallization was
different for each cooling rate. The lower cooling rate (0.10 °C/min) and, as consequence,
longer residence time led to a higher consumption of Nb. This behaviour should not be
expected if the equilibrium was achieved in all conditions of cooling rate and temperature,
once the initial concentration of niobium had no significant variation (Table 5.6), the final
Nb concentration was expected to be the same, i.e. the same crystallization yield should
be achieved at the end of the crystallization in all cooling rates. However, the extent of
crystallization was very low when compared to the theoretical calculations. The
crystallization yield was only 10.7, 8.3, 4.4 % to 0.10, 0.50 and 1.00 °C/min cooling rate,
respectively. Since the crystallization yield was different from that predicted for the

different cooling rates, it can be inferred that the equilibrium was not reached. Therefore,
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the lowest cooling rate and the longest cooling time (0.10 °C/min - 500 minutes) provide
more time for growth kinetics compared to the other conditions (100 and 40 minutes for
0.50 and 1.00 °C/min, respectively). Due to the low growth kinetic of the crystals,
crystallization at 0.10 °C/min resulted in a higher yield at the end of the process.
Moreover, although very low, the yield is much lower than it was anticipated from the
remaining Nb in solution seen in Figure 5.7. The predicted solid yield was 10.2, 7.6 and

4.1 gt0 0.10, 0.50 and 1.00 °C/min cooling rate, respectively.

A higher crystallization yield obtained at lower cooling rate can be related to the residence
time. The decreasing in the cooling rate increases the residence time, since the final
temperature to be reached is the same in all experiments, and may increase the effects of
secondary nucleation caused by friction and breakage of crystals, as well as due to

impeller collision in the reactor, thus increasing the overall yield.
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Figure 5.7. Niobium consumption during the crystallization of potassium niobate in the

different rates of cooling.

Supersaturation is achieved by uniformly reducing the temperature of the solution. The
control of the cooling rates is directly related to the diffusion of solution and the
supersaturation, which is very important to control the growth of the crystals. Table 5.7

shows the maximum supersaturation of the system.
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Table 5.7. Supersaturation of experimental data of cooling crystallization from a
potassium niobate solution at 80 and 30 °C based on OLI Studio modeling and Crystal 16

experimental solubility curve.

Supersaturation 80 °C 30 °C
OLI Studio”
1.00 °C/min
0.50 °C/min 0.27 1.85
0.10 °C/min
Crystal 16"
1.00 °C/min 0.37 3.75
0.50 °C/min 0.38 3.93
0.10 °C/min 0.37 3.74

* The solubility limit was based on KNbO3 phase from OLI Studio modeling at 80 °C = 0.35 mol/L and 30
°C =0.05 mol/L.

** The solubility limit was based on Nb concentration from Crystal 16 solubility curve at 80 °C = 0.49
mol/L and 30 °C = 0.48 mol/L.

In the supersaturation calculations carried out from OLI Studio data only the stable phase
of the system (KNbOs) was considered, since no other phase of Nb-K-H>O is present on
its the database. The initial mass of crystallized potassium niobate for the start solution
of 16.92 g, containing approximately 44.5 % of Nb, was considered. However, for the
supersaturation from solubility curves obtained from Crystal 16, the presence of the major

phase (K4NbsO17) was also considered.

It is possible to verify a variation on the supersaturation values calculated for both
methods, OLI Studio and Crystal 16. The supersaturation of the system was calculated
considering that the solid was crystallized only after the solution achieved 30 °C.
According to the supersaturation results, the system was undersaturated at 80 °C, as
expected, with S values < 1. By cooling the system, the solution becomes supersaturated
allowing the crystal formation - in the end of the cooling crystallization, at 30 °C the
supersaturation was > 1 for both the KNbO3 only (OLI values) and > 3 for the mix (Crystal
16 values). Using OLI Studio solubility data, the presence of K4aNbsO17 phase was not
considered in the supersaturation calculation and because of this, the results may be
underestimated. However, Crystal 16 solubility data was obtained from the crystallized

potassium niobate as a mix of phases and, as discussed previously in this chapter, the
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crystallization of both metastable and stable phases in the same system may affect the
formation of crystals. Additionally, to the supersaturation calculation by Crystal 16 data,
only the Nb concentration was considered while OLI Studio considered the phase KNbO3

concentration.

Figure 5.8 shows the XRD of potassium niobate crystallized in 0.10, 0.50 and 1.00 °C/min
in a temperature range of 80 to 30 °C. The two major phases of initial potassium niobate
used in the start solution — KNbO3; and K4NbsO17 — are still present in the crystallized
solids at the different cooling rates. The unidentified peaks could be related to minor

intermediate phases of potassium niobate (e.g., KNb3Os, KsNbsO19.nH>0).

It can be observed that by lowering the cooling rates, the peaks of XRD analysis become
better-defined. Due to the low kinetics of potassium niobate formation, the lower cooling
rate can favour the formation of well-formed crystals with smoother surfaces (Souza et
al., 2024) and improve the crystalline structure of potassium niobate. Similarly, other
synthesis conditions have also showed the influence on phase formation and crystallinity.
Bai et al. (2017) showed the formation of intermediate phases at lower hydrothermal
synthesis of potassium niobate. They produced a hydrated potassium niobate phase at 40
to 70 °C by adding the surfactant SDBS (Sodium dodecyl benzene sulfonate) in a high
KOH concentration (9 mol/L).
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Figure 5.8. XRD of potassium niobate crystallized at different cooling rates — 0.10, 0.50

and 1.00 °C/min, in a temperature range of 80 to 30°C. KN: crystallized potassium niobate

used in the start solution

The FTIR analysis was also conducted

in the crystallized solids, as showed by Figure 5.9.

The potassium niobate crystallized at lower cooling rates presented less water in its
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structure, as we can observe between the bands around 3500 — 2500 cm™' and in the bands
related to the O-H bonds between 1800 — 1000 cm™!. And similar to the FTIR of
crystallized potassium niobate presented by the Figure 5.9, the bands at wavenumber
smaller than 1000 cm™ are associated to vibrations of NbOgs octahedron, related to the

vibrations of Nb-O in the structure of the solids.
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Figure 5.9. FTIR spectra of potassium niobate crystallized at different cooling rates in a

temperature range of 80 to 30°C.

Figure 5.10 shows SEM images of potassium niobate crystallized at (a, b) 1.00, (c, d)
0.50 and (e, ) 0.10 °C/min. The solids obtained by cooling at 1.00 °C/min were small
agglomerated of particles without a defined shape (more amorphous particles), which
corroborates with the low crystallinity seen on the diffractogram. The lower cooling rates
improved the shape of the hexagonal crystals. This behaviour was also reported by Bai et
al. (2017) at 40 to 70 °C. Liu et al. (2002) also found an intermediate phase of potassium
niobate with hexagonal shape at relatively low temperature (120 °C) by hydrothermal

reaction.
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Tong et al., (2025) observed that lower cooling rates in hydrothermal synthesis of
potassium niobate can also improve the crystallinity of the crystals and the crystal growth
can be accelerated by reducing the cooling rate. However, in crystallization from a
supersaturated solution under stirring, a lower cooling rate leads to a higher residence

time, and also may lead to higher degree of particle breakage.

The spontaneous nucleation from a supersaturated solute solution is uncontrolled, which
can lower quality of the crystals (less well-defined morphologies and lower crystallinity).
In addition, spontaneous nuclei can produce different shape and size of solids, resulting
in non-uniform crystal growth, defect formation, and crystal size distributions (Tong et

al., 2025).
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Figure 5.10. SEM images of potass1um niobate crystallized at (a—b) 1.00 °C/m1n (c-d)
0.50 °C/min and (e-f) 0.10 °C/min.
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The chemical elemental mapping confirms the uniform composition of niobium,
potassium and oxygen in the solids (Figure 5.11). Punctual EDS analysis of two distinct
regions shows a consistent chemical composition of 41 % of Nb, 19 % of K and 8 % of

O for all samples of potassium niobate cooled crystallized in the three evaluated cooling

rates.

