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RESUMO

A indastria mineral se reinventa a cada dia, em consonancia com as crescentes
demandas ambientais para reducdo de residuos e substituicdo de insumos por
alternativas ambientalmente sustentaveis. O fosforo € um recurso estratégico na
seguranga alimentar global e producdo de biodiesel, obtido a partir de minérios
fosfaticos, ndo renovaveis. A sua complexidade, como associacdo a gangas silicatadas e
carbonatadas, exige etapas de beneficiamento sofisticadas para atender a industria de
fertilizantes. Os Oleos vegetais se apresentam como fonte de acidos graxos, em
proporc¢des variadas, para a producdo de coletores para a flotacdo. A acdo sinérgica
desses compostos presentes no coletor apresenta vantagens como redu¢do no consumo
de reagentes, melhor recuperacao e teor, além de maior cobertura da superficie mineral e
estabilidade da espuma. As fontes graxas de origem amazOnica apresentam
caracteristicas como alta diponibilidade, baixo custo de extracdo, seletividade para
alguns sistemas de flotacdo, além de proporcionar desenvolvimento para as
comunidades locais. O presente estudo avaliou o desempenho dos 6leos de Andiroba
(Carapas guianensi) e Patauad (Oenocarpus bataua), e da gordura de Bacuri (Platonia
insiginis), na flotacdo de apatita e carbonatos, presentes no minério fosfatico.
Inicialmente, foi realizada a caracterizacdo dos minerais, amostras graxas e coletores. A
proporcdo de saturacdo nos coletores, obtidos a partir da saponificacdo alcoolica a
quente das amostras graxas, afetou a CMC e a adsorgéo destes, em relagéo aos coletores
de &cidos graxos puros majoritarios em sua composicdo. A CMC apresentou relacéo
direta com a saturacdo das cadeias carbdnicas do coletor. Em relacdo a adsorcéo,
coletores majoritariamente  saturados apresentaram melhor desempenho na
hidrofobizacdo da dolomita, j& coletores com alta insaturacdo se mostraram eficientes na
hidrofobizacdo de apatita e calcita, ainda que de maneira distinta. O impacto positivo do
tempo de condicionamento sobre hidrofobizacdo das particulas corrobora com a
hipotese de que esse fendbmeno se d& atraves de quimissor¢do. Mé&xima seletividade foi
alcancada a partir do coletor de Andiroba (20mg.L™) em pH 7,5 recuperando 90,2% de
apatita, frente a 10,5% de calcita e 8,2% de dolomita. Por fim, os coletores a base de
amostras graxas amazonicas se mostraram promissores na aplicacdo industrial para
sistemas de flotacdo de fosfato.

Palavras-chave: apatita, carbonatos, 6leos amazonicos, novos coletores, sinergia.



ABSTRACT

The mineral industry is reinventing itself every day, in line with growing environmental
demands to reduce waste and replace inputs by environmentally sustainable alternatives.
Phosphorus is a strategic resource for the global food security and biodiesel production,
obtained from non-renewable phosphate ores. Its complexity, i. e., association with
silicate and carbonate ores, requires sophisticated beneficiation steps to supply the
fertilizer industry. Vegetable oils are presented as a source of fatty acids, in varied
proportions, for the production of collectors for phosphate flotation. The synergistic
action of these compounds present in the collector can lead to advantages such as
reduction in the consumption of reagents, better recovery and content, besides greater
coverage of the mineral surface and stability of the foam. The grease sources of
Amazonian origin present characteristics such as high availability, low extraction cost,
selectivity for different flotation systems, besides providing development for the local
communities. The present study evaluated the performance of Andiroba (Carapas
guianensi) and Pataua (Oenocarpus bataua) oils, and Bacuri (Platonia insiginis) fat, in
the flotation of apatite and carbonates, present in phosphate ore. Initially, the
characterization of the minerals, grease samples and collectors was performed. The
proportion of saturation in the collectors, obtained from the hot alcoholic saponification
of the grease samples, affected the CMC and the adsorption process, in comparison to
the collectors composed of pure fatty acids found in the oil samples. The CMC showed
a direct relation with carbon chain saturation of collector. Regarding the adsorption
process, mostly saturated collectors showed better performance in recovering dolomite,
whereas collectors with high unsaturation were efficient in the collection of apatite and
calcite. The positive impact of the conditioning time on particle recovery corroborates
the hypothesis that this phenomenon occurs through chemisorption. Maximum
selectivity was achieved with the Andiroba (20 mg.L-1) collector at pH 7.5 recovering
90.2% apatite, compared to 10.5% calcite and 8.2% dolomite. Finally, the Amazonian
oil-based collectors based showed promising results for industrial application in

phosphate flotation systems.

Keywords: apatite, carbonates, Amazonian oils, novel collectors, synergy
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1. Introducéo

1.1 Relevancia da pesquisa

Fosfatos, juntamente com minerais portadores de nitrogénio e potassio, fazem parte do
grupo classificado como agrominerais, 0S quais, COmo 0 nome sugere, sao estratégicos
para a agricultura. Eles sdo fundamentais na cadeia produtiva dos fertilizantes quimicos
NPK, cada vez mais relevantes no desenvolvimento da produgdo agricola necessaria
para alimentar a crescente populacdo mundial.

Os minerais da série das apatitas constituem os minerais-minério de fosforo, ocorrendo
em depositos sedimentares, igneos e/ou biogenéticos, sendo o Ultimo de menor
importancia econémica. Mais de 90% do consumo mundial de minerio fosfatico se
destina a industria de fertilizantes, sendo o restante destinado a outros diversos usos.
N&o ha, até o presente momento, substitutos para o minério fosfatico como produto
primario fornecedor de fosforo em larga escala para a agricultura, com viabilidade
comprovada.

Desta forma, o Brasil, pais de forte economia agropecuaria, € extremamente dependente
desse bem mineral para manutencdo de sua posicdo destaque na economia agropecuaria
mundial. As reservas nacionais sdo majoritariamente de origem ignea, as quais
apresentam composicdo mais complexa. Além disso, a producdo nacional de
concentrado fosfatico se apresenta pouco expressiva e o consumo de fertilizantes no
Brasil demonstra crescimento superior a producdo agricola nas ultimas décadas,
motivada tanto pela intensificacdo do processo produtivo no campo, quanto pelo
aumento recente da producao de biocombustiveis.

Os minérios fosfaticos apresentam como minerais de ganga silicatos e carbonatos,
dentre outros, sendo submetidos ao beneficiamento via flotacdo para obtencdo de
concentrados dentro da especificagdo da industria de fertilizantes. A separagdo da ganga
carbonatada, principalmente calcita e dolomita, se mostra complexa devido as
caracteristicas similares entre estes e 0s minerais fosfatados, por se tratarem de minerais
semi-solUveis. As suas caracteristicas de superficie sdo semelhantes, prejudicando a
seletividade na adsor¢éo dos reagentes coletores durante a operacéo.

Atualmente, o mercado busca maior seletividade e menor custo dos coletores na flotagéo

de apatita. Estudos avaliam técnicas de adsor¢do em superficie mineral em busca de
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conhecimentos sobre o comportamento de potenciais coletores alternativos,
confrontando o desempenho destes com o de &cidos graxos isolados, presentes em sua
composi¢do. O Brasil abriga uma das mais ricas variedades de espécies vegetais do
mundo, sendo o sexto colocado em relacdo a biodiversidade. Os 0leos e gorduras
vegetais de fontes distintas, como andiroba, pataua e bacuri, de origem amazonica, se
apresentam como sistemas constituidos por vérios acidos graxos em proporgdes
variadas. Esses recursos apresentam alto potencial de aplicacdo na flotagdo, devido a sua
ampla disponibilidade técnica e econdmica. Os coletores obtidos a partir da
saponificacdo desses Oleos e gorduras podem apresentar acdo sinérgica de seus
diferentes &cidos, quando em proporcdo ideal, apresentando a vantagem da combinacéo
das caracteristicas individuais desses reagentes.

Diante disso, o0 presente trabalho aborda a caracterizacdo de amostras graxas de origem
amazonica, sendo estes os 6leos de pataua e andiroba, e a gordura de bacuri, em relacéo
ao perfil de &cidos graxos e propriedades fisico-quimicas. Ainda, o trabalho avalia a
aplicacdo de seus respectivos sais sodicos como coletores na flotacdo de apatita, calcita
e dolomita, por meio de ensaios de microflotacdo em tubo de Hallimond, buscando
seletividade em relacdo a ganga carbonatada. Como parametro de comparagdo, &
avaliado o desempenho desses coletores em relacdo aos &cidos graxos isolados (oleico e

palmitico), majoritarios na sua composicao.
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1.2 Objetivos

O objetivo geral deste trabalho consiste no estudo do desempenho de coletores

alternativos na flotacdo anidnica direta da apatita, presente no minério fosfatico de

ganga carbonatica, a partir de estudos fundamentais. Para tal, foram propostos os

seguintes objetivos especificos:

Vi.

Vii.

viil.

Xi.

caracterizar as amostras graxas (6leos de andiroba e pataua, e gordura de
bacuri) empregados na producdo dos coletores avaliados, atraves de técnicas
de FTIR, CG, IA, IS e ll;

caracterizar as amostras de acidos graxos puros (oleico e palmitico) atraves
de técnicas de FTIR e CG;

sintetizar coletores anidnicos a partir das amostras graxas e acidos graxos
puros avaliados, a partir da reacdo de saponificacdo alcodlica a quente com
refluxo;

caracterizar os coletores sintetizados atraves de técnica de FTIR e CMC;
caracterizar 0os minerais avaliados (apatita, calcita e dolomita) através de
técnicas de DRX, WDXRF, FTIR e XPS;

determinar o potencial zeta dos minerais avaliados (apatita, calcita e
dolomita) através de ensaios de mobilidade eletroforética;

caracterizar a adsor¢do dos coletores sintetizados sobre os minerais avaliados
através de ensaios de FTIR e mobilidade eletroforética (potencial zeta).
avaliar o efeito do tempo de condicionamento, pH do sistema e concentragao
dos coletores sintetizados sobre a flotabilidade dos minerais avaliados,
através de ensaios de microflotacdo em tubo de Hallimond modificado;
avaliar faixas e condicdes operacionais de seletividade no sistema
apatita/carbonatos;

confrontar o desempenho dos coletores sintetizados a partir de amostras
graxas com o dos acidos graxos puros em relacéo a flotabilidade dos minerais
avaliados;

avaliar a relagdo entre o perfil de &cidos graxos, além da sinergia entre estes,
nas amostras graxas amazonicas e seu desempenho sobre a flotabilidade dos

minerais avaliados.
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1.3 Estrutura da tese

A presente tese € dividida em cinco capitulos, que foram estruturados da seguinte forma:
No capitulo 1, sdo apresentadas as justificativas para o desenvolvimento do projeto e
seus objetivos. No capitulo 2, é realizada uma breve revisao da literatura referente aos
fertilizantes fosfatados, minérios fosfaticos igneos (peculiaridades e rotas de
beneficiamento), seletividade nos sistemas de flotacdo apatita/carbonatos considerando
as peculiaridades dos minerais semi-soluveis, além da sinergia de coletores em sistemas
de flotacdo e as diferentes fontes de dleos vegetais, em especial, os de origem
amazébnica. Os capitulos 3 e 4 sdo constituidos pelos trabalhos submetidos para
publicacdo durante a realizagdo desta tese, na forma em que foram submetidos.
Finalmente, no capitulo 5, sdo apresentadas as consideracdes finais, incluindo as
principais conclusfes, que integram os resultados dos trabalhos publicados, e as

sugestOes para trabalhos futuros.
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2. Revisao Bibliografica

Neste capitulo serdo abordados tépicos importantes para o presente trabalho com foco
no conhecimento de assuntos relevantes para o desenvolvimento do mesmo. Dentre
esses, sdo abordados temas como fertilizantes fosfatados, minério fosfatico e seu
beneficiamento, solubilidade e flotabilidade de minerais semi-sollveis, seletividade no
sistema apatita-carbonatos, coletores de apatita e sinergia de reagentes em sistemas de

flotacdo, alem de dleos vegetais amazdnicos, entre outros pontos relevantes.

2.1 Fertilizantes Fosfatados

A indUstria mineral se reinventa a cada dia na busca por processos menos poluidores e
mais sustentaveis, em consonancia com as crescentes demandas ambientais. Dentre as
acOes envolvidas na reestruturacdo do setor estdo a menor geracdo de residuos e a
substituicdo de insumos por alternativas ambientalmente sustentaveis [1]. A industria do
fosfato se enquadra nesse cenério, ja que o fésforo, recurso essencial na producgdo de
fertilizantes para a agricultura é obtido a partir de minérios fosfaticos, sendo estes

recursos ndo renovaveis [2, 3].

Agrominerais correspondem ao grupo de minerais estratégicos e importantes para a
agricultura, englobando representantes como os portadores de fosfato, enxofre e
potéassio. O elemento fésforo (P) [4, 5], juntamente com o Nitrogénio (N) [6-8] e 0
Potéassio (K) [9, 10], compdem o grupo dos principais macronutrientes vegetais (NPK),

essenciais para toda a vida na Terra [2, 11, 12].

A apatita, de formula quimica Cao(PO4)s(OH,CI,F),, apresentada na Figura 2.1, é o
principal mineral portador de fosforo, apresentando estrutura complexa, com possiveis
substituicbes ibnicas na sua composicdo, com variacbes como a fluorapatita,

cloroapatita e hidroxiapatita.
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Figura 2.1 - Estrutura cristalina das apatitas [13]

O minério fosfatico, contendo o mineral-minério apatita, é a fonte majoritaria de P para
industria de fertilizantes e outros produtos, como &cido fosférico e gesso [3, 14-17].
Esse recurso vem ganhando destaque diante da crescente demanda do setor agricola,
fundamental para a seguranca alimentar global, diante do crescimento da populacédo
mundial, com uma demanda alimentar exponencial [18-21]. Adicionalmente, considera-
se 0 aumento da producéo de biodiesel como potencializador dessa demanda [22-26].
Cerca de 90% do consumo mundial de minério fosfatico se destina a industria de
fertilizantes, e o restante direcionado, principalmente, para a industria quimica e

nutricdo animal [27].

O Brasil se destaca pelas condi¢fes favoraveis ao setor agricola e importancia no
desenvolvimento do agronegdcio. O pais apresenta clima diversificado, chuvas
regulares, energia solar abundante e extenso territorio disponivel para plantio, além de
13% de toda a &gua doce mundial. Apesar disso, por estar localizado na faixa
intertropical, apresenta clima umido, solos &cidos e mineralmente pobres em relagdo aos
nutrientes principais, demandando emprego macico de fertilizantes para reposicao e

manutenc¢do das quantidades dos elementos vitais retirados do solo pelos processos de



21

intemperismo no decorrer dos anos [28].

No contexto brasileiro, 0s minérios portadores de fosforo sdo insuficientes,
apresentando disponibilidade primaria de recursos minerais que atende a um horizonte
de menos de 25 anos e consumo interno extremamente dependente das importagoes,
apresentando elevada dependéncia internacional. Logo, 0 pais se mostra extremamente
vulneravel em relacdo a este bem mineral para a manutencdo de sua posicdo de destaque

no setor de agronegdcio mundial.

2.2 Minério Fosfatico

Os depositos de minério fosfatico se diferem quanto a génese, sendo os sedimentares 0s
mais expressivos no cenario mundial [29-31], avaliados também em trabalhos
cientificos na area de concentracdo de minérios [32, 33]. Depdsitos de origem ignea sdo
maioria no Brasil, apresentando mineralogia mais complexa [34], baixo teor de P,0s,
associados a gangas silicatada e carbonatada [35]. Fosfatos de origem biogenética nédo
apresentam relevancia econdmica devido a pequena quantidade encontrada na crosta
terrestre [14].

O Marrocos se destaca como o principal produtor e exportador mundial de insumos
fosfatados, com cerca de 30% das reservas mundiais, o que justifica sua baixa
dependéncia externa [36]. A China apresentou producdo de 120 milhdes de toneladas de
concentrado fosfatico no ano de 2017, um aumento de 0,6% em relacdo ao ano anterior
[37].

Apesar dos recentes avancos da tecnologia mineral, os depositos de minério fosfatico
véem sofrendo com a escassez de depésitos mais acessiveis e de alta qualidade,
impondo restricdes técnicas e econdmicas de aproveitamento a longo prazo [38, 39].
Inclusive, durante sua aplicacdo, a eficiéncia de fertilizantes vem se mostrando baixa,
contribuindo para o0 aumento da demanda [40, 41]. Logo, torna-se essencial a pesquisa e
desenvolvimento, aplicando estratégias como scientific research [42], fontes alternativas
de P [43-46], economia circular [47-53] e text-mining [36, 54, 55].

Dentre os depdsitos fosfaticos brasileiros, o Complexo Alcalino-carbonatitico do
Barreiro (CACB), situado a aproximadamente 6km ao sul da cidade de Araxa-MG,

contempla um dos vinte complexos desse tipo no pais, com 15km? [56]. O Complexo se
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apresenta metassomatizado, sendo o metamorfismo restrito as mediagdes de um corpo
intrusivo, causado pela agéo de fluidos e gases, sendo formado por flogopititos cortados
por veios carbonatiticos e veios de apatitito. O CACB se mostra coberto por um espesso
manto de intemperismo, com espessura de até 230 metros. E composto por carbonatitos,
foscoritos e um grande volume de flogopititos derivados do metassomatismo de rochas
ultramaficas como bebedouritos e dunitos [57]. As formacGes sdo concéntricas e a
ocorréncia dos foscoritos € observada na parte central do domo, apresentando
granulacéo fina e grossa (Figura 2.2). Entre a zona central, rica em carbonatitos e o anel
de quartzitos, foi descrito uma auréola com predominio de rochas silicaticas cortadas
por diques de carbonatito. Estas rochas sdo constituidas por flogopita com quantidades
menores de dolomita, magnetita e apatita [58].

Compicxo alcalino-carbonatitico de Araxa / Falka
Silexno .7 Falha micnda
. Calkciocarbona
/ Limite do pit da mina do Barreiro
Magnessocarbonatito com fogopetito subordinado
Limite do pit minag da CBMM
Magnessocarbonatito flogopiito

" 1,
. Flogopstito com magnesiocarbonatito subordinado / Limite do pit mina F4

Cirupo b

Nistos fontizados

Quartritos foemtorados

Figura 2.2 - Mapa geoldgico do Complexo de Araxa [57].
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No Complexo, sdo observadas ocorréncias de fosfato e pirocloro, integrando a Provincia
Alcalina do Alto Paranaiba [59], registrando a producdo de 20.000 toneladas de
concentrado fosfatico, em 2018 [60]. Alguns estudos foram realizados avaliando o

minério proveniente do Complexo e sua rota de beneficiamento mineral [61-63].

2.3 Beneficiamento de Minério Fosfatico

A aplicacdo direta de rochas contendo macronutrientes (i.e. NPK) como fertilizantes é
desfavorecida pela baixa taxa de intemperismo, inviabilizando a biodisponibilidade
desses nutrientes para as plantas [64]. Carbonatitos sdo exemplos de rochas igneas
compostas principalmente de minerais carbonatados com taxa de intemperismo
relativamente alta e geralmente contendo minerais acessorios com macronutrientes (i.e.
apatita e biotita) [65]. Entretanto, para a grande maioria dos tipos de rocha fosfatica, o
beneficiamento mineral é fundamental para fornecer o concentrado fosfatico, matéria-

prima base para produgdo de &cido fosforico e fertilizantes fosfatados [66-75].

