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Abstract

This dissertation applied pioneering approaches that benefits the potential of both solvent
extraction (SX) and bio-recovery strategies based on the use of bacterial communities and
plant extracts as metal separation and recovery technique. In this regard, metal recovery
from an extreme acid mine drainage (AMD) was initially performed for Cu SX with
Acorga M5640 that was then stripped with 2M sulfuric acid, allowing to rise the Cu
concentration to over 46 g/l, which was then recovered as CuS nanoparticles through the
addition of biogenic sulfide. Thereafter, the rafiinate from the mentioned SX process, was
subjected to Zn recovery studies. In these studies, Fe* was found to be nuisance in Zn
recovery and was separated from the solution by SX with AliCy followed by
alkalinization of its aqueous raffinate to pH 3.25 or 3.50. Thereafter, Zn was recovered
as ZnS nanoparticles through precipitation by biogenic sulfide at pH=3.5. In addition,
AMD remediation studies were investigated by applying acidophilic SRB consortium that
was obtained from the enrichment of sediments of an inactive Cu mine at pH 4.00 with
methanol as carbon source. The metal removal from AMD by the mentioned consortium
revealed promising results when a 20% (v/v) supplement of Postgate B base (except
lactate) was added to AMD. Metataxonomic analysis showed the presence of
Desulfosporosinus genus in all enrichment and AMD remediation studies, with highest
relative abundances in cultures enriched with methanol at pH 4.00 and in AMD
remediation tests with lowest Postgate base supplements. Another part of this study
investigated the potential of plant extracts in PGMs and precious metals recovery from
different leachates. These studies revealed the high potential of red raspberry (Rubus
Idaeus L.) leaves hydroalcoholic extract in Pd precipitation (>60%) from spent
autocatalytic converters leachates as nanoparticles and also in Au precipitation (~96%,)
from printed circuit boards leachates as microparticle clusters of Au nanoparticles.
Contribution of functional groups of the phytochemicals present in the extracts were

studied in the Pd and Au ions’ bio-reduction and bio-stabilization.

Keywords: acid mine drainage, metal leachate, metal bio-recovery, solvent extraction,

sulfate-reducing bacteria, nanoparticles green synthesis
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Resumo

A acumulacdo de metais no meio ambiente tem diversos efeitos negativos que se tendem
a agravar com a sua crescente procura e utilizacdo. Assim, a recuperacdo de metais a
partir de fontes secundarias, nomeadamente de residuos sélidos e de &guas residuais,
usando tecnologias ambientalmente e economicamente sustentadveis é da maior
prioridade. Nesse contexto, explorou-se nesta tese a combinacao pioneira de processos
quimicos de extracdo liquido-liquido, também conhecidos por extracdo por solventes
(SX), e de estratégias de biorrecuperacdo baseadas na utilizacdo de comunidades
bacterianas e extratos de plantas, tendo em vista a recuperacdo de metais de fontes

secundarias.

O capitulo 2 da presente tese aborda a recuperacao de cobre de uma Agua Acida da Mina
(AMD) de S&o Domingos com uma concentracdo extrema por combinagdo de um
processo de SX para separacdo deste metal, seguido da sua recuperacdo da fase aquosa
com Bactérias Redutoras de Sulfato (SRB). O estudo, efetuado com diferentes extratantes
e fases organicas, mostrou que o extratante Acorga M5640 (30% (v/v) em diluente Shell
GTL + 2,5 % (v/v) octanol) foi o mais eficiente e seletivo, permitindo a separacdo de
~96% do cobre em apenas uma etapa. Quanto ao agente de reextracdo, o &cido sulfurico
2 M foi o selecionado, permitindo, através de ciclos sucessivos de extracao e reextracao,
atingir uma concentracdo de cobre de ~46 g/L na fase aquosa purificada, o que é suficiente
para a recuperacdo do metal por via eletrolitica. A recuperacao bioldgica do cobre dessa
solucéo foi a alternativa estudada. Para o efeito adicionou-se o sobrenadante de uma
cultura de SRB, de modo a obter diferentes raz6es molares de S e Cu. Uma razéo superior
a 1,75 resultou na precipitacdo de mais de 95% de cobre na forma de nanoparticulas de
covelite (CuS). A recuperacdo subsequente do zinco da AMD sem cobre, contendo
~53g/L de Fe e ~2g/L de Zn € o objeto do capitulo 3 desta tese. A presenca de ferro em
grande concentracdo e a necessidade de separacdo de ambos 0s metais com vista a
posterior recuperacdo do zinco constituiram um desafio, que resultou na testagem de
diversas metodologias, como por exemplo adicdo de agentes alcalinos e SX usando
nomeadamente um liquido i6nico (AliCy, diluido em querosene), preparado no
laboratdrio, bem como a combinacdo de ambas as técnicas. A estratégia que se revelou
mais eficaz consistiu na combinacgao de um ciclo de SX com Alicy para remocéo do ferro,
seguida de ajuste do pH da solucdo aquosa para pH 3,25 ou 3,5, de modo a remover o

ferro restante. A maior parte do Fe3*, ~92%, foi separado por SX, sendo o remanescente
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separado por precipitacdo, com uma perda de zinco de ~12% e ~17% em cada uma das
duas etapas. A maior recuperacgéo de zinco da solugéo aquosa (~83%) foi conseguida a
partir da solucdo de pH=3,5 através da adicdo de sulfureto gerado biologicamente por
SRB, tendo-se obtido nanoparticulas de Wurzite e Esfalerite (ZnS) com tamanho
compreendido entre 2 a 22 nm, aglomeradas em estruturas maiores. Este trabalho mostrou
pela primeira vez o potencial do liquido idnico Alicy para a separacéo de Fe3* de solucdes
acidas multimetalicas, o que é importante tendo em conta que este metal € um interferente

significativo em diversos processos de recuperacdo metalica.

No capitulo 4 estudou-se a atividade de SRB enriquecidas a partir de sedimentos da area
mineira de Sdo Domingos afetados por AMD a diferentes valores de pH (de 2 a 6) e na
presenca de diferentes fontes de carbono e eletrdes (metanol, glicerol e etanol), tendo em
vista a possibilidade de desenvolver processos de biorremediacao e/ou de biorrecuperagédo
de metais diretamente a partir de AMD sem necessidade prévia de neutralizacdo. Foi
possivel obter redugdo do ido sulfato a pH=4 na presenca de metanol (>99%), sendo esse
consorcio de SBR e essa fonte de C selecionada para testes de remogdo de metais a partir
da AMD, usando diferentes razdes volume/volume de AMD e meio de crescimento
Postgate B modificado sem lactato e com pH inicial de 4,5. Os resultados mais
promissores foram obtidos com uma razdo de 80% de AMD e 20% de meio Postgate B
modificado, tendo-se obtido uma remocao de mais de 99% dos metais ap6s 28 dias de
ensaio. A analise metataxondmica da evolucdo da populacdo nos estudos de
enriquecimento revelou a presenca do género Desulfosporosinus em todas as amostras
enriquecidas, com maior abundancia relativa em amostras enriquecidas em metanol a
pH=4. A andlise metataxondmica nos ensaios de biorremocdo de metais revelou
igualmente a presenca do género Desulfosporosinus em todas as condi¢des testadas, com
a maior abundancia relativa nas amostras com 100% de AMD. O aumento da razéo de
meio Postgate B modificado favoreceu e aumentou a abundéncia relativa de outras SRB
acidofilas, principalmente da familia Clostridiaceae.

No capitulo 5, estudou-se o potencial de extratos hidroalcoolicos de Cistus ladanifer L.,
Erica andevalensis e Rubus idaeus L. para a recuperacdo de PGMs a partir de solugoes
sintéticas unimetalicas e multimetéalicas, mimetizando nomeadamente lixiviados de
catalisadores automoveis (ACCs). Os ensaios com solugdes unimetalicas mostraram que
0 extrato de R. idaeus consegue separar cerca de 70% de Pd e menos de 40% dos outros

metais testados (Al, Ce, Fe e Pt). A aplicagéo de extratos de plantas a dois lixiviados de
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ACCs mostrou que o extrato de R. idaeus conduz a elevada remogéo (>60%) de Pd e Pt
com precipitagdo de menos de 20% dos outros metais presentes na solucao. A anélise por
espetroscopia molecular de UV-Vis é consistente com a biorredugdo dos ides Pd** a
nanoparticulas de Pd°® e a anélise por FTIR revelou a possivel contribui¢io dos grupos
funcionais dos fitoquimicos presentes no extrato para a biorreducéo e estabilizacdo das
nanoparticulas obtidas. A analise de STEM-EDX sugere que as nanoparticulas de Pd°
apresentam elevada pureza e por HRSTEM foi possivel verificar que o tamanho das
particulas se situa entre 2.5 a 17 nm com um tamanho médio Feret de 6.1 nm, tendo
igualmente confirmado a sua estrutura cristalina, com distancias interplanares de ~0.22

nm.

No capitulo 6 investigou-se o potencial das mesmas plantas utilizadas no capitulo 5 na
separacao de metais preciosos a partir de solucdes unimetélicas sintéticas e a partir de um
lixiviado de Placas de Circuito Impresso (PCBs). Os resultados com as solucbes
multimetalicas revelaram que os extratos de R. idaeus e E. andevalensis permitiram a
separacdo de mais de 95% do Au®* inicialmente presente na solugdo. A aplicagdo dos
extratos de plantas a solucdo real da lixiviacdo dos PCBs permitiu uma remocéo de 96%,
95% e 90% do ouro com os extratos de R. idaeus, C. ladanifer e E. andevalensis,
respetivamente. Da reducdo de Au** com o extrato de R. idaeus resultou a obtencdo de
nanoparticulas de Au®, tal como sugerido pelos resultados de espetroscopia molecular de
UV-Vis. A anélise por FTIR parece confirmar o envolvimento de metabolitos secundarios
na biorreducdo e estabilizacdo das nanoparticulas. A analise das particulas por XRD
confirmou tratar-se de Au® e a analise por STEM-EDS confirmou a presenca de micro
agregados de Au (~0.8 um) de elevada pureza em forma de flor, ou com morfologia
cUbica aparente. A analise por HRSTEM mostrou a dimensdo das particulas individuais

(~20 nm) que compBdem 0s agregados.

Palavras-chave:
Agua acida de mina, lixiviados metéalicos, biorremediacao/biorrecuperacio metalica,

extracdo por solventes, bactérias redutoras de sulfato, sintese verde de nanoparticulas
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CHAPTER 1

General Introduction



1.1. Secondary sources of metals in the modern era

Human activities and vast global industrialization have been led to the generation of large
quantities of metal solid and liquid wastes. Introduction of these wastes to the environment is a
global concern, since, unlike organic contaminants, metals are not biodegradable and tend to
accumulate in the environment and living organisms, causing serious environmental and health
problems (Raskin et al. 1994; Macaskie et al. 2010; Sharma et al. 2021). Faced with more and
more stringent regulations, heavy metals are nowadays priority pollutants and are becoming one
of the most serious environmental problems (Raffa et al. 2021). This situation is accompanied by
the primary resource scarcity of some metals, and, in the near future, is estimated to be one of the
most important issues confronting human society (Watari et al. 2021). High living standards along
with population growth, that is expected to pass the 10 billion until the end of the century
(UNDESA 2015), will be pushing the demand for minerals and metals resources. Different studies
have predicted the depletion of some primary metal sources in the near future and the necessity of
a transition toward circular economy through metal recycling from secondary sources (Sverdrup
and Ragnarsdottir 2016; Schipper et al. 2018; Watari et al. 2021; Hunt et al. 2021). Some examples
of important secondary sources of metals studied in this work are mining wastes and acid mine
drainage, spent autocatalytic converters and printed circuit boards that are described in more

details in the following sections.

1.1.1. Acid mine drainage

Acid mine drainage (AMD) is a persistent and conceivably dangerous form of pollution caused by
extensive sulfide mining activities, as evidenced by different studies (Akcil and Koldas 2006;
Egiebor and Oni 2007; Costa et al. 2008; Pozo-Antonio et al. 2014; Nordstrom et al. 2015; Fischer
et al. 2022; Montes-Atenas 2022). Main minerals responsible for AMD generation are pyrite
(FeS2), pyrrhotite (Fei1xS, where 0 <x <0.2), arsenopyrite (FeAsS) (Park et al. 2019), enargite
(Cu3AsS4), galena (PbS), and sphalerite (ZnS) (Dold 2008). In the mining operations of copper
and gold ores, the none economic part of the treated material is 99% and 99.9% respectively, that
are classified as wastes and are deposited in tailing impoundments and natural depressions such as
lagoons and lakes (Dold 2008). Even though metals concentrations in these materials are not

economically attractive for extraction, they still contain different sulfide minerals in high
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concentrations compared to Earth’s crust. These minerals are stable in anoxic and dry conditions,
while through mining activities, tailings rich in metal sulfides are generated and exposed to the
environment (Skousen et al. 2019). In contact with air and water they are no longer stable and
undergo oxidation, which results in sulfuric acid formation and liberation of different heavy metals
(Dold 2008; Naidu et al. 2019). Pyrite oxidation reaction in the presence of water and oxygen is
described in equations 1 and 2. Pyrite goes into dual oxidation stages; initially ferrous iron and
sulfuric acid is generated (Eqg. 1.1) and then by the oxidation of ferrous iron, ferric iron is produced
(Eg. 1.2) (Tomiyama et al. 2019; Igarashi et al. 2020).

FeS; + 3.50; + Ho0 — Fe?* + 2S04% + 2H* Eqg. 1.1
Fe?* +0.250; + H" <> Fe®* + 0.5 H,0 Eq.1.2

The generated ferric iron will further oxidize the pyrite and increases the oxidation reaction process
(Eq. 1.2) (Tabelin et al. 2017; lgarashi et al. 2020). As presented in equations 1.1 and 1.3, up to 18

moles of acidity can be produced through oxidation of 1 mole of iron sulfide (Igarashi et al. 2020).
FeS; + 14Fe3* + 8H,0 — 15Fe?* + 16H" + 2504* Eqg. 1.3

Since natural pyrite is usually incorporated with various heavy metals and metalloids, the
generated AMD can contain high concentrations of toxic elements including Se and As, and also
heavy metals like Pb, Cu, Zn, Ni etc. (Casiot et al. 2005; Park et al. 2019; Tabelin et al. 2019). It
is also known that the pyrite oxidation can be accelerated by some chemolithotrophic Fe-oxidizing
microorganisms by a factor of 10° (Singer and Stumm 1970; Johnson 2003). Table 1.1 represents
the concentration of sulfate and different metals in AMD originating from different mining areas
around the world. Mining processes, host rocks and climate conditions are among the major factors
that influence the nature of generated AMD, which can then be classified by Ficklin diagrams to
interpret variations in AMD chemistry between different deposit types (Ficklin et al. 1992;
Plumlee et al. 1999).



Table 1.1. Concentration of sulfate and different metals in AMD originating from different mining areas around the world

Concentration (mg/l)

Location Mine type References
S0 Al Ca Cu Fe Mg Mn Zn

South Korea Coal 1950 10 1070 NI 186 272 13 NI (Seo et al. 2017)
South Africa Coal NI 245 498 NI 2135 428 30 6.9 (Kefeni et al. 2017a)
Brazil Coal 6300 NI 232 NI 2822 199 50 25 (Buzzi et al. 2013)
Czech Republic Coal 1375 19.9 296.6 NI 53.3 130.1 6.2 0.4 (Heviankové et al. 2014)
Portugal Cu 3100 NI 163 49 497 NI 75 107 (Costa and Duarte 2005)
China Cu NI 63.4 NI 14.7 331.2 67 66.3 80.4 (Chen et al. 2014b)
Chile Cu 4671 382.6 185.9 531.2 11 NI 72 44.7 (Pino et al. 2020)
Brazil Au 18.2 445 347 95.7 467 NI 2575 82 (Amaral et al. 2018)
Russia Au 27000 520 630 32 8600 420 18 140 (Bortnikova et al. 2020)
South Africa Au NI 224.5 498.6 0.2 2135 428.3 30.2 6.9 (Kefeni et al. 2015)
Spain Pyrite 2122 163 81.6 11.7 153 199 21.9 51.2 (Nieto et al. 2007)
Spain Pyrite 11700 251 441 165 744 1104 467 976 (Ayora et al. 2016)
Spain Pyrite NI 251 154 82 1141 127 115 78 (Lopez et al. 2021)
China Pyrite 6883 117 NI NI 3150 NI 27.7 4.9 (Chen et al. 2015b)
China Pyrite 7931 1878 NI NI 3580 NI 145.7 80.9 (Chen et al. 2015b)
Australia Ag 3499 472 547 5.8 564 590 58 145 (Pozo et al. 2017)
Australia Cu-Au-Ag 17430 1233 534 77.2 16.7 2265 161.4 48.9 (Kaur et al. 2018)
Finland Cu-Zn NI 260 500 353 443 771 29.3 410 (Tolonen et al. 2014)
China Pb-Zn 6690 53 NI 4.4 1240 NI 13.7 144.4 (Chen et al. 2015b)
China Polymetallic ~ 6966 168 NI 60.4 520 NI 116.7 80.1 (Chen et al. 2015b)

NI: Not Indicated



The release of AMD to the environment not only causes biotic impairments through direct toxicity,
disturbance of nutrient cycles, habitats’ modifications due to precipitation of metals etc., but also
results in poor water quality, unsuitable for human and animal use, irrigation and industrial
purposes (Figure 1.1) (Skousen et al. 2017; Rooyen and Staden 2020). The vast negative effects
of AMD has been shown by Costa et al. (2008, 2009), Casiot et al. (2009) and Gray and Delaney
(2008) in Europe, David (2003) and Yang et al. (2007) in Asia, Soucek et al. (2000) and Cherry et
al. (2001) in United States, Grout and Levings (2001) and Sracek et al. (2004) in Canada,
Winterbourn (2000) in New Zeland and Lei et al. (2010) and Edraki et al. (2005) in Australia.
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Figure 1.1. Physicochemical, biological and ecological effects of acid mine drainage on the
environment (Adapted from Ighalo et al. (2022)).



Therefore, due to the urgent necessity of metal recycling from AMD and also the toxic effects of
AMD to the environment, effective AMD remediation methods has gained more attention in the
past decades (Gupta and Sar 2020; Gupta et al. 2020).

1.1.1.1. AMD originating from Sdo Domingos mining area

S@o Domingos is one of the most representative abandoned mining districts in the Portuguese
sector of the Iberian Pyrite Belt (Figure 1.2). The mining activities in S&0 Domingos dates back to
pre-Roman times and it was active until 1966 (Pérez-Ldpez et al. 2008). The AMD from this region
is generated by the oxidation of different metal sulfide compounds and flows through several
reddish-yellow diverting channels and dams, reaching to the Guadiana river, main water stream in
the region (Figure 1.2 and Figure 1.3-A) (Alvarez-Valero et al. 2008). The intense mining activity
in this mine has resulted in the presence of various mining related wastes and significantly large
volumes of AMD in the open pit (Figure 1.3-B) (Pérez-Lopez et al. 2008). The pollution
originating from the mine as a result of continuous leaching of the residues is still important. In
addition, a part of AMD generated in the Achada do Gamo zone remains in an impoundment in
the area where low-grade copper ores were roasted in piles and washed with acidic water to extract
the copper that was later precipitated onto iron sheets in a cementation tank. The impoundment is
surrounded by slag remaining from the roasted pyrite ore piles, roasted iron oxide (hematite-rich)
ore, and leached materials in seasonally flooded areas (Alvarez-Valero et al. 2008). The AMD
generated in this impoundment has a very dark color, seems highly dense and extremely
contaminated, likely due to successive cycles of accumulation in winters and evaporation in
summers (Figure 1.3-C). Other impoundment in the area with a relatively constant AMD influent
and effluent has considerably lower concentration of different metals and sulfate (Figure 1.3-D).
Previous studies have reported the high acidity (= pH 2) of the AMD generating in Sdo Domingos
mining area with approximate concentration of sulfate (10005000 mg/L), Al (100-500 mg/L), Fe
(50-500 mg/L), Zn (20-150 mg/L), Cu (20-100 mg/L), and Mn (5-20 mg/L) (Costa and Duarte
2005; Costa et al. 2008).
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Figure 1.3. S0 Domingos mining area: A) metal and sulfate bearing diverting channels, B) AMD
in open pit C) impoundment with extremely contaminated AMD D) impoundment with normal
AMD.

The climate of the Southern West of the Iberian Peninsula favors the generation of AMD in the
Sdo Domingos mining area and the treatment of the AMD generated is still an issue. By now, the
development of treatment processes of the AMD originating from S& Domingos mining area has
been an ongoing process by several multidisciplinary research teams and only short-term solutions
have been described (Ferreira et al. 2021) due to the elevated acidity and concentration of metals
(mainly as Fe), which rapidly saturate the treatment systems (Alvarez-Valero et al. 2008; Ferreira
et al. 2021). Empresa de Desenvolvimento Mineiro, S.A. (EDM: the responsible company of the

environmental passive recovery of degraded mining areas in Portugal) is currently invenstigating



for the solutions of the environmental problems and for the mining heritage preservation and
valorization of the Sdo Domingos mining area (GPGMS 2010). The main and final objective of
the company is the volume reduction of AMD generating in the site up to 84% and channel
construction on the Western banks and Eastern valley slopes in order to collect and deviate clean

and non-contaminated surface waters (EDM 2019).

1.1.2. Automotive catalytic converters (ACCs)

Platinum Group Metals (PGMs), include Platinum (Pt), Palladium (Pd), Iridium (Ir), Ruthenium
(Ru), Rh (Rhodium) and Osmium (Os), are nowadays extensively used in high technology
applications because of their distinctive properties such as catalytic activity, high electrical

conductivity and resistance to oxidation and corrosion (Yakoumis et al. 2021).

Since the mid-1970, due to strict environmental regulations, all the petrol engine cars are obligated
to be equipped with catalytic converters for the conversion of dangerous gases such as carbon
monoxide, nitrogen oxides etc. to convert them in other gases with less toxicity (Fornalczyk and
Saternus 2011; Saguru et al. 2018). Catalytic conversion is mainly carried out by the Pd, Pt and
Rh present on the honeycomb in a short time and by now, alternative methods for this process with
more economical viability and high catalytic efficiencies have not been found (Morcali 2020).
Every year, a considerable part of the global extraction of PGMs is applied in ACC production,
comprising 44% of Pt, 72% of Pd and 80% Rh (Fornalczyk and Saternus 2011; Hughes et al.
2021). Thus, used ACCs that are replaced or from automobiles that reach the end of their life
become a secondary source of these metals (Figure 1.4). PGMs grades in the ores range from 3 to
8 g/t (Kyriakakis, 2005), while, the monoliths of ACCs contains PGMs in a range of 1000-3000
g/t (Karim and Ting 2021). Table 1.2 summarizes the total content of PGMs in the ACCs reported
by different studies.



Figure 1.4. Used ACC and honeycomb cores (Varun Kumar et al. 2015).

In addition, the rapidly increasing of PGMs industrial applications in commercial scale has been
caused a serious depletion in the primary sources of these metals (Moleko-Boyce et al. 2022).
Therefore, to meet the future demand of the PGMs, recycling these metals is critical from both
financial and environmental standpoints. Different studies recently revealed the increasing
inclination in PGMs recovery from spent ACCs (Morcali 2020; Yakoumis et al. 2021; Manjunath
et al. 2021; llyas and Kim 2022; Paiva et al. 2022).
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Table 1.2. Typical PGM content in ACCs based on information reported by different studies.

Total PGMs content Content of PGMs species (mg/kg) in the ACCs

Reference

(mg/kg) Pt Pd Rh
(Harjanto et al. 2006) 12000 3790 5820 2390
(Upadhyay et al. 2013) 3160 1800 1200 160
(Kim et al. 2000) 2830 2300 530 NI
(Chen et al. 2015a) 1940 NI 1698 242
(Kim et al. 2016) 1430 1280 NI 150
(Chen et al. 2014a) 1160 370 630 160
(Willner et al. 2015) 840 840 NI NI
(Nogueira et al. 2014) 572 NI 441 131
(Kirichenko et al. 2014) 540 110 360 70
(Fornalczyk et al. 2016) 400 400 NI NI
(Kirichenko et al. 2014) 385 380 3.8 1.1
(Kirichenko et al. 2014) 230 130 76 24

NI: Not Indicated

1.1.3. Printed circuit boards (PCBs)

Vast technological developments and innovations in the last decades has led to generation of high
amounts of waste electrical and electronic equipments (WEEE). Based on the reports by United
Nations, in 1992, about 14 Mt of WEEE was generated, which in 2002 was increased to 24 Mt,
reached to about 54 Mt in 2019 (Baldé et al. 2017; Forti et al. 2020) and is predicted to surpass 74
Mt in 2023 (Forti et al. 2020).

Electronic industries consume significantly high amounts of metals and more specifically precious

metals (PMs). Printed circuit boards (PCBs) are the main component of WEEE and consist on
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about 3% of their total weight (Cayumil et al. 2016). PCBs contain a variety of more than 60
different elements (Hadi et al. 2013; Yang et al. 2019) and metal content of PCBs is reported to
include almost 30 wt%. Metallic section of PCBs include base metals (Cu and Zn), heavy metals
(Pb, Cd and Ni) and precious metals (Au, Pd and Ag) (Chen et al. 2015c; Cayumil et al. 2016)
along with high amounts of non-metal content like epoxy resins, fiber glass etc. In the PCBs, Au
is used due to its excellent conductivity and stability (important as protective layer in the contacts),
while Pd is applied in contacts and multilayer ceramic capacitors and Ag is applied in solder and
contacts. In terms of Au content, PCBs are divided as low (100 g/t), medium (100- 400 g/t) and
high Au content (>400 g/t) (Kellner 2008; Estrada-Ruiz et al. 2016). In Table 1.3, some typical

metallic concentrations in PCBs are presented based on the literature.

Table 1.3. Metal composition (%) of PCBs reported in the literature

Reported metal percentage by different authors

Metals

(Palanisamy and (Shuey et (Zhao et al. (Chatterjee (Ghosh et al. (Flandinet et (Szalatkiewic  (Bizzo et al.

Kandasamy 2020)  al. 2005) 2004) 2008) 2015) al. 2012) z 2014) 2014)
Ag 0.028 NI 0.33 0.223 0.134 0.045 0.0079 NI
Al 7 2 4.7 4.78 1 NI NI NI
Au 0.011 0.1 0.008 0.725 0.035 0.025 0.0068 NI
Cr NI NI NI NI NI 0.356 NI NI
Cu 24 20 26.8 6.5 13 14.6 28.7 24.2
Fe 12 8 5.3 0.11 5 4.79 0.6 0.18
Mg NI NI NI NI NI NI NI 0.12
Ni 2 2 1.5 0.95 0.1 1.65 NI 0.61
Pb 3 2 NI 4.19 0.3 2.96 1.3 NI
Pd NI NI NI 0.025 0.021 0.022 0.003 NI
Sh NI 4 0.06 NI NI NI NI NI
Sn NI 4 1 NI NI 5.62 3.8 NI
Zn 0.4 1 0.45 2.17 NI NI NI NI

NI: Not Indicated
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Metal content of PCBs is higher than natural ores and therefore, metal recovery from these
resources is highly advantageous. As instance, national standards for Cu smelting in China has
reported that the exploitation of 1 ton of Cu from natural Cu ores requires 1400-1700 kg of coal to
maintain the energy. Obviously, metal recovery from PCBs can decrease significantly the energy

requirement and processing costs in metallurgical industry (Duan et al. 2015; Zeng et al. 2015).

1.2. Metal recovery from secondary resources

Development of environmentally friendly and economically viable metal recycling routes aiming
the efficient metal separation and recovery from secondary resources is vital to achieve sustainable
management of resources and to diminish the environmental threats (Wang and Ren 2014). Metal
recovery from different resources can be performed through pyrometallurgical, bio-

hydrometallurgical and hydrometallurgical processes.

Pyrometallurgical processes are general methods for metal recovery from metal containing
resources through thermal treatment for the physical and chemical transformation of the material
for metals separation and recovery. Smelting, roasting, converting and refining are different
methods of pyrometallurgy. Due to thermal processing steps, these methods require high energy
resources and generate polluting emissions (Havlik et al. 2010). Bio-hydrometallurgical methods
employ generally microorganisms for the solubilization of the metals. The bio-leaching process is
usually conducted by iron- and sulfur- oxidizing microorganisms (Brierley 2008). Metal recovery
through bio-hydrometallurgical methods are low cost procedures that require low energy and are
highly environmental friendly, while the main disadvantage of the bio-hydrometallurgical methods
is the very slow reaction kinetics of the process (Brierley 2008; Lederer and Pollmann 2022). On
the other hand, hydrometallurgical metal recovery processes are those that chemical reactions are
performed in aqueous or organic solutions with three main steps of leaching, purification and metal
recovery (Gunarathne et al. 2022). In the hydrometallurgical processes, leaching is the initial step
to extract metals e.g. from secondary resources with different reagents, such as hydrochloric acid,
nitric acid, sulfuric acid, H20-, thiourea, potassium iso-cyanate, potassium iodide and iodine, ferric
chloride, aqua-regia, cyanides, thiosulphate etc. (Krishnan et al. 2021). In the purification step, the
target metal is separated and purified by subjecting the solution to purification processes like
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solvent extraction (SX), precipitation, cementation, ion exchange, distillation and filtration (Liu et
al. 2013Db). In the final step, the target metal can be recovered through different processes such as

precipitation, gaseous reduction, electrolysis, etc. (Krishnan et al. 2021).

Hydrometallurgical metal recovery processes have many advantages over pyrometallurgical
methods. The main advantages of hydrometallurgical processes are their suitability to both high
and low-grade ores, and the fact that they are more environmentally and economically viable, with
possibility of performing the operations in wide scale, less energy requirement, less pollution
generation (specially air pollution), diverse reagent options and easier leaching methods
(Binnemans et al. 2013; Yoon et al. 2014; Suja et al. 2014; Swain and Mishra 2019; Jeon et al.
2020; Krishnan et al. 2021; Gunarathne et al. 2022).

Currently for the metal recovery processes, hydrometallurgical methods are favored over
pyrometallurgical methods and are developing every day. Sections 1.2.1., 1.2.2. and 1.2.3. are
dedicated to detailed description of some hydrometallurgical processes involving solvent

extraction, acidophilic/acid-tolerant sulfate reducing bacteria and plants aiming metal recovery.

1.2.1. Solvent extraction

Solvent extraction (SX), also known as liquid-liquid extraction is a powerful chemical technique
of separation that allows recovery of metal ions from both diluted and concentrated aqueous
solutions (Andersson and Reinhardt 1983). SX has been widely used on industrial scale for metal
recovery from aqueous leaching solutions in the hydrometallurgical treatment of ores and
secondary materials (Hedrich et al. 2018). In the hydrometallurgical industry, the SX processes
use organic phases consisting of extractants diluted in solvents to specifically separate target metal
ions from impure multimetallic leaching solutions, which are then stripped from the organic phase
to aqueous pure solutions from which the metals can be finally recovered (Davis-Belmar et al.
2012; Ruiz et al. 2019). After extraction, the target metal is stripped from the metal-loaded organic
phase by an aqueous solution, which results in a concentrated solution of the metal of interest
(Figure 1.5) (Mansur et al. 2008). The achieved solution, can then be used for further refining
process like electrolysis or electrowinning, crystallization, evaporation, precipitation, etc.
(Dreisinger 2009).
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Figure 1.5. An example of SX process from a solution with Cu?* as target metal and Fe3* as

contaminant metal.

There are many advantages in metals SX over other methods including the high separation and
recovery of metals from the wastewaters/leachate with low target metal concentration,
technological availability and technical solutions, high selectivity and mass transport with low
reaction time (de los Rios et al. 2010). The main negative points of SX can be pointed as the
environmental hazards of the organic solvent (flammable kerosene is the most commonly used
organic solvent), formation of the undesirable third phase and lack of universal technique for
different metals and different matrices (Regel-Rosocka and Alguacil 2013; Lei et al. 2022).
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SX process is a widely explored method of separation of metals including Cu, Zn, Fe, Cr, Co, Ni,
platinum group metals (PGMSs) and rare earth elements (REES) (Mansur et al. 2008). In the next
sections, SX processes and reagents developed for Cu and Zn in sulfate matrices are described in

more details.

1.2.1.1. Copper solvent extraction

In Cu hydrometallurgy, hydroxyoxime extractants have been commercially used for Cu SX,
mainly from sulfate solutions (Jergensen 1999; SepuUlveda et al. 2022). Chloride anions in the
solution has negative effect on the Cu extraction by hydroxyoxime extractants (Shakibania et al.
2020) and solutions containing sulfate anion are favorable for Cu extraction by this type of
extractants. In addition, it is known that hydroxyoxime extractants are highly selective in Cu?*
extraction over Fe* in low pH values (Younas et al. 2015; Ruiz et al. 2020; Nozari and Azizi
2020), however, there are reports indicating Cu®* and Fe3* co-extraction with some hydroxyoxime

type Cu extractants (Simpson et al. 1996).

In copper extraction, an organic solvent containing a reagent as extractant with the ability of
selective Cu extraction into the organic phase is subjected to a Cu bearing multimetallic leachate,
that is followed by a stripping step in which the extracted Cu is transfered from the organic phase
and is loaded into an acidic aqueous solution. The extraction mechanism of hydroxyoxime type
extractants from the multimetallic leaching solution by the organic extractant is based on the
exchange reactions of Cu cations with ionizable hydrogen atoms present on the extractant
molecules, through a reversible reaction (Eq. 1.4), which results in Cu-chelate complex formation
(Kordosky 1992; Alguacil and Alonso 2002; Szymanowski and Kyuchoukov 2002; Agarwal et al.
2012):

Cu?** + 2HR < CuR; + 2H* Eq. 1.4

where HR is the extractant and CuR: is the chelate complex. The equilibrium constant of this
reaction is described by Ruiz et al. (2021) as in equation 1.5:

_ (CuRy)(H*)® _ [CuR,|[H*]? _ yCuRyxyH*’

(Cu?*)(HR)? [Cuz+][m2 y(:u”xyﬁ2

Eq. 1.5
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In equation 1.5, round brackets are indications of the activity of reagents and products, while

square brackets are related to the concentrations (molar) and y represents the activity coefficient.

As presented in equation 1.4, through extraction reaction, formation of 1 mole of Cu chelate with
the organic extractant, results in the release of 2 moles of hydrogen ions into the aqueous solution
and therefore, results in a decrease in pH of the solution. Subsequently, in the stripping reaction
(reversed reaction of Eq. 1.4), Cu ions are transferred into the highly acidic stripping solution and
through this reaction, for each mole of Cu released to the solution, 2 moles of hydrogen are
transferred into the organic extractant (Ruiz et al. 2020). After the stripping step, the organic
extractant gets ready for another round of extraction. Hence, in both extraction and stripping steps,
the most important variable affecting the Cu extraction at equilibrium is the acidity of the aqueous
solution (Ruiz et al. 2020).

Since 1968, hydroxyoxime extractants have been widely used for Cu recovery in commercial scale
(Kordosky 1992). Currently, two hydroxyoxime type extractants including ketoxime (2-hydroxy-
5-nonylacetophenone oxime) and aldoxime (the 5-nonylsalicylaldoxime) are the most commonly
Cu extractants used in industrial scale (Aksamitowski and Wieszczycka 2020; Nozari and Azizi
2020). Ketoxime type extractants are considered weak Cu extractants, however, demonstrate high
Cu extraction efficiencies in leachates with low Cu content and pH values higher than 2 (Hein
2010). Cu stripping from these extractants is easy and requires low concentrations of acid in the
stripping solution (Ruiz et al. 2021). On the other side, aldoxime type extractants are considered
very strong Cu extractants that are more efficient specially in the leachates with high Cu
concentrations and pH values below 1 (Aksamitowski and Wieszczycka 2020). Cu stripping from
the Cu loaded aldoxime extractants is more difficult and requires strong sulfuric acid solutions for
successful Cu stripping and, for this reason, pure form of these types of extractants are rarely used
in industries (Ruiz et al. 2019). However, these types of extractants are the main component of
commercially applied Cu extractants in combination with ketoxime or with an equilibrium
modifier in different ratios to avoid the high strength of extractant. There are different
commercially available mixtures of aldoxime-ketoxime Cu extractants. The most widely used
extractants include LIX 984N and LIX 973N with 1:1 and 7:3 ratios of aldoxime to ketoxime. In

addition, M series of Acorga extractants include a weak extractant that is referred to as Acorga
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M5910, moderate strength extractant like TXIB-modified aldoxime and more strong extractant as
M5640 (Ruiz et al. 2020, 2021).

