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RESUMO   

 

A biolixiviação é uma tecnologia madura, amplamente utilizada na lixiviação de fontes primárias de 

metais (minérios, concentrados e resíduos) e também pode ser aplicada na reciclagem de metais. A 

primeira parte da presente tese foi voltada para a biolixiviação de dois minérios sulfetados de cobre 

contendo uma quantidade significativa de flúor. Uma nova abordagem para a redução da toxicidade 

do flúor durante os ensaios em coluna foi proposta através da utilização de sulfato de alumínio como 

complexante dos íons F
-
 em solução. Isto permitiu a diminuição da concentração de HF - uma das 

principais espécies tóxicas para as bactérias durante o processo de biolixiviação. A recirculação da 

PLS (pregnant leach solution) bem como a realização de purgas também foram estudadas. As 

colunas foram inoculadas com micro-organismos mesófilos, a 30 
o
C (Acidithiobacillus 

ferrooxidans), o que resultou em extrações de cobre acima de 89%, em aproximadamente 250 dias. 

Do mesmo modo, em um segundo conjunto de colunas contendo micro-organismos termófilos 

moderados, a 50 
o
C (Sulfobacillus thermosulfidooxidans), extrações acima de 90% de cobre foram 

observadas no mesmo período. Os ensaios foram conduzidos em colunas com dimensões internas de 

10 cm de diâmetro por 100 cm de altura e carregadas com 10 kg de minério cominuído a um “top 

size” de ½‟‟e previamente aglomerado. Inicialmente, concentrações de F
-
 da ordem de 2,5 g/L foram 

observadas na PLS em ambas as temperaturas devido à rápida dissolução de minerais contendo flúor, 

o que afetou o processo de biolixiviação logo após a inoculação das colunas. No entanto, sucessivas 

realizações de purgas nos sistemas reduziram a concentração de flúor para 0,5 g/L–1,5 g/L. Além 

disso, a adição de Al2(SO4)3 juntamente com o alumínio dissolvido da ganga promoveram o 

crescimento microbiano, principalmente,  no início dos experimentos. Da mesma forma, a produção 

de Fe
3+

 (após o crescimento microbiano) também promoveu a redução dos efeitos deletérios do 

fluoreto. Um parâmetro de toxidade do fluoreto (η) foi proposto para representar a proporção em 

massa entre fluoreto total, alumínio total e as concentrações de Fe
3+

 total do sistema. Baixos valores 

do parâmetro η, como consequência de elevadas concentrações de alumínio e de ferro férrico na 

PLS, resultaram em um aumento da população bacteriana nos sistemas. Apesar da ausência de ferro 

férrico e uma elevada concentração de flúor antes da realização da primeira purga, o parâmetro η foi 

menor do que 0,3 na coluna contendo adição externa de alumínio, a 30 
o
C. Nesta condição, como o 

teor de alumínio ultrapassou o de fluoreto, a população bacteriana atingiu 10
7
 células/mL e permitiu 

a biolixiviação do cobre. Nos ensaios com S. thermosulfidooxidans, os valores de η estiveram 

próximos de 1 mesmo nas colunas em que o alumínio foi adicionado ao meio de cultura. Neste caso, 

como não foi observado o crescimento microbiano, um aumento no potencial da solução ocorreu 

apenas após a realização da primeira purga. Desta forma, a presença de minerais portadores de flúor 

no minério pode ser um problema importante a ser considerado, porém o conteúdo de ambos os 

cátions também deve ser analisado. O segundo objetivo da presente tese esteve relacionado a uma 

nova abordagem para a biolixiviação de cobre de placas de circuito impresso (PCI) com 

microrganismos termófilos moderados em um reator de tambor rotativo. Em uma etapa preliminar, a 

lixiviação de PCI foi realizada em erlenmeyers para se avaliar os efeitos do tamanho de partícula (− 

208  µm + 147 µm), a concentração de Fe
2+

 (1,25 g/L−10,0g/L) e pH (1,5−2,5) na biolixiviação de 

cobre utilizando microrganismos mesófilos e termófilos moderados. Extrações de 100% foram 

alcançadas apenas com uma porcentagem de sólidos relativamente baixa (10,0 g/L), a partir do 

tamanho de partícula investigado. Por outro lado, elevadas extrações de cobre foram possíveis a 

partir de PCI (20 mm) a uma concentração de 25 g/L. Uma vez que as cinéticas de extração do cobre 

foram favorecidas pelo aumento da temperatura (50 °C) a S. thermosulfidooxidans foi selecionada 

para os ensaios em um reator de tambor rotativo com PCI a 20 mm. Em condições ótimas, a extração 

de cobre atingiu 85%, em oito dias de ensaio. Foi observado, através de análises de MEV-EDS, que a 

dissolução do metal a partir das camadas internas foi restringida devido a uma baixa exposição do 

cobre. Desta forma, a flexibilidade dos processos de biolixiviação de cobre a partir de fontes 

primárias e secundárias pôde ser demonstrada.  

 

Palavras-chave: biolixiviação; cobre; PCI; At. ferrooxidans; S. thermosulfidooxidans; flúor; sulfetos 

de cobre; colunas; reator de tambor rotativo, reciclagem. 
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ABSTRACT 

 

Bioleaching is a mature technology, which is widely employed commercially in the leaching of 

primary sources of metals (ores, concentrates and mine residues), but can also be applied in the 

recycling of metals, also known as urban mining. The first part of the current thesis was focused on 

the bioleaching of two copper ores containing secondary sulphides and a significant content of 

fluoride. A new approach to reduce fluoride toxicity during column experiments was proposed, 

namely the use of aluminium sulphate to complex free fluoride, decreasing HF concentration - the 

main toxic species to bioleaching bacteria. PLS recirculation and bleeding were also investigated. 

Small columns were inoculated with a strain of Acidithiobacillus ferrooxidans, at 30 °C, and resulted 

in copper extractions above 89%, in about 250 days. Similarly a second set of columns, containing 

Sulfobacillus thermosulfidooxidans was operated at 50 
o
C, in which above 90% extraction was 

observed in the same period. In each temperature the experiments were carried out in 10 cm x 100 

cm height aerated columns, loaded with 10 kg of crushed and agglomerated copper ores. Initially, 

fluoride concentrations of up to 2.5 g/Lin the PLS (pregnant leach solution) were observed at both 

temperatures due to the fast dissolution of fluoride-bearing minerals, which affected bioleaching 

shortly after column inoculation. However, successive bleedings reduced such values to 0.5 g/L -1.5 

g/L. The addition of Al2(SO4)3 along with aluminium dissolved from the ore were beneficial to 

microbial growth particularly in the beginning of the experiments. Likewise, Fe
3+

 production (as 

growth occurred) was also an important inhibitor of the detrimental effects of fluoride. A fluoride-

toxicity parameter (η) was proposed to represent the mass ratio between total fluoride, total 

aluminium and total ferric iron concentrations in the system. Low values of the η parameter resulted 

from high ferric iron and aluminium concentrations and implied in large bacterial population in the 

systems. Despite the absence of ferric iron and a high fluoride concentration prior to first solution 

bleeding, the η parameter was lower than 0.3 in the column containing external aluminium source, at 

30
o
C. In this condition, as the aluminium content surpassed that of fluoride the bacterial population 

reached 10
7
 cells/mL and enabled copper bioleaching. In the experiments with S. 

thermosulfidooxidans, η values were close to 1 even in the columns in which aluminium was added 

to the growth medium. In this case, there was no bacterial growth, and the solution potential only 

increased after the first bleeding. Thus, the presence of fluoride-bearing minerals in the ore may be 

an important issue, but the content of both cations should be also considered. The second aim of the 

current thesis was to report on a new approach for copper bioleaching from Printed Circuit Boards 

(PCB) by moderate thermophiles in a rotating-drum reactor. In a preliminary step, leaching of PCB 

was carried out in shake flasks to assess the effects of particle size    (− 208  µm + 147 µm), ferrous 

iron concentration (1.25 g/L - 10.0 g/L) and pH (1.5 - 2.5) on copper leaching using mesophile and 

moderate thermophile microorganisms. Only at a relatively low solid content (10.0 g/L) complete 

copper extraction was achieved from the particle size investigated. Conversely, high copper 

extractions were possible from coarse-ground PCB (20 mm-long) working with increased solids 

concentration (up to 25.0 g/L). Because there was as the faster leaching kinetics at 50 °C S. 

thermosulfidooxidans was selected for experiments in a rotating-drum reactor with the coarser-sized 

PCB sheets. Under optimal conditions, copper extraction reached 85%, in eight days and 

microscopic observations by SEM-EDS of the on non-leached and leached material suggested that 

metal dissolution from the internal layers was restricted by the fact that metal surface was not 

entirely available and accessible for the solution in the case of the 20 mm-size sheets. Therefore the 

flexibility to treat different copper-bearing materials of bioleaching was demonstrated.  

 

 

 

 

 

Key-words: Bioleaching; copper; PCB; At. ferrooxidans; S. thermosulfidooxidans; fluoride; copper 

sulphides; columns; rotating-drum reactor, recycling. 
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CAPÍTULO 1 

  

Introdução 

 

1.1.1 Processamento de minérios e concentrados sulfetados de cobre 

 

As empresas do setor mínero-metalúrgico buscam constantemente novas rotas de processos 

capazes de tratar minérios com baixos teores de cobre, bem como diferentes tipos de 

resíduos que contenham este metal. Existem dois processos básicos de produção de cobre 

primário: o processo pirometalúrgico e o hidrometalúrgico.  

 

A rota pirometalúrgica responde por cerca de 80% da produção mundial de cobre e 

apresenta restrições do ponto de vista ambiental devido à geração de grande quantidade de 

material particulado e de SO2 o qual, por ser um poluidor clássico, precisa ser convertido em 

ácido sulfúrico. Dessa forma, para sua implantação, essa rota requer a existência de mercado 

consumidor para este ácido produzido. Também exige concentrados contendo baixo nível de 

contaminantes, como As, Sb, F, e Se. Além disso, a pirometalurgia se caracteriza como uma 

etapa de custo elevado, tanto de capital quanto operacional. 

 

A hidrometalurgia é uma alternativa para o tratamento de sulfetos complexos e contendo 

impurezas, uma vez que não há geração de SO2 nem volatilização de elementos tóxicos 

como arsênio e flúor. A dissolução aquosa dos sulfetos normalmente exige a presença de um 

agente oxidante, que oxida o íon sulfeto a enxofre elementar ou íon sulfato e libera o íon 

metálico em solução. Devido a sua alta solubilidade em meio ácido, o íon férrico é um dos 

mais utilizados oxidantes na lixiviação destes minerais. 

 

Por volta de 1950, observou-se que um grupo de micro-organismos era capaz de oxidar íons 

Fe
2+

 a Fe
3+

 e enxofre elementar a sulfato, o que abriu a possibilidade de integração de 

processos biotecnológicos com os de metalurgia extrativa dos sulfetos (LEE e PANDEY, 

2012). Dessa forma, no final da mesma década, já tinha sido desenvolvida uma nova 

biotecnologia baseada nessa descoberta. Hoje, esta tecnologia já está integrada aos processos 

de lixiviação, sendo o termo biolixiviação associado à prática hidrometalúrgica para 

sulfetos, particularmente para operações em pilhas. A biolixiviação é considerada, 
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atualmente, uma tecnologia madura, empregada com sucesso no processamento de minérios 

refratários de ouro e sulfetos secundários de cobre. Além disso, sua aplicação ao tratamento 

de outros sulfetos metálicos (Zn, Ni e Co) vem sendo estudada com afinco por empresas do 

setor mínero-metalúrgico, centros de pesquisa e universidades. 

 

O mais importante nicho de aplicação da biolixiviação é o processamento de minérios de 

baixo teor e resíduos minerais, como os minérios marginais e rejeitos de concentração. 

Nestes casos, uma avaliação econômica das potenciais rotas favorece os processos bio-

hidrometalúrgicos que geralmente tem baixo CAPEX (capital expenditure) e OPEX 

(operational expenditure) moderado, dependendo da rota selecionada. Na indústria do cobre, 

a produção de concentrados para posterior tratamento pirometalúrgico é amplamente 

aplicada e algumas empresas utilizam a lixiviação em pilhas (“dump leaching”) para tratar 

seus resíduos sulfetados como minério marginal e rejeitos de concentração, particularmente 

no caso dos sulfetos secundários de cobre como a calcocita (Cu2S) e a bornita (Cu5FeS4) 

(LEE e PANDEY, 2012; WATLING, 2006). 

 

1.1.2  Processamento de sucata eletrônica para recuperação de cobre  

 

Atualmente, o crescimento progressivo da geração de sucatas metálicas em todo o mundo 

tem estimulado estudos visando à sua reciclagem. Tais materiais podem ser considerados 

uma fonte alternativa de materiais valiosos como os metais base (Cu, Ni, Zn) e metais 

preciosos. As sucatas eletrônicas, especialmente, são importantes devido ao grande volume 

de equipamentos que se tornam rapidamente obsoletos (devido às inovações tecnológicas) e 

que são consequentemente descartados. Diversas pesquisas têm mostrado os impactos 

negativos relacionados aos descartes inapropriados de resíduos eletrônicos no meio 

ambiente (BRANDL et al., 2001; CUI e ZHANG, 2008; LEE e PANDEY, 2012; 

WATLING, 2006; YANG et al., 2009). Por isso, a reciclagem destes resíduos torna-se ainda 

mais importante. 

 

De forma semelhante às fontes primárias (minérios e concentrados), as alternativas para o 

processamento das fases metálicas contidas em sucata eletrônica envolvem rotas 

pirometalúrgicas, hidrometalúrgicas e/ou eletrometalúrgicas. Nesse caso específico, as 

operações pirometalúrgicas normalmente estão associados impactos ambientais como a 
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geração de gases do efeito estufa e a formação de dioxinas, furanos e gases ácidos gerados 

pela combustão de material plástico. Por outro lado, as operações hidrometalúrgicas podem 

apresentar impactos ambientais importantes como a presença de metais pesados em 

efluentes líquidos e sofrem também com a baixa estabilidade dos resíduos sólidos 

produzidos (OKIBE et al., 2003).  

 

Uma alternativa hidrometalúrgica mais ambientalmente amigável para o processamento de 

sucatas metálicas de diferentes naturezas envolve a aplicação de micro-organismos. 

Entretanto, um menor número de pesquisas tem sido reportado para biolixiviação de resíduo 

de equipamentos eletroeletrônicos quando comparados aos minerais sulfetados.  

 

Nesse contexto, a biolixiviação é uma alternativa tecnológica para o processamento de 

minérios de cobre de baixo teor e resíduos eletrônicos. Os processos bio-hidrometalúrgicos 

ampliaram as reservas de metais disponíveis uma vez que podem ser aplicados para minérios 

sulfetados de baixo teor de cobre, bem como em operações de pequeno porte, como é o caso 

das operações de reciclagem. Esta menor dependência em termos do tamanho das reservas, 

em comparação com outras tecnologias, dá uma vantagem competitiva  à bio-

hidrometalurgia. Além disso, estes processos são de operação relativamente pouco complexa 

(inclusive em termos de mão de obra) o que maximiza a disponibilidade das usinas devido à 

manutenção relativamente simples. Mais importante, a partir da disseminação do conceito de 

sustentabilidade ambiental na indústria, o balanço de custos, que favorece a bio-

hidrometalurgia em casos específicos, tende a  consolidá-la como opção principal quando 

uma maior ênfase é dada aos fatores ambientais. Nesses casos, uma produção mais limpa 

(ambientalmente) é obtida a menores custos utilizando-se processos bio-

hidrometalúrgicos  quando comparada com os processos metalúrgicos convencionais (HE et 

al., 2008; ILYAS et al., 2013; PANT et al., 2012; WATLING, 2006). 

 

A seguir, os principais aspectos da biolixiviação aplicada a fontes primárias e secundárias 

portadoras de cobre serão revistos.  

 

1.1.3 Mecanismos de biolixiviação 

 

A oxidação de sulfetos minerais ocorre naturalmente nas áreas de mineração e, durante 
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muito tempo, foi considerada como um fenômeno mediado por água e oxigênio atmosférico 

e sem a interferência de micro-organismos. Para a calcocita, por exemplo, esta oxidação é 

representada pela equação 1.1.  

 

Cu2S + 4H
+
 + O2  → 2Cu

2+
 + S

0
 + 2H2O                                        (1.1) 

 

Como a solubilidade do oxigênio em soluções aquosas é baixa, outros agentes oxidantes se 

tornam importantes, particularmente o Fe
3+

. Como exemplo, a reação de dissolução da 

calcocita (Cu2S) (equação 1.2) pelo íon Fe
3+

 é a seguinte:  

 

                Cu2S + 4Fe
3+

 → 2Cu
2+

 + 4Fe
2+

 + S
0
                                       (1.2) 

 

 

Desta forma, o íon férrico oxida o sulfeto a enxofre elementar (equação 1.2) solubilizando o 

metal. Desta forma, a dissolução dos sulfetos segue uma rota onde a oxidação via Fe
3+

 e/ou 

O2 em meio ácido é a responsável pela dissolução do metal de interesse.   

 

A descoberta e utilização de micro-organismos capazes de regenerar o íon Fe
3+ 

(equação 

1.3), assim como produzir prótons (equação 1.4) em solução e ainda concentrá-los na 

interface micro-organismo/mineral propiciou grandes avanços referentes à lixiviação dos 

metais. A bio-oxidação do enxofre elementar é também uma etapa importante nos processos 

de biolixiviação, pois impede a formação de uma barreira para a difusão do agente oxidante 

(CRUNDWELL, 2003).  

 

   Fe
2+

+ ¼ O2 + H 
+ ⇄ Fe

3+
 + ½ H2O                                              (1.3) 

 

    S
0
 + H2O + O2 ⇄ 2H

+
 + SO4

2-
                                                  (1.4) 

 

A recuperação de cobre metálico contido em sucatas eletrônicas também pode envolver a 

participação de micro-organismos capazes de regenerar o íon férrico utilizado na dissolução 

metálica (Equação 1.5).  

 

2Fe
3+

 + Cu
0
→ Cu

2+
 + 2 Fe

2+
                                                  (1.5) 
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Segundo Crundwell et al. (2003) e  Watling et al. (2006), em um sistema de biolixiviação 

podem ocorrer três tipos de mecanismos distintos para a dissolução dos sulfetos, a saber: (i) 

mecanismo indireto de não contato, onde o Fe
2+

 formado na equaçõe 1.2 é biologicamente 

oxidado a Fe
3+ 

(equação 1.4) no seio da solução, e este difunde-se até a inferface 

sólido/solução onde reage quimicamente com o sulfeto; (ii) mecanismo indireto de contato, 

onde a regeneração dos íons férricos, consumidos durante a dissolução do sulfeto, ocorre em 

um biofilme na superfície da partícula sólida . A terceira possibilidade é o (iii) mecanismo 

direto de contato, no qual os micro-organismos aderidos ao sólido oxidam-no por meios 

puramente biológicos, ou seja, uma interação entre ambos resulta em um ataque enzimático. 

Entretanto, este mecanismo ainda não foi comprovado.  

 

1.1.4 Micro-organismos empregados em biolixiviação. 

 

De um modo geral, os micro-organismos de interesse para a biolixiviação são acidófilos e 

quimiolitotróficos (utilizam compostos inorgânicos como fonte energética). Possuem 

características fisiológicas específicas que os tornam atrativos para os usos em metalurgia 

extrativa, como o crescimento em condições de elevadas acidez e altas concentrações de 

íons metálicos, provavelmente condicionados por um sistema genético especializado 

(WATLING, 2006). Podem ser classificados de acordo com a sua temperatura de 

crescimento, distinguindo-se três grupos: mesófilos (até 40 
o
C), termófilos moderados (40-

55 
o
C) e termófilos extremos (55-80 

o
C) (JOHNSON, 2001; ROHWERDER et al., 2003a). 

Várias espécies de micro-organismos capazes de oxidar o íon sulfeto e Fe
2+

 foram isoladas 

em ambientes onde ocorre a lixiviação natural de sulfetos minerais, como as que se seguem. 

 

 Micro-organismos mesófilos 

 

As bactérias mesófilas mais frequentemente encontradas em ambientes de lixiviação são 

linhagens das espécies Acidithiobacillus ferrooxidans, Acidithiobacillus thiooxidans e 

Leptospirillum ferrooxidans. A At. ferrooxidans foi a primeira espécie isolada (em 1949) e 

descrita (em 1952) em regiões mineradas sendo, portanto, a mais amplamente investigada, 

tanto em estudos genéticos quanto ensaios de  biolixiviação (WATLING, 2006). Durantes 

vários anos, essa bactéria foi considerada a espécie dominante em diversos sistemas de 
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biolixiviação com temperaturas inferiores a 40 °C (NORRIS, 2007; PAULINO et al., 2001; 

SCHIPPERS, 2007). No ano de 2000, houve uma reclassificação do gênero Thiobacillus, e o 

Acidithiobacillus foi proposto. As bactérias pertencentes a este gênero se apresentam como 

acidófilas estritas, ou seja, com pH ótimo de crescimento situado na faixa de 1,5 a 2,5. São 

aeróbias, quimiolitotróficas (utilizam CO2 como fonte de carbono e compostos inorgânicos 

como fonte de energia), com temperatura ótima de crescimento em torno de 30 °C (ATTIA e 

EL ZEKY, 1990). Esse gênero possui como característica marcante, quando se refere a 

processos de dissolução, a habilidade de oxidação do íon ferroso e de compostos reduzidos 

de enxofre e de sulfetos minerais (NORRIS, 2007). 

 

 Micro-organismos termófilos moderados 

 

Atualmente, não há uma temperatura precisa que sirva como limite para a separação entre os 

micro-organismos mesófilos e termófilos moderados, podendo uma única bactéria 

apresentar atividades em temperaturas que vão de 25 °C a 55 °C. Contudo, a mais aceita é a 

faixa de temperatura de 40 °C a 55 °C (WATLING, 2006). Os micro-organismos termófilos 

moderados possuem também um papel importante nos processos de biolixiviação, uma vez 

que temperaturas mais elevadas podem ser utilizadas promovendo um aumento na cinética 

de reação (SICUPIRA, 2011). Geralmente, podem ser encontrados em pilhas de minérios 

sulfetados quando as temperaturas se elevam devido às reações exotérmicas de oxidação dos 

sulfetos (KARAVAIKO et al., 1988; SCHIPPERS, 2007; WATLING et al., 2008). Tratam-

se de bactérias fisiologicamente versáteis, sendo capazes de obter a energia necessária para 

manutenção de suas funções vitais quimiolitotroficamente (a partir de íons ferrosos e/ou 

compostos de enxofre), ou organotroficamente com diferentes substâncias orgânicas. O seu 

crescimento pode ser autotrófico (fixação de CO2) ou heterotrófico (utilizando fonte 

orgânica de carbono). Na presente tese, um enfoque especial foi dado aos micro-organismos 

do gênero Sulfobacillus, especialmente a espécie Sulfobacillus thermosulfidooxidans. Esta 

bactéria foi isolada na Rússia e descrita como a primeira espécie do gênero Sulfobacillus 

(NORRIS, 2007; SCHIPPERS, 2007). É também acidófila gram positiva com formação de 

esporos e apresenta limitada motilidade (CHENG e LAWSON, 1991; OLSON et al., 2003; 

SAND et al., 2001; WATLING, 2008). 
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 Micro-organismos termófilos extremos 

 

Diversos estudos têm investigado o uso de micro-organismos termófilos extremos com o 

objetivo de promover um aumento nas taxas de dissolução de sulfetos metálicos, 

particularmente da calcopirita (CuFeS2) frente às bactérias mesófilas e termófilas moderadas 

(RUBIO e GARCÍA FRUTOS, 2002). Tratam-se de árqueas gram negativas que podem 

crescer de forma aeróbica, anaeróbica ou facultativamente anaeróbica em temperaturas entre 

65 °C e 80 °C, com pH ótimo de crescimento em torno de 1–3. Estes micro-organismos 

podem ser isolados tanto litotroficamente quanto heterotroficamente de fontes termais 

sulfúreas. Em condições de litotrofias, obtêm energia pela oxidação de enxofre elementar, 

tiosulfato e sulfetos minerais (GERICKE e PINCHES, 1999; NEMATI e HARRISON, 

1999; NORRIS, 2007; SCHIPPERS, 2007; VELOSO, 2011). Dentre os micro-organismos 

termófilos extremos (Sulfolobus, Acidianusm, Metallospherae, Sulfurococcus), o gênero 

Sulfolobus é o mais estudado, muito embora se encontrem um número relativamente escasso 

de trabalhos publicados quando comparado aos micro-organismos mesófilos e termófilos 

moderados (TORRES et al., 1995). Os principais estudos destacam o gênero Sulfolobus 

como os mais adequados aos processos de biolixiviação de calcopirita, em temperaturas 

elevadas (HUGUES et al., 2002; TORRES et al., 1995). A Sulfolobus acidocaldarius, foi a 

primeira árquea do gênero a ser caracterizada (NAYAK, 2013). Esta espécie cresce em 

condições estritamente aeróbicas, em temperaturas em torno de 65 °C a 80 °C e pH ótimo 

entre 2 e 3. É capaz de utilizar o extrato de levedura ou enxofre elementar, sulfetos 

metálicos e íons ferrosos em seus processos biotecnológicos (TORRES et al., 1995; 

VELOSO, 2011). 