A complexidade dos minérios fosfaticos, como associacdo a gangas silicatadas e
carbonatadas, exige etapas de beneficiamento sofisticadas para atender as especificacdes
da industria de fertilizantes [34, 76, 77]. Os critérios de qualidade definidos levam em
consideracdo os principais minerais de ganga que afetam negativamente o processo
produtivo. Dentre esses, podem ser destacados calcita, dolomita, Oxidos de ferro,
aluminio e magneésio, além de silicatos e cloretos, sendo os carbonatos os mais
prejudiciais, devido ao impacto expressivo na operacdo e custo de producdo do acido
fosforico [78]. A presenca de minerais carbonatados no concentrado fosfatico
proporciona elevacdo no consumo de acido sulfurico (H,SO,;) empregado na
solubilizacdo. Entre os carbonatos, a dolomita se apresenta como a impureza de maior
impacto negativo no processo, devido a presenca do magnésio em sua composi¢édo. Esse
metal alcalino-terroso afeta a taxa de filtragdo e capacidade do equipamento, além de
aumentar a viscosidade do acido superfosférico e reduzir a quantidade de P,0s sollvel

durante a acidulagdo [79].

O processamento de minérios fosfaticos igneos envolve etapas de fragmentacao,

separacdo por tamanho, concentracdo e, eventualmente, métodos quimicos e térmicos,
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principalmente em areas com disponibilidade de energia a baixo custo e limitacdo de
recursos hidricos [77, 80]. Alguns métodos alternativos podem ser empregados na
concentracdo de minério fosfatico, inclusive a separacdo magnética [81] e biolixivia¢do
[82, 83]. Entretanto, desde 1920, a operacdo de concentracdo majoritariamente aplicada
corresponde a flotacdo em espuma [84]. A técnica é utilizada para separar particulas
minerais contidas no minério, sob a forma de polpa, com base nas suas diferentes
propriedades de superficie. Para tal, explora o fendmeno de particulas hidrofébicas se
aderirem as bolhas de ar em fluxo ascendente, devido ao empuxo, sendo carreadas até a
interface polpa-espuma (flotado). Enquanto isso, particulas hidrofilicas permanecem na
fase liquida (afundado) [74, 85-89].

A flotacdo em espuma é amplamente aplicada em rotas de concentracdo de minério
fosfatico. No caso dos minérios fosfaticos brasileiros, as apatitas igneas, com baixa area
superficial, apresentam maior solubilidade e flotabilidade em condicdes acidas,
evidenciando a precipitacdo superficial como mecanismo de adsorcdo do coletor [90-
93]. A rota classica de beneficiamento de minério fosfatico igneo engloba operacdes de
britagem e moagem, podendo ser incluidas etapas de lavagem, deslamagem e separagdo
magnética, em funcdo da ganga presente, via flotacdo anidnica direta. Ela envolve a
aplicacdo de sais de acidos graxos (i.e. oleato) como coletores de apatita e amido
gelatinizado para a depressdo de ganga carbonatada e éxidos de ferro, em pH alcalino.
Geralmente é empregado estagio rougher, sendo o rejeito desta etapa direcionado para
estagios scavenger. O concentrado fosfatico da etapa inicial segue para estagios duplos
ou triplos de etapa de limpeza (cleaner) [34, 62, 66, 94-99]. Alternativamente, podem
ser empregados outros depressores de ganga como o silicato de sédio, atuando sobre 0s
carbonatos [100, 101]. O processamento de minérios fosfaticos pode ser realizado,
ainda, por rotas envolvendo flotacdo caribnica reversa, empregando aminas como
coletor de silicatos em pH levemente béasico [102, 103], e flotagdo anibnica reversa, com
a depressdo da apatita realizada por ions fosfato, sulfato e oxalato provenientes de seus

respectivos acidos e sais soluveis, em pH levemente acido [104-106].

O Processo Crago, outra rota desenvolvida para concentragdo de minério fosfatico, se
baseia em uma mescla entre flotagdo anidnica direta e catidnica reversa [77, 107-109]. O
desenvolvimento da rota conhecida como Processo Crago Inverso, contempla uma

sequéncia de flotacdo contraria a convencional, iniciando com a flotacdo catibnica
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reversa, seguida da anibnica direta. Assim, inicialmente sdo flotadas areias finas de
quartzo e silicatos, empregando dosagem minima de aminas. A rota foi desenvolvida
pelo Instituto de Pesquisa de Fosfato da Flérida (Florida Institute of Phosphate
Research — FIPR), motivado pelo comportamento do quartzo durante a rota Crago
convencional [93]. O Projeto Serrana € um marco na historia da tecnologia mineral
brasileira para o beneficiamento de minérios fosfatados de origem ignea, sendo
desenvolvido entre 1960 e 1962 a partir do minério rico em ganga carbonatada,

principalmente calcitica, da mina de Cajati/SP [99].

Apatitas amorfas podem demandar concentragdes de oleato até dez vezes maiores em
relacdo a apatita cristalina, devido as carateristicas distintas na estrutura cristalina das
particulas, principalmente nas bordas, onde ocorre a adsorcéo do reagente, demandando
maior tempo de condicionamento com os reagentes, além de alta solubilidade,

acarretando menor estabilidade na interacdo com o coletor [34, 100, 102].

A granulometria das particulas estd diretamente ligada & sua area superficial. Esta
caracteristica pode influenciar o desempenho na flotacdo de fosfato sob duas vertentes.
Uma delas afirma que particulas de granulometria mais fina demandam maior
quantidade de reagentes para serem recobertas, aumentando o custo da operacdo. A
segunda vertente afirma que o carboxilato pode interagir com ions calcio no bulk da
polpa e precipitar sob a forma de carboxilato de célcio. Assim, altas concentracdes deste
ion bivalente na solucdo, potencializados pela elevada taxa de dissolucdo das particulas
mais finas, pode acarretar a insuficiéncia ou até o esgotamento do coletor para a
adsorcdo nas particulas minerais e, consequentemente, sua coleta, prejudicando o
desempenho da flotacdo [32, 93, 110].

A adsorcdo de surfactantes na superficie de particulas minerais em polpa é determinante
no controle de varios processos industriais como flotagdo [111-115],
floculac@o/dispersdo [116-121], dentre outros (i.e. farmacéuticos [122], ambientais
[123]). No campo do processamento mineral, as interagcGes energeticamente efetivas
entre as fases adsorvente (mineral) e adsorvida (surfactante) sdo afetadas pelas
propriedades superficiais das particulas, do coletor e da fase liquida do sistema [124]. A
adsorcdo pode ser estabelecida através de atragéo eletrostatica, ligagGes covalente ou de
hidrogénio, além de interacbes ndo polares, em funcdo das caracteristicas quimicas da

solucdo e da superficie mineral [124]. Quando a adsor¢do ocorre entre a por¢do polar do
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coletor e superficie mineral (head on), a hidrofobizacdo das particulas é favorecida,
resultando em sua maior recuperagdo na espuma. Entretanto, quando ocorre a interagao
inversa (head out), a porcdo polar do surfatante se volta para a fase liquida, causando a
reversdo da hidrofobicidade da particula, prejudicando sua adesdo a bolha e,
consequentemente, sua recuperacdo na espuma. Esse cendrio € tipico quando sdo

empregadas sobredosagens de surfactantes no sistema [125].

Compreender o mecanismo de adsorcao do coletor na superficie dos diversos minerais
presentes em um sistema de flotacdo é essencial para controlar a seletividade da
separacdo [126]. Varios estudos avaliaram o mecanismo de adsorcdo do oleato na
superfice das particulas de minerais do tipo 6xido, principalmente os portadores de
calcio (Ca) [127-129], incluindo os minerais envolvidos no presente estudo (apatita
[130-135], calcita [136-138] e dolomita [139-141]).

Os acidos graxos e seus respectivos sais, provenientes da sua neutralizagdo com bases
inorganicas, sdo amplamente utilizados como coletores na flotacdo [90, 91, 142-146].
Estes sdo compostos por cadeia hidrocarbdnica extensa e grupo carboxila (COOH),
sendo caracterizados pelo tamanho da cadeia, além de ndmero e posicdo das
insaturagdes, caracteristicas que determinam diferencas nas suas propriedades quimicas
e fisicas [96, 147]. O acido oleico é o coletor mais comum e tradicionalmente usado
para flotacdo de apatita [148], dentre outros minerais, apresentando sensibilidade a
granulometria [149], temperatura [150] e presenca de ions na polpa [130]. A especiacéo
do é&cido oleico/oleato (sal respectivo) e suas variacbes ocorre em funcdo da
concentracdo e do pH, influenciando a natureza e estrutura da camada superficial

adsorvida em superficies minerais [151] e na formac&o da espuma [152].

A interacdo entre coletores e 0 mineral apatita envolve a adsor¢do quimica do reagente e
sitios metalicos presentes na superficie do mineral, através da precipitacdo de um sal
proveniente da reacdo quimica entre estes. Em sistemas contendo apatita e carbonatos, a
seletividade fica comprometida, uma vez que o mecanismo de adsorcao do coletor sobre
0S minerais se apresenta similar, a partir de sitios ativos semelhantes, prejudicando o

desempenho da operagéo.
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2.4 Seletividade no sistema apatita-carbonatos

Dentre 0s minerais de ganga presentes no minério fosfatico, destacam-se os silicatos e
carbonatos. Este Gltimo, quando em grande propor¢do no minério, proporciona enormes
desafios, principalmente pelas propriedades minerais superficiais semelhantes entre eles
e 0 mineral-minério [76, 153]. Como o mineral-minério (apatita) e a ganga carbonatada
(calcita e dolomita) sdo minerais portadores de Ca, a seletividade do processo fica
comprometida. Isso porque os sais de &cidos graxos, principalmente o oleato, se
adsorvem através dos sitios desse cation metalico na superficie dos minerais [100]. A
literatura cientifica demonstra que a adsor¢do deste surfactante ocorre de maneira
distinta na superficie dos minerais calcita (monocamada) e apatita (bicamada) [100,
154]. Essa peculiaridade afeta, inclusive, a dosagem necessaria de coletor para atingir a
méaxima flotabilidade. Para a apatita, essa dosagem se apresenta menor, sendo sensivel
ao emprego de altas dosagens [101, 131, 155]. Além disso, a cinética de adsorcdo do
oleato sobre a apatita € mais rapida em relacdo calcita, mesmo ambas seguindo o
modelo de primeira ordem para a cinética de formacdo da primeira camada [156].
Ainda, a interacdo interfacial ocorre via quimissorcdo, através da adsor¢do imediata do
dioleato de célcio na superficie do mineral, formado entre os fons Ca** liberados pela
solubilizacdo parcial dos minerais e os ions oleato presentes na solugdo. Assim, a
solubilidade parcial do mineral apresenta correlacdo com a sua hidrofobizacdo pelo
coletor e, logo, sua flotabilidade [130]. OQutros trabalhos corroboram com essa
proposicdo, uma vez que tanto o oleato [157] quanto a superficie dos minerais apatita e
calcita [100] se apresentam negativas no pH investigado (alcalino).

Os carbonatos compdem o grupo dos minerais classificados como semi-soluveis,
juntamente com os fosfatos. Estes minerais de ganga podem ocorrer tanto como
pequenas inclusdes ou veios, quanto na forma de grdos livres [17]. A solubilidade dos
minerais semi-solUveis corresponde a um parametro de grande relevancia quando se
trata do processamento mineral via flotacdo. Esse grupo de minerais € caracterizado pela
consideravel solubilidade, superior a da maioria dos minerais constituidos por oxidos e
silicatos e inferior a dos minerais altamente sollveis, como halita e silvita. Varios
estudos avaliaram o efeito da solubilidade dos minerais sobre outros sistemas de
flotacdo contendo limonita [158], malaquita [159], espoduménio [160], bastenasita
[161], smithsonita [162], schellita [162, 163], powellita [164] e apatitas primarias e
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secundarias [165].

Em contato com a agua, esses minerais entram em processo de dissolucao, dependendo
das condicbes do sistema, como forca idnica, temperatura, pH e a presenca de outras
espécies quimicas na solucdo [166]. O comportamento da fluorapatita em meio aquoso,
em funcdo do pH do sistema, segue apresentada na Figura 2.3. A solubilidade deste
mineral apresenta relacdo inversa com o pH do sistema, em meio acido. Na faixa de pH
entre 7 e 11, a solubilidade do mineral independe do pH do meio. Em meio fortemente
alcalino, a solubilidade se mostra diretamente proporcional ao pH do sistema. A
solubilizacdo parcial desses minerais e as caracteristicas quimicas do sistema mineral-
solucdo determinam a composicdo quimica da fase aquosa e a carga da superficie das
particulas minerais presentes na polpa. No caso da apatita, o tipo de célcio soltvel ou
espécie de fésforo predominante dependem das condic¢des da solucéo e do seu dominio
de estabilidade.
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Figura 2.3 - Solubilidade da apatita em funcédo do pH.

Fonte: HANUMANTHA RAO et al. (1990), adaptado [167]
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Os mecanismos relacionados a acao dos reagentes de flotacao na superficie dos minerais
estdo diretamente ligados ao potencial de superficie destes. No caso da apatita, calcita e
dolomita, a carga superficial é controlada pela dissolucdo ndo estequiométrica das
espécies quimicas que fazem parte da sua estrutura cristalina. Desta maneira, 0s ions
liberados sdo submetidos a reacGes adicionais, acarretando a readsorcdo das espécies
formadas na superficie do mineral, afetando diretamente na etapa de desenvolvimento
de cargas superficiais. Essas reacGes podem ser do tipo hidrolise, complexacéo,
adsorcéo e precipitacdo bulk ou superficial. Logo, a eficiéncia da flotagdo de minérios
fosfaticos contendo esses minerais sofre influéncia do balango eletrostatico ocasionado
pelas reacdes adicionais que os ions provenientes da solubilidade parcial destes minerais
estabelecem com as espécies presentes na polpa [131, 167, 168].

O equilibrio quimico do sistema mineral-solucéo sofre influéncia das modificacdes na
estrutura cristalina do solido, presenca de impurezas, bem como adi¢édo de eletrolitos. O
emprego de eletrélitos contendo ions comuns a composi¢cdo quimica dos minerais
presentes no sistema reduz a solubilidade destes quando comparado ao cenario onde
eram empregados eletrolitos denominados indiferentes. Considerando a solubilidade em
agua pura, a mesma temperatura, a calcita se apresenta mais sollivel que a apatita em
toda a faixa de pH avaliada, sendo que ambas apresentam relacdo inversa entre
solubilidade e pH do sistema (Figura 2.4). Considerando a possibilidade de coexisténcia
destes minerais no minério fosfatico com ganga carbonética e, consequentemente, na
polpa de flotacdo, torna-se necessario avaliar o comportamento destes quando
condicionados em polpa contendo ions constituintes da rede cristalina do outro
(sobrenadante). A concentracdo total de ions célcio presente na polpa contendo apatita e
calcita depende da solubilidade do carbonato nas condi¢des do sistema, devido a sua
maior solubilidade, se comportando como principal fonte deste cation ao sistema [166].

Considerando o sistema composto por calcita condicionada em sobrenadante de apatita,
pode ser observada uma reducdo na sua solubilidade em toda a faixa de pH avaliada,

sendo essa queda mais expressiva em condi¢des mais alcalinas (Figura 2.4).
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Figura 2.4 - Solubilidade de apatita e calcita em agua (linha tracejada) e em solucdes

sobrenadantes (linha cheia), considerando [KNO3] = 2x10™ kmol/m?®,

Fonte: OFORI AMANKONAH et al. (1985) [166] adaptado

Como o sobrenadante apresenta o fon fosfato (PO,*) como principal &nion, proveniente
da dissolucdo da apatita, a reducdo pode ser atribuida ao efeito da presenca desta espécie
quimica, que torna a calcita mais estavel nestas condices, quando proporciona a
precipitacdo de apatita sobre a superficie desta. Logo, caso apatita seja condicionada em
sobrenadante de calcita, a precipitacdo deste mineral na superficie da apatita sera
favorecida, aumentando sua solubilidade e alterando suas caracteristicas de superficie,

como apresentado na Figura 2.5 [168].
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Figura 2.5 - Efeito do sobrenadante no PIE da calcita e apatita,

considerando [KNO3]= 2x10 kmol/m?®.

Fonte: SOMASUNDARAN e OFORI AMANKONAH (1985) [168] adaptado

Esse equilibrio quimico é representado na equacdo (2.1) e evidenciado pela
sobreposicdo das respectivas curvas de solubilidade e potencial zeta, demonstrando a
semelhanca das caracteristicas superficiais destes minerais quando coexistem na polpa,
sendo este o grande desafio do processamento de minério fosfatico com ganga
carbonatada [79, 166, 169].

Cayo(PO)s(OH)y) + 10C0O5% > 10CaCOs(s) + 6PO,* + 20H (2.1)

Para os sistemas calcita/dolomita e apatita/dolomita o pH de transigdo entre as especies
correspondem a 8,2 e 8,8, respectivamente, sendo a dolomita a espécie mais estavel em
valores elevados de pH. Considerando o sistema calcita/apatita/dolomita, para pH

abaixo de 8,8 a apatita se apresenta como a espécie mais estavel, apresentando menor
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solubilidade (Figura 2.6). A partir dai, a dolomita adquire maior estabilidade,
determinando as caracteristicas quimicas do sistema. Em toda a faixa de pH a calcita
ndo se apresenta como a espécie menos sollvel dentre as representadas [168].
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Figura 2.6 - Relacgdes de estabilidade no sistema calcita/apatita/dolomita a 25°C,

[Mg?1=5x10* kmol/m?® considerando o sistema aberto para a atmosfera.

Fonte: SOMASUNDARAN et al. (1985) [168]adaptado

Na busca por seletividade na separacao entre 0 mineral-minério e os carbonatos, varias
estratégias foram empregadas como uso de depressores de calcita [100, 170-173],
dolomita [174, 175] ou apatita [176], inclusive empregando microorganismos [177],
alem de rotas estagiadas de flotacdo [178], desenvolvimento/aplicagdo de novos
reagentes [98, 179-189] e métodos, como calcinagdo [190] e flotacdo reativa [191]. A
presenca de ions Fe nas apatitas primarias proporciona a estas potencial zeta semelhante
ao da hematita, enquanto os ions Ca e Mg no sistema adicionam cargas superficiais
positivas nas apatitas e nos minerais de ganga, em pH 10,5 em fungdo da adsorcéo

especifica dos hidroxicomplexos formados [98]. O comportamento quimico da calcita
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quando condicionada em solucdo de é&cido fosforico, tipico depressor de apatita,
evidencia a formacdo de fosfato de célcio na superficie do mineral em determinadas
condicbes de concentracdo do &cido, pH e tempo de condicionamento, indicando um
cenario de perda de seletividade no sistema de flotacdo direta de apatita contendo calcita
como ganga carbonatada [192]. Flotacdo de minério fosfatico de ganga carbonatada foi
objeto de varios estudos cientificos [68, 76, 101, 106, 110, 174, 178, 193-198].