In the industrial scale, Cu SX is normally operated continuously in series of countercurrent
extraction and stripping series steps. A mechanical stirring mixer forms a dispersion of organic
extractant and aqueous phase, which results in rapid extraction of Cu due to large interfacial
contact produced by dispersion. Thereafter, two phases are separated in a settler by gravity and

will be ready for the stripping, or the next stage of countercurrent extraction (Ruiz et al. 2020).

1.2.1.2. Zinc solvent extraction

Zn is one of the important endangered metals which is a crucial element for different industrial
sectors and any form of life on Earth (Tolchin 2014; Reichl and Schatz 2020). Nowadays, about
30% of world’s Zn production arises from the Zn recovery from secondary resources (Wang et al.
2021). Different hydrometallurgical processes for the Zn recovery from secondary resources have
been described and among those, SX plays an important role in Zn separation and recovery from

these sources.

Commercial Zn extractants from sulfate media are usually from organophosphorus
(dialkylphosphorus acids) family and their thio-substituted analogues. These group of extractants
reject anion species like fluoride and chlorides, which is determinant in Zn recovery from some
secondary resources and complex ores (Deep and de Carvalho 2008). Zn complex formation and
recovery with this group of extractants takes place through a pH dependent reaction (Eqg. 1.6) (Cole
and Sole 2003):

In this equation, HA is the hydrogen containing extractant (acidic extractant) and m can be 2 and

4. In this reaction, for every mole of extracted Zn, 2 moles of H is released to the solution.

It is known that based on the extraction conditions, different metal species along with Zn can be
extracted to the organophosphorus extractants (Cortina et al. 1995; Principe and Demopoulos
2004; Flett 2005; Regel-Rosocka and Wisniewski 2011). However, as instance, CYANEX 272

and D2EHPA are known for their high Zn selectivity in the presence of Ni and Co, with an easy
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stripping with low concentrations of sulfuric acid (Mansur et al. 2008; Gharabaghi et al. 2013;
Tanong et al. 2017; Liu et al. 2021). Different commercially used Zn extractants such as
phosphoric-acid extractant (like D2EHPA (di(2-ethylhexyl)phosphoric acid)), phosphonic acid
extractant (lonquest 801), phosphinic acid extractants (CYANEX 272y and CYANEX 301y) lose
their selectivity toward Zn in the presence of Fe3* (Cole and Sole 2003; Principe and Demopoulos
2004; Mansur et al. 2008; Deep and de Carvalho 2008; de los Rios et al. 2010; Long et al. 2010).
Fe®* is known as the most nuisance metal in Zn recovery processes, since in Zn extraction with
organophosphorus extractants, Fe** is highly extracted with the formation of more stable
complexes than Zn (Sinha et al. 2014). While the extracted Fe can be stripped from the CYANEX
272 and lonquest 801 by sulfuric acid, D2EHPA will get poisoned with Fe and its stripping with
sulfuric acid is not possible, while a treatment stage of Fe contaminated D2EHPA with high
concentrations of HCI will be necessary (Cole and Sole 2003). D2EHPA is known for its good Zn
extraction efficiency in high acidities with no pH adjustment requirements (Lupi and Pilone 2020;
Noah et al. 2022). In addition, it is known that D2EHPA has high stripping efficiencies by the
normal spent zinc electrolyte, while by increasing the D2EHPA concentration in the organic
solvent, the extraction curves can be shifted to lower pH values (Cole and Sole 2003; Noah et al.
2022). An advantage of D2EHPA is that Fe will not be stripped from the organic phase by sulfuric
acid stripping solution, which is beneficial when the concentration of Fe is very low and co-
extracted traces of Fe will not contaminate the electrolyte (Cole and Sole 2003). At normal pH
values of leaching solution, Cu, Ni, CO and Cd cannot be extracted by D2EHPA, while Sn, Tl, Bi
and In are co-extracted (Drzazga et al. 2021). Tributyl phosphate (TBP) is another commercialized
extractant with effective selectivity toward Zn over Fe** from leachates (Mansur et al. 2008). The
main drawback of this extractant is the high extractant concentration requirement (80-100%) in
the organic phase and the high Fe co-extraction in the leachates with very high initial Fe content
(Mansur et al. 2008).

1.2.2. Sulfate reducing bacteria

Sulfate reducing bacteria (SRB) are a group of diverse anaerobic microbes, existing in different
natural ecosystems and engineered environments. SRB utilize inorganic sulfate as terminal

electron acceptor through dissimilatory sulfate reduction process (also referred as sulfate
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respiration) for their metabolism and growth, resulting in sulfide production (LeGall and Fauque
1988; Fauque et al. 1988; Rabus et al. 2006; Muyzer and Stams 2008; Barton and Fauque 2022a).
Most of the known SRB are classified into 60 genera and in at least three phyla within the domain
Bacteria (Desulfobacterota, Nitrospirota, and Firmicutes) and two classes of the domain Archaea
(Archaeoglobi and Thermoproteia) (Itoh et al. 1998; Castro et al. 2000; Mori et al. 2003; Rabus et
al. 2006; Ollivier et al. 2007; Muyzer and Stams 2008; Waite et al. 2020).

1.2.2.1. Dissimilatory sulfate reduction

In dissimilatory sulfate reduction (DSR) by SRB, sulfate (SO4%) initially is reduced into sulfite
(SO3%), which is finally converted to sulfide (S¥). In the first step, SO4%is activated by ATP
sulfurylase enzyme, in which, the mentioned enzyme catalyzes the SO+* binding to the ATP
molecule and formation of APS (adenosine phosphosulfate) (Qian et al. 2019). Then, the SO4*
present in the APS molecule, gets reduced by APS reductase and results in SOs? production, two
electron consumption and the release of AMP (adenosine monophosphate) (Figure 1.6-a) (Qian et
al. 2019).

In the second step, as presented in Figure 1.6-b, two mechanisms are described for the SO3*
conversion into S?°. Based on one of the proposed mechanisms by Peck and LeGall (1982), SOs*
goes to a reduction step into HS™ by bisulfite reductase enzyme. The other pathway, referred as the
trithionate pathway described by Fitz and Cypionka (1989), suggests the involvement of different
enzymes including thiosulfate reductase, trithionate reductase and sulfite reductase with
intermediates in the last stage like trithionate and thiosulfate. Based on this mechanism, SO3*
reduction occurs by dissimilatory sulfite reductase (DsrAB) to DsrC trisulfide (Santos et al. 2015;
Anantharaman et al. 2018). Thereafter, the reduction of DsrC trisulfide is performed by
DsrMKJOP complex to sulfide and DsrCr, in which DsrCr acts as physiological partner for DsrAB
in the SOs*™ reduction (Venceslau et al. 2014). Despite the pathway's unanswered questions,
current research provides resounding evidences of DsrC and DsrAB as essential proteins in the
metabolism of SRB dissimilating SO3*>" to S~ (Qian et al. 2019).
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Figure 1.6. Dissimilatory sulfate reduction process to sulfide: a) sulfate activation and sulfite
production and b) suggested pathways for sulfite reduction (Qian et al. 2019).

The generated sulfide reacts with the metal ions present in solution resulting in the formation of
highly insoluble metal sulfides (Eq. 1.7). Through this reaction, HS" is hydrolyzed into H* and S*
, which will further lower the pace of pH enhancement by microbial metabolism (Sanchez-Andrea
et al. 2014).

HS + Me?" — MeS | + H* Eq. 1.7

Through this reaction, different metals are effectively separated from the solution and the wastes
are converted into useful products. The main advantage of application of this method in metal and
sulfate bearing wastewater treatment is its high efficiency, low maintenance costs and the easy

separation of the generated solids (metal sulfides) from the treated water.

1.2.2.2. SRB activity range

There are several important factors that need to be taken into consideration regarding the SRB
activity including a) susceptibility to the alteration of pH, temperature, hydraulic oscillation and
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substrate loading, b) high levels of sulfide during the SRB activity may have toxic effects on the
SRB growth during the process and afterwards, additional oxidization process will be needed for
the sulfide conversion into elemental sulfur, c) concentration of microbial groups in the reactor
and the creation of symbiotic relation between them, such as SRB consortia with methanogenics,
d) the duration for full mineralization of organic materials is substantially greater than for aerobic

processes because of the multistage biodegradation process (Rambabu et al. 2020).

SRB usually prefer neutral pH values (6 to 8) for their optimal growth (Dworkin and Falkow 2006).
They can withstand temperatures between -5 and 75 °C and can quickly adapt to temperature
fluctuations (Cocos et al. 2002). However, most of the SRB are mesophiles and have an optimum
temperature range of 28 to 30 °C and temperature is known to have significant effect on the
metabolic rates of the bacteria (Hao et al. 2003; Virpiranta et al. 2019). In addition, mixed SRB
cultures are known to be more resilient to extreme environments compared to their pure
counterparts (Alexandrino et al. 2011; Carlier et al. 2020; Barton and Fauque 2022b). SRB can
utilize a variety of carbon and energy sources as electron donors such as Hz, acetate, lactate,
formate, ethanol, methanol, malate, butyrate, glycerol, acetaldehyde, succinate, methylated
compounds, saturated hydrocarbons and amino acids (Rambabu et al. 2020). In the SRB bioreactor
operations, normally AMD remediation are based on the utilization of salts mixtures and
inexpensive organic materials that can be locally available like sludge, sawdust, sugarcane waste,
hay, yeast extract, wine waste, manures etc. (Martins et al. 2009, 2011; Ballester et al. 2017,
Hurtado et al. 2018; Carlier et al. 2019, 2020). To remove the most metal and sulfate from these
mixes, optimization of these organic sources for effective microbial growth is highly crucial to

maximize the removal of metal and sulfate from AMD (Kefeni et al. 2017b).

1.2.2.3. Sulfidogenic bioreactors in AMD remediation

Sulfidogenic bioreactors in AMD remediation have different advantages over other technologies
including possibility of metal recovery through pH controlled differential metal precipitation
(Boonstra et al. 1999), significant reduction of metals and sulfate concentrations in the effluent
(Feng et al. 2000), generation of negligible potentially dangerous material, high performance and
predictability (Ighalo et al. 2022). Through several years, different types of sulfidogenic

bioreactors have been designed and studied for the efficient sulfate reduction and
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separation/removal of metals in passive and active modes. The main privileges of active
sulfidogenic bioreactors over passive methods are possibility of selective heavy metals separation
and recovery, lower sulfate concentration in the effluent and predictable performance (Isosaari and
Sillanp&a 2017; Gopi Kiran et al. 2017), while costs of construction and operation in active mode

is significantly higher than passive treatment operations (Rambabu et al. 2020).

Active reactors are normally performed in batch, semi-continuous and continuous flow modes and
the continuous mode is the most commonly used mode of this type of reactors (Rambabu et al.
2020). In the active sulfidogenic reactors, SRB culture rich in sulfide is mixed with raw AMD and
a part of metals are initially precipitated. Thereafter, during the SRB activity, sulfate present in the
AMD is reduced to sulfide and the remaining of the metals are precipitated. In the cases where
AMD does not have enough sulfate for optimum performance of the SRB system, excessive source
of chemical sulfate is added to the reactor for the optimum sulfate reduction. In the processes called
as Thiopag, a separate microbial population is employed in which, sulfur oxidizing bacteria (SOB)
do the conversion of the excessive sulfide into elemental sulfur (Bekmezci et al. 2011). The
beneficiation from the sulfidogenic reactors in AMD remediation is gaining more attention and,
depending on the main purposes, AMD remediation or AMD remediation and metal recovery,
different operational designs are purposed, in which, one-stage and two-stage reactors are the most

widely applied methods.

1.2.2.3.1. One-stage processes

When the purpose of the reactor is AMD remediation (but not metal recovery), so called one-stage
reactor or all-in-one is more favorable, where the sulfate reduction and the precipitation of metal
sulfides occur in a single stage approach (Rambabu et al. 2020) (Figure 1.7). In these reactors, pH
of the AMD is initially increased by lime or other alkaline components to creat optimal pH for the
neutrophilic SRB growth (pH 6 to 8). AMD chemical alkalinization has substantial operating costs,
in which management of generated sludge would further increases the overall costs (Nancucheo
et al. 2017). After the neutralization step, AMD is transferred to the bioreactor (along with the
substrate) and then more alkalinity is generated due to sulfide production by SRB, which enhances
precipitation of metals (Martins et al. 2010). The excessive amount of sulfide can be transferred

into another reactor where oxidation of sulfide occurs into elemental sulfur (Bekmezci et al. 2011).
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One-stage AMD remediation processes are relatively inexpensive, however, streams with high
acidity or with high concentrations of metals and sulfate, are less likely to be properly treated with
their use (Rambabu et al. 2020).

Sulfate and metal bearing
wastewater (pH previously

adjusted to 6-8) Sulfate reduction and

metal precipitation

Substrate

Figure 1.7. One-stage SRB bioreactor configurations in active treatment of AMD.

1.2.2.3.2. Two-stage reactors (Precipitation of metals prior to sulfate reduction)

In the cases where metal recovery is also a purpose, usually two-stage reactors are applied for
differential metallic sulfide precipitation operations, where in the initial reactor, SRB reduce the
sulfate and result in sulfide production, while in the second reactor, the produced sulfide from the
first reactor meets the raw AMD in controlled conditions (mainly pH) (Martins et al. 2010;
Rambabu et al. 2020). In the second reactor, metal sulfides are separated based on the solubility
of each/group of metal sulfides (Figure 1.8) (Lewis 2010); as instance, Cu can be recovered from
AMD at pH values below 2 as CuS by addition of the the previously prepared (produced in the
first bioreactor) sulfide rich effluent (Figure 1.9-a) and/or by injecting the sulfide gas (Figure 1.9-
b) to the second bioreactor. Thereafter, by increasing the pH to 4 and sulfide addition, Zn can be
recovered as ZnS. Finally, the pH of the AMD can be adjusted to suitable pH values for the SRB
consortium growth and the sulfate of the AMD will be transformed by SRB to sulfide, which
would precipitate and separate the remaining metals such as Fe and Mn from the solution as
sulfides or hydroxides at pH values about 7 (based on the pH dependence of metal sulfide
solubilities(Lewis 2010)) (Vitor et al. 2015; Rambabu et al. 2020).
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Kaksonen and Sahinkaya 2012; Cibati et al. 2013).

Finally, the generated sulfide-rich effluent can be used for a new cycle of metal recovery from
AMD. Another method for metal recovery from AMD by SRB reactors is conducted by performing
bioreactor operations at pH values between 4 to 4.5, where Cu, Zn and Ni can be separated
differentially and can then be recovered, while Fe will stay in the solution (Tabak et al. 2003;
Veeken et al. 2003; Nancucheo and Johnson 2012). In both cases, the pH values of the influent
and the bioreactor is highly important in the effectiveness of the metal recovery process, due to its
effect on the differential metal sulfide precipitation and also on the size and quality of the formed

metal sulfide particles (Sanchez-Andrea et al. 2014).

25



Water recycle (HS-, HCO?%)

a)
Sulfate and metal
bearing wastewater Metal Water (50,%) Sulfate
g precipitation g reduction  EEdEIL
Substrate
b)

Gas recycle (H,S)

Sulfate and metal
bearing wastewater Metal Water (SO,*, H") Sulfate
—— "

precipitation reduction Effluent

Substrate

Figure 1.9. Two-stage SRB bioreactor configurations in active treatment of AMD with sulfide

injection to raw AMD by the a) sulfide rich effluent and b) sulfide gas recycled from the effluent.

The operational design is also known to have direct effect on the size and settling properties of the
metal sulfide particles. As instance, in the two-stage reactors, sulfide injection as gas or sulfide
rich bioreactor effluent from the first reactor will suddenly increase the sulfide concentration in
the raw AMD, which will result in small metal sulfide particle formation, while, in one-stage
reactors, the produced sulfide by SRB, increase gradually and homogeneously, which will result
in more growth of the metal sulfide crystals which will result in bigger particles and easier
separation operations (Sanchez-Andrea et al. 2014). One-stage reactors are sometimes more
attractive than the other design due to other the less operational costs, simple process design and

avoiding the necessity of sulfide transportation and its corrosive effects.
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1.2.2.4. Acidophilic/acid tolerant SRB

SRB usually prefer neutral pH values (6 to 8) for their optimal growth (Dworkin and Falkow 2006)
and pH values lower than 6, significantly inhibits the microbial sulfate reduction (Dvorak et al.
1992). For this reason, the pH of the influent of the bioreactor is previously neutralized to decrease
the negative effect of low pH to the SRB activity. The pH neutralization of the influent is usually
incorporated by chemical alkalinization, mainly using limestone or other chemical alkaline agents
such as calcium carbonate, sodium carbonate and sodium hydroxide (Estrada Rendon et al. 1999;
Klein et al. 2013).

However, different studies have revealed the existence of different acidophilic/acid tolerant SRB
(Tuttle et al. 1969; Hard et al. 1997; Kusel et al. 2001; Kimura et al. 2006; Church et al. 2007,
Koschorreck 2008; Senko et al. 2009; Alazard et al. 2010; Sanchez-Andrea et al. 2013), with
sulfate reduction potential in highly acidic AMD waters without pH control requirements. This
possibility lowers the bioreactor operation costs by avoiding the neutralization step. In addition,
since methanogens are more sensitive than SRBs to low pH, bioreactor operations in low pH will
result in a better outcompete of SRB with methanogenic bacteria (Janssen et al. 1999; Bijmans
2008). Therefore, as a result of lower growth of methanogenic bacteria, the competition on the
substrate (electron donor) is reduced and the overall growth of the SRB will be more efficient. The
competition of different microbial groups on the substrate have been extensively reported in the
literature (Stams et al. 2005; van Houten et al. 2006). Furthermore, the generated sulfide in low
pH values is mostly in gaseous phase, that facilitates the the sulfide separation from the effluent
and its application in metal precipitation (Tabak et al. 2003; Veeken et al. 2003) and/or posterior

oxidation to elemental sulfur (Janssen et al. 1999).

Most of the bioreactors that are operated by acidophilic/acid tolerant SRB (aSRB), do not require
pH control and due to the SRB activity and alkalinity generation, the pH of the AMD increases
with the bacterial activity (Kaksonen et al. 2004; Hiibel et al. 2008, 2011; Sanchez-Andrea et al.
2012). For the metal recovery operations, highly pure metal sulfide production is vital which
depends on the pH, concentrations of different metals and sulfide in the reactor (Tabak et al. 2003;
Huisman et al. 2006) and many studies achieved a successful selective metal recovery through
controlled pH (Bijmans 2008, 2009; Bijmans et al. 2009b, a, 2010; Nancucheo and Johnson 2012).
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1.2.2.5. Main factors influencing sulfate reduction at low pH
H™ concentration

The H* concentration in a logarithmic scale results in the pH value of a solution and therefore, H*
concentration in a solution with pH 3 is 10,000 times higher than another solution with pH 7. Low
pH values will result in H* diffusion gradient to the cell membrane and as the pH lowers (higher
H* concentration), more H* diffusion will occur and the microbial cell will need to pump H* to the
out of the cell more actively to breakeven the H™ diffusion force (Sanchez-Andrea et al. 2014).
Therefore, in the low pH values, microbes are required to spend more energy to maintain neutral
internal pH and will have lower energy for the microbial growth. However, studies reveal that
sulfate reduction in lower pH values results in higher Gibbs free energy than in that of higher pH
values (Bijmans 2009) and when this additional energy counterbalances the extra energy required
for H* pumping to the out of the cell, the growth and development of aSRBs will occur. Moreover,
some other mechanisms for aSRB have been reported such as ATP production by utilizing H*

motive force, expulsion of vesicles containing H, etc. (Sanchez-Andrea et al. 2014).

Organic acids

It is known that organic acids have negative roles in SRB growth at low pH and their inhibitory
effect is dependent on their dissociation constants in different acidities. Lactic acid for example
has a pKa of 3.08 (Ka=8.3x10") and therefore, 50% of the lactate at pH 3 will be in the form of
undissociated lactic acid, which can diffuse into the bacterial cells. Inside the cells (normally with
higher pH), the undissociated acids get dissociated and release H* which will reduce the internal
pH of the microbial cell and therefore, the cell will need to invest more energy to pump even more
H™ to the outside of the cell. Sanchez-Andrea et al. (2014) describe this point as the main reasons
of failure in aSRB isolation with lactate as carbon source in different studies. Other non-ionic
electron donors such as ethanol, methanol, glycerol, sugars and H. are more suitable electron
donors for sulfate reduction in acidic conditions (Johnson et al. 2009; Alazard et al. 2010; Meier
et al. 2012; Sanchez-Andrea et al. 2013).

In addition, some SRB oxidize organic substrates completely to CO, (Sanchez-Andrea et al. 2013),

which are referred as complete oxidizers while some others, oxidize the organic substrate to acetate
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and CO., which are called incomplete oxidizers. At pH values below 4.75, acetic acid is the main
form of the acetate, which has high toxic effects on the most of the microbes including SRBs
(Wichlacz et al. 1986; Alexander et al. 1987; Kishimoto et al. 1991). Most of the known SRB are
incomplete oxidizers and in axenic cultures, acetate accumulation can have inhibitory effect on
SRB, while in mixed cultures, other types of anaerobic bacteria can metabolize the released acetate

by SRB and avoid its growth inhibition.

Sulfide concentration

Inhibitory effect of the sulfide on the SRB growth and activity is highly depended on the sulfide
species including HzS, HS™ and S* (Icgen and Harrison 2006). Figure 1.10 illustrates sulfide
speciation across the pH range. Undissociated form of sulfide (H2S) has inhibitory effect on the
SRB growth (Colleran et al. 1995; Moosa and Harrison 2006) since this form of sulfide can diffuse
into the bacterial cells (Ghose and Wiken 1955). In the neutral pH, the pKa of HzS is 7 and
therefore, through the SRB activity, similar quantities of HS™ and HzS is produced, while almost
99% of the product is in the form of H2S in acidic conditions (e.g. pH 5), meaning the higher
inhibitory effect on the SRB growth. The diffused H.S into the bacterial cell can react with
different metal ions present in the cytoplasm and disturb the normal microbial metabolism
(Madigan et al. 2000), thus may affecting the bacterial performance aiming bioremediation

processes.
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Figure 1.10. Sulfide speciation as a function of pH at 25 °C. Optimum ranges of SRB are shown
in gray and blue areas (adapted from (Kaksonen and Puhakka 2007)).

29



A modified version of the next section was published as:

Nobahar, Amir; Carlier, Jorge Dias; Miguel, Maria Graga; Costa, Maria Clara. "A review of plant
metabolites with metal interaction capacity: a green approach for industrial applications”.
BioMetals (2021): http://dx.doi.org/10.1007/s10534-021-00315-y

1.2.3. Plant metabolites with metal interaction capacity: a green approach for industrial

applications

Plants are valuable resources for all living organisms existing on our planet and have evolved to
survive in soils containing very low available metals (Morales et al. 2018), while others have lived
in habitats with high heavy metal contents. As a result, they have developed strategies for metal
uptake (micronutrients) and delivery from roots to different parts of the plant (Gonzalez-Guerrero
et al. 2016) benefiting from different active phytochemicals. They have also developed
mechanisms to overcome the toxicity of heavy metals in their growing bed, which include
exclusion, inactivation and organic ligands exudation (Choppala et al. 2014). These renewable
resources provide raw materials and phytochemicals, notably secondary metabolites like alkaloids,
flavonoids, tannins, phenolic acids, saponins, steroids, etc., with many different mechanisms of

interaction with metals that can be used for different industrial purposes.

Plant active compounds, depending on their nature, contain polar functional groups, such as
carboxyl, phenolic, hydroxyl, sulfo and amino groups that are capable of interacting with metal
ions through different mechanisms such as complex/chelate formation (Mejare and Bllow 2001,
Clemens 2001; Ma et al. 2016), reduction (Sharma et al. 1998; Ma et al. 2016; Ishak et al. 2019),
ion exchange (Gurung et al. 2013; Anjum et al. 2015; Li et al. 2017), sorption (Pietrobelli et al.
2009; Akpomie et al. 2015), electrostatic attraction (Yermiyahu and Kinraide 2005), covalent
binding (Anjum et al. 2015), van der Waals attraction (Pietrobelli et al. 2009) and precipitation
(Pietrobelli et al. 2009; Ma et al. 2016).

30


http://dx.doi.org/10.1007/s10534-021-00315-y

1.2.3.1. Plant metabolites with metal interaction potential

1.2.3.1.1. Organic acids

Organic acids are organic compounds possessing the carboxyl group (R-COOH) which has acidic
characteristics usually associated to their ability to donate protons to water molecules (Bransted-
Lowry theory), in what is called dissociation reactions. Different organic acids such as citric,
oxalic, malic, malonic, aconitic and tartaric acids, possess at least one carboxyl group, that after
losing their proton may act as oxygen-electron donor ligands (Anjum et al. 2015), thus reacting
with metals and forming complexes and chelates. Organic acids possess varying negative charges
(due to dissociation of the carboxylic groups depending on the medium pH) responsible for

complex formation with many different metal ions in the solutions.

It has been argued that organic acids complexation with metals plays a vital role in transporting
the heavy metals from roots to shoots (Rascio and Navari-1zzo 2011). For instance, citrate has a
strong metal ion chelation capacity, especially for Fe?* (Clemens 2001), AI** (Ownby and Popham
1990), Ni?* (Ferrero et al. 2020) and Zn?* (Godbold et al. 1984). Also, there are works reporting
that citrate has a high affinity for other metals like Zn, Ni, Cd, and Co (Anjum et al. 2015).

1.2.3.1.2. Amino acids

Amino acids are a type of organic acids that contain amine and carboxyl groups coupled with
particular side chains for each amino acid (Nelson and Cox 2005). Amino acids and their
derivatives are compounds with metal interaction capabilities, cheap and soluble in aqueous media.

These features, make them an essential part in elevating plant tolerance through metal stress.

There are studies suggesting that these compounds may form five membered chelates with
different metals through their amine and carboxylate groups (N, O-chelation) (Laurie 1995). They
may also have other metal binding sites onthe side chain of their molecules, making them able to
interact with a variety of metals. Groups such as the imidazole ring (a planar 5-membered ring
with the general formula of 1,3-C3N>) of histidine, the phenol ring of tyrosine, the B- and y-
carboxylate groups in glutamate and aspartate, the thiol group (R-SH) of cysteine and the thioether
moiety (R-S-R) of methionine are often the important metal binding sites in amino acids (Laurie
1995).
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The non-proteinogenous amino acid nicotianamine is a vital component of plant metal assimilation
and homeostasis as it is a capable metal chelator; it has a key role in uptake, phloem transport and
cytoplasmic distribution (Agnihotri and Seth 2019). Literature provides evidence regarding the
accumulation of nicotianamine in plants upon exposure to different metals specially Zn, Cu, Fe,
Ni and Cd (Irtelli et al. 2009; Mehes-Smith et al. 2013; Chen et al. 2018). The presence of six
functional groups gives nicotianamine its octahedral coordination and potential for the chelation
of different metals (Figure 1.11) (Rellan-Alvarez et al. 2008).
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Figure 1.11. Structure of nicotamine-metal complex (Kutrowska and Szelag 2014).

1.2.3.1.3. Proteins

Proteins are large natural molecules composed of one or more chains of amino acids in a specific
order. They interact with different metal ions and therefore, these interactions play an important
role in biological systems. Plant waste (such as soybean, corn etc.) and waste from agricultural
industries are often composed of protein-rich biomass, a part of which has been used as a source
of peptides and amino acids. For example, calmodulin that can be found in plants like Arabidopsis
thaliana, Oryza sativa, Nicotiana tabacum, Medicago truncatula, Glycine max, etc. (Ranty et al.
2006) is a calcium-binding protein (with two domains, each domain contains two Ca?* binding
sites) which is present in both apo- and holo-form in plant cells (Chin and Means 2000).

Moreover, among protein-based metal chelators, metallothioneins are an important class.
Metallothioneins possess a thiol group (—SH group) being S- an electron donor ligand. They have
low mass and are Cystein-rich metal-binding proteins (Cysteine (Cys) is a semi essential
proteinogenic amino acid with a thiol side) that are distributed in prokaryotic and eukaryotic

organisms and according to the arrangement of Cys residues are classified as Class | and Il
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(Cobbett and Goldsbrough 2002). All the plant metallothioneins are in Class Il and typically
contain two Cys-rich metal binding domains in carboxy- and amino- terminal regions (Cobbett and
Goldsbrough 2002). Covalent binding of metal atoms involves sulfhydryl cysteine residues. The
C-terminal part (the a-domain) can bind to the four divalent metal ions, while the N-terminal part
of the peptide is designated as B-domain and has three binding sites for divalent metal ions
(Ruttkay-Nedecky et al. 2013).

1.2.3.1.4. Alkaloids

Alkaloids are low molecular weight compounds and are generally alkaline due to the presence of
a nitrogen atom in their heterocyclic ring. Indeed, the properties of alkaloids are highly affected
by the precise position of N atom. The low distribution of these compounds in the living organisms
is due to their negatively charged nitrogen (Pelletier 1996). Alkaloids are divided into more than
20 classes like piperidine, pyridine, pyrrolidine, tropane etc. (Yang and Stockigt 2010; Debnath et
al. 2018).

There are reports indicating that many alkaloids can form complexes with different metals which
is the case of xanthine-based alkaloids (like caffeine) (Umaley and Aswar 2015), pyridine group
alkaloids like nicotine (Fazary et al. 2017), cinchona (quinoline group) (Boratynski et al. 2019),
sparteine (quinolizidine group) (Jasiewicz 2009), quinoline derivatives (DiMauro et al. 2003) and

isoquinoline derivatives (like berberine) (Khan et al. 2019; Neag et al. 2018) etc.

1.2.3.1.5. Phenols

Phenolic compounds are mainly distinguished by the hexagonal aromatic ring bonded directly to
at least one (phenol) or more (polyphenol) hydroxyl groups (-OH) and other substituents, such as
methoxyl or carboxyl groups, which are responsible for the polar character of these compounds
and allow their dissolution in water (Michalak 2006). They are separated into numerous diverse
groups and are characterized by the number of comprised carbon atoms bonded to the main
phenolic structure such as phenolic acids, flavonoids, stilbenes, coumarins, hydrolysable tannins,

monolignols, lignans and lignins (Cheynier et al. 2013). Phenolic compounds are one of the most
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important group of secondary metabolites synthesized by plants. They comprise 0.5- 5% of plants’

dry weight (Swanson 2003) and are present in different plants and their wastes.

Phenols’ functional groups provide significant capacity in scavenging free radicals, as well as
hydrogen atoms or electrons donation, which is determinant for their metal ions chelating
capability (Kaurinovic and Vastag 2019). However, Kulbat (2016) showed that these valuable
properties of phenols can also be due to the presence of nucleophilic aromatic rings in conjunction
with the occurrence of definite functional groups such as carboxyl, hydroxyl and carbonyl groups,
making them able to bind to different metals (Liu et al. 2018).

1.2.3.1.6. Flavonoids

Flavonoids are derivatives of simple phenols with a general chemical structure based on 15-carbon
skeleton (Figure 1.12) consisting of two phenyl rings (A and B) and a heterocyclic ring (C) (Scotti
et al. 2011). In plants, the synthesis of flavonoids is reported to increase under microbial infection,
injury, decrease in temperature and deficiency of nutrients (Michalak 2006). This class of phenolic
compounds are extensively distributed in all plants and exist mainly in higher concentrations in
photosynthesizing cells. Importantly, some flavonoids protect plants from heavy metal stress as
they are proficient metal (such as Cu, Zn, Fe) chelators, avoiding creation of hydroxyl radicals

through Fenton’s reaction (Williams et al. 2004).

Flavonol group molecules have three main sites that can be potentially coordinated with transition
metal ions including the 3-hydroxyl and the 4-carbonyl groups in the C ring, the 5-hydroxyl group
of the A ring and the 4-carbonyl group in the C ring and the 3’- and 4’-hydroxyl groups of the B
ring (Figure 1.12) (Rice-Evans 2004; Williams et al. 2004; Samsonowicz and Regulska 2017).
Pietta (2000) suggested that the binding sites for metals in the flavonoid molecules are the 4-oxo
and 5-hydroxyl groups between the A and C rings and the catechol moiety in the ring B, the 3-
hydroxyl and 4-oxo groups in the heterocyclic ring C (Figure 1.12). The importance of the catechol
moiety in the B ring for the Cu?* chelate formation has been reported by Brown et al. (1998) as the
major contributory site of copper chelation (Brown et al. 1998). Quercetin is a well-recognized
compound for chelate formation and stabilization of iron ions. Due to considerably high

antioxidant activity and complex formation with Cd(Il) and low toxicity, sulfonic water soluble
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derivatives of quercetin and morin are reported as potential candidates for detoxification of
cadmium (Chlebda et al. 2010).

HO, _O---pj*
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Figure 1.12. Typical metal (M) chelation sites in flavonols (Pietta 2000).

1.2.3.1.7. Tannins

Tannins are a class of phenol-containing macromolecules that are synthesized by higher plants and
accumulated in their tissues (Shirmohammadli et al. 2018). They are categorized as water soluble
phenolics compounds with a molar mass in the range of 300 and 3000 Da with some common
features that enables the classification of these types of compounds in two main groups:
hydrolysable tannins and condensed tannins (Khanbabaee and van Ree 2001). Hydrolysable
tannins include gallotannines and ellagitannines that are respectively comprised of gallic acid or
hexahydroxydiphenic acid esters linked to a sugar moiety, while more complicated ones can be
formed by oxidative transformations that can yield macrocyclic ellagitannins (Okuda et al. 2000).
Condensed tannins (nonhydrolyzable), also called procyanidins are polymers containing three ring
flavanols linked with carbon-carbon bonds. Monomer units of condensed tannins are identified by
the number of hydroxyl groups on the B-ring: procyanidins have a di-hydroxy B-ring, but
prodelphinidins have a tri-hydroxy B-ring (Kraus et al. 2003). These monomer units might have a
stereochemistry of both cis and trans C2—-C3 (Schofield et al. 2001).

Tannins are cheap and widespread natural polyphenoles and are well known for their biological
activities including their potential to serve as antioxidants, protein precipitants and metal chelators.
Following cellulose, hemicellulose and lignin, they have the highest abundancy in plant biomass
(Arbenz and Avérous 2015). Studies suggest that high tannin content can help plants to overcome

the toxicity of high levels of metals in soils (Michalak 2006). Frequent catechol and galloyl
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groups, allow tannins to form stable chelates with some transitional metallic ions like iron among
other metals (Lee et al. 2017).

1.2.3.1.8. Saponins

Saponins are natural glycosides of steroids, or triterpenoids (sapogenins) and a carbohydrate
moiety by ester or ether linkages with foaming characteristics. They are a class of non-ionic
biosurfactants found in more than 500 kinds of plants with high surface activity, biodegradability,
eco-friendly and low toxicity (Tang et al. 2017). They are included in a large group of protective
molecules named ‘phytoprotectants’ or ‘phytoanticipins’ (Francis et al. 2002) and can make up to
30% of the plant’s dry mass (Fenwick et al. 1991). Saponins are divided in eleven main classes
including dammaranes, cycloartanes, tirucallanes, oleananes, lupanes, taraxasteranes, ursanes,
lanostanes, hopanes, cucurbitanes and steroids. Because of the existence of a lipophilic aglycone
(sapogenin) and hydrophilic sugar chain, saponins have amphiphilic properties resulting in foam
formation (with liquid-gas phases), dispersion abilities (with liquid-solid phases) and emulsifier
effect (with liquid-liquid phases) (Kregiel et al. 2017), and thus have been used as a detergent
(Vincken et al. 2007).