Figure 5.11. Chemical mapping of crystallized potassium niobate in the cooling rate of
(a) 1.00, (b) 0.50 and (c) 0.10 °C/min in a temperature range of 80 to 30 °C. Images grey:
background, green: Nb, red: K, and purple: O.

5.3.2.3 Kinetics of potassium niobate crystallization

It is speculated that the low crystallization yield, and the disparity between the niobium
consumption and the yield, may be related to the low kinetics of potassium niobate

formation. To evaluate the formation of small particles of potassium niobate during the
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cooling crystallization, a potassium niobate solution was prepared and a Crystal 16
experiment was performed at 0.50 °C/min in a temperature range of 70 to 30 °C. The
solution was left stirring at 30 °C and the solutions were analyzed for small particles using

the dynamic light scattering. The results for particle populations are shown in Figure 5.12.
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Figure 5.12. Investigation of particle size during the cooling crystallization of potassium
niobate by Crystal 16 in a range of 70 to 30 °C and 700 rpm with a cooling rate of 0.50

°C/min.

From the Figure 5.12 it is possible to observe the presence of small particles is majority
in a range of 150 — 300 nm, with a maximum intensity of 50 % at 200 nm particles. The
solution was kept under stirring and after 4 hours at 30 °C the particless grown to 600 —
1400 nm. When the crystallization achived 72 hours at 30 °C the intensity of bigger
particles had a significant increase. This results evidence the low kinetics of potassium
niobate crystallization, since it was necessary 72 hours for the particules to achieve 300 -

500 nm with 80 % of intensity and 50 % with particles between 600 — 1200 nm.
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The presence of these very small particles can explain the discrepancy from the Nb found
in solution and the solid yield. Since the liquid samples from the previous experiments
were all filtered (PVDF syringe filter — 0.22 pum) prior to ICP analysis for Nb content,
and the solids were filtered using quantitative strip filter paper, these particles were large

enough to be filtered out for the ICP analysis, but not for the solid yield.

In each step of the investigation, the solution was analyzed and the crystallized potassium
niobate was filtrated in a PVDF membrane. The FTIR analysis was performed to evaluate

the produced solids, as shown in Figure 5.13.
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Figure 5.13. FTIR spectrum of crystallized potassium niobate by Crystal 16 in a range of
70 to 30 °C and 700 rpm with a cooling rate of 0.50 °C/min.

From the FTIR spectra it is possible to observe the presence of crystallized potassium
niobate on PVDF membrane, in accordance with the previous potassium niobate FTIR
analysis shown in Figure 5.9. Weak bands around 3500 to 2500 cm related to the
presence of water and O-H bonds can be seen in the sample of potassium niobate
crystallized in the cooling rate of 0.5 °C/min from 80 to 30 °C and kept under stirring to
4 and 72 hours from 80 to 30°C. Bands between 1800 to 1000 cm™! can be associated to
the PVDF membrane, attributed to carbon-oxygen-fluorine bonds (Da Silva et al., 2024).
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Due to the presence of empty spaces between the solid and the membrane, the membrane
bands appear in the analysis results. The increase of the crystallization time led to a
improve in the IR spectra, due to the presence of more crystallized particles, where some
bands related to the PVDF membrane disappear. The bands at wavenumber smaller than
1000 cm™! are associated to vibrations of NbOs octahedron, related to the vibrations of

Nb-O in the structure of the solids.

5.3.2 Thermal conversion of crystallized potassium niobate

Thermal treatment of crystallized potassium niobate was conducted to assess the
progressive stages of the exothermic reaction and the changes on the crystalline structure

from 500 to 900 °C. Figure 5.14 shows the TG/DSC curve of the solid.
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Figure 5.14. TG/DSC of crystallized potassium niobate at 30 °C in 40 wt% pre

concentrated alkaline liquor in nitrogen atmosphere.
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A significant weight loss is observed until 200 °C with three exothermic peaks that are
related to the dehydration of adsorbed water from the crystallized potassium niobate.
Several peaks in the range of 200 to 900 °C appear in the TG/DSC curve. Tanaka et al
(2017) described the exothermic peaks at 500 and 620 °C as the crystallization of two
phases: K4NbsO17 and KNbO3 and Feizpour et al. (2014) as phase transition phenomena.
In this study, these peaks could be seen at 482 and 570 °C and could be associated to the
both cases, as the crystallized potassium niobate is a mix of phases. The peak and loss of
mass between 600 and 750 °C could be related to the volatilization of K>O (Tanaka et al.,
2017). A very sharp peak at 855 °C accompanied with no mass loss can be observed in
the curve, which may be attributed to the liberation of heat caused by the formation of a
perovskite phase (Cao et al., 2012; Yao et al., 2009, Vlazan et al., 2017). This suggest
that the calcination temperature to obtain a KNbOj3 phase should be above 855 °C, which
can be confirmed by the XRD analysis. The total mass loss of the potassium niobate

sample was 14.3 %.

The temperature of calcination was explored for the phase transition of the calcined
solids, as shown by the XRD analysis in Figure 5.15. When the temperature was 500 °C
the obtained product had no significant change in its structure, with low intensity peaks.
The crystallinity of the potassium niobate increased with the increase of calcination
temperature — higher temperatures lead to the formation of the stable phase KNbOs.
However, the potassium can volatilize at higher calcination temperature and this factor
may also lead to phase changes (Yang et al., 2023). Moreover, at different temperatures
of calcination, potassium niobate can show a different crystalline structure. Only at 900
°C the product of calcination presented the orthorhombic structure (PDF 00-077-1098).
This imply that the calcination temperature affects the crystallinity of the solids and its

crystalline structure.
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Figure 5.15. XRD of calcined potassium niobate crystallized at 30 °C in 40 wt% pre

concentrated alkaline liquor.

The FT-IR analysis of the calcined potassium niobate was also conducted and is shown
in Figure 5.16. Weak bands related to the presence of water and O-H bonds (3500 to 2500
cm™) can be observed in the calcined at 500 °C, however they are not present in the
samples that were calcined at 600 to 900 °C. The bands around 2000 to 1000 cm™ drop
with the increase of calcination temperature and are attributed to water on the surface of

the solids and H-bonds (Feizpour et al., 2014). The increase of calcination temperature
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leads to a significant change in the IR spectra, and the bands at wavenumber smaller than
1000 cm! disappear. These bands are related to the vibrations of oxygen-metal — Nb-O.
One strong and broad band at 500 cm™ is formed and it is associated to vibrations of NbOs
octahedron in the perovskite structure, confirming the formation of stable phase of

potassium niobate (Vittivong and Vittayakorn, 2015).
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Figure 5.1612. FTIR of calcined potassium niobate crystallized at 30 °C in 40 wt% pre

concentrated alkaline liquor.

5.4 Conclusions

Cooling crystallization of potassium niobate was investigated from an alkaline liquor
from Fe-Nb alloy fines leached with KOH. Different initial concentration Nb and K were
obtained after evaporation step with 60, 40 and 20 wt% of removal of water of the leached
liquor. It was observed that the crystallization yield was higher for the 40 wt % pre
concentrated solution (1.6 times more concentrated than the initial liquor) was cooled
from 100 to 30 °C (95 % yield). The produced solids were identified as a mix of KNbO3
and K4NbeO17.
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Three different cooling rates (1.00, 0.50 and 0.10 °C/min) from the potassium niobate
solution were also evaluated—to study its influence on shape and morphology of the
crystals. Lower cooling rates contributed to improvement of crystallinity of the solids and
the final product was a mix of phases. Additionally, the lower cooling rate improved the
shape of the hexagonal crystals. Punctual EDS shows a chemical composition of 41 % of
Nb, 19 % of K and 8 % of O for potassium niobate obtained at cooling rates of 1.00, 0.50
and 0.10 °C/min in a temperature range of 80 to 30 °C.