A acidez do sistema promove a interagdo entre os ions H' e os carbonatos contidos na
estrutura cristalina dos minerais de ganga, proporcionando a dissolu¢do continua da
superficie mineral destes, removendo contaminantes e criando novos sitios de adsorcédo
do coletor anidnico. Essa reacdo entre o acido e o carbonato produz micro bolhas de gas
carbonico (CO,) na superficie dos minerais de ganga, reduzindo a interacdo desta com
as moléculas de &gua, através de ligac@es de hidrogénio. Logo, a cinética de adsorcao do

coletor é favorecida, potencializando a flotabilidade dos carbonatos [106, 199].

A presenca de cétions na fase liquida do sistema provenientes da 4gua de processo [200]
ou da solubilizacdo parcial dos minerais [201], afeta a dinamica da flotacdo, sendo
inevitaveis no processo [202]. Caso a taxa de liberagdo e difusdo do cation através das
camadas limite for maior que a difusdo do coletor até a superficie mineral, a interagédo
dos céations e coletores ocorrera no seio da solugdo, resultando em precipitacdo do
composto formado entre eles e 0 aumento do consumo do coletor. Caso contrério, a
precipitacdo do oleato de cation ocorrendo na superficie da particula mineral, ocasiona o
aumento da sua hidrofobicidade, sem a perda do coletor por precipitagdo na polpa [203].
Logo, é importante minimizar a dissolucdo do proprio mineral ou imobilizar os ions
gerados na fase liquida, amenizando seu impacto deletério. O efeito dos ions na fase
liquida também foi investigado sobre a dispersdo de particulas finas em polpa,
demonstrando que altas valéncias prejudicam o fenémeno uma vez que, via medidas de
potencial zeta e aplicacdo da teoria da DLVO extendida, observa-se que a estabilidade

da dispersdo depende da repulsdo eletrostatica e da repulsdo de hidratacdo [203].

Apatitas igneas, com baixa area superficial s&o mais soltveis para valores de pH mais
baixos, apresentando maior flotabilidade [93]. Isso evidencia a teoria de precipitagdo
superficial durante a adsorcdo do oleato, uma vez que as condi¢bes que favorecem a
solubilidade do mineral, proporcional a liberacio mais pronunciada de fons Ca®*

proximo a particula [92].
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2.5 Coletores no sistema de flotacdo de minério fosfatico

Diante dos altos custos dos acidos graxos puros, a industria de fosfato emprega 6leos
vegetais (misturas complexas de acidos graxos) como coletores, devido ao seu baixo
custo e alta eficiéncia em temperatura ambiente [66]. Os acidos graxos mais comuns em
Oleos e gorduras comestiveis apresentam cadeia carbonica contendo 16 a 18 atomos,
sendo os &cidos palmitico (C16:0), oleico (C18:1) e linoleico (C18:2) responsaveis por
aproximadamente 80% da composicao de 6leos e gorduras [148, 204]. O &cido oleico e
seu sal (oleato) apresentam bom desempenho na funcdo de coletor, sendo que ambos
apresentam cadeia carbdnica insaturada constituida por uma ligacdo dupla entre os
carbonos. Diante disso, geralmente torna-se necessaria a realizacdo da hidrogenacédo
parcial prévia dos acidos graxos poli-insaturados, diminuindo o nimero de insaturacdes
nas suas respectivas cadeias carbbnicas. Assim, € possivel elevar o teor de acido oleico

na mistura de acidos graxos empregados [96].

Existem estudos empregando 6leos de origem animal [205] e reuso [206-209] na
flotacdo. No passado, o tall oil, subproduto da industria de papel, foi amplamente
utilizado na rota, mas devido ao aumento da demanda do insumo, afetando seu custo e
disponibilidade, este foi substituido recentemente por fontes vegetais alternativas [79,
210, 211]. O seu emprego e o do 6leo vegetal, como coletores de apatita, foram
avaliados, demonstrando melhor desempenho para o primeiro [212].

O Brasil abriga uma das variedades mais ricas de espécies vegetais do mundo, sendo o
sexto colocado em relacdo a biodiversidade [213], sendo que apenas uma fracdo desse
potencial é conhecida e utilizada adequadamente, tanto do ponto de vista alimenticio
[214], quanto tecnoldgico [215] e ambiental [216]. Os 6leos vegetais sdo ricos em
acidos graxos, sendo objeto de varios estudos sobre seu potencial como agentes
coletores, devido a sua alta disponibilidade técnica e econdmica.

No cenario brasileiro, éleos de milho (Zea mays), soja (Glycine max) e farelo de arroz
(Oryza sativa), apresentam resultados satisfatorios como coletores na flotacdo de apatita
[217]. Oleos de arroz, soja e linhaca (Linum usitatissimum) foram avaliados,
demonstrando o bom desempenho do 6leo com grande proporcdo de &cido linoleico
(soja) em pH basico [95]. Oleo de jojoba (Simmondsia chinensis) demonstrou ser capaz
de hidrofobizar a calcita em pH 6,5 em concentracdo de 200mgL™, enquanto a apatita

permaneceu hidrofilica, mesmo na auséncia de depressores [218], enquanto o Oleo de
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coco (Cocos nucifera) foi avaliado para minério com ganga silico-carbonatada do
mesmo deposito, fornecendo um concentrado com 30,5% P,0s e 80,8% de recuperacdo
para o circuito rougher-cleaner [196]. Oleo de pequi amarelo (Caryocar brasiliense)
apresentou resultados similares ao coletor empregado industrialmente (FLOTIGAM
5806) na microflotacdo de apatita, atingindo recuperacéo superior a 95% [219]. Oleo de
farelo de arroz foi avaliado na flotacdo em coluna com rejeitos de minério fosféatico,
fornecendo teor de 29,4% P,0s no concentrado final com 46,2% de recuperacao, quando
associado ao coletor anidnico sintético do tipo sulfosuccinato [63]. Todos estes Gleos
avaliados se apresentam como mistura de &cidos graxos, caracterizada pelo seu perfil
graxo, podendo experimentar o efeito sinérgico destes acidos graxos variados no mesmo

sistema de flotagéo.

2.6  Sinergia entre reagentes no sistema de flotacao

A acdo sinérgica de coletores em um sistema de flotacdo, quando empregados em
proporcdo ideal, apresenta a vantagem da combinacdo das caracteristicas individuais
desses reagentes, atendendo a varios requisitos do sistema [220]. Essa sinergia pode
promover a reducdo no consumo de reagentes com recuperacdes e teores semelhantes
e/ou proporcionar melhores resultados para 0 mesmo consumo. Os principais
mecanismos propostos para a interacdo entre os coletores sdo maior cobertura da
superficie mineral, interacdo entre os coletores na polpa ou na superficie mineral e
alteracdo das caracteristicas da espuma, aumentando sua estabilidade [221]. Os sistemas
de coletores mistos podem ser classificados, de acordo com a natureza dos reagentes,
como anidnico-cationico, anidnico-ndo ibnico e catibnico-ndo ionico [222]. O
desempenho desses sistemas depende do tipo de interacdo coletor-particula
(eletrostatica, ligacdo de hidrogénio ou adsor¢do quimica), estruturas dos coletores e
proporcao entre os reagentes [223].

O emprego simultaneo de mais de um tipo de coletor no mesmo sistema de flotacéo foi
amplamente avaliado em diversos trabalhos, sempre buscando potencializar a
seletividade e eficiéncia na separacdo de particulas minerais [189, 221, 222, 224-226],
inclusive para as naturalmente hidrofobicas [227, 228]. Para o oleato ndo foi diferente,
sendo combinado com varios co-coletores cationicos [220, 223, 229, 230], anidnicos
[231, 232] e ndo-ibnicos [233].
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Os reagentes ndo ionicos, quando empregados juntamente com carboxilatos, sendo
classificados como extensores de cadeia, buscam aumento da seletividade, economia de
reagentes e melhoria das condicdes de viscosidade da polpa. A acdo destes pode ser
explicada pela atuacdo das cadeias carbbnicas na desidratacdo de superficies através da
co-adsorcdo dos compostos apolares sobre elas [167]. Além disso, proporcionaram a
reducdo da concentragcdo micelar critica e a tensdo superficial da solucdo, demonstrando
que os surfactantes se concentram na interface liquido/gés [139, 233]. Tal fato favorece
0 umedecimento, solubilizacdo e formacéo de espuma mais estavel, devido a reducao da
taxa de ruptura das bolhas, o que causa maior probabilidade de colisdo das particulas
minerais com essas bolhas, potencializando sua flotabilidade [139]. A sinergia entre o
oleato e os coletores ndo-ionicos proporciona o aumento do angulo de contato [150],
reducdo do consumo de coletor e suavizacdo do efeito deletério de fons Ca®*, que
causam a precipitacdo do coletor [232, 234]. A interacdo entre oleato/acido hidroxamico
proporcionou alta seletividade e recuperacdo no sistema de flotagdo calcita/scheelita
[112] e dolomita/smithsonita [235], além de proporcionar adsor¢do mais intensa e
maior recuperacdo na flotacdo de bastenasita [236] e 6xidos de elementos de terras raras
[237]. J& o par oleato/querosene foi empregado na flotacdo em célula/coluna de minério
fosfatico sedimentar com ganga carbonatada em pH levemente &cido, apresentando
resultados satisfatorios [197]. Para o sistema apatita/calcita, foi observado que quando o
oleato e o iso-tridecanol (alcool graxo) foram empregados em conjunto, a adsorcao deste
sobre as particulas minerais se mostrou superior ao cenario de aplicacdo isolada, mesmo
mantendo a densidade de adsor¢do do oleato, demonstrando maior afinidade entre o
complexo alcool-oleato e a superficie mineral em relacdo ao dimero dioleato e a mesma,
0 que proporcionou hidrofobizacdo mais efetiva das particulas [238].

Como discutido anteriormente, considerando os 0leos vegetais como um sistema
composto por VAarios &cidos graxos, a interagdo entre a acao desses como coletores pode
ser discutida sob a optica de uma sinergia do tipo aniénico-aniénico. O desempenho do
sistema composto por acido oleico (54%), linoleico (36%) e linolenico (10%) foi
avaliado na flotacdo de apatita, apresentando baixa concentracdo micelar e menor
consumo de reagente em relacdo ao desempenho do &cido oleico isolado [217]. A
flotacdo de tungsténio, aplicando o sistema acido oleico/linoleico, com de diferentes
proporcOes de acido ricinico, apresentou ganho de seletividade em um Unico estagio em

relacdo ao emprego de &cido oleico puro [239]. Entretanto, os registros em relagdo a
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sinergia de acidos graxos presentes nos 0Oleos vegetais na flotacdo de minérios séo
escassos, principalmente a discussao sobre a repulsdo eletrostatica entre eles [231].

Para os coletores provenientes de Oleos e gorduras, tanto de origem vegetal quanto
animal, a sinergia entre os acidos graxos em sua composicdo também desempenha papel
fundamental no desempenho e seletividade da operacdo de flotacdo. Diante da
sensibilidade do acido oleico como coletor & presenca de lamas e fons Ca’* na fase
liquida, o efeito sinérgico deste (54%), juntamente com linoleico (36%) e linolenico
(10%) foi avaliado na flotacdo de apatita, apresentando baixa concentracdo micelar e
menor consumo de reagente [217]. A abordagem utilizando efeitos sinérgicos da mistura
de coletores carboxilicos também foi empregada para o sistema de flotacdo de
tungsténio, aplicando coletor de composi¢do predominante de &cidos oleico e linoleico,
além de diferentes propor¢es de acido ricinico, elevando substancialmente a
seletividade do processo em um unico estagio [239].

As primeiras discussdes sobre efeito sinérgico de coletores do tipo acido graxo se
basearam na formacdo complexos iono-molecurares, embora tenha sido elaborada
analisando sistemas contendo um Unico &acido, sendo pouco desenvolvida até entdo
[240]. A formacdo de compostos iono-moleculares, provenientes da interacdo das
formas neutras e dissociadas dos coletores anidnicos, demonstrou favorecer a
flotabilidade devido a atividade superficial mais alta do complexo em relagdo aos
componentes isoladamente. O aumento efetivo da cadeia carbdnica nos complexos
formados reforca essa discussao [241-243]. Até entdo, a formacdo de cargas superficiais
em fungédo do pH do meio era considerada como fator predominante para a intensidade
da interacdo entre o coletor e a particula. A partir da discussdo sobre a formacdo de
compostos ionomoleculares, esse fendmeno passou a ser considerado como relevante na
hidrofobizacdo de particulas minerais [240]. A flotacdo de hematita em sistema
contendo oleato foi discutida sob a luz da formagdo de compostos iono-moleculares,
sendo observado a mesma condi¢cdo de pH para a maxima flotabilidade do mineral e
maior formacdo dos compostos [244]. Essa abordagem também foi empregada na
discussdo da flotacdo de quartzo em sistema contendo amina/cloreto de aménio a partir
de estudos termogravimétricos, demonstrando a maior atividade dos compostos iono-
moleculares na superficie das particulas [245].

Registros em relacdo a sinergia de &cidos graxos presentes nos 0Oleos vegetais na

flotacdo de minérios sdo escassos, principalmente a discussdo sobre a estabilidade,
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configuracdo e grau de hidrofobicidade do filme formado [217, 231, 239]. Atualmente,
0 mercado busca maior efetividade, menor custo e melhor seletividade na acdo dos
coletores de flotagdo de fosfato. Visando atender a essa demanda, estudos avaliam
técnicas de adsorcdo em superficie mineral em busca de conhecimentos sobre o
comportamento de potenciais coletores alternativos, confrontando o desempenho destes

com o de 4cidos graxos isolados, presentes em sua composi¢édo [212].

2.7 Oleos Amazonicos

O Brasil abriga uma das variedades mais ricas de espécies vegetais do mundo, sendo o
sexto colocado em relacdo a biodiversidade [213]. Entretanto, apenas uma fragdo desse
potencial é conhecida e utilizada adequadamente, tanto do ponto de vista alimenticio,
quanto tecnoldgico e ambiental [214-216]. A regido amazdnica € rica em recursos
vegetais, como frutas e oleaginosas, cuja exploracdo comercial é fator importante no
desenvolvimento econdmico e social das comunidades [246-249]. A caracterizagédo
destes Oleos derivados dessas oleaginosas foi amplamente investigada visando o
levantamento de dados para embasar sua aplicacao [250-252]. A composicdo, em acidos
graxos, das principais oleaginosas amazonicas apresentam alto nivel de insaturacéo,
tipico de espécies do tipo palmeiras, sendo os acidos oleico e linoleico os mais
expressivos [253], habilitando-os para potencial emprego industrial [254].

As palmeiras demonstraram boa adaptacao a areas tropicais, com mais de 150 espécies
na regido, fornecendo Vvérios tipos de 6leos com alto rendimento de polpa e semente,
mesmo em condicBes adversas, representando alto potencial para aplicagdo industrial
[255, 256].

O pataua (Oenocarpus bataua) é fruto de uma palmeira encontrada no norte da América
do Sul, incluindo Panama e Trinidad, sendo abundante na regido amazonica e util para
comunidades indigenas da regido. O fruto é usado principalmente como fonte de 6leo
para fins medicinais, cosméticos ou culinarios, além da preparacdo de uma bebida
semelhante ao leite. O dleo de pataua é tradicionalmente extraido da polpa e sementes
do fruto, apresentando aspecto caracteristico amarelo-esverdeado, semelhante ao éleo de
oliva. Apesar de escassos, estudos confirmam o perfil de acidos graxos do 6leo de
pataud como sendo majoritariamente composto por &cidos oleico (80%) e palmitico

(15%), com pequenas proporcdes de estedrico, laurico e miristico [257, 258].
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A andiroba (Carapas guianensi), € uma arvore endémica em florestas Umidas da
América do Sul, presente em toda a Amazonia, e que produz frutos redondos com
sementes de coloracdo marrom, de onde é extraido seu 6leo espesso (60% em peso), que
solidifica a temperaturas abaixo de 25°C e atinge rapidamente o ranco apds a extracdo
[251, 259-261]. Esse Oleo é tradicionalmente utilizado na industria cosmética e
farmacéutica devido a suas propriedades febrifuga, analgésica, antibacteriana,
antiparasitaria, inseticida e repelente, em fungdo dos limindides presentes em sua fracdo
ndo saponificavel (2 a 5%) [249, 262-266]. Ja a fracdo saponificavel é composta
majoritariamente por acidos oleico (57%), palmitico (25%) e estearico (10%) [267].

O bacuri (Platonia insiginis) é uma espécie nativa da Amazoénia brasileira, explorada
para producdo de madeira e frutas. Seu fruto pode ser consumido cru ou sob a forma de
suco, sorvete ou geléia. Ja a gordura extraida de sua semente é amplamente utilizada no
campo medicinal para tratamentos anti-inflamatério e anti-eplético [268, 269]. No
campo industrial, a gordura de bacuri pode ser aplicada na producédo do biodiesel devido
ao seu potencial antioxidante [254]. Seu perfil graxo € composto por &cidos de cadeia
saturada (palmitico (65%)), além do oleico (25%), resultando em seu aspecto solido a
temperatura ambiente [250, 252].

Alguns 6leos amaz6bnicos foram objeto de estudo no campo da flotacdo em espuma
[270, 271], inclusive o pataud [204]. Entretanto, ndo foram encontrados trabalhos
empregando Oleo de andiroba e gordura de bacuri saponificados como coletores na
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3. Coletor de 6leo de andiroba

Aplicacao do 6leo de Andiroba como um novo coletor na flotacéo de apatita

Nesse estudo, buscou-se avaliar o desempenho do coletor obtido a partir da
saponificacdo do 6leo de Andiroba na flotabilidade de apatita e carbonatos (calcita e
dolomita), a partir de ensaios de microflotacdo em tubo de Hallimond modificado.
Foram realizadas caracteriza¢fes das amostras minerais (DRX, WDXRF, FTIR e XPS)
da amostra graxa (FTIR, Cromatografia Gasosa, indices de acidez, saponificagio e iodo)
e do coletor obtido (FTIR, CMC), além de ensaios de caracterizacdo da adsorcdo deste
sobre os minerais (Mobilidade eletroforética e FTIR). Os ensaios varreram variaveis
como tempo de condicionamento, pH do sistema e concentragéo da solugéo de coletor
na flotabilidade dos minerais avaliados. Os resultados mostraram que a seletividade da
flotacdo foi alcancada em uma faixa de pH préxima a neutralidade, com recuperagédo
apatita superior a 90%. Na faixa alcalina (acima do pH 10), a queda na flotabilidade de
minerais, principalmente apatita, ja era esperada devido a adsorcdo de espécies
diméricas. O tempo de condicionamento provou ser um fator importante para a
seletividade do sistema, apresentando uma relacdo direta com a flutuabilidade do
apatite, e indicando que a adsorcdo de AOC ocorreu por meio da quimiossorcdo. Entre
os carbonatos, principalmente para dolomita, a investigacdo demonstrou uma adsorcao
menos efetiva do coletor, devido aos picos menos pronunciados nos espectros do FTIR e

reducdo menos significativa no potencial zeta apds interacdo com o coletor.
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ABSTRACT

Phosphate ores are highly complex, requiring sophisticated processing steps to meet the
specifications of the fertilizer industry. Froth flotation is widely used in several
phosphate ore concentration routes, using vegetable-origin fatty acid salts as collectors.
In this scenario, the search for alternative sources with high accessibility, efficiency, and
availability becomes strategic. In this work, Andiroba oil (Carapas guianensi) was
evaluated regarding its physicochemical characteristics (fatty profile, acidity,
saponification, and iodine indices) and the performance of its fatty acid salts as a
selective apatite collector in the flotation from calcium and magnesium carbonate
gangue minerals, commonly found in phosphate ores. The oil sample was found to be
mainly composed of oleic and palmitic acid. The best selectivity between apatite and
carbonates was obtained at pH 7.5 and 20mg.L™ collector concentration, especially for
the apatite-dolomite system. The zeta potential and FTIR results indicated that
chemisorption and precipitation of calcium salts were the collector adsorption
mechanism responsible for hydrophobization. The selectivity achieved was attributed to
the difference in the conformation of the hydrophobic layers formed on the surface of
each mineral, being related to the spatial arrangement and density of active sites.
Andiroba oil proved to be promising as an apatite collector in flotation systems with
carbonate gangue, being an environmentally attractive alternative for the phosphate

industry.