Saponins are also reported as important agents for heavy metal removal from aqueous wastes
aiming for the remediation of contaminated sites due to their ability to form chemical complexes
with metals (Abed el Aziz et al. 2017). In fact, different studies describe saponins as naturally
occurring chelating agents that can be used for the elimination of contaminants caused by several
heavy metals including Cd, Pb, As, Cr, Cu and Zn from contaminated waters and soils (Kilic et al.
2011). Itis reported that saponins can remove and retain heavy metals from their original solutions
by complex formation with their carboxyl group (Gao et al. 2012a). Saponins are very suitable
compounds for remediation of very low concentrations of heavy metals due to the presence of
hydroxyl and carbonyl groups in their structure (Figure 1.13) (Chen et al. 2008). During the heavy
metal (like Pb, Cr, Cu, Ni, Zn) removal through different procedures such as sequential sludge
washing, Huang and Liu (2013) described saponins’ capability in complex formation with the

mentioned heavy metals.
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Figure 1.13. Reaction mechanism of metal ions with hydroxyl and carbonyl groups of saponins
(Tang et al. 2017).

1.2.3.1.9. Polysaccharides

It is well known that polysaccharides are chain carbohydrate molecules originating from plants
and therefore are abundant, renewable and biodegradable resources with the capacity to be
interacted by chemical and physical mechanisms to an extensive number of molecules (Ciesielski
et al. 2003). During the last few decades many studies were focused on the synthesis of cost-
efficient biosorbents from the biomass of different resources (Won et al. 2014). Between different
materials, plant polysaccharides (like cellulose) were found to be very suitable candidates for the

adsorption of various metal ions (Gurung et al. 2014).

In their polymeric chain, polysaccharides possess several functional groups (carboxyl, hydroxyl
and amino), which gives them their high and selective metal adsorption capacities (O’Connell et
al. 2008; Liu et al. 2013a). Biosorption is a combination of different mechanisms including
complexation, ion exchange, electrostatic attraction, adsorption, Van der Waals attraction and
covalent binding (Montazer-Rahmati et al. 2011; Witek-Krowiak 2012).

Polysaccharides such as starch (Yuryev et al. 2002) and their derivatives (cyclodextrin) (Del Valle
2004) are effective natural metal adsorbent polymers. However, natural forms of polysaccharides
have inadequate chemical resistance and structural strength, making them unsuitable for a direct

application as biosorbents. Therefore, these natural compounds need some chemical modifications

37



by cross-linking and surface grafting to be more efficient biopolymeric adsorbents. For example,
there are works suggesting that modifications could be applied to starch in order to make it a good
adsorbent for heavy metals and dyes by the introduction of active groups like carboxylate,
xanthate, amine, phosphate, acrylate and many other groups that have chelating abilities (Kweon
et al. 2001).

1.2.3.2. Applications of the plant-based compounds with metal interaction ability

Strict environmental regulations applied to contaminants discharged from industrial operations are
being introduced in most of the developed and developing countries (Abdel-Aty et al. 2013).
Commonly used methods of metal recovery/removal from solutions and soils are frequently not
economically viable and there is a lack of efficiency in metal recovery or removal especially when
the concentration of metals in wastewaters is low (Hammaini et al. 2003). Beside this, the chemical
compounds being used in the metal industries and then released into the environment in
wastewaters could be harmful to both ecosystems and human. Thus, in recent years, more attention
has been paid to biological methods for the treatment of heavy metal bearing effluents aiming to
reduce their concentrations in the environment to acceptable levels. For this reason, utilization of

plant-based compounds can represent a promising alternative that deserve to be explored.

1.2.3.2.1. Metal insolubilization

Chemical precipitation of metals is one of the most widely used methodologies applied for
metal/heavy metal removal from different metal contaminated effluents. However, conventional
methods like chemical precipitation that are being used for the treatment of wastewaters polluted
with metals have some limitations (Aziz et al. 2008; Ayangbenro and Babalola 2017;

Kanamarlapudi et al. 2018), such as the high costs of the reagents involved.

Plant compounds such as phenols, saponins, alkaloids etc. extracted from plants have potential to
precipitate metals depending on their nature and this ability usually relies on complex/chelate
formation and the reduction of metals by these compounds. As an example, these compounds could
be utilized to precipitate or separate different metals from metal bearing solutions. For instance,

McDonald et al. (1996) reports the successful precipitation of zinc and copper using tannins and
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low molecular weight phenols extracted from plants. Gatew and Mersha (2015) used Moringa
stenopetala seed powder extract to remove chromium from tannery wastewater which results in
99.86% of chromium removal. In addition, Agwaramgbo et al. (2012) described the successful
lead (Pb) precipitation from an aqueous solution by aqueous extracts of some plants. In another
work, Lathan et al. (2013) used some plant extracts rich in polyphenols to remove lead from a
solution (with initial concentration of 1280 mg/l) and reported that spinach, tea and instant coffee
extracts efficiently precipitated more than 90% of the lead in the solution. These results proved the
metal bio-reduction methods assisted by plant extracts rich in phenols/polyphenols is very

effective to remove and recover metals from wastewater.

Moreover, some researchers suggested that saponins could be applied as natural chelating agents
to solve the problems caused by different heavy metals like Cd, Cr, Zn, Cu, As and Pb from
wastewater and soil (Kili¢ et al. 2011; Gonzalez-Valdez et al. 2013).

1.2.3.2.2. Synthesis of metal nanoparticles

In parallel with growing consciousness of the necessity of green chemistry and sustainability,
environmentally friendly methods for biosynthesis of nanoparticles are gaining more attention.
One of the methods to synthesize nanoparticles is the green synthesis technique which is ecological
friendly, simple, cheap and very fast (Mittal et al. 2013). Biosynthesis of nanoparticles by plant
extracts is a way to reduce the use of hazardous chemicals compounds, avoiding the environmental
pollution and therefore the biological routes for synthesis of nanomaterials are getting more
popular. Nanoparticles synthesized using plants are reported to be highly stable and more variable
in shape and dimensions (Iravani 2011). It is shown by many research studies that plants containing
high amounts of active metabolites including phenols, flavonoids, saponins, steroids, alkaloids that
can act as reducing, capping or stabilizing agents, have substantial capabilities to reduce and
maintain metals into their respective nanoparticles (Ajitha et al. 2016; Mystrioti et al. 2016;
Sigamoney et al. 2016; Martinez-Cabanas et al. 2016; Devatha et al. 2016; Siddigi and Husen
2017). Utilizing plant extracts as reducing, capping and stabilizing agents obviates the need to use

different chemical reagents for all those purposes (El-Seedi et al. 2019).

Capping agents are biological or chemical components (Figure 1.14) that naturally restrict the
reaction and the particle growth in the nanoparticles synthesis; the reduced metals form
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nanostructures like nanoparticles or nanocrystals, which frequently needs to be capped
appropriately to be stable, biocompatible and functional against aggregation in different biological
systems (Vadlapudi 2015). Capping agents follow different mechanisms such as steric and
depletion stabilization, electrostatic, hydration and van der Waals forces (Kim et al. 2004).
Usually, the H-donating ability of polyphenols are associated to the metal ion reduction capacity.
Due to the redox reaction that leads to the reduction of metal ions, the OH group in the reduced
form of polyphenols is converted into a carbonyl group (C=0), that electrostatically stabilizes the
metal nanoparticles (Figure 1.14) (El-Seedi et al. 2019). The main functional groups present in
different plant compounds such as carbonyl, hydroxyl, methoxide and amino are known to bind to
metal ions through electrostatic interactions and reduce them (Kidnal et al. 2018). Hydroxyl
groups and other substituents, such as methoxyl or carboxyl groups in the phenolic compounds are

key groups for the metal chelation potential of those plant-based compounds.
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Figure 1.14. Suggested mechanism for metal reduction and metallic nanoparticle synthesis.
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There are many reports regarding different metallic nanoparticle synthesis using plant compounds;
for instance, Ambrosia maritima, Callicarpa maingayi and Coleus aromaticus extracts were used
for the synthesis of metallic Ag nanoparticles (Shameli et al. 2012; Vanaja and Annadurai 2013;
El-Seedi et al. 2016). Polyphenols extracted from the leaf of Tabebuia berteroi (Vellaichamy and
Periakaruppan 2016) and flavonoids, tannins and phenolics extracted from Withania coagulans are
shown as responsible compounds for the reduction of lead and iron ions into their metallic
nanoparticles, so along with graphene oxide the respective nanocomposite is formed (Atarod et al.
2016). The flower extract of Anthemis xylopoda (Nasrollahzadeh and Sajadi 2015), leaf extract of
Ziziphus ziziphus (Aljabali et al. 2018), extract of Garcinia mangostana fruit peels (Xin Lee et al.
2016) and many others were reported for Au(lll) reduction into Au® nanoparticles. Also,
Nasrollahzadeh and Sajadi (2015) used the quercetin (flavonol) rich leaf extract of Ginkgo biloba
to reduce Cu(ll) to Cu(0) nanoparticles in a two-step process, without requiring any additional
agents for capping or stabilizing the particles. In another work, Pd/CuO nanoparticles were
effectively synthesized by seed extracts of Theobroma cocoa, which contains phenolic
antioxidants (Nasrollahzadeh et al. 2015).

The separation and recovery of metals from secondary wastes and resources as nanoparticles is an
attractive subject for further investigations, due to benefiting extensively availabile, low cost and
environmentally friendly plant material in stimulation of the circular economy, saving the primary

resources with environmental viability.

1.3. Thesis objectives, organization, and connection between charpters

The present thesis is focused on the recovery of endangered (copper and zinc) and valuable metals

(gold, platinum and palladium) from different secondary resources including:

i. Acid mine drainage (AMD) generated in S0 Domingos mining area were used for Cu and Zn
recovery experiments. Metal recovery strategies were performed from two different AMD
samples; a) AMD generated in open pit containing normal concentrations of sulfate and metals
and b) from an impoundment with extremely contaminated AMD.

ii. Printed circuit boards (PCBs) were initially subjected to the leaching of base and valuable metals

and thereafter, Au recovery experiments from the pregnant leaching solutions were performed.
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iii. The leaching solutions of two different auto catalytic converters (ACCs) were used as a) a spent
ACC from a Seat Ibiza 1995 with 23 years of use, and b) a spent ACC from a Honda Civic 1998,
with 20 years of use. The leachates were provided by Professor Ana Paula Paiva from Faculdade
de Ciéncias - Universidade de Lisboa (FCUL). Experiments targeting PGMs recovery from

these leachates were performed.

Metal recovery strategies from the mentioned secondary sources were performed through a
combination of innovative, environmentally and economically sustainable chemical and biological

techniques mainly as:

i. Solvent extraction (SX) technique was applied employing commercial extractants including
Acorga M5640, LIX 54, LIX 622, LIX 622 N, and LIX 864 for selective separation of Cu,
D2EHPA and Cyanex 272 for selective Zn extraction and the synergistic mixtures of Aliquat
336 and Cyanex 272 for selective Fe extraction from extremely contaminated AMD.

ii. The potential of the bioactive compounds present in ethanolic extracts of Rubus idaeus L., Cistus
ladanifer L. and Erica andevalensis was investigated for the recovery of the PGMs from two
ACC leaching solutions and also for gold recovery from the PCBs leaching solution.

iii. The presence of acidophilic sulfate reducing bacteria (SRB) in sediments from the confluence
region of AMD and municipal wastewater treatment plant effluents located in Sdo domingos
mining area, Alentejo, Portugal was investigated. Thereafter, the bioremediation potential of the
obtained acidophilic/acid tolerant SRB consortium was assessed by introduction of the enriched
consortium to the AMD sample at pH 4.5 (to avoid or minimize the AMD neutralization step).
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Abstract

Over the last decade, AMD waters have gained more attention as a potential source of metals due
to the emerging need to recover or recycle metals from secondary resources. Metals recovery
supports sustainability and the development of a circular economy with benefits for resource
conservation and the environment. In this study, five extractants (Acorga M5640, LIX 54, LIX
622, LIX 622N, and LIX 864) diluted (15% (v/v)) in Shell GTL with 2.5% (v/v) octanol were
compared and evaluated for Cu recovery from an extreme AMD sample (5.3 £ 0.3 g/L Cu)
collected at the inactive S&o Domingos Mine in the Iberian Pyrite Belt of Portugal. Of the five
extractants, Acorga M5640 showed the best selective efficiency. Further tests showed that 30%
(v/v) of this extractant was able to selectively extract = 96.0% of the Cu from the AMD in one
extraction step and all of the remaining Cu (to below detection) in three steps. Among the different
stripping agents tested, 2M sulfuric acid was the most efficient, with = 99% of the Cu stripped,

and the recyclability of the organic phase was confirmed in five successive cycles of extraction
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and stripping. Furthermore, contact time tests revealed that the extraction kinetics allows the
transfer of =97% of the Cu in 15 min, and aqueous to organic phase ratios tests demonstrated a
maximum loading capacity of =16 g/L Cu in the organic phase. Raising the concentration of Cu in
the stripping solution (2M sulfuric acid) to =46 g/L through successive striping steps showed the
potential to recover elemental Cu using traditional electrowinning. Finally, a biological approach
for Cu recovery from the stripping solution was evaluated by adding the supernatant of a sulfate-
reducing bacteria culture to make different molar ratios of biogenic sulfide to copper; ratios over
1.75 resulted in precipitation of more than 95% of the Cu as covellite nanoparticles.

Keywords: Copper recovery; AMD remediation; liquid-liquid extraction; metal bio-recovery
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2.1. Introduction

Acid mine drainage (AMD) is formed by the oxidation of sulfide-rich ores exposed to the
atmosphere by mining (Kefeni et al. 2017). Conventional pH control with cost-effective

neutralizing reagents has been the most widely used approach for AMD treatment (Kalin et al.
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2006; Taylor et al. 2005), but lime neutralization produces large amounts of precipitated metals
and sludge that require further management and appropriate disposal. AMD is being increasingly
considered a secondary source of metals with the goal of establishing effective methods to recover
metals from AMD, increasing the circular economy, and contributing to environmental protection

and resource conservation (e.g. (Macias et al. 2017; Wang and Ren 2014)).

Portugal has more than 100 inactive mine sites (Morais et al. 2008), and Sdo Domingos is one of
the most representative mining districts in the Portuguese sector of the Iberian Pyrite Belt. The
intensive mining activity has caused environmental deterioration of the area (Alvarez-Valero et al.
2008; Batista 2000; Matos et al. 2006). The massive ore body of the Sdo Domingos Mine consists
of 45 to 48% total sulfur, primarily in the form of pyrite (FeS.), chalcopyrite (CuFeS>), sphalerite
(ZnS), galena (PbS), and blended [(Zn, Fe)S] minerals that are usually found in association with
pyrite (Oliveira and Oliveira 1996). Currently, no measures are in place to remediate the local
environment affected by the inactive mine, and local watercourses and surrounding soils are
heavily contaminated with various metals. Considering the size of the Sdo Domingos area (=50
km?) affected by historical mining and the volume and type of wastewaters, an environmentally
friendly and economically viable AMD treatment and recovery method is needed to reduce the
associated environmental problems, recover metals, and increase the availability of water for

irrigation.

Most metal supplied to the global economy is obtained through mining of finite sources that are
rapidly decreasing due to economic expansion, higher living standards, and modern
industrialisation (Arndt et al. 2017; Segura-Salazar and Tavares 2018). Copper (Cu) is one of the
important metals present in high concentrations in the S0 Domingos AMD, and its recovery could
generate additional economic activity and value due to its high demand. Since 2011, the recycling
rate of Cu has been continuously decreasing (from 36% in 2011 to 29% in 2016), while refined
secondary production is relatively stable over the same period (ICSG 2018). According to
available data, 20,474,372 metric tons of Cu are produced per year (based on 2018 data) (Reichl
and Schatz 2020), and, according to the International Copper Study Group (2019), global Cu
consumption will continuously increase due to population growth, product innovation, and
economic development. In a recent study using different scenarios with regression and stock

dynamics methods, Schipper et al. (2018) estimated the Cu demand for the year 2100 to be in the
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range of 3 to 21 times the current Cu demand. Indeed, estimates of the short-term supply risk
criticality indicate that in the next two to three decades, different industrial sectors will struggle to
maintain their demand for several metals (Elshkaki et al. 2016; European Commission 2014;
Frenzel et al. 2015). As a result, to meet future Cu demand, a combination of primary raw materials
coming from mines plus recycled and recovered materials from secondary sources is required,
preferably taking advantage of eco-friendly and sustainable technological improvements and more
efficient process designs. Until now, metal recycling rates from secondary sources are still very
low, and significant potential exists for improving metals recovery from such sources (Schafer and
Schmidt 2019).

In this context, solvent extraction (SX) is a powerful technique that allows the recovery of metal
ions from both diluted and concentrated solutions (Andersson and Reinhardt 1983). SX is a well-
demonstrated and widely used technique at the industrial scale for separation and recovery of
metals from aqueous solutions in the hydrometallurgical treatment of ores and other secondary
materials (Hedrich et al. 2018). In the hydrometallurgical industry, SX processes make use of
organic phases consisting of extractants diluted in solvents to specifically target metal ions (e.g.
Cu?*) from impure multi-metallic leaching solutions; the metals are then stripped from the organic
phase into pure aqueous solutions from which the metals can be recovered (Davis-Belmar et al.
2012; Ruiz et al. 2019). Nevertheless, such processes are often challenged by the inability to
separate valuable metals from low-concentration, metal-bearing solutions (Nordstrom et al. 2017;
Matinde 2018). For example, Cu recovery by SX from waters with Cu concentrations below 1 g/L

is not considered economically viable (Sole and Hardwick 2016).

The most widely used commercial Cu extractants, recognised for their selectivity, are hydroxy
oxime-type organic acids, such as Acorga and LIX extractants (Ruiz et al. 2020; Vander Linden
1998). The equilibrium reaction of cupric ion (Cu?*) with these extractants has attracted interest,
and several models have been proposed (e.g. Alguacil et al. 2004). In the case of Acorda M5640,
Agarwal et al. (2010, 2012) reported that the extractant optimises the metallurgical performance
relative to ketoxime-based extractants while protecting against nitration and oxidative degradation.
These characteristics reduce the extractant consumption and improve operational reliability, as it

ensures a final high-quality extractant that can be reused in the extraction circuit (Alguacil et al.
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2004). In the extraction reaction, Cu?*complexes with the extractant and releases a hydrogen ion,

according to the reversible mechanism (Flett et al. 1973) presented in equation. 2.1:
Cu®* + 2HE 2 CuE; + 2H* (Eq. 2.1)
where E is the extractant and CuE: is the Cu-chelate complex.

In this reaction, the acidity of the aqueous phases in the extraction and stripping stages controls

the loading and stripping of Cu to and from the organic phase (Hoh and Wang 2007).

In recent years, technologies that recover value from metal-bearing wastewaters have gained
attention as a way to reduce the negative impact of mine water treatment processes. Moreover,
combining chemical and biological extraction technologies to remove and recover metals can
improve the adaptability to changes in feed flow and the ease of operation, which are essential
characteristics in the treatment process. The use of sulfate-reducing bacteria (SRB) is a good option
for metal recovery from mine-impacted waters (Kaksonen and Puhakka 2007; Villa-Gomez et al.
2011). Biogenic sulfide is advantageous because it allows the formation of insoluble metal

sulfides, even at low metal concentrations and low pH values (Lewis 2010).

The need to develop alternative processes for metal recovery from secondary sources stimulated
the present research. The application of an SX process like those used in the hydrometallurgical
industry for extraction of Cu from pregnant solutions was tested and optimised to separate this
metal from extreme AMD waters, using a mine water sample collected at the S0 Domingos Mine
as a model. In addition, a process was tested to recover Cu from the resulting purified solution

using biogenically produced sulfide to precipitate covellite nanoparticles.

2.2. Materials and methods
2.2.1. Extreme AMD

Mina de Sdo Domingos, a village in southeastern Portugal, has a mine that was exploited during
the Roman and Islamic occupations of the Iberian Peninsula that was the largest mine operating in
Europe between 1857 and 1966. The primary ore body was a massive pyrite deposit, and Cu and

sulfur (S) were the main elements extracted (Tavares et al. 2008).

70



Since mining activity ceased in the 1960s, the vast mining area, from the open-pit to the ruins of
the Achada do Gamo factories where the ore was processed and the large waste piles were
deposited, has produced a significant environmental footprint. Here the most prominent concern
is AMD with high concentrations of sulfate (SO4%") and metals, mainly aluminium (Al), iron (Fe),

Cu, zinc (Zn), and manganese (Mn) (Alvarez-Valero et al. 2008; Pereira et al. 2004).

Most of the AMD flows through several reddish-yellow diversion channels and dams until merging
in a unique stream that joins the Mosteirdo stream, which enters the Reservoir of Chanca River, a
major tributary of the Guadiana River. However, some AMD generated in the Achada do Gamo
zone remains in two impoundments: one of about 8700 m? (Figure 2.1-area 2) and another of about
2400 m? (Figure 2.1-area 3). These impoundments are in the area where low-grade Cu ores were
roasted in piles and washed with acidic water to extract the Cu that was later precipitated onto iron
sheets in a cementation tank. The impoundments are surrounded by slag remaining from the
roasted pyrite ore piles (sulfur factory tailings), roasted iron oxide (hematite-rich) ore, and leached
materials in seasonally flooded areas (Alvarez-Valero et al. 2008). The AMD in the larger
impoundment has a very dark colour, is very dense and extremely contaminated, likely due to
successive cycles of accumulation in winters and evaporation in summers, and was the source of
the AMD sample used in our work (Figure 2.1-area 2). The sample was collected on 25 October
2018 and immediately transported (=90 min transport time) to the laboratory for characterisation

and Cu recovery tests.
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Figure 2.1. Aerial view of the the S&% Domingos mining area and a closer view of the sampled
zone obtained from Google Maps: coordinates: 37°40'06.7"N 7°29'28.5"W. 1) Open pit mine; 2)
Sampled impoundment with extreme acid mine drainage (AMD); 3) Another AMD impoundment;

A) Roasted pyrite ore slag; B) Modern slag.

2.2.2. Solvent Extraction

The extraction procedures and the experiments performed to select the extractant and optimise and
characterise the extraction conditions are described in Melka (2019). The initial metal
concentrations (Fe, Al, Cu, Zn, and Mn) in the raw AMD, [Mag]i, and their final concentrations in
the aqueous phase after solvent extraction, [Mag]r, were measured. The metal concentrations in the
final organic phase, [Morg]t, Were calculated by mass balance, and their removal efficiencies were
determined by: Removal % = 100 x [Morglf / [Mag]i. The extraction distribution ratios (D) of the

target metal ions were calculated as D = [Morg]s / [Mag]s.
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2.2.3. Recovery Through Bioprecipitation
2.2.3.1. Precipitation with biogenic sulfide

The addition of the sulfide-rich liquid phase from an SRB culture was tested as a method to
precipitate Cu sulfide (covellite) from the loaded stripping solution (2M H2SOa) obtained after SX
with the selected organic phase. Three stripping solutions from successive extractions and

stripping steps were mixed to produce enough Cu solution for the tests.

The SRB consortium used in our work was enriched using Postgate B medium (Postgate 1984)
inoculated with sludge from a wastewater treatment plant located in southern Portugal and
incubated at room temperature (25 + 3 °C) under anaerobic conditions (for SRB enrichment details
see Carlier et al. 2019). The SRB consortium is maintained in the laboratory through successive
cultures in Postgate B medium inoculated with 1 to 10% (v/v) of previous cultures. A fresh culture
was prepared and used when all sulfate in the medium had been reduced to sulfide. Sulfate
reduction was monitored by analysing the sulfate and sulfide concentrations in the culture medium

every three days.

To find the optimal sulfide to Cu ratio (S:Cu) that would maximize Cu precipitation, a fixed
volume of stripping solution was mixed with different volumes of bacterial culture media to test
different S:Cu ratios above the stoichiometric value of 1:1 for CuS (covelite). The mixtures were
maintained in closed Falcon tubes for 24 h at room temperature (25 + 3 °C), and the volumes were
then adjusted to a constant volume with distilled water to facilitate centrifugation and calculations.
Afterwards, the mixtures were centrifuged at 2500xg for 20 min at room temperature, and the
supernatants were collected and used for Cu determination and mass balance calculations of Cu

precipitation efficiencies.

After removing the supernatant, the precipitates were covered with 45 ml of a 50% (v/v) ethanol
in water solution and sonicated for 15 minutes. The samples were then centrifuged for 15 min at
2500x%g for 10 min at room temperature, and the supernatant was discarded. Afterwards, they were
washed overnight with 96% ethanol in an orbital shaker and centrifuged at 2500xg for 60 min at
room temperature, and the supernatant was removed. Finally, the precipitates were dried under

vacuum overnight.
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2.2.4. Analytical Methods

A pH/E meter GLP 21 (Crison) with a glass pH electrode (VWR, SJ 223) was used to measure
pH. A Pt electrode coupled with a reference-saturated calomel electrode (CRISON, 52 61) was
used to measure redox, which was converted to Eh using a conversion factor of 241 mV. A UV-
visible spectrophotometer DR2800 (Hach-Lange) was used to measure sulfate and sulfide
concentrations using the sulfaVer4 (Method 8051, Hach-Lange) and the methylene blue (Method
8131, Hach-Lange) methods, respectively. The samples collected for metals determination were
acidified with concentrated nitric acid (5%). Flame atomic absorption spectroscopy (FAAS) with
a novAA 350 system (Analytik Jena) was used to measure the concentrations of Fe, Zn, Cu, Mn,
and chromium (Cr), and microwave plasma atomic emission spectrometry with a 4200 MP-AES
(Agilent) was used to measure the concentrations of Al, arsenic (As), and cobalt (Co). In both
methods, calibration curves were built using standards prepared from the following stock solutions
in 0.5 M HNOaz: Fe(NO3)3, Zn(NOsz)2, Cu(NOs),, and NaNO3 (Merck Certipur, Germany);
Mn(NOs)2, Al(NOs)s, As(NOz)s, and Co(NOs). (Panreac AA, Spain); and Cr(NOs); (BDH
Laboratory Supplies, England). The concentrations of lead (Pb), nickel (Ni), selenium (Se),
cadmium (Cd), magnesium (Mg), sodium (Na), and calcium (Ca) were determined by inductively
coupled plasma mass spectrometry (ICP-MS) at an external accredited laboratory (Hidrolab,
Spain). Ferrous iron (Fe?*) concentrations were determined with a UV-visible spectrophotometer
DR2800 (Hach-Lange) using the 1,10-Phenanthroline (Method 8146, Hach-Lange) procedure at
510 nm, and ferric iron (Fe®*") concentrations were calculated by difference with total iron
determined by FAAS.

The precipitates collected and washed in the recovery experiments were analysed by x-ray
diffraction (XRD), by a variable pressure scanning electron microscope coupled with energy
dispersive x-ray spectrometry (VP-SEM-EDX), and by transmission electron microscopy (TEM).
XRD analysis was performed using a PANalytical X Pert Pro powder diffractometer, operating at
45 kV and 30 mA, with Cu Ka radiation filtered by Ni. The XRD patterns were recorded using an
X’Celerator detector, with a step size (20) of 0.03° and a time per step of 400 s. Peak analysis and
crystalline phase identification were conducted using High-Score Plus software with the ICDD

PDF-2 database. The crystal size of each sample was estimated using the Scherrer equation, CS =

B.cos@’

considering a form factor of 0,94. VP-SEM-EDX analysis was carried out using a Hitachi™
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S3700N SEM coupled to a Bruker™ XFlash 5010 SDD EDS Detector®. The samples were

analysed at low vacuum (40 Pa) with an accelerating 5- and 20-kV voltage.

For the TEM analysis, precipitates were resuspended in ethanol and sonicated for 30 min to
pulverise the samples. Then, 5 pl of each sample were applied to 400 mesh Cu grids with thin
carbon support (01844-F, Carbon Film only on 400 mesh, Cu, Tedpella), and the grids were dried
and stored in a desiccator until imaging. Samples in the grids were imaged with a JEOL JEM-2100
electron microscope, operating a LaB6 electron gun at 200 kV, and images were acquired with a
"OneView" 4k x 4k CCD camera.

To analyze the purity of covellite, 64.47 mg of precipitates (weighted using a Sartorius MSA36S-
000-DH Micro Balance) were dissolved in 2.5 mL of aqua regia using a temperature ramp from
50 to 107 °C for 6 h, followed by a period of 16 h at 107 °C. At the end, 4 mL of concentrated
nitric acid was added, and the final volume (6.2 mL) was noted for calculations. Finally, a 1:3

dilution in dionized water (Milli-Q® purification system) was used for elemental analysis.

2.3. Results and discussion
2.3.1. Extreme AMD

The AMD sample collected at the Sdo Domingos inactive mine from the impoundment near the
old sulfur factories of Achada do Gamo was analyzed at CCMAR’s laboratories for pH, sulfate,
Fe, Al, Cu, Zn, Mn, As, and Co). In addition, several other metals (Cr, Pb, Ni, Se, Cd, Mg, Na,
Ca) were determined by an external accredited laboratory. The AMD composition is presented in
Table 2.1.

Table 2.1. Initial characterization of the extreme AMD sample from Mina de Sdo Domingos
(impoundment next to the sulphur factory ruins at Achada do Gamo) collected on 25 October 2018

[mg/L, and standard units for pH].

Parameter Value Standard Deviation
pH 1.19 -
SO&* 142,000 15,100
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Fe* 63,200 6,074

Fe®* 55,500 6,630
Fe?* 7,770 551
Al* 6,470 148
Cu* 5,250 313
n* 1,960 449
Mn* 131 2
As* 21.40 0.09
Co* 6.46 0.03
Pb ** 5.280 -
Ni ** 3.040 -
Se ** 1.990 -
Cd** 1.890 -
Cr* 1.16 0.07
Mg ** 0.260 -
Na ** 0.251 -
Ca** 0.138 -

* Averages and standard deviations of five determinations using independent
dilutions at CCMAR

** Analysis at the accredited laboratory Hidrolab (see analytical methods).

The acidity and the pollutant concentrations in the AMD sample used in our work were much
higher than those in samples collected from the flowing AMD streams, which usually have pH
values between 2 to 3 and have the following approximate pollutant concentration ranges: sulfate
(1000 to 5000 mg/L), Al (100 to 500 mg/L), Fe (50 to 500 mg/L), Zn (20 to 150 mg/L), Cu (20 to
100 mg/L), and Mn (5 to 20 mg/L) (e.g. Costa and Duarte 2005; Costa et al. 2008). The AMD
sampled can be classified as High-acid and Extreme-Metal using the Ficklin diagram, where the
sum of the concentrations of Zn, Cu, Pb, Cd, Co, and Ni (rather than more common metals such
as Fe, Al, and Mn) is plotted against pH (Ficklin et al. 1992; GARD Guide, Chapter 2).
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2.3.2. Solvent Extraction
2.3.2.1. Extractant selection

Among the five tested extractants, Acorga M5640 and LIX 622 more specifically extracted Cu,
while LIX 864, LI1X 54, and L1X 622N co-extracted iron and zinc, iron, and aluminium, and iron,
respectively (Supplemental Figure S- 2.1). The extraction distribution ratios are presented in Table
2.2. Of the 5,250 + 313 mg/L initial Cu concentration, 85 + 4% was extracted from the aqueous
phase to the organic phase containing Acorga M5640, and 37 = 1% was extracted to the organic
phase with LIX 622. L1X 54 preferentially extracted Fe over Cu from this AMD sample: just 2 £

1% of Cu was extracted, but 20 + 1% of Fe was co-extracted.

Table 2.2. Extraction distribution ratios (D) of primary metals in the extreme AMD sample, with
15% (v/v) of each extractant diluted in Shell GTL + 2.5% (v/v) octanol, using an A/O =1/1 and a

contact time of 30 minutes at room temperature (25 + 3 °C).

Extractants Metal Distribution ratio (D)*

Fe -
Al -

ACORGA M5640 Cu 5.16
Zn -
Mn -
Fe -
Al -

Lix622 Cu 0.59
Zn -
Mn -

Fe 0.26
Al -

Lix864 Cu 4.38

Zn 0.005
Mn -

Fe 0.24

Al 0.01

Lix54 Cu 0.02
Zn -
Mn -

Lix622N Fe 0.11
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Al -
Cu 5.77
Zn -
Mn -

* D = [Morg]t / [Mag]t
- metal not detected in extractant
AJO aqueous/organic volume ratio

The higher efficiency of Acorga M5640 to specifically extract Cu from such extreme AMD
confirms previous results obtained using model and leaching multi-metallic solutions. For
example, Ochromowicz and Chmielewski (2013) showed that Acorga M5640 is a superior
extractant for Cu compared to LIX 984N and LIX 612N-LV for multi-metallic sulfuric acid
leachates. Wang et al. (2019b) successfully extracted over 90% of Cu from multi-metallic sulfuric
acid leachates of printed circuit boards (from electrical and electronic equipment) using Acorga
M5640, and Tanaydin and Demirkiran (2020) found that Cu can be extracted from perchloric acid

leachates of malachite ore using Acorga M5640.

2.3.2.2. Extraction optimisation and characterisation

Based on the results obtained in the extractants’ screening, Acorga M5640 was selected for the
subsequent experiments to optimise and characterise the extraction of Cu from the extreme AMD

sample collected at the S&o Domingos Mine.

For the optimisation, different concentrations of Acorga M5640 in the organic phase were tested
to find the best ratio of the extractant active compound to Cu ions. The Cu extraction percentage
increased as the Acorga M5640 concentration increased in the organic phase, and the maximum
efficiency of 96.0 = 3% (which corresponds to 5,040 + 158 mg/L Cu extracted) was achieved with
30% (v/v) Acorga M5640 (Figure 2.2). This corresponds to 0.57 mol/L of the extractant’s active
compound (5-nonyl-2-hydroxy-benzaldoxime) to 0.0694 mol/L of Cu extracted, making an ~ §8:1
ratio of active compound to Cu ions. Considering the complexity of the chemical matrix in the
AMD sample, this can be considered a good ratio. It is just four times higher than the theoretical
ratio of 2:1 in the equation expressing the extraction reaction of Cu with Acorga M5640 in sulfuric

systems (see Eg. 1). On the other hand, the 8:1 ratio estimated in our work is three times lower
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than the 24:1 ratio reported by Agarwal et al. (2010) when using 20% (v/v) Acorga M5640 (0.38
M active compound) diluted in ShellSol D70 (also a kerosene-like diluent); the 24:1 ratio result
held for both the initial aqueous solutions these authors tested (1 g/L Cu?* and a more complex
solution of 1 g/L Cu?*, 40 g/L Zn(11), and 15 g/L Fe(I11) at pH 1.4).

MFe BAl BCu BZn BMn
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Figure 2.2. Extraction efficiencies from the extreme AMD with Acorga M5640 at concentrations
of 5, 10, 20 and 30 % (v/v) diluted in Shell GTL + 2.5 % (v/v) octanol, using an A/O = 1/1 and a
60-minutes contact time at room temperature (25 + 3°C). Results are averages of triplicates, and

the error bars are standard deviations.

In the test with 30% Acorga M5640, the extraction of iron reached 8 + 5%, which reveals a high
co-extraction of iron since its concentration in the initial extreme AMD sample is about 12 times
higher than the concentration of Cu. This corresponds to a final concentration in the organic phase
of 5,060 * 3,160 mg/L iron, similar to the Cu concentration achieved. Nevertheless, it is possible
to separate these two metals in the stripping process (see below). The iron extraction (albeit in a
small percentage) raised the question of some loss of specificity for Cu under these extraction
conditions, leading to additional analysis of another concentrated contaminant: arsenic. The results
(0 £ 1 % arsenic removal) indicate that this metalloid is not efficiently extracted. Thus, 30%

Acorga M5640 was chosen as the optimal percentage, and additional parameters were studied
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using this extractant concentration, including contact time (kinetics), Cu loading capacity in the

organic phase, efficiency of stripping agents, and organic phase recyclability.

Finally, the raffinate water resulting from the extraction of Cu under these conditions has the
potential to undergo further recovery because it still contains high concentrations of sulfate (133
g/L), metals, and metalloids (primarily Fe: 58,200 mg/L, Al: 6,340 mg/L, Zn: 1,960 mg/L, Mn:
131 mg/L and As: 21 mg/L). Indeed, zinc is another important metal with growing demand, for
which the recovery from secondary sources will need to have a major role in the next 50 years
(Sverdrup et al. 2019). Thus, the recovery of zinc from industrial wastes has beem a focus of
research for decades (e.g. Jha et al. 2001). Moreover, sulfuric acid could potentially be recovered
and contribute to the economic feasibility of an integrated recovery process from extreme AMD
samples. For example, Nleya et al. (2016) have reviewed techniques used to recover sulfuric acid
from various wastewater solutions and studied the sustainability assessment of the recovery and
utilisation of acid from AMD. In any case, the raffinate from the Cu extraction process under study

in our work cannot be released to the environment without prior treatment.