The crystallization yield varied for distinct initial condition and cooling rates. This
variation was related to the low kinetic of potassium niobate formation, evidenced by the
particle size development measured with dynamic light scattering. When the system was
maintained under agitation, an increase in the particle size was observed with time. The

median particle size was 230, 568, and 1039 nm at 0, 4 and 72 h, respectively.

The thermal treatment conducted on potassium niobate showed that the variation on
temperature of calcination has a significant impact on the structure of the crystallized
solids. The crystallinity of the potassium niobate increases with the increase of calcination
temperature in the range of 500 to 900 °C and higher temperatures lead to the formation

of the stable phase KNbO:s.
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CHAPTER 6 - PRECIPITATION OF NIOBIC ACID FROM
POTASSIUM NIOBATE AND SULFURIC ACID SOLUTIONS AND
ITS CONVERSION THROUGH CALCINATION

6.1 Introduction

Niobium oxides have a great potential of practical applications as individual compounds
or as components of solid solution. Among the niobium oxide compounds, niobic acid
has shown interesting properties as a catalytic material due to its high activity, selectivity

and stability (Brandao et al., 2009; Ushikubo et al., 1993).

Niobic acid (Nb20Os.nH20) is an amorphous hydrated form of niobium pentoxide (Nb2Os)
composed mainly of distorted NbOs octahedra and NbOs tetrahedra (Hara, 2014;
Nakajima et al., 2011). The Nb—O bonds are highly polarized in distorted polyhedrons
and this part of the surface OH group acts as Brgnsted acid sites, while the NbOs
tetrahedra act as a Lewis-acidic sites, due to its positive charge (Siddiki et al., 2019;
Takagaki et al., 2013). When calcined at 100 — 300°C, the amorphous niobic acid surface
acquires high acidity with a strong Brensted acidity — Ho: 5.6, which decreases with
increasing the calcination temperature due to the conversion of amorphous niobic acid

into niobium oxide polymorphous (Carniti et al., 2006; Lebarbier et al., 2012).

Hydrous niobium oxide is usually applied as a solid acid catalyst for several reactions
such as esterification, hydration, dehydration, condensation, hydrolysis (Brandao et al.,
2009; Tanabe and Okazaki, 1995). Niobic acid is a catalytic solid stable even in the
presence of water (Tanabe, 2003; Tanabe and Okazaki, 1995). The use of solid acid
catalyst is an environmentally friendly alternative to liquid acids and has been studied to
the development of green chemical process (Hara, 2014; Nakajima et al., 2010; Takagaki
etal., 2013).

Niobic acid can be produced by different ways based on precipitation process that can
occur by decomposition of niobates in acidic solution or by hydrolysis process. The
method of synthesis has an important influence in the properties of this oxides such as the

particles size, the chemical and phase composition, and degree of defects and
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incorporation of impurities (Brandao et al., 2009; Deblonde et al., 2019; Fan et al., 2013;
Ushikubo et al., 1993).

Precipitation is a process where a product is formed through a chemical reaction, also
known as reactive crystallization. This definition introduces several factors that impart
various characteristics to precipitation. One of them is the low solubility of the solids
formed, allowing for high supersaturation levels, which in turn promotes very high
primary nucleation rates. Another important factor is that high nucleation rate produces a
large number of nuclei, which limits the average size of the crystals (Sohnel & Garside,

1992).

In the precipitation process, to form a low-solubility product, in the range of 0.001 to 1
kg/m?® (solute/solvent), two soluble reagents are mixed. Aiming at high recovery,
solutions with high concentrations — very high supersaturation — are used to increase the
conversion of the formed species into solid particles, typically making this a very rapid
process. However, high levels of supersaturation may lead to the formation of low-quality
products (small primary crystals and agglomerates) and other undesirable phases, such as
polymorphs or amorphous phases (Lewis et al., 2015). Since the degree of supersaturation
is one of the primary factors for achieving the desired precipitation rates, uniform degree
of mixture is essential, as homogeneous supersaturation in the reactor is critical for the

quality of the final product.

The amorphous niobic acid is formed in the beginning of precipitation process and has a
high degree of disorder. During the aging of hydrated niobium oxide several processes
occurs such as recrystallization, aggregation, and Ostwald ripening, which involve
gradual transformation of the precipitates. Metastable forms transition into more stable
structures, and dehydration of the precipitates also take place, resulting in denser and

more stable compounds with reduced water content (Nikishina et al., 2012).

The anhydrous form of niobium pentoxide (Nb2Os) — a white solid, is air stable and
insoluble in water. The use of niobium pentoxide as an electronic material has attracted
attention because of its resistance to acid and base, stability in aqueous medium and high
refractive index (Xiao et al., 2008). It has been used with great potential as anode material
for lithium-ion batteries, solar cells, photocatalytic conversion, sensors and optical

devices (Su et al., 2010; Xiao et al., 2008; Yun Zhao et al., 2012). The electronic
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properties of NboOs depends on its crystalline structure and stoichiometry (Jun Park et al.,
2022).

According to Ody (2018), niobium oxide is obtained through the thermal treatment of
niobic acid (Nb2Os.nH>0), an endothermic process that involves a thermal decomposition
of the hydrated niobium oxide (Nb2Os.nH20) into niobium pentoxide (Nb2Os). In this
process, the temperature is the parameter that most influence the crystallinity of the solid.
Niobium pentoxide exhibits many polymorphic forms, such as TT-Nb2Os
(pseudohexagonal), T-Nb2Os (orthorhombic) and H-Nb,Os (monoclinic) as the most

common phases.

The Figure 6.1 summarize the structure of Nb2Os as function of calcination temperature.
The transition from one structure to another depends on the initial material, impurities
and temperature. At lower temperatures the Nb2Os is an amorphous phase and converted

into a crystalline phase with increase in temperature.

Temperature (°C)

/7
EI8

Y

Form

Figure 6.1. Modification of Nb>Os structure — H, M, B: monoclinic; T: orthorhombic;

TT: pseudohexagonal. Source: Adapted from Ko and Weissman, 1990.

The difference between T and TT phases are that some oxygen atoms in T-phase are
replaced by monovalent species or vacancies (reported as impurities in TT phase) while
Nb atoms occupy a range of positions between the sites (Nowak & Ziolek, 1999). The

most thermodynamic stable structure is the monoclinic phase (H) and the
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pseudohexagonal (TT) is the least stable one (Zhao et al., 2012). The phases B- and M-

are medium-temperatures transition group.

6.2 Materials and methods

6.2.1 Reagents

Potassium niobate crystallized from Fe-Nb alloy fines alkaline liquor was used as source
of niobium to niobic acid precipitation (Chapter 5). Analytical-grade sulphuric acid
(H2SO4 - CAS 7664-93-9) was used without further purification. All solutions were
prepared with Milli Q water.

6.2.2 Modeling

The PHREEQC version 3.4.12927 (Parkhurst and Appelo, 2013) was used to model and
evaluate the speciation of the niobium system. The SIT (Specific ion Interaction Theory)
database (sit.dat) was used as aqueous model to obtain the solution description
parameters, such as composition data, saturation index, distribution of the species in the

solution and possible solid phases formed.