Keywords: apatite flotation; amazon oils; andiroba oil; novel collector.
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3.1 Introduction

The mineral industry is increasingly searching for less polluting processes, either by
reducing waste generation or by using sustainable alternatives to petroleum-based
inputs, which are in line with the growing environmental demands [1]. Among the
different resources which require more sustainable processing, phosphate ores are
strategic to the global food security and biodiesel production and can involve
sophisticated processing steps to meet the specifications of the fertilizer industry [2].
Froth flotation is widely applied in phosphate ore concentration routes, using fatty acid
salts as collectors. Given the high costs, the phosphate industry employs more accessible
fatty acids from vegetable oils, with high efficiency at room temperature, in addition to
technical and economic availability. Tall oil, widely used in apatite flotation in the past,
has been replaced by vegetable sources such as corn, soybean, and rice bran oils [3-5].
Brazil is home to a rich variety of plant species, even though only a small fraction of
these species have been investigated, with few applications implemented in the
environmental, technological, and food industries. The Amazon is rich in plant
resources, such as fruits and oilseeds, whose commercial exploitation is an important
tool in the economic and social development of local communities. These resources
have fatty acids with high unsaturation levels, typical of palm-like species, being more
expressive than the oleic and linoleic acids. Palm trees have demonstrated good
adaptation to tropical areas, with more than 150 species in the region, providing various
types of oils with high pulp and seed yields, representing the high potential for industrial
application [6].

Andiroba (Carapas guianensi) is an endemic tree in humid forests in South America,
present throughout the Amazon region, which produces round fruits with brown colored
seeds, from which its thick oil (60% by weight) is extracted, which solidifies at
temperatures below 25°C and quickly reaches rancidity after extraction. This oil is
traditionally applied in the cosmetic and pharmaceutical industry due to its febrifugal,
analgesic, antibacterial, antiparasitic, insecticidal, and repellent properties, as a function
of the limonoids present in its unsaponifiable fraction. The saponifiable fraction is
mainly composed of oleic (57%), palmitic (25%), and stearic (10%) acids [7].
Amazonian oils have already been shown to be selective in froth flotation systems [8,

9]. In addition, they are abundant, of low extraction cost, and generators of development
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for local communities [10]. Up to date, no study has investigated the potential of
andiroba oil as a collector in froth flotation. The present work presents the
characterization of andiroba oil, its physicochemical properties, adsorption behavior,
and application as an apatite collector in the separation from carbonate minerals in froth

flotation systems.

3.2 Methodology
3.2.1 Samples

The andiroba oil (AO) sample was obtained from the Amazon Oil Industry Company
(Ananindeua, Brazil). Fruit pulp and seeds were used to extract the sample using cold
pressing in absence of solvent. Gas Chromatography (GC) for methyl esters of fatty
acids was used to obtain the sample fatty acid profile. The peak identification was
performed using the FAME C14-C22 standard (Supelco CAT n°18917). During the GC
analysis, a HP7820A gas chromatograph (Agilent, USA) was used. The equipment was
equipped with a SGE column and flame ionization detector, using hydrogen gas as a
carrier. Sample characterization also involved the determination of the saponification
(ASTM D5558-95), acidity (D5555-95), and iodine indexes using the Wijs method
(ASTM D5554-15). These analyses aimed to confirm characteristics that can influence
the collector’s performance, such as unsaturation and the carbon molecule chain length.
The collector was synthesized via saponification of the oil sample at 75°C, using a
reaction with sodium hydroxide solution at 2% (w/v) in anhydrous ethanol with reflux
for 60 minutes. The product was subjected to filtration, obtaining a fatty acid salt
(AOC), in addition to a liquid portion, composed mainly of glycerol and ethanol.
Fourier transform infrared spectroscopy (FTIR), using a Nicolet 6700 spectrometer
(Thermo Scientific, USA) was used to evaluate the extent of the saponification reaction.
The attenuated total reflection (ATR) mode was used in the analyses, which conducted
64 scans in the 4000-675cm™, with a resolution of 4cm™. The surface tension of the
AOC solution was used to evaluate the critical micellar concentration (CMC) of the
collector, using the Du Nouy ring method. During the tests, a K10ST tensiometer
(Kriss, Germany) was used. The platinum ring was previously flame-treated to remove
any organic contamination. The system temperature and pH were adjusted to 23°C and
7.5, respectively, with the aid of NaOH and HCI solutions.
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The present study was conducted using apatite and carbonate mineral samples collected
in loco from igneous phosphate deposits. Sample preparation was initially performed by
particle size reduction along with hand picking to select the purest crystals. Further
pulverizing was performed using an agate mortar and pestle to adjust particle size range
to 212-75um for microflotation tests, following the particle size specifications of the ore
currently processed using Brazilian flotation circuits. A portion of this sample was
further pulverized below 38um for mineralogical and chemical characterizations, as

well as zeta potential tests.

3.2.2 Methods

Mineralogical characterization of the mineral samples was carried out via powder X-ray
diffraction (PXRD) on a PW1710 diffractometer (Philips-PANalytical, UK) equipped
with a graphite monochromator crystal and copper X-ray source (Ako=1.54A). The
analyses were conducted at 50kV and 35mA, 20 varying between 3° and 90°, with 0.06°
step (20) and 3s as scan time. Rietveld refinement was performed to seni-quantify each
crystalline phase. Wavelength dispersive X-ray fluorescence spectroscopy (WDXRF)
was used for chemical characterization of the samples using a PW2404 spectrometer
(Philips-PANalytical, UK) equipped with a rhodium composite anode tube. For the
analysis, 2g samples were used and prepared by fusion with Li,B40;.

Microflotation tests were carried out in a modified Hallimond tube [11] to evaluate the
minerals’ floatability, previously conditioned with the AOC collector reagent. Then, the
extender and the upper part of the tube were coupled, and the volume of the tube
(245mL) was completed with the same conditioning solution. The system was kept
under agitation from a magnetic bar inserted at the base of the tube, keeping the
particles in suspension. After conditioning, nitrogen gas (N2) was released into the
system at a 40cm®min™ flow rate through the base of the tube, composed of porous
glass, and flotation was performed for 1 minute (collection time). After this stage, the
operator performed the collection, drying, and weighing of the products obtained in the
test. The test performance was evaluated based on floatability, defined as the percentage
ratio between the mass of the floated material and the total recalculated mass of the test.
The selectivity between pairs was measured using the selectivity coefficient (BA/B),
widely used in phase separation in aqueous systems [12], adapted in the present work,
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considering the relationship between the partitions of the respective minerals (A and B)
between floated and sunken.

The zeta potential of the mineral particles was obtained via electrophoretic mobility
tests, using a ZM3-D-G Particle Analyzer (Zeta Meter, USA). The previous preparation
of the particles involved their conditioning in a system containing 10mg of mineral
sample, with particle size below 38um, and a 10°M KNOjs electrolyte solution (100mL)
with pH previously adjusted for the test. Then, based on Stokes' Law, the system was
allowed to stand for long enough so that only particles below 2um remained in the
suspension. Then, a portion of the supernatant was collected to be used in the test. Both
suspensions and solutions had their pH adjusted using HNO3; and KOH.

The extent of AOC adsorption onto the mineral particles was evaluated via Fourier
transform infrared spectroscopy (FTIR) using 0.2g samples, previously conditioned with
the collector, in solution adjusted to the appropriate concentration and pH. The
conditioning time used was 30 minutes. After filtering, the solid fraction was dried for
24 hours at 70°C. Then, the products were submitted for analysis via FTIR-ATR
considering the range between 4000 to 400cm™, applying a resolution of 4cm™ and 64
scans.

The surface of mineral samples was investigated using an AMICUS monochromatic X-
ray photoelectron spectrometer (Kratos Analytical, UK) with an Mg «a X-ray source
(1253.6eV). The elemental surveys were performed from 0 to 1200eV (resolution: 1eV,
dwell time: 100ms), whereas high-resolution spectra were obtained using a pass energy
of 0.1eV. The samples (-212um +75um) were conditioned (0.5g) in 25mL of distilled
water at pH 7.5 for 7min. After filtering, the solid was dried in an oven for 24 hours at
50°C. The samples were then degassed for 6 hours in a forced-air oven at room
temperature and kept in a vacuum desiccator, before the experiments. The results were
fitted using the software Vision Processing (Kratos Analytical, UK) and the C 1s peak
for C-C was used as standard (BE at 284.8 eV) for shift correction [13].

3.3 Results and Discussion
3.3.1 Mineral samples characterization

The diffractograms obtained in the XRD analyses are shown in Figure 3.2. The

interpretation was performed using ICDD’s standards (International Diffraction Data
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Center) from PDF-2 database published in 2010 to compare the peaks.
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Figure 3.2 — X-Ray diffractograms of the apatite (a), calcite (b) and dolomite (c)
samples. ICDD - A: apatite (09-0432), C: calcite (88-1807), D: dolomite (84-2065), Q:
quartz (88-2302), S: sphalerite (05-0566)

The refinement by the Rietveld Method showed that the apatite sample was identified as
fluorapatite presented a high degree of purity (99%), as well as the calcite (99%) and
dolomite (96%) samples, which was confirmed by the analysis of the results via
WDXRF. The apatite sample has a major component of P, O, and Ca, in addition to
small contamination of Si and Mg, from carbonates and quartz remaining in the sample.
Calcite and dolomite showed Ca, Mg and O as major elements, but in different
proportions, in addition to the occurrence of traces of Si, relative to the remaining
quartz. Dolomite showed lesser purity among the minerals, with traces of Zn and Fe
from sphalerite present in the sample, as indicated in the PXRD results. All minerals

showed traces of Al, probably from silicates present in minor amounts.

3.3.2 Characterization of andiroba oil and saponification products

The fatty acid profile of the andiroba oil, obtained via GC, is shown in Table 3.1,
indicating the predominance of oleic and palmitic acids in its composition. The physical

aspect of the sample is defined by the major participation of unsaturated acid (oleic),
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ensuring the liquid state of the oil at room temperature. Additionally, the profile is
similar to the typical composition recorded in the literature and according to the
American Oil Chemist's Society (AOCS) [14]. Some variations found are generally
related to the natural characteristics of these resources, such as geographical source,
fruit ripeness, and climatic conditions during cultivation [15]. Highly unsaturated
molecules like oleic and linoleic acids have been reported to perform well as a collector
during flotation [5].

Table 3.1 — Fatty acid composition of Andiroba oil.

C12:0 Ci4:0 C16:0 Ci16:1 C18:0 Ci18:1 Ci18:2

: s o N - - - .~ Others
lauric miristic palmitic  palmitoleic  estearic  oleic  linoleic
Test 0.3 0.3 27.1 1.2 8.8 48.2 12.1 2.0
Amazon oil (2021) [16] - - 25-32 0.8-1.5 6-13 4558  6-14
Serra et al. (2019) [14] 5.35 3.57 28.72 0.82 6.16  44.67 9.3 1.41
Silva et al. (2018) [17] - - 25.1 0.53 10.11 57.58 5.87 0.81

The oil sample’s physicochemical parameters are shown in Table 3.2. The acidity index
is related to the proportion of free fatty acids in oil sample composition and, when
intended for food, it consists of a parameter to evaluate the quality and conservation of
the product [18]. In industrial applications, mainly in flotation, high levels of acidity
represent advantages in the saponification stage, used to obtain the collector. This is
because a higher proportion of free fatty acids accelerate the reaction kinetics, favoring
the breakdown of the triglyceride ester bonds that make up the oil, followed by the
neutralization of the released fatty acids. Therefore, the high value observed for this
parameter is beneficial to the application [9, 19]. For andiroba oil, the low acidity index
(21.1+0.5mg KOH.g™"), in relation to other Amazonian oils (between 28 and 43mg
KOH.g™") [8], indicates an inferior performance in the saponification reaction.
Saponification and iodine index relates to the size of the fatty acid’s hydrocarbon chains
and the degree of unsaturation of these chains, respectively. The results corroborated
with the information provided by the manufacturer [16] and recorded in the literature
[14]. The iodine index obtained for andiroba oil (66+2g 12.g™%) is related to the high
efficiency of the collector in the floatability of apatite, due to the high degree of
unsaturation present in its composition, evidenced by the presence of oleic (C18:1) and
linoleic (C18:2) acids [20]. The saponification index (194415 mg KOH.g™), which is
considerably high in relation to other Amazonian oils [8], is related to the presence of

molecules with long carbon chains, reflecting a higher molecular weight. This collector
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characteristic gives greater stability to the hydrophobic film formed on the surface of the
particles, due to the greater interaction between the carbon chains and their packing.
Furthermore, it promotes greater efficiency in the phenomenon of adhesion to the air
bubble, due to the greater drainage capacity of its water film during the induction step
[5]. As discussed for the fatty acid profile, discrepancies observed for the saponification
index value obtained in other studies for andiroba oil may be related to variations in its
composition due to aspects to be considered during the cultivation stage, presenting an

irrelevant impact for the synthesis of collectors [15].

Table 3.2 — Chemical characterization of the andiroba oil sample

Test Amazon oil (2021) [16] Serra et al. (2019) [14]
Acidity Index (mg KOH.g}) 21.1+0.5 <15 21.70+0.26
Saponification Value (mg KOH.g" 194+15 190-210 241.43+2.40
1
)
lodine Value (g 1,.g7" 6612 65-75 63.30+0.21

The ATR-FTIR spectra of the andiroba oil sample and the product of its saponification
are shown in Figure 3.3, with emphasis on free fatty acids’ specific bands, carboxylates,
and alcohols. The success of the saponification reaction is indicated by the
disappearance of the 1,744cm™ (triglycerides) and 1,711cm™ (free fatty acids) bands,
which were present in the spectra of the oil sample (Figure 3.3a), and the appearance of
the 1,558cm™ band (sodium fatty acid salts) in the spectra of the reaction product
(Figure 3.3b) [21]. In addition, bands related to alcohol applied in the reaction (879cm™,
1,047cm™) can be observed [22]. The results show that a fatty acid salt collector (AOC)
can be obtained through a complete (or almost complete) saponification of andiroba oil

samples.
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Figure 3.3 — ATR-FTIR spectra of andiroba oil (a) and andiroba oil collector (b).

The surface tension of aqueous AOC solutions, at pH 7.5 and 23°C, was evaluated at



74

different concentrations, as shown in Figure 3.4. The literature records the influence of
the solution's concentration, pH, and temperature on its surface tension [23]. The results
show the inverse relationship between concentration and solution surface tension, as a
result of the positioning of the molecules at the liquid-gas interface. As highlighted in
the graph, the pre-micellar (PCMC) and critical micelle (CMC) concentrations were
determined at approximately 25mg.L* and 175mg.L?, respectively. In this
concentration range, the formation of hemi-micelles is observed, favoring the collection
of particles, as it promotes the stability of the hydrophobic film through the
immobilization of collecting species at the mineral surface and, consequently, the
bubble-particle adhesion [4]. Above 175mg.L™, the formation of micelles takes place,
negatively affecting the process, since they can form clusters or even reverse the
hydrophobization of mineral particles [23].

The AOC CMC demonstrates the formation of micelles at a lower concentration than
that of sodium oleate solutions, which can present CMC up to 300mg.L™. This fact can
be attributed to the composition of the vegetable oil sample that, although rich in oleic
acid, presents a significant contribution of palmitic, stearic, and linoleic acids. This
configuration generates a lower packaging than that observed for systems containing
pure sodium oleate, since the difference in the vibrational energy of the different carbon
chains (size and conformation), due to thermal movement, makes it difficult to pair the

collecting species and the stability of the hydrophobic film on the mineral surface [24].
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Figure 3.4 — Surface tension of AOC solution as a function of concentration (a) and log
of concentration (b), at pH 7.5 and 23°C.
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3.3.3 Microflotation

The results of the microflotation of apatite, calcite, and dolomite at different AOC
concentrations and pH conditions are shown in Figure 3.5, respectively. The selectivity
between apatite and carbonates can be seen from the analysis of the selectivity
coefficient (B) in Figure 3.5, with emphasis on the apatite/dolomite pair. The system
conditions which favor this scenario are 20mg.L™* AOC concentration and pH 7.5 for
both carbonates, showing expressive floatability for apatite (90.25%), in opposition to
low calcite (10.53%) and dolomite (8.18%) recoveries. The results corroborate with the
data obtained in the zeta potential analyses as, at the same pH condition, the apatite
surface presents a greater negative residual charge when compared to the carbonates,
suggesting greater collector adsorption onto apatite.

The increase in the AOC concentration, from 10 to 20mg.L™, directly affected the
floatability of the apatite sample. As for the carbonates, this was not able to make the
particles more recoverable, especially dolomite. The increase in the AOC concentration
resulted in a subtle increase in the floatability of calcite, in a more alkaline environment,
which has also been reported in studies with sodium oleate [25]. Maximum apatite
recovery and selectivity in the apatite/carbonate system were obtained at collector
concentrations higher than those reported in the literature when evaluating pure sodium
oleate (approximately 5mg.L™) [26], which is the main component of AOC, considering
the proportion of oleic acid in the oil sample (48.2%) [27, 28]. The discrepancies among
maximum recovery concentrations of minerals recorded for pure sodium oleate and
andiroba oil collectors may be related to the difference in the degree of the carbon chain
packing of the collector after adsorption on the mineral surface. This is due to the
presence of other species in the composition of the AOC, in addition to oleate, with
carbon chains that are distinct from each other, due to the fatty profile of andiroba oil.
This diversity of carbon chains affects the conformation of the hydrophobic film on
mineral particles. As the AOC has a variety of carbon chains from the different fatty
acids that make up the oil, the organization of the molecules in the adsorbed layer is less
compact compared to the more homogeneous hydrophobic layer formed in the
adsorption of sodium oleate, which has a single type of chain. Therefore, flotation using
AOC may require a higher collector concentration to form a more cohesive collector

layer on the particle surface, ensuring its effective hydrophobization [29].
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The high floatability observed for apatite at slightly basic pH is consistent with previous
studies in which maximum recovery has been reported at a pH range close to neutrality
when using different types of fatty acids [5], including oleic acid, the major component
in the andiroba oil sample. This behavior is consistent with AOC adsorption dependent
on the speciation of its fatty acids, which present pKa at approximately 4.8 [30]. In
systems with a pH below this value, fatty acids are predominantly in the molecular
form, favoring low-intensity physical adsorption on the mineral surface, whereas in
systems with a pH above the pka, practically all the fatty acid is present in the ionic
form, with the polar group, being active for adsorption in Ca2+ sites at the mineral
surface through chemical adsorption [31]. For intermediate pH systems, close to
neutrality, the formation of ionomolecular complexes can be expected from the
combination of molecular and ionic species of fatty acid, favoring mineral
hydrophobization due to the increase in the collector concentration [32, 33]. This is the
case of the systems evaluated in this study since systems with pH 7.5 showed high
selectivity between apatite and carbonates. Under alkaline conditions, the formation of
micelles or collecting precipitates in the solution can occur, in addition to the
appearance of dimer-type structures, which present stability even under highly alkaline
conditions. The adsorption of dimeric species formed in strongly alkaline pH on the
particles reduces the hydrophobization of the particles because of the configuration
obtained for the polar groups of the collector, directed to the solution, favoring the
interaction with the polar groups of the aqueous phase [4, 33]. Also, high pH conditions
favor the competition between carboxyl and hydroxyl ions for Ca®* sites on the mineral
surface, favoring the high concentration of carboxylate in the solution and the
consequent formation of micelles, and impairing the formation of carboxylate on the

surface of a mineral, negatively affecting the floatability [31].
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Figure 3.5 — Effect of pH and AOC concentration on apatite, calcite, and dolomite

floatability, and the selectivity in apatite/calcite and apatite/dolomite systems.