2.3.2.3. Contact Time (Kinetics)

The extraction of Cu from the extreme AMD using 30% (v/v) Acorga M5640 with an
aqueous:organic (A/O) volume ratio of 1:1 required 5 min to transfer 92% of the Cu to the
organic phase; after 15 min, the maximum Cu transfer (<97%) was achieved (Figure 2.3). Wang
et al. (2019b) found that only 1 min was needed with CuSO4 and chloride leaching solutions
(with = 6 g/L Cu at pH 1.1) to achieve over 90% Cu extraction with 16% (v/v) Acorga M5640 in
kerosene. One significant difference that could have accounted for the longer time to achieve the
extraction equilibrium in our work is the extremely high concentrations of other metals in our
AMD sample. Nevertheless, our results are fairly consistent with the 85% Cu recovery from
sulfuric acid feed solutions of 10 g/L Cu at pH 0.75 reported by Ochromowicz and Chmielewski
(2013), who used 30% (v/v) Acorga 5640 diluted in a kerosene-type diluent Escaid® 100, with a
contact time of 5 min at 25°C and an A/O ratio of 0.75:1. In addition, Wang et al. (2019b) did not
add alcohol to the diluent, and in our work, 2.5% (v/v) octanol was added. Adding alcohol to the
solvent used to dilute Acorga M5640 may affect the extraction of Cu. Agarwal et al. (2010)
reported that adding 5% isotridecanol to the organic phase with 10% Acorga M5640 slightly
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impeded the rate of recovery by changing the equilibrium to 96% extraction in 1 min instead of

the 99% achieved without the addition of alcohol or with the addition of 2.5% isotridecanol.
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Figure 2.3. Copper extraction efficiency from the extreme AMD with 30% v/v ACORGA M5640
in Shell GTL + 2.5 % (v/v) octanol, using an A/O = 1/1 and different contact times (1, 5, 15, 30
and 60 minutes) at room temperature (25 + 3°C). Results are averages of duplicates, and the error

bars are mean deviations.

2.3.2.4. Loading Capacity of Cu in the Organic Phase

The loading capacity of Cu extracted from the extreme AMD to 30% (v/v) Acorga M5640 in Shell
GTL with 2.5 % (v/v) octanol was determined by raising the agueous/organic (A/O) volume ratio
(Figure 2.4). The results revealed good extraction performance, with a maximum loading capacity
of 16.2 g/L of Cu in the organic phase. Afterwards, three consecutive cycles of extraction without
the stripping step were carried out, always using the same organic phase but new extreme AMD
in each cycle, to evaluate the potential to build up the Cu concentration in the organic phase

through successive extractions and the capacity of accumulating concentrations of Cu up to = 16

g/L (Supplemental Table S- 2.1).
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Figure 2.4. Equilibrium isotherm for the extraction of copper from the extreme AMD, using
different A/O volume ratios (1/1, 2/1, 3/1, 4/1, and 5/1, graph points from left to right) using 30%
(v/v) Acorga M5640 in Shell GTL + 2.5 % (v/v) octanol and a contact time of 60 minutes at room
temperature (25 + 3°C). Results are averages of duplicates, and the error bars are mean deviations.

Agarwal et al. (2012) studied the extraction equilibrium of Cu from sulfate media with Acorga
M5640 in ShellSol D70 (kerosene-like solvent). They proposed a model considering the non-
ideality of the extractant (due to the dimerisation of the active compound) to predict the distribution
ratio and the Cu loading isotherms. In that work, they reported maximum loading capacities of 11
g/L Cu in 20% (v/v) Acorga M5640 in ShellSol D70, using extraction isotherms built either with
simulated values or experimental results. Subsequently, Vasilyev et al. (2017) studied the
extraction equilibrium of Cu in the organic phase over a wide range of Acorga M5640 extractant
(5-25 vol%) in kerosene and using various Cu concentrations (1-45 g/L) in the aqueous phase,
and confirmed that the extraction is highly correlated with the total concentration of the extractant
in the organic phase. Moreover, the phase equilibrium model they developed and validated also
accounts for the non-ideality of the organic phase: the extraction of Cu from the aqueous phase
increased nonlinearly with an increase of extractant concentration in the organic phase for values
above =14% (v/v) Acorga M5640, with a less pronounced increase in Cu extraction at higher
values. In addition to the limitations due to the high viscosity and high operational costs of
concentrated Acorga M5640, these authors also pointed to chemical limitations. However,

according to Vasilyev et al. (2017) neither the dimerisation of the unreacted extractant molecules
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nor the solvation of the Cu-extractant complexes was sufficient to explain the organic phase non-

ideality.

In our work, Acorga M5640 was also diluted in a kerosene-like solvent (Shell GTL), but 2.5%
(v/v) octanol was added for two reasons: (1) according to Agarwal et al. (2010), although the
presence of 2.5% (v/v) isotridecanol in the solvent does not increase the Cu transference, it favours
the rejection of iron; (2) according to Ferreira et al. (2010), adding 2.5% (v/v) isotridecanol to the
solvent improved the stripping efficiency. Ferreira et al. (2010) reported a loading capacity of 5.2
g/L Cu in 10% (v/v) Acorga M5640 in ShellSol D70 with 2.5% isotridecanol when using leaching
solutions with pH values of ~1 as aqueous phases. Agarwal et al. (2010) have determined
maximum loading capacities of 4.8, 5.2, and 5.5 g/L Cu for organic phases with 10% (v/v) Acorga
M5640 in kerosene-like solvent (ShellSol D70) with 5% isotridecanol, with 2.5% isotridecanol,
and without any alcohol, respectively. These authors also reported 10 and 11 g/L Cu loading
capacities for systems with 20% (v/v) Acorga M5640 in solvents with 5% isotridecanol and
without added alcohol, respectively. This allows us to roughly estimate a loading capacity of 10.5

g/L Cu for an organic phase with 20% (v/v) Acorga M5640 in a solvent with 2.5% alcohol.

By plotting these reported loading capacities for systems with Acorga M5640 in solvents with
2.5% alcohol and the loading capacity of Cu achieved in our work against the respective
percentages of extractant, a linear correlation was obtained (y = 0.55x — 0.3667) with high
confidence (R? = 0.9996). This suggests a linear phase equilibrium model for systems using 10%
to 30% (v/v) Acorga M5640 in kerosene-like solvents with 2.5% (v/v) alcohol. Our results also
suggest the ideality of such type of organic phase, contrasting with the non-linear models reported
by Agarwal et al. (2012) and Vasilyev et al. (2017) for this extractant when diluted in such solvents
without any alcohol. Nevertheless, the objective of our work was not to develop and validate a
phase equilibrium model but rather to evaluate the feasibility of Cu recovery from complex

wastewaters such as the extreme AMD.

2.3.2.5. Stripping Agents

Different stripping agents were tested for the re-extraction of Cu from the loaded organic phases,
which consisted of 30% (v/v) Acorga M5640 in Shell GTL with 2.5% (v/v) octanol. First, tests
using three different acidic solutions at 0.1M revealed stripping efficiencies in the following order:
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sulfuric acid > nitric acid > hydrochloric acid, although all had efficiencies below 30% (Figure
2.5-a). Then, a further experiment with the two best acidic solutions at higher molarities achieved
the highest Cu stripping efficiency of sulfuric acid (Figure 2.5-b). In that experiment, sulfuric acid
concentrations of 1M and 2M produced Cu stripping percentages of 95% and 99%, yielding Cu
concentrations in the stripping solutions of 4,790 and 4,990 mg/L, respectively. Moreover, the
stripping percentages of iron were low (1.3% to 1.8%) in the four tests, which in this case is
particularly important due to the above-mentioned high co-extraction of this metal. The sulfuric
acid concentrations of 1M and 2M stripped 1.5% and 1.6% of the iron in the organic phase,

generating concentrations of this metal in the stripping solutions of 76 and 81 mg/L, respectively.
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Figure 2.5. Copper and iron stripping from loaded 30% (v/v) Acorga M5640 in Shell GTL + 2.5%
(v/v) octanol, with an A/O = 1/1 and contact time of 60 minutes at 25 + 3°C, (a) with sulfuric acid,
nitric acid, and hydrochloric acid at 0.1M and with a control of distilled water, (b) with nitric acid
and sulfuric acid at 1M and 2M. Results are averages of duplicates, and the error bars are mean

deviations.

Other works have shown that sulfuric acid is highly efficient for stripping Cu from organic phases
with Acorga M5640 (e.g. Ferreira et al. 2010; Vasilyev et al. 2017; Wang et al. 2019b). Moreover,
according to experimental data reported by Alguacil et al. (2004), in addition to a higher stripping
efficiency, sulfuric acid has a less degradative effect on Acorga M5640 than nitric acid. Therefore,
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2M sulfuric acid was selected as the optimal stripping solution for the process and was used in the

subsequently reported experiments.

2.3.2.6. Organic Phase Recyclability

In practical applications, the stability and recyclability of extractants are required factors for the
economic and environmental sustainability of the extraction process. Supplemental Figure S- 2.2
shows the effect of reusing the organic phase (30% (v/v) Acorga M5640 in Shell GTL with 2.5%
(v/v) octanol) in successive cycles of extraction and stripping. After five extraction cycles, the Cu
extraction efficiency remained unchanged. In the first cycle, the Cu extraction efficiency was 96
+ 1%, and in the fifth cycle, it was 96.0 £ 0.5%.

Deep et al. (2010) reported insignificant changes (<0.5%) in five successive cycles of extraction
and stripping to recover Cu from a sulfuric acid leaching liquor of a mined zinc concentrate (from
the Neves-Corvo Mine, Portugal), using 25% (v/v) Acorga M5640 in ESCAID 110 plus 12.5%
(v/v) isodecanol as the organic phase, and using a synthetic spent cell electrolyte (25 g/L Cu in
180 g L/H2S0g4) as the stripping solution. However, after the stripping step, the authors washed the
organic phase with water before its reuse in subsequent extraction cycles; in our experiments, the
organic phase was directly reused without a washing step. Wang et al. (2019b) also reused the
organic phase (16% (v/v) Acorga M5640 in kerosene) directly, without washing after stripping, in
successive cycles of extraction and stripping (with 2.5 M sulfuric acid) when testing the recovery
of Cu from a sulfuric acid leaching liquor of printed circuit boards from electronic equipment
waste. They reported a 5% decrease over the first five cycles, followed by stabilising extraction

efficacy in seven subsequent additional cycles.

In our work, despite the co-extraction of iron and its accumulation in the organic phase (since it is
barely stripped with 2M sulfuric acid), the stable Cu extraction efficiency in the successive
extraction cycles (Figure S- 2.2) indicates that iron is not effectively competing with Cu for the
extractant’s active compound. While Cu ions form complexes with the active compound (5-nonyl-
2-hydroxy-benzaldoxime) of Acorga M5640, steric hindrance prevents the formation of iron
complexes (Deep et al. 2010). Thus, the slight decrease in the extraction efficiency observed by

Wang et al. (2019b) in five successive cycles may have been caused by the relatively low Cu
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stripping efficiency (90%) reported by those authors, compared with that achieved in our work
(99%).

Another important characteristic for the successive utilisation of the organic phase is the
immiscibility of both organic and aqueous phases. In the system under study, the phases separated
clearly and quickly once the stirring stopped. Moreover, an experiment consisting of two
extractions performed in 100 mL cylinders (with strong magnetic stirring for 60 min to achieve
adequate contact between phases) revealed that the volumes (50 mL each) did not change (for an
error of 0.5% due to the visual analysis of volumes using cylinder markings). Therefore, major

losses of extractant and organic solvent in large- scale operations are not expected.

2.3.2.7. Complete Cu Extraction

Another important aspect is extracting all Cu from the extreme AMD to avoid putative Cu
contamination in subsequent processes that aim to recover other metals. The experiments of
consecutive extraction cycles using new organic phases and the same aqueous phase revealed that
three cycles are required to extract Cu from the extreme AMD to a concentration below the FAAS
detection limit in the aqueous phase (Figure S- 2.3).

2.3.2.8. Electrolyte Production for Cu Electrowinning

The hydrometallurgical processes for Cu recovery generally involve three steps: leaching, solvent
extraction, and electrowinning. In Cu electrowinning, the Cu?* dissolved in the H2SO4 (electrolyte
solution) is reduced on cathode surfaces to pure metallic Cu when direct current is applied between
anodes and cathodes. The spent electrolyte solution, which will still have a relatively high
concentration of Cu (=25 to =35 g/L Cu), is returned to the solvent extraction step as a stripping
solution to recover Cu?* from the loaded organic phase (Aksamitowski et al. 2018; Alguacil and
Regel-Rosocka 2018; Schlesinger et al. 2011). Thus, when developing a hydrometallurgical
process involving solvent extraction and electrowinning, it is essential that Cu concentrations in
the initial stripping solution exceed those found in the spent electrolyte solutions. With that aim,
four consecutive cycles of extraction and stripping were carried out, always using the same

stripping solution (2M H2S04) but with new organic phases loaded with Cu (Table 2.3). The results
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show that it is possible to achieve =35 g/LL Cu in the stripping solution, maintaining striping
efficiencies above 95%, and that it is feasible to reach =46 g/L Cu even if the stripping efficiency
drops to ~77%. This means that with this process, it is viable to extract Cu from this extreme mine
water and transfer it to electrolyte-like solutions with Cu concentrations suitable for the

electrowinning process.

Table 2.3. Copper concentrations in the initial organic phase (30% Acorga M5640 in Shell GTL
+ 2.5% (v/v) octanol) and final stripping solution (2M H2SOa) in four consecutive cycles of
extraction and stripping. The same stripping solution was used with new organic phases loaded
with copper. Conditions were an A/O ratio of 1/1 and a contact time of 60 minutes at room

temperature (25 = 30C). Results are averages of 3 replicates + standard deviations.

[Copper] in final

[Copper] in initial o ] Copper stripping
Cycle ) stripping solution o
organic phase (g/L) efficiency (%)
(9/L)
1 5.56 £ 0.07 53+05 95.3
2 16.11 £ 0.03 21+3 97.5
3 13.8+0.1 345+09 97.8
4 15+2 46 + 3 76.7

2.3.3. Cu Recovery with Biogenic Sulfide

The recovery of Cu from a loaded stripping solution (2M H2SO4 with 8,360 + 124 mg/L Cu)
obtained in the SX process under study was attempted using sulfide generated by SRB. The SRB
culture inoculated for that purpose evolved as expected (Figure S- 2.4) and was used 28 days after
inoculation, when most of the sulfate (>90%) had been reduced to sulfide (the concentration of
sulfide was 377 + 9 mg/L). The results achieved by mixing a fixed volume of stripping solution
with different volumes of the supernatant from a bacterial culture indicate that an S:Cu ratio of
1.75 is needed to ensure complete Cu precipitation (>95%), and higher ratios are unnecessary
(Figure S- 2.5).
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The XRD pattern generated with the precipitates produced (after washing) revealed prominent
peaks corresponding to covellite (CuS), along with a few small peaks that did not match any
crystalline phase pattern in the database (Figure 2.6). The estimated crystal size of the covellite
phase was 15 nm. Mapping of the precipitates using SEM-EDX revealed the presence of Cu and
sulfur in the particles, as expected for covellite (CuS), and traces of carbon around them indicating
low contamination of precipitates with organic compounds. Moreover, point analysis of one of the
particles showed an approximate Cu:S ratio of approximately 18:21, which is close to the expected

1:1 molar ratio for covellite (Figure 2.7).
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Figure 2.6. XRD pattern of precipitates obtained by adding the supernatant from a biogenic
sulfide-rich (377 = 9 mg/L S*) SRB culture medium to a 2M H2SO4 stripping solution loaded with
copper (8356 + 124 mg/L copper) from the solvent extraction process to recover copper from the
extreme AMD. The “*” symbol refers to the peaks for covellite (ICDD PDF2 database, reference

code 01-078-0877).
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Element [wt.%] [norm.wt.%]  [norm.at.%] 4000
Carbon 3.28 343 8.19 3500
Oxygen 26.03 27.20 48.78 3000 cu
Sulfur 2213 23.12 20.68 2500
Potassium  0.67 070 052 £200
Calcium 458 4.78 3.43
Copper  39.02 40.77 18.41
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Figure 2.7. SEM-EDX mapping of precipitates obtained by adding the supernatant from a biogenic
sulfide-rich (377 + 9 mg/L S¥) SRB culture medium to a 2M H2SQx4 stripping solution loaded with
copper (8,360 £ 124 mg/L copper). A) SEM image of the particles. SEM-EDX mapping of B)

sulfur and copper, C) carbon and oxygen. D) point analysis of covellite.

The samples prepared for TEM analysis showed a priori evidence of incomplete dispersion of
crystalline particles (aggregates were visible by eye). Still, the samples were suitable for TEM

imaging and the results allowed us to identify two types of particles:

- Nanoparticles with a wide range of sizes and shapes, caused by the agglomeration of different
numbers of smaller unique nanoparticles, for which it is possible (in some cases) to recognise
hexagonal shapes and internal crystalline structures (Figure 2.8). Automatic measurements of
4,820 particles in the 12 TEM images, using the ParticleSizer v1.0.9 plugin (Wanger and Eglinger
2021) on the Fiji — ImageJ software (Schindelin et al. 2012), revealed a particle Feret size range
from 3 to 87 nm with a mean of 12 + 9 nm and sizes fitting a normal distribution (for a 1%

probability («=0.01) in a Kolmogorov-Smirnov test).

- Micro-sized structures of needle-like and radiating forms containing multiple small nanoparticles
(Figure 2.9). Manual measurements of 10 particles, using the Fiji — ImageJ software (Schindelin
et al. 2012), revealed a particle Feret size range from 2 to 5.5 um with a mean of 4 £ 1 um (the

size distribution of these large agglomerates was not studied).
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Figure 2.8. TEM images of precipitates obtained by adding the supernatant from a biogenic
sulfide-rich (377 + 9 mg/L S*) SRB culture medium to a 2M H2SQx4 stripping solution loaded with
copper (8,360 = 124 mg/L copper), showing (a) a cluster of nanoparticles of multiple sizes together
with the distribution of sizes for 4,820 particles measured in 12 TEM images and (b) nanoparticles

with visible hexagonal-like shapes and internal crystalline structures.
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Figure 2.9. TEM images of precipitates obtained by adding the supernatant from a biogenic
sulfide-rich (377 + 9 mg/L S*) SRB culture medium to a 2M H,SQx4 stripping solution loaded with
copper (8,360 + 124 mg/L copper), showing (a) a group of micro-sized particles of needle-like and
radiating forms and (b) a detail of one structures with visible nanoparticles.

These results reveal that adding biogenic sulfide to the Cu stripping solution can produce covellite
nanoparticles aggregated in larger structures that may be larger than 10 um. Larger aggregates can
be an advantage in a production process because it is easier to collect larger aggregates than

nanoparticles. Sonication can be used to pulverise large aggregates into nanoparticles.

In a previous work in which a SRB growth medium containing biogenic sulfide was directly added
to a much less concentrated (100 mg/L Cu) artificial Cu sulfate solution, precipitation of Cu
(>95%) as covellite particles was also achieved using an S:Cu ratio of 2:1 (Costa et al. 2013).
These results, in combination with our own, suggest that it is possible to produce covellite
(nano)particles from sulfuric acid stripping solutions containing a wide range of Cu concentrations.
Therefore, the solvent extraction process described herein can be applied to AMD waters of
different Cu concentration levels and can be followed by a covellite precipitation process by adding

biogenic sulfide-rich media to the loaded stripping solution.

It is known that Cu?* ions can react with sulfide and form covellite (CuS) precipitates at low pH
values (e.g. Sampaio et al. 2009), and the production of covellite with biogenic sulfide directly
added to AMD samples has been reported previously (e.g. Silva et al. 2019). However, to our
knowledge, this is the first report about the addition of biogenic sulfide to a purified Cu solution
obtained by SX from an AMD sample, which has the great advantage of reducing the risk of co-

precipitation of other metal sulfide particles.

Due to their unique optical, electrical, and catalytic properties (Yadav et al. 2019), chalcogenide
semiconductor covellite nanoparticles are promising new materials for a wide range of
applications, including optoelectronic devices (Coughlan et al. 2017), solar cells (van der Stam et
al. 2016), lithium-ion batteries (Jiang et al. 2019), nanoscale switches (Sakamoto et al. 2003),
sensors (Coughlan et al. 2017), photodegradation of pollutants (Wang et al. 2009), photocatalysis
(van der Stam et al. 2016), and biomedicine (Goel et al. 2014; Yadav et al. 2019). However, the
purity of covellite must be considered for each specific application. In our work, analysis of the
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covellite revealed 97.3% purity for a covellite weight calculated based on the Cu concentration in
the dissolved precipitates, and the sum of constituents other than Cu (Table S- 2.2). Moreover, the
relatively high unidentified “other” constituents (1.5%) may be related to anions that could have
binded to the metal cations (mainly calcium and iron) and formed precipitates. Therefore, further

purification steps may be performed depending on the desired application.

2.4. Conclusions

This work attempts to contribute in two ways to raising the interest in implementing metal recovery
from AMD-affected areas. Such an approach will treat highly contaminated mine waters,
decreasing the environmental impact of AMD and simultaneously increase the circular economy

of metals.

The reported results confirm the potential utility of using a SX process with 30% (v/v) Acorga
M5640 in kerosene-like solvents with 2.5% octanol to extract over 95% of the Cu present in highly
acidic, metal-rich AMD, generating 2M sulfuric acid solutions with Cu concentrations greater than
45 g/L that are suitable as electrolytes for the well-established Cu electrowinning process that often
accompanies the acid-leaching of oxide Cu ores.

Our work also demonstrates the feasibility of combining SX systems with biological processes
that add biogenic sulfide at S:Cu ratios of ~ 2:1 to recover the extracted Cu as covellite
nanoparticles. The covellite produced can be used in a variety of renewable energy, biomedical,
and other applications.
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Figure S- 2.1. Screening of extractants for copper separation from the extreme AMD, with 15%
(v/v) of each extractant diluted in Shell GTL + 2.5% (v/v) octanol, using an A/O = 1/1 and a
contact time of 30 minutes at room temperature (25 + 3 °C). Results are averages of duplicates,
and the error bars are mean deviations.
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Figure S- 2.2. (a) Extraction and (b) stripping of copper and iron in five successive cycles of
extraction and stripping, using the extreme AMD and the same organic phase (30% (v/v) Acorga
M5640 in Shell GTL + 2.5% (v/v) octanol) but with new stripping solutions (2M H2SOa), with an
A/O =1/1, and a contact time of 60 minutes at room temperature 25 + 3°C. Results are averages

of triplicates, and the error bars are standard deviations.
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Figure S- 2.3. Cumulative extraction efficiencies in three successive new extractions from the
same extreme AMD with 30% v/v ACORGA M5640 in Shell GTL + 2.5 % (v/v) octanol, using

an A/O = 1/1 and a contact time of 60 minutes at room temperature 25 + 3°C.
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Figure S- 2.4. Evolution of growth parameters of SRB in Postage B medium measured during

incubation after inoculation with a previously SRB enriched culture; (a) optical density (OD at 600

nm) and redox potential (Eh) and (b) sulfate and sulfide concentrations.
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Figure S- 2.5. Efficiency of copper precipitation in a 2M H2SO4 stripping solution loaded with

copper (8356 + 124 mg/L copper) from the solvent extraction process tested to recover copper

from the extreme AMD, after addition of a sulfide rich (377 £ 9 mg/L S*) SRB culture medium to

make different S:Cu ratios.

Table S- 2.1. Copper concentrations at equilibrium in three consecutive cycles of extraction

without stripping, using the same organic phase (30% Acorga M5640 in Shell GTL with 2.5%

octanol) but new AMD in each cycle, with an A/O = 1/1 and 60 minutes contact time at room

+ standard deviations.

temperature (25 = 3°C). Results are averages of triplicates

[Copper] in final aqueous phase (g/L)

Cycle [Copper] in final organic phase (g/L)

+0.01
+ 0.007

0.17
0.345

+0.02
+0.02

16.1 +0.007

5.06
115

0.64 +0.03
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Table S- 2.2. Concentrations and percentages of elements other than copper in the digested (10.4

g/L) covellite particles produced by addition of biogenic sulfide to the SX stripping solution.

Contaminants

Concentration

%

(mg/L)

Ca 51.3 0.493
Fe 43.1 0.414
Al 111 0.107
Na 11.0 0.106
Mg 2.01 0.019
As 1.83 0.018
Zn 1.68 0.016
Pb 0.39 0.004
Se 0.2 0.002
Mn 0.15 0.001
Co 0.09 0.001
Cd 0.09 0.001
Cr 0.09 0.001
Ni 0.06 0.001
others 154 1.477
Sum 277 2.661
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CHAPTER 3

Zinc recovery from an extreme copper-free acid mine drainage: studying the
prior separation of ferric iron by solvent extraction using AliCy and/or

alkalinization
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Zinc recovery from an extreme copper-free acid mine drainage: studying the prior

separation of ferric iron by solvent extraction using AliCy and/or alkalinization

A modified version of this chapter was published as:

Nobahar, Amir; Bejiga Melka, Alemu; Marin-Beltran, Isabel; Neves, Luiz; Costa, Maria Clara;
Carlier, Jorge Dias. “Zinc recovery from an extreme copper-free acid mine drainage: studying the
prior separation of iron by solvent extraction using AliCy and/or alkalinization”. Journal of
Sustainable metallurgy (2022): https://doi.org/10.1007/s40831-022-00588-8

Abstract

Zn recovery attempts from a copper-free extreme Acid Mine Drainage with ~53g/L Fe and ~2g/L
Zn revealed Fe co-extraction in solvent extraction with 0.9M D2EHPA or a mixture of 0.72M
D2EHPA and 0.18M Cyanex 272, and simultaneous precipitation of Fe during zinc sulfide
recovery through biogenic sulfide addition. Therefore, alkalinization, solvent extraction with the
self-prepared ionic liquid AliCy diluted in kerosene, and combinations of both these methods were
studied for the separation of ferric iron (Fe**) from such water, prior to Zn recovery. The most
efficient strategy tested was a solvent extraction cycle with AliCy followed by alkalinization of its
aqueous raffinate to pH 3.25 or 3.5. As a result of this approach, ~92% of Fe3" is separated by SX
and the remaining is removed by precipitation, with just ~12% or ~17% Zn losses, respectively.
Afterwards, the highest Zn recovery from water resulting from such combination of process was
achieved by precipitation through addition of biogenic sulfide at pH=3.5. The obtained precipitates
are nanoparticles of Wurzite and Sphalerite (ZnS) of sizes between 2 to 22 nm agglomerated into
larger structures. This work shows for the first time the potential of AliCy to separate Fe** from

acidic multimetallic solutions, a known contaminant of several metal recovery processes.

Keywords

Acid mine drainage; ionic liquid; iron solvent extraction; metal bio-recovery; zinc sulfide
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3.1. Introduction

As a result of rapid industrialization and increasing demand for metals, there are major concerns
regarding the future availability of metals that are found on the endangered list of elements due to
their low abundance and difficulty to obtain. Zn, one of the important endangered metals, is a
crucial element for different industrial sectors and any form of life on Earth (Graedel et al. 2005;
Tolchin 2014). According to world annual data of mining per capita, 12 643 000 metric tons of Zn
are totally produced per year (data of 2018 year) (Reichl and Schatz 2020), and approximately
30% of global Zn production arises from recycling (Schneeberger et al. 2012). Demand for Zn by
the end of this century is expected to increase continuously up to 130% (Watari et al. 2021).
Besides, Sverdrup et al., (2019) believe that after 2052, the amount of Zn in use will be larger than
in ore deposits and thereafter, it will be supplied mostly from Zn recovery from secondary sources

and less from mining.
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One of the possible secondary sources of metals is water affected by Acid Mine Drainage (AMD),
an extended environmental problem characterized by high acidity and elevated concentrations of
SO4? and different metals such as Fe, Zn and Cu (Naidu et al. 2019). Mining activities are often
associated with the production of large volumes of AMD (Johnson and Hallberg 2005) which
causes severe environmental impacts, particularly on soil, water resources and aquatic organisms
(Shim et al. 2015; Galhardi and Bonotto 2016). In South West Spain and South of Portugal mining
activity has been deeply intense due to the polymetallic massive sulfide deposits of the Iberian
Pyrite Belt, and the total affected area by mining activity is estimated as 5000 ha (Martinez et al.
2019). Recently Moreno-Gonzalez et al. (2020) have reported very high concentrations (up to 408
g/L of SO4%, 194 g/L of Fe, 11 g/L of Zn, 2.2 g/L of As) and very low pH in waters in the lberian
Pyrite Belt area.

The need for sustainable approaches of AMD treatment has led to focus on water reuse and
resource recovery. However, despite the available remediation approaches, AMD treatment
associated to metal recovery remains a challenge. Although many researchers have discussed the
metal precipitation from AMD (Johnson and Hallberg 2005; RoyChowdhury et al. 2015), only a
few number have focused on the metal recovery (Kefeni et al. 2017; Cénovas et al. 2020). Naidu
et al. (2019) reviewed methods that are currently being used for treatment and metal recovery from
AMD via chemical, electrochemical and biological methods. Recent research has been focused on
searching for suitable combinations of physical, chemical and biological methods for the selective
recovery of metals from AMD (Naidu et al. 2019; Nanusha et al. 2019; Luptakova et al. 2020;
Wang et al. 2021). Yet, efficient recycling methods are still required that can address both the
environmental and economic perspectives.

Among the various processes, solvent extraction (SX) has got a wider application among other
techniques, as it shows high metal selectivity and extraction efficiency from aqueous leaching
solutions in the hydrometallurgical treatment of ores and secondary materials (Hedrich et al. 2018).
The SX process is focused on the removal of specific constituents by transferring them from the
aqueous phase to an immiscible non-aqueous phase. It is an extensively used method for the
recovery and purification of metals because of being simple, selective and cost-efficient with less
reaction time and favorable reaction conditions (Coll et al. 2012). Among the reagents used in Zn
SX, organophosphorus acid based extractants play a significant role. Various kinds of extractants

are used for Zn SX processes such as; Di-(2-ethylhexyl) phosphoric acid (D2EHPA), tributyl
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phosphate (TBP), Bis-(2,4,4-trimethylpentyl) phosphinic acid (Cyanex 272) and the synergistic
mixture of D2EPHA and Cyanex 272 (Deep and de Carvalho 2008). These organophosphorus
extractants primarily behave as cation exchangers (Eq. 3.1) and the extraction of Zn(ll) is pH
dependent (Mansur et al. 2008; Deep and de Carvalho 2008).

Zn?* (aq) + MHAorg) = ZNAHAm-2)(0rg) + 2H" Eg. 3.1
where HA is the extractant molecule, and m can vary from 2 to 4.
Fe is frequently present in AMD as ferrous (Fe?*) and ferric iron (Fe*), and is generally considered
as an impurity (and trouble) in the hydrometallurgical processing of Zn (Jha et al. 2001; Sinha et
al. 2014). Both Zn?* and Fe** are extracted by organophosphorus extractants such as D2EHPA,
Octylphenyl acid phosphate (OPAP), and Mono-(2-ethylhexyl) phosphoric acid (M2EHPA)
(Principe and Demopoulos 2004; Azizitorghabeh et al. 2015). Thus, several chemical precipitation
strategies have been applied in Zn industries for a previous removal of dissolved Fe**, such as
jarosite (Dutrizac and Jambor 2000; Pappu et al. 2006), goethite (Davey and Scott 1976; Pradel et
al. 1993), hematite (Ismael and Carvalho 2003) and paragoethite (ferrihydrite and schwertmannite)
(Jambor and Dutrizac 1998; Loan et al. 2002; Loan et al. 2006; Claassen and Sandenbergh 2006)
processes. However, these processes have economical disadvantages, due to their high operational
costs. Thus, experiments on Fe** extraction from synthetic and real metallic SO42 solutions by SX
have been performed using different extractants, such as trioctylmethylammonium chloride
(Aliguat 336) (Tait 1992), bis 2,4,4-trimethylpentyphosphinic acid (Cyanex 272) (Biswas et al.
2007), Cyanex 923 (Stefansson 2007), octylphenyl acid phosphate (Principe and Demopoulos
2004) and methyl isobutyl ketone (Sunda and Huntsman 2003). Plus, a recent focus has been
towards producing Fe marketable products from waste liquors by applying SX (Agrawal and Sahu
2010; Mishra et al. 2010). Interestingly, when the self-prepared ionic liquid
trioctylmethylammonium/2,4,4-trimethylpentyl phosphinate synthesized from the two extractants
Aliquat 336 and Cyanex 272 (called AliCy when first tested for boron extraction by Fortuny et al.
(2012)) was investigated by Devi (2016) for Cu extraction from a synthetic multi-metallic sulfuric
acid solution revealed an extraction rate of metal ions in the order of Fe>Zn>Cu>Cd>Co>Ni. Yet,
to our knowledge the so-called ionic liquid AliCy was never explored for the separation of Fe prior
to the recovery of other metals.
The efficacy of selective metal recovery by these methods from liquid waste streams largely

depends on the matrix composition and chemical speciation of the targeted metal in the waste
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(Zhuang et al. 2015) as each metal has unique features and physical-chemical properties that
generate specific mechanisms of action (Luch 2012; Magalhaes et al. 2015). For example, Fe in
the ferrous oxidation state (Fe?*) is soluble across a broad pH range from highly acidic to mildly
alkaline (< pH 7~8), whereas Fe3* is soluble only in acid solutions (< pH 3~4) (Monhemius 2017).
Indeed, there have been investigations on selective precipitation of metals at controlled pH values.
For instance, Rao et al. (1996) studied a precipitation process to remove Fe in the form of Fe3*
hydroxide (Fe(OH)z) at pH 3.5 by adding lime and hydrogen peroxide followed by the recovery
of Zn as zinc sulfide (ZnS) through injection of NaS. Nevertheless, these type of techniques
require oxidizing and neutralizing agents (Mauchauffée et al. 2008; Jameson et al. 2010; Park et
al. 2013; Park et al. 2015), which make them not cost-attractive.
Another promising approach, potentially less costly, is based on the use of sulfate-reducing
bacteria (SRB), which use SO4% as terminal electron acceptor in their anaerobic metabolism of the
organic matter, reducing it to sulfide. Thus, the bacterially produced hydrogen sulfide can react
with some metal ions to form insoluble metal sulfides. The use of biogenic sulfide released by
SRB has been proven to efficiently precipitate zinc sulfides from unimetallic synthetic Zn
solutions(Pinto da Costa et al. 2012; Vitor et al. 2015). Moreover, it is known that the solubility of
metal sulfides varies for each metal differently with pH changes (Lewis 2010), and that
precipitation of metal ions with hydrogen sulfide is largely dependent on the sulfide speciation,
which in turn is pH-dependent, as given in equations 3.2 and 3.3 (Zvimba et al. 2011).
M?* + HS" — MS +H* Eq. 3.2
H* +OH — H0 Eqg. 3.3

Indeed, different reports indicate promising results regarding the selective separation of different
metals using hydrogen sulfide generated by SRB at appropriate and controlled pH values (Foucher
et al. 2001; Tabak et al. 2003; Veeken et al. 2003; Ucar et al. 2011; Nancucheo and Johnson 2012;
Steudel 2020). For instance, Foucher et al. (2001) performed selective recovery of Cu and Zn at
pH 2.8 and 3.5, respectively, using SRB, and removal of Ni and Fe with sulfide at pH 6.

This study is the second part of a work performed aiming to contribute to enhance the recovery of
metals from AMD. The first part revealed that SX with 30% (v/v) Acorga M5640 in kerosene with
2.5% octanol can extract over 95% of the Cu present in highly acidic and metal-rich AMD, and

that 2M sulfuric acid solutions can re-extract Cu form such organic phase producing solutions with
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concentrations of this metal above 45 g/L, thus useful for electrochemical or biological recovery
processes (Nobahar et al. 2022). Now, the present study is focused on the recovery of Zn from the
aqueous raffinate (henceforward referred as copper-free AMD) obtained from that Cu SX process
with Acorga M5640. Zn recovery was tested by SX and by biogenic sulfide precipitation directly
from such copper-free AMD as well as after the removal of Fe®*. Different approaches were tested
for Fe3* removal: pH adjustment, SX with the self-prepared ionic liquid AliCy and combining both
these methods. Furthermore, since (to our knowledge) this is the first time AliCy was tested to
extract Fe3* from such type of water, several experiments and analysis were performed to optimize

and characterize this SX process.