To obtain the solution description parameters, a thermodynamic modelling was also
performed using OLI Studio Stream Analyser (version 11). The thermodynamic
framework AQ (aqueous model) and MSE (Mixed Solvent Electrolyte) were used in OLI.
The AQ thermodynamic framework includes both stable phases — KNbO3 and Nb,Os —
and is applied to electrolytes dissolved in water, using the Bromley-Zemaitis activity
model. In contrast, the MSE framework contains only the Nb,Os and utilizes the MSE
activity model, which uses (i) the extended Debye-Huckel term that accounts for long-
range interactions, (ii) an UNIQUAC term that accounts for short-range interactions, and

a middle-range term that includes the ionic interactions.

6.2.3 Niobic acid precipitation

Niobic acid was precipitated with H2SO4 solution addition to a potassium niobate
solution. The initial solution was prepared dissolving 5 g of previously crystallized

potassium niobate into 50 mL of distilled water at 90 + 0.50 °C in a beaker. Two different
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concentrations of H>SO4 solution were used as precipitant agent - 0.25 and 0.50 mol/L,
slowly added to the niobium solution until pH 3. The system was maintained under

stirring at 200 rpm for 30 minutes after the pH 3 was achieved.

The obtained solids were washed — after a first step of filtration — with 50 mL of Milli-Q
water under agitation for 20 minutes at 40 °C, to remove the impurities. The solids were
vacuum filtered on a quantitative strip filter paper and later dried at 60 °C for 12 hours

prior to analysis.

6.2.4 Supersaturation index

The supersaturation of the system during the crystallization was calculated from the

chemical solution composition measurements using the Equation 6.1:

=5 6.1)
Ceq

Where S is the supersaturation, ¢ the concentration in the solution and c.4 the equilibrium

concentration (solubility). The solubility data was given by OLI Studio.

6.2.5 Calcination

The thermal conversion of niobic acid (Nb2Os.nH>O) to Nb,Os was carried out in a
furnace (CARBOLITE CWF1200) at 900 °C for 5 hours. The solids obtained were

subsequently characterized.

6.2.6 Physico-chemical characterization

The chemical composition of the aqueous solutions was determined by ICP-OES
(Thermo Scientific - iCAP 7000 Series). The detection limit was < 0.005 mol/L.X-ray
diffraction was carried out to identify the crystalline phases in solids using the PHILIPS
equipment (XRD PANalytical and PANalytical, X’Pert Pro) both with a Cu (Ka)

radiation.
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The solids were analysed by X-ray fluorescence spectrometer with wavelength dispersion
(WDXRF - ARL PERFORM’X - Thermo Scientific GEN-X 4200W) and Rd tube (SGNf

Rh 50u) to determine their chemical composition.

To analyse the structural characteristics, such as chemical composition and intermolecular
interactions, the Fourier Transform Infrared (FTIR) spectroscopy was used and
performed in a spectrometer at a resolution of 4 cm™ and scanned from 4000 to 400 cm™

(Bruker Alpha and Perkin Elmer UATR Two).

Scanning Electron Microscopy (SEM) (APREO 2C — Thermo Ficher) coupled with
Energy-Dispersive X-ray Spectroscopy (EDS) (Bruker Xflash 60-30) was used to provide

information about the solids surface morphology and composition.

The niobic acid particles size distribution was measured by laser diffraction particle size
analyzer (Shimadzu SALD-2300) in water and glycerine. The thermal stability of the
solids was evaluated by thermogravimetric analysis (Netzsch STA 449 F3 Jupiter) under

an inert atmosphere with nitrogen at a flow rate of 80 mL/min.

6.3 Results and Discussions

6.3.1 Niobic acid precipitation

From the initial solution of potassium niobate, the niobic acid was precipitated by adding
H>SO4 solution. Two different concentrations were used — 0.25 and 0.50 mol/L H2SOa4,

to investigate the influence of supersaturation on the final product.

As the crystallized potassium niobate was used as source of niobium and precursor to
other niobium compounds, a simulation in OLI Studio and PHREEQC was conducted
and its behaviour in acid media was evaluated through the addition of 0.25 and 0.50 mol/L
H>SO4. The addition of the acid solution promotes the formation of niobium oxide due to
the decrease in the solution’s pH. pH 3 was considered the optimal condition for niobic
acid precipitation, since at this pH value all the potassium niobate was dissolved.
Moreover, both PHREEQC and OLI show that niobic acid achieves the highest

supersaturation index at pH 3, as shown in Figure 6.2.
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Figure 6.2. Saturation index of Nb2Os.nH>O as function of the pH by PHREEQC and
OLI Studio.

Figure 6.3 shows the concentration of niobium, potassium and sulfate (as Sulfur) in the
start and final solution of precipitation compared to the values obtained by theoretical
calculations (based on the chemical composition of dissolved potassium niobate solid in

the start solution) and simulated by PHREEQC and OLI Studio.
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Figure 6.3. Concentration of Nb, K and S (as sulfate) in the start and final solution to

niobic acid precipitation with 0.25 and 0.50 mol/L H2SO4 at 90+0.50 °C and 200 rpm.
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Figure 6.3 (a) shows the initial concentration of the start solution to niobic acid
precipitation. It is possible to observe a small fluctuation from the modeled data for Nb
concentration. Notably, for K concentration a significant deviation is only seen between
the OLI Studio and others. This could be explained by the fact that only the KNbO3; was
used as source of Nb in the simulations on OLI to precipitation of niobic acid, and,
experimentally and on PHREEQC simulations, the intermediate phase K4NbsO17 was

present. No sulfate was present in the start solution.

At the end of niobic acid precipitation very low concentration of Nb in solution was
measured for both H>SO4 concentrations used (0.25 and 0.50 mol/L), as seen in Figure
6.3 (b). However, to the PHREEQC and OLI Studio simulations a remaining Nb was still
present in solution at the end of the reaction. The simulations also showed a pronounced
decrease in K and S concentration, indicating its consumption during the precipitation.
This indicates secondary phases of K and S can be precipitated together with niobic acid.
For both PHREEQC and OLI Studio simulations, secondary phases were allowed to be
formed, since a consumption in K and S was observed experimentally, and the formation
of KxSO4 was predicted only by OLI Studio. According to Souza et al. (2021), the
complexation of sulfate affects the supersaturation index calculation, since only free

sulfate was considered in the equilibrium expression in PHREEQC simulations.

The supersaturation of the system was calculated (Table 6.1) based on the aqueous Nb
concentration in the solution from experimental data and OLI Studio simulations,
considering the amounts of potassium niobate initially dissolved, according to the
Equation 6.1 The equilibrium concentration of Nb that was taken from OLI Studio
simulations was considered the addition of 0.50 and 0.25 mol/L H2SOy4 in the solution to

niobic acid precipitation.

Table 6.1 Supersaturation from experimental data of precipitation of niobic acid with

0.50 and 0.25 mol/L H2SO4 at 90+0.50 °C and 200 rpm.

Supersaturation” 0.50 mol/L H2SO4 0.25 mol/L H2SO4
Initial solution 9.33 9.11
Final solution 1.87x1072 6.83x1073

* The solubility limit was based on aqueous Nb>" from experimental data and OLI Studio modeling at 90 °C of 0.0525
and 0.535 mol/L with 0.50 and 0.25 mol/L H2SOs4, respectively.
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The supersaturation was evaluated based on the concentration ratio, with the H>SO4
solution being gradually added and maintained at constant pH= 3. The calculated
supersaturation would have reached its maximum if the addition of H2SO4 had been added
instantaneously. However, since the addition was conducted in steps during the
precipitation process, the supersaturation was lower than the reference value (Table 6.1).
Furthermore, the supersaturation on the final solution represents the real value of residual

supersaturation.

The chemical composition of the product by XRF analysis confirms that potassium and
sulphur were also consumed during the precipitation (Table 6.2). Due to the presence of
them in the solids, a washing protocol to the precipitated solids was implemented to

improve the quality of niobic acid and further niobium oxide.