 

1.1.5 Biolixiviação de minerais sulfetados 

 

A utilização de micro-organismos em pilhas de lixiviação visando à recuperação de cobre 

tem sido o foco de pesquisas há algum tempo e esta tecnologia já é aplicada com sucesso 

para sulfetos secundários de cobre de baixo teor (TAO e DONGWEI, 2014; WATLING, 

2006), como discutido a seguir.  

 

Abdollahi et al. (2013) estudaram a biolixiviação em diferentes temperaturas de um 

concentrado de molibdenita contendo 0,85% de cobre na forma de covelita e calcopirita. Os 
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ensaios foram realizados durante um período de 19 dias em erlenmeyers e 7 dias em 

bioreator de 50 L com micro-organismos mesófilos (At. ferrooxidans, At. thiooxidans e 

Leptospirillum ferrooxidans) e termófilos extremos (Acidianus brierleyi e Sulfolobus 

acidocaldarius). Extrações máximas de cobre de 55% e 50% foram, respectivamente, 

alcançadas em erlenmeyer e em bioreator com a cultura mesófila a 35 °C e pH 2,0. Por outro 

lado, os ensaios realizados a 65 °C e pH 1,5 com os micro-organismos termófilos extremos 

atingiram 75% e 60% de extração de cobre nos ensaios realizados em erlenmeyer e em 

bioreator, respectivamente.  

 

Ensaios em erlenmeyers possuem importância no que diz respeito à otimização preliminar 

de parâmetros a serem utilizados em etapas posteriores como em experimentos em colunas. 

Desta forma, a biolixiviação em erlenmeyers e em colunas de um minério contendo 18% de 

pirita e 0,8% de cobre na forma de calcocita e fases oxidadas foi estudada por Manafi et al. 

(2013). Os ensaios de biolixiviação foram conduzidos com uma cultura mista nativa do 

depósito mineral contendo espécies do gênero Leptospirillum e Acidithiobacillus. As 

extrações de cobre foram elevadas (89–92%) em frascos agitados (para 10% de sólidos 

(m/v) e tamanho de partícula abaixo de 100 µm), em um período de 16 dias, a 32 °C e 

forneceram parâmetros que foram utilizados nas colunas. Nos ensaios em coluna, o meio de 

cultura, com um pH de 1,8 foi alimentado a uma vazão de 1 mL/min em colunas de 200 cm 

de comprimento e 13,5 cm de diâmetro interno, carregadas com 40 kg de minério (75% 

passante na malha de 12 mm). Os ensaios mostraram recuperações da ordem de 90% do 

cobre, em comparação com 60% de extração observada no ensaio controle, em um período 

de 184 dias. 

 

Dentre os micro-organismos mesófilos, a At. ferrooxidans vem sendo utilizada como um 

modelo em estudos relacionados à biolixiviação de sulfetos metálicos. Não obstante, um 

estudo comparativo com culturas mistas se faz importante na avaliação das interações de 

diferentes populações microbianas com os processos biológicos de extração de cobre. Yang 

et al. (2013) realizaram ensaios de biolixiviação com uma cultura pura de At. ferrooxidans e 

uma cultura mista de Acidiphilium sp. Os ensaios foram realizados em colunas de 50 cm e 

6,5 cm de diâmetro interno, carregadas com 2 kg de minério (1,59% Cu; tamanho de 

partícula entre 10 mm  e 15 mm) e mantidas em temperatura ambiente. As vazões de solução 

lixiviante e de ar aplicadas foram de 0,66 L/h e 35 L/m
2
.min, respectivamente. Extrações 
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finais de 20,1% e 14,9% foram alcançadas, após 117 dias de ensaio, com as culturas mistas e 

puras respectivamente. O não ajuste do pH pode ter influenciado negativamente na 

recuperação do cobre, onde valores acima de 2,5 foram observados após 5 dias de 

experimento, chegando a 3,8 ao final dos ensaios. Segundo Van Hille et al. (2010), mesmo 

em valores de pH de 1,8 pode ocorrer a precipitação de jarosita e, como conseqüência, uma 

redução na concentração do agente oxidante (Fe
3+

) em solução. Além disso, os micro-

organismos envolvidos nos processos de biolixiviação de sulfetos são acidófilos e possuem 

uma faixa de pH ótima de crescimento entre 1–2,5. Sendo assim, se torna essencial o estudo 

do pH e seus efeitos no crescimento e na atividade microbiana (TUPIKINA et al., 2013).   

 

O efeito do pH (1,2–2,0) na biolixiviação de um sulfeto polimetálico contendo 125 µg/g 

(0,0125%) de cobre foi estudado usando colunas de 10 cm de diâmetro carregadas com 4 kg 

do minério (tamanho de partícula -25 mm) com vazões de ar e de solução lixiviante iguais a 

de 1 L/min e 1,2 ml/min, respectivamente. Os sistemas foram mantidos nas temperaturas de 

35 °C e 50 °C, durante 102 dias de ensaio e os micro-organismos mesófilos e termófilos 

moderados utilizados foram enriquecidos a partir de amostras de uma mina de carvão. Não 

foi observado um grande efeito da temperatura sobre a extração de cobre.  Entretanto, a 

variação do pH da solução apresentou um maior efeito na cinética e extração finais para 

ambas as temperaturas.  Extrações finais da ordem de 70% foram alcançadas em pH 1,2 

(35 °C) e pH 1,6 (50 °C) (WATLING et al., 2014).  

 

Brierley e Kuhn (2010) reportam que minérios específicos podem conter elementos 

inibidores do crescimento microbiano, como por exemplo, o flúor, o qual, mesmo em 

baixíssimas concentrações, pode impedir a bioxidação de ferro por bactérias acidófilas como 

a Acidithiobacillus ferrooxidans (PENG et al., 2013). Segundo Razzell et al. (1962), uma 

concentração de 7,6 mgF
-
/L causou uma inibição de 30% na oxidação do Fe

2+
 por At. 

ferrooxidans e completa inibição para  concentrações acima de 30 mgF
-
/L também foram 

observadas. Por outro lado, Peng et al (2013) descreveram  ligeira inibição do crescimento 

de At. ferrooxidans para concentrações de até 10 mgF
-
/L, enquanto a mesma tornou-se 

severa acima de 20 mgF
-
/L. Entretanto, após um processo de adaptação ao flúor, 

concentrações de até 40 mgF
-
/L foram toleradas pela bactéria. Em sistemas de biolixiviação 

tais concentrações podem atingir valores mais elevados. Por exemplo, Brierley et al. (2010) 

relataram concentrações do íon fluoreto da ordem de 15 g/L presentes na PLS (pregnant 
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leach solution) de uma pilha de biolixiviação de calcocita, o que pode ter ocasionado uma 

redução da população bacteriana a níveis considerados insuficientes aos processos de 

biolixiviação e uma consequente inviabilização do processo industrial. 

 

A toxicidade do íon fluoreto está relacionada ao fato de que, em valores de pH típicos dos 

processos de biolixiviação, o mesmo se encontra principalmente em sua forma protonada. O 

HF (pKa=3,2 a 25 
°
C e I↦0) é capaz de penetrar a membrana celular, onde se dissocia em 

H
+ 

e F
-
, ocasionando um aumento na acidez interna da célula, o que resulta na inibição do 

crescimento microbiano e da oxidação do íon ferroso, independente da espécie bacteriana 

(mesófilas, termófilas moderadas ou extremas) (DOPSON et al., 2008; SUNDKVIST  et al., 

2005). Em estudos realizados em bioreator, Veloso et al. (2012) observaram que 0,5 mmol/L 

de F
-
 (como NaF), foram capazes de inibir por completo o crescimento de 

S. thermosulfidooxidans em um sistema contendo apenas o meio de crescimento 

suplementado com levedura e Fe
2+

. Porém, os efeitos deletérios ao crescimento microbiano 

puderam ser inibidos através da adição de íons alumínio em uma proporção molar de Al:F=2 

que promoveu a formação do complexo AlF
2+

 e permitiu que taxas de crescimento celular 

similares a sistemas ausentes de flúor fossem observadas. O efeito positivo do alumínio 

sobre a biolixiviação do cobre foi ratificado por extrações da ordem de 80% e 100% para os 

minérios de baixo teor (0,73% Cu distribuído nas fases minerais calcocita (55%), bornita 

(39%) e calcopirita (6%) e alto teor (0,99%) de cobre distribuído nas fases minerais 

calcocita (64%) e bornita (36%)), respectivamente. 

 

O laboratório de Bio&Hidrometalurgia da Universidade Federal de Ouro Preto realizou três 

estudos distintos de biolixiviação em diferentes temperaturas utilizando duas amostras de 

minério cobre (sulfeto secundário) como descrito em Veloso et al. (2012). Foram avaliados 

os efeitos dos seguintes micro-organismos sobre a dissolução do cobre: (i) mesófilos 

(Acidithiobacillus ferrooxidans) (CRUZ, 2012), (ii) termófilos moderados (Sulfobacillus 

thermosulfidooxidans) (SICUPIRA, 2011) e (iii) termófilos extremos (Sulfolobus 

acidocaldarius) (VELOSO, 2011). Os ensaios foram conduzidos em erlenmeyers e mantidos 

separadamente sob agitação nas temperaturas de 30 
o
C, 50 

o
C e 67,5 

o
C em shakers 

termostatizados. Foram avaliados também os efeitos de parâmetros como pH da solução 

lixiviante e concentração dos elementos Al
3+

, Mg
2+

 e Fe
2+

 sobre a extração de cobre. Foi 

observado que a concentração inicial de Fe
2+

 não apresentou influência na extração do 
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metal. Em geral, os parâmetros que apresentaram maior significância para os diferentes 

processos de biolixiviação foram o pH e a concentração de Al
3+

. A presença de flúor 

(>250 mg/L) nos minérios impactou o crescimento dos micro-organismos e sua toxidade foi 

minimizada pela adição de cátions Al
3+

. Observou-se também que concentrações acima de 

10 g/L de alumínio em solução, bem como de Mg
2+

, causaram um decréscimo na cinética de 

extração do cobre a 50 
o
C e 67,5 

o
C. Extrações finais de 100% para o minério de cobre 

(1,80% Cu) foram alcançadas, entretanto, a biolixiviação com Acidithiobacillus ferroxidans 

apresentou uma cinética mais lenta do que com os demais micro-organismos. 

Exemplificando, extrações máximas (100%) em um período de 12 dias foram obtidas para o 

sistema estudado a 30 
o
C, ao passo que, em apenas 7 dias de ensaio, a mesma extração foi 

atingida nos sistemas mantidos em temperaturas mais elevadas. O impacto positivo do 

aumento da temperatura nos sistemas pôde ser observado de forma semelhante para o 

minério marginal (1,10% Cu) o que pôde ser verificado por um aumento de 15% na extração 

final (90%) de cobre nos estudos com micro-organismos termófilos extremos em relação aos 

mesófilos (75%). Os resultados também mostraram que houve precipitação de ferro na 

forma de jarosita nas temperaturas de 30 °C e 50 °C o que, no entanto, não parece ter sido 

um fator limitante na oxidação dos minerais sulfetados.  

 

1.1.6 Biolixiviação de resíduos eletrônicos 

 

Recentemente, o processo de biolixiviação começou a ser estudado visando a recuperação de 

metais a partir de resíduos eletrônicos. A biolixiviação de metais como Cd, Cr, Cu, Ni e Zn 

que estão presentes nestes resíduos pode reduzir o risco ambiental provocado pela 

disposição inadequada destes materiais. Desta forma, a utilização de bactérias mesófilas (At. 

ferrooxidans e At. thiooxidans) e termófilas moderadas (S. thermosulfidooxidans) na 

recuperação de cobre de resíduos eletrônicos têm sido relatadas (BRANDL et al., 2001; 

ILYAS, SADIA et al., 2007; ILYAS et al., 2010; WANG et al., 2009). Entretanto, existe 

hoje um número pequeno de artigos publicados sobre o uso de bactérias termófilas 

moderadas na biolixiviação de resíduos eletrônicos, embora as taxas de extração de metais 

por estes micro-organismos sejam mais elevadas do que aquelas observadas com micro-

organismos mesófilos e ainda superiores às observadas com termófilos extremos (ILYAS et 

al., 2014b).  
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Embora as bactérias dos gêneros Acidithiobacillus e Sulfobacillus, geralmente, possam 

tolerar elevadas concentrações de íons metálicos (WATLING, 2006) a biolixiviação é 

conduzida com sucesso apenas em concentrações menores do que 10 g/L de resíduos 

eletrônicos pulverizados, uma vez que nessa condição, estas sucatas eletrônicas são tóxicas 

aos micro-organimsos, (BAS et al., 2013; BRANDL et al., 2001; CHOI et al., 2005; 

ILYAS, SADIA et al., 2007; WANG et al., 2009). Além disso, altas densidades de polpa 

podem resultar em uma diminuição na transferência de massa de oxigênio inibindo, de certa 

forma, o grau de oxidação do Fe
2+

 pelos micro-organismos (CHOI et al., 2005). Como 

exemplo, em estudos realizados por Brandl et al. (2001) com concentração de 5g/L a 10g/L 

de resíduo eletrônico (tamanho de partícula < 0,5 mm), 90% de todo o cobre disponível foi 

biolixiviado por At. ferroxidans e At. thiooxidans. Entretanto, para densidades de polpa 

acima de 10 g/L, a dissolução do cobre foi drasticamente reduzida.  

 

A biolixiviação em temperaturas elevadas tem o potencial de produzir maiores e mais 

rápidas dissoluções dos metais contidos nos resíduos eletrônicos. Ilyas et al. (2007)  

utilizaram culturas de micro-organismos termófilos moderados na lixiviação de metais 

contidos em placas de circuito integrado pulverizadas (tamanho de partícula entre 50 µm a 

150 µm). Para uma porcentagem de sólidos igual a 10 g/L, na temperatura de 45 
o
C, foram 

lixiviados 89% Cu e 81% Ni. Segundo os autores, a adição de enxofre elementar no sistema 

e sua oxidação a ácido sulfúrico pela bactéria evitaram a elevação do pH e a precipitação dos 

metais durante a lixiviação. Em outro trabalho, ensaios em coluna (13 cm x 58 cm) com o 

mesmo resíduo indicaram dissoluções maiores que 90% de cobre e 75% de níquel, em pH 

3,5, em 250 dias de ensaio, com o mesmo micro-organismo (ILYAS et al., 2010).  

 

Além da temperatura, variações na cinética de extração do cobre também podem ser devidas 

à granulometria do material. Em seus estudos, conduzidos em tanques agitados, Ilyas et al. 

(2014b) observaram que uma redução no tamanho médio de partícula de 250 µm para 

150 µm resultou em uma eficiência de extração do cobre  de 92%. Entretanto uma 

diminuição do tamanho de partícula, para valores abaixo de 150 µm, provocou um 

decréscimo nas taxas de extração metálica. A melhoria na eficiência de dissolução do cobre 

foi devida, essencialmente, ao efeito do tamanho de partícula sobre a área de superfície 

disponível. Ao diminuir o tamanho da partícula, a área superficial por unidade de massa da 

amostra é aumentada. No entanto, a redução excessiva do tamanho de partícula (- 150 µm) 
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pode acarretar uma maior liberação de compostos tóxicos ao crescimento microbiano 

diminuindo então a eficiência da biolixiviação do cobre (ZHU et al., 2011).  

 

Atualmente, o principal alvo das pesquisas em biolixiviação de PCI's visa à utilização de 

amostras pulverizadas. Entretanto, a baixa granulometria dificulta a separação final da 

fração não-metálica para posterior reciclagem (ADHAPURE et al., 2014; BRANDL et al., 

2001). No entanto, se amostras não pulverizadas de PCI's forem utilizadas, o processo de 

separação da fração não-metálica para subsequente reciclagem pode ser facilitado. Além 

disso, maiores tamanhos de partícula permitem que ocorra uma menor liberação de 

componentes deletérios ao crescimento microbiano possibilitando que maiores 

concentrações de resíduos eletrônicos possam ser utilizadas. O principal problema 

encontrado na utilização de PCI's em granulometrias elevadas é a barreira imposta pelo 

revestimento químico das placas (verniz). Esta camada impede a difusão da solução 

lixiviante entre as camadas contendo as trilhas de cobre e inviabilizando a dissolução do 

mesmo. Entretanto, a remoção do revestimento químico pode ser realizada através de 

determinados tratamentos químicos em uma etapa anterior à biolixiviação (ADHAPURE et 

al., 2014). 

 

Como mostra essa breve revisão, os processos de biolixiviação podem ser aplicados a 

materiais (minérios e resíduos) portadores de cobre e os parâmetros analisados podem diferir 

em função do tipo de material processado. A seguir, é apresentado como a presente tese se 

organiza. 

 

Atividades Desenvolvidas e Organização da Tese  

 

Com base nas considerações que foram apresentadas previamente, a presente tese de 

Doutorado teve, primeiramente, o objetivo de estudar a biolixiviação de sulfetos secundários 

de cobre (minérios), em colunas, com micro-organismos mesófilos e termófilos moderados. 

Os objetivos específicos desta etapa foram:  

 

 Determinar o efeito do tipo de cepa sobre a extração de cobre. 

 Comparar o efeito da presença e ausência de alumínio sobre a extração de cobre. 

 Comparar as extrações de cobre em sistema aberto e com recirculação. 
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 Monitorar a concentração de flúor e seu efeito sobre o potencial de oxidação da 

solução. 

 

Em uma segunda etapa, foi abordada a biolixiviação de resíduos eletrônicos. Esta etapa teve 

como objetivo o estudo da biolixiviação de PCI's, em escala de bancada, com micro-

organismos mesófilos e termófilos moderados realizados em parte no “Laboratoire de Génie 

minérale et recyclage/GeMMe - Génie Minéral, Matériaux  & Environnement” da 

Universidade de Liège - Bélgica. Os objetivos específicos foram: 

 

 Comparar os resultados da lixiviacão química com os de biolixiviação. 

 Observar o efeito de diferentes concentrações iniciais de Fe
2+

 sobre a dissolução do 

cobre. 

 Avaliar a viabilidade da extração de cobre em resíduo de PCI não pulverizada. 

 Realizar ensaios de biolixiviação de PCI não pulverizada em reator de tambor 

rotativo. 

 

Essas duas etapas são apresentadas na forma de capítulos, organizados da seguinte forma: 

 

O Capítulo 2, entitulado Bioleaching of fluoride-bearing secondary copper sulphides: 

Column experiments with At. ferrooxidans, discute a biolixiviação em colunas de dois 

minérios contendo sulfetos secundários de cobre com micro-organismos mesófilos na 

presença de minerais contendo flúor.  

 

O Capítulo 3, The effect of both solution bleeding and aluminium addition on bioleaching 

of fluoride-bearing secondary copper sulphides: Column experiments with S. 

thermosulfidooxidans, aborda os efeitos de purgas realizadas no circuito fechado de 

biolixiviação de minério sulfetado de cobre contendo flúor e a adição de alumínio ao 

sistema.   

 

Nos capítulos 2 e 3, são comparados os efeitos do tipo de cepa e da temperatura na extração 

de cobre, bem como  as implicações da presença do flúor no comportamento do sistema de 

colunas de biolixiviação. As principais hipóteses discutidas são que a temperatura dos 

experimentos, a relação (alumínio + ferro férrico)/flúor em solução e  purgas realizadas no 



15 

 

sistema são importantes parâmetros a serem avaliados com relação aos efeitos deletérios 

provocados pela dissolução e consequente acumulo de íons fluoreto na solução. Desta 

forma, busca-se mostrar que a presença de flúor solúvel não é um problema por si só, sendo 

que a química da solução poderá definir a extensão dos impactos prejudiciais do flúor na 

biolixiviação de minérios. 

 

O capítulo 4 tem como título Copper extraction from coarsely ground printed circuit 

boards using moderate thermophilic bacteria in a rotating-drum reactor e aborda a 

biolixiviação de cobre de PCI's não pulverizadas em reator de tambor rotativo. Este trabalho 

propõe uma abordagem diferente para biolixiviação de resíduos eletrônicos, em que as 

PCI's, relativamente grosseiras, são lixiviadas sem que haja a necessidade de redução do seu 

tamanho até a escala micrométrica. O objetivo é reduzir o alto custo operacional associado à 

etapas de cominuição e avaliar a hipótese de que, uma menor liberação de elementos tóxicos 

ao crescimento microbiano ocorre à medida em que se utilize granulometrias mais elevadas 

de PCI's. Desta forma, pode-se discutir a adaptação bacteriana frente a um aumento do teor 

de PCI e definir o pH e a concentração inicial de Fe
2+

 ideal para biolixiviação destes 

resíduos eletrônicos com a bactéria S. thermosulfidooxidans em um reator de tambor 

rotativo. 
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2  CAPÍTULO 2 

 

Bioleaching of fluoride-bearing secondary copper sulphides: Column experiments with 

At. ferrooxidans 

 

Abstract 

 

Bioleaching is a mature technology, which is widely employed commercially in the leaching 

of low-grade secondary copper sulphide ores. In this work, the bioleaching potential of a 

low-grade ore with a significant content of fluoride was assessed. Small columns were 

inoculated with a strain of At. ferrooxidans, at 30 °C, and resulted in copper extractions 

above 89%, in 255 days. The dissolution of fluorite from the gangue minerals accounted for 

up to 2.5 g/L fluoride in solution, which affected bioleaching shortly after column 

inoculation. However, both the released of aluminium from the ore and ferric iron 

production by the bacteria reduced fluoride toxicity. A fluoride-toxicity parameter (η) was 

proposed to represent the mass ratio between total fluoride, total aluminium and total ferric 

iron concentrations in the system. Low values of the η parameter resulted from high ferric 

iron and aluminium concentrations and implied in large bacterial population in the systems. 

Thus, the presence of fluoride-bearing minerals in the ore may be an important issue, but the 

content of both cations should be also considered. Despite the absence of ferric iron and a 

high fluoride concentration prior to first solution bleeding, the η parameter was lower than 

0.3 in the column containing an external aluminium source. In this condition, as the 

aluminium content surpassed that of fluoride the bacterial population reached 10
7
 cells/mL 

and enabled copper bioleaching. 

 

 

 

 

 

 

Key-words: Bioleaching; At. ferrooxidans; aluminium; fluoride;  copper sulphides; 

columns.  
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2.1 Introduction 

 

Bioleaching is a well-established technology and an alternative to conventional 

pyrometallurgical processes for the treatment of copper sulphides. It is best suited for 

marginal ore materials and those containing a high level of impurities such as arsenic and 

fluoride. The application of micro-organisms in the treatment of secondary copper sulphides 

has been investigated for some time, although it is not described extensively in the literature. 

As early as 1985, covellite bioleaching was demonstrated (ÑANCUCHEO et al., 2003). 

Subsequently, Herrera et al. (1989) reported the importance of ferrous iron oxidation in 

bornite bioleaching. In the following year, Attia and Elezeky (1990) demonstrated high 

copper extractions from chalcocite, and highlighted the beneficial effects on leaching 

kinetics of micro-organisms adapted to specific ores.  