3.2. Materials and methods
3.2.1. Copper-free AMD

In a previous work Cu was extracted from an extremely concentrated AMD collected at the Sdo
Domingos Mine, Portugal, through SX using Acorga M5640 diluted in a kerosene-like diluent
(Shell GTL) with 2.5% (v/v) octanol as the extractant (Nobahar et al. 2022). The so-called copper-
free AMD used in this work is the aqueous phase resulting from that SX process and was initially

characterized for its pH and main metals (Table 3.1).

Table 3.1. Characterization of copper-free AMD obtained from an extreme AMD collected at the
Sdo Domingos mine after three cycles of SX with 30% (v/v) Acorga M5640 in Shell GTL + 2.5

% (v/v) octanol with an aqueous to organic phase volumes ratio (A/O) of 1 and a contact time of

60 minutes.

Parameter Average Standard Deviation Units
pH 1.45 0.03 Standard unit (s.u.)
Eh 497 18 mV
[Fe] 52570 3729
[Fe*] 46132 4186
[Fe?*] 6439 457

mg/L
[Al] 7298 634
[Zn] 1824 242
[Mn] 156 11
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3.2.2. Workflow

Aiming the removal of Fe** before Zn recovery, alkalinization tests to precipitate this ion and SX
experiments to optimize and characterize its separation using AliCy in kerosene as extractant were
carried out. In what concerns Zn, its direct recovery from the copper-free AMD was tested through
SX using D2EHPA and D2EHPA plus Cyanex 272 on one side, and by biogenic sulfide addition
on another side. Moreover, the recovery of Zn from the waters resulting from the Fe* separation
processes was also tested by SX using D2EHPA plus Cyanex 272 and by biogenic sulfide addition.
Table 3.2 summarizes the type of processes studied for Fe** removal and/or Zn recovery. Finally,

the zinc sulfide precipitates obtained without Fe contamination were characterized.

Table 3.2. Procedures tested aiming Zn recovery from the copper-free AMD, organized by specific

objectives.

Objective Source Process(es)

Alkalinization

SX with AliCy (optimization and characterization)

Ferric |r(:n copper-free AMD
remova Alkalinization + SX with AliCy

SX with AliCy + Alkalinization

SX with D2EHPA

copper-free AMD SX with D2EHPA and Cyanex 272 —pH 1.5

ZnS precipitation with biogenic sulfide

Zinc recovery
SX with AliCy + SX with D2EHPA and Cyanex 272

Water obtained after:

ferric iron removal from SX with AliCy + alkalinization + SX with D2EHPA and Cyanex 272

copper-free AMD

SX with AliCy + alkalinization + ZnS precipitation with biogenic sulfide

3.2.3. Fe* removal from copper-free AMD

3.2.3.1. Alkalinization
It is known that Fe** can be removed from solution through alkalinization. The metal speciation-
pH plots generated with the Medusa-Hydra software (Puigdomenech 2015) for simplified SO4*

matrixes show that Fe** begins to hydrolyze and form solid (oxy)hydroxides at low acidities (pH
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> ~2), while Zn?* hydrolyses and precipitates as hydroxide solids at higher acidities (pH > ~6)
(Figure S- 3.1 andFigure S- 3.2). Seeking for an optimum pH, causing the highest precipitation of
Fe3* with the less Zn losses, the copper-free AMD was alkalinized to different pH values (2.0, 2.5,
2.75, 3.0, 3.25, 3.5, 4.0) by addition of sodium hydroxide solutions (5 M or 1 M or 0.5 M) and
samples centrifuged (2800 g for 5 minutes at room temperature) for solids removal and subsequent

metal analysis.

3.2.3.2. SX with AliCy (optimization and characterization)

The tested AliCy was prepared as described by Fortuny et al. (2012) with minimal modifications:
equimolar concentrations (varying depending on the test) of Aliquat 336 and Cyanex 272 diluted
in kerosene were mixed with an equal volume of 0.5 M sodium bicarbonate (NaHCQO3) aqueous
solution for 10 minutes with vigorous magnetic stirring, in an open flask to allow the release of
the CO- formed. Then, the aqueous phase was discarded using a decantation funnel and the organic
phase mixed again with 0.5 M aqueous sodium bicarbonate solution as described before. It is
recommended that to dilute the viscous Aliquat 336 in kerosene the mixture is heated in a water
bath at 65°C.

Devi (2016) reported that the extraction of Cu using AliCy reached a maximum value just after 5
minutes at 30 + 1 °C. In this work the Fe3* SX experiments with AliCy were performed at room
temperature (25 = 3 °C) and the contact time between the aqueous and the organic phases was
always 60 minutes to guarantee maximum extractions. Larger volumes (10 to 70 mL total of both
phases) were mixed in 100 mL round bottom flasks using magnetic stirrers, while smaller volumes
(2 to 10 mL total) were mixed in centrifuge tubes shaken in the horizontal position. In both cases,
the rotation speeds were in the range of 250 to 600 rpm to ensure the maximum mass transfer.
Several SX tests were carried out aiming to find optimal conditions for the extraction of Fe3* from
the copper-free AMD without co-extracting Zn. First, different AliCy concentrations in kerosene
and different aqueous to organic phase volume (A/O) ratios were tested and one combination of
these parameters was selected for further tests using copper-free AMD at different pH values. The
pH values tested were the natural pH of copper-free AMD (pH 1.5) plus two acidified (pH 0.5 and
1.0) and two alkalinized (pH 2.0 and 2.5), because this is the range where the complexes having
Fe®* can be more abundant and where different complexes of Zn?* can be present according to the
Eh-pH diagrams generated with the Medusa-Hydra software [65] mimicking the Fe3* (~1 M) or
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the Zn (~0.03 M) plus the SO4* concentrations (~1.5 M) in the copper-free AMD, assuming the
average temperature (25°C) of the laboratory where the SX tests were performed (Figure S- 3.3
andFigure S- 3.4). Then, using selected combinations of these parameters (AliCy concentration,
AJO ratio and pH of copper-free AMD), a second extraction cycle was tested using newly prepared
organic phase with the aqueous phase raffinate obtained from the first extraction cycle.

On the other hand, the re-extraction (stripping) of Fe from the loaded organic phase was first tested
with different agents (just H2O and 2 M sulfuric acid (H2SO4), 2 M nitric acid (HNOgz), 2 M
hydrochloric acid (HCI), 2 M oxalic acid (C2H204) and 2 M ammonium sulfate ((NH4)2SOa4)
aqueous solutions), and then the selected agent (sulfuric acid) was tested at different
concentrations. The molarities of sulfuric acid tested were 0.25 M, 0.5 M, 1.0 M, and 2.0 M
because in this range different types of complexes having Fe** can be more abundant, according
to the Eh-pH diagrams generated with the Medusa-Hydra software [65] for the approximate
concentration of Fe in the extractant organic phase (~0.3 M), assuming complete stripping and a
temperature of 25°C (Figure S- 3.5).

Afterwards, to assess the organic phase’s reusability, SX tests were carried out using non-
regenerated and regenerated organic phases resulting from the stripping step after extraction. The
organic phase regeneration was performed by mixing it two times with equal volumes of 0.5 M
sodium bicarbonate aqueous solution during 10 minutes with vigorous magnetic stirring, as
described above in AliCy preparation. Finally, 4 cycles of extraction and stripping were performed
using a successively regenerated organic phase as the extractant and 2 M sulfuric acid solutions
for stripping.

Finally, aiming to shed light on the Fe extraction mechanism, Fourier Transform Infrared
Spectroscopy (FTIR) analysis of kerosene, AliCy in kerosene and Fe loaded AliCy in kerosene

were performed.

3.2.3.3. Alkalinization + SX with AliCy

The copper-free AMD obtained after alkalinization to pH 2.75 and solids removal by
centrifugation (2800 g for 5 minutes at room temperature) was re-acidified to its original pH (1.5)
and subjected to SX with 0.45 M AliCy in kerosene aiming to extract the remaining Fe3" in

solution.
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3.2.3.4. SX with AliCy + alkalinization

With the same objective, the aqueous phase raffinate obtained after Fe extraction from the raw
copper-free AMD (pH=1.5) by SX with 0.45 M AliCy in kerosene was alkalinized to different pH
values (2.0, 2.5, 2.75, 3.0, 3.25, 3.5 and 4.0) using sodium hydroxide solutions.

3.2.4. Zn recovery from copper-free AMD

3.2.4.1. SX with D2EHPA and with D2EHPA and Cyanex 272

Di-(2-ethylhexyl) phosphoric acid (D2EHPA) is a known Zn extractant from different types of
metals-containing waters. Moreover, it has been proven that synergistic extractions with D2EHPA
and other extractants can improve the extraction and separation of Zn from different matrixes, such
as chloride pickle liquors (Azizitorghabeh et al. 2017) or SO4 leach solutions (Asadi et al. 2018).
This second work reports that SX with a mixture of 80% D2EHPA and 20% Cyanex 272 performed
at 25°C, pH 3, an A/O ratio of 1, and a contact time of 25 min, showed the best synergistic effect
to improve Zn extraction from a SO4% leach liquor, while TBP acted more as a phase modifier.
Moreover, in that work it is reported that the extraction of Zn in the pH range from 1.5 to 3.0 varied
just between ~30% to ~40% if using D2EHPA or just between ~30% and 35% if using Cyanex
272. Therefore, since the AMD generated at the Sio Domingo’s mining area is also a SO4%*-based
matrix, in this work the SX experiments to test the extraction of Zn from the copper-free AMD
were carried out with its natural acidity (pH ~1.5) and under conditions similar to those reported
by (Asadi et al. 2018): with an A/O ratio of 1, a contact time of 30 minutes and at room temperature
(25 = 3 °C). Total volumes of 50 mL for both phases were mixed in 100 mL round bottom flasks
using magnetic stirrers with rotations in the range of 500 to 600 rpm.

Two experiments were performed: on one side 0.9 M D2EHPA in kerosene with 3% TBP was
tested and on another side a mixture of 0.72 M D2EHPA and 0.18M Cyanex 272 in kerosene with
3% TBP was tested.

3.2.4.2. ZnS precipitation with biogenic sulfide

A SRB culture, previously enriched from sediments of a wastewater treatment plant (WWTP)
anaerobic lagoon and maintained by successive subculturing in Postgate B growth medium
(Postgate 1984), was used as source of sulfide. The sulfide rich medium (after SRB growth) was
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added to copper-free AMD at different pH values aiming to find optimal conditions to selectively
precipitate zinc sulfide. For that, the pH of both the copper-free AMD (pH = 1.5) and of the sulfide
rich medium (pH = 6.5) were adjusted to the different tested values (pH = 1.0, 1.5, 2.0, 2.5 and
2.75) until becoming stable for 24 hours. 1 M sulfuric acid was used to decrease the pH and 5 M,
1 M and 0.5 M sodium hydroxide solutions were used to increase the pH. The SRB culture, before
being acidified to the tested pH values, was centrifuged at 2800 g for 5 minutes at room
temperature and the pellet discarded to eliminate bacterial cells and other solids. The copper-free
AMD samples, in this case after the alkalinization, were also centrifuged at 2800 g for 5 minutes
at room temperature and the pellet discarded to eliminate metal precipitates formed.

The volumes of copper-free AMD and SRB culture to be mixed were calculated based on the
concentrations before centrifugations and pH adjustments. Thus, the target ratio of sulfide to zinc
molarity (S/Zn) was 50 times the 1:1 stoichiometric value of ZnS to assure enough quantity of
sulfide (because it is highly volatile). Nevertheless, the real tested S/Zn ratios were calculated
based on concentrations measured just before mixing the sulfide rich medium and the copper-free
AMD supernatants of tested pH values. Finally, the metals precipitation efficiency was calculated
using the concentration of metals in solutions before mixing, and 72 hours after mixture and

collection of precipitates by centrifugation (2800 g for 20 min at room temperature).

3.2.5. Zn recovery after Fe3* removal

3.2.5.1. SX with AliCy + SX with D2EHPA and Cyanex 272

Seeking the selective extraction of Zn from the raffinate obtained after Fe** removal from the raw
copper-free AMD by SX with 0.45 M AliCy, a subsequent SX experiment was performed using
the synergistic mixture of 0.72 M D2EHPA and 0.18 M Cyanex 272 in kerosene with 3% (v/v)
TBP as organic phase (under the conditions described above in section “SX with D2EHPA and
with D2EHPA and Cyanex 272 7).

3.2.5.2. SX with AliCy + alkalinization + SX with D2EHPA and Cyanex 272

Aiming to improve the selective extraction of Zn, another SX experiment was performed, this time
using a synergistic mixture of 1.44 M D2EHPA and 0.36 M Cyanex 272 in kerosene with 3% (v/v)
TBP as organic phase, and the following aqueous phase: the AliCy SX’s raffinate alkalinized to
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pH 3.25, after solids removal (by centrifugation at 2800 g for 5 minutes at room temperature) and
reacidification to pH 2.0. This reacidification step was because the Zn selectivity by various
extractants, including D2EHPA and Cyanex 272, decays at pH > 2.5 (Owusu 1998; Gharabaghi et
al. 2013; Jha et al. 2014). The SX conditions were once again as described above in section “SX
with D2EHPA and with D2EHPA and Cyanex 272",

3.2.5.3. SX with AliCy + alkalinization + ZnS precipitation with biogenic sulfide

The selective recovery of Zn from the raffinate obtained after Fe3* SX from the raw copper-free
AMD with 0.45 M AliCy in kerosene was also attempted by addition of biogenic sulfide rich media
(after SRB growth) at controlled pH values: 2.0, 2.5, 2.75, 3.0, 3.25 and 3.5.

3.2.6. Analytical methods

In each SX experiment, the concentration of each main metal (M) in the original AMD (Fe, Al,
Cu, Zn, Mn) was determined in the initial aqueous phase of copper-free AMD - [Mag]i - and in the
final aqueous phase after SX - [Mag]f , while the concentrations of these metals in the final organic
phase - [Morg]f - were calculated by mass balance. The removal efficiency of each metal was then
calculated by dividing [Morglf by [Mag]i and multiplying the result by 100. The distribution ratio
was also calculated as D = [Morgs / [Mag]r.

The pH was measured using a pH/E Meter GLP 21 (Crison) with a glass pH electrode (VWR, SJ
223). The SO4* concentration was determined with a UV-visible spectrometer DR2800 (Hach-
Lange) using the sulfaVer4 (Method 8051, Hach-Lange) procedure at 450 nm. The concentrations
of Fe, Zn, and Mn were determined through flame atomic absorption spectroscopy with a novAA
350 system (Analytik Jena), and the concentration of Al was measured by microwave plasma
atomic emission spectrometry with a 4200 MP-AES (Agilent). Calibration curves were built using
standards prepared from metals stock solutions of 1000 mg/L metal in 0.5 M nitric acid: Fe and
Zn (Merck Certipur, Germany), Mn and Al (Panreac AA, Spain). Several samples’ dilutions were
prepared in 1% (v/v) nitric acid (0.224 M), and the lowest dilutions fitting in the linear calibration
curves were chosen. Fe?* concentration was analyzed with a UV-visible spectrometer DR2800
(Hach-Lange) using the 1,10-Phenanthroline (Method 8146, Hach-Lange) procedure at 510 nm
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and Fe3* concentration was calculated by mass balance with total Fe determined by atomic
absorption.

FTIR measurements were performed using a Nicolet iINLOMX micro-FTIR (Thermo Scientific,
USA) equipped with a MCT detector cooled with liquid nitrogen. Analyses were conducted in
reflection mode, by spreading a drop of the sample onto a reflectance holder. Spectra were
collected in the middle infrared region (from 2000 to 675 cm™) recording 16 scans at 4 cm™
spectral resolution. Three measurements were performed for each sample to assure the robustness
of the analysis.

The characterization of zinc sulfide precipitates, after they were washed in 96% (v/v) ethanol
overnight under orbital shaking, centrifuged (2800 g for 60 min at room temperature) for liquid
removal and dried under vacuum, was done by analysis of (i) X-ray diffraction (XRD), (ii)
Variable pressure scanning electron microscope coupled with energy dispersive X-ray
spectrometry (VP-SEM-EDX) and (iii) Transmission Electron Microscopy (TEM). XRD analysis
was performed using a microdifractometer Bruker™ D8 Discover®, operating at 40 KV and 40
mA, with Cu Ka radiation. The XRD patterns were acquired using a LYNXEYE detector, with a
step size (20) of 0.03° and a step time of 1920 s. The identification of crystalline phases was
performed with the DIFFRAC.SUITE EVA® software using the Powder Diffraction File (PDF-2)
X-ray patterns database of the International Centre for Diffraction Data. VP-SEM-EDX analysis
were carried out using a Hitachi™ S3700N SEM coupled to a Bruker™ XFlash 5010 SDD EDS
Detector®. The samples were mounted on adhesive carbon tape and analyzed at low vacuum (40
Pa) and with an accelerating voltage of 5 and 20 kV. For TEM analysis the precipitates were re-
suspended in ethanol and sonicated during 30 minutes for pulverization. Then, 5 pl of samples
were applied to 400 mesh copper grids with thin carbon support (01844-F, Carbon Film only on
400 mesh, Copper, Tedpella). The grids allowed to dry and then stored the samples in a desiccator
until imaging. Samples were imaged with a JEOL JEM-2100 electron microscope, operating a

LaB6 electron gun at 200 kV and images were acquired with a "OneView" 4k x 4k CCD camera.
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3.3. Results
3.3.1. Fe* removal from copper-free AMD

3.3.1.1. Alkalinization

Aiming to prevent Fe contamination in Zn recovery processes, different processes to remove Fe®*
from the copper-free AMD were tested. The first test was to raise the pH seeking for an optimum
value to precipitate Fe** but not Zn. As expected, the precipitation of Fe increased as the pH raised;
however, Zn started also to precipitate (Figure 3.1). Removals of Fe reached 85% to 90% for pH
values from 3.0 to 4.0. However, the loss of Zn by simultaneous precipitation was considerably
high (10% to 30%). Nevertheless, at pH 2.75 the removal of Fe was ~71% and the loss of Zn was
just ~4%.
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Figure 3.1. Metals removal by pH adjustment through addition of NaOH to the copper-free AMD.

3.3.1.2. SX with AliCy
The experiments performed aiming to optimize and characterize AliCy’s SX are summarized on

Figure 3.2.
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Figure 3.2. Experimental flowsheet for AliCy’s SX optimization and characterization.

The maximum Fe loading capacity achieved in the organic phase was ~ 26.6 g/L in 0.6M AliCy
for an A/O ratio of 1/1, and a close value of ~25.1 g/L was obtained in 0.45M AliCy also for an
AJ/O ratios of 1/1. In both these cases the Fe extraction from the copper-free AMD was below 60%.
Despite that, greater Fe extractions, in the range of 80% to 90%, were achieved with all the four
AliCy concentrations tested, but at different A/O ratios: 1/10 for 0.15M; 1/4 for 0.3M; 1/3 for
0.45M and 1/2 for 0.6M (Figure S- 3.6 toFigure S- 3.9). When lower A/O ratios than these were
tested, the Fe extraction was similar or just slightly higher, but Zn co-extraction increased to values
(~25% to 80%) that are unreasonable if the goal is the subsequent recovery of this metal. Based
on these results, the additional experiments to characterize Fe SX from the copper-free AMD were
performed using 0.45 M AliCy in kerosene as extractant at a A/O ratio of 1/3.

The SX tests with copper-free AMD at different acidic values revealed high co-extractions of all

tested metals (Fe, Al, Zn and Mn) for pH 2.5 and pH 2.0, but similar selective Fe extraction patterns

117



were achieved for the natural pH of the solution of 1.5 and for the acidified pH of 1.0 (~81% for
Fe and < 5% for other metals), while a lower selective Fe extraction percentage (~60%) was
observed for the most acidified pH of 0.5 (Figure S- 3.10). This suggests that the AliCy’s organic
phase extracted Fe** in the form of FeSO4*, because according to the Eh-pH diagram obtained by
theoretical simulation (Figure S- 3.3) this Fe compound is present in solutions with pH from ~0.6
to ~1.5 but not when the pH is outside this interval.

Afterwards, the attempts of second SX cycles to further remove Fe from the obtained aqueous
raffinates (of the Fe selective first SXs) revealed unexpected results: in the three cases (which
started with copper-free AMD at pHs 0.5, 1.0 and 1.5) there was a dramatic loss of Fe extraction
efficiency, both in extraction percentage and in Fe selectivity (Figure S- 3.11). A possible
explanation for this phenomenon is the lower concentration of Fe** ions to compete with the other
metal ions for the extractant in the second SX cycle (Table 3.3). Indeed, AliCy is also able to
extract other metals than Fe; for instance, extraction rates from a multimetallic sulfuric acid
solution were reported in the order of Fe>Zn>Cu>Cd>Co>Ni (Devi 2016). Looking to the Eh-pH
diagram plotted for Zn, and considering the fact that the pH values of raffinates tested for the
second SX cycle were above 1.0, it seems that after most of Fe** was removed the Zn was extracted
in the form of Zn(S04).* (Figure S- 3.4 andFigure S- 3.11).

The extraction percentages and D values obtained for the metals studied in this SX process clearly
indicate high efficiency for Fe3* extraction (Table 3.3). SO4* was also analyzed in this SX
conditions, and the observed high co-extraction of this ion suggests it has a role in the Fe3*
extraction mechanism. Since the study of Fe speciation revealed that most of this metal in the
initial copper-free AMD was in the ferric ion state (~46 g/L Fe*") and that ~92% of it was extracted,
an additional SX test performed performed with 0.45 M AliCy in kerosene and a synthetic ferric
sulfate (Fe2(SOa)s) solution. This test revealed ~97% extraction of the initial 55 g/L Fe®*.

Table 3.3. Extraction efficiency of 0.45 M AliCy in kerosene applied to copper-free AMD, using
with an A/O of 1/3 and a contact time of 60 minutes. Results are averages and standard deviations
of three independent SX experiments.

Metals [Initial] copper-free AMD

o o )
and SO.2 (g/L) Extraction % Distribution ratios D

Extractants
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Fe 53+4 84+1 5.3+0.6

Fe¥* 46 4 92+3 13+5
Fe? 6.4+05 28 + 10* 04+0.2
0.45M AliCy Al 7.3+0.6 4+3 0.05+0.03
Zn 1.8+0.2 3%5 0.04 +0.06
Mn 0.156 + 0.001 4+4 0.04 £0.04
S04* 142 £15 80+1 3.93+0.03

* Fe?* is not extracted by organophosphorus extractants (Regel-Rosocka and Wisniewski 2011), therefore this ~28%
was probably the result of Fe?* oxidation to Fe3* which was then extracted (concentrations of Fe?* and Fe3* determined

as described in methods).

In what concerns the Fe re-extraction (stripping), a first experiment using A/O ratios of 1/1 showed
that 2 M sulfuric acid was the most effective agent among several tested (Figure S- 3.12). Then,
Fe stripping from a loaded organic phase of 0.45M AliCy was tested using sulphuric acid at
different molarities and 2M showed the highest efficiency (Figure S- 3.13). In addition, a further
test of Fe stripping using 2 M sulfuric acid and loaded organic phases of 0.3M, 0.45M and 0.6M
AliCy in kerosene, still at A/O ratios of 1/1, revealed efficiencies of ~95%, ~91% and ~86%,
respectively.

Regarding the reusability of AliCy in kerosene as extractant for the removal of Fe from copper-
free AMD, a SX test using such organic phase directly after stripping with 2 M sulfuric acid
revealed poor efficiency for Fe extraction (metals removal = 80% for Mn, 35% for Fe, 10% for Al
and 6% for Zn). Yet, SX tests using a regenerated organic phase revealed good Fe extraction
efficiencies, both for selectivity and percentage (Figure S- 3.14). In fact, four cycles of extraction
and stripping from raw copper-free AMD were successfully performed using a successively
regenerated organic phase of 0.45 M AliCy in kerosene as extractant and new 2 M sulfuric acid
solution for stripping in each cycle (Figure S- 3.15 andFigure S- 3.16).

The fact that AliCy was prepared with sodium bicarbonate solution and that it was necessary to be
regenerated with this solution after Fe®* extraction suggests that an ion exchange mechanism could
occur, in which the Na somehow bound to the extractant would be replaced by Fe3* or a complex
with this ion. The measurement of 0.085 £+ 0.027 g/L Na and 2.52 + 0.1 g/L Na in the copper-free
AMD before and after Fe®* extraction (with 0.45 M AliCy using A/O = 1/3), respectively, gives
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strength to this idea. However, the extracted Fe to incremented Na molarities ratio of ~7 indicates
that the extraction mechanism may not be a simple direct substitution.

Aiming to shed light on the extraction mechanism, FTIR spectra were obtained for Kerosene and
for AliCy diluted in kerosene before and after Fe®* SX extraction (Figure 3.3). Analyzing both the
FTIR spectra of kerosene and of AliCy diluted in kerosene allowed to identify the main peaks
expected in the analyzed range of wavenumbers for the respective chemical functional groups.
Then, when Fe3* is loaded, after extraction either from the synthetic iron sulfate solution or from
the copper-free AMD, the following changes are visible in the FTIR spectra: (i) the peak at ~1147
cm (attributed to the P=0 group) switches to two peaks in its proximity (at ~1128 and ~1168 cm-
b, (ii) the peak at ~1048 cm™ (attributed to C—N linkages) moves to ~1059 cm™ and (iii) the peak
at ~812 cm (attributed to NC3 antisymmetric vibrations) moves to ~821 cm-1. In the discussion
section there is a detailed explanation about the identification of these functional groups with

supporting references.
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Figure 3.3. FTIR spectra of: Kerosene, 0.45 M AliCy diluted in kerosene and 0.45 M AliCy in
kerosene loaded either with Fe3* from iron sulfate solution, or from copper-free AMD. The peaks
of characteristic vibrational groups are identified, and respective changes due to putative

interactions with the Fe3* ion are shown in pink and blue colors.

3.3.1.3. Alkalinization + SX with AliCy

Despite the promising results of removing Fe®* from copper-free AMD by SX with AliCy in
kerosene and the possibility of reusing this organic phase, it was not possible to completely remove
total Fe, nor all the Fe3*, by this approach. Therefore, further experiments combining this process
and alkalinization were performed seeking to remove the most as possible Fe (especially Fe®*)
with minimum losses of Zn.

The first combination of processes tested was a SX using 0.45M AliCy in kerosene with the
following aqueous phase: the copper-free AMD alkalinized to pH 2.75, after solids removal by
centrifugation and a final reacidification back to pH 1.5 (Table 3.4). This approach led to similar
results of those obtained in the second cycle of extraction with AliCy (Figure S- 3.11): a decay in
Fe extraction and a rise in the extraction of other metals. The fact that alkalinization at such pH
(2.75) removes essentially Fe** helps to support the justification proposed above for this

phenomenon: less Fe** ions to compete with the other metal ions for the extractant.

Table 3.4. Extraction efficiency of 0.45 M AliCy in kerosene applied to the copper-free AMD
obtained after pH adjustment to 2.75, solids removal and reacidification back to pH 1.5, with an
A/O of 1/3 and a contact time of 60 minutes. Results are the average and the mean absolute

deviation of 2 replicates.

[Initial]copper-free AMD
after pH adjusted to 2.75 and

Extractants Metals Extraction % Distribution ratios D
then back to pH 1.5
(9/L)
Fe 6.17+0.4 61+6 16+04
] Al 3.0+0.3 75+1 3.0+0.2

0.45M AliCy

Zn 0.71+0.2 97.0+0.3 32+3

Mn 0.06 +0.02 13+2 0.15+0.03
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3.3.1.4. SX with AliCy + Alkalinization

The strategy reverse to the one described above was performed by raising the pH of the aqueous
phase coming out of SX from raw copper-free AMD with 0.45 M AliCy in kerosene. The best
combination of higher Fe removal and less Zn loss due to simultaneous precipitation was achieved
with pH values 3.0, 3.25 and 3.5 (Figure 3.4).
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Figure 3.4. Metals removal by pH adjustment through addition of NaOH to the raffinate obtained
from one SX cycle on copper-free AMD with 0.45 M AliCy in kerosene (at A/O of 1/3).

3.3.2. Zn recovery from copper-free AMD

3.3.2.1. SX with D2EHPA and with D2EHPA and Cyanex 272

The tests to extract Zn directly from the copper-free AMD using 0.9 M D2EHPA or a mixture of
0.72 M D2EHPA and 0.18 M Cyanex 272 revealed low efficiency, both in Zn extraction
percentage and in selectivity (Table 3.5). While the yield of Zn recovery would be increased with
higher concentrations of extractant or lower A/O ratios, the observed co-extraction of Fe*" is a
known problem in the hydrometallurgical industry that is not so easy to solve. Thus, performing a
direct Zn SX process to such water would be possible just if Fe3* can be efficiently separated in a
prior step.
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Table 3.5. Extraction efficiency from the copper-free AMD, using 0.9 M D2EHPA in kerosene
with 3% (v/v) TBP and using a mixture of 0.72 M D2EHPA plus 0.18 M Cyanex 272 in kerosene
with 3% (v/v) TBP, with an A/O ratio of 1 and a contact time of 30 minutes. Results are given as
the average and the mean absolute deviation of 2 replicates.

[Initial] copper-free AMD

Extractants Metals (@/L) Extraction % Distribution ratios D
Fe 53+4 40+1 0.67+0.04
0.9 M D2HEPA Al 7.3+0.6 50+04 0.053 £ 0.005
Zn 1.8+0.2 45+ 6 0.8+0.2
Mn 0.156 £ 0.001 4+£2 0.04 £0.02
Fe 53+4 33+11 05+0.3
0.72 M D2EHPA Al 7.3+0.6 2+1 0.016 + 0.004
0.18 M Cyanex 272 zp 1.8+0.2 57+7 1.4 +0.4
Mn 0.156 + 0.001 0.0+05 0.000 £ 0.004

3.3.2.2. ZnS precipitation with biogenic sulfide

A SRB culture with good SO+ reduction activity was used when more than 90% of the initial
S04 had been reduced and the concentration of sulfide was 342 + 7 mg/L. The sulfide to zinc
ratios (S/Zn) calculated based on sulfide measurements just before mixing the sulfide rich medium
and the copper-free AMD supernatants of tested pH values were in the range of 20 to 50. These
ratios are much higher than the stoichiometric value for ZnS precipitates, thus assuring sulfide was
not a limiting factor.

For pH values of 2.5 and lower there was no significant metals precipitation, while for pH 2.75
most (~0.685 g/L or ~96%) of the Zn initially in solution (~0.713 g/L) precipitated (Figure 3.5).
However, simultaneous precipitation of Fe (~0.62 g/L) occurred and though the percentage was
just ~10% of the initial Fe concentration in the copper-free AMD alkalinized to pH 2.75 (~6.2 g/L
Fe), it still corresponds to a relatively high Fe contamination of recovered Zn. (These
concentrations of Zn and Fe seem lower than expected due to a dilution factor of 2.452 caused by
volume raise during pH adjustment.) If zinc sulfide was obtained with relatively small amounts of
Fe, this direct addition of sulfide to such water could be applied to produce feeding materials for

Zn smelters. However, the observed level of contamination hampers this approach.
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Figure 3.5. Metals precipitation 72 hours after adding sulfide rich supernatant of a SRB culture to
copper-free AMD at controlled pH values and making S/Zn ratios above 20. Results are given as

the average and the mean absolute deviation of 2 replicates.

The results obtained with both Zn recovery approaches tested directly on the extreme copper-free
AMD have shown the importance of removing Fe®** prior to applying Zn hydrometallurgical

processes on such water.

3.3.3. Zn recovery after Fe3* removal

3.3.3.1. SX with AliCy + SX with D2EHPA and Cyanex 272

The SX with the synergistic mixture of 0.72 M D2EHPA and 0.18 M Cyanex 272 in kerosene with
3% (v/v) TBP applied to the aqueous phase coming out of the SX from copper-free AMD using
0.45 M AliCy in kerosene revealed extraction percentages of Zn (~51%) and Fe (~23%) (Table
3.6) in the same range of those achieved in the SX using the same extractant system applied directly
to the copper-free AMD (~57% and ~33%, respectively) (Table 3.5). Hence, the quantity of Fe co-
extracted with Zn was much lower because of its lower initial concentration. Even so, the extracted
Fe (~1.9 g/L) is still higher than the extracted Zn (~0.9 g/L).

Table 3.6. Extraction efficiency from the raffinate obtained from one SX cycle on copper-free
AMD with 0.45 M AliCy in kerosene (with A/O = 1/3), using a mixture of 0.72 M D2EHPA plus
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0.18 M Cyanex 272 in kerosene with 3% (v/v) TBP, with an A/O ratio of 1/1 and a contact time

of 30 minutes. Results are the average and the mean absolute deviation of 2 replicates.

[Initial] copper-free AMD

Extractants Metals out of SX with AliCy Extraction % Distribution ratios D
(9/L)

Fe 84+0.9 22.60 + 0.03 0.292 + 0.001
0.72M D2EHPA Al 7.0x£0.2 7+2 0.08 £0.02
0.18M Cyanex 272 Zzn 1.7+0.1 51+1 1.06 £ 0.04

Mn 0.150 + 0.004 26+0.9 0.03+£0.01

3.3.3.2. SX with AliCy + alkalinization + SX with D2EHPA plus Cyanex 272

The SX with higher molarities of extractants D2EHPA (1.44 M) and Cyanex 272 (0.32 M) in
kerosene with 3% (v/v) TBP applied now to the raffinate from SX with 0.45 M AliCy and copper-
free AMD alkalinized to pH 3.25 and then (after solids removal by centrifugation) reacidified to
pH 2.0, allowed to improve the extraction efficiency of Zn (Table 3.7), comparing with the SX
with 0.72 M D2EHPA and 0.18 M Cyanex 272 from the raffinate obtained after SX with AliCy
and copper-free AMD without any further pH adjustment (Table 3.6). However, the co-extracted
Fe (~0.5 g/L) was still high in relation to the extracted Zn (~0.9 g/L).

Table 3.7. Extraction efficiency from the raffinate obtained from one SX cycle on copper-free
AMD with 0.45 M AliCy in kerosene (during 60 minutes with A/O = 1/3) alkalized to pH 3.25
(solids removed) and reacidified to pH 2.0, using a mixture of 1.44 M D2EHPA plus 0.32 M
Cyanex 272 in kerosene with 3% (v/v) TBP (during 30 minutes with A/O = 1/1). Results are the

average and the mean absolute deviation of 2 replicates.

[Initial] copper-free AMD
out of SX with AliCy,
alkalized to pH 3.25 (solids

Extractants Metals o Extraction % Distribution ratios D
removed) and reacidified to
pH2.0
(9/L)
Fe 2.8+0.9 18+3 0.22+0.04
1.44M D2EHPA Al 43+0.2 12+3 0.14 £ 0.04
0.32M Cyanex 272 Zn 1.1+£0.1 88.0 £ 0.6 74+0.1
Mn 0.099 + 0.004 23+1 0.31+0.01
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3.3.3.3. SX with AliCy + alkalinization + ZnS precipitation with biogenic sulfide

Finally, the addition of biogenic sulfide rich media (after SRB growth) to the aqueous phase
coming out of the SX with 0.45M AliCy and copper-free AMD, at controlled pH, was proven to
be a successful strategy to recover Zn. The precipitation was specific for Zn at all tested pH values,
with total precipitation achieved by mixing acidified (to pH 3.5) biogenic sulfide rich medium with
the alkalinized (to pH of 3.5) aqueous phase coming from the SX with 0.45M AliCy in kerosene
and copper-free AMD (Figure 3.6).
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Figure 3.6. Metals precipitation 72 hours after adding sulfide rich supernatant of a SRB culture to
the raffinate obtained from one SX cycle on copper-free AMD with 0.45 M AliCy in kerosene (at
A/O of 1/3) at controlled pH values, making S/Zn ratios above 20. Results are shown as the average

of 2 replicates and the error bars are mean absolute deviations.