Table 6.2. Chemical composition of niobic acid precipitate with 0.25 and 0.50 mol/L
H2S04 at 90 + 0.50 °C and 200 rpm compared to commercial niobic acid HY-340.

Samples Nb (%) S (%) K (%)

Commercial HY-340 69.36 - -
0.25 mol/L H>SOy

unwashed 56.65 3.23 7.73

washed 61.47 0.15 2.49
0.50 mol/L H>S0q

unwashed 56.72 3.53 7.78

washed 64.38 0.07 2.04

From the Table 6.2, after washing the precipitated solids 68% of K and 95% of S were
removed from the precipitated niobic acid. Additionally, the washed niobic acid
precipitated with addition of 0.25 mol/L. H2SO4 has an Nb composition of 89% when
compared to the commercial one while the precipitated with 0.50 mol/L HoSO4 has 93%.
The concentration of niobium, potassium and sulfur and pH were evaluated during the

washing of the solids, as shown Figure 6.4.
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Figure 6.4. (a) Concentration of Nb, K and S and (b) pH during the washing protocol of

the niobic acid precipitated using 0.25 and 0.50 mol/L H2SO4 addition at 90+0.50 °C and
200 rpm.

Figure 6.4 (a) shows the concentration of niobium, potassium and sulfur during the
washing protocol of precipitated solids. Niobium was not detected in the solutions from
washing of the solids. However, it is possible to verify the decreasing in the concentration
of potassium and sulfur through the washing steps. After the 2" wash, potassium was no
longer present in the washing solution and soluble S (sulfate) was not detectable after the
6" wash. To ensure the maximum removal of K and S, the precipitated solids were washed

8 times for both concentration of H>SOj4 solution used during the precipitation. Figure 6.4

(b) shows the increase in the pH of the solution during the washing step, confirming the

removal of the impurities K and S from the solids.

Through the XRD (Figure 6.5), it is seen that the solids presented an amorphous structure,
similar to the commercial niobic acid HY-340 from CBMM and in agreement with the
literature (Brandao et al., 2009; Chan et al., 2017a; Chen et al., 2022; Guo and Qian, 1993;
Lebarbier et al., 2012; Luisa Marin et al., 2014; Rodrigues and da Silva, 2010; Tanabe,
1987). The amorphous phase of niobic acid is mostly used in catalysis, which has relevant,
yet underexplored, properties for environmental applications (Fillela and May, 2020). As
expected, diffraction peaks related to the presence of potassium sulphate were detected in

all samples of unwashed niobic acid. This result corroborates with the chemical

composition of solids in Table 6.2 and with the excess solid yield.
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Figure 6.5. XRD of precipitated niobic acid with 0.25 and 0.50 mol/L H>SO4 addition at
90+0.50 °C and 200 rpm before and after the washing protocol.

The Raman analysis (Figure 6.6) also indicates the presence of potassium sulphate in the
precipitate. The unwashed solids precipitated by addition of 0.50 mol/L H>SO4 shows
higher intensity bands related to the impurities at 450, 620, 624, 980, 981 1100 and 1145
cm!. According to Qiu et al. (2019), these bands are related to K»SO4. For the solid
precipitated by addition of 0.25 mol/L H>SOa, only a weak band was attributed to the
presence of potassium sulphate in the solids. The spectrum obtained to the washed

precipitated solids shows only broad bands, characteristic of niobic acid (Chan et al.,
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2017b; Lebarbier et al., 2012) which confirms the removal of impurities with the

implementation of a washing protocol.
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Figure 6.6. RAMAN of potassium niobate with (a) 0.50 and (b) 0.25 mol/L H2SO4
addition at 90+0.50 °C and 200 rpm before and after the washing protocol.

The FTIR spectra (Figure 6.7) of precipitated niobic acid presented bands around 4000
and 2400 cm™! which are related to the presence of water in the solids and O-H bonds.
The band at 1600 cm™ is due to absorbed water and hydroxyl (Nb-OH) on Nb2Os.nH-O.
The number of Brgnsted and acid-Lewis sites, which corresponds to the OH group
associated with Nb-O bonds, on the surface of the solid could be attributed at this band
(Fan et al., 2013; Siddiki et al., 2019). Weak bands between 1000 and 800 cm™! present
in the unwashed solids could be associated to the presence of potassium and sulfate bonds
in the solids (Chen et al., 2022). Bands around 800 and 400 cm™! are related to vibration
of Nb=0O and Nb-O groups, characteristic of hydrated niobium oxides (Chen et al., 2022;
Rodrigues and Silva, 2010). From the analysis, the spectra obtained for the washed niobic

acid solid precipitated with 0.50 mol/L H>SO4 was similar to the commercial one.
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Figure 6.7. FTIR spectrum of potassium niobate with 0.25 and 0.50 mol/L H2SO4
addition at 90+0.50 °C and 200 rpm before and after the washing protocol.

The results of TG-DSC analysis of all samples of precipitated niobic acid are presented
in Figure 6.8, alongside the commercial sample. According to the TG, the niobic acid
weight loss between 25 and 300 °C for all samples is attributed to removal of adsorbed
and structural water. These results are in agreement with the literature (Foo et al., 2014;
Nikishina et al., 2012; Rade et al., 2018; Tokio lizuka, 1983). The niobic acid precipitated
under both conditions of H>SO4 addition presents a second weight loss at ~ 700 °C that
could be related to the presence of a potassium and sulfate in the solids. The dehydration
of sulphuric acid groups occurs when the solids are heated at higher temperatures (> 700
) (Brandao et al., 2009; Chen et al., 2022). The washing the precipitated solids removed
the sulfate, and as expected the peaks related to the presence of sulphate in the solids
disappeared (Figure 6.8 (a-d)). As a residual of potassium still is present in the washed
solids, the peaks at ~ 500 and 600 °C (Figure 6.8 (b-d) may be related to a formation of a
potassium niobate phase during the heating process. The commercial niobic acid (Figure
6.8 (e)) presents a peak at 556 °C that are related to transformation of crystalline phase.
According to Brayner and Bozon-Verduraz (2003), at 600 °C the pseudo-hexagonal —

orthorhombic transformation of commercial niobic acid can occur.
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With the increase of temperature, exothermic peaks can be observed in Figure 6.8 (a-e).
The exoeffect corresponds to phase transformation of niobic acid, the transition from

the amorphous to a crystalline structure.

According to the TG analysis the degree of hydration of the final niobium pentoxide — n
in Nb2OsnH20 — could be estimated. The compositional formula for all samples is

presented in Table 6.3.

Table 6.3. Compositional formula of precipitated niobic acid with 0.25 and 0.50 mol/L
H>SO4 addition at 904+0.50 °C and 200 rpm before and after the washing protocol and
commercial HY-340.

Sample Compositional formula

0.50 mol/L H>SO4

Unwashed Nb2050.67H20

Washed Nb2050.98H20
0.25 mol/L H»SOq

Unwashed Nb20Os0.73H20

Washed Nb20s50.78H20
Commercial

HY-340 Nb2Os1.19H>0

It is noteworthy that the hydration degree estimations shown in Table 6.4 may deviate
from reality, since previous analysis have shown residual potassium in the solid samples.
There is a difference in the hydration degree between the precipitated niobic acid in this
study and the commercial solid. This difference is significant for catalytic applications,
as the hydration degree directly influences the number of O-H groups, which are related

to acidic sites in the solid (Fan et al., 2013; Nikishina et al., 2012; Siddiki et al., 2019).
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Figure 6.8. TG-DSC of niobic acid precipitated at 90+0.50 °C and 200 rpm with 0.50
mol/L H2SO4 (a) unwashed and (b) washed; with 0.25 mol/L H>SO4 (c) unwashed and

(d) washed and (e) commercial niobic acid HY-340.
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Figure 6.9 shows the SEM images of the precipitated niobic acid. It can be observed that
particles are amorphous and agglomerated. Amorphous material contains more adhering
solution after filtration and this can influence in the purity of the product after drying and
increase its tendency to caking. Through the chemical elemental mapping and
backscattering images, it was possible to identify regions with the presence of a secondary
phase, attributed to potassium sulphate formation, in the unwashed solids and a residual

of K and S in the washed precipitated solids.