 

More recently, copper bioleaching from a molibidenite concentrate was investigated. 

Experiments were carried out in shaking flasks and a bioreactor using a mixed mesophile 

culture (At. ferrooxidans, At. thiooxidans and L. ferrooxidans) at 35 °C and pH 2.0. Copper 

extraction attained values of 55% and 50% in shaking flasks and bioreactor experiments, 

respectively. Similarly, the bioleaching of chalcocite ore (0.8% copper) was studied by 

Manafi et al. (2013), who carried out column experiments (200 cm × 13.5 cm) that resulted 

in 90% copper extraction at pH 1.8 after 184 days. 

 

Anionic species dissolved during leaching, such as fluoride ions, may have deleterious 

effects on microbial growth and bioleaching. Razzell et al. (1963) reported that 7.6 mg/L 

fluoride caused a 30% reduction in the Fe
2+

 oxidation rate by At. ferrooxidans, whereas 

complete inhibition was observed for 30 mg/L F
-
. Such toxicity is ascribed to the high HF 

concentrations at the pH values applied in bioleaching operations (DOPSON et al., 2008; 

SUNDKVIST et al., 2005). Specifically for At. ferrooxidans (ATCC 23270), the bacteria 

could growth in the presence of 40 mg/L total fluoride after adaptation to the anion, 

although such tolerance was pH dependent, and decreased with higher acidity (PENG et al., 

2013) due to a higher HF content at lower pH values. Nevertheless, much higher fluoride 

concentrations can be found in bioleaching operations, as reported by Brierley and Khun 

(2010), who observed fluoride concentrations as high as 15 g/L in the pregnant leach 

solution (PLS) of an industrial chalcocite bioleaching operation. Such concentrations were 
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deemed to account for reduced At. ferrooxidans populations to levels insufficient for 

promoting bioleaching.  

 

Fluoride toxicity is minimized by Al
3+

 and Fe
3+

 ions whereby the concentration of HF (the 

actual toxic species) is reduced through the formation of metal-fluoride complexes 

(SICUPIRA et al., 2011; VELOSO et al., 2012). Previous studies on the batch bioleaching 

of secondary sulphides containing fluorite (CaF2) and biotite (K2(Mg, Fe
2+

)6-4(Fe
3+

,Al, Ti)0-

2Si6-5Al2-3O20(OH,F)4) showed improved bioleaching kinetics, resulting in copper 

extractions of 70% and 50% at the fourth day of leaching in the presence and absence of 

aluminium (at an Al/F molar ratio higher than 1.5), respectively. However, in the context of 

heap bioleaching, the profiles of these three species, in addition to other species, are affected 

by parameters related to column operation such as solution recirculation and bleeding. 

Therefore, the goal of the current paper is to show that the solution chemistry will define the 

extent of the detrimental impacts of fluoride on bioleaching.  

 

2.2 Experimental 

 

2.2.1 Ore samples 

 

Bioleaching experiments were carried out with two secondary sulphide ore samples, whose 

chemical analyses are listed in Table 2.1. Henceforth, these ores will be referred to as copper 

ore (CO) and marginal ore (MO). 

 

Table 2.1: Chemical analysis (%) of the ore samples studied. 

Sample 

Assay (%) 

Cu Al Fe Mg Ca F Cl 

CO 1.80±0.04 3.21±0.15 33.39±1.02 1.37±0.16 3.64±0.17 0.71±0.22 0.61±0.14 

MO 1.11±0.03 4.06±0.19 30.73±0.98 1.46±0.14 3.58±0.21 0.65±0.06 0.58±0.12 

 

Mineralogical analysis performed by optical microscopy as well as scanning electron 
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microscopy-energy dispersive spectroscopy (SEM-EDS) indicated that the CO sample 

contained biotite (42.3%), magnetite (Fe3O4) (21.5%) and silicates, especially amphibole 

(18.9%) and garnet (6.9%). In addition, the presented a roughly equivalent amount of biotite 

(34.9%) and amphibole (25.2%), less magnetite (9.5%) and more garnet (16.7%). The 

copper containing minerals comprised bornite (36%) as well as chalcocite (64%) in the CO, 

whereas the MO assayed 39% bornite, 55% chalcocite and 6% chalcopyrite (CuFeS2). In 

both cases, cyanide-soluble copper accounted for 92.2% of the total copper in the CO and 

85.0% in the MO, which is consistent with the mineralogical characterization. Both ores also 

contained 0.58%–0.61% chloride and 0.65%–0.71% fluoride, present either as fluorite or in 

silicates (biotite).   

 

2.2.2 Bioleaching experiments 

 

Bioleaching experiments were carried out in six 100 cm-height by 10 cm-diameter acrylic 

columns in a temperature controlled room held at 30±1 °C. Each column was loaded with 

ore (10 kg) crushed to a ½'' top size and agglomerated with sulphuric acid (10 kg/tonne). All 

columns were fed from the top using 10-litre containers at a flow rate of 1 mL/min   

(8.6 L.m
-2

.h
-1

), which was controlled by peristaltic pumps. The supply of the oxygen (air) 

required in the bioleaching process was provided to each column by oil-free compressors at 

a flow rate of 250 mL-air/min (2.16 Nm
3
-air.m

-2
.h

-1
) the column base. 

 

A mesophile strain formed by Acidithiobacillus ferrooxidans (AZEVEDO, 2011) was 

utilized in the experiments. Bacterial growth was carried out in the Norris medium (0.2 g/L 

(NH4)SO4, 0.4 g/L MgSO4.7H2O and 0.1 g/L K2HPO4). Apart from the non-inoculated 

experiments, all columns were inoculated in the 12
th

 day of the experiment with the 

mesophile strain pre-adapted to the ore (10
7
 cells/mL). The biotic experiments were run for a 

period of nearly 250 days, and no external ferrous sulphate additions were made to the 

growth media. Nevertheless, unless otherwise stated, the Norris medium was amended with 

aluminium sulphate so that 0.5 g/L Al
3+

 was present in the inlet solution. The PLS was 

collected at the base of each column from which liquor aliquots where withdrawn for 

subsequent analyses (i.e. pH, Eh, bacterial counts and metal concentration). Once a week, 

the PLS volume was recorded and used in copper extraction calculations, and evaporation 

losses were compensated with distilled water. After the pH was adjusted with concentrated 
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H2SO4, the solution was then recirculated (closed-loop tests). The pH in the PLS of each 

column was maintained at 1.7±0.1 by independently varying the inlet pH weekly. Solution 

bleedings were carried out whenever the copper concentration in the PLS exceeded 4 g/L (at 

the 47
th

, 67
th

, 116
th

 and 158
th

 days). Table 2.2 depicts the main parameters applied in the 6 

columns studied. The reference condition (column 6) for the experiments was inoculated 

column, external aluminium addition beginning at inoculation (0.5 g/L), closed loop and 

CO. 

 

Table 2.2: Experimental conditions utilized in the bioleaching study 

Column Ore type 
T 

(
°
C) 

Inoculated 
Al

3+ 
(g/L) 

Added 

Type of 

loop 
Legend 

1 Copper ore 30 Yes 0.5 Closed Reference CO 

2 Copper  ore 30 Yes - Closed No Al CO 

3 Copper ore 30 Yes 0.5 Open Open loop CO 

4 Copper ore 30 No 0.5 Closed Non inoculated CO 

5 Marginal ore 30 Yes 0.5 Open Open loop MO 

6 Marginal ore 30 No 0.5 Closed Non inoculated MO 

CO: Copper ore; MO: Marginal ore 

 

 

2.2.3 Analytical techniques 

 

Metal concentrations were assessed by inductively coupled plasma optical emission 

spectrometry (ICP-OES; Varian 725) whereas fluoride was determined by ionic 

chromatography (Methrom USA) using a system equipped with a conductivity detector. 

Measurements of pH and Eh were carried out in a digital pH/mV metre (DIGIMED, DM-20 

model) with a Ag/AgCl reference electrode (for Eh) and combined DMR-CP1 platinum 

electrode (for pH). Acid consumption was determined from the mass of sulphuric acid 

utilized to correct the pH of the leaching solution. Cell counts were performed using a 

Neubauer chamber in a phase contrast microscope (Leica). The ferrous iron concentration 

was determined by titration with standard potassium dichromate solution in the presence of a 

1 H2SO4: 1 H3PO4 solution using an automatic titrator (Schott-Tritoline Alpha).  

 

The identification of the crystalline phases present in the leaching residues was performed 
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using an X-ray diffractometer (Shimadzu, XRD-6100 model). This device was equipped 

with a copper tube and operated at 40kV and 30mA. Scanning was taken in the 2θ range 

between 8° and 70° with steps of 0.02°/2θ every 60 seconds. Data analysis was performed 

by comparison with database standards (ICDD - International Committee of Diffraction 

Data) with aid of the software software XRD-6100/7000, 7.00 version. 

 

The morphological characteristics of the leaching residues were observed in a TESCAN, 

VEGA 3LMH electron microscope (SEM) equipped with an energy dispersive spectrometer 

(Oxford). The leaching residues were embedded in epoxy resin and then polished to a flat, 

mirrored surface after hardening. Afterwards, samples were carbon coated and then 

examined under the microscope. 

 

2.3 Results  

 

The bioleaching of the secondary copper sulphides, chalcocite (Reaction (2.1)) and bornite 

(Reaction (2.2)), relies on ferric iron production either in the bulk solution (the indirect 

mechanism) or in a biofilm on the mineral surface (the so-called indirect-contact 

mechanism). The bacteria must also oxidize any elemental sulphur produced during the Fe
3+

 

attack on the mineral (SAND et al., 2001; WATLING, 2006).  

 

                   Cu2S + 4Fe
3+

 → 2Cu
2+

 + 4Fe
2+

 + S
0
                                                 (2.1) 

 

                    Cu5FeS4 + 12Fe
3+

 → 5Cu
2+

 + 13Fe
2+

 + 4S
0
                                             (2.2) 

 

Figures 2.1a and 2.1b depict, as expected, a rapid dissolution of secondary copper sulphides 

in the acid medium, as implied from the high copper extractions (60%) even in the non-

inoculated columns (C4 and C6). This was expected because secondary copper sulphides are 

acid-soluble minerals. Copper extractions varied from 84% (reference column - CO) to 89% 

(open loop–MO) in the inoculated columns over a 250-day period. These extractions were 

consistent with the findings of Manafi et al. (2013) who investigated the column bioleaching 

of porphyry copper sulphide ore containing pyrite grains coated by chalcocite. Recent 

studies on column bioleaching of a polymetallic sulphide ore containing 125 μg/g Cu 

reported 70% extraction from a ore assaying 40–60 wt% of acid-soluble copper at both 
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35 °C and 50 °C, working in the 1.2–2.0 pH range (WATLING et al., 2014). Figure 2.1 also 

shows that the mesophile strain improved the leaching kinetics even before the first solution 

bleeding. Specifically, after 13 days from inoculation, a difference of the rate of copper 

extraction can be noticed between the inoculated and non-inoculated columns. Column C2 

(No Al–CO) showed a slightly slower copper dissolution prior to the third bleeding, but, 

subsequently, no difference from the profiles of the other columns could be observed. This 

column, along with the reference column, showed the highest copper concentrations in the 

PLS (Figure 2.1b), indicating the positive effect of the presence of micro-organisms on 

copper extraction. 
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Figure 2.1: Extraction (a) and concentrations (b) of copper in the PLS for marginal ore 

(MO) and the copper ore (CO). The vertical lines indicate solution bleeding. Experiments 

with At. ferrooxidans and Norris growth medium amended with 0.5 g/L Al
3+

 (unless 

otherwise stated); 30±1
o
C; crushed and agglomerated ore (½'' top size);  8.6 L.m

-2
.h

-1 

solution flow-rate and 2.16 Nm
3
-air.m

-2
.h

-1
 air flow-rate. Solution bleedings at the 47

th
, 

67
th

, 116
th

 and 158
th

 days. The target pH was 1.7±0.1.  

 

2.3.1 Profile of pH and acid consumption  

 

One of the key parameters in bioleaching operations is solution pH. While acidity is 

important for mineral dissolution, the pH must be set at values which simultaneously ensure 

an optimum bacterial growth rate and high ferric iron concentrations in solution. The lower 

pH value at which At. ferrooxidans can readily grow is approximately 1.5, and, above pH 
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2.0–2.2, jarosite (K2Fe6(OH)12(SO4)4) precipitation removes the ferric iron (oxidant) from 

the solution, and the extraction is usually impaired outside this range (YANG et al., 2013). 

Therefore, a pH value of 1.7±0.1 was selected in the current study. For the purpose of 

working at the defined value in the PLS, the pH of the inlet solution was maintained in the 

1.0 to 1.6 range during the experiments to avoid high pH values inside each column, as 

illustrated in Figure 2.2.  
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Figure 2.2: Variation of inlet pH (a) and outlet pH (b) during column bioleaching for 

marginal ore (MO) and the copper ore (CO). Experiments with At. ferrooxidans and Norris 

growth medium amended with 0.5 g/L Al
3+

 (unless otherwise stated); 30±1
o
C; crushed and 

agglomerated ore (½'' top size);  8.6 L.m
-2

.h
-1 

solution flow-rate and 2.16 Nm
3
-air.m

-2
.h

-1
 

air flow-rate. Solution bleedings at the 47
th

, 67
th

, 116
th

 and 158
th

 days. The target pH was 

1.7±0.1. 

 

The selected approach nevertheless did not avoid a pH increase to values near 4 in all 

columns during the first week of experiments (before inoculation). This outcome was due to 

the acid attack on readily-soluble minerals such as fluorite, biotite and other silicates in the 

ore (DOPSON et al., 2008; DOPSON et al., 2009). Values of pH above 3.0 continued to be 

recorded in the following 30 days of testing, but, after this period, the dissolution of acid-

consuming minerals slowed, resulting in reduced scatter in pH readings (PLS), which varied 

between 1.6 and 1.8 until conclusion of the experiments. Figure 2.2 also shows that the inlet 

pH was set at 1.0 from the 30
th

 to 75
th

 day to maintain the pH of the PLS in the target range, 

which had an important effect on the acid consumption, as shown in Figure 2.3 and was 

faster in the first 75 days and represented the period of the fastest metal extraction. Overall, 
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the sulphuric acid consumption varied from 137 kg/tonne (reference column, CO) to 

264 kg/tonne (non-inoculated column, MO). Further analysis indicated that the non-

inoculated columns containing either ores (C4 and C6) demonstrated the highest acid 

consumption, followed by the open circuit columns (C3 and C5). The lowest acid 

consumption (±140 kg/tonne) was observed for the closed loop inoculated columns, 

emphasizing the positive effect of the presence of bacteria in the system.  The effects of 

solution composition on acid consumption will be discussed further.   
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Figure 2.3: Acid consumption during the bioleaching of the marginal ore (MO) and the 

copper ore (CO). The vertical lines indicate solution bleeding. Experiments with At. 

ferrooxidans and Norris growth medium amended with 0.5 g/L Al
3+

 (unless otherwise 

stated); 30±1
o
C; crushed and agglomerated ore (½'' top size);  8.6 L.m

-2
.h

-1 
solution flow-

rate and 2.16 Nm
3
-air.m

-2
.h

-1
 air flow-rate. Solution bleedings at the 47

th
, 67

th
, 116

th
 and 

158
th

 days. The target pH was 1.7±0.1. 

 

2.3.2 Dissolution of gangue elements - liquor chemistry 

 

In addition to increased acid consumption, gangue minerals account for the presence of 

elements in the PLS which may affect bacterial growth depending on their nature and 

concentrations. Thus, from a metallurgical and bacterial viewpoint, the profile of the most 

critical species must be assessed. The presence of Al
3+

 ions in the leach solution resulted 

from the dissolution of silicate minerals, and also from external aluminium additions to the 

system. Aluminium sulphate was added to ensure a concentration of at least 0.5 g/L Al
3+

 in 
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the growth medium because previous studies have identified fluoride dissolution from both 

ore samples, which had an important negative effect on bacterial growth (SICUPIRA et al., 

2010). Aluminium can complex fluoride, reducing the HF concentration, as will be further 

discussed in the current work.   

 

Aluminium added to the experiment was considered in the analysis of metal extractions, and 

Figure 2.4a shows that the largest extractions were observed for the open loop columns, 

demonstrating 34% and 41% extractions from the MO (column C5) and CO (column C3), 

respectively. For the closed-loop columns (C1, C2, C4 and C6) aluminium extractions 

levelled out earlier, and the overall dissolution was below 24%. From an analysis of metal 

concentrations, the highest values (with peaks close to 3.0 g/L, as shown in Figure 2.4b) 

were observed between the 50
th

 and 70
th

 days, which points to the slower dissolution 

kinetics of aluminium-containing minerals. In addition, magnesium and calcium were 

analysed, and their dissolution was also related to acid consumption, but no detrimental 

effects on bacterial growth were expected in response. Actually, magnesium helps bacterial 

growth because it is utilized in the growth medium. Figures 2.5a and 2.5b show that the 

maximum magnesium concentrations attained values of ~800 mg/L (25% dissolution), 

whereas calcium concentrations were controlled by gypsum solubility, and oscillated at 

values of approximately 700 mg/L. From the open circuit columns (unsaturated with respect 

to gypsum), approximately 25% calcium dissolution from the ore was estimated. 

Notwithstanding, the combined effect of these and other ions may increase the ion strength, 

hampering the bioleaching process, as reported by Watling et al. (2014), who associated low 

bacterial populations (10
4
 cells/mL) with high aluminium (29–31 g/L), iron (~11 g/L) and 

magnesium (~12 g/L) concentrations in the PLS of spent heap bioleaching. 

 

Chloride and fluoride ions were also analysed because they were present in both ores (Table 

2.1) and because they are harmful to acidophilic bacteria (DOPSON et al., 2009). The 

presence of both species in the PLS is due to the solubility of silicate minerals in acid media. 

While chloride concentrations were mostly below 300 mg/L, which were not expected to 

impair ferrous iron bio-oxidation (SUZUKI et al., 1999), aqueous fluoride concentrations as 

high as 2.0 g/L were recorded in the first 50 days, as shown in Figure 2.6. This is a very high 

concentration, given the low tolerance reported for At. ferrooxidans, indicating that 10 mg/L 

fluoride caused inhibition, while bacterial growth was severely hampered for concentrations 
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above 20 mg/L fluoride (PENG et al., 2013). 
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Figure  2.4: Extraction (a) and concentrations (b) of aluminum in the PLS for marginal ore 

(MO) and the copper ore (CO). The vertical lines indicate solution bleeding. Experiments 

with At. ferrooxidans and Norris growth medium amended with 0.5 g/L Al
3+

 (unless 

otherwise stated); 30±1
o
C; crushed and agglomerated ore (½'' top size);  8.6 L.m
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solution flow-rate and 2.16 Nm
3
-air.m
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-1
 air flow-rate. Solution bleedings at the 47

th
, 

67
th

, 116
th

 and 158
th

 days. The target pH was 1.7±0.1. 
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Figure 2.5: Extraction (a) and concentrations (b) of magnesium in the PLS for marginal 

ore (MO) and the copper ore (CO) The vertical lines indicate solution bleeding. 

Experiments with At. ferrooxidans and Norris growth medium amended with 0.5 g/L Al
3+
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at the 47
th

, 67
th

, 116
th

 and 158
th

 days. The target pH was 1.7±0.1. 

Figure 2.6 indicates that the fluorine concentration reduced to the 0.25–1.0 g/L range from 

the second bleeding until the conclusion of the experiments, with higher values in the 

columns containing the CO (C1–C4). These figures were higher than the threshold value of 

60 mg/L for which inbition in Fe
2+

 bio-oxidation was observed (DOPSON, et al., 2008). 

Nevertheless, the values presented herein are much lower than the 15 g/L discussed by 

Brierley and Kuhn (2010) that caused the failure of a heap bioleaching operation treating 

secondary copper sulphides. 
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Figure 2.6: Fluor concentration in the PLS for marginal ore (MO) and the copper ore 

(CO). The vertical lines indicate solution bleeding. Experiments with At. ferrooxidans and 

Norris growth medium amended with 0.5 g/L Al
3+

 (unless otherwise stated); 30±1
o
C; 

crushed and agglomerated ore (½'' top size);  8.6 L.m
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solution flow-rate and 
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3
-air.m
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 air flow-rate. Solution bleedings at the 47

th
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 and 158

th
 days. 

The target pH was 1.7±0.1. 

 

2.3.3 Cell counts, solution potential and iron profile.   

 

The inoculation procedure comprised feeding each bioleaching column (C1, C2, C3 and C5) 

with 1 L of a solution containing 10
7
 cells/mL and a redox potential above 700 mV. Such an 

approach resulted in bacterial populations between 10
5
 cells/mL and 10

6
 cells/mL in the PLS 

of the inoculated columns on the day immediately after inoculation, as shown in Figure 2.7. 

Subsequently, the bacterial population increased steadily and attained values of 
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approximately 10
7
 cells/mL prior to the first bleeding (47

th
 day), and oscillated between 

10
6
 cells/mL and 10

7
 cells/mL thereafter in the closed loop columns, which is in agreement 

with the values reported by Yang et al. (2013). This implies that the bacteria could most 

likely tolerate the high fluoride concentrations produced in the initial period of the 

experiments because of the aluminium concentration in the PLS (released from the ore as 

well as externally added to the leaching solution). This aspect of column bioleaching will be 

discussed further in the current work.  
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Figure 2.7: Variation of free cell densities in the PLS of inoculated columns for marginal 

ore (MO) and the copper ore (CO). The vertical lines indicate solution bleeding. 

Experiments with At. ferrooxidans and Norris growth medium amended with 0.5 g/L Al
3+
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The solution potential is an indication of bacterial activity in the system, and, because it is a 

result of ferric iron production by the bacteria, it can also be related to the bacterial 

population in the system. Therefore, Figure 2.8 shows a significant increase in Eh values for 

all inoculated columns, as compared to the chemical controls. The fastest increase in 

solution potential was observed for the MO (column C5) for which the Eh attained a value 

of 700 mV within 6 days after inoculation, whereas 48 days were required to reach 690 mV 

in the case of the CO (column C1). The lag period was shorter than that observed in the 

columns operating at 50 °C with the same ores (RODRIGUES, 2013), and this suggests that 



37 

 

the mesophiles studied in the current work are a better option for bioleaching the fluoride-

containing CO. The positive impact of an external aluminium source can be observed 

through the profiles of the CO-containing columns, particularly the column in which there 

was no aluminium sulphate supplementation (i.e. C2: No Al). This column demonstrated the 

lowest potentials, implying that the free fluoride concentrations hampered bacterial growth; 

thus, ferric iron production and Eh increased. The high solution potentials (600 mV to 

715 mV, regardless of the ore type) observed in the later period of the experiments resulted 

from the reduction in fluoride concentrations. Moreover, the greatest scatter in Eh values 

were observed when the open loop condition (C3 and C5) was adopted i.e. after attaining a 

maximum of approximately 700 mV, the Eh oscillated between that value and a minimum of 

approximately 600 mV. 
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Figure 2.8: Variation of redox potencial during column bioleaching for marginal ore (MO) 

and the copper ore (CO). The vertical lines indicate solution bleeding. Experiments with 

At. ferrooxidans and Norris growth medium amended with 0.5 g/L Al
3+
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In a bioleaching context, the solution potential is defined by ferrous and ferric iron activities 

in the PLS; thus, the Fetot profile is shown in Figure 2.9. The inoculated columns 

demonstrated lower soluble iron concentrations than the non-inoculated columns because 
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the presence of mesophiles resulted in the predominance of ferric iron and then jarosite 

precipitation , as shown in Figures 2.9a and 2.9b. Iron extractions (calculated from soluble 

iron concentrations) were thus affected by this precipitation i.e. they were lower (<10%) 

than those observed in the non-inoculated columns (20%) in which ferrous iron prevailed. 

As shown in Figures 2.9c and 2.9d, maximum concentrations of up to 20 g/L iron (as Fe
2+

) 

in solution were observed in the non-inoculated columns (C1 and C3) containing both ore 

samples, whereas these concentrations were reduced to 4–7g/L in the inoculated columns. 