3.3.4. Characterization of zinc sulfide precipitates

The precipitates obtained by mixing biogenic sulfide rich medium with the alkalinized raffinate
from the SX with 0.45M AliCy in kerosene and copper-free AMD at a controlled pH of 3.5 had
the expected white color of zinc sulfide.

The X-ray diffraction pattern of these particles revealed main peaks corresponding to zinc sulfide

(ZnS) in its two types of crystalline structures, wurtzite and sphalerite (Figure 3.7). However, the
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small size of these peaks and their location in bulging areas of the diffractogram indicates that a
portion of the ZnS was amorphous and the crystallization was still occurring.

The SEM imaging revealed particles of about 50 um and the SEM-EDX mapping of these particles
revealed, apart from the oxygen always present and the carbon from the tape used to mount the
precipitates, the main presence of Zn and S in a ratio of normalized relative concentrations of 1
(Figure 3.8), which is exactly the expected ratio for ZnS. Besides, the mapping analysis revealed
some small roundish spots of Ca incrusted in the particles and a point analysis on one of these
spots revealed considerable Ca normalized relative concentration (4.53%) and more S (11.36 %)
than Zn (2.27%). These values allow to suggest these spots are composed of gypsum
(CaS04-2H20) or its anhydrous form, anhydrite (CaSQOa).

In what concerns the TEM analysis, although the precipitates were sonicated for 30 minutes for
this analysis, aggregates were visible and a broad range of particles sizes was observed indicating
incomplete dispersion of particles (Figure 3.9). A total of 3648 particles were automatically
measured in four TEM images, using the ParticleSizer v1.0.9 plugin (Wanger and Eglinger 2021)
on the Fiji — ImageJ software (Schindelin et al. 2012), with default values on Settings Manager’s
parameters except for the “Irregular watershed convexity threshold”, which was changed to 1.0 to
allow a better identification of particles in the aggregates. Yet, by using this value, several image
spots which are just noise background were detected as very small particles. To eliminate this error
caused by such automatic measurements and enumerations, the real smallest size of particles in
the images was visually identified and measured as 12 nm. Then, the particles having smaller sizes
than that were eliminated from the list before statistical analysis of particle sizes. This approach
revealed particles having a Feret size average of 70 £ 60 nm, varying from 12 to 727 nm and fitting
a normal distribution (for a 1%o probability (¢=0.001) in a Kolmogorov-Smirnov test).
Interestingly, in the TEM images with higher magnifications it is possible to visualize that these
particles are composed of smaller particles (Figure 3.9). The automatic measurements of 1217 of
such smaller nanoparticles within three larger particles (~70 nm) reveled a range of sizes from 2

to 22 nm with an average size of 4.2 + 2.8 nm following a normal distribution (0=0.001).
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Figure 3.7. X-ray patterns of precipitates obtained by adding a sulfide rich SRB culture
supernatant to the raffinate obtained from one SX cycle on copper-free AMD with 0.45 M AliCy
in kerosene (with A/O = 1/3), at a controlled pH of 3.5. The red and the blue bars show the position

of the standard peaks.

Element [wt.%] [norm. wt.%] [norm. at.%] Element [wt.%] [norm. wt.%] [norm. at.%]
Carbon 29.06 26.71 53.05 Carbon 48.61 46.02 67.46
Oxygen 11.38 10.46 15.60 Oxygen 12.39 11.73 1291
Magnesium  0.27 0.24 0.24 Aluminum 0.46 0.43 0.28
Aluminium 099 0.91 0.81 Phosphorus ~ 1.83 1.74 0.99
Phosphorus  0.79 073 0.56 Sulfur 21.86 20.70 11.36
Sulfur 20.90 1921 14.29 Calcium  10.90 10.32 453
Chlorine 0.31 0.28 0.19 Iron 0.67 0.64 0.20
Potassium 0.33 0.31 0.19 Zinc 8.89 8.42 2927
Iron 1.02 0.94 0.40 10561 100.00 100.00
Copper 112 1.03 0.39
Zinc 42.62 39.17 14.29

108.81 100.00 100.00

Figure 3.8. SEM-EDX mapping of precipitates obtained by adding a sulfide rich SRB culture
supernatant to the raffinate obtained from one SX cycle on copper-free AMD with 0.45 M AliCy
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in kerosene (with A/O = 1/3), at a controlled pH of 3.5. A) SEM image of the particles. B) Zn, C)
S and D) Ca SEM-EDX mapping. E) sites of SEM-EDX analysis on one particle: 1- area on the
main material composing the particle, E2- point on one of the of roundish spots of a different
material. [wt.%] = weight %; [norm. wt.%] = normalized weight %; [norm. at.%] = normalized

atoms %.

Figure 3.9. TEM images at different magnifications of precipitates obtained by adding a sulfide
rich SRB culture supernatant to the raffinate obtained from one SX cycle on copper-free AMD
with 0.45 M AliCy in kerosene (with A/O = 1/3), at a controlled pH of 3.5, showing clusters of
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particles of multiple sizes with nanoparticles comprising them visible in the most amplified image

(right bottom corner).

3.4. Discussion

This work aimed to study (i) the removal of Fe** from copper-free AMD (the raffinate obtained
after Cu extraction with Acorga M5640 from an extreme AMD), (ii) the recovery of Zn directly
from the extreme copper-free AMD and (iii) the recovery of Zn from the water obtained after Fe3*
removal through SX using AliCy and/or alkalinization. Table 3.8 summarizes the best results
obtained in the several tested processes (described in detail in the results section), regarding the

major issues observed: Zn recovery vs Fe contamination and Zn loss vs Fe removal.

Table 3.8. Summary of main results for Zn recoveries or losses and Fe contaminations or removals
in the several processes and combinations of processes tested. The results are presented as
percentages to the initial concentrations in the copper-free AMD.

Zinc loss
Iron removal (rem.)

Zinc recovery (rec.)

Objective Iron contamination (cont.)

Process(es)

4t0 16 % Zn loss

Alkalinization to pH values from 2.75 to 3.5 71 10 89 % Fe rem.

7 +£5% Zn loss

SX with 0.45M AliCy in kerosene 84 + 1 % Fe rem.

Ferric iron removal
from copper-free
AMD

97.1£0.3 % Zn loss
89 + 6 % Fe rem.

Alkalinization to pH 2.75 + SX with 0.45M
AliCy

SX with 0.45M AliCy + Alkalinization to pH
3.0t035

910 17 % Zn loss
90 to 94 % Fe rem.

45 + 6 % Zn rec.

SX with 0.9M D2EHPA 40 + 1 % Fe cont.

57 +£7 % Zn rec.
33+ 11 % Fe cont.

Zinc recovery from  SXwith 0.72M D2EHPA and 0.18M Cyanex
copper-free AMD 272

92 +1 % Zn rec.
3+ 1% Fe cont.

ZnS precipitation using biogenic sulfide (at
pH 2.75)

SX with 0.45M AliCy + SX with 0.72M
D2EHPA and 0.18M Cyanex 272

47 £ 6 % Zn rec.
4 +1 % Fe cont.

Zinc recovery from

water obtained after
ferric iron removal
from copper-free
AMD

SX with 0.45M AliCy + alkalinization to pH
3.25 + SX with 1.44M D2EHPA and 0.32M
Cyanex 272

78 £6 % Zn rec.
2 +4 % Fe cont.

SX with 0.45M AliCy + Alkalinization to pH
3.5 + ZnS precipitation using biogenic
sulfide

83 +£5 % Zn rec.
Not detected Fe cont.
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The alkalinization of copper-free AMD to pH 2.75 allowed to remove ~71% of the total Fe with a
loss of Zn of just ~4%. However, since the initial Fe concentration is extremely high (~53 g/L) the
remaining Fe in solution was still high.
The use of AliCy for Fe®** removal was tested with different concentrations, different A/O ratios,
and with the extreme copper-free AMD adjusted to different acidities. The results showed that
AliCy concentrations as low as 0.15 M and as high as 0.6 M can be used with A/O ratios of 1/10
and 1/2, respectively, in such type of extreme AMD waters with pH values ranging from 1 to 1.5,
to selectively extract about 84% of total Fe (~90% of Fe3*). Such Fe extraction patterns from the
extreme copper-free AMD with AliCy generates plots for the log(D) vs. log[AliCy] (where D is
the distribution ratio) with slopes of 1.09 + 0.02, which indicates a ratio of one mole of extractant
involved with one mole of Fe atoms in the extracted complex. On the other hand, a high percentage
of SO4% co-extraction was observed, making a 1.24 ratio of SO4> to Fe** moles extracted. This is
not surprising since it is known that the ratio of metal cations to coordinated anions extracted with
ionic liquids does not necessarily match their ratio in the aqueous phase (Jensen et al. 2002;
Gaillard et al. 2012), and that metal cations or charged complexes of metal cations with anions can
be transferred to the ionic liquids along with uncoordinated anions present in the aqueous phase
(Janssen et al. 2013; Janssen et al. 2015). Indeed, it is not the first time that the co-extraction of Fe
and SO4> by an organophosphorus extractant is reported. Carson et al. (2020) recently reported
results suggesting that SO4> is co-extracted in a 1:2 molar ratio with Fe by Cyanex 272 and
proposed that the extracted species is likely to be a polynuclear ferric iron sulfate complex.
When AliCy was first tested by Fortuny et al. (Fortuny et al. 2012) for boron extraction, the authors
calculated a slope of 1.37 for the plot of log(D) vs. log[AliCy], and based on that they proposed
that one molecule of extractant is involved in the extracted complex of boron with the extraction
equilibrium represented as:

AliCy (org) + H* (aq) + B®* (aq) + 4(OH") (ag) — Ali B(OH)s - H Cy. (org) Eq. 3.4
In another work by Devi (Devi 2016), when AliCy (named A336/Cy272 by this author) was tested
for Cu extraction, the plot of log(D) vs. log[AliCy] resulted in a slope of 2.06 and it was proposed
that two molecules of extractant are involved in the extracted complex, in which the metal ion
bonds with both the Ali and the Cy parts of AliCy with the following extraction reaction:

2AliCy (org) + Cu?* (aq) + (SO4)* (ag) — Cu SOs - 2AliCy (org) Eq. 3.5
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In the current work, considering the Fe to extractant complex ratio of 1 and the SO4?" to Fe ratio
of 1.24 estimated for the extraction of Fe by AliCy, and considering that comparing the extraction
trends at different pH values with the iron species in the Eh-pH diagram suggests that FeSO4" is
the extracted form, leads to the possibility of proposing two hypotheses of equilibrium reactions:
AliCy (org) + Fe3* (ag) + SO4> (aq) — AliCy - FeSO4* (org) Eq. 3.6
and/or
2AliCy (org) + 2FeSO4* (aq) + SO4> (aq) — 2AliCy - 2(FeS04)SOs4 (org) Eq. 3.7
The analysis of FTIR spectra before and after Fe extraction by AliCy suggests the involvement of
both the phosphate and the amine groups (each belonging to one of the two active compounds).
The FTIR spectra of kerosene has the three main peaks expected in the analyzed range of
wavenumbers for this type of solvent (paraffins): one at ~723 cm, characteristic of CH=CH (cis)
bonds (Gebregziabher 2018), another corresponding to the symmetrical bending vibration §sCHs
at ~1377 cm™, and a third corresponding to the scissoring band 6sCH> at ~1464 cm™ (Silverstein
and Webster 1997) (Figure 3.3). The first and the last become overlapped with the peaks of AliCy
spectrum for the P-C bond at 723-724 cm™* and for (CH3)N* at 1465-1467 cm™, respectively, while
the second is visible in the spectra of AliCy diluted in kerosene (as described below). Regarding
the FTIR spectra obtained for AliCy diluted in kerosene (Figure 3.3), it has the expected peaks for
the present groups, according to previous reports: P-C at 723-724 cm™, P-O-H at 910-913 cm™,
P=0 at 1147-1150 cm, C-N at 1232-1233 cm®, C-H at 1364-1366 and ~1377 cm™, and (CH3)N*
at 1465-1467 cm™ (Le et al. 2019; Nguyen et al. 2020). In addition to these, another three peaks
are clearly visible in the spectra obtained for AliCy in kerosene shown in Figure 3.3: at 811-812
cm?, 1027-1028 cm™and ~1048 cm™. In fact similar peaks were also visible in the spectra obtained
by Le et al. (2019), but they were not assigned to any group by those authors. The peak at 811-812
cmtshould correspond to the NCs antisymmetric stretching vibration from the Aliquat 336 part of
AliCy, since Assenine et al. (2021) have assigned a band at 801 cm™ of trioctylmethylammonium
(the cation of Aliquat 336) to that particular type of vibration. The other two peaks, at 1027-1028
cmtand at~1048 cm™, may belong to unconjugated C—N linkages also from the Aliquat 336 part
of AliCy, since according to Silverstein and Webster (1997) this type of vibration on primary,
secondary and tertiary aliphatic amines is observed as medium or weak bands in the region from
1250 to 1020 cm™. Finally, when the extractant (AliCy in kerosene) is loaded with Fe, either from
the synthetic iron sulfate solution or from the copper-free AMD, the following changes are visible
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in the FTIR spectra: (i) the peak corresponding to the P=0 group (at ~1147 cm™) switches to two
peaks in its proximity (at ~1128 and ~1168 cm™), (ii) the peak at ~1048 cm™* moves to ~1059 cm’
Land (iii) the peak at ~812 cm™1 moves to ~821 cm™ (Figure 3.3). On one hand, the first change
indicates an interaction of the Fe3* with the P=0O bond of the bis2,4,4-trimethylpentyphosphinic
acid (Cyanex 272) part of AliCy, as previously reported for AliCy’s extraction mechanisms of
other cations: Devi (2016) showed by FTIR analysis of AliCy and copper-loaded AliCy that the
P=0 stretching vibrations (which they observed at 1248 cm™) was disturbed and two new peaks
appeared (at 1233 cm™ and 1217 cm™) when Cu was loaded, thus indicating strong interaction of
Cu with the P=0 bond; Le et al. (2019) identified changes in the FTIR spectra of AliCy before and
after hydrogen extraction at the frequency corresponding to the P=0 bond (1136 cm™), with its
peak decreasing to almost half after the extraction. On the other hand, the second and third changes
(shifts of the peaks at 811-812 and 1048 cm™ to 821 cm™ and 1058 cm™, respectively) can be
attributed to the involvement of the amine group from the Aliquat 336 part of AliCy in the
extraction of Fe*" since, as explained above, both the initial peaks should correspond to the NC3
and C-N bonds of trioctylmethylammonium.

In what concerns the re-extraction from the organic phase, among the stripping agents tested
sulfuric acid was the best to re-extract this metal from AliCy in kerosene, and 2M sulfuric acid
allowed a transference of ~91%. Furthermore, it was shown that after this stripping stage, the
AliCy-kerosene organic phase can be successfully regenerated for further use through a liquid-
liquid mixing process with sodium bicarbonate (0.5 M). In fact, this is the process initially used to
prepare AliCy, suggested by Fortuny et al. (2012), thus probably some type of similar reaction
occurs in its regeneration. Still, the results obtained in this work are not enough to propose
definitive equations representing the reactions involved. Nevertheless, such a proof of reusability
of this organic phase is very important in terms of economic and ecological viability of its use in
any SX process developed to separate Fe3* from multimetallic solutions. On the other hand, metal
analysis of the stripping solution revealed Fe concentrations of ~12.2 g/l but relatively negligible
concentrations of other metals (~0.06 g/L Al, ~0.02 g/L Zn, ~0.001 g/L Mn), and this also accounts
for the desired economic viability, since pregnant solutions with Fe can have several potential
commercial values (Wei et al. 2005). For instance, they can be applied for the synthesis of Fe-

based catalytically active complexes (Rydel-Ciszek et al. 2020), iron oxide nanoparticles (Sangami
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and Manu 2017; Fani et al. 2018), fertilizer production (Boutchuen et al. 2019; Kasivelu et al.
2020), pigment industry (de Almeida Silva et al. 2017; Galvao et al. 2018), etc.

Other studies aiming Fe®" separation from sulfate matrices by SX using extractants such as TOA
(trioctylamine), TBP (tributyl phosphate), TOA-TBP (Qifeng et al. 2016), primary amine N-1923
(Li et al. 2011), secondary amine (N-methylaniline) (Borai et al. 2016), Primene JMT (Rohm &
Haas Company) (Chou and Chuen Cheang Lin 1986), report higher extraction efficiencies (95%
to 99%). However, these works were performed with sulfate solutions without Zn. Thus, they do
not clarify if the extractants are effective to separate Fe** and Zn. Besides, considering the same
range of efficiency if the mentioned extractants were applied to the copper-free AMD studied in
this work the remaining Fe®" in solution would still be high (0.5 to 2.3 g/L of Fe*) comparing to
the concentration of Zn to be recovered.

In other works exploring SX to remove Fe, but also analyzing Zn co-extraction, the results showed
the need of consecutive extraction cycles to achieve extractions above 99% as well as a certain
level of Zn co-extraction. For instance, Deep et al. (2007) reported an extractant solution of 30%
(v/v) Cyanex 272 and 30% (v/v) TBP in ESCAID 110 for the Fe extraction from a concentrated
Fe3* (50 g/1) sulfuric acid medium at pH=1.2. They showed that the extractant solution can be
loaded with Fe®* up to a maximum of 34% of the reagent’s initial molarity, and therefore suggested
six stages of consecutive extraction cycles for the recovery of more than 99% of the initial Fe*
(50 g/l). Moreover, they used this extractant for the Fe separation from a Zn leaching solution
(Fe=43.1g/l, Zn=13.6 g/l, Cu=0.31 g/l) and report about 15% co-extraction of Zn after six cycles
of SX with this extractant (Deep et al. 2007). In another study, Sarangi et al. (2007) proposed a
SX method for Fe separation from a sulfate/chloride leach liquor containing various metals,
including 11.8 g/L Fe, 24.8 g/L Cu and 230 mg/L Zn, aiming the subsequent recovery of Cu and
Zn, by using TBP as extractant, and water as stripping agent. Results of their optimization for one
SX stage showed an Fe extraction of 98% by 1 M TBP along with 9% co-extraction of Zn and no
co-extraction of copper, resulting in concentrations of ~236 mg/L of Fe, ~24.8 g/L of Cu and ~209
mg/L of Zn in the aqueous phase to be further used for Cu and Zn recovery (Sarangi et al. 2007).
These authors solved this incomplete removal of Fe by performing a two-stage extraction process
and achieved a raffinate with just 4 mg/L Fe.

In the current work with AliCy in kerosene as extractant, the second SX cycle aiming to remove

the Fe3* remaining after the first SX cycle resulted in lower extraction efficiencies for this metal
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(< 75%) and high percentages of Zn co-extraction (> 83%). A possible explanation can be the
lower concentrations of Fe** after the first SX cycle with AliCy, thus leaving more extractants’
active compounds free to interact with Zn?*. In fact, according to results reported by Devi in 2016,
Zn in sulfuric acid matrices is the second metal most extracted with AliCy after Fe, and the
extraction of Zn increases as the pH raises.

Further alkalinization tests of AliCy SX’s raffinate aiming to achieve the highest and most
selective Fe3* removal prior to Zn recovery showed best results for pH between 3.0 and 3.5. Indeed,
these results were expected, as this is a known strategy. For example Rao et al. (1996) developed
a precipitation process to remove Fe from an AMD sample with 5.9 g/l Fe and 2.8 g/l Zn, as iron
hydroxide at pH 3.5 through addition of lime and oxidation with H20.. The alkalinization of AliCy
SX’s raffinate to pH 3.0, 3.25 or 3.5, resulted in ~36.5%, ~49% or ~57% of total Fe removal by
precipitation and ~2.4% ~5% or ~10.7% of Zn lost by simultaneous precipitation, respectively.
More specifically, since Fe** starts precipitating as Fe(OH)s at pH ~3, and ferrous iron (Fe?*) only
precipitates at pH ~6 (Snoeyink and Jenkins 1980), in the case of pH adjustment to 3.0 the resulting
water still had ~0.44 g/L Fe** and 3.03 g/L Fe?*, while at final pH values of 3.25 and 3.5 all soluble
Fe was in the form of Fe?* (~2.81 g/L Fe** and ~2.30 g/L Fe?*, respectively). In the case of Zn, the
resulting waters had 1.08 g/L, ~1.06 or ~0.98 g/L Zn, respectively for pH 3.0, pH 3.25 and pH 3.5.
In what concerns the Zn recovery, this work demonstrated that the high concentration of Fe in
extreme copper-free AMD (~46.1 g/L Fe** and ~6.4 g/L Fe?*) is a drawback in Zn SX processes.
Fe was co-extracted in considerable amounts along with Zn when 0.9 M D2EHPA or a mixture of
0.72 M D2EHPA plus 0.18 M Cyanex 272 diluted in kerosene were used (> 30% of Fe co-extracted
with Zn). In fact, selective Zn SX over Fe has been a challenge difficult to solve and widely studied
by many researchers, both in sulfuric and hydrochloric acid matrices (El Dessouky et al. 2008;
Asadi et al. 2018). In Zn SX, despite Fe?* not getting extracted with organophosphorus extractants,
Fe®* can be co-extracted: TBP (Radzyminska-Lenarcik et al. 2015), Cyanex 272 (Cytec 2008),
Cyphos IL 101, Cyanex 921, Cyanex 923, Cyanex 302, tributyl phosphate, Alamine 336 (Regel-
Rosocka and Wisniewski 2011), D2EHPA and synergistic mixtures of D2EHPA and TBP
(Azizitorghabeh et al. 2017). Thus, some authors suggested methods to extract Zn through SX
from effluents containing Fe and Zn by reducing Fe®* to Fe?*, and consequently preventing the Fe
co-extraction (Radzyminska-Lenarcik et al. 2015). Moreover, for solutions where most of the Fe

is in the form of Fe?* some authors suggest techniques to inhibit ferrous Fe oxidation and to keep
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it in the reduced form: a shaking step of SX process in the absence of air, elimination of the
hydrolysis products of organic extractants during SX and addition of Fe scraps to the aqueous
solution (Regel-Rosocka and Wisniewski 2011). However, in extreme AMD waters as the one
used in the current work these methods would probably not be totally effective since the initial
concentration of Fe* is much higher than in the waters used by those authors.

The recovery of Zn in the form of zinc sulfide was also tested by addition of biogenic sulfide rich
medium directly to the copper-free AMD at growing pH values, and at pH 2.75 the precipitation
of Zn reached ~96%. However, simultaneous precipitation of a high amount of Fe occurred (~0.9
g of Fe per g of Zn). This may have happened due to the fact that zinc sulfide and Fe** precipitation
can occur in the same pH range (Ucar et al. 2011; Luptakova et al. 2012), and/or the much higher
concentration of Fe (~30 times) compared to Zn in the copper-free AMD created conditions for
Fe?* and Fe3* ions to compete with Zn?* ions for S, preventing an absolute selectivity for ZnS
formation at pH 2.75.

On the other hand, the experiments of Zn SX from the water obtained after Fe removal from the
copper-free AMD revealed that Fe contamination was still a problem. The Fe3* ions in the raffinate
obtained from one SX cycle with 0.45M AliCy were still in a relatively high concentration (~3.7
g/L) and, as expected, were co-extracted with Zn in a subsequent SX with a synergistic mixture of
D2EHPA and Cyanex 272 (Table 3.6). Plus, even when the pH of that raffinate was first raised to
3.25 to eliminate Fe** ions as solid complexes and then reacidified to pH 2.0 for the recovery of
Zn by SX with the synergistic mixture of D2EHPA and Cyanex 272, the co-extraction of Fe was
still observed (Table 3.7) probably due to oxidation of Fe?* into Fe** (which can then be extracted
by D2EHPA and Cyanex) during the phases mixing.

Finally, contrary to the initial unsuccessful attempt to selectively recover zinc sulfide directly from
the extreme copper-free AMD, the Zn recovery process performed using biogenic sulfide was
successful after removing Fe®* through AliCy SX followed by alkalinization to pH 3.25 or pH 3.5.
Accounting with all losses and recovery percentages, the final Zn recovery by sulfide addition at
pH 3.25 or at pH 3.5 corresponds to ~77% or ~83%, respectively, of the initial concentration in
the raw copper-free AMD.

The zinc sulfide precipitates obtained at pH 3.5 lead to XRD peaks corresponding to crystalline
structures of wurtzite and sphalerite, with a diffractogram shape suggesting some precipitates were

still amorphous. This type of XRD patterns indicating ongoing crystallization were also observed
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in previous studies on the characterization of zinc sulfides obtained with biogenic sulfide
(Remoundaki et al. 2008).

The SEM analysis of these precipitates revealed particles mainly composed of zinc sulfide with
relatively large sizes: up to about 50 um, thus more easily collected than dispersed nanoparticles,
which may be an asset if the dispersion into nanoparticles can be performed in a later step.
Curiously, the SEM analysis revealed small roundish spots with Ca and sulfur, thus probably
gypsum (CaS04-2H20) or anhydrite (CaSQOas) incrustations, in the large zinc sulfide particles. The
Postgate B medium (Postgate 1984), in which the SRB were grown to provide biogenic sulfide,
had ~183 mg/L of Ca, while the concentration of Ca in the AMD used was ~138 mg/L. Thus, since
high volume-ratios (> 10/1) of SRB culture to AliCy SX’s raffinate with pH 3.5 were tested, the
source of Ca in those incrustations was mainly the former. Hence, the use of sources of sulfide
without Ca would probably prevent the formation of this type of Ca deposits. Indeed, Murray et
al. (2017) reported the biosynthesis of zinc sulfide precipitates by adding H2S gas from the
headspace of SRB batch cultures to synthetic solutions of zinc sulfate and obtained the same type
of white precipitates but without any evidence of Ca incrustations.

The TEM analysis of these zinc sulfide precipitates, after 30 min sonication, revealed structures
with a Feret size average of 70 + 60 nm, varying from 12 to 727 nm and fitting a normal distribution
(0=0.001). Moreover, the TEM images with higher magnifications allowed to visualize that those
structures are composed of smaller particles with sizes from 2 to 22 nm, in a normal distribution
(0=0.001) with an average of 4.2 + 2.8 nm. These results are in reasonable agreement with other
studies on the biosynthesis of ZnS particles by addition of biogenic sulfide. For example, Vitor et
al. (2015) reported some clustering of the particles, which ranged between about 30 and 50 nm, in
the biosynthesis of ZnS by addition of a sulfide rich effluent from a SRB bioreactor to a synthetic
zinc sulfate solution. Another example is the agglomerated white precipitate comprising
nanoparticles of sizes estimated at 20 to 40 nm, obtained by Murray et al. (2017) by adding
biogenic sulfide gas to a zinc sulfate synthetic solution. In fact, these authors also reported smaller
nanoparticles visible within those of 20 to 40 nm in the TEM images and using a differential
centrifugal analysis they have confirmed the presence of nanoparticles of sizes from below 10 nm
to 20 nm, with a mean size of 13 nm. Moreover, they studied the optical properties of these
biogenic zinc sulfide nanoparticles and concluded they were indistinguishable from zinc sulfide

quantum dots (ZnS QDs) chemically prepared for industries such as optoelectronics, highlighting
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the potential of converting a biogenic sulfide gas “waste” into a high value product. In fact, nano-
sized ZnS particles, both in wurtzite and sphalerite forms such as those obtained in this work, may
have several other potential applications. For instance, these nanoparticles can be used as
photocatalysts in Hz production (Mendoza-Damidn et al. 2019), wound treatment and skin
regeneration (Han et al. 2020), photocatalyst for the degradation of toxic dyes (Aziz et al. 2020),
electrochemical sensors (Vinoth et al. 2020), key role in the synthesis semiconductor nanomaterial
such as CdS with various applications (Granot et al. 2004; Saravanan et al. 2011; Malarkodi et al.
2014; Wu et al. 2016), synthesis of super-hard materials (Vityaz et al. 2020), etc.

As a final remark, this work shows the effectiveness of AliCy to separate Fe3* from a real acidic
multimetallic solution prior to Zn recovery. Thus, it opens the way for further research aiming
AliCy’s applications to prevent Fe contaminations in the recovery of valuable metals from other
types of waters, such as PGMs recovery from automobile catalyst leach liquors (Nowottny et al.
1997; Firmansyah et al. 2019), Mn recovery from ferruginous Mn ores (Liu et al. 2019), recovery

of indium of Fe rich solutions (Van Roosendael et al. 2019) etc.

3.5. Conclusions

The ionic liquid called AliCy, prepared from Aliquat 336 and Cyanex 272, diluted in kerosene is
efficient to extract ~90% of Fe** from extreme AMD waters with pH 1.0 to 1.5.

A SX process applied to extreme AMD waters with pH 1.0 to 1.5 using AliCy in kerosene as
organic phase followed by alkalinization of the obtained raffinate to pH 3.25 to 3.5, allows to
remove all Fe** from the solution with low losses of Zn.

ZnS nanoparticles can be produced from extreme AMD after Cu SX and Fe®*" separation by
AliCY’s SX followed by alkalinization to pH 3.25 to 3.5.

A first outline of possible processes to recover metals of interest from acidic solutions with Fe**
contamination can be proposed: (i) Fe** separation by SX using AliCy, (ii) pH alkalinization to

remove remaining Fe*, (iii) recovery of target metals.
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Figure S- 3.1. Balance-diagram for iron as a function of pH, built with Medusa-Hydra software
(Puigdomenech, 2015) using iron and sulphate concentrations such as in the copper-free AMD.
Phase type is indicated at the end of the name. solid - ending in (am) for amorphous, (c) or (cr) for
crystalline, (s) for unknown crystallinity, examples: Fe>Os(cr), Fe(OH)s(am). gas - ending in (g),
example: CO2(g). liquid - ending in (I), example: Hg(l). aqueous - any name not ending in (c), (cr),
(s), (am), (g) or (1), examples of charged species: Na*, Fe**, uncharged aqueous species: Fe(OH)s.
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Figure S- 3.2. Balance-diagram for zinc as a function of pH, built with Medusa-Hydra software
(Puigdomenech, 2015) using zinc and sulphate concentrations such as in the copper-free AMD.
Phase type is indicated at the end of the name. solid - ending in (am) for amorphous, (c) or (cr) for
crystalline, (s) for unknown crystallinity, examples: Fe>Os(cr), Fe(OH)s(am). gas - ending in (g),
example: CO2(g). liquid - ending in (1), example: Hg(l). agueous - any name not ending in (c), (cr),
(s), (am), (g) or (1), examples of charged species: Na*, Fe**, uncharged aqueous species: Fe(OH)s.
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Figure S- 3.3. Eh-pH diagram for iron built with Medusa-Hydra software (Puigdomenech, 2015)
using iron and sulphate concentrations such as in the copper-free AMD. The dashed green line is

the upper limit of water stability (above this line water is oxidized to form oxygen gas).
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Figure S- 3.4. Eh-pH diagram for iron built with Medusa-Hydra software (Puigdomenech, 2015)
using zinc and sulphate concentrations such as in the copper-free AMD. The dashed green line is

the upper limit of water stability (above this line water is oxidized to form oxygen gas).

151



[Fe']gp= 300.00 mM [SO, 2 Tpop= 250.00 mM [Fe3*] o= 300.00 mM [S0,>Tpgp= 500.00 mM
15 ——— 15—
FeHSO0,? FeHSO0,2

10 10 Fesoq
> FeOOH(er) > FeoonE)
@ w
= =
@ -
= = 0.5 | FeHso,

00 = o v v vy T
6 -1 0 1 2 3 4 5 6
t=25°C pH t=25°C
[Fe' ] gp= 300.00 mM [S0,2 Tygr= 1.00M [Fe3* ] o= 300.00 mM [S0,21gp= 2.00M
15 ——— T 15 ————p T
FRSO[ Fedo— —
FeHSOs FeHSOAY L (o0 =

1.0 - 10
> FeOOH(er) > FeOOH(@r)
@ =
= =
=) =

05

00 = o v v v 0

1 0 1 2 3 4 5 6 1 0 1 2 3 4 5 6
pH t=25°C pH t=25°C

Figure S- 3.5. Eh-pH diagrams built with Medusa-Hydra software (Puigdomenech, 2015) for four

different concentrations of SO4 ions in the stripping solution and an approximate concentration

of iron assuming complete stripping from a loaded organic phase (0.45 M AliCy in kerosene) after

iron solvent extraction SX form the copper-free AMD at a A/O ratio of 1/3. The upper dashed

green line is the upper limit of water stability (above this line water is oxidized to form oxygen

gas) and the lower dashed green line is the lower limit of water stability (bellow this line water is

reduced to hydrogen).
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Figure S- 3.6. Extraction of main metals from the copper-free AMD, using 0.15M AliCy in

kerosene with different A/O ratios and a contact time of 60 minutes. Results are averages of 2

replicates and the error bars are mean absolute deviations.
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Figure S- 3.7. Extraction of main metals from the copper-free AMD, using 0.3M AliCy in

kerosene with different A/O ratios and a contact time of 60 minutes.
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Figure S- 3.8. Extraction of main metals from the copper-free AMD, using 0.45M AliCy in

kerosene with different A/O ratios and a contact time of 60 minutes.
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Figure S- 3.9. Extraction of main metals from the copper-free AMD, using 0.6M AliCy in
kerosene with different A/O ratios and a contact time of 60 minutes.
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Figure S- 3.10. Extraction of main metals from the copper-free AMD at different extreme

acidities, using 0.45M AliCy in kerosene with an A/O ratio of 1/3 and a contact time of 60 minutes.
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Figure S- 3.11. Extraction of main metals from the three raffinates obtained from one SX cycle
on copper-free AMD at different acidities with 0.45M AliCy in kerosene (with A/O = 1/3), in a
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second SX cycle using a new organic phase of 0.45M AliCy in kerosene with an A/O ratio of 1/3

and a contact time of 60 minutes.

100

80
70 1
60 E
50 ]

E mFe

40
BAl

28 ﬂ ~1—I BZn
w0 Eﬁﬂ ﬁmm ;ﬁ mm:gl mm—:l ..E31l: o Mn

Stripping %

Figure S- 3.12. Stripping of main metals from the iron loaded organic phase obtained from one
SX cycle on copper-free AMD with 0.15M AliCy in kerosene (with A/O = 1/10), using different
agents with an A/O of 1 and contact time of 30 minutes. Results are averages of 2 replicates and

the error bars are mean absolute deviations.
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Figure S- 3.13. Iron stripping using sulphuric acid at different concentrations with an A/O of 1

and contact time of 30 minutes on the iron loaded organic phase (from SX with 0.45M AliCy in
kerosene on copper-free AMD with A/O = 1/3).
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Figure S- 3.14. Extraction of main metals from the copper-free AMD at different extreme

acidities, using an organic phase of 0.45M AliCy in kerosene previously used for this same purpose
and then regenerated (as described in materials and methods) with an A/QO ratio of 1/3 and a contact

time of 60 minutes.
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Figure S- 3.15. Four successive cycles of extraction using the same organic phase of 0.45M AliCy
in kerosene, stripped with 2M sulphuric acid and regenerated as described in materials and
methods after each cycle, with an A/O ratio of 1/3 and a contact time of 60 minutes.
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Figure S- 3.16. Four cycles of stripping using 2M sulphuric acid with an A/O of 1 and contact
time of 30 minutes on the iron loaded organic phases obtained from successive SX cycles on
copper-free AMD (with A/O = 1/3) with the same organic phase of 0.45M AIliCy in kerosene
regenerated after each cycle.
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CHAPTER 4

Enrichment of acidophilic sulfate-reducing bacteria, their
application in metal attenuation of acid mine drainage and

studies of procaryotic communities on the tested conditions
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Enrichment of acidophilic sulfate-reducing bacteria, their application in metal attenuation

of acid mine drainage and studies of procaryotic communities on the tested conditions

A modified version of this chapter would be published as:

Nobahar, Amir; Fitasab, Eduardo Trindade; Costa, Maria Clara; Carlier, Jorge Dias. “Enrichment
of acidophilic sulfate-reducing bacteria, their application in metal attenuation of acid mine
drainage and studies of procaryotic communities on the tested conditions” Applied Microbiology

and Biotechnology. (2022, under revision).