11584 11587 )
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Figure 6.9. SEM backscattering images and chemical mapping of niobic acid precipitated
at 90+0.50 °C and 200 rpm with 0.50 mol/L H>SO4 (a) unwashed and (b) washed and with
0.25 mol/L H2SOs4 (c) unwashed and (d) washed. Red arrow: regions with potassium

niobate phase.

Table 6.4 shows the particle size distribution (D50 and D90) of niobic acid precipitated
under different conditions, by addition of 0.25 and 0.50 mol/L H>SO4, both before and
after the washing protocol. In addition, to compare the results, commercial niobic acid

HY-340 was also analysed.
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Table 6.4. Size of the particles of precipitated niobic acid with 0.25 and 0.50 mol/L
H>S04 addition at 90+0.50 °C and 200 rpm before and after the washing protocol and
commercial HY-340.

Samples D50 (um) D90 (nm)
0.50 mol/L H>SO4

Unwashed 12.53+0.73 70.01 £0.73

Washed 34.41£0.55 82.45 £ 0.55
0.25 mol/L H>SOy

Unwashed 18.63 £ 0.75 86.76 £ 0.75

Washed 35.81+0.66 94.54 £ 0.66
Commercial

HY-340 22.28 +0.60 67.62 + 0.60

From the D50 of the precipitated solids at 0.25 mol/L H>SOs, larger particles were
observed before washing when compared to solids precipitated at 0.50 mol/L H2SO4. The
washing protocol may promote an increase in the median size of particles. This may be
attributed to the removal of smaller particles or particles agglomeration during the
washing. The commercial niobic acid HY-340 presents slightly smaller crystals in both
D50 and D90, meaning that the particle size distribution is narrower when compared to
the obtained experimentally, especially the washed samples. Besides clear impact of the
washing protocol in particle size and size distribution, the presence of impurities in the

precipitated solids may also influence on particle size.

The control of the particle size is very difficult during the process of crystallization,
specially via precipitation. One factor is that new particles are being generated during the
process, which results in a product with different particle size (Nyvlt et al., 2001).
Furthermore, the solids in this study were produced using a batch process, different from
industry that is usually a continuous process. As a result, continuous processes are
expected to produce solids with a narrower particle size distribution. Additionally,
controlling the supersaturation during the precipitation process and in the mixing of

solution can enable a better control of particles size distribution.
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6.3.2 Niobic acid calcination

Washed niobic acid precipitated with addition of 0.50 and 0.25 mol/L HoSO4 was calcined
at 900 °C for 5 hours. The solids contain a proportion of 89.20 and 90.18% of Nb2Os and
2.11 and 1.44 % of K20, respectively. Due to the presence of residual potassium in the
solids, less than 2%, the XRD analysis shows the presence of a potassium niobate phase
as KoNbgO»; in addition to Nb2Os, as shown in Figure 6.10. The undefined peaks could
be related to other minor intermediate potassium niobate phases such as KsNbio.8103o,

KoNbgOi16 and KoNbgOa.

According to the Figure 6.1, niobium oxide exists in many polymorphic forms and its
crystallinity changes with heat treatment. In temperatures above 300 °C the solid presents
an amorphous structure and as the temperature increases its structure changes (Filella and

May, 2020; Ko and Weissman, 1990; Pinto et al., 2017; Siddiki et al., 2019).

K>NbgO»; 1s usually synthesized by fusion of Nb2Os and a source of potassium (KCI,
KHCO:s) at higher temperatures (600 to 1100 °C) and time of reaction (Teshima et al.,
2008; Xu et al., 2008; Cheng et al., 2018; Guo et al., 2020; Liu et al., 2014). With an
orthorhombic structure, this material exhibits unique properties to technological
applications, high photocatalytic activity and good dielectric properties (Teshima et al.,
2008;Liu et al., 2014). This phase also presents potential to be used in electronic batteries
(Cheng et al., 2018).

The FTIR spectra of calcined niobic acid is presented in Figure 6.10. As the solids were
calcined at high temperature, bands related to the presence of OH bonds were not
identified. The bands observed between 1000 to 400cm™ can be attributed to Nb2Os
(Huang et al., 1999). However, other studies also identify bands around the same
wavenumber related to potassium niobate phases (De Andrade et al., 2000; Kudo and
Sakata, 1996; Liu et al., 2002; Wang et al., 2007). No clear distinction between the peaks

and these two compounds could be made based on existing literature.
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Figure 6.10. XRD of calcined niobic acid precipitated at with addition of 0.50 and 0.25

mol/L H2SOj after washing protocol.
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Figure 6.11. FTIR spectra of calcined niobic acid precipitated at with addition of 0.50

and 0.25 mol/L HoSOy after washing protocol.
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SEM images of calcined niobic acid is presented in Figure 6.12.
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Figure 6.12. SEM of calcined niobic acid precipitated at with addition of (a) 0.50 and (b)

0.25 mol/L HSO4 after washing protocol. Chemical mapping: green: Nb, red: K and
purple: O.
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From the SEM images (Figure 6.12) of calcined niobic acid of both conditions (0.50 and
0.25 mol/L H2SO4 after washing) it is noticeable that the sample was composed of many
rod-like crystals smaller than 1 micron, typical morphology of KoNbgO2; particles
(Teshima et al., 2008). The calcined niobic acid (precipitated by addition of 0.50 mol/L
H>SO4) presented smaller agglomerates of particles compared to the other condition. The
morphology of the solids could stick to each other and form agglomeration clusters (Guo
et al., 2020). This can be related to the chemical composition of the solids. According to

Teshima et al. (2008), the concentration of Nb directly influence crystal size and shape.

The elemental chemical mapping of calcined solids shows that the elements Nb, K and O
are homogeneously distributed throughout the rod-like crystals. The chemical
composition by XRF displays the presence of 63.04 % of Nb, 1.20 % of K and 0.04 % of
S to calcined niobic acid precipitated from 0.50 mol/L H>SO4 and 62.34 % of Nb, 1.75 %
of K and 0.06 % of S to those calcined niobic acid precipitated from 0.25 mol/L H2SOs.

The size of the particles can be seen in Table 6.5. The size of the particles was nearly
similar in both samples of calcined solids, presenting a median size of 31.76 + 0.73 and

36.34 + 0.72 pm for washed agglomerated solids with 0.50 and 0.25 mol/L H>SOs,

respectively.

Table 6.5. Size of the particles of calcined niobic acid precipitated at with addition of

0.50 and 0.25 mol/L H2SO4 after washing protocol and commercial niobium oxide - high

purity.
Samples D50 (um) D90 (um)
0.50 mol/L H>SO4
Washed 31.76 £ 0.73 93.50£0.73
0.25 mol/L H>SO4
Washed 36.34+0.72 109.38 £ 0.72
Commercial

High Purity 28.78 +0.52 63.46 + 0.52
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Despite its similar morphology, the particles obtained from this study by calcination of
precipitated solids were larger compared to those reported in the literature (Cheng et al.,
2018; Guo et al., 2020; Xiao et al., 2008; Xu et al., 2008), since the size is directly related
to the method of synthesis of the precursor solid. The precipitated particles before
calcination exhibited a narrower size distribution compared to the calcined particles. This
suggests that particle agglomeration may have occurred during the calcination process.
The particles size distribution width of washed precipitated solids increased with the

calcination, resulting in a more heterogeneous material.