Therefore, iron extractions should be determined from the non-inoculated columns because 

there was no ferrous iron addition to the leach solutions and no relevant ferric iron 

precipitation. 
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Figure 2.9: Total iron concentration (a and b) and Fe
2+ 

concentration (c and d) for 

inoculated (a and c) and non-inoculated (b and d) columns during the bioleaching for 

marginal ore (MO) and the copper ore (CO). The vertical lines indicate solution bleeding. 

Experiments with At. ferrooxidans and Norris growth medium amended with 0.5 g/L Al
3+
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(unless otherwise stated); 30±1
o
C; crushed and agglomerated ore (½'' top size);  8.6 L.m

-

2
.h

-1 
solution flow-rate and 2.16 Nm

3
-air.m

-2
.h

-1
 air flow-rate. Solution bleedings at the 

47
th

, 67
th

, 116
th

 and 158
th

 days. The target pH was 1.7±0.1. 

 

2.3.4 Analysis of the leaching residue 

 

The acid consumption observed herein for all columns was similar to values reported 

elsewhere (DOPSON et al., 2008). The high silicate content in the ore accounted for the 

large acid consumption values observed in the current work, especially during the period 

when the inlet pH was 1.0 because higher acidity has an important contribution to the 

leaching of such minerals (BHATTI et al., 2011; DOPSON, et al., 2008; DOPSON et al., 

2009; KALINOWSKI and PETER, 1996). Biotite, which accounted for 40% of the ore has 

high solubility in acid medium as compared to the other silicate minerals in the sample. 

Figure 2.10 shows an XRD analysis of the copper ore (CO) and bioleaching residue of the 

reference (biotic). This figure (2.10) revealed the presence of grunerite 

((Fe,Mg)7Si8O22(OH)2) or greenalite ((Fe
+2

,Fe
+3

)2-3Si2O5(OH)4), K-jarosite, quartz (SiO2), 

garnet and magnetite. Biotite was detected at lower concentrations in the bioleaching 

residues than in the copper ore. Similar patterns were observed for the remaining columns 

(biotic and abiotic), implying that biotite dissolution was related to presence of  acid 

solucions and was the main mineral accounting for aluminium concentrations in the 

pregnant leaching solution.  
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Figure 2.10: XRD analysis of the leaching residues of the non-inoculated (a) and reference 

columns (b) loaded with the high-grade ore. The symbols denote: A: Grunerite (JCPDS  27-

1170) or greenalite (JCPDS  11-0265) Bio: biotite (JCPDS 42-0603), J: K-jarosite (JCPDS  

02-0602); Q: quartz (JCPDS  79-1910); G:garnet (JCPDS 85-1237); Mag: magnetite 

(JCPDS 01-111111). 

 

Furthermore, Figure 2.10 shows the presence of magnetite in the residue, suggesting that 

biotite also contributed for most of the iron released from the ore. Soluble iron was 

subsequently oxidized and precipitated jarosite in the biotic experiments, justifying the 

presence of the latter in the residue (Figure 2.10 and 2.11).   

 

According to Kalinowski and Peter (1996) During biotite dissolution interlayer K
+
 ions are 

released and thus the ion can be diagnostic of biotite leaching. After dissolution K
+
 ions 

precipitated as potassium jarosite. This is evidenced in Figure 2.10 and 2.11 which shows 

jarosite formation in the residue.  
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Figure 2.11: SEM-EDS images of bioleaching residues.  

 

 

2.4 Discussion 

 

The presence of At. ferrooxidans in the inoculated columns was previously confirmed using 

restricted fragment length polymorphism (RFLP) and polymerase chain reaction denaturing 

gradient gel electrophoresis (PCR-DGGE) techniques. Although the presence of other iron 

oxidizers cannot be ruled out, the microbial diversity was low, as indicated by PCR-DGGE 

(RODRIGUES, 2012), and is consistent with similar studies (CHENG et al., 2009; 

WATLING et al., 2014).  

 

Aluminium is considered harmful to bacteria, but there is no consensus regarding the 

threshold concentration for which significant impacts are observed upon bioleaching. Ojumu 

et al. (2009) reported aluminium impairment of L. ferriphilum growth above 10 g/L Al, 

which is consistent with the study of Sicupira et al. (2011), who observed similar findings 

during copper bioleaching with S. thermosulfidooxidans. Therefore, concentrations below 

3.0 g/L, as observed in the current work, were not expected to extensively inhibit bacterial 

growth. An important aspect of aluminium chemistry in the bioleaching of fluoride-bearing 

ores is its role as a complexing agent for free fluoride. 

Fluoride is toxic to bacteria because it is present mainly as HF (pKa = 3.2 at 25 °C and         

I↦0), at pH values applied in bioleaching processes (pH 1.5–2.0). HF is sufficiently small to 

penetrate cell membranes and gain access to the cell interior where the pH is neutral, 

whereupon HF dissociates into H
+
 and F

-
, and increasing the acidity. This results in 

inhibition of microbial growth and thus ferrous iron oxidation (VELOSO et al., 2012). In 

K-jarosite 
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acid solutions, Al
3+

 and also Fe
3+

 form highly stable complexes with fluoride (MARTEL and 

SMITH, 2003) so that the HF concentration is reduced and, thus, fluoride toxicity is also 

reduced. Because ferric iron is always present during bioleaching with mesophiles, it would 

reduce the deleterious effects of fluoride, but ferric iron must first be produced by bacterial 

action prior to effectively complexing with F
-
 ions. However, iron dissolves from the ore as 

Fe
2+

 so that the ferric iron content is not sufficient to complex the anion at the start of the 

experimental run. Moreover, fluoride concentrations are high in this period because minerals 

such as fluorite are readily dissolved in acid media, resulting in fluoride concentrations as 

high as 2000 mg/L in the first 50 days of the experiment (Figure 2.6). Therefore, additions 

of aluminium sulphate to the growth medium were required to provide another complexing 

agent for free fluoride ions, which were quickly released regardless of the kinetics of 

aluminium dissolution from the gangue minerals.  

 

In a study investigating S. thermosulfidooxidans growth in the presence of fluoride, Veloso 

et al. (2012) stated that, at an Al/F molar ratio of 2, bacterial growth was observed, although, 

at Al/F = 4, fluoride no longer affected growth. Fluoride was complexed to produce AlF
2+

 

and AlF2
+
, and, thereby, HF concentrations were reduced to very low levels. Because of the 

increased solution chemistry complexity, as compared to that related only to bacterial 

growth experiments, aluminium-fluoride mass ratios above 2 were sufficient to enable S. 

thermosulfidooxidans growth and the Eh to increase (SICUPIRA et al., 2011). 

Notwithstanding, a larger fluoride tolerance by At. ferrooxidans is expected because, while 

S. thermosulfidooxidans did not grow in the presence of 10 mg/L fluoride, the growth of At. 

ferrooxidans was only slightly affected by 91.0 mg/L total fluoride (LI et al., 2014); thus, 

this implies that a low Al/F ratio would enable the growth of At. ferrooxidans. In this regard, 

Figures 2.12a and 2.12b show the profiles of ferric iron, aluminium and fluoride 

concentrations in the first 100 days for the reference and „No Al‟ columns, respectively 

(both being closed-loop columns). It can be observed that, in the first 20 days, fluoride 

concentrations were higher (due to rapid dissolution of fluoride minerals) than those of 

aluminium whereas the ferric iron content was low (and thus was Eh as well). However, 

around the 18
th

 day, aluminium concentrations either surpassed or remained close to those of 

fluoride. Aluminium concentrations continuously increased (due to gangue dissolution) and 

reached 2.6 g/L prior to the first solution bleeding (47
th

 day) whereas the fluoride 

concentration levelled out to approximately 1.8 g/L (in the 33
rd

 day) in the reference 
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column, emphasizing the fast dissolution of fluoride minerals. Moreover, just one week after 

inoculation (18
th

 day), the ferric iron concentration and solution potential increased, which 

was justified by bacterial counts close to 10
7
 cells/mL (Figure 2.7) in the same column.  
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Figure 2.12: Fe
3+

, Al
3+

 and F
-
 profiles in the first 100 days for the (a) reference column and 

(b) the column in which there was no external aluminium sulphate addition (No Al).  The 

vertical lines indicate solution bleeding. Experiments with At. ferrooxidans and Norris 

growth medium amended with 0.5 g/L Al
3+

 (unless otherwise stated); 30±1
o
C; crushed and 

agglomerated ore (½'' top size);  8.6 L.m
-2

.h
-1 

solution flow-rate and 2.16 Nm
3
-air.m

-2
.h

-1
 

air flow-rate. Solution bleedings at the 47
th

, 67
th

, 116
th

 and 158
th

 days. The target pH was 

1.7±0.1. 

 

No external aluminium was added to the „No Al‟ column (Figure 2.12b), and, thus, the metal 

concentration was smaller than the value reported for the reference column, reaching 2.3 g/L 

in the 47
th

 day. However, the aqueous fluoride concentration was also smaller, and flattened 

at 1.3–1.5 g/L within 25 days of testing. Notwithstanding, the aluminium concentration was 

always smaller than that of fluoride prior to the 40
th

 day. During this period, the ferric iron 

concentration (and the Eh) was low, but progressive aluminium dissolution fostered 

bacterial growth which reached 10
7
cells/mL in the 33

rd
 day (21 days after inoculation), and 

eventually resulted in increased ferric iron content, but the potential remained at 450 mV. In 

comparison, the reference column (which was supplemented with aluminium sulphate) 

quickly exhibited a healthy mesophile population with figures above 10
7
 cells/mL within 1 

week (20
th

 day of the experiment). The solution potential of this particular column remained 

approximately 550 mV up to the first bleeding. Regardless, the solution potentials of both 
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columns (Figure 2.8) were sufficient to provide a faster copper dissolution in the inoculated 

column, as compared to the non-inoculated column. This implies that the Fe
3+

 produced by 

the bacteria was quickly consumed in the leaching of the secondary sulphides (Reactions 

(2.1) and (2.2)), particularly in the beginning of the experiments. Copper bioleaching could 

be explained by the indirect contact mechanism i.e. a high Fe
3+

 concentration on the biofilm 

on the surface of the particles (ROHWERDER et al., 2003), which has a key role in mineral 

dissolution but is not reflected in solution potential values (SAND et al., 2001). 

Nevertheless, as copper dissolution progressed and the amount of sulphide was reduced, 

increased Eh values were eventually recorded for the entire set of inoculated columns (C1–

C3 and C5).   

 

It appears from the previous discussion that bacterial growth and ferrous iron oxidation were 

induced when the aluminium content was larger than the fluoride concentration. To quantify 

the effects of aluminium and ferric iron (which also complexes the anion) on fluoride 

toxicity, a parameter (η) is proposed to represent the mass ratio between total fluoride, total 

aluminium and total ferric iron concentrations in the system (Reaction (2.3)). Thus, a low η 

value indicates the presence of the main elements accounting for the production of fluoride 

complexes, and, thereby, reduced fluoride toxicity.   

 

  
      

                  
                                                         (2.3) 

 

As shown in Figure 2.13, the η parameter was largest in the period prior to the first solution 

bleeding, and this was a result of the faster dissolution of fluoride-bearing minerals, as 

compared to that of aluminium containing compounds. During this phase, aluminium 

concentrations steadily increased (Figure 2.12) while fluoride concentrations of up to 1.8 

g/L could be observed. Apart the „No Al‟ column, Figure 2.13 also indicates that, even 

before the first bleeding, η values were already below 0.5 due to presence of Al
3+

 (added as 

Al2(SO4)3 or dissolved from the ore) and Fe
3+

 in the PLS, as already discussed for the 

reference column. Moreover, fluoride and aluminium concentrations stabilized at values 

below 1.0 g/L and 1.5 g/L, respectively, whereas ferric iron concentrations of at least 4.0 g/L 

were recorded after the third solution bleeding. Therefore, η values remained below 0.3 in 

the closed loop columns, which benefited bacterial growth and resulted in bacterial counts 

above 10
7
 cells/mL in all inoculated columns.  
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Figure 2.13: Effects of aluminium and ferric iron on fluoride toxicity (η) during the 

bioleaching of inoculated columns. The vertical lines indicate solution bleeding. 

Experiments with At. ferrooxidans and Norris growth medium amended with 0.5 g/L Al
3+

 

(unless otherwise stated); 30±1
o
C; crushed and agglomerated ore (½'' top size);      

8.6 L.m
-2

.h
-1 

solution flow-rate and 2.16 Nm
3
-air.m

-2
.h

-1
 air flow-rate. Solution bleedings 

at the 47
th

, 67
th

, 116
th

 and 158
th

 days. The target pH was 1.7±0.1. 

 

When assessing the potential for copper extraction from low grade sulphides using 

bioleaching, the content of both fluoride and chloride in the ore should always be 

determined. Once either element is detected, a complete mineralogical analysis must be 

carried out to determine the main minerals. Although it is at times overlooked, mineralogical 

analysis will indicate if readily soluble fluoride-bearing minerals are present so that a 

strategy to bioleach such ores can be determined. Failing to follow such procedures can have 

catastrophic effects on industrial bioleaching operations, as previously reported 

(BRIERLEY and KUHN, 2010).  

 

If fluoride is quickly dissolved and there is potential for very large fluoride concentrations, 

such as the 10–15 g/L reported by Brierley and Kun (2010), an acid pre-leaching step could 

be carried out prior to inoculating the heap, as is applied to control magnesium 

concentrations within values that can sustain bacterial growth during the bioleaching of a 

marginal ore nickel sulphide ore containing 30% MgO (ZHEN et al., 2009). Nevertheless, it 
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should be realised that fluoride is toxic at very low levels, and, depending on the liquor 

chemistry, such a procedure might not be as effective. A second approach would comprise 

that devised herein, the utilization of soluble aluminium compounds such as Al2(SO4)3 

during column inoculation and also during the period corresponding to fast fluoride release 

from the ore. For 2.0 g/L total fluoride, aluminium concentrations approximately 2.5 g/L 

would overcome fluoride toxicity without a significant impact on the solution ionic strength. 

As bacterial growth resulted in an increasing Eh, the produced ferric iron would also 

contribute to reduce the fluoride toxicity.  

 

 

2.5 Conclusions 

 

The presence of readily soluble fluoride-containing minerals (biotite and fluorite) accounted 

for inhibitory effects in bioleaching of secondary copper sulphides, particularly in the initial 

days of testing. The addition of an external aluminium source (Al2(SO4)3) was then carried 

out with the aim of reducing the detrimental effects of fluoride on bacterial growth. The 

aluminium reduced fluoride toxicity because it complexed the anion released from the ore. 

Following this approach along with solution bleeding, copper extractions above 89% were 

achieved despite the fact that fluoride concentrations of up to 2.5 g/L were measured during 

bioleaching of secondary copper sulphide ores.  

  

Solution bleeding may not be required for bacterial growth in the presence of soluble 

fluoride. The necessity for solution bleeding would depend on the aluminium dissolution 

kinetics. As the aluminium concentration (which is steadily released from the ore) surpassed 

that of the fluoride (approximately 1.8 g/L maximum), the bacterial population attained 

10
7
 cells/mL and, thus, ferric iron concentrations (and the Eh) began to increase. A fluoride-

toxicity parameter (η), representing the mass ratio between total fluoride, total aluminium 

and total ferric iron concentrations, having a value of 0.3 was found to imply good 

conditions for bacterial growth and, thus, bioleaching. Therefore, if mineralogical 

characterization indicates the presence of fluoride minerals, a strategy should be selected to 

avoid any detrimental effect on bacterial growth. Solution bleeding and aluminium additions 

to the system can successfully accomplish these tasks. 

       



47 

 

  

2.6 Acknowledgements  

 

The financial support from the funding agencies FINEP, FAPEMIG, CNPq, CAPES as well 

as Vale is gratefully appreciated. The CAPES and CNPq scholarships to the authors are 

particularly acknowledged. 

 

 

2.7 References  

 

ARROYAVE G, D. M.; GALLEGO S, D.; MÁRQUEZ G, M. A. Evaluation of residence 

time distribution and mineralogical characterization of the biooxidation of sulfide minerals 

in a continuous stirred tank reactor. Minerals Engineering. v.46–47, p.128-135, 2013. 

 

ATTIA, Y. A.; EL ZEKY, M. A. Bioleaching of non-ferrous sulphides with adapted 

Thiophillic bacteria. The Chemical Engineering Journal. v.44, p.B31-B40, 1990. 

 

AZEVEDO, R. D. Identificação da Diversidade Microbiana em Reatores de 

Biolixiviação. Ciências Biológicas, Universidade Federal de Ouro Preto, Ouro Preto, 2011.  

92 p. 

 

BHATTI, T. M.; BIGHAM, J. M.; VUORINEN, A.; TUOVINEN, O. H. Weathering of 

biotite in Acidithiobacillus ferroxidans Cultures. Geomicrobiology. v.28, p.130-134, 2011. 

 

BRIERLEY, J. A.; KUHN, M. C. Fluoride toxicity in a chalcocite bioleach heap process. 

Hydrometallurgy. v.104, p.410-413, 2010. 

 

CHENG, Y.; GUO, Z.; LIU, X.; YIN, H.; QIU, G.; PAN, F.; LIU, H. The bioleaching 

feasibility for Pb/Zn smelting slag and community characteristics of indigenous moderate-

thermophilic bacteria. Bioresource Technology. v.100, p.2737-2740, 2009. 

 

DOPSON, M.; HALINEN, A.; RAHUNEN, N.; BOSTRÖM, D.; SUNDKVIST, J. E.; 

RIEKKOLA-VANHANEN, M., KAKSONEN, A.H.; PUHAKKA, J.A. Silicate Mineral 

Dissolution During Heap Bioleaching. Biotechnology and Bioengineering. v.99, p.811-

820, 2008.  

 

DOPSON, M.; LÖVGREN, L.; BOSTRÖM, D. Silicate mineral dissolution in the presence 

of acidophilic microorganisms: Implications for heap bioleaching. Hydrometallurgy. v.96, 

p.288-293, 2009. 

 

HERRERA, M. N.; WIERTZ, J. V.; RUIZ, P.; NEUBURG, H. J.; BADILLA-OHLBAUM, 

R. A phenomenological model of the bioleaching of complex sulfide ores. 

Hydrometallurgy. v.22, p.193-206, 1989. 

 

HOPF, J.; LANGENHORST, F.; POLLOK, K.; MERTEN, D.; KOTHE, E. Influence of 



48 

 

microorganisms on biotite dissolution: An experimental approach. Chemie der Erde - 

Geochemistry. v.69, Supplement 2, p.45-56, 2009. 

 

KALINOWSKI, B. E.; PETER, S. Kinetics of muscovite, phlogopite, and biotite dissolution 

and alteration at pH 1-4, room temperature. Geoquimica et Cosmochimica Acta. v.60, 

p.367-385, 1996. 

 

LI, Q.; DING, D.; SUN, J.; WANG, Q.; HU, E.; SHI, W.; MA, L.; GUO, X.; LIU, X. 

Community dynamics and function variation of a defined mixed bioleaching acidophilic 

bacterial consortium in the presence of fluoride. Annals of Microbiology. p.1-8, 2014. 

 

MANAFI, Z.; ABDOLLAHI, H.; TUOVINEN, O. H. Shake flask and column bioleaching 

of a pyritic porphyry copper sulphide ore. International Journal of Mineral Processing.  

v.119, p.16-20, 2013. 

 

MARTEL, A. E.; SMITH, R. M. NIST critically selected stability constants of metals 

complexes. Gaithersburg: The National Institute of Standards and Technology - NIST 2003. 

 

ÑANCUCHEO, I.; GENTINA, J. C.; ACEVEDO, F. Effect of pH and temperature on the 

biooxidation of a refractory gold concentrate by Sulfolobus metallicus. In: 15th International 

Biohydrometallurgy Symposium, 2003. Anais. Atenas, Grécia, 2003.v.p.  

 

OJUMU, T. V.; HANSFORD, G. S.; PETERSEN, J. The kinetics of ferrous-iron oxidation 

by Leptospirillum ferriphilum in continuous culture: The effect of temperature. Biochemical 

Engineering Journal. v.46, p.161-168, 2009. 

 

PENG, Z.-J.; YU, R.-L.; QIU, G.-Z.; QIN, W.-Q.; GU, G.-H.; WANG, Q.-L.; LI, Q.; LIU, 

X.-D. Really active form of fluorine toxicity affecting Acidithiobacillus ferrooxidans 

activity in bioleaching uranium. Transactions of Nonferrous Metals Society of China.  

v.23, p.812-817, 2013. 

 

RAZZELL, W. E.; TRUSSELL, P. C. Isolation and properties of an iron-oxidizing 

Thiobacillus. Journal of Bacteriology. v.85, p.595-603, 1963. 

 

RODRIGUES, I. C. B. Métodos Moleculares Aplicados a Biotecnologias Relacionadas 

ao Ciclo do Enxofre. Ciências Biológicas, Universidade Federal de Ouro Preto, Ouro Preto, 

2012.  127 p. 

 

RODRIGUES, M. L. M. Biolixiviação de sulfetos de cobre em temperaturas elevadas: 

experimentos em colunas com micro-organismos termófilos. (PhD project). Graduate 

Program in Materials Engineering, Universidade Federal de Ouro Preto, Ouro Preto, MG, 

Brazil, 2013.  109 p. 

 

ROHWERDER, T.; GEHRKE, T.; KINZLER, K.; SAND, W. Bioleaching review part A. 

Applied Microbiology and Biotechnology. v.63, p.239-248, 2003. 

 

SAND, W.; GEHRKE, T.; JOZSA, P.; SCHIPPERS, A. (Bio)chemistry of bacterial leaching 

- direct vs. indirect bioleaching. Hydrometallurgy. v.59, p.159-175, 2001. 

 

SICUPIRA, L.; VELOSO, T.; REIS, F.; LEÃO, V. Assessing metal recovery from low-



49 

 

grade copper ores containing fluoride. Hydrometallurgy. v.109, p.202-210, 2011. 

 

SICUPIRA, L. C.; VELOSO, T. C.; RODRIGUES, I. C. B.; OLIVEIRA, V. A.; LEÃO, V. 

A. Fluoride ion effects on the kinetics of ferrous iron oxidation by Sulfobacillus 

thermosulfidooxidans. In: Bio- & Hydrometallurgy '10, 2010. Anais. Cape Town, South 

Africa, 2010.v.1. p. 1-16. 

 

SUNDKVIST, J. E.; SANDSTRÖM, Å.; GUNNERIUSSON, L.; LINDSTRÖM, E. B. 

Fluorine toxicity in bioleaching systems. In: International Biohydrometallurgy Symposium, 

2005. Anais. Cape Town, South Africa: Elsevier, 2005.v.p. 19-28. 

 

SUZUKI, I.; LEE, D.; MACKAY, B.; HARAHUC, L.; OH, J. K. Effect of various ions, pH, 

and osmotic pressure on oxidation of elemental sulfur by Thiobacillus thiooxidans. Applied 

and Environmental Microbiology. v.65, p.5163-5168, 1999. 

 

VELOSO, T. C.; SICUPIRA, L. C.; RODRIGUES, I. C. B.; SILVA, L. A. M.; LEÃO, V. A. 

The effects of fluoride and aluminum ions on ferrous-iron oxidation and copper sulfide 

bioleaching with Sulfobacillus thermosulfidooxidans. Biochemical Engineering Journal. 

v.62, p.48-55, 2012. 

 

WATLING, H. R. The bioleaching of sulphide minerals with emphasis on copper sulphides 

- A review. Hydrometallurgy. v.84, p.81-108, 2006. 

 

WATLING, H. R.; COLLINSON, D. M.; LI, J.; MUTCH, L. A.; PERROT, F. A.; REA, S. 

M.; REITH, F.; WATKIN, E. L. J. Bioleaching of a low-grade copper ore, linking leach 

chemistry and microbiology. Minerals Engineering. v.56, p.35-44, 2014. 

 

YANG, Y.; DIAO, M.; LIU, K.; QIAN, L.; NGUYEN, A. V.; QIU, G. Column bioleaching 

of low-grade copper ore by Acidithiobacillus ferrooxidans in pure and mixed cultures with a 

heterotrophic acidophile Acidiphilium sp. Hydrometallurgy. v.131–132, p.93-98, 2013. 