Abstract

Acid-mine drainage (AMD) is a worldwide source of environmental pollution. Bio-sulfidogenic
reactors benefiting from sulfate reducing bacteria (SRB) are known as attractive technology in
acidic sulfate-metal rich AMD treatment operations. Unlike neutrophilic SRB which need the
protection from direct contact with low pH in sulfidogenic bioreactors, acidophilic SRB species
have sulfate reduction ability in acidic conditions. In this work, AMD affected sediments recovered
from an inactive copper mine were enriched in modified Postgate B media having 30 mM of
methanol or glycerol or ethanol as carbon source and electron donors over a pH range of 2.00 to
6.00. At pH below 4.00 sulfate reduction activity was not observed and at pH 4.00 the most
effective sulfate reduction was observed in the enrichment cultures with methanol, which were
then kept by successive culturing and used as inoculum in tests of metal attenuation from AMD.
The classification of colonies isolated from the enrichment cultures revealed that all SRB were
Desulfosporosinus spp., but a fungus from Trichoderma genus was also present, suggesting a
possible interaction favoring the growth of SRB at such pH. In the AMD bioremediation
experiments, different ratios of AMD to modified Postgate B media, as a source of macronutrients,
were examined at initial pH 4.50 with 30 mM methanol supplemented equally to all tests. In this
study the most promising results were obtained when AMD was supplemented with 0.115% basal
salts and 0.02% yeast extract (w/v) (80% AMD plus 20% Postgate B base (v/v)), with more than
99% metal separation after 28 days. Metataxonomic analysis in the enrichment studies showed the

presence of Desulfosporosinus genus in all enrichment cultures with highest relative abundance in
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cultures at pH 4.00 with methanol. Furthermore, metataxonomic analysis of the AMD remediation
studies revealed the presence of Desulfosporosinus genus in all tested conditions with the most
relative abundances in the tests with 100% AMD and 80% AMD plus 20% Postgate B, while the
increase in Postgate media supplement increased the percentage of Clostridium members, which

have been pointed as possible SRB and/or SR ameliorators.

Keywords

Acid mine drainage, metal attenuation, sulfate reducing bacteria, acidophiles, sulfate reduction

4.1. Introduction

Mining activities are among the main anthropogenic source of sulfate emission to the environment,
by exposing metal sulfide minerals to the environment causing their oxidation
(Brahmacharimayuma et al. 2019). As a result, acid mine drainage (AMD) waters, with high
acidity and rich in sulfate and different metals are introduced to the environment with several

negative impacts to the aquatic and land organisms (Ighalo et al. 2022).

AMD treatment has been widely implemented by sulfate reduction (Muyzer and Stams, 2008;
Zhang et al., 2016). Sulfate reduction bioprocess by sulfate reducing bacteria (SRB) is a widely
studied method applied to reduce the concentration of sulfate and different metals from AMD
(Sanchez-Andrea et al. 2014a; Sun et al. 2020). SRB are a diverse group of strict anaerobic bacteria
and archaea with ability of dissimilatory sulfate reduction into sulfide by oxidation of various
substrates. Through the sulfate reduction bio-process, different organic materials or H> act as
electron donors, while sulfate is electron acceptor, which results in sulfide production and energy
conservation and growth of the SRB (Eq. 4.1) (Cabrera et al. 2006). As presented in Eq. 4.1, SRB
consume H* and produce bicarbonate that rises the substrate pH (Sanchez-Andrea et al. 2014a;
Zhang et al. 2016a)

Organic material + SO4*>" — 2CH3COO" + HCO3 + HS® Eqg. 4.1

The produced sulfide reacts with heavy metal ions including Cu, Zn, Fe, Ni, Pb, Cd etc. and forms

very insoluble metal sulfides (Eq. 4.2), that can be then recovered and used in different industrial
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operations (Foucher et al. 2001). Through this reaction, HS is hydrolyzed into H* and S and will

further lower the pace of pH enhancement by microbial metabolism (Sanchez-Andrea et al. 2014a).
HS + Me** — MeS | + H* Eq. 4.2

A major number of the studies on SRB showed that neutral pH between 6 and 8 is required for an
optimal growth (Sen and Johnson 1999; Johnson and Sanchez-Andrea 2019). For these SRB, low
pH is unfavorable since more energy is expended to pump protons across the cytoplasmic
membrane that results in the availability of less energy for their growth (Meier et al. 2012;
Sanchez-Andrea et al. 2014a).

However, different studies have shown the existence of SRB in the extremely acidic environments
(Koschorreck et al. 2003; Diaby et al. 2007; Sanchez-Andrea et al. 2011; Nancucheo et al. 2016;
Serrano and Leiva 2017) such as highly acidic mine sediments (Alazard et al. 2010; Sanchez-
Andrea et al. 2015; Nancucheo et al. 2016; Dev et al. 2021), pyritic heap bioleaching residues
(Phyo et al. 2020), acidic hot spring sediments (Willis et al. 2019) etc. Furthermore, estimations
through thermodynamics analyzes reveal a higher Gibbs free energy of SO4% reduction by SRB in
low pH values (Meier et al. 2012; Sanchez-Andrea et al. 2022). When this additional energy
compensates the energy required to export the protons across the cytoplasmic membrane,
microbial growth occurs (Meier et al. 2012). There are other mechanisms suggested for the
acidophilic SRB (aSRB) growth at low pH such as ATP synthesis by utilization of the proton
motive force, proton elimination by vesicles, etc. (Sanchez-Andrea et al. 2014a; Nancucheo et al.
2017; Brahmacharimayuma et al. 2019; Qian et al. 2019). Most known aSRB are mainly belonged
to the genus of Desulfosporosinus (Jameson et al. 2010; Sanchez-Andrea et al. 2013, 2015; Phyo
et al. 2020; Dev et al. 2021), Clostridiaceae, Alicyclobacillaceae (Phyo et al. 2020),
Thermodesulfobium, (Sanchez-Andrea et al. 2015), Peptococcaceae, (Santos and Johnson 2017),

Desulfitobacterium (Sanchez-Andrea et al. 2013) and Desulfotomaculum, (Dev et al. 2021).

Beneficiation of the aSRB provides the possibility of AMD remediation operations without the
necessity of a prior AMD neutralization step (Sheoran et al. 2010) which is assisted with additional
operational costs and reagents (van Houten et al. 1994). Therefore, enrichment, selection and study
of aSRB isolates/communities from different extreme environments could create innovative

biotechnological advancements in AMD remediation and/or metal bio-recovery.

162



The present study aimed to obtain and study acidophilic SRB consortia from the sediments from
the confluence region of an AMD stream and a freshwater stream receiving the municipal
wastewater treatment plant effluent from the village located in the inactive copper mine of S&o
domingos, Alentejo, Portugal and to apply it for metal attenuation from an AMD originating from

the same mining area.

4.2, Materials and methods
4.2.1. Acidophilic SRB enrichments
4.2.1.1. Sediment collection

The sediments to be used as inoculum were collected in March 2020, from 5 sites at ~30 cm depth
in the wet zone of the bank in the confluence between a water stream affected with acid mine
drainage and a water stream receiving the effluent from the wastewater treatment plant of Mina de
S&o Domingos (Sdo domingos inactive mining area, located in the Iberian Pyrite Belt, Alentejo,
Portugal) (Figure 4.1).
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Figure 4.1. Sampling zone of the confluence of acid mine drainage stream and wastewater

treatment plant.

Samples were stored at 4 T and were immediately transferred to the lab. Measurements of pH of
the sediments were performed using a 1:10 soil-to-water ratio (w/v) suspension (Thomas 1996)
(Table 4.1).

Table 4.1. pH of the sediments and water in the sampled zone.

pH
Site Sediment Water
1 3.13 2.90
2 4.04 4.86
3 5.55 3.19
4 3.96 5.01
5 3.66 2.96
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4.2.1.2. Enrichment setup

Enrichment cultures were made in growth media of Postgate B base but with three different carbon
sources, including glycerol, methanol, and ethanol and then were adjusted to five different pH
values 2.00, 3.00, 4.00, 5.00 and 6.00, inoculated with 5% (v/v) of a mixture of the 5 sediments
collected at the Sdo Domingos mining area. The inoculum mixture for the enrichments was
prepared by adding 10 g of the mixture of sediments sample to 160 mL of medium without carbon
source under magnetic stirring. Pipetting to inoculate was done with cut pipette tips to avoid
clogging. As controls, the Postgate B base medium with the same three carbon sources and also
with the original carbon source of Postgate B, lactate, all at pH 6.00, were inoculated with a SRB

consortium kept in the laboratory for several years (Carlier et al. 2019, 2020b)

4.2.1.3. Enrichment media

The liquid media base used for enrichments was adapted from Postgate B medium to grow SRB
(Postgate 1984) and prepared by mixing the following reagents per liter of tap water: KH2PO4
(19), NH4HCI (1g), FeSO47H20 (0.5g), MgSO4-7H20 (2g), CaSO4-2H20 (1.25g), yeast extract
(19g), ascorbic acid (0.1g) and Thioglycolic acid (75 pL). Then, 30 mM of different carbon
sources/electron donners were added to each enrichment cultures as following: 1680 pL of 87%
glycerol, 1140 pL of absolute ethanol and 786 pL of 99.9% methanol. Finally, the medium with
each type of carbon source/electron donner was divided in six flasks and the pH of each portion

adjusted using sulfuric acid to acidify and sodium hydroxide to alkalize.

4.2.1.4. Enrichment conditions and monitoring

The assays were carried out in 100-mL glass bottles with 95 mL medium and 5 mL inoculum
added to each flask. The cultures were covered with 7.5 mL of liquid paraffin to prevent oxygen
diffusion. Finally, the bottles were sealed with butyl rubber stoppers and aluminum crimp seals
and incubated at room temperature (25+3°C).

To monitor the evolution of cultures, 2-mL samples were collected from the initial media and

along the experiments, through the rubber stoppers using a syringe. Sulfate and sulfide
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concentrations in the liquid phase were monitored as indicators of SRB activity, while redox
potential (Eh) was monitored due to its importance as a limiting factor for SRB growth. The pH,
as the variable parameter of the work, was monitored to evaluate its stability and its relations with
SRB activity.

4.2.2. lsolation of acidophilic SRB strains

The attempt to isolate aSRB strains was made in petri dishes with ~20 mL solid media and in 15
mL centrifuge tubes with ~14 mL solid medium. The solid medium base was like the liquid media
and the carbon sources and pH values were selected according to the most promising results in the
liquid media enrichment. Five plates and five tubes were prepared for each selected condition. The
plates were inoculated by spreading onto the solid medium 150 pL of successive dilutions (107,
102,103, 10* and 107°) prepared from the enrichment cultures in liquid medium. The tubes, before
medium solidification (kept at 60°C in a water bath), were inoculated with 850 pL of the same
successive dilutions and homogenized by tube inversion five times. Successive dilutions were

made in sterile Ringer's solution, with the pH adjusted to the selected conditions.

The solid medium for strain isolation was prepared as follows: before adding the carbon source,
Bacteriological Agar (15 g L) was added, kept under magnetic stirring for 5 minutes, autoclaved
and left to cool down to 60°C under magnetic stirring. Then, inside a sterilized (20 min UV
exposition) laminar flow chamber, the carbon source was added and after homogenization the
medium was divided into the petri dishes and left to solidify before inoculation or divided into

centrifuge tubes and kept at 60°C (in water bath) until inoculation.

The solid medium in the petri dishes, after the inoculum had dried, was covered with another
portion of solid medium and the plates were incubated at room temperature (25+3°C) in a closed
five-liter glass bottle with 3 candles burning inside aiming to create anaerobic conditions. In the
case of isolations in 15 mL centrifuge tubes, the inoculated solid medium was covered with 1.5
mL of liquid paraffin (previously sterilized by autoclave), the tube tightly closed with the screw
cap, and the incubation also carried out at room temperature (25 = 3°C). Isolations on solid media
were monitored by direct observation of the plates and tubes and looking for black colonies, a
typical feature of SRB colonies in this type of media due to the formation of FeS precipitates
(Postgate 1984).
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4.2.2.1. Cultivation of isolates in liquid medium

Small scale cultivation of aSRB colonies isolated from the solid medium was carried out in 250
mL bottles containing modified Postgate B liquid media (Postgate 1984) at pH 4.50 and with the
carbon sources that allowed SRB colonies to growth in solid media (methanol and ethanol). The
pH of the cultures was adjusted with sulfuric acid. Cultures were covered with 15 mL of liquid
paraffin to prevent oxygen diffusion and were sealed with butyl rubber stoppers and aluminum
screw cap and incubated at room temperature (25+3°C). Aiming to create anaerobic conditions
inside the culture, the medium was purged with nitrogen gas for 5 minutes. Throughout the
experiments, concentrations of sulfate and sulfide, redox potential (Eh) and also the pH of the

cultures were monitored.

4.2.3. Batch reactor experiments
4.2.3.1. AMD neutralization

The AMD sample used in bioremediation experiments was collected from S& Domingos mining
area in the 8" of March 2020 from the lagoon nearby the sediment sampling zone (Figure 4.1).
Thereafter, it was immediately transferred to the lab and characterized (Table 4.1). The selected
seeding of aSRB for AMD treatment from the enrichment studies was the aSRB consortium
obtained through enrichment studies of the sediments in the presence of methanol at pH 4.00.
Therefore, the pH of the AMD was adjusted to 4.50 using sodium hydroxide and was left for one
hour to settle the formed metal hydroxides. Finally, the liquid fraction was decanted and after

characterization, was used in batch experiments (Table 4.2).

167



Table 4.2. Concentration of the main metals and pH of the AMD collected at the Sdo Domingos

mine before and after pH adjustment to 4.50.

Metal Before pH adjustment  After pH adjustment

Cu 28+1 25.74 +0.06

Zn 454 +0.3 436+0.4

Fe 175+ 13 0.24 +0.02 mg/L
Al 279+ 12 123+0.1

Mn 19+2 19.9+0.2

pH 2.60 4.50

Experimental Setup for the Batch Tests

Batch experiments were performed to assess the capability of the selected enriched aSRB inoculum
in metal separation from AMD at pH=4.50 using 30 mM methanol as carbon source. These
experiments were conducted in a series of AMD to Postgate B macronutrients base ratios at pH
4.50 (hereafter, Postgate B macronutrients base is referred as PB-m) to evaluate the effect nutrient
supplement by Postgate B base on SR activity and metal bio-removal and also on the structure of
the consortia communities with putative roles in sulfate reduction. The ratios of AMD to PB-m
(v/v) in this study were as follow: 100% AMD (no PB-m), 20% PB-m (meaning 20% PB-m plus
80% AMD and hereafter, only the PB-m ratio will be shown), 40% PB-m, 60% PB-m, 80% PB-
m and 100% PB-m (no AMD). For inoculation, the consortium obtained and maintained in
enrichment cultures starting at pH 4.00 with methanol as carbon source was added to the flasks at
the final ratio of 1 to 10 (v/v).

4.2.3.2. Batch Tests conditions and monitoring

The assays were carried out in 200-mL glass bottles with 180 mL medium and 20 mL inoculum
added to each flask. The cultures were covered with 10 mL of liquid paraffin to prevent oxygen
diffusion. Finally, the bottles were sealed with butyl rubber stoppers and aluminum crimp seals

and incubated at room temperature (25+3°C).

168



To monitor the evolution of cultures, 2-mL samples were collected from the initial media and
along the experiments, through the rubber stoppers using a syringe. Major physicochemical
properties including pH, redox potential, concentration of sulfate, sulfide, Cu, Zn, Fe, Al and Mn
were monitored during 34 days at intervals of 6 or 7 days.

4.2.4. Analytical methods

A pH/E Meter GLP 21 (CRISON) was used to measure redox potential with a Pt electrode coupled
with a reference saturated calomel electrode (CRISON, 52 61) and pH with a glass pH electrode
(VWR, SJ 223). Redox measurements were converted to Eh values using a conversion factor of
241 mV for the Pt electrode. A UV-Visible spectrometer DR2800 (Hach-Lange) was used to
determine the sulfate and sulfide concentrations using the sulfaVer4 (Method 8051, Hach-Lange)
and the methylene blue (Method 8131, Hach-Lange) procedures, respectively at 450 and 665 nm.
Samples collected for metals analysis were initially centrifuged at 2500 g and then were acidified
with concentrated nitric acid (to 5% (v/v)). Microwave plasma atomic emission spectrometry using
a 4200 MP-AES (Agilent) equipment was used to measure the concentrations of Cu, Zn, Fe, Al
and Mn. Calibration curves were built using standards prepared from the following stock solutions
in 0.5 M HNOsz: Cu(NOs)2, Zn(NOs)2, Fe(NOs)s (Merck Certipur, Germany); Mn(NOs). and
Al(NO3)s (Panreac AA, Spain).

4.2.5. Taxonomic classification of isolates

A part of the isolated colonies was picked up with a sterile spatula and divided in two. A part was
fragmented and suspended in 1000 pL sterilized Ringer's solution, which was used as inoculum of new
plates and centrifuge tubes with solid medium (to keep the isolates in collection) and to inoculate cultures

in liquid medium. The other part was used for DNA extraction.

For DNA extraction, “DNeasy PowerSoil Pro Kit” (QUIAGEN) was used and after extraction, the
concentration and quality of the extracted DNA was determined using a spectrophotometer
(NanoDrop3300, Thermo Fisher Scientific). The identification and classification of the black
colonies was performed using sequences from the 16S rRNA gene for prokaryotes and sequences
from the 18S rRNA gene and ITS1-5.8S-1TS2 region for eukaryotes. For the amplification of the
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16S rRNA gene, the universal primers 8F (also known as fD1) (5'- AGA GTT TGATCC TGG
CTC AG -3 ') (Weisburg et al. 1991) and 1492R (5'-GGT TAC CTT GTTACG ACT T-3 ") (Lane
1991) were used, for the 18S rRNA gene the universal primers 18S-F (5'- ACC TGG TTG ATC
CTG CCA GT -3') and 18S-R (5'- TCA GCC TTG CGA CCA TAC -3') (Sogin 1990) were used,
and for the ITS1-5.8S-1TS2 region the ITS1F primer (5 CTT GGT CAT TTA GAG GAAGTAA
-3") (Gardes and Bruns 1993) and ITS4 primer (5- TCC TCC GCT TAT TGA TAT GC -3") (White
et al. 1990) were used, all acquired from NZYTech (Lisbon, Portugal). For PCR amplifications,
the following mixture was used in 0.2 mL PCR tubes: 2 pLL of DNA sample (5 to 50 ng/uL), 5 uL
of 10x DreamTaq buffer (including 20 mM MgCl,) (ThermoFisher Scientific), 0.25 pL of
DreamTag DNA Polymerase (5 U/uL) (ThermoFisher Scientific), 1 uL. ANTP solution (10 mM
each), 1 uL forward primer solution (10 uM), 1 uL reverse primer solution (10 uM) and 39.75 uL
sterile Milli-Q water. PCR amplification was performed in a thermal cycler (2720 Thermal Cycler,
Applied Biosystems, Foster City, EUA), performing an initial denaturation step of 95°C for 10
min, 35 cycles of 95°C for 30s, 57°C for 16S rRNA and 50°C for 18S rRNA and I1TS1-4 for 30s,
72°C for 90s and a final step of 7 min at 72°C. Finally, PCR products were analyzed by
electrophoresis on 1% (w/v) agarose gels in 1x buffer TAE (AMRESCO, Solon, EUA), with DNA
stained by the addition of 50 uL/L of GreenSafe Premium (NZYTech, Lisbon Portugal) in gel and

the electrophoresis performed with 5 V per cm of gel length.

4.2.5.1. Sanger sequencing and taxonomic classification

The amplified products were sequenced by the Sanger method with the respective primers through
a capillary electrophoresis sequencing system (Genetic Analyzer, Model 3130xl, Applied
Biosystems, Foster City, EUA) at the Centre of Marine Sciences (CCMAR), university of Algarve,
Portugal. Taxonomic classifications based on the 16S rRNA gene, the 18S rRNA gene and the
ITS1-4 marker were obtained by BLAST alignment in the NCBI databases “16S ribosomal RNA
sequences (Bacteria and Arcaea)”, “18S ribosomal RNA sequences (SSU) from fungi” and

“Internal transcribed spacer region (ITS) from fungi”, respectively.
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4.2.6. Meta-Taxonomic studies

To evaluate the transformations in the prokaryotic communities during the enrichment processes
with the different carbon sources and during the AMD treatment experiments, taxonomic studies
were carried using massive sequencing data of the 16S rRNA gene.

4.2.6.1. DNA extraction

The extraction and purification of DNA was performed using the DNeasy® PowerSoil® Pro Kit
(QUIAGEN). For the sludge mixture used as the enrichments’ inoculum, 250 mg was used as
initial material. For the enriched cultures in liquid medium, 5 mL of each sample was centrifuged
at 2500xg for 10 min at room temperature to collect cells and then the supernatant was discarded
until the volume (pellet and remaining liquid) was 250 pL. Immediately after collection of
samples, the 250 mg of sludge and each of the 250 puL samples were used for DNA extraction
following the manufacturer procedures. DNA concentration and quality was evaluated using a

NanoDrop spectrophotometer (NanoDrop3300, Thermo Fisher Scientific).

4.2.6.2. Next-Generation Sequencing

Library preparation and sequencing workflow were carried out at the Integrated Microbiome

Resource (https://imr.bio/index.html) for full-length sequences of 16S rRNA gene amplicons. PCR

amplifications were performed in duplicate using separate DNA template dilutions with the high-
fidelity Phusion + polymerase and "fusion primers" (PacBio adaptors + barcodes + specific
regions) in a single round of PCR. The specific regions of primers for the full-length target were
the 27F (Paliy et al. 2009) = AGRGTTYGATYMTGGCTCAG and the 1492R =
RGYTACCTTGTTACGACTT (Lane 1991). The amplicons of these work, together with others
to make a total of 96 (including four negative PCR controls and a positive control), were visualized
by electrophoretic analysis and then cleaned up and normalized in one step using the high-
throughput Charm Biotech Just-a-Plate 96-well Normalization Kit. Finally, all the samples were
pooled in one library which was quantified fluorometrically using the Invitrogen Qubit double-
stranded DNA high-sensitivity (dsDNA HS) method, and then the library was run on a PacBio

Sequel 11 using a new chip.
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4.2.6.3. Bioinformatics Analyses

The analysis of sequences was performed through a pipeline available at the Microbiome Helper
repository (Comeau et al. 2017). Namely, the standard operating procedure (SOP) PacBio CCS
Amplicon SOP v1 (giime2) (https://github.com/LangilleLab/microbiome_helper/wiki/PacBio-

CCS-Amplicon-SOP-v1-(giime2)) was used to prepare the reads and get amplicon sequence
variants (ASVs - synonym of OTUSs), and then the Amplicon SOP v2 (giime2 2020.8)
(https://github.com/LangilleLab/microbiome_helper/wiki/Amplicon-SOP-v2-(giime2-2020.8))

was used for taxonomic classifications and diversity analysis, as summarized in the following main

steps:
- Resolve orientation problems - list all sequences in the same orientation;

- Trim primers with cutadapt — to remove the primers from the reads and FILTER the reads by
removing those that do not begin and end with the correct primer sequences and those that are out
the size range 1300 to 1800 nt;

- Import FASTQs as QIIME 2 artifact — to import the trimmed reads into the QIIME 2 "artifact"
file format (with the extension QZA);

- Summarize trimmed FASTQs - to get a report of the number of reads per sample and quality

distribution across the reads;

- Denoising and pooling the reads into ASVs (syn. of OTUs) — by running the DADA2 workflow
to DENOISE the reads by removing those with low quality (number of “expected errors” > 2) and
trimming all to the same length (from where the quartiles of the quality score distribution per
position drops below the value 25), to infer ASV’s from the denoised reads as well as to REMOVE

CHIMERAS BY excluding variants that result from combinations of two “parent” reads;

- Assign taxonomy to ASVs — to classify the ASVs using the Naive-Bayes approach implemented
in the scikit learn Python library (https://scikit-learn.org/stable/modules/naive_bayes.html) with
the SILVA full-length 16S/18S classifier database;
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- Filtering resultant table — to filter out highly rare ASVs (frequency < 0.05% of the mean sample
depth) and contaminant (mitochondrial and chloroplast 16S sequences), as well as to exclude any

ASV that is unclassified at the phylum level;

- Generate rarefaction curves - to calculate two alpha-diversity metrics (Shannon index and Faith's
phylogenetic diversity index) for all samples using growing sequencing depths and plot the

respective rarefaction curves, to determine if sufficient sequencing was performed,;

- Calculating diversity metrics and generating ordination plots — to calculate the beta diversity
metrics Bray-Curtis Dissimilarity and Weighted UniFrac and plot respective principal coordinates

analysis (PCoA) graphs to visualize relations between samples;

- Generate stacked barchart of taxa relative abundances - to plot taxonomic abundances across

samples (each sample individually).

4.3. Results and discussion
4.3.1. Acidophilic SRB enrichments

Screening of the sulfate reduction (SR) activity by the SRB present in the collected sediment
samples from S&o Domingos mining area was performed in modified Postgate B media (Postgate
1984) at different pH values of 2.00, 3.00, 4.00, 5.00 and 6.00, as described in materials and
methods. The collected five sludge samples (Table 4.1) were initially mixed homogenously and
used as inoculum. In this type of enrichment from environmental samples, quickly (in the first
hours) after inoculation, the aerobic bacteria of the inoculated community consume the available
oxygen in the medium, creating optimal anoxic conditions for the growth of strictly anaerobic
bacteria such as SRB. Importantly, the possible toxicity of the substrate/compound used as source
of carbon and energy (electron donors) is highly suggested in sulfidogenic bioreactors performing
at low pH, although alcohols, sugars, glycerol and hydrogen have been previously demonstrated
as suitable electron donors (Koschorreck 2008; Bijmans et al. 2010; Nancucheo and Johnson
2012). In this study, glycerol, methanol and ethanol were used (30 mM) separately as source of

carbon and energy, being added to the prepared Postgate B media with different pH values.
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Results from enrichment studies revealed no sulfate reduction activity in the cultures starting at
pH 2.00 and pH 3.00, but at pH > 4.00 there was SR in the presence of the three tested carbon

sources (Figure 4.2).

Highest SR activity rates were observed in the samples enriched in the presence of methanol. At
pH 5.00 and 6.00, more than 99.9% of sulfate reduction was observed after 21 days of inoculation,
and the most intense SR activity was from day 14 to 21 with a sharp decrease in sulfate
concentration (reduction of almost 99% of the sulfate in this time range) and redox potential along
with an increase in pH (Figure S- 4.2). In the cultures starting at pH 4.00, the highest intensity of
SR was observed one week later, starting at day 21 and complete SR was observed 35 days after
inoculation with a rise in the pH from 4.00 to 6.86 and a decrease in redox potential from 124 mV
to -310 mV (Figure 4.2). In these tests, the final concentration of sulfide achieved was ~200 mg/L,
~100 mg/L and ~25 mg/L, in the cultures starting at pH 6.00, pH 5.00, and pH 4.00, respectively.
A possible explanation for the low sulfide concentration could be the reaction of the generated
sulfide with metal ions present in the sediments that were leached to the solution, originating
insoluble metal sulfides. The lower the pH, the more metals could have been solubilized from the
sludge. However, we did not deepen this possibility because at this stage the objective was to

obtain and identify SRB populations capable of maintaining SR activity at low pH.

Regarding the enrichment cultures with glycerol as carbon source, SR activity observed at pH
6.00, 5.00 and 4.00 had similar trends as in cultures enriched with methanol, but at slightly lower
rates (Figure S- 4.3). In this regard, nearly 90% of the initial sulfate was consumed at pH 6.00,
5.00 and 4.00 after 42 days of inoculation.

The least sulfate reduction activity was observed in the cultures where ethanol was applied as
carbon source. Curiously, in the cultures that started at pH 4.00, more SR activity was observed
than in cultures that started with pH 5.00, and no signs of SR were detected at pH 6.00 (Figure S-
4.4). At pH 4.00, moderate SR activity (~65% conversion of the initial sulfate) was observed after
35 days (Figure 4.2).
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Figure 4.2. Time-course changes of pH, redox potential, sulfate reduction and sulfide generation

in enrichment studies with sediments collected from Sdo Domingos mine as inoculum, enriched

in Postgate B media in the presence of three carbon sources (methanol, ethanol and glycerol) at

pH 4.00 (25 + 3C).
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4.3.2. lsolation of acidophilic SRB

The attempt to isolate aSRB strains was done at two pH values (4.00 and 4.50) with all the three
tested carbon sources (glycerol, methanol and ethanol). Eleven black colonies become visible after
about two weeks: just one in the petri dishes and nine in the tubes with solid medium at pH 4.00
and methanol as a carbon source plus one in a tube with solid medium at pH 4.50 and ethanol as a
carbon source. The DNA from the colony isolated from petri dishes did not amplify the 16S rRNA
gene but amplified the 18S rRNA gene and the ITS1-5.8S-1TS2 region, and both these amplicons’
sequences allowed to classify this colony as a fungi of the Rachicladosporium genus. On the
contrary, the colony isolated from tubes with solid medium at pH 4.50 and having ethanol as
carbon source just amplified the 16S rRNA gene sequence, which was classified as being from
bacteria of Desulfosporosinus genus. Interestingly, all the nine colonies isolated from medium at
pH 4.00 with methanol as carbon source amplified the 16S rRNA gene as well as both the 18S
rRNA gene and the ITS1-5.8S-ITS2 region. All the 16S amplicons revealed bands with similar
and relatively high intensity in the agarose gel electrophoresis, while the 18S and the 1TS1-5.8S-
ITS2 amplicons revealed varying band intensities. All the 16S amplicons were sequenced and all
of them were classified as belonging to Desulfosporosinus genus. The 18S and the ITS1-5.8S-
ITS2 amplicons revealing the most intense bands (both amplified from same colony) were
sequenced and the two sequences were classified as being from Trichoderma genus. Probably this
fungus was spread along the solid medium of the tube with varying mass distribution, thus each
DNA sample collected from the SRB colonies was contaminated with different amounts of DNA
from the fungus. It may be possible that the presence of this fungus had a role in the fact that under
these conditions more SRB colonies appeared. Indeed, the fact that the presence of a fungus was
observed in the solid medium from which almost all SRB colonies were isolated (9 out of 10
colonies) raises the suspicion of some type of interaction of symbiosis or commensalism favoring
the growth of SRB.

These results confirm the presence of acidophilic sulfate-reducing bacteria in the sampled area and
indicate that the strategy to incubate the petri dishes was not as efficient in creating anaerobic
conditions as the strategy of incubation in tubes. Another evidence from these results is that,

despite the sulfate reduction activity observed in the enrichment cultures (with microbial
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communities) in liquid media with the three tested carbon sources, for unknown reasons, isolated

colonies in solid media have grown with methanol and ethanol but not with glycerol.

Isolated colonies were inoculated in modified liquid Postgate B medium at pH 4.50 with the same
carbon source that was in the solid medium from where the colonies were picked (methanol or
ethanol). Unfortunately, none of the cultures showed signs of sulfate reduction activity over the 64
days they were monitored. It can be speculated that the fungus identified in the solid medium fed
on the agar and therefore was not able to proliferate in the liquid medium (in fact, no filamentous
mass grew). Thus, it may be speculated that the absence of the fungus did not allow the creation

of favorable conditions for the SRB; for example, by consuming all the oxygen from the medium.

4.3.3. Metal attenuation from AMD by acidophilic SRB consortium

Batch experiments were carried out to evaluate the potential of the consortium obtained through
enrichment in Postgate B starting at pH 4.00 and using methanol as electron donor, in metal
attenuation from AMD. In these experiments, the pH of the AMD was initially increased from
2.60 to 4.50, causing a previous precipitation of some metals mainly as hydroxides. The pH
adjustment highly decreased Fe and Al concentrations in the AMD (Fe and Al concentrations
dropped from ~173 to ~0.24 mg/L and from ~279 to 12 mg/L, respectively), while the
concentrations of the other main metals including Cu, Zn and Mn did not undergo drastic changes
(Cu, Zn and Mn were still ~25.74, ~43.6 and ~19.9 mg/L, respectively) (Table 4.2). Besides, the
pH of the prepared PB-m was also adjusted to 4.50 and thereafter, different ratios of AMD to PB-
m were tested for the evaluation of the nutrient supplement necessity to the AMD to optimize SR
activity of the consortium and metal removal efficiencies. It should be noted that the initial
concentrations of the studied metals were not the same in all these tests. As higher as was the
fraction of PB-m, the higher dilution effect of metals from AMD (Cu, Zn, Mn and Al) occurred.
On the contrary, the PB-m fraction added Fe to the mixtures. The addition of inoculum, a sulfide
rich aSRB enriched inoculum, to AMD and to AMD plus supplements of PB-m, caused a rapid
precipitation of Cu and its concentration dropped to almost zero just after inoculation in the
beginning of experiments (Figure S- 4.5). This was expected because of the low solubility product
constant of copper sulfide (Ksp = 1.3 x 107%%) (Zhang and Wang 2016).
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On the other hand, the total Al content of the solutions in all tested conditions also dropped to
almost zero after inoculation. Al does not form sulfide minerals and can precipitate by forming
hydroxides in relatively acidic conditions (pH > 5.00) (Pickering 1986). In a similar study, Falagan
et al. (2017) discussed that in aSRB growth culture, Al may be removed from the solution in two
stages: primarily by H" consumption by aSRB, which is assisted in pH enhancement to pH~5.00,
where Al forms hydroxysulfate precipitates, and then, SRB act as a sink for the released H* through
the hydrolysis and precipitation of nascent Al minerals. Al removal from the solution is important
due to the toxicity effect of this metal on SRB growth (Falagén et al. 2017). In our work, the quick
Al removal occurred because at the time the aSRB enriched inoculum was used as inoculum it had
pH ~7 (having started at pH 4, the SR activity caused a pH neutralization). Therefore, the addition
of inoculum caused a slight increase of the initial pH to values between 4.73 to 4.91 in the tests
with AMD and PB-m. Regarding zinc, under the tested conditions it can react with sulfide and
precipitate, as the solubility product constant of zinc sulfide (Ksp = 1.6 x 10724 is considerably
low and it is the second insoluble sulfide product (after copper sulfide) among other metals present
in the tested AMD (Zhang and Wang 2016). Therefore, Zn concentration immediately dropped
after the sulfide rich inoculum addition to the flasks in all tested conditions. In the tests with less
initial metals from AMD (60% and 80% PB-m plus 40% and 20% AMD, respectively) the
concentration dropped immediately to almost zero. Nevertheless, in the samples with higher initial
metal content, 20% PB-m plus 80% AMD and 100% AMD, zinc removal to almost zero content
was achieved only after one and two weeks, respectively. The sharp initial drop of Cu and slight
removal of Zn in these conditions by their reaction with sulfide caused a fast sulfide depletion;
thus, just after the SR activity started to generate new sulfide, the rest of the Zn precipitated (Figure
S-4.5).

In the case of iron, although it was almost entirely removed from the AMD when adjusted to pH
4.50, after inoculation with the sulfide-rich aSRB culture its content in the tests initially increased
and then during the incubation it started to decay as SR occurred and consequently the pH raised.
Since iron is part of the PB-m composition and iron sulfide (FeS) particles are produced as a
consequence of SR, the explanation for this phenomenon can be the solubilization of those
particles present in the inoculum (which was at pH ~7.00) when entered the acidic environment of

the tested conditions (pH 4.50), since their solubility rises with the decrease in pH and has very
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low solubility in higher pH values (~0.1 mg/L at pH 6.00) (based on the pH dependence of metal
sulfide solubilities (Lewis 2010)).

Mn on the other hand, was among the last metals removed from the solution, which is due to the
much larger solubility of MnS (Ksp = 2.5 x 10* — 2.5 x 10719). Based on Hallberg and Johnson
(2005), Mn?* requires pH > 8 to be oxidized to Mn** and to precipitate as carbonates or hydroxides.
Yoo et al. (2004b, a) studied Mn removal from AMD by SRB and reported that pH, presence of
citrate, co-existence of Fe and Zn and concentration of sulfide are the most important factors in
Mn removal as MnS. They report successful precipitation of MnS in the absence of Fe and Zn with
excess amount of sulfide at pH 5-7. In this work, as depicted in Figure S- 4.5, Mn was removed
from all samples when pH reached more than 5 and most of the Fe and Zn were removed from the
solution beside the presence of excessive amounts of sulfide, which is in agreement with the reports
of Yoo et al. (2004b, a).