In the second step of this study, floatability curves were drawn up to evaluate the impact
of conditioning time on the minerals recovery using AOC, focusing on the most
selective conditions to separate apatite from calcite and dolomite. Until then, all
microflotation tests were performed using 7 minutes of conditioning. The results with 3
and also 5 minutes of conditioning are shown in Figure 3.6.

The collector adsorption on the investigated mineral system can be considered chemical
in nature, as discussed and previously demonstrated [34]. Therefore, because of the
nature of the collector/particle interaction, its intensity relates to the reaction time
between species in the flotation system. The tests with apatite showed a direct
relationship  between flotation performance and conditioning time. The
hydrophobization mechanism by the adsorption of the collector on their surface through
the precipitation of oleate in calcium sites (chemical nature) agrees with the results
obtained since the floatability of minerals has been directly related to the occurrence of
Ca2+ sites in the apatite surface [35]. Semi-soluble minerals, such as apatite and
carbonates, show a partial solubility depending on the system conditions. Due to its slow
kinetics, the conditioning time is directly related to the solubilization of these minerals.
This solubility favors the formation of active sites on its surface containing Ca®*, in
addition to increasing the concentration of this ion in the liquid phase. This phenomenon
can be promoted by the decomposition of the CO3? ions to an acidic medium, in the
case of carbonates, or the solubilization of the PO, ions, in the conditioning of apatite.
This scenario favors the formation of calcium dioleate in the system and its subsequent

precipitation on the mineral surface, reinforcing its hydrophobization [27]. The
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solubility balance of these semi-soluble minerals is related to their crystallinity, surface

area, porosity, and presence of impurities or substitutions in their composition [28].
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Figure 3.6 — Effect of conditioning time on the recovery of apatite, calcite and dolomite.

3.3.4 X-ray photoelectron spectroscopy (XPS)

The surface analyses of the minerals used in this study, after conditioning in distilled
water at pH 7.5, were performed XPS, generating the elemental composition shown in
Table 3.3 and the high-resolution spectra presented in Figures 3.7, 3.8 and 3.9. The
technique is widely discussed, revised, and applied on the surface characterization of
particles when subjected to specific conditions, even conditioned with flotation reagents
[36].

The surface atomic composition of the samples, obtained via XPS, confirms their purity,
being identified only as the constituent elements of the minerals, without traces of
contaminants. The exception was registered in the compositional analysis of apatite, for
which a small percentage of carbon (C), from carbonates, was detected, without
compromising the purity of the samples used in this study. This characterization is
important for understanding the available sites for reagent adsorption in flotation
systems [37].

The collector chemisorption mechanism, suggested by results of previous studies, would
be related to the interaction between Ca?* sites on the mineral surface and the COO’
anion present in the reagent, precipitating calcium carboxylate at these sites [35, 38].
The presence of significant amounts of Ca on the surface of apatite and carbonates
obtained via XPS, suggests that Ca®* sites might have been available for AOC

adsorption in all minerals. The dolomite sample showed a lower percentage of Ca on its
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surface, reflecting its chemical composition, possibly negatively affecting the collector
adsorption and reducing its floatability. The higher percentage of surface Ca on the
calcite surface did not result in greater floatability, as seen in the microflotation results.
Another factor that may have contributed to the low intensity of collector adsorption on
carbonates is related to the test pH, close to neutrality. Under these conditions, the
solubility of carbonates is lower, making it difficult to form free Ca®* sites on the
particle surface. The expressive adsorption of the collector on apatite may suggest the
influence of the conformation of this Ca-collector interaction on the mineral surface.
The arrangement of the Ca®* sites on the apatite surface could be organized in such a
way that it would fit more appropriately with the spatial deformation of the carboxylate
groups in the collector, promoting greater interaction between them.

Table 3.3 — Atomic composition at apatite, calcite, and dolomite surface conditioned at

pH 7.5.
Elemental Content (%)
C (¢} Ca P F Mg
Apatite 2,8 70,1 14,0 11,2 1,9 -
Calcite 18,7 63,9 17,4 - -
Dolomite 13,3 66,4 8,8 - - 11,5

The apatite high-resolution XPS spectra (Figure 3.7) indicated the presence of other
sites different from those of apatite. The Ca 2p, P 2p and F 1s spectra were fitted with
peaks assigned for apatite at 347.56eV (Ca 2psz;) and 350.77eV (Ca 2pis), 133.44eV,
and 684.76eV, respectively [39]. The C 1s spectrum showed the presence of
adventitious C-C [40] at 284.80eV, which is possibly due to the presence of organic
contaminants, and the presence of carbonate sites, due to the required fitting of a peak at
288.94eV [41], identified by characterization via WDXRF. Besides the apatite peak in
the O 1s spectra, at 531.42eV [42], the presence of metal oxide sites was also indicated
by a peak fitted at 529.60eV [43]. Both contaminants identified on the apatite surface
(carbonate and metal oxide) can act as active sites for the adsorption of carboxylates,
favoring particle hydrophobization.

The calcite high-resolution XPS spectra (Figure 3.8) indicated the mineral surface
presented no other contamination besides the adventitious C-C, at 284.80eV, as the
others samples. The calcite peak was observed at 289.42eV in the C 1s spectrum,

according to the previous studies [41]. The Ca 2ps, and Ca 2py,, spectra were properly
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fitted with calcite peaks at 346.98eV and 350.31eV, respectively [41]. The O 1s
spectrum was fitted with a peak at 531.48eV, attributed to the COs* in the calcite
composition [44].

The dolomite C 1s XPS spectrum indicated the presence of adventitious C-C as
contamination at the mineral surface, a peak at around 284.81eV (Figure 3.9), whereas a
second peak was identified at around 289.71eV, which was assigned to CO3* from the
dolomite composition [45]. The fitting of the O 1s spectrum showed the presence of
oxygen as dolomite [46], with a peak at 531.86eV, and the presence of metal oxide sites
[43], because of the presence of a peak at around 530.01eV. This result indicates the
oxidation of Zn and Fe in the minor percentage of sphalerite indicated by the PXRD and
WDXREF results. The Ca 2p spectrum was properly fitted with the doublets for dolomite
(Ca 2p32 and Ca2pyy, at around 347.30eV and 350.75eV, respectively), whereas the Mg
2p spectrum was fitted with a dolomite peak at 50.06eV [46]. Although the Ca 2p and
Mg 2p spectra indicated no other species than dolomite at the sample surface, the
presence of a metal oxide can be expected, as shown in the O 1s spectrum. As discussed
for apatite, the presence of Fe sites on the surface of dolomite could corroborate for the
adsorption of the carboxylate-type collector and may explain the floatability exhibited
by the sample at pH 6 (Figure 3.5), which would be expected to be low because of to the

low proportion of Fe sites on the mineral surface.
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3.3.5 Zeta Potential

The zeta potential of minerals used in this study, obtained in the presence and absence
of a collector, are shown in Figure 3.10. The tests were performed using KCI solution
(10 M) as an inert electrolyte, with the objective of providing sufficient amounts of
ions in the system to promote compression of the electric double layer and facilitate
diffusion through it, without affecting the electrokinetic behavior of the particles [47].
The apatite zeta potential can vary significantly as a function of the mineral
composition, as a result of the presence of different elements in their crystalline
structure due to ionic substitutions, reflecting in different isoelectric points (IEP) [48].
The fluorapatite sample evaluated in this work presented a negative zeta potential in the
entire pH range investigated, indicating the possible occurrence of an isoelectric point at

pH below 4, corroborating with IEP values found for other fluorapatite samples [49].
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The zeta potentials of calcite and dolomite demonstrated IEP values at pH close to 7 and
11, respectively, corroborating previous studies [25].

The electrokinetic behavior of semi-soluble minerals is influenced by the partial
solubilization of the particles, since the main cations and anions in their composition, in
addition to their hydrolysis products, behave as potential determining ions (PDI) [50].
For apatite, the Ca®" and PO, ions and their hydrolysis products behave like PDI.
Under conditions below the IEP, H" and CaH,PO," present in the solution can give a
positive charge to the apatite surface. The negative surface charge observed under pH
conditions above IEP is caused by the adsorption of OH and HPO,* ions on positive
sites (Ca®* and HPO,Ca") of the particle [33].

After conditioning with the AOC, the zeta potential curve of apatite showed a shift to
more negative values, over the entire pH range evaluated. This fact can be attributed to
the increase in the net negative charge of the mineral surface because of the adsorption
of the anionic collector on the Ca*" sites [38]. As this behavior was observed even under
repulsive conditions, in which the minerals already had a negative surface charge, it can
be deduced that the collector adsorption mechanism followed the specific adsorption
model. The collector speciation, which is a function of pH, affects its interaction with
the mineral surface, according to its pKa and the conditions of the system [25]. The
major presence of the collector in the molecular form in acidic conditions would affect
the surface charge of the particle less significantly. Under neutral and slightly alkaline
conditions, the coexistence of ionic and molecular species is observed, providing the
formation of compounds known as iono-molecular compounds. Such species favor the
stability of the hydrophobic film on the particle surface and the reduction of its surface
charge. For highly alkaline conditions, the formation of dimeric species of the collector
and their subsequent adsorption on the mineral surface is responsible for altering the
mineral surface properties. In the structure of this type of compound, pairs of
carboxylate ions are oriented in the opposite direction. Therefore, when the polar
portion of one of these ions that make up the dimer interacts with the mineral surface,
the opposite position of the other ion present in the structure provides the orientation of
its polar group to the aqueous phase, causing a contact angle reduction and,

consequently, impairing mineral hydrophobization [4, 33].
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Figure 3.10 — Zeta potential of apatite, calcite, and dolomite as a function of pH, natural
and conditioned with AOC.

3.3.6 Fourier-transform infrared spectroscopy (FTIR)

The minerals samples ATR-FTIR spectra were obtained before and after conditioning at
pH 7.5 shows peaks characteristic of hydrocarbon chains present in the collector such as
2,852cm™ and 2,922cm™ (CH,), and 2,958cm™ (CH3) [3, 22].

Figure 3.11, with the wavenumber range between 2,000cm™ and 400cm™, shows the
AOC carboxylate group, characterized by the peak at 1,558cm™ [21], can be associated
with the collector chemical adsorption at the Ca®* sites on the mineral surface, forming a
monolayer, or with the formation of sodium dicarboxylate salt in solution and its
subsequent precipitation on the mineral surface [51]. The adsorption on Ca?* sites can
be identified by the characteristic peaks of calcium dicarboxylate, depending on the
coordination of the calcium carboxylate complex. The results shown in Figure 3.11
indicate the formation of a monodentate complex with a peak at 1.540cm™, formed with
a single Ca®" ion on the mineral surface, and a bidentate complex characterized by a
peak at 1.575cm™ [52]. The presence of the adsorbed collector on the mineral surface,
related to the intensity of the peaks identified in the FTIR-ATR spectrum, was more
expressive for apatite and calcite. The selectivity detected between apatite and calcite,
even when observing the adsorption in both samples, can be attributed to the high
proportion of calcium in the surface composition (Table 3.3), favoring the wide
adsorption of the collector on the calcite particles. This scenario may favor the
formation of the bilayer, making it difficult for the bubble to adhere to the mineral
particle and, consequently, affecting its collection and reducing floatability. For

dolomite, considering the lower participation of calcium in its composition, the
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adsorption of the collector may have been compromised, affecting its floatability.
However, even with lesser active Ca’* sites on its surface, the effective collector
adsorption on the apatite particle can be suggested by the high flotability observed,
together with the indication of collector adsorption, according to its characterization via
FTIR.

The discrepancy observed in the hydrophobization of the evaluated minerals, even
though the collector adsorption was identified in all of them, can be associated with the
synergistic effect of the salts present in the collector and the spacing of the adsorption
sites on the surface of the mineral. Thus, the resulting structure of the reagent layer
formed on the apatite particles is more stable, favoring their effective hydrophobization.
For calcite, and especially dolomite, the layer should be less stable, with a
predominance of the hydrophilic character on the mineral surface.

Collectors obtained from the saponification of vegetable oils can experience synergy
when applied to flotation, due to their varied fatty profile [53]. The behavior of mixed
collector systems varies according to the reagent nature, type of collector-particle
interaction, structure, and proportion between the reagents [54].

The mechanism of action of these reagents is based on the speciation observed as a
function of the system conditions, supported by the premise of the existence of ionic and
non-ionic species in the system and the synergy between them [30]. The discussion on
the formation of ionomolecular compounds in flotation systems, resulting from the
synergy between ionic and non-ionic species, was initiated considering systems
composed of a single fatty acid [32]. So far, few studies have explored this discussion,
mainly considering complex systems, employing collectors of mixed fatty acid salts
composition from plant sources [4].

The synergistic action observed in mixed collectors promotes improvements in the
flotation process, when compared to the use of pure fatty acid salts, such as oleate.
Among these, the reduced consumption of reagents, increased recovery and concentrate
content, improved stability of the hydrophobic coating on the mineral surface, and
greater stability of the foam formed [55]. Furthermore, they can cause the critical
micellar concentration and surface tension reduction in the solution [56], in addition to
an increase in angle contact [57] and mitigation of the deleterious effect of Ca®* ions,

reducing collector loss by precipitation [58].
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Figure 3.11 — ATR-FTIR spectra of pure minerals (top) and conditioned with 20mg.L™
AOC solution at pH 7.5 (bottom) [apatite (a), calcite (b) and dolomite (c)].

3.4 Conclusion

The discrepancies in relation to the packaging of the molecules present in AOC, in
relation to the sodium oleate, reflected in a reduction in the CMC and the collector
concentration of maximum selectivity between apatite and dolomite, and calcite. The
composition of the vegetable sample, rich in oleic, palmitic, stearic, and linoleic acids,
promotes inferior packaging, due to differences in size and conformation of the
hydrocarbon chains of fatty acids present in the oil, making it difficult to pair close
molecules because of the difference in the chains’ vibrational energy.

The best selectivity of the andiroba oil collector was obtained at a pH range close to
neutrality, with apatite recovery greater than 90%. In the alkaline range (above pH 10),
the drop in floatability, main apatite, was already expected due to the adsorption of
dimeric species. The conditioning time proved to be an important factor for the

selectivity of the system, presenting a direct relation to apatite floatability, and
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indicating that AOC adsorption occurred via chemisorption, as shown in the FTIR
results. Among the carbonates, mainly for dolomite, the investigation demonstrated
poorer collector adsorption, due to the less pronounced peaks in the FTIR spectra and
less significant zeta potential reduction after interaction with the collector.

Andiroba oil does not yet have an application in the mineral industry, even in view of
the high production potential, in addition to a composition favorable to application in
froth flotation, due to its fatty acid profile. As well as other sources from palm trees,
Andiroba shows good adaptation to tropical areas, supplying various types of oils with
high pulp and seed yields. The results obtained and the scenario presented in this study
indicate that andiroba oil has a high potential as a renewable resource for the production
of selective flotation collectors as alternatives to those traditionally used in phosphate

concentration circuits.
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4. Sinergia entre coletores em sistema de flotacéo

Aplicacao do 6leo de Andiroba como um novo coletor na flotacdo de apatita

Nesse estudo, buscou-se avaliar o efeito da composicdo de coletores alternativos,
obtidos a partir da saponificacdo de 6leos de Andiroba e Pataua, aléem de gordura de
Bacuri, todos de origem amazonica, na flotabilidade de apatita e carbonatos (calcita e
dolomita), a partir de ensaios de microflotacdo em tubo de Hallimond modificado.
Foram realizadas caracteriza¢fes das amostras minerais (DRX, WDXRF, FTIR e XPS)
e graxas (FTIR, Cromatografia Gasosa, Indices de acidez, saponificacdo e iodo), além
dos coletores obtidos (FTIR, CMC). A adsorcdo deste sobre os minerais foi
caracterizada a partir de ensaios de Mobilidade eletroforética e FTIR. Os ensaios
varreram variaveis como tempo de condicionamento, pH do sistema e concentracdo da
solucdo de coletor na flotabilidade dos minerais avaliados. Os resultados apontaram o
melhor desempenho do coletor de 6leo de Andiroba na seletividade do sistema
apatita/carbonatos, em concentragdo 20mg.L™ e pH 7,5. Em geral, coletores com alta
proporcdo de insaturacdo (Andiroba, Pataud e Oleato) apresentaram afinidade pelos
minerais com maior proporcao de Ca na sua superficie, sendo estes a apatita e a calcita.
Dentre eles, os obtidos a partir de amostras graxas amazonicas apresentaram menor
CMC que o oleato (majoritario na composicao destes), demonstrando o impacto da
presenca de compostos com cadeias carbdnicas diferentes em um mesmo sistema. Ja 0s
coletores com alta proporcdo de saturacdo (Bacuri e Palmitato) apresentaram maior
adsorcdo sobre a dolomita, com menor incidéncia de sitios Ca na sua superficie. Tal
fendmeno pode ser atribuido as caracteristicas morfologicas da dolomita avaliada (alto
didametro médio de poros e baixa area superficial especifica) e a maior facilidade de
conformacdo de cadeias saturadas (lineares) em um filme hidrofobico recobrindo a
particula mineral. O tempo de condicionamento afetou positivamente o desempenho dos
coletores, corroborando com a hipdtese de que a adsorcdo destes sobre as particulas
minerais se estabelece a partir de quimissor¢do. Entretanto, em alguns casos, longos
tempos de condicionamento se mostraram capazes de reverter esse cenario,

provavelmente formando uma bicamada sobre essas particulas.
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ABSTRACT

The mineral industry seeks less polluting processes, including by replacing inputs with
sustainable options, in line with growing environmental demands. Alternative sources of
fatty acids for the synthesis of phosphate collectors is a great example of this challenge,
as their fatty acid profile affects flotation performance. In this work, Amazonian oils
(pataua - Oenocarpus bataua / andiroba - Carapas guianensi) and fat (bacuri - Platonia
insiginis), of various composition, were studied to evaluate the relation between their
physicochemical properties (acid profile, acidity, saponification and iodine indexes) and
their performance as apatite, calcite and dolomite collector. Andiroba oil collector, with
a high proportion of unsaturation in its composition, promoted greater selectivity
between apatite/carbonates (pH 7.5), among the evaluated collectors, including those
obtained from pure fatty acid. Bacuri fat collector, with a high proportion of saturation
in its composition, showed high performance in the hydrophobization of dolomite, due
to the lower incidence of Ca™ sites available for interaction, in relation to the other
minerals, and greater stability achieved for the layer hydrophobic, due to the alignment
of the linear chains and synergistic action of fatty acid salts. The understanding of the
effect of the acid profile of oils and fats on their performance in flotation systems is
fundamental in the search for alternative sources in the synthesis of collectors for the

mineral industry.