 

ZHEN, S.; YAN, Z.; ZHANG, Y.; WANG, J.; CAMPBELL, M.; QIN, W. Column 

bioleaching of a low grade nickel-bearing sulfide ore containing high magnesium as olivine, 

chlorite and antigorite. Hydrometallurgy. v.96, p.337-341, 2009. 

 

 



50 

 

3 CAPÍTULO 3 

 

The effect of both solution bleeding and aluminium addition on bioleaching of fluoride-

bearing secondary copper sulphides: Column experiments with S. 

thermosulfidooxidans. 

 

 

Abstract 

 

Anionic species, such as fluoride, may have significant impacts on microbial growth and 

thus bioleaching processes, severely impairing metal recovery. Therefore, the current work 

proposes a new approach to reduce fluoride toxicity during column experiments, namely the 

use of aluminum sulfate to complex free fluoride, decreasing HF concentration - the main 

toxic species to bioleaching bacteria. PLS recirculation and bleeding were also investigated 

aiming at minimizing fluoride deleterious effects on the column bioleaching of secondary 

copper sulfides with Sulfobacillus thermosulfidooxidans. The experiments were carried out 

in 10 cm x 100 cm height aerated columns, loaded with 10 kg of crushed and agglomerated 

copper ore. Initially, fluoride concentrations of up to 2.5 g/L in the PLS were observed due 

to the fast dissolution of fluoride-bearing minerals. However, successive bleedings reduced 

such values to 0.5 g/L–1.5 g/L. The addition of Al2(SO4)3 along with aluminum dissolved 

from the ore were beneficial to microbial growth particularly at the beginning of the 

experiments. Likewise, Fe
3+

 production (as growth occurred) was also an important inhibitor 

of the detrimental effects of fluoride. Therefore, the current work emphasizes that it is 

possible to set up conditions to enable bioleaching even at high fluoride concentrations. 

Following this approach, copper extractions above 90% were achieved for a H2SO4 

consumption ranging from 128.8 kg/tonne to 206.1 kg/tonne. 

 

 

 

 

 

Key-words: Bioleaching, Sulfobacillus thermosulfidooxidans, aluminium, fluoride, 

secondary copper sulphides, columns. 
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3.1 Introduction 

 

Bioleaching is a proven technology, mostly applied in copper extraction from secondary 

sulphide ores, especially when chalcocite is the main copper mineral. It is widely used in 

copper-producing countries such as Chile and China, mostly in the processing of marginal 

ores and mining residues (heap or dump leaching). Mixed sulphide ores which cannot be 

separated by conventional flotation techniques are particularly suitable to bio-heap-leaching 

operations along with ores with a high content of harmful elements such as arsenic and 

fluoride.  

 

Recently, bio-heap-leaching of secondary copper sulphides has been comprehensively 

addressed with many works assessing the effect of temperature on leaching. Yang et al. 

(2013) reported 14.9% copper extraction  by a pure Acidithiobacillus ferrooxidans culture in 

117 days. Experiments carried out in columns inoculated with either moderate thermophiles 

or thermophilic archaea showed the predominance of Acidithiomicrobium at 47 °C, while 

Metallosphaera sedula accounted for the highest microbe population in the columns 

maintained at 68 
o
C (NORRIS et al., 2012). Similarly, experiment carried out with an ore 

containing 80% covellite inoculated with Acidianus and Metallosphaera resulted in a 75% 

copper extraction, at 65
o
C, in 345 days. A column containing the same ore, but inoculated 

with At. ferrooxidans and Leptospirillum  ferrooxidans (at 20–23 
o
C) presented an extraction 

below 20% (ACAR et al., 2005). Lee et al. (2011) compared the bioleaching performance of 

ore samples containing either chalcocite, covellite or enargite as the predominant sulphide. 

The chalcocite-rich sample was bioleached by both mesophilic and thermophilic strains with 

a copper extractions ranging from 89.9% to 99.2%. The covellite-bearing columns were 

leached by thermophiles resulting in an extraction of 88.3–95.4%, in 300 days. However 

under mesophilic conditions, the copper extraction was lower than 20% in a 240-day period 

bacause covelite and enargite are not effectively bioleached in this lower temperature. These 

results were consistent with a previous study on mixed-sulphide bioleaching, which 

indicated slower covellite dissolution as compared to that of chalcocite (OLSON and 

CLARK, 2001). 

 

Fluoride and other anionic species dissolved during bioleaching may have important 

deleterious effects on microbial growth and bioleaching. Razzell et al. (1963) reported that 
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7.6 mg/L of fluoride caused a 30% reduction in the Fe
2+

 oxidation rate by At. ferrooxidans, 

whereas complete inhibition was observed for 30 mg/L F
-
. Both bacterial growth and 

chalcopyrite bioleaching were impaired by 0.3 g/L total fluoride, according to Dopson et al. 

(2008). Subsequently, Brierley et al. (2010) studied chalcocite bioleaching with At. 

ferrooxidans and pointed out that the presence of fluorine-containing minerals completely 

inhibited copper bioleaching. This was ascribed to fluoride concentrations as high as 15 g/L 

in the pregnant leach solution (PLS), resulting in a reduction of the bacterial population to 

levels considered insufficient to sustain bioleaching.  

  

Previous investigations into the bioleaching of fluoride-bearing copper sulphide ores clearly 

indicated the necessity of complexing all fluoride released during batch experiments 

(BRIERLEY and KUHN, 2010).  That was required due to faster fluoride dissolution in 

comparison to that of aluminium. Fluoride was complexed by aluminium added (as 

Al2(SO4)3) to the growth medium in concentrations not harmful to bacterial growth, but 

capable of significantly reducing the free fluoride content (SICUPIRA et al., 2011; 

VELOSO et al., 2012). Notwithstanding, it was not possible to anticipate the effects of 

parameters such as solution recirculation and bleeding on the leaching chemistry 

(particularly Al
3+

, Fe
3+

 and F
-
 concentrations) as well as copper extraction from such high-

fluoride ores. Therefore the goal of the current paper is to show that the presence of soluble 

fluoride is not an issue in itself; it is the chemistry of the solution which will define the 

extent of the impact of fluoride on bioleaching. Furthermore, the effect of low temperature 

on both the release of fluoride and copper leaching by S. thermosulfidooxidans is also 

addressed.  

 

 

3.2 Experimental 

 

3.2.1 Ore samples 

 

Bioleaching experiments were carried out with two secondary sulphide ore samples, whose 

chemical analysis is listed in Table 3.1. Henceforth these samples will be referred to as 

copper ore (CO) and Marginal ore (MO). 
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Table 3.1: Main elements analysed in the two ores samples. 

 

Sample 

Assay (%) 

Cu Al Fe Mg Ca F Cl 

CO 1.80±0.04 3.21±0.15 33.39±1.02 1.37±0.16 3.64±0.17 0.71±0.22 0.61±0.14 

MO 1.11±0.03 4.06±0.19 30.73±0.98 1.46±0.14 3.58±0.21 0.65±0.06 0.58±0.12 

 

Mineralogical analysis performed by optical microscopy as well as SEM-EDS indicated that 

the CO sample contained biotite (42.3%), magnetite (21.5%) and silicates, especially 

amphibole (18.9%) and garnet (6.9%). In addition, the low-copper ore presented a roughly 

equivalent content of biotite (34.9%) and amphibole (25.2%), less magnetite (9.5%) and 

more garnet (16.7%). The copper containing minerals comprised bornite (36%) as well as 

chalcocite (64%) in the CO, whereas the low-copper ore assayed 39% bornite, 55% 

chalcocite and 6% chalcopyrite. In both cases, cyanide-soluble copper accounted for 92.2% 

of the total copper in the CO and 85.0% in the MO, which is consistent with the 

mineralogical characterization. Both ores also contained 0.58%–0.61% chloride and 0.65%–

0.75% fluoride, present either as fluorite or silicates such as biotite.   

 

3.2.2 Bioleaching experiments 

 

The bioleaching experiments were carried out in six 100 cm-height x 10 cm-diameter water 

jacketed fibberglass columns and maintained at 50±1
o
C. Each column was loaded with the 

copper ore samples (10 kg) crushed to a ½'' top size and previously agglomerated with 

sulphuric acid (10 kg/tonne). All columns were fed by the top from 10-liter containers at a 

flow rate of 1 mL/min (8.6 L/m
2
.h), which was controlled by peristaltic pumps. Oxygen (air) 

supply was provided to each column by oil-free compressors at a flow rate of                      

250 mL-air/min (2.16 Nm
3
-air/m

2
/h) and fed at the column base.  

 

A Sulfobacillus thermosulfidooxidans strain was supplied the Deutsche Sammlung von 

Mikrorganismen und Zellkulturen collection (DSMZ 9293). This strain was maintained in 

Norris growth medium (0.4 g/L (NH4)2SO4, 0.8 g/L MgSO4.7H2O and 0.4 g/L K2HPO4) 
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supplemented with yeast extract (0.1 g/L), at 50 °C and 150 min
-1

. Ferrous iron (1.0 g/L) 

was utilized as substrate. Prior to column inoculation, the strain was adapted to both ore 

samples in 2.5% (w/v) solid content batch experiments. Growth was replicated until 1 L of a 

solution containing 10
7 

cell/mL was produced, which was utilized for column inoculation.  

 

Apart from the non-inoculated columns, the set of six experiments was carried out in the 

presence of S. thermosulfidooxidans pre-adapted to the ore in the 12 day of experiment. The 

biotic experiments run for a period of nearly 250 days. There was no external ferrous 

sulphate addition and the Norris growth medium was amended with aluminium sulphate, 

unless otherwise stated, so that at least 1g/L Al
3+

 was present in the inlet solution during 

inoculation onwards.   

 

The pregnant leach solution (PLS) was collected from the base of each column and liquor 

aliquots where withdrawn for subsequent analysis (pH, Eh bacterial counts and metal 

concentration). Once a week, the PLS volume was recorded and used in copper extraction 

calculations whereas evaporation losses were compensated with distilled water. The solution 

was recirculated after the pH was adjusted with concentrated H2SO4 (closed-loop test), 

whereas the PLS was discharged in the open-loop experiments. The pH of the leach solution 

inside each column was corrected to 1.7±0.1 by independently varying the inlet pH, weekly. 

Solution bleedings were carried out whenever the copper concentration in the PLS exceeded 

4g/L (at the 41
st
, 61

st
, 82

nd
, 152

nd
 days). Table 3.2 depicts the main operational parameters 

applied in the 6 columns studied. The reference condition for the experiments was: 

inoculated column, external aluminium addition at inoculation (1.0 g/L), closed loop and the 

copper ore. 
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Table 3.2: Experimental conditions utilized in the bioleaching study. 

Column Ore type 
T 

(
°
C) 

Inoculated 
Al

3+ 
(g/L) 

Added 

Type of 

loop 
Legend 

1 Copper ore 50 Yes 1.0 Closed Reference CO 

2 Copper  ore 50 Yes - Closed No Al CO 

3 Copper ore 50 Yes 1.0 Open Open loop CO 

4 Copper ore 50 No 1.0 Closed Non inoculated CO 

5 Marginal ore 50 20-25 1.0 Closed Low temp. MO 

6 Marginal ore 50 No 1.0 Closed Non inoculated MO 

CO: Copper ore; MO: Marginal ore 

 

 

3.2.3 Analytical techniques 

 

Metal concentrations in the PLS were assessed by ICP-OES, Varian 725, whereas fluoride 

was determined by ionic chromatography (Metrohm) utilizing a conductivity detector. 

Measurements of pH and Eh were carried out in a digital pH/mV metre (DIGIMED, DM-20 

model) with a Ag/AgCl reference electrode (for Eh) and combined DMR-CP1 platinum 

electrode (for pH). Acid consumption was determined from the mass of sulphuric acid 

utilized to correct the pH of the leaching solution. Cell counts were performed using a 

Neubauer chamber in a phase contrast microscope (Leica). The ferrous iron concentration 

was determined by titration with standard potassium dichromate solution in the presence of a 

1 H2SO4: 1 H3PO4 solution using an automatic titrator (Schott - Tritoline Alpha).  

 

The identification of the crystalline phases present in the leaching residues was performed 

using an X-ray diffractometer (Shimadzu, XRD-6100 model). This device was equipped 

with a copper tube and operated at 40kV and 30mA. Scanning was taken in the 2θ range 

between 8° and 70° with steps of 0.02°/2θ every 60 seconds.  (ICDD - International 

Committee of Diffraction Data) with aid of the software software XRD-6100/7000, 7.00 

version. 

 

The morphological characteristics of the leaching residues were observed in a TESCAN, 

VEGA 3LMH electron microscope (SEM) equipped with an energy dispersive spectrometer 
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(Oxford). The leaching residues were embedded in epoxy resin and then polished to a flat, 

mirrored surface after hardening. Afterwards, samples were carbon coated and then 

examined under the microscope. 

 

 

3.3 Results 

 

3.3.1 Copper extraction, pH profile and acid consumption. 

 

The bioleaching of secondary copper sulphides (Reactions 3.1 and 3.2) relies on the ferric 

iron production either in the bulk of the solution (the indirect mechanism) or in a biofilm on 

the mineral surface (the so-called indirect-contact mechanisms). Also, the bacteria must 

oxidize all the elemental sulphur produced during the Fe
3+

 attack on the mineral surface, so 

that full metal extraction is achieved (SAND et al., 2001; WATLING, 2006).  

 

                        Cu2S + 4Fe
3+

 → 2Cu
2+

 + 4Fe
2+

 + S
0
                                              (3.1) 

 

                   Cu5FeS4 + 12Fe
3+

 → 5Cu
2+

 + 13Fe
2+

 + 4S
0
                                        (3.2) 

 

Figure 3.1 depicts, as expected, the rapid dissolution of the marginal ore and copper ore in 

acid medium as indicated by the copper extractions observed, even in the non-inoculated 

columns (C4–C6). Figure 3.1 also shows that S. thermosulfidooxidans improved the copper 

leaching kinetics, particularly after the first bleeding of the solution. Moreover, the copper 

dissolution from the marginal ore (column C5) was slightly faster than that shown by the 

copper ore (column C1) during the first 75 days (Figure 3.2). However, the kinetics of the 

copper extraction from both ores became similar thereafter. The analysis of the experiments 

carried out with the copper ore (CO) shows similar leaching kinetics up to the 130
th 

day from 

the inoculated columns (C1–C3), which was faster than that achieved from the non-

inoculated column (C4). Subsequently, the open-loop column (C3) showed slightly slower 

extractions, i.e. 90% extraction was observed only after 220 days in column C3 as compared 

to 165 days for both reference (C1) and no Al (C2) columns. These extractions were 

consistent with the findings of Manafi et al. (2013), who investigated the column 

bioleaching of porphyry copper sulphide ore containing pyrite grains coated with chalcocite. 
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Recent studies into column bioleaching of a polymetallic sulphide ore containing 125 μg/g 

Cu reported 70% extraction from an ore assaying 40–60 wt% of acid-soluble copper at both 

35 °C and 50 °C, working in the 1.2–2.0 pH range (WATLING et al., 2014).  
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Figure 3.1: Copper extraction for copper ore (CO) and marginal ore (MO). The vertical lines 

indicate solution bleeding. Experiments with S. thermosulfidooxidans in Norris growth 

medium supplemented with yeast extract (0.1 g/L) and amended with 1.0 g/L (unless 

otherwise stated); at 50±1 °C (columns C1, C1–C4) or room temperature (column C5); 

crushed and agglomerated ore (½'' top size); 8.6 L/m
2
.h solution flow-rate and 

2.16 m
3
 air/m

2
.h air flow-rate. Solution bleedings at the 41

st
, 61

st
, 82

nd
, 152

nd
 day. The target 

pH was 1.7±0.1. 

 

The value of pH is a key parameter in bioleaching because each microorganism has an 

optimum pH range for growth. The lower limit is approximately 1.2 for S. 

thermosulfidooxidans and jarosite precipitation sets the maximum working pH at 2.0–2.2. 

Therefore, the pH value of 1.7±0.1 was selected for the experiments with this moderate 

thermophile strain. That was accomplished by setting the pH of the inlet solution in the    

1.0–1.6 range. Nevertheless, this approach did not avoid pH values near to 4 to be recorded 

in all columns during the first week of experiment (before inoculation). This outcome was a 

result of acid attack on the readily-soluble minerals presents the ore. Values of pH above 3.0 

continued to be recorded in the following 30 days of testing, but the dissolution of acid-

consuming minerals slowed afterwards and resulted in a reduced scatter in pH readings 
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(PLS), which varied between 1.6 and 1.8 until conclusion of the experiments.  
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Figure 3.2: Copper concentration in the PLS for copper ore (CO) and marginal ore (MO). 

The vertical lines indicate solution bleeding. Experiments with S. thermosulfidooxidans in 

Norris growth medium supplemented with yeast extract (0.1 g/L) and amended with 1.0 

g/L (unless otherwise stated); at 50±1 °C (columns C1, C1–C4) or room temperature 

(column C5); crushed and agglomerated ore (½'' top size); 8.6 L/m
2
.h solution flow-rate 

and 2.16 m
3
 air/m

2
.h air flow-rate. Solution bleedings at the 41

st
, 61

st
, 82

nd
, 152

nd
 day. The 

target pH was 1.7±0.1. 

 

The sulphuric acid consumption required to maintain the pH in the 1.0–1.6 range varied 

from 123.3 kg/tonne (column C5) to 206.1 kg/tonne (column C4) i.e. the low temperature 

column (C5) had the lowest acid consumption (Figure 3.3). Conversely the non-inoculated 

columns (C4 and C6) presented the largest acid consumption along with the open circuit 

column (C3). Overall, the three inoculated closed-loop columns presented the lowest acid 

consumption (123–132 kg/tonne) emphasizing the positive effect of presence of bacteria on 

such a parameter, probably due to jarosite precipitation. Furthermore, the largest acid 

consumption rate was recorded during the first 75 days, approximately, regardless of the 

temperature applied. This high rate matched the period in which the input pH was 

maintained at its lowest value (1.0) and that also represented the period of the fastest metal 

extraction.  
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Figure 3.3: Acid consumption during the bioleaching of the copper ore (CO) and marginal 

ore (MO). The vertical lines indicate solution bleeding. Experiments with S. 

thermosulfidooxidans in Norris growth medium supplemented with yeast extract (0.1 g/L) 

and amended with 1.0 g/L (unless otherwise stated); at 50±1 °C (columns C1, C1–C4) or 

room temperature (column C5); crushed and agglomerated ore (½'' top size); 8.6 L/m
2
.h 

solution flow-rate and 2.16 m
3
 air/m

2
.h air flow-rate. Solution bleedings at the 41

st
, 61

st
, 

82
nd

, 152
nd

 day. The target pH was 1.7±0.1.  

 

3.3.2 Cell counts, solution potential and iron profile 

 

The inoculation procedure comprised feeding each biotic experiment (columns C1–C3, C5) 

with 1 L of a solution containing 10
7
 cells/mL and a redox potential approximately 700 mV. 

Such an approach resulted in bacterial populations between 10
5
 cells/mL and 10

6
 cells/mL in 

the PLS of the inoculated columns on the day immediately after inoculation (12
nd

 day), 

which remaining in this range throughout the experiments (Figure 3.4). These findings are 

consistent with the work of Halinen et al. (2009), who reported bacterial counts 

approximately 10
5
 cells/mL in an experiment with At. Sulfobacillus thermotolerans as the 

major species. Similarly, Watling et al. (2014) reported 10
4
 cells/mL in a PLS containing 

high aluminum (29–31 g/L), iron (~11 g/L) and magnesium (~12 g/L) concentrations. In the 

current work, actual populations could most likely be higher because the containers, which 

collected the PLS were not heated and cell mobility was reduced as temperature decreased 

thus affecting the counting process. Comparing the whole column set, the lower bacterial 
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counts were observed in the column without external Al2(SO4)3 additions (C5), which will 

be discussed further in the current work.  
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Figure 3.4: Profile of free cell densities in the PLS of inoculated columns PLS for copper 

ore (CO) and marginal ore (MO). The vertical lines indicate solution bleeding. 

Experiments with S. thermosulfidooxidans in Norris growth medium supplemented with 

yeast extract (0.1 g/L) and amended with 1.0 g/L (unless otherwise stated); at 50±1 °C 

(columns C1, C1–C4) or room temperature (column C5); crushed and agglomerated ore 

(½'' top size); 8.6 L/m
2
.h solution flow-rate and 2.16 m

3
 air/m

2
.h air flow-rate. Solution 

bleedings at the 41
st
, 61

st
, 82

nd
, 152

nd
 day. The target pH was 1.7±0.1. 

 

The high solution potential is an indication of bacterial activity in the system, and Figure 3.5 

shows a significant increase in Eh values for all inoculated columns. Particularly for the 

marginal ore (MO), column C5, the value of 550 mV was reached after 30 days, whereas 

such limit was surpassed only after the first solution bleeding (41
st
 day) in the case of the 

copper ore (C1–C3). During this period similar copper extractions were observed in both 

inoculated and non-inoculated columns (Figure 3.1) and implied in low bacterial activity 

during this phase. The lag phase recorded for the copper ore was longer than that observed 

in the columns operating at 30 °C (RODRIGUES, 2013). The high solution potentials 

(600 mV to 715 mV, regardless of the ore type) observed towards the end of the experiment 

were a result of a rapid production of Fe
3+

 ions  by S. thermosulfidooxidans (WATLING, 

2006). Not only the solution ionic strength, but also the fluoride contents were reduced, as 
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expected, as bleedings were done, with positive effects on the solution potential and then 

bioleaching.  

 

0 50 100 150 200 250
0

100

200

300

400

500

600

700

 C1-Reference CO

 C2-No Al CO

 C3-Open loop CO

 C4-Non inoculated CO 

 C5-Low temp. MO

 C6-Non inoculated MO

Time (days)

E
h

 (
v
s
 A

g
/A

g
C

l)

 

Figure 3.5: Variation of redox potential during column bioleaching for copper ore (CO) and 

marginal ore (MO). The vertical lines indicate solution bleeding. Experiments with S. 

thermosulfidooxidans in Norris growth medium supplemented with yeast extract (0.1 g/L) 

and amended with 1.0 g/L (unless otherwise stated); at 50±1 °C (columns C1, C1–C4) or 

room temperature (column C5); crushed and agglomerated ore (½'' top size); 8.6 L/m
2
.h 

solution flow-rate and 2.16 m
3
 air/m

2
.h air flow-rate. Solution bleedings at the 41

st
, 61

st
, 

82
nd

, 152
nd

 day. The target pH was 1.7±0.1.  

 

In a bioleaching context, the solution potential is defined by ferrous and ferric iron activities 

in the PLS; thus, the Fetot profile is shown in Figure 3.6. The inoculated experiments (C1–

C3, C5) presented lower soluble iron concentrations than the non-inoculated columns 

because the presence of S. thermosulfidooxidans resulted in the predominance of ferric iron 

(i.e. high Eh), which along with the high temperature (50
o
C) induced jarosite precipitation. 

Any extraction calculated from iron concentrations in solution were thus affected by this 

precipitation i. e. extractions were lower (<10%) than those observed in the non-inoculated 

columns (18%), in which ferrous iron prevailed. As shown in Figure 3.6, maximum 

concentrations of up to 20 g/L iron (as Fe
2+

) were observed in the non-inoculated columns 

(C4 and C6) containing both ore samples, whereas the figure reduced to 6 g/L–7 g/L, in the 

inoculated columns operating at 50 
o
C. Therefore, the results from the non-inoculated 
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columns should be taken as measurement of iron extraction in the whole system because 

there was no ferrous iron addition to the leach solutions and no relevant ferric iron 

precipitation.  
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Figure 3.6: Iron concentrations in the PLS for copper ore (CO) and marginal ore (MO). The 

vertical lines indicate solution bleeding. Experiments with S. thermosulfidooxidans in Norris 

growth medium supplemented with yeast extract (0.1 g/L) and amended with 1.0 g/L (unless 

otherwise stated); at 50±1 °C (columns C1, C1–C4) or room temperature (column C5); 

crushed and agglomerated ore (½'' top size); 8.6 L/m
2
.h solution flow-rate and 

2.16 m
3
 air/m

2
.h air flow-rate. Solution bleedings at the 41

st
, 61

st
, 82

nd
, 152

nd
 day. The target 

pH was 1.7±0.1. 