6.4 Conclusions

This study investigated the precipitation process of niobic acid from potassium niobate
and sulfuric acid solutions, as well as its thermal conversion into niobium oxides. The
modeling of the system by PHREEQC and OLI Studio predicted the pH of 3 as the
optimal condition to niobic acid formation, due to the highest initial supersaturation

indices at this value.

An amorphous niobic acid was obtained by precipitation with different concentrations of
H>SOy4, similar to the commercial niobic acid. Analysis of the samples revealed that the
washing protocol effectively removed impurities potassium and sulphur, resulting in
products closer to the reference composition of commercial niobic acid HY-340. From
the XRF analysis the maximum 64.38 % of Nb was achieved by the solid precipitated
with 0.50 mol/L H>SOs4. However, a residual of ~2 % of potassium still presents in the

solid, even after 8 cycles of washing.

The physico-chemical characterization of precipitated solids show that a potassium
sulphate phase (K2SO4) was formed during the precipitation. The results also indicated
that the concentration of the precipitating agent (0.25 or 0.50 mol/L H>SO4) influenced

the chemical composition, particle size, and morphology of the obtained materials.

Due to the presence of residual potassium, calcination of the washed samples of
precipitated solid revealed also a minor amount of crystalline phase K:NbgO»i. The
morphology of the calcined solids showed rod-like agglomerated particles,
homogeneously distributed, with agglomerate size of approximately 30 pm and small

individual particles of less than 1 micron.
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The results highlight the importance of controlling parameters such as supersaturation
index, operation, calcination temperature, and purification protocols to ensure high-

quality final products.
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CHAPTER 7 - GENERAL CONCLUSIONS / CONCLUSOES
GERAIS

English

This study developed and validated a new route for recovering niobium compounds from
Fe-Nb alloy fines through alkaline leaching with KOH and approximately 88% of
niobium was recovered, resulting in a niobium-rich liquor. From this liquor was possible
to crystallized potassium niobate (mixed of phases: KNbOs and K4NbsO17). The
crystallized solid was used as source of niobium to precipitation of niobic acid using
H>SOy4 solution yielded an amorphous solid that was subsequently calcined to produce
niobium oxide. Residual potassium in the precipitated material led to the formation of a
potassium niobate phase (KaNbgOz1) during calcination, indicating the need for further

purification steps to enhance the product’s quality.

The solubility of niobic acid and potassium niobate under alkaline conditions was
investigated experimentally and supported by thermodynamic modeling using OLI
Studio. Niobic acid pseudo-solubility increased with the temperature and decreased
slightly at higher concentrations of KOH. The pseudo-solubility of potassium niobate

decreased as KOH concentration increased but rose with higher temperatures.

The cooling crystallization of potassium niobate was further studied. The pre-
concentration of the leached liquor and cooling rate was investigated. The 40 wt% pre-
concentrated liquor achieved a crystallization yield of up to 95% when cooled from 100
to 30 °C. The different cooling rate in the crystallization showed that lower cooling rates
enhanced the crystallinity and improved the morphology of the crystals. Particle size
analysis highlighted the slow kinetics of potassium niobate formation, with significant
particle growth observed over time. Thermal treatment of potassium niobate revealed that
higher calcination temperatures increased crystallinity and led to the formation of stable

KNDbLO:s.

Precipitation studies of niobic acid were guided by thermodynamic predictions from
PHREEQC and OLI Studio, which identified a pH of 3 as the optimal condition for the
precipitation, where showed higher supersaturation index. Experimental results

confirmed the production of amorphous niobic acid with residual content of potassium
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and sulfur. A washing protocol was implemented to removal of impurities such as
potassium and sulfur, though trace amounts of potassium remained, contributing to the
formation of crystalline KoNbgOg; after calcination. The calcined solids exhibited rod-

like morphologies, with well-distributed agglomerates and fine individual particles.

In conclusion, this work demonstrates an efficient route for recovering niobium
compounds from secondary sources. It was highlighted the importance of controlling
process parameters such as supersaturation, cooling rates during crystallization,
concentration of the precipitant agent, calcination temperature and time, and purification
steps. This study provides the basis for future recovery and valorisation of niobium-
containing products from waste materials towards circularity and highlights the feasibility
of recovering niobium compounds from secondary sources under mild temperature and

pressure conditions.

Portugués

Este estudo desenvolveu e validou uma nova rota para a recuperagao de compostos de
niobio a partir de finos da liga Fe-Nb por meio de lixiviagdo alcalina com KOH,
recuperando aproximadamente 88% do nidbio, resultando em um licor rico em nidbio. A
partir deste licor, foi possivel cristalizar niobato de potdssio (mistura de fases
majoritarias: KNbO; e K4NbsO17). O sdélido cristalizado foi utilizado como fonte de
niobio para a precipitagdao de acido nidbico usando solugao de H>SO4, gerando um so6lido
amorfo que foi posteriormente calcinado para produzir 6xido de nidbio. O potassio
residual no material precipitado levou a formacdo de uma fase de niobato de potassio
(KoNbgO21) durante a calcinacdo, indicando a necessidade de etapas adicionais de

purificagao para melhorar a qualidade do produto.

A solubilidade do 4cido nidbico e do niobato de potassio em condi¢des alcalinas foi
investigado experimentalmente e apoiado por modelagem termodindmica usando o OLI
Studio. A pseudo-solubilidade do acido nidbico aumentou com a temperatura e diminuiu

ligeiramente em concentragdes mais altas de KOH. A pseudo-solubilidade do niobato de
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potassio diminuiu conforme a concentracdo de KOH aumentou, mas aumentou com

temperaturas mais altas.

A cristalizagdo por resfriamento do niobato de potassio foi estudada mais detalhadamente.
Investigou-se a pré-concentragdo do licor lixiviado e a taxa de resfriamento. O licor pré-
concentrado a 40% em massa alcangou um rendimento de cristalizacdo de até 95%
quando resfriado de 100 °C a 30 °C. Diferentes taxas de resfriamento na cristalizagao
mostraram que taxas de resfriamento mais baixas aumentaram a cristalinidade e
melhoraram a morfologia dos cristais. A analise do tamanho de particulas destacou a
cinética lenta de formagdo do niobato de potdssio, com crescimento significativo das
particulas ao longo do tempo. O tratamento térmico do niobato de potéssio revelou que
temperaturas de calcinagcdo mais altas aumentaram a cristalinidade e levaram a formacgao

de KNbQOs estavel.

Estudos de precipitagdo de acido nidbico foram guiados por previsdes termodinamicas do
PHREEQC e OLI Studio, que identificaram o pH 3 como a condi¢do ideal para a
precipitagdo, apresentando maior indice de supersaturacdo. Resultados experimentais
confirmaram a produ¢do de 4acido nidbico amorfo com contetido residual de potassio e
enxofre. Um protocolo de lavagem foi implementado para remog¢do de impurezas como
potassio e enxofre, embora tragos de potassio tenham permanecido, contribuindo para a
formagao de KoNbgO»; cristalino apds a calcinagdo. Os solidos calcinados exibiram
morfologias em forma de bastdo, com aglomerados bem distribuidos e particulas

individuais finas.

Em conclusdo, este trabalho demonstra uma rota eficiente para a recuperacdo de
compostos de nidbio a partir de fontes secundarias. Destacou-se a importancia de
controlar pardmetros de processo, como supersaturacao, taxas de resfriamento durante a
cristalizacdo, concentracao do agente precipitante, temperatura e tempo de calcinagdo e
etapas de purificagdo. Este estudo fornece a base para futuras iniciativas de recuperagao
e valorizacao de produtos contendo nidbio a partir de materiais residuais, promovendo a
circularidade, e destaca a viabilidade da recuperacdo de compostos de nidbio de fontes

secundarias sob condi¢des moderadas de temperatura e pressao.
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APPENDIX

CHAPTER 4

Table Al. Equilibrium constants values for hydro-complexes of niobium at 25°C”.