Keywords: fatty acids; collectors; synergy; flotation; phosphate ore.
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4.1 Introduction

The complexity of phosphate ores, with association apatite with silicates and carbonates,
requires sophisticated processing steps to meet the specifications of the fertilizer
industry [1]. Froth flotation is efficient in several phosphate concentration routes using
fatty acid salts from plant sources as collectors [2], with high accessibility, efficiency
and availability [3].

Vegetable oils are systems composed of different fatty acids in varying proportions. The
collector molecules obtained from the saponification of these oils can experience
synergy when applied to flotation [4]. The behavior of mixed collector systems depends
on the nature of the reagents, type of collector-particle interaction, structure and
proportion between the reagents [5]. Studies on mixtures of collectors indicated that
their synergistic action has advantages such as reduced reagent consumption, improved
recovery and content, greater mineral surface coverage and froth stability [6, 7]. Non-
ionic reagents, when used together with oleate, provided a reduction in the critical
micellar concentration and surface tension of the solution, demonstrating that the
surfactants are concentrated at the liquid/gas interface [8], in addition to increased
contact angle [9], reduction of reagent consumption and mitigation of the deleterious
effect of Ca®* ions, which cause the collector to precipitate [10].

The interaction between the collectors obtained from vegetable oils can be discussed
from the perspective of an anionic / anionic or anionic / nonionic synergy, depending on
their speciation under the system conditions [11]. The first discussions on the synergistic
effect of fatty acid collectors were based on the formation of ionomolecular complexes,
although it was elaborated by analyzing systems containing a single acid, and has been
underdeveloped until then [12]. Records regarding the synergy of fatty acids present in
vegetable oils in ore flotation are scarce, especially discussions on stability,
configuration and hydrophobicity of the formed film [13].

Brazil has several sources of oils and fats with great potential for application in the
synthesis of fatty acid salts due to the high yield in the production of oils and fats
containing fatty acids with a high level of unsaturation, typical of palm-like species,
oleic and linoleic acids being the most expressive [14].

The pataua (Oenocarpus bataua), andiroba (Carapas guianensi) and bacuri (Platonia

insiginis) oils are examples of these sources, being extracted from fruits or seeds of
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species native to the Amazon (Oenocarpus bataua, Carapas guianensi and Platonia
insiginis, respectively). While pataua oil has a major composition represented by oleic
(80%) and palmitic (15%) acids, with small proportions of steric, lauric and myristic
[15], andiroba oil is composed of oleic (57%), palmitic (25%) and stearic (10%) acids
[16]. Bacuri fat, on the other hand, presents a major profile of saturated acids, as
palmitic (65%) and oleic acid (25%), resulting in its solid appearance at room
temperature [17, 18].

Amazonian oils have already been shown to be selective in froth flotation systems [19,
20], including pataua [21], besides being abundant, of low extraction cost and generators
development for the local communities. The synergy in collector of mixed fatty acid
composition is still not well studied, leaving a gap in the understanding of its
mechanism of action during adsorption and floatability of mineral particles. The present
work evaluates the synergistic effect of the fatty acid composition of pataua and
andiroba oils, and of bacuri fat in the adsorption and flotation of apatite, calcite and
dolomite particles, seeking selectivity in relation to common carbonates found in

phosphate ores.

4.2 Methodology
4.2.1 Samples

The apatite, calcite and dolomite samples used in this study were collected from
outcrops of the Araxa igneous phosphate deposit (Araxa, Brazil), being prepared via
fragmentation with a hammer and an agate mortar and pestle to achieve the size range
between 212um and 75um, which is based on traditional particle size specifications
applied to ore flotation circuits in Brazil. The thin portion (-38um) was submitted to
chemical and mineralogical characterization, in addition to zeta potential and FTIR tests.
The andiroba oil (AO), pataua oil (PO) and bacuri fat (BF) were provided by the
Amazon Oil Industry Company (Ananindeua, Brazil), being obtained via cold pressing
in the absence of pulp solvents and seeds of the respective fruits. Analytical grade acid
samples were also use in the study. The oleic acid (OA) sample was purchased from
LabSynth (Diadema, Brazil), while the palmitic acid (PA) sample was provided by
Clariant (Belo Horizonte, Brazil).
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4.2.2 Methods

X-ray powder diffraction was performed in a PW1710 diffractometer (Philips-
PANalytical, United Kingdom) equipped with a graphite monochromator crystal and
copper X-ray source (Aka = 1.54A), which analyzes performed at 50kV and 35mA, 20
ranging from 3° to 90°, step size of 0.06° and 3s scan time. Rietveld refinement was
performed for all mineral samples to verity their purity. Wavelength dispersive X-ray
fluorescence (WDXRF) was conducted on a PW2404 spectrometer (Philips-
PANalytical, UK) equipped with a rhodium anode tube. Sample preparation followed
the bead method using Li2B40O7, and 2g of each mineral.

The characterization of the oil samples was initially performed via Gas Chromatography
(GC) using an HP7820A gas chromatograph (Agilent, USA), equipped with a flame
ionization detector and SGE column, using hydrogen gas as a carrier. The FAME C14-
C22 standard (Supelco CAT No0.18917) was used for peak identification. The
determination of the samples physicochemical properties was investigated via the
following procedures: saponification index (ASTM D5558-95), acidity index (D5555-
95) and iodine index by the Wijs method (ASTM D5554-15).

Each oil, fat and acid sample was submitted to the alcoholic saponification step (NaOH
2%w/v in anhydrous ethanol) at 75°C under reflux for 60 minutes. The solid product
obtained in each reaction, after filtration, was dried in an oven at 70°C for 24 hours,
being stored for later use as a collector. Each fatty acid salt was identified according to
the related sample as andiroba oil collector (AOC), pataua oil collector (POC), bacuri fat
collector (BFC), sodium oleate (SO), and sodium palmitate (SP). The extent of the
saponification reaction was characterized via Fourier Transform Infrared Spectroscopy
(FTIR) tests, comparing the fatty sample to its respective collector. A Nicolet 6700
spectrometer (Thermo Scientific, USA) was used in the attenuated total reflectance
(ATR) mode, with 64 scans in the 4000-675cm™ range, with a resolution of 4cm™.

The Du Nouy ring method was used to obtain the surface tension of collector solutions
and determine the critical micelle concentration (CMC), using a K10ST tensiometer
(Kriss, Germany). The methodology involved the preparation of 20mL collector
solutions, at approximately 21°C and pH 7.5, adjusted using NaOH and HCI solutions.
At each test, the platinum ring was flame treated prior to each test to remove

contamination.
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Microflotation tests were performed in a modified Hallimond tube [22], using 0.5g of
pure mineral sample (-212um +75um). Previously, minerals were conditioned for 7
minutes in 25mL of pH-adjusted collector solution at the base of the tube, with the aid
of a magnetic stirring bar. Then, the extender and the upper part of the tube were
attached, and the useful volume of the tube (245mL) filled with the same conditioning
solution and nitrogen gas (N,) was injected through the porous plate at the base of the
tube at a flow rate of 40cm®min™, and flotation was carried out for 1 minute. The
floated and sunken products were collected, filtered, dried and weighed, and the
floatability was calculated as the percentage of floated mass. The selectivity between
pairs was obtained using the selectivity coefficient (Bams), widely used in phase
separation in aqueous systems, adapted in the present work, considering the relationship
between the partitions of the respective minerals (A and B) between floated and sunken
[23].

Electrophoresis was used to measure the electrophoretic mobility of the samples using
the ZM3-D-G Particle Analyzer (Zeta Meter, USA), with later calculation of the zeta
potential. The sample preparation step involved the production of suspensions using
10mg of mineral sample below 38um and 100mL of a 10°M pH-adjusted KNO;
solution (supporting electrolyte). Based on Stokes' law, the rest time for each suspension
was determined, seeking to obtain particles finer than 2um in the final sample collected
for the tests. HNO® and KOH were used as pH regulators.

The adsorption mechanism in the mineral-collector interaction was characterized via
Fourier Transform Infrared Spectroscopy (FTIR). During sample preparation, 0.2g of
each mineral was conditioned with 100mL of concentrated collector solution for 30min.
The adsorption density of the collectors on the mineral particles was obtained indirectly,
using the quantification of the remaining collector concentration in the supernatant after
conditioning. This quantification was performed using a TOC-L Total Organic Carbon
(TOC) analyzer (Shimadzu, Japan). The supernatant was prepared by conditioning of
0.5g of mineral sample with 25mL of collector solution at 20mg.L™ for 7 minutes,
followed by filtration and separation of the supernatant for analysis.

The surface of apatite, calcite, and dolomite were investigated using an AMICUS
monochromatic X-ray photoelectron spectrometer (Kratos Analytical, UK) equipped
with an Mg ko X-ray source (1253.6eV). The elemental surveys were performed from 0

to 1200eV (resolution: 1eV, dwell time: 100ms), whereas high resolution spectra were
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obtained using a pass energy of 0.1eV. The samples (-212um +75um) were conditioned
(0.5g) in 25mL of distilled water at pH 7.5 for 7min. After filtering, the solid was dried
in an oven at 50°C for 24 hours. Prior to the analyzes, the samples were degassed for 6
hours in an oven with forced air flow at room temperature and kept in a vacuum
desiccator, prior to the experiments. The results were fitted using the software Vision
Processing (Kratos Analytical, UK) and the C 1s peak for C-C was used as standard (BE
at 284.8eV) for shift correction [24].

The determination of the specific surface area and porosimetry of apatite, calcite and
dolomite was performed using a BK200C N2 adsorption porosimeter (Beijing JWGB
Sci & Tech Co., China). The mineral samples were previously dried for 12 hours and
submitted to degassing. The analysis was performed from 37 points of P/PO (ratio
between applied pressure (P) and saturation vapor pressure of the adsorbed gas (P0), in
this case N2), with 24 points in the adsorption and 13 points on desorption. In all tests,
specific surface area data was calculated by the BET equation (Brunauer, Emmett and
Teller), and average pore diameter, average pore volume and total pore volume in the
adsorption and desorption step were obtained using the BJH (Barrett, Joyner and
Halenda) method.

4.3 Results and Discussion
4.3.1 Characterization of mineral samples

The XRD analysis resulted in the diffractograms shown in Figure 4.1, interpreted using
the PDF-2 database, provided by the International Diffraction Data Center (ICDD,
2010). The data was submitted to a crystallographic refinement using the Rietveld
Method, confirming the purity of the samples. For apatite, identified as fluorapatite, and
calcite, the results indicated purity above 99%, while the dolomite sample showed 96%
purity. These results were confirmed by the WDXRF analyzes, which showed that the
apatite sample presented P, O and Ca as major elements, in addition to a small Si and
Mg contamination, while the calcite and dolomite samples presented Ca, Mg and O as
major elements, but in different proportions, in addition to the presence of traces of Si.
Dolomite had the lowest purity among the minerals, with the presence of quartz and
traces of Zn and Fe, which were identified as sphalerite in the XRD results. Al was
detected in a minimal amount in all samples, probably coming from silicates present in

minor amounts.
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Figure 4.1 — X-Ray diffractograms of the apatite (a), calcite (b) and dolomite (c)
samples. ICDD - A: apatite (09-0432), C: calcite (88-1807), D: dolomite (84-2065), Q:
quartz (88-2302), S: sphalerite (05-0566)

The BET (specific surface area) and BJH (porosimetry) results, presented in Table 4.1,
show that apatite presents an intermediate surface area and average pore diameter, in
relation to the calcite and dolomite. The significant specific surface area of calcite,
related to its low porosity, may indicate the easy to fragment, since all samples were
submitted to the same preparation procedure, being in the same size range. The dolomite
presented pores with larger diameters than the apatite, corroborating its smaller specific
surface area. This characteristic facilitates the adsorption of reagents in the active sites
inside the pores, but can hinder the adhesion of the hydrophobized particle to the N,
bubbles and, consequently, its floatability.

Table 4.1 — Surface area and porosity of minerals samples.

Sample Specific Surface Area Total Pore Volume Average Pore Diameter
(m’.g™?) (cm’.g?) (nm)
Apatite 0.91349 0.002 9.502
Calcite 2.17631 0.000 0.206
Dolomite 0.31321 0.002 26.805
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4.3.2 Characterization of oil, fat and acid samples and saponification products.

The results of the characterization of oils, fats and fatty acids by GC are shown in Table
4.2. The analysis of oleic acid (OA) and palmitic acid (PA) confirmed their purity, in
agreement with the manufacturers' specifications. The fatty acid profiles of the oils of
pataua (PO) and andiroba (AO), in addition to the bacuri fat (BF), show the majority
proportion of oleic and palmitic acids in their composition. PO presents majority
composition in oleic acid and BF, in palmitic acid. AO presents an intermediate

proportion of these fatty acids in its composition.

Table 4.2 — PO, BF, AO, OA, PA fatty acid profiles.

Fatty C12:0 Ci4:.0 C16:0 Cl6:1 C18:0 C18:1  (C18:2

acid lauric Miristic Palmitic palmitoleic estedric oleic linoleic Others
oA Test 0.0 0.0 1.6 0.0 2.7 88.7 6.6 0.4
Labsynth (2021) [29] - - - - 90 - 10
PA Test - - 95,5 - - - - 4,5
Clariant (2021) [30] - - 98 - - - - 2
Test 0.7 0.5 11.5 0.7 4.4 75.0 5.9 1.3
PO Amazor['zcé']' (2021) 6-15 <2 2-95 68-83 29
Serraetal. (2019) [17]  0.20 0.09 13.59 0.41 2.75 7846  3.49 1.01
Test 0.3 0.3 27.1 1.2 8.8 48.2 12.1 2.0
A0 Amazon oil (2021) [25] - - 25-32 0.8-1.5 6-13 45-58 6-14 -
Serraetal. (2019) [17] 5.35 3.57 28.72 0.82 6.16 44.67 9.3 1.41
Silva et al. (2018) [16] - - 25.1 0.53 10.11 57.58  5.87 0.81
Test 0.9 0.7 56.8 8.3 1.7 28.1 3.1 0.4
BF  Amazon oil (2021) [27] - - 67-75 3-7 - 22-27 - -
Serraetal. (2019) [17]  0.03 0.16 63.09 6.56 1.24 26.16  2.63 0.13

The physical aspect of PO (84% unsaturation) and AO (60% unsaturation) is
characterized by the majority participation of unsaturated chain acid (oleic), ensuring
the liquid state of oils at room temperature. On the other hand, the predominance of
saturated fatty acid (palmitic) in BF (25% unsaturation) provides its solid appearance at
room temperature, characteristic of fats [3, 25-27]. Additionally, the profile of PO, AO
and BF are similar to the typical composition of these vegetable oils and fats reported in
the literature and according to the American Oil Chemist's Society (AOCS) [16-18].
Small variations observed can be attributed to the natural characteristics of these
resources such as geographic origin, age of the fruits and climatic conditions during
their cultivation [28]. Unsaturated fatty acids such as oleic and linoleic, present in the
evaluated plant samples, show good performance in floatability during flotation [3]. The

presence of these fatty acids is also observed in vegetable oils traditionally used in
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flotation routes for phosphate ore, such as tall oil, rice bran and soybean [13].

The chemical parameters of PO, AO e BF are shown in Table 4.3. The acidity index
(Al) indicates the proportion of free fatty acids in the composition of oil and fat
samples. When intended for the food industry, it represents a parameter of product
quality and conservation, with strict control [31]. In industrial applications, mainly in
flotation, high acidity indexes represent advantages in the saponification step, used to
obtain the collector. This is because a greater proportion of free fatty acids in the system
accelerate the reaction kinetics, breaking the triglyceride ester bonds that make up the
oil/fat, followed by the neutralization of the released fatty acids [32]. Therefore, the high
values observed for this parameter in AO and BF are beneficial to collector synthesis.
For AO, the value obtained for saponification index (SI) corroborates the manufacturer's
indication, while, for BF and PO, the results were slightly lower than the manufacturer's
indication. This parameter provides information on the size of the hydrocarbon chains of
the fatty acids that make up the fatty samples. Therefore, these small variations observed
in BF and PO may be related to some changes suffered by the samples between the
period of analysis carried out by the company and in the laboratory, or by the difference
in precision between the analyzes carried out. Finally, the iodine index (I1) is indicative
of the degree of unsaturation of the carbon chain of fatty acids present in the sample.
The values obtained for all samples corroborate the manufacturer's indication. As
discussed for the fatty acid profile, discrepancies observed for the saponification index
value reported in the literature for andiroba oil may be related to variations in its
composition due to aspects to be considered during the cultivation stage, with an impact
irrelevant for obtaining collecting reagents [28].

Table 4.3 — Chemical parameters of oils and fat.

AO BF PO
Test Amazon oil  Serraetal. Test Amazon oil Serra et al. Test Amazon oil Serra et al.
(2021) [25]  (2019) [17] (2021) [25] (2019) [17] (2021) [25]  (2019) [17]
Al (mg KOH.g")  21.1+0.5 <15 21.70£0.26  16,0%0,3 <75 16.78+0.26 7.5%0,2 <10 7.52+0.06
SI (mg KOH.g?h) 194+15 190-210 241.43+2.40 179+4 200-220 242.39+0.69 17943 192-209 181.522+0.13
1(gl.g™ 66+2 65-75 63.30+0.21 53+3 50-65 76.29+0.49 75+2 70-83 73.18+1.57

From the saponification reaction of the oils and fat samples (AO, BF and PO), their
respective collectors were obtained in the form of sodium salts. They are the andiroba
oil collector (AOC), bacuri fat collector (BFC) and pataua oil collector (POC). Also,

from the neutralization reaction of the fatty acids, sodium salts were obtained as
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collectors: sodium oleate (SO) and sodium palmitate (SP). The extension of the
saponification reaction can be evaluated based on the ATR- FTIR spectra of the oil/fat
sample and its respect to sodium salt (Figure 4.2). The 1,744cm™ and 1,711cm™ bands
are characteristic of triglycerides and free fatty acids present in the oils/fat, while the
1,558cm™ band is characteristic of sodium fatty acid salts, confirming that the
saponification was complete [33]. Also, minor bands related to the alcohol used in the
reaction (879cm™ and 1.047cm™) were highlighted [34].
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Figure 4.2 — ATR-FTIR spectra of oils, fat and acids (in bold) and its salt collectors
(gray).