 

3.3.3 Dissolution of gangue elements - liquor chemistry. 

 

In addition to iron, the low pH values applied in the experiments resulted in the release of 

other elements, which are important for bioleaching processes. Thus, from a metallurgical 

and bacterial viewpoint, the profile of the most critical species must be assessed. The 

presence of Al
3+

 ions in solution was a result of the dissolution of aluminium-silicate 

minerals present in both ores and also from external aluminium additions (Al2(SO4)3) to the 

system. Aluminium sulphate was added to ensure a concentration of at least 1.0 g/L Al
3+

 

during inoculation and onwards, because a previous investigation (SICUPIRA et al., 2011) 

has revealed fluoride in the PLS, which had a serious detrimental effect on bacterial growth.  
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Aluminium forms strong complexes with fluoride and reduces the HF concentration as will 

be discussed further.   

 

The metal content added to the experiment was considered in the analysis of Al extractions 

and Figure 3.7 shows that the largest extraction (50%) was observed in the open-loop 

column (C3). The lowest extraction was observed for the low temperature column, which is 

agreement with the acid consumption data (Figure 3.3). Analysing the aluminium 

concentration, the highest values with peaks close to 4 g/L (Figure 3.8) were observed 

between the 50
th

 and 80
th 

days, which implies in a slower dissolution kinetics of aluminium-

containing minerals. Any deleterious effects of the presence of aluminium (<5g/L) on the 

ionic strength of the solution and hence bacterial growth were not expected because the 

aluminium concentration must reach values above 10 g/L to affect Fe
2+

 bio-oxidation by S. 

thermosulfidooxidans (SICUPIRA et al., 2011). For instance, Watling et al. (2014) justified 

the low bacterial populations of an industrial heap by aluminium concentrations of up to 

30 g/L observed in the PLS.  
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Figure 3.7: Aluminium extraction for copper ore (CO) and marginal ore (MO). The 

vertical lines indicate solution bleeding. Experiments with S. thermosulfidooxidans in 

Norris growth medium supplemented with yeast extract (0.1 g/L) and amended with 1.0 

g/L (unless otherwise stated); at 50±1 °C (columns C1, C1–C4) or room temperature 

(column C5); crushed and agglomerated ore (½'' top size); 8.6 L/m
2
.h solution flow-rate 
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and 2.16 m
3
 air/m

2
.h air flow-rate. Solution bleedings at the 41

st
, 61

st
, 82

nd
, 152

nd
 day. The 

target pH was 1.7±0.1. 

 

In addition to aluminium, magnesium and calcium were analysed and their dissolution were 

also related to acid consumption, but no detrimental effects on bacterial growth were 

expected. Actually magnesium is an important nutrient for bacterial growth and is present in 

the growth medium. The maximum magnesium concentrations attained ~800 mg/L (20% 

dissolution), whereas calcium concentrations, approximately 700 mg/L, were controlled by 

gypsum solubility as also reported by Watling et al. (2014). From the open circuit columns 

(unsaturated with respect to gypsum) approximately 25% calcium dissolution from the ore 

was estimated. These figures are similar to that presented by Halinen et al (2009), who 

measured 1.2 g/L magnesium and 0.57 g/L calcium during the bioleaching of low-grade 

black schist ore.  
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Figure 3.8: Aluminium concentrations in the PLS for copper ore (CO) and marginal ore 

(MO). The vertical lines indicate solution bleedings. Experiments with S. 

thermosulfidooxidans in Norris growth medium supplemented with yeast extract (0.1 g/L) 

and amended with 1.0 g/L (unless otherwise stated); at 50±1 °C (columns C1, C1–C4) or 

room temperature (column C5); crushed and agglomerated ore (½'' top size); 8.6 L/m
2
.h 

solution flow-rate and 2.16 m
3
 air/m

2
.h air flow-rate. Solution bleedings at the 41

st
, 61

st
, 

82
nd

, 152
nd

 day. The target pH was 1.7±0.1. 
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Chloride and fluoride ions were also detected in the PLS as indicated by the ore mineralogy 

and both anions are harmful to the bacteria (DOPSON et al., 2009). However, chloride 

concentrations were mostly below 300 mg/L which were not expected to impair bioleaching 

(SUZUKI et al., 1999). On the other hand, fluoride concentrations as high as 2.5 g/L were 

recorded (Figure 3.9) in the first 50 days, but they were reduced to 0.5 g/L–1.5 g/L until the 

end of the experiments. The presence of such an element in PLS is related to the presence of 

fluorite and biotite mostly from the copper ore (1.2% and 42.3%, respectively) as compared 

to the low grade ore (0.7% and 34.9%, respectively). Biotite specifically is a fluoride-

bearing silicate, which readily dissolves in acid environments resulting in concentrations in 

the PLS capable of impairing Fe
2+

 bio-oxidation (DOPSON et al., 2009). Moreover, solution 

recirculation causes a fluoride build-up and can lead to a complete inhibition of bioleaching 

processes and values as high as 15 g/L total fluoride were described in the literature 

(BRIERLEY and KUHN, 2010).  
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Figure 3.9: Fluoride concentrations in the PLS for copper ore (CO) and marginal ore 

(MO). The vertical lines indicate solution bleeding. Experiments with S. 

thermosulfidooxidans in Norris growth medium supplemented with yeast extract (0.1 g/L) 

and amended with 1.0 g/L (unless otherwise stated); at 50±1 °C (columns C1, C1–C4) or 

room temperature (column C5); crushed and agglomerated ore (½'' top size); 8.6 L/m
2
.h 
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solution flow-rate and 2.16 m
3
 air/m

2
.h air flow-rate. Solution bleedings at the 41

st
, 61

st
, 

82
nd

, 152
nd

 day. The target pH was 1.7±0.1. 

 

3.3.4 Analysis of the bioleaching residue.  

 

The acid consumption observed herein for all columns was similar to values reported 

elsewhere (DOPSON et al., 2008). The high silicate content in the ore accounted for the 

large acid consumption values observed in the current work, especially during the period 

when the inlet pH was 1.0 because higher acidity has an important contribution to the 

leaching of such mineral (BHATTI et al., 2011; DOPSON, et al., 2008; DOPSON et al., 

2009; KALINOWSKI and PETER, 1996). Biotite, which accounted for 40% of the ore has 

high solubility in acid medium as compared to the other silicate minerals in the sample. 

Figure 3.10 shows an XRD analysis of the bioleaching residue of the reference (biotic) and 

the chemical leaching (abiotic) columns. This Figure (3.10) revealed the presence of 

grunerite ((Fe,Mg)7Si8O22(OH)2) or greenalite ((Fe
+2

,Fe
+3

)2-3Si2O5(OH)4), K-jarosite, quartz 

(SiO2), garnet and magnetite. Biotite was detected at lower concentrations in the bioleaching 

residues than in the copper ore. Similar patterns were observed for the remaining columns 

(biotic and abiotic), implying that biotite dissolution was related to presence of  acid 

solucions and was the main mineral accounting for aluminium concentrations in the 

pregnant leaching solution.  
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Figura 3.10:  XRD analysis of the leaching residues of the non-inoculated (a) and reference 

columns (b) loaded with the high-grade ore. The symbols denote: A: Grunerite (JCPDS  27-

1170) or greenalite (JCPDS  11-0265) Bio: biotite (JCPDS 42-0603), J: K-jarosite (JCPDS  

02-0602); Q: quartz (JCPDS 79-1910); G:garnet (JCPDS 85-1237); Mag: magnetite 

(JCPDS 01-1111). 

 

Furthermore, Figure 3.10 shows the presence of magnetite in the residue, suggesting that 

biotite also contributed for most of the iron released from the ore. Soluble iron was 

subsequently oxidized and precipitated jarosite in the biotic experiments, justifying the 

presence of the latter in the residue (Figure 3.10 and 3.11).   

 

According to Kalinowski and Peter (1996), during biotite dissolution interlayer K
+
 ions are 

released and thus the ion can be diagnostic of biotite leaching. After dissolution K
+
 ions 

precipitated as potassium jarosite. This is evidenced in Figure 3.10 and 3.11 which shows 

jarosite formation in the residue.  
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Figure 3.11 SEM-EDS images of bioleaching residues.  

 

 

3.4 Discussion 

 

The presence of S. thermosulfidooxidans in the inoculated columns was previously 

confirmed using RFLP and PCR-DGGE techniques. Although the presence of other iron 

oxidizers cannot be ruled out, especially for the column which operated at room temperature 

(C2), the microbial diversity was low as indicated by PCR-DGGE (RODRIGUES, 2012) 

and is consistent with previously published studies (CHENG et al., 2009; WATLING, 

COLLINSON et al., 2014). An indirect analysis of the growth of different Sulfobacillus 

strains was carried out by Watling et al. (2008) who reported ferrous iron oxidation, at a 

reduced rate, at temperatures below 50 
o
C, which might explain the findings herein 

described.   

 

The iron profile is important in bio-hydrometallurgical operations because Fe
2+

 is a substrate 

for bacterial growth (SAND et al., 2001). Nevertheless, both pH and temperature play a key 

role on iron concentration (and thus Eh values) due to ferric iron precipitation as jarosite. 

Although pH values below 2.0 are recommended to prevent jarosite formation (PINA et al., 

2010) and its precipitation is kinetic controlled, thus at high temperatures the precipitation 

rate is increased (DAOUD and KARAMANEV, 2006; OZKAYA et al., 2007; VAN HILLE 

et al., 2010). Hence, during bioleaching with moderate termophiles (at 50 
o
C) jarosite 

precipitation was significant even at pH below 2.0, thus controlling iron solubility and 

explaining the above-mentioned results (Figure 3.6). Focusing on the inoculated closed-loop 

K-jarosite 
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columns iron concentrations were the largest in column C2 (no aluminium sulphate 

addition), in which bacterial populations were the lowest, (below 10
6
 cells/mL) and ferric 

iron concentration, accordingly (Figure 3.4). A similar outcome was observed in column C5, 

which operated at lower temperature wherein jarosite precipitation was kinetically 

hampered. Nevertheless, jarosite was easily noticed in the residues of all inoculated columns 

irrespective of the temperature investigated. Jarosite precipitation (which also produce 

acidity) may also justify the lower acid consumption (Figure 3.3) observed in the inoculated 

columns operating at 50 
o
C.  

 

Particularly in the beginning of the experiments, all Fe
3+

 produced by the bacteria was 

quickly consumed in the leaching of the secondary sulphides according Reactions 3.1 and 

3.2. Therefore, low Fe
3+

 concentrations resulted in Eh values (Figure 3.5) similar to those 

observed in non-inoculated systems, although microbial activity was detected in the PLS 

(Figure 3.4). Such dissolution could be explained by the indirect contact mechanism, i. e. the 

action of a Fe
3+

- rich biofilm on the surface of the ore particles (ROHWERDER et al., 

2003b). Such adsorbed Fe
3+

 has a key role on mineral dissolution during column leaching, 

but does not affect the values of solution potential (SAND et al., 2001). Nevertheless, 

increased Eh values were eventually recorded, as copper dissolution progressed and the 

amount of sulphide was reduced. 

 

Fluoride is toxic to bacteria because it is present mainly as HF (pKa = 3.2, at 25 °C and 

I↦0), at the pH values found in bioleaching processes (pH 1.5–2.0). HF is sufficiently small 

to penetrate cell membranes, where pH is neutral, whereupon HF dissociates into H
+
 and F

-
, 

increasing the acidity. This results in inhibition of microbial growth and thus impaired 

ferrous iron oxidation (VELOSO et al., 2012). In acid solutions, Al
3+

 and also Fe
3+

 form 

highly stable complexes with fluoride (MARTEL and SMITH, 2003) so that both HF 

concentration and its toxicity are reduced. Because ferric iron is always present during 

bioleaching with moderate thermophiles, it would reduce the deleterious effects of fluoride, 

but ferric iron must first be produced by the bacteria prior to effectively complexing F
-
 ions.  

Because iron dissolves from the ore as Fe
2+

 and free fluoride reduces bacterial growth even 

at low concentrations, an insufficient amount of ferric iron is available to complex the anion 

at the beginning of the experimental run. Moreover, fluoride concentration is high during 

this period because minerals such as fluorite are readily dissolved in acid media. Such a 



70 

 

situation was overcome herein by aluminium sulphate additions to the leaching solution 

(1 g/L Al
3+

) so that any fluoride ions quickly released from the ore would be complexed, 

regardless of the kinetics of aluminium dissolution from the gangue minerals. This justifies 

the observance of fluoride concentrations as high as 2.4 g/L in the first 50 days of the 

experiment (Figure 3.9). 

 

To illustrate the combined effect of fluoride, ferric iron and aluminium on copper 

bioleaching, Figures 3.12a and 3.12b shows the concentration profiles of such species for 

the reference and No Al columns, respectively, in the first 100 days of testing. Before the 

first bleeding (41
st
 day), a fluoride concentration (2.6 g/L) higher than that of aluminium (< 

2 g/L) and a low ferric iron content (and thus Eh as well) can be observed. In the reference 

column (Figure 3.12a) the aluminium content (2–3g/L) becomes larger than that of fluoride 

(1g/L) after the first bleeding while both species show similar concentration (~1g/L) in the 

case of the “No Al” column (Figure 3.12b). Analysing Eh values in both columns (Figure 

3.12), higher aluminium concentrations (as compared to those of fluoride) in the reference 

column resulted in a quick increase of solution potential to 680 mV after 82 days, whereas 

the same increase was slower for the “No Al” columns. Conversely, large Eh values were 

observed even before the 41
st
 day with the marginal ore and explained a copper extraction of 

22.6% in the non-inoculated experiment (column C6) in comparison to 47% (column C5) 

recorded in the presence of bacteria. In this particular case, fluoride content was lower 

(Figure 3.12) whereas aluminium and iron concentrations in solution were similar to those 

measured in the inoculated columns containing the copper ore (CO). It is very likely that the 

lower temperature applied in column C5 slowed the dissolution of fluoride-bearing gangue 

minerals because the analysis of data generated in column C2 (in which aluminium sulphate 

was not added to the leaching solution) reveals that the fluoride content was lower in column 

C5 (Figure 3.12) despite both having similar Al
3+

 concentrations (Figure 3.8). In the 

presence of aluminium, fluoride is complexed to produce AlF
2+

 and AlF2
+
 and thereby HF 

concentrations are reduced to very low levels  (VELOSO et al., 2012).  



71 

 

0 20 40 60 80 100

0

2

4

6

8  Fluoride

 Fe(III)

 Al (III)

 Eh

Time (days)

F
e

3
+
, 
A

l3
+
 a

n
d
 F

-  c
o
n
c
. 

300

400

500

600

700

800

E
h

a)

0 20 40 60 80 100

0

2

4

6

8  Fe(III)

 Al (III)

 Fluoride

 Eh

Time (days)

F
e

3
+
, 
A

l3
+
 a

n
d
 F

-  c
o
n
c
. 
(g

/L
) 

300

400

500

600

700

800
E

h

b)

 

Figure 3.12: Elements (Fe
3+

, Al
3+ 

and F
-
) and Eh profiles in the first 100 days of experiment 

for the reference (a) and No Al (b) columns. Experiments with S. thermosulfidooxidans in 

Norris growth medium supplemented with yeast extract (0.1 g/L) and amended with 1.0 g/L 

(unless otherwise stated); at 50±1 °C (columns C1, C1–C4) or room temperature (column 

C5); crushed and agglomerated ore (½'' top size); 8.6 L/m
2
.h solution flow-rate and 

2.16 m
3
 air/m

2
.h air flow-rate. Solution bleedings at the 41

st
, 61

st
, 82

nd
, 152

nd
 day. The target 

pH was 1.7±0.1. 

 

With bacterial growth and the production of ferric iron fluoride toxicity was reduced further. 

To quantify the effects of aluminium and ferric iron on fluoride toxicity a parameter (η) is 

proposed to represent the mass ratio between total fluoride, total aluminium and total ferric 

iron concentrations in the system (Reaction 3.3). It implies that a low η value indicates the 

presence of the main elements accounting for the production of fluoride complexes, thereby 

reduced fluoride toxicity.   

 

  
      

                  
                                                      (3.3) 

 

As shown in Figure 3.13, the η parameter was largest during the first days of bioleaching (up 

to the second solution bleeding) and this was a result of a faster dissolution of fluoride-

bearing minerals as compared to that of aluminium-containing compounds. That resulted in 

aluminium concentrations lower than that of fluoride, as already stated (Figure 3.12). During 

this period, ferric iron concentrations were low and did not significantly contribute to reduce 

the HF concentration in the system. Figure 3.13 also indicates that even after the first 

bleeding, η values close to 1 were still observed in the columns C2 (CO–no Al) and 

C1 (CO–reference) up to the second solution bleeding (81
st
 day). Nevertheless, although the 

η parameter was not affected, fluoride concentrations were reduced to values below 1.0 g/L 
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(Figure 3.12), which benefited bacterial growth and resulted in steady increase in solution 

potential in the inoculated columns (C1–C3). Subsequently, η was reduced to values below 

0.4 (after the second bleeding) even in the column with no aluminium addition because 

ferric iron concentration became relevant (Eh was high) and fluoride concentration 

stabilized in the system (Figure 3.12). 

 

When assessing the potential for copper extraction from marginal ore secondary sulphides 

by bioleaching, the content of both fluoride and chloride in the ore should always be 

determined. Once detected either element, a complete mineralogical analysis would indicate 

if readily soluble fluoride minerals are present so that a strategy to enable bioleaching of 

such ores can be defined. If fluoride is quickly dissolved and there is potential for very large 

fluoride concentrations as those measured by Brierley and Kuhn (2010), an acid pre-

leaching step could be carried out prior to inoculating the heap as applied to control 

magnesium concentrations during the bioleaching of a marginal ore nickel sulphide ore 

containing 30% MgO (ZHEN et al., 2009). Nevertheless, it should be realised that fluoride 

is toxic at very low levels and depending on the liquor chemistry such a procedure might not 

be as effective. A second approach comprises adding soluble aluminium compounds such as 

Al2(SO4)3 during column inoculation and also during the period corresponding to the fast 

release of fluoride from the ore as applied in the current work. For 1.0 g/L total fluoride, 

aluminium concentrations approximately 1–2 g/L would overcome fluoride toxicity without 

a significant impact on the solution ionic strength. As bacterial growth resulted in an 

increasing Eh, the produced ferric iron would also contribute to reduce the fluoride toxicity.  
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Figure 3.13: Effects of aluminium and ferric iron on fluoride toxicity (η) during the 

bioleaching of inoculated columns. Experiments with S. thermosulfidooxidans in Norris 

growth medium supplemented with yeast extract (0.1 g/L) and amended with 1.0 g/L (unless 

otherwise stated); at 50±1 °C (columns C1, C1–C4) or room temperature (column C5); 

crushed and agglomerated ore (½'' top size); 8.6 L/m
2
.h solution flow-rate and 

2.16 m
3
 air/m

2
.h air flow-rate. Solution bleedings at the 41

st
, 61

st
, 82

nd
, 152

nd
 day. The target 

pH was 1.7±0.1. 

 

      

3.5 Conclusions 

 

When readily soluble fluoride-containing minerals are identified in sulphide ores, inhibitory 

effect in bioleaching can be forecasted. Such effects can be minimized by the addition of an 

external aluminium source as Al2(SO4)3 to the growth medium. This is because aluminium 

forms strong complexes with the fluoride realised from the ore with positive effects on 

bacterial growth. Such an approach was adopted in the current work because the presence of 

fluorite and biotite accounted for the released of high fluoride concentrations (up to 2.5 g/L) 

during bioleaching of a secondary copper sulphide ore. Following this approach, copper 

extractions above 90% were achieved. In addition a series of solution bleedings had also 

positive effects on copper bioleaching throughout a decrease of both the ionic strength and 

fluoride concentrations.  
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A fluoride-toxicity parameter (η) was proposed to represent the mass ratio between total 

fluoride, total aluminium and total ferric iron concentrations in the system. Therefore a low 

η value indicated the presence of the main elements accounting for the production of 

fluoride complexes and thus reduced fluoride toxicity.  Values of η below 0.4 were recorded 

as ferric iron concentrations (which also complex fluoride, reducing the toxicity of HF) 

became relevant (when the Eh increased) and fluoride concentration stabilized in the system, 

suggesting good conditions for bacterial growth and thus bioleaching. Therefore, if the 

mineralogical characterization indicates the presence of fluoride minerals, a strategy should 

be selected to avoid any detrimental effect on bacterial growth and thus bioleaching. 

Solution bleeding and aluminium additions to the system can successfully accomplish such 

tasks.    
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4 CAPÍTULO 4 

 

 Copper extraction from coarsely ground printed circuit boards using moderate 

thermophilic bacteria in a rotating-drum reactor 

 

Abstract 

  

The current work reports on a new approach for copper bioleaching from printed circuit 

board (PCB) by moderate thermophiles in a rotating-drum reactor. Initially leaching of PCB 

was carried out in shake flasks to assess the effects of particle size (− 208  µm + 147 µm), 

ferrous iron concentration (1.25 g/L - 10.0 g/L) and pH (1.5−2.5) on copper leaching using 

mesophile and moderate thermophile microorganisms. Only at a relatively low solid content 

(10.0 g/L) complete copper extraction was achieved from the particle size investigated. 

Conversely, high copper extractions were possible from coarse-ground PCB (20 mm-long) 

working with increased solids concentration (up to 25.0 g/L). Because there was as the faster 

leaching kinetics at 50 °C S. thermosulfidooxidans was selected for experiments in a 

rotating-drum reactor with the coarser-sized PCB sheets. Under optimal conditions, copper 

extraction reached 85%, in eight days and microscopic observations by SEM-EDS of the 

non-leached and leached material suggested that metal dissolution from the internal layers 

was restricted by the fact that metal surface was not entirely available and accessible for the 

solution in the case of the 20 mm-size sheets. 

  

 

 

 

 

 

 

 

 

 

Keywords: bioleaching; copper; PCB; Sulfobacillus thermosulfidooxidans, rotating-drum 

reactor. 
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4.1 Introduction 

 

Technological innovations have stimulated widespread utilization of electronic equipment, 

which has also resulted in a considerable increase in the generation of electronic waste (e-

waste). Incineration and landfilling are often the ways to deal with electronic waste (XIANG 

et al., 2010), however such methods are increasingly being considered inappropriate because 

of their negative environmental impacts as shown by the recent studies (BRANDL et al., 

2001; YANG et al., 2009). Conversely, electronic wastes can also be viewed as alternative 

source of non-ferrous metals such as copper, nickel, and zinc as well as gold and silver (LEE 

e PANDEY, 2012) and both pyrometallurgical and hydrometallurgical techniques can be 

applied for their recycling from e-wastes (ZHU et al., 2011). 

 

Pyrometallurgy is particularly appropriate to recover copper and precious metals from some 

type of electronic waste such as mobile phones, but the technique requires copper ore feed 

and thus is not suitable for low grade e-wastes, including PCB (printed circuit board). 

Moreover, pyrometallurgy is related to some environmental impacts such as greenhouse 

gases, formation of furans, dioxins and dust (CUI e ZHANG, 2008; ILYAS et al., 2010; 

ZHU et al., 2013) and thus requires an off-gas treatment. In addition, rare earth metals, 

tantalum and gallium among other elements report to the slag phase because they are easily 

oxidized in the furnace atmosphere. Therefore, hydrometallurgy is considered an alternative 

because it is less complex and energy intensive and there is no generation of toxic gases 

(TUNCUK et al., 2012). Nevertheless, it is fair to admit that both approaches have their 

inconveniences and advantages making their combined use often the preferred scenario.  