REACTION log K REFERENCE

-6.32  vajima et al., 1992 and 1994 -

Nb(OH)s(aq) + H20 = Nb(OH)*~ + H*
-6.76 citated by Fillela and May, 2020

Nb(OH)staq) = Nb(OH)s* + OH -14.60

Babko et al., 1963
Nb(OH)s@aq) = NbO3™ + H" + 2H,0 -7.40

AGr data from Peiffert et al.,

Nb(OH)s(q) + 2H,0 = Nb(OH);2 + 2H" -14.66 2010

TNbsO19% + 2H" = 6Nb702” + H20 3.95

5NbsO19%+ 22H" = 3Nb1902" + 11H20 79.40 Petrus et al., 2022
4NbO10% + 17H" = HoNb24O7*" + 4H,0 185.29

6Nb(OH)s" = NbsO195 + 14H" + 5H,0(1)  -70.54

6Nb(OH)s" = HNbsO19'" + 13H' + SH,O(1)  -56.54

6Nb(OH)s" = HoNbsO19” + 12H' + 5H,O(1) -43.54

6Nb(OH)s" = H3NbsO19> + 11H" + 5H,0(1) -31.94

Noseck et al., 2021

16.11
NbsO19% + H" = HNbsO19”"
11.87
27.97 Etxebarria et al., 1994 and
NbsO19% + 2H' = HoNbeO 9%
23.21 Petrus et al., 2022
39.91
NbeO19% + 3H" = H3NbgO19>
32.80

* The chemical reaction of niobium complexes in aqueous media and their equilibrium constants are
presented in Table Al. Furthermore, Fillela & May (2020) collected the thermodynamic data available in
a variety of systems containing different anions (F-, CI', Na*, NO;. C;0s, C3H204%, C4HsO4%).

Table A2 shows the pH behavior of niobic acid in KOH solution with time was monitored
during the equilibrium study after the filtration of each sample. It is possible to observe
that the pH values decreased during the experiment in each concentration of KOH. This

may indicate a partial neutralization of the solution with niobic acid. At 0.50 mol/L, the
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highest concentration of KOH, the pH had a greater reduction in its value over time, which
may suggest a greater interaction between KOH and niobic acid and more aqueous

niobium available in solution.

Table A2. pH values of niobic acid in KOH solution during the equilibrium test.

0.10 0.25 0.50
Time
(mol/L) KOH
(h)
pH

1 13.30 13.69 14.49
2 13.45 13.60 14.45
24 13.37 13.49 13.97
72 12.75 13.39 13.65
120 12.43 13.50 13.60
174 12.58 13.53 13.25
192 12.64 13.32 13.10
312 12.50 13.31 12.90

FTIR and XRD of niobic acid at 100 hours of experiment (Figure A1), when the most of
compound had partially dissolved in the KOH solution (Figures 4.3- 4.5) shows a
difference in bands 400 to 800 cm’!, that indicates a change in the structure of the solids
at 0.10 and 0.50 mol/L KOH when comparing with the niobic acid without previous
contact with KOH solution. The niobic acid in 0.25 mol/L KOH shows a slight difference
at 500 cm’! with the same transmittance of niobic acid without contact in KOH solution.
This behaviour may be related to a small interaction between the solid and the solution

and can be corroborate by the small change in pH values during the experiment (see Table
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A2). The XRD also shows a change in the structure of amorphous niobic acid, with a

reduction of the peaks.

NA EQ 0.50 malil KOH
NA EQ 0.26 malil KOH
— NAEQO0.10molL KOH
— NA - commarcial
WMWWWWMMW“WW
W‘ ?
Mw W'Wf
e MWMMWW i
=3 NAEQHSO oL KOH
— NAEQD. 2 ol KOH
= NAEQD. ﬂlFL KOH
— A cnmmlmal
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Wavenumber (cm™) 26
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Figure A113. (a) FTIR and (b) XRD of niobic acid commercial and after 100 hours in
the different concentrations of KOH solution at 30 & 0.5 °C.

Table A3. Fitted equations of solubility by equilibrium study and Crystal 16.

Condition Fitted Equation R?
Equilibrium study
0.10 - 0.50 mol/L KOH C (g/L) =0.77+0.11*T (°C) —0.07+0.04 0.9590

Potassium Niobate

0 mol/L KOH C (g/L) = 5.56£0.60*T (°C) — 90.92+3.30 0.9556
0.10 mol/L KOH C (g/L) = 2.43+0.34*T (°C) — 33.55+11.06 0.9273
0.25 mol/L KOH C (g/L) = 1.93£0.05*T (°C) — 49.73+2.02 0.9969
0.50 mol/L KOH C (g/L) = 1.5240.09*T (°C) — 31.05+3.66 0.9786

1.00 mol/L KOH C (g/L) = 1.34+0.03*T (°C) — 42.02+1.74 0.9982
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0.75 mol/L KOH

1.00 mol/L KOH

1.50 mol/L KOH

2.00 mol/L KOH

Niobic Acid
C (g/L) =2.76+0.08*T (°C) — 86.09+3.78
C (g/L) =2.27+0.40*T (°C) — 68.33+3.21
C (g/L) =5.90+£0.92*T (°C) — 335.94+6.16

C (g/L) = 5.65+1.20*T (°C) — 332.06=7.80

0.9968

0.9821

0.9085

0.8104

Table A4 shows the chemical composition of potassium niobate crystallized from an

alkaline liquor (Souza et al., 2024) as a mix of phases: KaNbsO17 and KNbO3, and niobic

acid from CBMM.

Table A4. Chemical composition by XRF of niobic acid and potassium niobate.

Content (%) Nb 0 K Fe S Ta Ca Al
Potassium

4426 244 2622 024 0.04 <0.01 <0.01 <0.01 <0.01
Niobate
Niobic Acid 69.36 30.05 - - - 0.08 0.09 -

Solubility of niobic acid in a range of 0 to 5 mol/L of KOH at different temperatures was

measured. For this, the formation of other phases was allowed during the thermodynamic

modeling of solubility of niobic acid, due to possible reactions with KOH. From 1.5 mol/L

KOH Nb is consumed from the solution and react with potassium, forming potassium

niobate as KNbQOs.
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Figure A2. Solubility of Nb,OsnH,O in KOH dependence on temperature. Initial condition:
[Nb2OsnH,O] = 1 mol/L (OLI Studio databank — AQ thermodynamic framework).

According to the OLI Studio modeling, the solubility of the KNbO; phase in water is not
linear with the temperature, as shown in Figure A3. The solubility exhibits a slight
increase until 40°C, followed by a rapid increase until reaching 90 °C, the highest
solubility point. Beyond this temperature, the solubility of potassium niobate decreases.
The influence of the temperature and KOH concentration on the solubility of KNbO3
given by OLI Studio can be seen in Figure A4.
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Figure A3. Solubility of KNbOs as a function of temperature. Initial condition: [KNbO3]
=1 mol/L (OLI Studio databank — AQ thermodynamic framework).

The solubility of KNbO; is strongly affected by the temperature and solution
concentration. The solubility of potassium niobate decreases with the increasing in KOH
concentration. However, the solubility increases with the temperature when the KOH

concentration is lower.
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Figure A4. Solubility of KNbOs in KOH dependence on temperature. Initial condition:
[KNbO3] = 1 mol/L (OLI Studio databank — AQ thermodynamic framework).