The surface tension curves and critical micelle concentration (CMC) of each collector
are available in Figure 4.3. Factors such as temperature, solution concentration and
medium pH affect the CMC of aqueous solutions. The positioning of molecules at the
liquid/gas interface provides an inverse relationship between the concentration of
collectors in the solutions and their respective surface tension. The analysis of the
curves provides the concentration values characterized as critical premicellar
concentration (PCMC) and critical micelle concentration (CMC). For concentrations

comprised between these parameters, there is the formation of species that promote
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greater floatability of particles, known as hemi-micelles. These structures favor the

immobilization of collecting species on the mineral surface, enhancing bubble-particle

adhesion [13]. From the CMC, it is observed the formation of species that negatively

affect the process, known as micelles. These structures agglomerate or reverse the

hydrophobization of mineral particles. The values obtained for PCMC and CMC of the

evaluated collectors are shown in Table 4.4.

Surface Tension (mN.n') Surface Tension [mN.m ')

Suttace lension (mN.m*)

80
viil AOC | . ¥=-25634x476522 AOC
0 } A5, R -09857
“%
[l pcme PCMC
. =S
40- 4 CMe P cMe
e Y- 180765458909 vl
W 4 Yee— e 4 o ® - 0.9786 A aaa
20 4 ¥ = 0.5033x+ 26,166
0] W = 09283
0 T T - T v T v '
0 100 200 300 400 500 1 2 h}
Concentration {mg.L"") Log Concentration (myg.L ')
Bo ‘
e ] BFC V=-18332x+ 63721 BFC
‘ R* = 0.9653
60 t S~
R
50 4
s oo cme S PENC  cmc
N s
30 4 * T ey— ——— 4 3%_&1‘
Ry ¥ = 6.6862x + 46334
o “ R =07327 V= 1LO264x+ 25.584
10 - R - 09529
\
° ‘ A Y A 1 L} y T v J T
0 100 200 300 400 500 1 2 3
Concentration (mg.L ) Log Concentration (mg.L)
80
70 POC 1 y=-26243x + 65753 pPOC
R = 0877
60 Sy . . PCMC
50 4 u/ N \_..‘A-\/
40 4 cMC B Sy cMe
e e o
0 -~ Y= -11624x+ 54745  T~A_ i
R e S 4 R = 0.9606 foy
70 ¥ =-0.5307x « 28.027
- 7 = 0.7342
0 T T
0 100 200 300 400 500 1 2 3

Concantration (mg.L-)

Log Concentration (mg.L")

104



105

so so
_ 70 |
E 0 |y~ -82508x + 40.838
=z R = 0989
E
=5 4 POMC | A
A e PCMC
; / b T p cmC
o W 4 <4 —— ) x
g 40 .‘_.../. ;'./ e ;'/ A
- E— K
¥ — °> 4 —a—ah
: 30 -y y=-5.5718x+44.324 -
g R = 0.5277 ¥ = 1.9631x4 27.028
s 40 &' = 0.7441
[
10
0 t v r ' ' . T T T
0 100 200 300 400 500 0 1 2 3
Concentration (my.L") Logi Concantration {mg.L)
Ao
sP ¥ = -20.64x + 72.287 SP
s n 1 e, R=-009812
E 6 N
= » I PCWC N PCMC CMC
E . /
=504/ 1 b /
g | & -~ Y |5
240 '~’ o - 1.726x + 46,572 -z %
| e Vi - S y= 14548k + 39.367
. R W 4 = U3 2 7
5 30 A R - 04371
£ 20 -
=
v
10 - 1
0 ; . . ! : : . - - .
0 100 200 300 400 500 Q 1 2 3
Concantration (mg.L) Log Concentration (mg.L")

Figure 4.3 — Surface tension of collector solutions as a function of concentration (a) and
log of concentration (b), at pH 7.5.

Table 4.4. PCMC and CMC of the collectors.

AOC BFC POC SO SP
PCMC (mg.ll) 25 100 6,25 50 25
CMC (mg.lh) 175 300 175 200 200

The CMC values obtained for sodium oleate were consistent with those reported in the
literature (up to 300mg.L™). No references were found for sodium palmitate in the
literature that would allow such a comparison. The BFC showed a discrepant CMC in
relation to other collectors from Amazonian oils, indicating the formation of micelles at
higher concentrations. Such discrepancy can be attributed to the high proportion of
palmitic acid in its composition, while AOC and POC are mainly composed of oleic
acid. The configuration of the angular carbon chains of oleic acid provides a distinct
configuration in relation to the linear chains of palmitic acid, favoring the interaction
between them and the formation of micelles at even low concentrations in the aqueous
solution. Also, the composition of the vegetable oil sample, represented by the mixture

of fatty acids present in its fatty profile, generates a less dense packing than that
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observed for the system containing pure fatty acid salt, since the differences in size and
conformation of the carbon chains of the fatty acids present in the oil make it difficult to

match close molecules due to the difference in vibrational energy caused by the thermal

movement of currents [8].

4.3.3 Microflotation

The floatability of apatite, calcite and dolomite (Figure 4.4) was evaluated as a function
of collector concentration, pH, and conditioning time. These analyzes aimed to compare
the performance of high purity fatty acid salts (sodium oleate and sodium palmitate) to

that of the mixtures present in the oil-based collectors, in different proportions.
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Figure 4.4 — Effect of collector concentration, pH and conditioning time on apatite,

calcite and dolomite floatability.

The tests using SO demonstrated selectivity under conditions of pH 7.5 and collector
concentration equal to 20mg.L™. Under these conditions, the high floatability of apatite
(88+7%), compared to both calcite (27+£1%) and dolomite (5£1%), provide this selective
condition. The performance of sodium oleate as a collector for systems containing
apatite and carbonates has been extensively investigated, with the results reported in the
literature [3, 35, 36]. The high selectivity observed for the apatite/dolomite pair
corroborates the characterization obtained for the zeta potential of mineral particles.
This is because, after conditioning with oleate, a greater reduction in the residual surface
charge of the particles for apatite was observed, indicating greater adsorption of oleate
at the Ca®* sites. This oleate adsorption mechanism on Ca-bearing minerals is known
and reported in the literature [35, 37-39]. The selectivity between the apatite/calcite pair
can be due to the discrepancy between the spacing and distribution of the Ca®* sites on
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the surface of each mineral, since they showed similar reduction in zeta potential after
oleate adsorption. The incidence and spacing between these sites on the mineral surface
differ for apatite and carbonates, giving different configurations to the hydrophobic film.
The increase in collector concentration directly affected the SO performance on apatite
floatability. As for carbonates, this parameter showed a low or negligible relationship
with the performance of the collector, especially for dolomite above pH 7.5 as for
calcite, above medium pH, the mineral's floatability remained stable in the plateau
between 20% and 30%. The selectivity between apatite and carbonates, in systems
employing sodium oleate, can be achieved using collector concentrations lower than
those obtained in the present study (approximately 5mg.L™) [36-38].

For the system using SP collector, the most selective scenario was obtained at pH 7.5
and 50mg.L " collector concentration. Under these conditions, higher floatability was
obtained for apatite (42+9%) in comparison to calcite (4£5%) and dolomite (5+4%),
which indicates a lower selectivity for direct phosphate flotation if compared to SO
collector. The structural difference between the carbon chains of the species, linear for
SP and angular for SO, may result in discrepancies in the electronegativity of the polar
portion of the collectors, affecting their interaction with active sites on the mineral
surface. Furthermore, the interaction between carbon chains, which promotes the
stability of the hydrophobic film on the particles, is related to the configuration of these
chains. The angularity observed in the SO structure can favor the interaction between
the chains, establishing a more stable hydrophobic layer, which favors the
hydrophobization and floatability of particles. By analyzing the results, an alternative
scenario of selectivity for reverse flotation was observed for highly alkaline conditions,
above pH 10.5. In this scenario, dolomite presented high floatability (72+1%), compared
to calcite (14+8%) and apatite (14+3%). However, it is important to note that high
consumption of pH regulating reagents, in addition to the formation of
hydroxycomplexes in the medium, can make the operation unfeasible. Calcite recovery
was not significantly affected by the collector concentration or pH of the medium.

The higher floatability observed for apatite at pH 7.5 corroborates with previous studies
reported in the literature to oleate, which point to high mineral recovery in conditions
close to neutrality [3]. The speciation of fatty acids as a function of pH (pKa around 4.8)
reinforces this behavior [11, 40]. In other words, for systems with pH conditions below

pKa, fatty acids predominate in their molecular form, promoting physical adsorption, of
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low intensity, on mineral particles. In systems with pH conditions above the pKa, the
fatty acid is mostly in the ionic form, able to adsorb on the Ca** sites at the mineral
surface through chemical adsorption [36, 40, 41]. The formation of ionomolecular
complexes, from the combination of molecular and ionic species of the fatty acid, is
predicted for intermediate pH conditions, close to neutrality. The occurrence of this type
of species in the system favors the hydrophobization of particles, as their structure is
more stable due to the presence of collecting (ionic group) and stabilizing (molecular
group) characteristics of the hydrophobic film [12, 39]. For the conditions defined as
selective for SO, the pH (7.5) favors the formation of this type of species in the medium,
enhancing the apatite flotation. In addition, there may be the formation of micelles or
collector precipitates in the solution, as well as the appearance of dimer-type structures,
which present stability even under highly alkaline conditions. The adsorption of dimeric
species formed at strongly alkaline pH reduces the hydrophobization of the particles due
to the exposure of the polar groups of the collector to the solution, favoring the
interaction with the polar groups of the aqueous phase [13, 39]. Furthermore, the high
pH scenario favors the competition between hydroxyl and carboxylate ions for the Ca2+
sites on the surface of apatite, promoting an increase in the concentration of carboxylate
in solution and the formation of micelles, instead of calcium carboxylate at the mineral
surface, impairing recovery [40, 41].

The nature of the adsorption of the collector onto the mineral particle affects the time
required for the establishment of this interaction. Chemical adsorption, such as that
observed between sodium oleate and apatite/carbonates, requires more time for the
process to be effectively established. For apatite, the collector showed an increased
recovery at longer conditioning time. Even though it is a semi-soluble mineral, the
mineral's dissolution kinetics has not been shown to affect the balance of the system.
The chemical nature of collector adsorption on calcium-bearing mineral particles, via
surface precipitation of oleate, corroborates the direct relationship between flotation
performance and the increase in surface Ca®* sites [42]. The partial solubility of the
minerals (apatite and carbonates) provides the formation of new Ca®" sites, shifting the
adsorption balance towards the formation of calcium dioleate, which can precipitate on
the mineral surface [35, 43]. The solubility balance of these semi-soluble minerals is
related to their crystallinity, surface area, porosity and presence of impurities or

substitutions in their composition. [37]. Due to higher solubility, carbonates showed
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worse flotation performance with increasing conditioning time for both SO and SP
collectors.

The discrepancies found between the selectivity conditions obtained for AOC, BFC and
POC, in relation to SO and SP, presented in Table 4.5, can be related to the difference in
the degree of packing of the carbon chains of the adsorbed collector molecules at the
mineral surface. As fatty samples present a variety of carbon chains from the different
fatty acids that make up the oil/fat, this can result in a less compact hydrophobic film
compared to the hydrophobic layer formed in the adsorption of the pure fatty acid salt
collector, which has the predominance of sodium oleate or palmitate. Therefore, the oil-
based collectors may require different concentrations capable of providing the formation
of a cohesive film, ensuring its effective hydrophobization [36]. For all oil-based
collectors, the beneficial effect of increasing the concentration, up to a specific level, is
evident from the results obtained. Regarding pH, the effects are more evident for

systems containing AOC and POC.

Table 4.5 — Selective conditions to separate apatite from carbonates.

AOC BFC POC SO SP
Collector concentration (mg.L'l) 20 30 5 20 50
pH 7.5 9.0 6.0 7.5 7.5
apatite 9045 7+6 67+3 88+7 42+9
Floatability calcite 11+2 5549 163 27«1 415
dolomite 8+3 13£10 21+17 5+1 5+4

The performance of AOC, including the behavior regarding the conditioning time, was
similar to that observed for SO, which can be directly linked to the andiroba oil
composition, with major participation of oleic acid (48.2%), followed by the presence of
palmitic acid (27.1%). The synergy between the sodium salts of the two fatty acids
present in the sample may explain the observed reduction in calcite floatability in a
system employing AOC, in comparison to the use of SO. The poor calcite floatability
observed for SP in microflotation may have affected the SO action mechanism, when
together in the AOC.

The BFC, which presents a major participation of sodium palmitate, based from the
presence of palmitic acid in the oil sample (56.8%), in addition to sodium oleate
(28.1%) demonstrated affinity for carbonates, similarly SP, which displays an

alternative selective scenario for separating dolomite from apatite in alkaline conditions.
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In the case of BFC, under these conditions, its affinity is more pronounced for calcite.
However, it is evident the poorer performance observed for BFC in the selective
flotation of apatite and carbonates at different concentrations and pH, contrasting with
the behavior of SO and SP collectors. Such behavior can also indicate the synergistic
effect in the adsorption of different sodium fatty acid salts present in an oil-based
collector [6, 7, 9]. Still, differing from all other collectors, the BFC conditioning time
directly affected the floatability of calcite, reinforcing the discussion about the collector
affinity for calcite.

Regarding the POC, collector obtained from pataud oil, a sample with greater
participation of oleic acid in its fatty profile (75.0%), in addition to a lower proportion
of palmitic acid (11.5%), the results showed a relationship with those obtained for SO,
including the effects of the conditioning time, despite lesser similarity with it when
compared to AOC. The selectivity observed in the tests agrees with the literature
records, despite being inferior than previous studies with POC as apatite and carbonate
collector [21]. Regardless of the high production potential, in addition to the favorable
composition for application in froth flotation, due to its fatty acid profile [16, 17], no
records of studies using andiroba and bacuri oil-based collectors are found in the

literature.

4.3.4 X-ray photoelectron spectroscopy (XPS)

The XPS surface characterization of the mineral particles, previously conditioned at pH
7.5, is presented in Table 4.6 and Figures 4.5, 4.6 and 4.7. The technique is generally
employed in the field of mineral flotation, providing information about the surface
characteristics of the particles, prior to conditioning with reagents or after their
adsorption, and can contribute to the understanding and identification of the active sites
available for reagent adsorption in flotation systems [24].

The results obtained demonstrate, from the surface atomic composition of the particles,
the presence of a small contamination by carbonates, evidenced by the detection of a
subtle peak with binding energy of carbonates in the apatite sample (Figure 4.5). This
contamination does not compromise the already discussed purity of the mineral sample,
from the results obtained by XRD and WDXRF. For calcite and dolomite, the high
purity of the samples is confirmed, without the detection of elements other than those

present in their chemical composition.
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Previous studies report the chemisorption mechanism as the protagonist in the
adsorption of fatty acid salt-type collectors on calcium-bearing minerals. The interaction
between Ca”* surface sites and COO™ anions from the chemical structure of the collector
leads to the formation and precipitation of calcium carboxylate on the minerals. This
phenomenon guarantees the hydrofobization of the particles during conditioning with
the reagents [42, 44]. The presence of significant amounts of Ca on the surface of
apatite, calcite and dolomite, obtained via XPS, suggests that Ca* sites might have been
available for collector adsorption in all minerals. The dolomite sample showed a lower
percentage Ca on its surface, reflecting its chemical composition, which may have
influenced in a lower adsorption of the collector, minimizing its floatability. The higher
percentage of surface Ca on the calcite surface did not result in greater floatability, as
seen in the microflotation results. Another factor that may have contributed to the low
intensity of collector adsorption on carbonates is related to the test pH, close to
neutrality. Under these conditions, the solubility of carbonates is lower, making it
difficult to form free Ca®" sites on the mineral surface. The expressive adsorption of
high proportion of unsaturation collectors on the apatite suggests the influence of a
factor related to the conformation of this Ca-collector interaction on the mineral surface.
The arrangement of the Ca®" sites on the apatite surface could be organized in such a
way that it would fit more appropriately with the spatial deformation of the carboxylate

groups in the collector, promoting greater interaction between them.

Table 4.6 — Atomic composition at the surface of apatite, calcite and dolomite
conditioned at pH 7.5.

Elemental Content (%)

C (¢} Ca P F Mg
Apatite 2,8 70,1 14,0 11,2 1,9 -
Calcite 18,7 63,9 17,4 - -
Dolomite 13,3 66,4 8,8 - - 11,5

The apatite high resolution XPS spectra (Figure 4.5) indicated the presence of other sites
different from those of apatite in the surface of the particles. The Ca 2p, P 2p and F 1s
spectra were fitted with peaks assigned for apatite at 347.56eV (Ca 2ps/,) and 350.77eV
(Ca 2p11), 133.44eV, and 684.76eV, respectively [45]. The C 1s spectrum showed the
presence of adventitious C-C [46] at 284.80eV, possibly due to the presence of organic

contaminants, and the presence of carbonate sites, due to the required fitting of a peak at
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288.94eV [47], identified by characterization via WDXRF. Besides the apatite peak in
the O 1s spectra, at 531.42eV [48], the presence of metal oxide sites were also indicated
by a peak fitted at 529.60eV [49]. Both contaminants identified on the apatite surface
(carbonate and metal oxide) can act as active sites for the adsorption of carboxylates,
favoring the hydrophobization of the particles.

The calcite high resolution XPS spectra (Figure 4.6) indicated the mineral surface
presented no other contamination besides the adventitious C-C, at 284.80eV, as the
others samples. The calcite peak was observed at 289.42eV in the C 1s spectrum, in
agreement with previous studies [47]. The Ca 2ps, and Ca 2py, spectra were properly
fitted with calcite peaks at 346.98eV and 350.31eV, respectively [47]. The O 1s
spectrum was fitted with a peak at 531.48eV, attributed to the COs* in the calcite
composition [50, 51].

The C 1s XPS spectrum indicated the presence of adventitious C-C as a contamination
at the dolomite surface, with peak at around 284.81eV (Figure 4.7), whereas a second
peak was identified at around 289.71eV, which was assigned to CO3* from the dolomite
composition [52]. The fitting of the O 1s spectrum showed the presence of oxygen as
dolomite [53], with a peak at 531.86eV, and the presence of a metal oxide sites [49], due
to the presence of a peak at around 530.01eV. This result indicates the oxidation of Zn
and Fe in the minor percentage of sphalerite indicated by the PXRD and WDXRF
results. The Ca 2p spectrum was properly fitted with the doublets for dolomite (Ca 2ps,
and Ca2py, at around 347.30eV and 350.75eV, respectively), whereas the Mg 2p
spectrum was fitted with a dolomite peak at 50.06eV [53]. Although the Ca 2p and Mg
2p spectra indicated no other species than dolomite at the sample surface, the presence
of a metal oxide can be expected, as shown in the O 1s spectrum. As discussed for
apatite, the presence of Fe sites on the surface of dolomite could corroborate for the
adsorption of the carboxylate-type collector. This behavior did not favor the
hydrophobization of the particles with high proportion of unsaturation collectors, as
observed by the results of microflotation (Figure 4.4).
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4.3.5 Total Organic Carbon (TOC) and Collector Adsorption Density (CAD)

The collectors’ adsorption density (CAD) on the apatite, calcite and dolomite particles
are presented in Figure 4.8. Collectors from both Amazonian oils/fat samples (mixed
fatty acid salts) and those obtained from high purity fatty acids were evaluated. For
calcite, reduced CAD values can be observed for all collectors, which reflects the low
floatability of this mineral. The characteristics of the calcite sample (high proportion of
fines due to its high moability, along with low porosity) contributes to low CAD values,
indicating a possible sensitivity of the collectors to the presence of fines. This behavior
is common to cationic collectors, which establish interactions of the non-specific type
with the mineral surface, and this scenario is quite discrepant in relation to the collectors
used in the present study (anionic, with a tendency to establish specific type interactions

with minerals bearing Ca). The exception in relation to the low floatability of this
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mineral is the calcite/BFC system, which showed significant values of floatability at
high collector concentrations. This phenomenon may be related to the synergistic action
of the fatty acids present in the BF composition, evidenced by the discrepancy between
CAD values obtained for BFC and the systems containing SO and SP. A positive
reinforcement between the action of pure fatty acid salt collectors can be proposed,
when simultaneously present in the system, with higher proportion of PA, reflecting in
the better performance of BFC as calcite collector. The conformation of the hydrophobic
film proved to be more effective for BFC, indicating the structural positioning of the
carbon chains of the fatty acids with greater packing, favoring the CAD for this
collector.