 

Bio-hydrometallurgy is a specialized branch of hydrometallurgy that utilizes 

microorganisms to solubilize metals and therefore is often viewed as eco-friendly process 

for the treatment of marginal ores and wastes (POULIN and LAWRENCE, 1996; 

WATLING, 2006). Although, this is one of the most promising biotechnologies in the 

metallurgical sector, limited research has been reported regarding the bioleaching of PCB 

and a few examples are summarized in Table 4.1. Iron-oxidizing bacteria produces ferric 

from ferrous iron (Reaction 4.1), which can subsequently oxidize metals such as copper 

according to Reaction 4.2. In general, mesophilic bacteria belonging to the genus 

Acidithiobacillus and Leptospirillum are most commonly used in bioleaching.  
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Fe
2+

 + ¼ O2 + H
+⇄ Fe

3+
 + ½ H2O                                               (4.1) 

 

 2Fe
3+

 + Cu
0
 → Cu

2+
 + 2 Fe

2+
                                                 (4.2) 

 

In addition to these two bacterial genera thermophilic microorganisms may also be 

employed in bioleaching operations (BRANDL et al., 2001; PANT et al., 2012). As a rule, 

leaching at elevated temperatures has the potential to result in more efficient and faster 

metal dissolution. In the bioleaching of copper sulfides for instance higher extractions with 

moderate thermophiles as compared to mesophiles were reported elsewhere (PINA, 2006; 

SCHIPPERS, 2007). Copper bioleaching from e-wastes with moderate thermophiles in 

shake flasks (ILYAS, S. et al., 2007; ILYAS et al., 2013; PINA, 2006), stirred tanks 

(ILYAS et al., 2014a)  and lab scale columns (ILYAS et al., 2010) were also investigated. 

However, few studies have studied bioleaching of e-waste and printed circuit boards in 

particular using moderate thermophiles. 

 

The reactors used in the bioleaching of sulfides are generally designed as stirred tank or air-

lift type but concerning e-waste bioleaching there is a limited data about the type of reactor 

on process performance. A rotating-drum reactor could be suggested as alternative to the 

stirred-tank reactors with the potential advantage to treat material at increased pulp densities 

and reduce global energy consumption. It could be assumed that such a reactor will ensure 

reduced impact on the microbial cells due to the lower degree of collisions between the 

particles (LIU et al., 2007). Such configuration offers the possibility of using high solid 

loadings without negatively influencing the bio-oxidation of Fe
2+ 

which tends to be the case 

when impeller-driven reactors are used (JIN et al., 2013). 
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Table 0.1: Bioleaching from PCB: 

Specific type and  

source  of waste 
Microorganisms 

Leaching efficiency (%)  

and conditions 

Type of  

reactor 
References 

PCB 

− 208 µm + 147 µm  

Acidithiobacillus ferrooxidans  

and  

Sulfobacilllus 

thermosulfidooxidans 

94% Cu extraction at 30 
o
C (T. ferrooxidans) 

and 99% at 50 °C (S. thermosulfidooxidans) in 6 

days with 10 g/L Fe
2+

, 10 g/L of PCB and pH 

1.75; 150 min
-1

  

Shaking flask Current work 

PCB 

20 mm-long  
S. thermosulfidooxidans  

85% Cu extraction in 8 days at 5 g/L Fe
2+

, 

25 g/L PCB and pH 1.75. Rotating-drum reactor 

at 50 °C and  80 min
-1

 

Rotating-drum reactor Current work 

PCB 

< 500 µm 

At. thiooxidans 

and 

At. ferrooxidans 

>90% Cu extraction  in two-stages during 7 and 

10 days at 5−10 g/L PCB; 35 °C and 180 min
-1

 
Shaking flask Brandl et al., (2001) 

PCB 

< 80 mesh 

genera Acidithiobacillus  

and  

Gallionella 

95% of Cu in 5 days at 9 g/L of initial Fe
2+

, 

20 g/L of PCB and pH 1.5; shaker at 30 °C and 

120 min
-1

 

Shaking flask Xiang et al., (2010) 

PCB 

 100−120 µm 

S. thermosulfidooxidans  

and  

Thermo- plasma acidophilum 

86% Cu extraction. Acid pre-leaching of 27 

days and bioleaching of 280 days. Column 

reactor at 45 °C. 

Column reactor Ilyas et al., (2010) 

PCB 

60−80 mesh 
Enriched acidophilic bacteria 

96.8% Cu extraction in 45 h; 12 g/L Fe
2+

, 12 g/L  

PCB and pH 2; 30 °C and 160 min
-1

 
Shaking flask Zhu et al., (2011) 

TV circuit boards (STVB) 

< 250 µm 

At. ferrooxidans, L. 

ferrooxidans  

and At. thiooxidans 

35% Cu extraction in 90 h without external Fe
2+

 

and 89% Cu extraction with 8 g/L Fe
2+

 and 

10 g/L PCB; pH 1.7; shaker, 35 °C and  

170 min
-1

 

Shaking flask Bas et al., (2013) 

PCB 

50−150 µm 

S. thermosulfidooxidans  

and  

T. acidophilum 

85%  Cu extraction in 18 days at 10 g/L PCB; 

shaker, 45 °C and 180 min
-1

 
Shaking flask Ilyas et al., (2013) 
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The feasibility of copper bioleaching from fine milled PCB at low solids concentrations  (up 

to 10.0 g/L) has been demonstrated and extractions as high as 90% were reported with 

mesophilic strains (BAS et al., 2013; BRANDL et al., 2001; XIANG et al., 2010; ZHU et 

al., 2011). Nevertheless, quite few studies dealing with increased solid concentrations have 

been published so far likely because bacterial growth is inhibited in the presence of fine 

PCB particles. Although the exact nature of such deleterious effects is still unclear there are 

indications that are more important in the very beginning of leaching experiments. This is 

because the quick release of harmful-to-bacteria species from the ground PCB is stimulated.  

 

With the above mentioned concerns in the background, the current work proposes a different 

approach to PCB bioleaching, in which relatively coarse PCB sheets are leached without 

reducing their size down to the micrometer scale. The objective is to avoid useless 

overgrinding and hence reduce the overall cost associated with the fragmentation step. 

Another aim is to discuss the bacterial adaptation to increased PCB content and to find out 

the optimal pH and ferrous iron concentration for bioleaching using moderate thermophiles 

in a rotating-drum reactor.  

 

 

4.2 Experimental procedure  

 

4.2.1 PCB  fragmentation and pre-treatment 

 

The experiments were carried out with PCB collected from obsolete desktop computers, 

from which all electronic components such as capacitors and resistors were manually 

removed in advance. At the beginning, the dismantled boards were shredded using a metal 

guillotine to obtain nearly rectangular PCB fragments with 20 mm-long size. For the 

experiments with ground PCB, a fraction from the above-mentioned sheets was further 

fragmented using a laboratory hammer mill and after dry sieving the − 208 µm + 147 µm 

particle size was selected. A second sample was subjected to a “pre-weakening” process in a 

laboratory jaw crusher (discharge gap 10 mm) aiming to generate cracks and to expose 

metals inside the PCB sheets to the leaching solutions. After jaw crusher “pre-weakening”, 

the samples were screened at 20 mm and the oversize fraction used for further studies. One 

part of this oversize material (fraction +20 mm) was subsequently submitted to a chemical 
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pre-treatment step to remove the lacquer coating, which covered the printed circuit boards. 

PCB sheets (50 g) were mixed with 500 mL of aqueous solution of diethylene glycol (20% 

v/v) and potassium hydroxide (20% w/v) for accomplishing this task. The lacquer coating 

removal step was carried out under stirring at 90 °C during 60 min. Thereafter the solid 

phase was filtered, washed with distilled water and then dried at 50 °C to a constant weight. 

 

4.2.2 Microorganisms 

 

The mesophile microorganisms utilized in the current study were isolated from a Brazilian 

sulfide mine, for which microbial diversity studies revealed the predominance of  

Acidithiobacillus ferrooxidans (AZEVEDO, 2008). This strain was sub-cultured in a Norris 

medium (0.2 g/L (NH4)SO4, 0.4 g/L MgSO4.7H2O, and 0.1 g/L K2HPO4) with 2.5 g/L Fe
2+ 

(FeSO4.7H2O). The procedure was accomplished in an orbital shaker (New Brunswick, 

Innova 44) at 35 °C and 150 min
-1

. Experiments were also carried out with the thermophilic 

bacterium Sulfobacillus thermosulfidooxidans, purchased from DSMZ - Braunschweig (ID 

9293). This strain was maintained in the same Norris growth medium, which was 

supplemented with yeast extract (0.1 g/L). A second orbital shaker (New Brunswick, Innova 

44) working at 50 °C provided mixing (150 min
-1

). In both cases pH solution was set at 

1.75±0.05. 

 

Prior to the bioleaching experiments, the two bacterial strains were inoculated to both 

crushed (− 208 µm + 147 µm) and to non-crushed (20 mm) PCB. Adaptation was performed 

by selecting a bacterial inoculum during its log phase (as indicated by redox potential values 

approximately 550 mV) and its transfer to the growth medium, while progressively 

increasing the PCB content (starting at 5.0 g/L solids (w/v) up to 10.0 g/L for the crushed 

PCB and to 25.0 g/L in the case of non-crushed PCB). Culture replications were performed 

on a weekly basis to maintain a bacterial population well adapted to PCB. 

 

4.2.3 Bioleaching experiments 

 

Bioleaching of ground PCB was carried out in 250-mL Erlenmeyer flasks placed in a 

thermostated shaker (New Brunswick Innova 44) at the Bio and hydrometallurgy laboratory 

of the Federal University of Ouro Preto (Brazil). Both mesophile and moderate thermophile 
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cultures were tested under the procedure described in section 4.2.2, unless otherwise stated. 

A suspension containing 10.0 g/L of ground PCB (− 208  µm + 147 µm) was prepared using     

100 mL of growth medium, 10% of inoculum and ferrous sulfate in predetermined 

concentration. Initial ferrous iron concentration was varied between 1.25 g/L and 10.0 g/L 

and the pH was maintained at 1.75±0.05 using 1 mol/L sulphuric acid or 6 mol/L sodium 

hydroxide. Evaporation losses during leaching were corrected by adding distilled water to 

the initial recorded weight. Pulp redox potential was registered using a WTW 315 multi-

meter   (vs an Ag/AgCl electrode). Sterile controls were also run in the presence of 

bactericide: thymol (for the mesophiles) or a mixture of 0.015% (v/v) methylparaben and 

0.01% (v/v) propylparaben solution for the tests with moderate thermophile performed in the 

presence and absence of ferrous iron.   

 

Another series of bioleaching experiments were performed batchwise with the 20 mm-long 

PCB fragments at a solid loading of 25.0 g/L in shake flasks, following the above cited 

procedure, but only with S. thermosulfidooxidans at 50 °C.  After defining the optimal pH 

and ferrous iron initial concentration larger scale experiments were carried out at the 

Mineral Processing and Recycling Unit, University of Liège (Belgium) using a rotating-

drum reactor pictured in Figure 4.1. The reactor consisted of a perforated drum (with 10 mm 

openings) driven by a motor and fitted with a gas sparger (not shown in the sketch) to 

provide aeration with air. The perforated drum was immersed inside a fixed cylindrical 

compartment containing the liquid medium/pregnant leach solution. An air (fan) heater was 

placed as close as possible to the drum reactor in order to maintain the temperature inside 

the reactor at 50±1 °C. 

 

The experiments were performed at rotation speed of 80 min
-1

 using 300 g of 20 mm-long 

PCB sheets immersed in 12 L of medium containing 10% (v/v) of inoculum so that a 25.0 

g/L pulp density was achieved. The effect from the initial Fe
2+

 concentration (2.5 g/L, 5.0 

g/L, 7.5 g/L and 10.0 g/L) on copper extraction was also assessed during these experiments. 

At predetermined intervals, 5 mL aliquot was sampled from the leach solution and delivered 

to elemental analysis. Redox potential and pH were recorded and maintained, similarly to 

the shaking flask tests. 
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Figure 4.1: Schema of the rotating-drum reactor (all dimensions in mm). 

 

4.2.4 Analysis and characterization 

 

Metal concentration in the solid PCB was determined by inductively coupled plasma -

atomic emission spectrometry (ICP-AES) - Varian Series II, following sample (1.0 g) 

digestion with aqua regia and dilution in 250 mL volumetric flasks. All chemical analysis 

for the solid phases were carried out in triplicate and the mean value used. The global assay 

of the PCB has indicated that the base metals accounted for approximately 30% of the 

sample, with copper being present in majority (28.5±0.1%). Fe (0.51%), Zn (0.41%) and Ni 

(0.07%) have also been detected. Metal concentrations in the leach solutions were likewise 

determined by ICP-AES and used for calculation of copper extraction.  

 

Ferrous iron was assayed by titration with standard potassium dichromate solution in the 

presence of a 1M H2SO4:1M H3PO4 using barium diphenylamine sulfonate as indicator. The 

concentration of Fe
3+

 was calculated from the difference between total iron and Fe
2+ 

concentrations. The acid consumption was determined considering the amount of sulphuric 

acid (98%) used for keeping pH constant during leaching in rotating-drum reactor. The 
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surface morphology and the internal structure of the PCB were studied by SEM (Tescan 

Vega 3). Energy dispersive X-ray spectroscopy (EDS) (Oxford) was used to quantify the 

residues after leaching and to detect residual copper inside leached PCB as well. All 

chemicals used in this study were of analytical grade (AR) unless otherwise stated and all 

solutions were prepared with distilled water. 

 

 

4.3 Results and discussion  

 

4.3.1 Bioleaching in shake flasks 

 

4.3.1.1  Effect of pulp density and initial ferrous iron concentration 

  

The heterogeneous composition of PCB sheets, which contain metals, polymers and 

ceramics (ILYAS et al., 2010; ZHU et al., 2013) could induce inhibiting effects on bacterial 

growth during bioleaching, although the exact compounds accounting for such effects 

remain unclear (BRANDL et al., 2001). In the current work, such inhibiting effects were 

verified through solution potential (Eh), which is an indirect assessment of bacterial growth 

in the reactor. Figures 4.2a and 4.2b show similar Eh profiles both in the presence and 

absence of PCB only for solid contents of up to 2.5 g/L at both temperatures when ground 

PCB (− 208 µm + 147 µm) was bioleached in the presence of 2.5 g/L Fe
2+

, prior to bacterial 

adaptation. Impaired bacterial growth was inferred at higher PCB content (5.0 g/L and 10.0 

g/L) because the solution potential remained below that observed with lower solid content 

(2.5 g/L), leveling out at 550 mV between day 3 (at 30 °C) and 5 (at 50 °C). If detrimental 

effects were absent, Eh values between 650-700 mV would be expected, irrespective of the 

strain studied as observed in the experiment with no PCB.  

 

After adaptation to ground PCB, an Eh increase was observed in the presence of 10.0 g/L 

solids at both temperatures and values approximately 650 mV were recorded at 30 °C within 

three days (Figures 4.2c) irrespective of the initial Fe
2+

concentration. Similar behavior was 

depicted in the experiments with S. thermosulfidooxidans, at 50 °C, but with slightly lower 

Eh values (approximately 600 mV) as depicted in Figure 4.2d. This difference was most 

likely because both microorganisms have different ferrous iron oxidation rates. Furthermore, 
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the control experiments performed at the concentration of 5.0 g/L of Fe
2+ 

showed Eh values 

approximately 450 mV, clearly indicating a lack of Fe
2+ 

oxidation in the absence of each 

bacteria. Figures 4.3a and 4.3b present copper extractions at different ferrous iron 

concentration for mesophiles and moderate thermophiles, respectively. Copper was almost 

completely extracted in 5 and 3 days, at 30 °C and 50 °C, respectively, when bioleaching 

was performed with adapted bacteria. These periods are similar to that reported by Xiang et 

al. (2010), who studied PCB leaching with At. ferroxidans. Conversely, Ilyas et al. (2013) 

reported a lag phase of 5 days during bioleaching with S. thermosulfidooxidans in the 

presence of 7 g/L PCB. The same authors carried out experiments with increasing PCB 

content and observed that at 22 g/L PCB there was no efficient leaching of metallic copper, 

indicating that such solid content did not enable bacterial growth.  
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Figure 4.2: Influence of solid density (a and b) and Fe
2+

 concentration (c and d) on redox 

potential during shake flask leaching of ground PCB. Experimental conditions: temperature 

30 °C (a and c) and 50 °C (b and d), 2.5 g/L Fe
2+

 (a and b), pH 1.75; 150 min
-1

; pulp density 

of 10.0 g/L (c and d).  
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Figure 4.3: Effect from initial Fe
2+

 concentration and temperature (30 °C (a) and 50°C (b)) 

on copper extraction from ground PCB. Effect of pre-weakening fragmentation and lacquer 

coating removal (c) and initial Fe
2+

 concentration on copper extraction (d) from non-ground 

PCB during bio-leaching at 50 °C. Experimental conditions: ground PCB                            

(− 208 µm + 147 µm) in shake flasks (a and b): pulp density 10.0 g/L, pH 1.75, 150 min
-1

; 

non-ground PCB (20 mm) in shake flasks (c and d): 50 °C, pulp density 25.0 g/L, 5.0 g/L 

Fe
2+

, pH 1,75, 150 min
1
. 

 

It is acknowledged that dissolution of metallic copper requires an oxidizing agent as 

suggested by Reaction 4.2. Therefore higher initial Fe
2+

 concentrations would result in faster 

dissolution rates of metallic copper (assuming that bioleaching proceeds via the indirect 

non-contact mechanisms), which was confirmed in Figures 4.3a and 3b. Actually, increasing 
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Fe
2+

 concentrations up to 10.0 g/L exercised a positive effect on copper leaching in both 

systems (mesophiles and moderate thermophiles) because copper extractions of 94% and 

99% were achieved using mesophilic and moderate thermophilics cultures, respectively. 

Nevertheless, a concentration of 5.0 g/L ferrous iron could be considered as an optimal 

value in both cases. Furthermore 48% and 53% copper extractions were observed in the 

abiotic controls containing 5 g/L Fe
2+

 at 30 °C and 50 °C, respectively (Figures 4.3a and 

4.3b), highlighting the positive effect of the presence of bacteria. It is worth noting that 

bioleaching studies carried out with ground PCB (50–150 μm) performed by IIyas et al. 

(2007) using moderate thermophilics microorganisms and 10.0  g/L of PCB, in the range 

over a period of 18 days, showed slightly lower copper extractions (72–89%) than those 

achieved in the current study (>94%).  

 

Ferrous iron
 
bio-oxidation plays a key role in copper dissolution as suggested by the low 

copper extraction in the control experiments (control tests) performed in the presence and 

absence of ferrous ions (Figures 4.3a and 4.3b). In the tests without ferrous iron addition, 

copper extractions reached 21.7% and 28% at 30 °C and 50 °C, respectively, i.e. figures 

lower than those achieved in the control test. The fact that the experiments with 5.0 g/L 

always outperform those with no external ferrous iron indicates that the chemical oxidation 

of ferrous iron by oxygen was much faster than the oxidation of metallic copper by the same 

oxidant (Reaction 4.3). Copper leaching in the latter case was governed by the oxygen 

introduced in the system by stirring (BAS et al., 2013; BRANDL et al., 2001).  

 

Cu
0
 + ½O2 + 2H

+ 
→ Cu

2+
 + H2O                                                              (4.3) 

 

Although bioleaching could be performed in the presence of 10.0 g/L ground PCB, 

adaptation of both strains to higher PCB content was not possible during the course of the 

current study. Therefore, the investigation shifted to the bioleaching of non-grounded PCB 

(20 mm-long sheets), expecting that the release of harmful-to-microorganisms compounds 

could be limited. Under such conditions, bacterial adaptation could be facilitated however 

copper extraction might be reduced due to the non-complete liberation of metallic copper. 

Another advantage of this approach would be the possible cost reduction due to the 

elimination of fine grinding. Therefore, the subsequent series of experiments were envisaged 

using explicitly coarser non-ground PCB and S. thermosulfidooxidans was selected due to 
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the faster leaching kinetics fostered by  higher temperatures. 

 

4.3.1.2  Experiments with 20 mm-long PCB sheets 

 

With PCB sheets S. thermosulfidooxidans could tolerate pulp densities of up to 25 g/L. In 

addition, two pretreatments were performed to expose copper inside the 20 mm-long sheets: 

(i) pre-weakening" i. e. fragmentation in a jaw crusher and (ii) removal of the lacquer 

coating the sheets.  

 

Figure 4.3c report on the results of the tests with such PCB fragments at 25.0 g/L solids, in 

which the effect of PCB "pre-weakening" and lacquer removal on copper extraction were 

assessed. As shown in Figure 4.3c the effect of lacquer removal was evident, with nearly 

60% copper recovery as compared to merely 20% extraction from the “as received” PCB. 

Combining pre-weakening and lacquer removal brought further positive effects on copper 

extraction which attained 70%, against 60% with lacquer removal only (Figure 4.3c). 

 

To explain the phenomena observed during PCB bioleaching, microscopic observations of 

PCB samples before and during bioleaching were carried out. Figure 4.4a shows a SEM 

image of a cross-sectional area of an “as-received” 20 mm-long PCB fragment. It could be 

concluded that copper is present as four layers (two internal and two external) sandwiched 

between fiberglass and polymer structures, possibly an epoxy resin (ZHU et al., 2013). 

Furthermore, Figures 4.4b and 4.4c depict details of a cross-sectional area of a PCB sheet 

before and after lacquer removal, whereas Figures 4.4d and 4.4e show a frontal view of PCB 

surface with and without lacquer coating, respectively. The purpose of the lacquer coating 

seen in Figures 4.4b and 4.4d was to prevent the copper surface from oxidation. However, it 

also hindered copper bioleaching by restricting the access of the oxidizing agent (Fe
3+

) 

towards the metal surface. Removal of the lacquer coating as seen in Figures 4.4c and 4.4e 

exposed the copper layers, facilitating metal leaching. 
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Figure 4.4: SEM micrographs of a cross sectional area of PCB fragments showing 4 copper 

layers (a), lacquer covering the entire section (b),  view after lacquer coating removal (c); 

SEM frontal view of PCB surface with lacquer coating (d) and  after removal of the lacquer 

coating (e).  
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The dissolution of copper before and after PCB “pre-weakening” by means of a jaw crusher 

can be seen in the SEM images 4.5a and 4.5b, respectively. Cracks introduced in the PCB 

resulted in an improvement in copper extraction by facilitating solution diffusion towards 

the inner PCB layers (Figure 4.5b). In particular the jaw crusher impact has provoked cracks 

to emerge inside PCB structure as could be seen from the SEM images in Figure 4.5b. Thus 

the “pre-weakened” polymer and fiberglass structure has favored the leaching solutions to 

access the copper surface. 

 

 

Figure 4.5: SEM micrographs/BSE of bioleached 20 mm PCB: without pre-weakening but 

with lacquer removal only (a); jaw-crusher pre-weakening followed by lacquer removal (b). 

Experimental conditions in rotating drum reactor: 50 °C, pulp density 25.0 g/L, pH 1.75, 

80 min
-1

. 

 

For the PCB sample submitted to both jaw crushing and lacquer removal, further tests 

assessed the effect of the initial ferrous iron concentration on copper leaching as shown in 

Figure 4.3d. The results indicate copper extraction of nearly 76% in the presence of 5.0 g/L 

ferrous iron (the best result) within eight days of leaching with S. thermosulfidooxidans. 

However, such outcome is lower than the one observed with the ground PCB (97%) and 

might be ascribed to the smaller degree of copper exposure at coarser particle sizes. Jarosite 

precipitation on the PCB surface was detected in the tests with 7.5 g/L and 10.0 g/L Fe
2+

 as 
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Cracks 

Fiberglass Polymer 
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Non-dissolved Internal Cu layer 
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inferred from Figure 4.6, in which a precipitate (most likely jarosite) was observed after 

eight days of leaching. Other elements were also observed, which come from the elements 

forming the PCB sheet (DANG et al., 2008; ILYAS et al., 2013). In these two initial Fe
2+

 

concentrations the copper extraction was reduced (Figure 4.3d).   

 

 

Figure 4.6: EDS analysis of precipitated compound developed during bioleaching at 10.0 

g/L initial ferrous iron. Experimental conditions in rotating drum reactor: 50 °C, pulp 

density 25.0 g/L, pH 1.75, 80 min
-1

. 