The CAD for dolomite presented high values, reflecting the morphological
characteristics of its particles (low surface area, with large pores), which may have
favored the adsorption of the collectors. However, this higher CAD observed may not
reflect in higher floatability of the mineral, since, even hydrophobic, the pore internal
surface should present difficulties of interaction with the N2 bubbles, compromising the
effectiveness of the attachment phenomenon, impairing the floatability of particles.
Furthermore, the CAD for dolomite was favored by the higher proportion of saturated
carbon chains in the collectors evaluated (BFC and SP). For the other collectors
evaluated, all with higher unsaturation index, lower CAD values were obtained. The
configuration acquired by the hydrophobic film composed mainly by saturated chains
favors the adsorption of the collector inside the pores, with higher intensity,
corroborating with significant CAD values for BFC and SP, especially for the latter,
with higher proportion of saturation.

The morphological characteristics of the apatite particles (intermediate specific surface
area with the presence of pores with reduced diameters) favored the achievement of
coherent CAD values, since they reflect the performance of the adsorbed collectors in
collecting the mineral particles. The discrepancy between the high CAD values for SP
(high saturation) and its low performance in the floatability of apatite particles
demonstrates the formation of a hydrophobic dense film but of low stability for this
collector, due to its morphological configuration by the structure of the (saturated)
chains that compose it. This discussion corroborates with the results obtained for BFC,
showing lower CAD values, but high values of floatability. This phenomenon can be

attributed to the synergistic action between the majority composition of saturated chains
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and a small proportion of unsaturated chains, which may have stabilized the
hydrophobic film, favoring surface coverage, bubble attachment and, consequently, the
floatability. The synergy between the fatty acid salts can also be discussed regarding the
discrepancy between the CAD values and the performance of SO and POC as apatite
collector. For the pure unsaturated SO collector, values close to those presented in the
POC fatty profile are observed, which presents a majority proportion of oleic acid in its
initial oil sample (75.0%). However, POC performance was poorer compared to that
presented by SO. This low performance can be attributed to the minority share of other
fatty acids, especially saturated ones, compromising the stability of the hydrophobic
film formed by unsaturated oleate chains. The behavior presented by the AOC, with
high efficiency in making apatite particles hydrophobic, similar to the SO, even with an
intermediate proportion of oleic acid in its composition (48.2%) reinforces the
discussion about an ideal proportion between saturation/unsaturation in the
configuration of carbon chains present in oil-based collectors with mixed fatty acid
composition [6, 7].
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Figure 4.8 — Collector adsorption density.

4.3.6 Zeta Potential

The zeta potential results, obtained in the presence and absence of collectors, are shown
in Figure 4.4. Minerals from the apatite group may present relevant variations in their
electrokinetic behavior depending on their composition. Such discrepancy is related to
the presence of distinct elements in its crystal structure due to ionic substitutions,
providing different isoelectric points (IEP) [54-56]. In the case of the apatite used in this

study, for the entire pH range evaluated, its zeta potential was negative, indicating an
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isoelectric point at pH below 4. According to previous studies, fluorapatite samples, as
identified in the XRD data (Figure 4.1), are expected to present this type of behavior,
which agrees with the zeta potential results [57].

The partial solubility of semi-soluble minerals affects their electrokinetic behavior.
During this process, cations and anions released into the system, in addition to the
hydrolysis product of the minerals, can affect the surface characteristics of the minerals,
behaving as potential determining ions (PDI) [58]. For apatite, Ca** and PO,, in
addition to their hydrolysis products, affect the surface characteristic of the mineral, if it
behaves as PDI. In a system with pH below the IEP, the particles acquire a positive
surface charge, due to the adsorption of H" and CaH,PO," ions present in solution, on
the particles. Under pH conditions above the IEP, the adsorption of OH- and HPO,*
ions in positive sites of apatite (Ca** and HPO,Ca") promotes the occurrence of negative
residual charge on the surface of the mineral particles [39].

The zeta potential curve obtained for apatite after conditioning with each collector
showed an increase in the negative residual charge on the surface of the particles for the
entire pH range evaluated, considering all collectors used in the study. This behavior is
evidenced by the displacement of the curves, obtained after conditioning, to more
negative regions. This phenomenon can be attributed to the specific adsorption of
collectors, all anionic, on the positive sites (Ca®*) present on the apatite surface [44].
Speciation of the collector as a function of pH, according to the respective pKa, affects
its interaction with the mineral surface, which occurs differently depending on the
system conditions [36]. The major presence of the molecular form of the collector in
acidic medium would affect the surface charge of the particle less significantly. The
coexistence of ionic and molecular species (including the formation of iono-molecular
compounds) in neutral and slightly alkaline conditions enhances the adsorption of the
collector and the reduction of the surface charge of the particle. For highly alkaline
conditions, the formation of dimeric species of the collector and their subsequent
adsorption on the surface of the particles is responsible for altering the mineral surface
[13].

The zeta potential values of calcite and dolomite demonstrated IEP at pH close to 7 and
11, respectively, corroborating with the literature [36]. Considering all evaluated
collectors, the behavior observed for apatite is repeated for carbonates, i.e., the residual

negative charge on the mineral surface is increased after conditioning with anionic
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reagents. For conditions above the carbonate IEP, all anionic collectors employed were
capable of reversing the residual charge on the surface of the particles. Under these
conditions, the electrostatic interaction between the positive residual charge of the pure
mineral particles and the negative active group of the anionic collector can contribute to

a more intense adsorption of this on the mineral.
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Figure 4.9 — Zeta potential of apatite, calcite and dolomite, as a function of pH, in the

presence and absence of collectors.

AOC and POC showed greater affinity for the surface of apatite and calcite, promoting
greater reduction in the residual charge on the surface of the particles. As for dolomite,
this afinity was less pronounced, reflecting less influence on the surface characteristics
of the particles. Such behavior can be attributed to the distinct configuration of the Ca2+
sites, in addition to the surface density of these sites. The composition of the oil samples

(AO and PO) that gave rise to these collectors contributes to this behavior, since the SO
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presented similar behavior to the AOC and POC. The discrepancies observed between
pure fatty acid salt collectors and Amazonian oil-based ones can be attributed to the
profile of the latter, which includes other fatty acids, changing the conformational
configuration of the hydrophobic film layer formed on the mineral surface. On the other
hand, BFC showed high affinity for the surface of dolomite, as well as SP, which is the
collector obtained from the major fatty acid in the composition of the Amazon fatty
sample that gave rise to this collector. As for apatite and calcite, BFC showed low
adsorption on the surface of the particles. Again, the discussion about the influence of
the fat profile of the Amazonian sample that gave rise to the collector on its performance

in relation to adsorption on the particles can be considered.

4.3.7 Fourier-transform infrared spectroscopy (FTIR)

The ATR-FTIR spectra for apatite, calcite, and dolomite, pure and after conditioning
with the evaluated collectors, are presented in Figure 4.10, comprising the wavelength
range between 2,000cm™ and 400cm™. The characteristic bands of each mineral were
highlighted in the respective spectra [19]. The procedure involved the preparation of
mineral samples, subjected to conditioning with each collectors under previously
defined selectivity conditions (Table 4.4).

The proposed mechanism for the adsorption of carboxylate-type collectors on Ca-
bearing minerals involves the possibility of formation of hydrophobic monolayer from
the anchoring of the reagent molecules on the surface Ca* sites of the mineral particle
and/or the chemical interaction between the carboxylates and Ca** of the system,
followed by the formation and surface precipitation of the calcium dicarboxylate
compound. For both scenarios, the phenomena comprise interactions of chemical nature,
requiring longer conditioning time and higher reaction energy, resulting in a more stable
hydrophobic film on the particles, due to the irreversible nature of the interaction [43].
Previous to the interaction, the presence of the carboxylate group in the structure of the
collector is evidenced by the characteristic band at 1,558cm™, as observed in Figure 4.2
[33]. After the adsorption of the collector on the Ca?* sites at the mineral surface, the
occurrence of the compound formed between collector and Ca®* in the system is
characterized by the presence of the bands at 1.540cm™ and 1.575cm™. They differ

according to the coordination of the calcium carboxylate complex formed, which can be
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monodentate (from the chemical interaction between a single Ca** ion) or bidentate
(formed from two Ca’* ions), respectively [19]. The occurrence of both characteristic
bands is observed for all mineral/collector systems evaluated, but with distinct
intensities. These bands are more pronounced for the BFC and SP collectors, with a
greater proportion of saturation in the carbon chains of the carboxylates that compose
them, suggesting the possibility of building a more organized hydrophobic film from a
system containing carboxylates with predominantly linear chains, favoring the
conformational structure of the latter. Also, for apatite and calcite, these bands were
larger than for dolomite. This phenomenon can be attributed to the morphological
characteristics of the particles of this mineral, previously discussed. That is, the
occurrence of high pore diameter may favor the adsorption of the collector on the
internal surface of these, corroborating the results of CAD and floatability achieved.
Also, the proportion of Ca in the particle surface chemical composition, higher for
calcite and apatite (Table 4.6), may favor the adsorption of the collector on the particles
of these minerals. Due to the lower proportion of Ca in their surface composition, the
adsorption of the collector on the dolomite particles may have been impaired. The high
intensity of the characteristic bands of calcium carboxylate complexes observed in the
ATR-FTIR spectra of apatite, even with a lower proportion of Ca in its surface
composition compared to calcite, reinforces the adsorption of the collectors on its
particles, corroborating with the floatability results of the phosphate mineral.

The relationship between the results obtained for floatability, CAD and adsorption of
collectors (ATR-FTIR) demonstrates the effect of different factors on the
hydrophobization phenomenon. For dolomite, for example, the positive effect of high
saturation in the carbonic chains of the carboxylates present in the collector is evident,
since, as a result of the lower indication of surface Ca®" sites, the structural
conformation of the layer provided by the majority presence of linear carbonic chains
favors the interaction between them, providing greater stability to the hydrophobic film.
Moreover, carboxylates with long linear carbon chains may have greater difficulty in
interacting with the Ca®* surface sites inside the pores (due to the morphological
characteristics of the particles), concentrating on the outer surface of the dolomite, being
identified in the ATR-FTIR spectra. Also, the performance of the AOC in the
hydrophobization of the particles (mainly for apatite) indicated the positive contribution

of the synergistic effect of the fatty acids present in its composition, demonstrating the
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existence of an optimal ratio between saturation/unsaturation in the composition of the

collector, as previously discussed.

Thus, the theory about the formation of ionomolecular compounds in flotation systems,

from the speciation of collectors according to the system conditions and interaction

between ionic and non-ionic species, suggests greater stability of the hydrophobic film

formed on the mineral particles [11, 12]. All the collectors evaluated in the present work

fit in this discussion due to their similar characteristics regarding speciation,

representing more complex and little explored systems [13].
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4.4 Conclusion

The search for alternative sources for flotation reagents involves their characterization
and the study on the effect of composition on performance in real operating systems.
The mixed composition in oil-based Amazonian collectors, majorly composed of oleate
and palmitate, affected the CMC, adsorption density and selective conditions for the
apatite/carbonate separation. The collectors originated from andiroba and pataua oils
showed a reduction in CMC values, as expected, due to the conformational
discrepancies of the packing of their molecules, in comparison to pure fatty acid
collectors (oleate and palmitate). The bacuri fatty collector, on the other hand, showed
conflicting performance with previous reports, with greater CMC than oleate and
palmitate.

Morphological characteristics of dolomite particles ensured their high collector
adsorption density, especially for those with high saturation ratio. The adsorption of the
collectors, identified by ATR-FTIR analysis, proved to be more effective for apatite and
calcite, attributed to the higher proportion of Ca in their surface composition, provided
by XPS analysis, reinforcing the collector-particle interaction hypothesis based on
chemical mechanisms.

The andiroba oil collector showed superior performance on selectivity, in relation to
oleate and palmitate, evidencing the importance of this parameter in stabilizing the
hydrophobic film at the mineral surface. The bacuri fatty collector, with high proportion
of saturation in its composition showed high affinity for the dolomite mineral surface, a
phenomenon attributed to the lower incidence of Ca*? sites available for interaction, in
relation to the other minerals, and greater stability achieved for the hydrophobic layer,
due to the alignment of the linear chains.

Given the results obtained and the discussion presented, it is evident the relevance of
understanding the effect of the composition of vegetable oils on their performance in
flotation systems. All of the Amazonian oil/fat samples evaluated showed a high
potential for industrial application as a resource for the production of flotation reagents,
proving to be an outstanding alternative source compared to the oils traditionally used in
concentration circuits, being environmentally safe and with great availability, important

characteristics in the search for new industrial reagents.
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5. Consideracoes Finais
5.1 Conclusoes

Neste trabalho, coletores anionicos obtidos a partir de fontes graxas alternativas de
origem amazonica foram avaliados em sistemas de flotacdo apatita/carbonatos, tendo
como objetivo atingir condicbes operacionais que promovam a seletividade entre
fosfatos e carbonatos, sendo estes, minerais de ganga problematicos para 0s processos
quimicos aos quais o concentrado fosfatico sdo submetidos, durante a producdo de
fertilizantes fosfatados. Com base nos resultados desta pesquisa, as seguintes conclusdes

principais sdo destacadas:

e A saponificacdo alcoolica a quente com NaOH, empregando refluxo, demostrou
ser eficiente para a obtencdo de coletores anionicos a partir de amostras graxas
amazonicas, confirmada através de analises de ATR-FTIR dos 6leos/gordura e
dos produtos sélidos obtidos. Ainda, o processo garante a reprodutibilidade dos
ensaios de microflotacdo com o mesmo lote de coletor obtido, minimizando
erros de variacdo composicional na obtencao deste;

e A composicdo mista dos coletores anidnicos obtidos, maioritariamente
compostos por oleato e palmitato, afetou a CMC, a densidade de adsorgdo e as
condicdes seletivas para a separagédo apatita/carbonato;

e Coletores obtidos a partir de 6leos de andiroba e pataua, com composi¢cdo
majoritaria em oleato (insaturado), apresentaram menor CMC em relacdo aos
coletores obtidos a partir dos acidos graxos puros (oléico e palmitico). Tal
comportamento pode ser atribuido as diferencas de tamanho e conformacéo das
cadeias de hidrocarbonetos de acidos graxos presentes no oleo, dificultando o
emparelhamento de moléculas durante a formacdo das micelas em fungdo da
diferenca na energia vibracional das cadeias. O coletor anidnico obtido a partir
da gordura de bacuri demonstrou comportamento discrepante, apresentando
maior CMC em relacéo ao coletor obtido a partir do &cido palmitico (saturado),
majoritario em sua composicao.

e Coletores com alta proporcdo de saturacdo em suas cadeias carbonicas
demostraram melhor desempenho na adsor¢do sobre a dolomita, favorecido

pelas caracteristicas morfoldgicas de suas particulas (elevado diametro médio de
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poros e baixa area superficial especifica) e maior facilidade de alinhamento entre
cadeias carbonicas lineares, com conformacao mais estavel do filme hidrofébico;

e Coletores com baixa propor¢do de saturacdo demonstraram melhor desempenho
na adsorcao sobre a apatita e calcita, favorecido pela maior proporc¢do de Ca em
sua composic¢do superficial, fornecida pela analise XPS, reforcando a hipétese de
interacdo coletor-particula baseada em mecanismos quimicos.

e O coletor obtido a partir do 6leo de andiroba alcangou maior seletividade para o
sistema apatita/carbonatos, em relacdo ao oleato e palmitato, evidenciando a
importancia da sinergia entre os carboxilatos, em especial a configuracdo
espacial de suas cadeias carbonicas, na estabilizacdo do filme hidrofébico na
superficie mineral. Maxima seletividade foi obtida para concentracdo de 20mg.L"

! do coletor em pH 7,5;

Diante dos resultados obtidos, fica evidente a relevancia de compreender o efeito da
composicdo dos Gleos vegetais sobre seu desempenho em sistemas de flotacdo. Todas as
amostras de Oleo/gordura amazobnica avaliadas mostraram um alto potencial de
aplicacdo industrial como recurso para a producdo de reagentes de flotacdo, provando
ser uma promissora fonte alternativa em relacdo aos 6leos tradicionalmente utilizados
em circuitos de concentracdo, sendo ambientalmente seguros e com grande

disponibilidade, caracteristicas importantes na busca de novos reagentes industriais.

5.2 Sugestoes para trabalhos futuros

Oleos e gorduras de origem amazonica apresentam alto potencial de aplicacdo industrial
em sistemas de flotagdo. O presente estudo avaliou o desempenho de trés representantes
destes. Para ampliar o entendimento dessas fontes promissoras, novos estudos devem ser

desenvolvidos com outras fontes endémicas de amostras graxas de origem amazonica.

Para as fontes amazonicas alternativas avaliadas, sugere-se o estudo, em escala de
flotacdo em bancada e/ou coluna, do desempenho destes coletores sobre a flotagcdo de
minérios fosfaticos, de preferéncia, empregando planejamento fatorial para melhor
interpretacdo dos resultados. Cabe, ainda, uma avaliacdo econémica do emprego destes

reagentes alternativos, envolvendo logistica, disponibilidade e possiveis adequacfes de
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instalacdes e consumo.

Visando a aplicacdo industrial destes coletores, sugere-se também o estudo de
otimizacdo da saponificacdo de dleos/gordura, uma vez que, durante o trabalho, foi
empregada a saponificacdo alcoolica a quente, com refluxo. Assim, sera possivel obter a
proporcao ideal entre NaOH e amostra graxa que potencialize sua funcéo coletora em

sistemas de flotagé&o.

O estudo trouxe uma discussao inicial sobre o efeito sinérgico da composi¢do mista e
proporcao entre saturacdo/insaturacdo para os coletores obtidos a partir de amostras
graxas amazonicas. Cabe um estudo detalhado sobre a modelagem quimica da interacao
e sinergia destas espécies no sistema de flotacdo e, especialmente, no filme hidrofdbico

sobre as particulas minerais.

Finalmente, os coletores alternativos avaliados para o sistema apatita/carbonatos pode
ser aplicado em estudos envolvendo outros sistemas passiveis de seletividade, onde o

coletor anidnico possa ser empregado.
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