 

4.3.1.3 Effect of pulp pH on the degree of copper extraction 

 

It is known that bacterial growth and substrate utilization are influenced by pH solution 

(BHATTI et al., 2012; DOPSON et al., 2008; DOPSON et al., 2009). More precisely values 

below pH 1.2 have been shown to hamper S. thermosulfidooxidans growth whereas jarosite 

precipitation depletes solution from ferric iron when pH is increased to values above 2. 

Moreover according to Petersen and Dixon (2007a) microbial activity is also affected when 

the pH is maintained above this value. The effects of pH on both leaching kinetics and 

copper extraction is witnessed by tests at the optimal ferrous iron concentration of 5.0 g/L. 

Figure 4.7 shows the effect of pH on copper dissolution during bioleaching with S. 

thermosulfidooxidans already adapted to PCB. The perusal of the results indicates that 
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copper extraction reached 76% within one week when pH was maintained at 1.5 and 1.75.  

The pH value of 1.75 was selected for the subsequent series of experiments in the rotating-

drum reactor because it would have favorable effects on acid consumption, an issue with 

direct practical implications. 
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Figure 4.7: Influence of pH on the extraction of copper during bioleaching of non-ground 

PCB in shake flasks. Experimental conditions: 50 °C, pulp density 25.0 g/L, 5.0 g/L Fe
2+

,           

150 min
-1

.  

 

4.3.2 Bioleaching in the rotating-drum reactor  

 

The effect of ferrous iron concentration on copper bioleaching inside the rotating-drum 

reactor was investigated in the presence of S. thermosulfidooxidans at 50 °C, pH 1.75. From 

the results reported thus far (Figure 4.3c) it was conceivable that moderate thermophiles 

would be able to withstand elevated solid loadings of the coarse PCB sheets in the drum 

reactor. Therefore the experimental program in this reactor was performed at 25.0 g/L solids 

using jaw-crushed and lacquer-free PCB. 

 

Figure 4.8a shows the evolution of Eh in the rotating-drum reactor. Under all conditions 

tested the Eh trend suggested good bacterial growth. In the test aiming at ferrous iron 

oxidation in the absence of PCB, Eh values above 550 mV were observed after the fourth 

day; an observation confirming the relatively fast bacterial growth in the reactor. When PCB 

was present, a slower increase in Eh was observed regardless of the amount of ferrous iron 
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initially present. Nevertheless, the highest Eh values were achieved for 2.5 g/L and 5.0 g/L 

ferrous iron concentrations. Moreover, Figure 4.9a suggests that when Fe
2+ 

was supplied at 

initial concentration of 7.5 g/L and 10.0 g/L (implying in theoretically higher Fe
3+

 

concentrations), lower final copper extractions were observed in comparison to the tests at 

5.0 g/L. It could be inferred that increasing the initial ferrous iron concentration to 7.5 g/L 

and 10.0 g/L coupled with the elevated temperature might have contributed to iron 

precipitation and hence to lowering redox potential. This hypothesis is supported by the 

results seen in Figure 4.8b which presents the highest reduction in the Fetot concentration in 

the leaching system with time for experiments with 7.5 g/L and 10.0 g/L. Figure 4.8b also 

suggests that the jarosite formation might have hampered copper dissolution by blocking the 

lixiviant access to the metallic copper. 
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Figure 4.8: Influence of initial ferrous iron concentration on redox potential (a) and on Fetot 

concentration (b) in rotating drum reactor. Experimental conditions: 50 °C, pulp density 

25.0 g/L, pH 1.75, 80 min
-1

.  

 

As mentioned above, the highest degree of copper extraction corresponding to 85% was 

reached after seven days for the test performed with 5.0 g/L of Fe
2+ 

- Figure 4.9a. This level 

of extraction when compared to 44% for the control experiment supports the indirect 

mechanism hypothesis in which the bacteria oxidizes Fe
2+

 to Fe
3+

 in solution and the latter 

diffuses to the metal-solution interface to dissolve metallic copper from PCB 

(CRUNDWELL, 2003; WATLING et al., 2008). It should also be added that jarosite 

precipitation (Figure 4.6) could act as either a diffusion barrier for the oxidant towards the 
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metal surfaces (ZHU et al., 2011) or reduce the total available oxidant concentration. It is 

known that jarosite precipitation is spontaneous at pH values above 2.2, but the precipitation 

kinetics is chemically controlled, which means that when temperature increases, 

precipitation takes place even at pH below 2.0 which is the case in the current work 

(DAOUD and KARAMANEV, 2006; OZKAYA et al., 2007; VAN HILLE et al., 2010). In 

addition although every measure has been taken to maintain pH at constant value of 1.75, 

the fact that pH control was done manually could not exclude that at certain leaching periods 

slight pH increase occurred. 
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Figure 4.9: Effect of initial ferrous iron concentration on copper extraction (a) and evolution 

of concentration of total and ferric iron and copper extraction degree with 5.0 g/L Fe
2+

 (b) in 

rotating drum reactor. Experimental conditions: 50 °C, pulp density 25.0 g/L, pH 

1.75, 80 min
-1

. 

 

Experiments with 5.0 g/L ferrous iron lead to a marked increase in copper leaching kinetics 

after 48 h, reaching 75% extraction in the following three days (day 2–5), accompanied by a 

concomitant raise in ferric iron concentration inside the rotating-drum reactor - Figure 4.9b. 

In such a way the results pictured in Figure 4.9b are confirming the hypothesis of fast 

bacterial growth already suggested by the Eh trend seen in Figure 4.8a. Nevertheless, it 

should be mentioned that the relatively low Eh values shown in Figure 4.8a (< 550 mV) 

could be explained by the fast consumption of ferric iron due to its reaction with metallic 

copper (Reaction 4.2). Consequently, Eh values were low and similar to those recorded at 

non-inoculated systems (PETERSEN and DIXON, 2007b). Moreover Figures 4.9a and 4.9b 
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suggest that copper leaching was low at the beginning of the experiment (until day 2). 

During this period the process was limited by the Fe
3+

 concentration (lag phase) and when 

ferric iron started to emerge it was directly consumed by the metallic copper. Between days 

2 and 4 ferric iron accumulated in solution and as a consequence the copper dissolution 

kinetics was accelerated. Metal dissolved during this period came mostly from the external 

copper layers in the PCB sheets as implied from Figure 4.10. Furthermore, such increase in 

ferric iron concentration (Figure 4.9b) could be explained by the reduction of copper 

available from the external layers as suggested by Figure 4.10 (please compare the y scale in 

both figures). The EDS analysis revealed that metal dissolution did not occur uniformly on 

the entire external copper surface, as expected for an electrochemical mechanism (Figure 

4.10). Figure 4.10 also suggested that the outer copper layer began to disappear and metal 

dissolution slowed down after four days as also inferred from Figure 4.9a. The presence of 

polymer and fiberglass shown in Figure 4.5a and 4.5b might have contributed to slow 

lixiviant diffusion towards the internal metallic copper and restricted the total recovery to 

85% after seven days - Figure 9b.  

 

 

Figure 4.10: EDS analysis of copper on the surface of PCB after 4 (a) and 8 (b) days of 

leaching. Experimental conditions in rotating drum reactor: 50 °C, pulp density 25.0 g/L, pH 

1.75, 80 min
-1

. 

 b 

 a 
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As expected, the redox potential was lower in the control experiment - Figure 4.8a due to the 

low Fe
2+

 oxidation rate, the latter being a pure chemical process. It is worth mentioning that 

the re-oxidation of ferrous iron is catalysed between 10
5
 and 10

6
 times by microorganisms 

(OZKAYA et al., 2007). It could also be inferred that the observed Eh and copper extraction 

trends could be related to the lag phase taking place in the batch experiments. Ilyas et al., 

(2013) showed that after a lag phase period of six days adapted Sulfobacillus strain was able 

to sustain up to 20.0 g/L (optimum concentration 10.0 g/L) of ground PCB (50–150 μm). As 

seen in Figure 4.9a, a satisfactory extraction within a short lag phase was achieved in our 

case using 20 mm-long PCB fragments at solid concentration of 25.0 g/L. This approach 

enables to work with coarse particles while achieving copper extractions similar to the 

values reported in the literature for pulverized PCB (Table 4.1). 

 

The evolution of both pH and acid consumption was also monitored. The results depicted in 

Figure 4.11a suggest that the bio-leaching of PCB was accompanied by an increase in pH 

during the first two days of experiment, after which the pH stabilized below 2 in all 

inoculated tests. Similar findings were reported during column bioleaching of ground PCB    

(− 8 mm + 3mm) (ILYAS et al., 2013). According to Brandl et al.(2001), pH increases 

mainly because of the presence of alkaline components in the PCB particularly in the non-

metallic fractions. Notwithstanding, a pH decrease was noticed from the third day onwards 

which further stabilized approximately 1.75 - Figure 4.11a. Jarosite precipitation was 

observed for all Fe
2+

 concentrations tested, particularly at 10.0 g/L and accounted for the 

low pH recorded under this condition (Figure 4.6). 

 

The experimental conditions in the rotating-drum reactor enabled an accurate determination 

of acid consumption during bioleaching. Addition of sulphuric acid was required to keep pH 

within the targeted value of 1.75±0.05 and resulted in an acid consumption ranging from 

155 g H2SO4/kg (for 10.0 g/L ferrous iron) to 451 g H2SO4/kg PCB (for the non-inoculated 

experiment) - Figure 4.11b. The lowest acid consumption was observed for the inoculated 

experiment carried out with 10.0 g/L ferrous iron concomitantly to important jarosite and 

acid production. An acid consumption of 188 g H2SO4/kg PCB was calculated for the tests 

performed in the 2.5 g/L–7.5 g/L Fe
2+

 range. It should be recalled that results in Figure 4.9a 

indicated that the fastest copper leaching rate was observed during the first four days and 
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that over that period a larger amount of sulphuric acid was added to maintain pH at its 

optimal value - Figure 4.11b. Studies done elsewhere (BAS et al., 2013), indicate that during 

experiments carried out at pH 1.7 using ground (– 250 µm) PCB and mixed mesophile 

strains an acid consumption of 550 g H2SO4/kg PCB was observed.  
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Figure 4.11: Evolution of pH (a) and acid consumption (b) in rotating drum reactor. 

Experimental conditions: 50 °C, pulp density 25.0 g/L, pH 1.75, 80 min
-1

. 

 

The technology proposed herein would be best suited for either small scale operations or 

residues with low copper content. As bioleaching has been industrially applied to the 

processing of refractory gold ores (gold locked inside pyrite grains) and copper sulfides the 

scale-up of such a biotechnology is feasible and a cost effective industrial application is 

forecasted.  Nevertheless, future work is required to address such issues. Another interesting 

aspect would be to investigate the potential of using bioelectrochemistry to recovery copper 

from the solution purification.      

 

 

4.4 Conclusions 

 

When finely ground PCB (– 208 µm + 147 µm ) were bioleached in shake-flask mode in the 

presence of 10.0 g/L initial ferrous iron it was possible to leach within six days 94% and 

99% of copper at 30 °C and 50 °C using mesophilic and moderate thermophile cultures 

respectively, however at low solids density (10.0 g/L). Substantial jarosite precipitation was 
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observed under these conditions but without negatively affecting copper dissolution. Copper 

extraction increased concomitantly with the initial ferrous iron concentration only during the 

first two days. For the entire leaching duration however 5.0 g/L has been established as an 

optimal concentration. When coarser PCB (20 mm) were bioleached in shake flasks at 50 °C 

and initial ferrous iron concentration kept at 5.0 g/L it was possible to increase pulp solids 

density up to 25.0 g/L. Under these conditions and when PCB were subjected to a pre-

weakening step (via jaw crusher) followed by lacquer coating removal nearly 76% copper 

was extracted of eight days also suggesting a limited release of inhibiting elements in 

solution. Bioleaching with moderate thermophiles at 50 °C and 5.0 g/L ferrous iron 

concentration has enabled faster copper extraction than the one at 30 °C, but care should be 

exercised if the solution potential is chosen to monitor bacterial growth since the available 

metallic copper rapidly reduces ferric iron to its divalent state. Leaching of coarse PCB 

(being pre-weakened and having lacquer coating removed before leaching) inside an aerated 

rotating-drum reactor has been found more efficient than leaching in shake-flasks. The 

maximum degree of copper extraction (85%) was reached after eight days for the bio-

assisted test compared to 44% for the abiotic one. Also, acid consumption was more than 

two times lower for the biotic leaching than the abiotic one at the same initial concentration 

of ferrous iron - 5.0 g/L. The results are suggesting that bioleaching appears as a promising 

approach for processing PCB derived from electronic waste and could be integrated into a 

global copper recycling process from such sources. Further studies however are needed to 

confirm the approach feasibility and to enable higher than the tested degree of solids 

loading. 
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5 CAPÍTULO 5 

 

5.1 Considerações Finais 

 

Este trabalho mostrou que a dissolução de fases minerais portadoras de flúor (fluorita e 

biotita) libera quantidades significativas deste elemento em solução, superiores ao limite 

estabelecido de inibição do crescimento microbiano. Entretanto, a concomitante dissolução 

de alumínio presente na ganga e a adição externa do mesmo permitem uma relação mássica 

capaz de minimizar os efeitos deletérios do ânion através de sua complexação. A formação 

de complexos estáveis diminui então a concentração do íon F
-
 em solução e permite 

extrações de cobre semelhantes tanto nos sistemas onde não há adição de alumínio quanto 

nas demais colunas inoculadas a 30°C e 50°C. O efeito mais significativo do flúor sobre a 

bio-oxidação do Fe
2+

, em ambas as condições de temperatura, é notado no início dos 

ensaios.  

 

As colunas inoculadas com S. thermosulfidooxidans apresentaram um claro aumento do 

período da fase lag quando comparado às colunas contendo At. ferrooxidans. Desta forma os 

micro-organismos mesófilos são capazes de iniciar o processo de bioxidação de Fe
2+

 em um 

período menor, mostrando uma maior tolerância ao flúor frente aos termófilos moderados. 

Tal fato pode estar relacionado a uma maior liberação do ânion em temperaturas mais 

elevadas (50°C).   

 

De uma maneira geral, os sistemas bióticos promoveram cinéticas de extração 

significativamente mais rápidas do que as obtidas nos sistemas abióticos, além de apresentar 

menores consumos de H2SO4, demonstrando assim, a eficácia da biolixiviação na cinética de 

extração do cobre bem como na redução de custos. 

 

O trabalho realizado com os resíduos eletrônicos demonstrou a viabilidade do processo de 

biolixiviação de placas de circuito impresso (PCI) em reator de tambor rotativo. A utilização 

das PCI's com um tamanho de partícula de 20 mm propicia uma menor liberação de 

elementos tóxicos ao crescimento microbiano e permite que uma porcentagem maior de 

polpa possa ser utilizada no processo. Nesse contexto, a biolixiviação surge como uma das 

mais promissoras tecnologias para o processamento de resíduos eletrônicos, podendo ser 
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aplicada nos mesmos moldes aos já empregados aos minérios sulfetados de cobre. Em outras 

palavras, este processo permite o desenvolvimento da recuperação de cobre seguindo os 

preceitos do desenvolvimento sustentável.  
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6 CAPÍTULO 6 

 

6.1 Contribuições ao Conhecimento  

 

Estudos relacionados à biolixiviação de sulfetos já relataram os impactos negativos do flúor 

em ensaios em batelada com implicações que podem, porventura, se tornarem catastróficas 

para operações de biolixiviação industrial. Os resultados obtidos no presente estudo 

mostraram esses efeitos deletérios do flúor nos ensaios efetuados em colunas, o que permite 

avaliações mais próximas das escalas industriais, ou seja, das pilhas de biolixiviação. Para 

tanto, um parâmetro de toxidade do F
-
 (η) foi proposto a fim de se quantificar os efeitos do 

alumínio e do íon férrico sobre a complexação do flúor. Valores de η abaixo de 0,4 

demonstram uma satisfatória redução dos efeitos deletérios do flúor beneficiando o 

crescimento microbiano. Sendo assim, uma análise do parâmetro η permite que 

estratégias sejam tomadas quando minerais portadores de flúor estejam presentes nos 

sistemas de biolixiviação. 

 

Em se tratando de reciclagem de resíduos, o presente trabalho propôs, de forma pioneira, a 

biolixiviação das PCI's fragmentadas a 20 mm em um tambor rotativo com um 

microrganismo mesófilo moderado (S. thermosulfidooxidans). Tendo em vista que a 

pulverização dos resíduos é prática comum nos atuais estudos referentes a este tema, a 

utilização das PCI's em granulometrias maiores pode trazer melhorias tanto na eficiência do 

processo quanto nos custos operacionais. 

 

A não pulverização do resíduo possibilitou uma melhor adaptabilidade da bactéria ao meio 

devido menor liberação de elementos tóxicos e possibilitando que porcentagens de polpa 

elevadas pudessem ser utilizadas nos sistemas de biolixiviação. Além disso, os custos 

operacionais podem ser reduzidos devido a um menor gasto energético envolvido nas etapas 

de pulverização. 
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9 CAPÍTULO 8 

 

8.1     Sugestões de Trabalhos Futuros 

 

 Realizar ensaios cinéticos de dissolução da biotita e outros silicatos presentes no 

minério sulfetado e relacionar os resultados ao consumo de ácido. 

 Avaliar os ensaios de biolixiviação do minério em colunas de 6 metros, mantendo as 

variáveis utilizadas no presente trabalho. 

 Investigar a tolerância do At. ferrooxidans ao flúor. 

 Determinar os efeitos de granulometrias mais elevadas sobre a biolixiviação do 

resíduo eletrônico bem como a utilização de diferentes reatores. 

 Estudar os efeitos de diferentes culturas microbianas nos ensaios de biolixiviação 

com minérios e resíduos eletrônicos. 
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CAPÍTULO 9 

 

Apêndice   9.1: Metodologia detalhada da biolixiviação em colunas 

 

Previamente aos ensaios em coluna, as duas amostras de minério foram aglomeradas com 

ácido sulfúrico na concentração de 10 kg/t. O ácido foi utilizado como agente aglomerante 

propiciando a adesão das partículas de menor granulometria sobre as partículas suporte – 

partículas maiores – com isso procurou-se evitar a colmatação e formação de caminhos 

preferenciais no interior da coluna durante os ensaios. Além disso, a adição de ácido faz 

parte de um importante pré-tratamento de sulfetos de cobre conhecido como cura ácida, que 

além de promover maiores recuperações do metal diminui o consumo de ácido no sistema. 

 

Os ensaios de biolixiviação foram conduzidos em colunas com dimensões internas de 10cm 

de diâmetro por 100cm de altura e carregadas com 10 kg de minério marginal ou minério de 

cobre cominuídos a um top size de ½‟‟. Um leito de 5 cm de esferas de vidro foi adicionado 

à base das colunas antes do carregamento do minério propriamente dito, afim de se evitar o 

entupimento do sistema (colmatação) pela segregação de partículas finas que porventura 

pudessem obstruir a passagem da solução lixiviante. Sobre o leito de minério então formado, 

foi depositada uma camada de 5 cm de esferas de polipropileno objetivando uma melhor 

distribuição da solução lixiviante.Os ensaios foram divididos em três diferentes conjuntos de 

6colunas mantidas nas temperaturas de 30
o
C, ou 50

o
C, para que fossem avaliados os efeitos 

dos diferentes tipos de micro-organismos. 

 

Os sistemas de biolixiviação foram dispostos em duas estruturas distintas de modo a 

fornecer suporte adequado às colunas, dos respectivos recipientes contendo as soluções de 

lixiviação e as bombas peristálticas usadas para a alimentação destas soluções. A primeira 

estrutura foi alocada em uma sala com controle de temperatura. Para tanto, foram utilizados 

aquecedores elétricos acoplados a um termostato, de modo a garantir a temperatura ideal 

para o crescimento microbiano da cultura mesófila. Sendo assim, um conjunto de 6 colunas 

confeccionadas em acrílico foi mantido a uma temperatura de 30
o
C  

 

Para os experimentos de biolixiviação em temperaturas elevadas foram construídas 6 

colunas encamisadas em fibra de vidro e distribuídas na segunda estrutura, Neste caso, a 
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temperatura (50
o
C) era mantida constante por meio da circulação de água aquecida por 

banhos termostatizados. 

 

Experimentos preliminares, realizados em frascos agitados indicaram importante liberação 

de flúor pelos minérios os quais afetaram o crescimento dos três micro-organismos. Foi 

também observado que a adição de sais de alumínio reduzia o efeito deletério do flúor, pela 

formação de complexos alumínio-fluoreto. Em função disso, sulfatode alumínio foi 

adicionado ao sistema. 

 

Uma coluna de referência foi adotada para cada temperatura estudada a fim de se comparar 

suas taxas de extração comas demais condições (controle, não adição de Al e circuito 

aberto). Os ensaios de referência também foram inoculados com as respectivas culturas 

referentes a cada temperatura e mantidas nas mesmas condições de vazão de ar e de solução 

de alimentação, aplicando-se os mesmos procedimentos de recirculação adotados nas 

condições de circuito fechado. Adições de sulfato de alumínio equivalentes também foram 

realizadas de acordo com a temperatura do sistema. 

 

Todas as 12 colunas foram alimentadas pelo topo a partir de recipientes contendo 10L de 

solução a uma vazão de 1 mL/min (8,6L/m
2
.h), controlada pelas bombas peristálticas. O 

suprimento de oxigênio (ar) necessário aos processos de biolixiviação foi fornecido a cada 

uma das colunas por compressores odontológicos (isentos de óleo) a uma vazão de    

250 mL-ar/min (2,16 m
3
-ar/m

2
/h) em cada coluna, alimentados pela base das mesmas. Para 

garantir a reprodutibilidade dos ensaios, tanto as vazões de irrigação quanto as de aeração 

foram monitoradas e ajustadas diariamente. 

 

A solução lixiviada ou solução rica (PLS) era então recolhida em recipientes situados nas 

bases de cada coluna de onde se amostravam, semanalmente, as alíquotas necessárias às 

análises subsequentes. O volume da PLS era registrado para fins de cálculo das extrações 

dos metais e as perdas por evaporação compensadas com água destilada. Em seguida, após 

os valores de pH terem sido ajustados pela adição de 1mol/L de H2SO4, a solução era então 

recirculada (nas colunas em circuito fechado). O pH de saída foi mantido em um valor de 

1,7±0,1, ajustando-se o pH de entrada em cada uma das colunas de forma independente. 

Purgas eram realizadas sempre que a concentração de cobre em solução ultrapassasse 4g/L. 
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Para tanto, 100% da PLS era descartada, utilizando-se como alimentação apenas uma 

solução com o pH ajustado e contendo a concentração de Al
3+

 adequada e o meio específico 

a cada micro-organismo. Para os sistemas em circuito aberto, a alimentação era composta 

apenas por água destilada, H2SO4, Al
3+

 (na respectiva concentração, ou seja, 0,5 ou 1,0 g/L) 

e o meio específico a cada cultura. Para os ensaios controle, ou seja, onde apenas a 

lixiviação química ocorreu, o crescimento dos micro-organismos mesófilos e termófilos 

moderados foi inibido por meio dos bactericidas timol, e metilparabeno-propilparabeno, 

respectivamente. Não houve adição externa de ferro em nenhuma das condições. 

 

Os ensaios de biolixiviação em colunas tanto para o minério de cobre quanto para o minério 

marginal foram conduzidos por um período de aproximadamente 250 dias. Ressalta-se que 

todas as colunas, exceto as controle, foram inoculadas com os respectivos micro-organismos 

depois de decorridos 12 dias de ensaio (cura ácida). Considerou-se findado o processo a 

partir do momento em que, após três semanas consecutivas, o teor de cobre no licor 

permaneceu inalterada. Em seguida, procedeu-se uma etapa de lavagem com água destilada 

a fim de se retirar todo o licor rico em cobre remanescente no interior das colunas. O resíduo 

foi secado em estufa à temperatura de 70°C, pesado, homogeneizado e quarteado, resultando 

em uma amostra representativa de cada coluna. As amostras foram então pulverizadas e 

submetidas a abertura química com HF, HCl, HNO3 e HClO4 para subseqüente análise do 

cobre residual. 

 