This study showed that adding 20% (v/v) PB-m to AMD provides enough macronutrients to
promote SR activity as efficient as in the positive control with 100% PB-m. The addition of higher
volumes of PB-m did not improve SR, which occurred in all these tests mainly during the second
and third weeks (Table 4.3, Figure S- 4.5). Interestingly, in the test with 100% AMD there was
also some SR activity. However, it occurred mainly just after the third week. Curiously, SR in
these tests was in general less efficient than in the previous enrichment culture where 100% PB-m
with the same carbon source (methanol) was used and all sulfate was consumed. It is possible that
some components present in the initial sludge may play an important role in maintaining conditions

favoring the activity of this SRB community.

Nevertheless, the obtained SR levels were enough to achieve efficient metals removals, as reported
in other similar works. For example, Dev et al. (2021) using a bacterial consortium enriched from
Arctic mine sediments in AMD remediation at pH 4.50 with glycerol as electron donor achieved

34% SR and ~99% removal of metal content (mainly Fe and Zn) after 22 days.

Metal removal in the test with minimum ratio of PB-m to AMD (20% PB-m plus 80% AMD),
which contained 0.02% (wi/v) yeast extract and 0.115% (w/v) of basal salts (originating from PB-
m) was efficient as in the tests with other mixture ratios with high PB-m content (40%, 60% or
80% PB-m plus 60%, 40% and 20% AMD, respectively). Thus, 20% PB-m plus 80% AMD ratio

was found as the most promising conditions for metals removal from the solutions due to less
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costly nutrient supplement requirement. In a study by Santos and Johnson (2017), an aSRB
consortium enriched from acidic metal mine sites was employed for metal removal from a
synthetic AMD supplemented with 0.01% (w/v) yeast extract and 0.12% basal salts in a laboratory-
scale sulfidogenic bioreactor in a continuous flow system at pH values between 4.00 and 5.00.
Their results showed the adaptability of the aSRB consortium in successful sulfate reduction and
removal of more than 99% of all the transition metals including Zn, Co and Ni (except Mn).
Nancucheo and Johnson (2012) also benefited from an aSRB consortium for the selective
precipitation of transition metals including Cu and Zn from a synthetic AMD containing Fe, Al,

0.01% (w/v) yeast extract and 0.12% (w/v) basal salts in different pH values.

Table 4.3. Bio-removal efficiencies (%) of sulfate of the AMD and mixtures of AMD and Postgate
B media by the aSRB consortium during 34 days at room temperature (25C * 3).

_ Sulfate reduction
Experimental culture

(%) after 34 days
100% PB-m 46
80% PB-m (20% AMD) 45
60% PB-m (40% AMD) 36
40% PB-m (60% AMD) 35
20% PB-m (80% AMD) 30
100% AMD 14

As shown in Figure 4.3, in the test containing 20% PB-m plus 80% AMD, Cu was immediately
removed during inoculation, while the concentration of Zn dropped from 7.64 mg/L to bellow
detection, seven days after. Mn and Fe concentrations were almost constant in the solution despite
sulfide generation and presence in the solution, until pH reached to 6.71 at day 20, when Fe was

totally separated from the solution, while Mn was totally removed at day 28 when the pH was 6.75.
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In this experiment, about 30% of the initial sulfate was reduced to sulfide and the final pH of the

solution measured at day 35 was 7.12 and the redox potential reached 336 mV.
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Figure 4.3. Time-course changes of main metals in the studied AMD (Cu, Zn, Fe, Al and Mn) in
metal attenuation batch experiments with the selected consortium (enriched in methanol at pH
4.00) as inoculum in 100% AMD sample and in different % (v/v) ratios of PB-m plus AMD at pH
4.50 and 25 £ 3C (B.1.: before inoculation).

4.3.4. Metataxonomic study of enrichment cultures
4.3.4.1. Sequencing data validation and diversity analysis

After filtering and denoising the reads, the non-chimeric - total = 15477 were clustered into 525
ASVs (synonym of OTUs), which were used for taxonomic classifications. Then, in the ASVs
filtering/decontamination steps, one ASV was classified as chloroplast DNA and excluded, leaving
a final number of 524 ASVs and 15462 reads (Table 4.4) and no highly rare ASVs, nor
mitochondrial ASVs nor ASVs unclassified to the phylum level were discovered. Afterwards, the

rarefaction curves for both the alfa-diversity indexes Faith's phylogenetic diversity and Shannon
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index showed on all samples a growing trend reaching a plateau as the sequencing depth raise
(Figure S- 4.6) which indicates that the number of sequencing reads were enough to have the
taxonomic diversity fully represented in all samples (even the sample with the lowest number of
reads: sample E — ethanol enriched culture). These results gave confidence to continue the studies

about prokaryotic communities in the enrichment cultures.

The Faith's phylogenetic diversity (faith_pd), which accounts only with the number of
phylogenetic tree units within a sample, revealed much higher richness for the inoculated sludge
(faith_pd = 20), then for the enriched cultures with methanol, ethanol, and glycerol (faith_pd = 5
- 10). Moreover, the alfa-diversity index Shannon (sh), which considers both the richness and
evenness of samples, showed the prokaryotic community in the inoculated sludge among the
communities of the enriched cultures; with the culture with methanol with the highest diversity (sh
~ 6.5), followed by the enrichment culture with ethanol (sh = 5.7), then the sludge (sh = 5.3) and
finally the culture with glycerol (sh = 4.5).

Table 4.4. Number of reads obtained for each sample (E — ethanol, G — glycerol and M — methanol

enrichments; S — sludge inoculum).

correct reads

sample- . . : non-chimeric  after filtering/
input reads (primersand  quality reads L

ID size) reads decontamination
E 1571 1571 1359 1359 1359
G 5234 5234 4228 3942 3942
M 7342 7342 6135 5679 5679
S 5759 5759 4667 4497 4482

total 19906 19906 16389 15477 15462

Furthermore, for a better comparison of samples regarding their prokaryotic communities, two
beta-diversity metrics were studied: 1 - Bray-Curtis Dissimilarity, which is only a measure of
shared ASVs between sites or samples and 2 - the Weighted UniFrac metrics, which accounts with
the number of shared ASVs, their abundancies and with their phylogenetic relations (how closely
related are the ASVs).
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The Bray-Curtis Dissimilarity showed that the prokaryotic communities on the enriched cultures
with different carbon sources (ethanol, glycerol, and methanol) were closer to each other than to
the initial community on the sludge inoculum (Table 4.5). The Weighted UniFrac metrics revealed
that the ethanol-enriched culture went through a greater change in the prokaryotic community
structure initially inoculated than the cultures with methanol and glycerol. Furthermore, this index
showed that the methanol culture population shared taxonomic groups and their relative
abundances with the populations of both the cultures with glycerol and with ethanol, but the sets
of shared taxonomic groups were different in each case (Table 4.6).

Table 4.5. Distance matrix based on the Bray-Curtis Dissimilarity metrics (E — ethanol, G —

glycerol and M — methanol enrichments; S — sludge inoculum).

E G M S
E 0
G 0.872 0
M 0.848 0.840 0
S 0.982 0.987 0.986 0

Table 4.6. Distance matrix based on the Weighted UniFrac metrics (E — ethanol, G — glycerol and

M — methanol enrichments; S — sludge inoculum).

E G M S
E 0
G 0.710 0
M 0.426 0.447 0
S 0.809 0.664 0.669 0

4.3.4.2. Prokaryotic communities

The prokaryotic communities of the inoculated sediments and of the enrichment cultures in the

presence of three different carbon sources inoculated at pH=4.00 are presented in Figure 4.4.

The three most abundant bacterial orders in the initial sediment sample were Burkholderiales
(48.1%), Acidobacteriales (12.1%) and Acidithiobacillales (11.9%). Moreover, the three most

183



abundant families in the sediments include Gallionellaceae (28%), Sulfuricellaceae (17.5%) and
Acidithiobacillaceae (11.9%). The most dominant genera (> 5% abundance) in the sediments were
identified as Sideroxydans (28.1%), Sulfuriferula (17.2%), Acidithiobacillus (11.9%) and
Granulicella (7.4%). These detected taxa in the sediments are in accordance with previous reports
in other sediments affected by metal polluted low pH AMD (Gonzalez-Toril et al. 2010; Garcia-
Moyano et al. 2015; Zhang et al. 2019; Carlier et al. 2020a).

As expected, the structure of the prokaryotic community of the sediment was highly changed after
the enrichment in Postgate B media starting at pH 4.00 and with each of the three carbon sources.

Major three bacterial orders in the enrichment cultures with methanol were Desulfitobacteriales
(35%), Clostridiales (15.6%) and Enterobacterales (12%), while Desulfitobacteriaceae (35.4%),
Clostridiaceae (14%) and Enterobacteriaceae (12%) were the most abundant families. The genus
Desulfosporosinus presents the highest abundancy among the bacterial populations of the
enrichment cultures with methanol as carbon source, counting about 35.4% of the whole bacterial
population of the culture. In the mentioned enrichment culture, the following most dominant
genera (> 5%) were Enterobacter (12.1%), Clostridium_sensu_stricto_12 (8.8%), Microbacter
(8.8%) and Sedimentibacter 8.1%.

The major three bacterial orders in the enrichment cultures with ethanol were Clostridiales (57%),
Desulfitobacteriales (12%) and Lachnospirales (7.4%) while most abundant families were
Clostridiaceae (56.6%), Desulfitobacteriaceae (12.2%) and Lachnospiraceae (7.4%). Moreover,
the most dominant genera (>5%) in the enriched samples with ethanol were
Clostridium_sensu_stricto_10 (22.4%), Clostridium_sensu_stricto_12 (21.6%),
Desulfosporosinus  (12.2%), Clostridium_sensu_stricto 9 (7.4%), Bacillus (7.2%) and

Anaerocolumna (5.8%).

The major three bacterial orders in the enrichment cultures with glycerol were Enterobacterales
(52%), Bacteroidales (18.5%) and Clostridiales (12.7%), while most abundant families were
Enterobacteriaceae (52%), Paludibacteraceae (18.5%) and Clostridiaceae (12.6%). In this case,
Microbacter (18.5%), Desulfosporosinus (11.5%) and Clostridium_sensu_stricto_12 (6%) were
the most dominant genera (<5%) in the enriched samples with glycerol. Nevertheless, nine ASVs
assigned to Enterobacteriaceae family, counting for 50% of this prokaryotic population, remained

with no possible taxonomic classification to genus level.
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The bacteria of the Desulfosporosinus genus are strictly anaerobic SRB and are known to have a
key role in sulfate reduction in acidic mine wastes (Mardanov et al. 2016). As mentioned before,
the bacteria from this genus were present in high relative abundances in the three enrichment
cultures (35.4%, 12.2% and 11.5% in the enrichments with methanol, ethanol and glycerol,
respectively). SRB from Desulfosporosinus genus are frequently reported to be present in reactors
operating at low pH and they are normally originated from acidic sediments due to their high
capacity to thrive at low pH conditions (Labrenz and Banfield 2004; Church et al. 2007; Senko et
al. 2009; Lee et al. 2009; Moreau et al. 2010; Hallberg 2010; Sanchez-Andrea et al. 2011, 2012).
Remarkably, in some certain sites with oxidized mining waste materials, the only phylotype
identified with SR capability was from Desulfosporosinus genus (Mardanov et al. 2016). The
absence of sequences related to Desulfosporosinus genus in the sediments might be due to their
presence as spores that hampered the DNA extraction (Labrenz and Banfield 2004), or to their rare
occurrence. Indeed, it is speculated that bacteria from Desulfosporosinus genus in sulfide tailings
form a ‘rare biosphere’, since their rare abundancy but active components are masked by the
predominant bacterial populations (Mardanov et al. 2016). By now, some studies have enriched
and isolated acidophilic SRB of Desulfosporosinus genus from different acidic environments such
as D. acididurans from sediments of Rio Tinto (Sanchez-Andrea et al. 2015) and D. acidiphilus
isolated from acid mining effluent decantation pond sediments of the mining site of Chessy-Les-
Mines (Alazard et al. 2010).

In our study, 16S DNA analysis of the enrichment samples to the species level revealed the
presence of D. acididurans (in enrichment samples with ethanol (3.8%) and glycerol (4.2%)) and
D. acidiphilus (in enrichment samples with ethanol (1.8%), glycerol (0.3%) and methanol
(0.05%)). It is reported that the pH range for D. acididurans growth is 3.80-7.00, with an optimum
pH of 5.50 with the ability of using different electron donors including glycerol, methanol, and
ethanol, resulting in CO> and acetate generation (Sanchez-Andrea et al. 2015). In the case of D.
acidiphilus, it is known to have a pH range for growth from 3.60-5.50 with an optimum pH of
5.20, with SR activity in the presence of glycerol, pyruvate, lactate, H», fructose and glucose as
electron donors (Alazard et al. 2010). In the description of this strain, it is mentioned that it is not
able to use ethanol and methanol as electron donors, which might be the reason for the very low
abundancy of this group of bacteria in the cultures enriched with methanol and ethanol. However,

they might have been growing in these cultures by using other available electron donors (e.g.

185



released electron donors to the culture through the metabolic activity of other bacteria and/or from
dead bacterial cells) (Alazard et al. 2010). Four other bacteria in Desulfosporosinus genus, which
were not classified to the species level, were present in significantly high abundancies in the three
enrichment cultures. They could be acidophilic SRB, which could reduce sulfate in acidic cultures
and/or can be neutrophilic SRB that have grown after the pH rose as a result of the activity of other
aSRB like D. acididurans and D. acidiphilus.

Samples enriched with methanol, contained about 12% of Enterobacter genus and enriched
samples with glycerol, contained about 50% of Enterobacteriaceae order. It is known that bacteria
from Enterobacteriaceae family have both respiratory and a fermentative types of metabolisms
and most of the strains of this family can utilize citrate as sole carbon source (Frederiksen 2015).
It is also known that Enterobacter can reduce Fe** to Fe?* and have an important role in iron and
organic material cycles (Liu and Wang 2016). Clostridium genera members were present in the
three enrichment cultures with high abundancies. Members of this genera are identified as sulfate
reducing (Zhang and Wang 2016; Zhang et al. 2016b; Hwang and Jho 2018), acid generating/H.-
producing bacteria (Sanchez-Andrea et al. 2014a; Vilela et al. 2019, 2021) with adaptation
potential to high dissolved organic carbon and turbidity (Zhao et al. 2017). Thus, the presence of
Clostridium genera members might have had a role in sulfate reduction and also in preventing a
fast pH increase by other SRB activity in enrichment samples. Moreover, bacteria from
Microbacter genera were observed in the enrichment samples with ethanol and methanol with high
abundancies. This group of anaerobic propionigenic bacterium usually are co-exist with SRB in
natural and engineered sulfidogenic environments (Lindsay et al. 2011; Sanchez-Andrea et al.
2013, 2014b). In addition, members of genus Clostridiaceae, Thermodesulfovibrio and
Desulfobulbales family with low abundancies were found in the enrichment cultures, which may
have sulfate reduction roles in the cultures. The presence of a wide range of microorganisms in the
cultures” communities, increases their adaptability to different environmental conditions (Plugge
et al. 2011; Nancucheo and Johnson 2012; Nancucheo et al. 2017), thus conferring an important

plasticity in biotechnology processes based on such communities’ consortia.
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Figure 4.4. Relative abundances of the prokaryotic phylotypes at the genus level for the sediment
sample (S) and enriched cultures with ethanol (E), glycerol (G) and methanol (M) at pH 4.00 and
25+ 3TC.

4.3.5. Metataxonomic study of AMD remediation tests
4.3.5.1. Sequencing data validation and diversity analysis

After filtering and denoising the reads, the non-chimeric ones - total = 171,575 (Table S- 4.1) were
clustered into 675 ASVs, which were used for taxonomic classifications. Then, in the ASVs

filtering/decontamination steps, one ASV classified as chloroplast DNA plus another as
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mitochondrial DNA were excluded as well as 71 ASVs highly rare (<0.05%) or unclassified to the
phylum level, leaving a final number of 602 ASVs and 171,288 reads (table S.1). Thereafter, the
rarefaction curves for both the alfa-diversity indexes Shannon and the Faith's phylogenetic
diversity showed a growing trend with both extracted DNA replicates (1 and 2) of all samples and
reached a plateau as the sequencing depth raised (Figure S- 4.7), which indicates that the numbers
of sequencing reads were enough to have the taxonomic diversity fully represented in all cases
(even the sample with the lowest number of reads: sample 100% AMD at day 14 (1764 and 1808
reads)). Moreover, both these alfa-diversity indexes showed a sharp decrease in the prokaryotic
community richness after 14 days of incubation in the test with 100% AMD (where it reached the
lowest values) and a subsequent slight recover of richness, while in all the other tests the trend was

a decay of richness along sampled days (Table S- 4.2).

On the other hand, prokaryotic communities in the AMD treatment batch tests were compared with
Bray-Curtis Dissimilarity and the Weighted UniFrac metrics for beta-diversity. In this study, in
addition to the calculation of these metrics (Table S- 4.3, Table S- 4.4, Table S- 4.5 and Table S-
4.6), principal coordinates analysis (PCoA) graphs were plotted for a better visualization of
relations between such high number of samples (Figure 4.5). As a general remark, both these
metrics revealed samples grouped in pairs, with both DNA replicates from each sample close to
each other, confirming a good representation of prokaryotic populations in both DNA samples.
More in detail, the Bray-Curtis metrics (Figure 4.5- A), which accounts just with shared ASVs,
showed the enriched inoculum, and the tests just with AMD at day 14 and at day 34 all apart from
each-others and separated from a major cluster of samples corresponding to AMD tests with
supplements of PB-m together with controls just with PB-m. Moreover, in this major cluster, the
samples from tests with just 20% PB-m plus 80% AMD are on one side, while the controls with
only PB-m are on the other side. On the other hand, the Weighted UniFrac metrics (Figure 4.5- B),
which accounts also with common ancestors of ASVs and their abundances, revealed a distribution
of samples with similarities to that obtained with Bray-Curtis metrics but with the samples from
tests with just 20% PB-m at day 34 closer to the enriched inoculum and the samples of the major

cluster without evidence of distribution related to the percentage of PB-m supplement.
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Figure 4.5. Figures with the PCoA plots of the samples from AMD treatment studies A) Bray-
Curtis B) Weighted Unifrac (stars: enriched inoculum, squares: 100% AMD, rings: 20% PB-m,

diamonds: 100% PB-m, Spherical: other samples).
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4.3.5.2. Prokaryotic communities

The prokaryotic community of the enriched culture used as inoculum and the evolution of the
prokaryotic communities in the tested conditions (control just with PB-m and different ratios of
PB-m to AMD at pH 4.50 and methanol as carbon source) is depicted in Figure 4.6. In this study,
the two most abundant families observed in each sample were always Desulfitobacteriaceae and
Clostridiaceae, with the sum of their abundancies between 43% and 86% and the balance between
these two populations was highly affected by the AMD content in the tested conditions. At day 14,
the tests with higher AMD content (100% AMD and 20% PB-m plus 80% AMD) had higher
relative abundancies of bacteria from Desulfitobacteriaceae family and the tests with lower AMD
content had higher relative abundancies of bacteria related to Clostridiaceae family. At day 34,
this trend was even more evident and the Desulfitobacteriaceae family became dominant also in
the test with 40% PB-m plus 60% AMD.

The increasing abundancy of the bacteria from Clostridiaceae family by the decrease in the AMD
content continuously from 100% AMD to 100% PB-m tests (Figure 4.6) could be explained by the
possible toxicity of the metals present in the AMD for this family and/or better nutrient conditions
(through PB-m supplements), which seemed to favor the growth of Clostridiaceae, mainly from
Clostridium_sensu_stricto_1, Clostridium_sensu_stricto_12 and Clostridium_sensu_stricto_10

genera.
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Figure 4.6. Relative abundances of the prokaryotic phylotypes at the genus level for the
enrichment sample used as consortium (at Postgate B media, methanol as carbon source at pH
4.00) and inoculated samples containing different ratios of AMD to Postgate B media at pH 4.50
and 25 + 3TC.

Different works have reported the presence of Clostridium members in sulfidogenic AMD
remediation reactors together with Desulfitobacteriaceae members (Hong et al. 2007; Martins et
al. 2011; Lefticariu et al. 2015; Vasquez et al. 2018; Rodrigues et al. 2019). Aoyagi et al. (2017)
remarked the importance of Clostridium members in SRB based AMD remediation reactors due
to their capabilities in breaking down complex organic substances into small molecules that can
be used by Desulfitobacteriaceae members. Moreover, in some works sulfate reduction activity

has been also attributed to Clostridium members in AMD treatment operations (Sallam and
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Steinbuchel 2009; Bao et al. 2012, 2017; Zhao et al. 2016; Rodrigues et al. 2020; Wu et al. 2022).
In the investigation by Rodrigues et al. (2020), sediments from mine impacted waters from Sangéo
River (Brazil) were directly used as inoculum in AMD remediation studies with chitin as the only
organic supplement, and their meta-taxnomic studies of the prokaryotic populations revealed very
low abundances of Desulfitobacteriaceae members (<0.28%) and relative high abundances of
Clostridium members (27.04% to 12.75%) during AMD bioremediation operations, thus
suggesting the Clostridium members were putatively the main sulfate reducers in their tested

conditions.

Therefore, in the present study, the Clostridium members might have been acting as SRB in the
tested samples with lower AMD content (where they prevailed with high abundancies) and/or they
contributed mainly to maintain suitable conditions for SRB from the Desulfitobacteriaceae family,
in the tests with higher PB-m supplements, by breaking down the complex compounds present in

the yeast extract from the PB-m.

The dominance of bacteria from Desulfitobacteriaceae family belonging to Desulfosporosinus
genus in the samples containing 100% AMD and 20% or 40% PB-m plus 80% or 60% AMD,
respectively (Figure 4.6), confirms the potential of this group of bacteria by their versatile behavior
to extreme conditions, mainly as low pH and heavy metal toxicity, as well as their resistance to
oxic conditions (Sanchez-Andrea et al. 2014a). Bacteria from Desulfosporosinus genus consisted
of about 26% of the total prokaryotic population in the enriched inoculum (grown in Postgate B
base with methanol as carbon source) and in the metal attenuation experiments, their relative
abundances were relatively high even in the tests with lowest to highest AMD contents: 12.5% to
83% Desulfosporosinus spp. (80% PB-m plus 20% AMD to 100% AMD).

Desulfosporosinus-related sulfate reducers are known to be present in diverse SRB reactors
treating AMD from laboratory to real scale (Habe et al. 2020). Various AMD bioremediation
studies by SRB report high (26% to 60%) (Sato et al. 2019; Valdez-Nufiez et al. 2022) to quite low
abundancy (<1%) (Pester et al. 2010; Rezadehbashi and Baldwin 2018; Rodrigues et al. 2019) of
bacteria in Desulfosporosinus genus. Yet, even with their low relative abundances (e.g. 0.006%),
Desulfosporosinus spp. have demonstrated to contribute in high rates to SR (Pester et al. 2010).
Therefore, considering the relative high abundancies of this genus in the batch tests reported

(above) in this work, their role in SR and consequent metal removal from AMD was probably
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important. Indeed, other works point to this evidence. For example, Desulfosporosinus spp. were
the most predominant SRB in several passive bioreactors treating AMD studied by Sato et al.

(2019), regardless of reactor configurations, sizes, and operating conditions.

In the study by Dev et al. (2021) on AMD bioremediation at 4.5 with glycerol as electron donor,
34% of SR and ~99% metals removal was also observed with a progressive domination of
Desulfosporosinus spp. in the community during the incubation. The microbial metabolic process
suggested by the authors was the initial fermentation of glycerol to acetic acid mainly by
Desulfosporosinus when in low pH, followed by acetic acid oxidation to H> and CO> mainly by
Desulfitobacterium when the pH raised to neutral values, and finally H. consumption by
Desulfosporosinus (Dev et al. 2021). On the other hand, it is known that the fate of the methanol
in sulfidogenic reactors is related to the outcome of the competition among SRB, methanogens
and homoacetogens, and that the use of methanol by anaerobic microorganisms, mainly by SRB,
also results in acetate generation (Cao et al. 2012). Moreover, it has already been shown that the
oxidation of generated acetate can be undertaken by other bacteria present in the community such
as Clostridium spp. (Du et al. 2020). Thus, in our work there was probably production of acetate,
and since Desulfitobacterium spp. were not detected in the studied cultures, the produced acetate
was probably consumed by Clostridium spp. (Du et al. 2020) and/or other bacteria. Another
possibility could be the absence of acetate oxidizing activity in the consortium, and for that reason,
acetate accumulation resulted in acetic acid toxicity and incomplete SR. This is due to the fact that,
according to its pKa (4.76), the dominant form of this compound at low pH values (especially at
pH<4.76), is acetic acid rather than acetate, which has high inhibitory effect on aSRB (Reis et al.
1990; Sanchez-Andrea et al. 2014a).

4.4, Conclusions

A microbial consortium having an acidophilic sulfate reducing bacteria (aSRB) community with
sulfate reduction activity at pH 4.00 with methanol as electron donor has been successfully
enriched from the sediments of a confluence area between an AMD stream and a water stream
receiving the municipal WWTP effluent of the S0 Domingos Mine village, at an inactive copper

mine site.
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The strategy of isolating aSRB colonies from the enrichment cultures in closed centrifuge tubes
with solid medium was more efficient than using petri dishes in a jar with burning candles, and the
DNA sequences analyzed to classify the isolates revealed that all SRB colonies were
Desulfosporosinus spp. However, a fungus from Trichoderma genus was also present in the solid
medium where the colonies grew, suggesting a possible interaction of symbiosis or commensalism

favoring the growth of SRB.

The aSRB consortium enriched at pH 4.00 with methanol was then tested for metal attenuation
from AMD collected at SGo Domingos mine with pH adjusted to pH 4.50 in batch tests using
methanol (30 mM) as carbon source and different volumes of Postgate B medium base as
supplements of basal salts and yeast extract. The lowest dose tested (20% v/v of Postgate B base
— corresponding to 1.15 g/L of basal salts and 0.2 g/L of yeast extract ) allowed the removal of
more than 99% of metals after 28 days.

A meta-taxonomic study of the communities revealed that the most abundant prokaryotes in the
AMD remediation tests were Clostridium members and Desulfosporosinus genus. The first were
found more abundant in the tests with higher Postgate B base supplements, (>60%), while
Desulfosporosinus, on the other hand, was the dominant bacterial genus when lower doses of basal

salts and yeast extract were used.

The studied consortium has potential for different applications, which may include the
elimination/minimization of the AMD neutralization step prior to AMD bioremediation, make
SRB bhioreactors more resistant to acidification phenomena during operation when sugars-rich
residues are used as carbon sources, and possibility of utilization in selective metal recovery

systems.
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Figure S- 4.1. Time-course changes of pH, redox potential, sulfate reduction and sulfide
generation in enrichment studies inoculated with a SRB consortium from wastewater treatment
plant as positive control enriched, in Postgate B media in the presence of lactate and three carbon
sources (methanol, ethanol and glycerol) at pH 6.00 (25 £ 3C).
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Figure S- 4.2. Time-course changes of pH, redox potential, sulfate reduction and sulfide
generation in enrichment studies with sediments collected from Sao Domingos mine as inoculum,
enriched in Postgate B media in the presence of methanol as carbon source at different pH values
(pH 2.00, 3.00, 4.00, 5.00 and 6.00) (25 + 3TC).
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Figure S- 4.3. Time-course changes of pH, redox potential, sulfate reduction and sulfide
generation in enrichment studies with sediments collected from Sao Domingos mine as inoculum,
enriched in Postgate B media in the presence of glycerol as carbon source at different pH values
(pH 2.00, 3.00, 4.00, 5.00 and 6.00) (25 + 3TC).
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Figure S- 4.4. Time-course changes of pH, redox potential, sulfate reduction and sulfide
generation in enrichment studies with sediments collected from Sao Domingos mine as inoculum,
enriched in Postgate B media in the presence of ethanol as carbon source at different pH values
(pH 2.00, 3.00, 4.00, 5.00 and 6.00) (25 + 3TC).
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Figure S- 4.5. Time-course changes of pH, redox potential, sulfate reduction, sulfide generation
and concentration of main metals in the studied AMD (Cu, Zn, Fe, Al and Mn) in metal attenuation

batch experiments with the enriched consortium in methanol at pH 4.00 as enriched inoculum in

different ratios of AMD to Postgate B media with methanol as carbon at pH 4.50 and 25 + 3T

(B.1.: before inoculation).
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Figure S- 4.6. Rarefaction curves for the alpha-diversity indexes Shannon and Faith’s

phylogenetic diversity of the samples from enrichment studies (E — ethanol, G — glycerol and M —

methanol enrichments; S — sludge inoculum).
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Figure S- 4.7. Rarefaction curves for the alpha-diversity indexes Shannon and Faith’s

phylogenetic diversity of the samples from AMD treatment studies. (PB-m: Postgate B media with

methanol as carbon source).
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Table S- 4.1. Number of reads obtained for each sample from AMD treatment experiments in

enrichment consortium and in tests with different ratios of AMD and Postgate B media.

Input Correct reads Quiality Non-chimeric after filtering/
Sample-I1D . - LS
reads (primer and size) reads reads decontamination
Enrichment-1 17610 11636 7288 6833 6817
Enrichment-2 19894 14664 12138 11853 11800
Day 14
100% PB-m-1 16610 10917 7615 7384 7371
100% PB-m-2 11689 8757 7887 7853 7844
80% PB-m-1 20350 12438 8670 7933 7933
80% PB-m-2 17077 12626 10912 10818 10806
60% PB-m-1 21117 12837 9003 7916 7912
60% PB-m-2 15126 10997 9597 9478 9442
40% PB-m-1 12430 9025 7624 7565 7557
40% PB-m-2 15722 9217 4982 4489 4479
20% PB-m-1 18970 12369 8612 8290 8277
20% PB-m-2 13248 9813 8858 8796 8794
100% AMD-1 2459 1916 1788 1788 1764
100% AMD-2 2503 1931 1835 1835 1808
Day 34

100% PB-m-1 18596 12416 8786 8023 8023
100% PB-m-2 15180 11091 10175 9964 9940
80% PB-m-1 7228 4783 3211 3162 3162
80% PB-m-2 6846 5134 4488 4478 4476
60% PB-m-1 7840 4946 3387 3227 3227
60% PB-m-2 5509 4023 3424 3401 3401
40% PB-m-1 7946 5019 3137 3078 3078
40% PB-m-2 6319 4746 4158 4137 4137
20% PB-m-1 9026 5896 4422 4379 4379
20% PB-m-2 8498 6121 5414 5355 5351
100% AMD-1 19575 13144 11428 10790 10773
100% AMD-2 17583 11553 9504 8750 8737

total 334951 228015 178343 171575 171288

210



Table S- 4.2. Alpha-diversity indexes of Shannon and Faith’s phylogenetic diversity using
maximum sequencing depth of samples from AMD treatment studies. (PB-m: Postgate B media

with methanol as carbon source).

Day 0

(enriched inoculum) Day 14 Day 34

Shannon index

100% AMD 5.21+£0.20 5.75+0.09

20% PB-m 6.47 £0.01 5.30+0.34

40% PB-m 5.83+£0.69 5.57 £ 0.56
6.170 £ 0.30

60% PB-m 524 +0.70 5.02+0.42

80% PB-m 556 £0.75 5.08£0.48

100% PB-m 5.99+0.22 5.70£0.03

Faith’s phylogenetic diversity index

100% AMD 4.37+0.13 6.45+0.38

20% PB-m 7.00 £0.33 5.82 £ 0.62

40% PB-m 6.09 + 0.60 541 +0.49
7.03+0.61

60% PB-m 6.82 £ 0.49 4.65 + 0.65

80% PB-m 6.97 £0.30 4.67 £0.94

100% PB-m 5.50 £ 0.46 5.83+0.05
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Table S- 4.3. Distance matrix based on the Bray-Curtis Dissimilarity metrics of the AMD treatment studies at day 14 (A — AMD, P — Postgate B

with methanol and Enrich— Enrichment consortium).

100% 100% 100% 100% 20% 20% 40% 40% 60% 60% 80% 80%

AMD-1 AMD-2 PB-m-1 PB-m-2 PB-m-1 PB-m-2 PB-m-1 PB-m-2 PB-m-l PB-m-2 PB-m-1 PB-m-z Cnrichment-l  Enrichment-2

100% AMD-1 0

100% AMD-2 0.407 0

100% PB-m-1 0.895 0.895 0

100% PB-m-2 0.881 0.889 0.436 0

20% PB-m-1 0.782 0.744 0.682 0.7 0

20% PB-m -2 0.763 0.706 0.666 0.67 0.278 0

40% PB-m -1 0.78 0.751 0.463 0.595 0.489 0.428 0

40% PB-m -2 0.825 0.801 0.422 0.694 0.58 0.588 0.428 0

60% PB-m -1 0.873 0.884 0.443 0.721 0.709 0.709 0.532 0.38 0

60% PB-m -2 0.834 0.815 0.35 0.577 0.647 0.621 0.373 0.368 0.367 0

80% PB-m -1 0.896 0.901 0.425 0.696 0.738 0.729 0.549 0.417 0.217 0.384 0

80% PB-m -2 0.859 0.867 0.302 0.476 0.627 0.604 0.417 0.474 0.49 0.323 0.441 0

Enrichment-1 0.869 0.864 0.887 0.886 0.84 0.826 0.849 0.863 0.907 0.869 0.925 0.893 0
Enrichment-2 0.858 0.839 0.847 0.835 0.841 0.804 0.793 0.832 0.881 0.827 0.891 0.854 0.376 0
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Table S- 4.4. Distance matrix based on the Bray-Curtis Dissimilarity metrics of the AMD treatment studies at day 34 (A — AMD, P — Postgate B

with methanol and Enrich— Enrichment consortium).

100% 100% 100% 100% 20% 20% 40% 40% 60% 60% 80% 80%

AMD-1 AMD-2 PB-m-1 PB-m-2 PB-m-1 PB-m-2 PB-m-l PB-m-2 PB-m-1 PB-m-2 PB-m-1 PB-m-z Envichment-1  Enrichment-2

100% AMD-1 0

100% AMD-2 0.300 0

100% PB-m-1 0.714 0.741 0

100% PB-m-2 0.909 0.923 0.388 0

20% PB-m-1 0.62 0.67 0.633 0.853 0

20% PB-m -2 0.566 0.626 0.564 0.778 0.277 0

40% PB-m -1 0.682 0.738 0.441 0.65 0.369 0.417 0

40% PB-m -2 0.62 0.658 0.409 0.557 0.545 0.46 0.399 0

60% PB-m -1 0.723 0.745 0.389 0.58 0.67 0.636 0.466 0.497 0

60% PB-m -2 0.786 0.803 0.351 0.43 0.763 0.673 0.508 0.443 0.338 0

80% PB-m -1 0.771 0.797 0.368 0.518 0.731 0.673 0.511 0.534 0.237 0.327 0

80% PB-m -2 0.831 0.843 0.321 0.374 0.788 0.71 0.575 0.459 0.41 0.249 0.35 0

Enrichment-1 0.842 0.849 0.88 0.86 0.916 0.868 0.933 0.866 0.962 0.896 0.936 0.886 0
Enrichment-2 0.811 0.837 0.851 0.828 0.913 0.844 0.913 0.828 0.942 0.862 0.92 0.841 0.376 0
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Table S- 4.5. Distance matrix based on the Weighted UniFrac metrics of the AMD treatment studies at day 14 (A — AMD, P — Postgate B with

methanol and Enrich— Enrichment consortium).

100% 100% 100% 100% 20% 20% 40% 40% 60% 60% 80% 80% Enrichment-1 Enrichment-2
AMD-1  AMD-2 PB-m-1 PB-m-2 PB-m-1  PB-m-2 PB-m-1 PB-m-2 PB-m-1 PB-m-2 PB-m-1 PB-m-2
100% AMD-1 0
100% AMD-2 0.0884 0
100% PB-m-1 0.369 0.345 0
100% PB-m-2 0.321 0.301 0.147 0
20% PB-m-1 0.263 0.214 0.189 0.182 0
20% PB-m -2 0.259 0.207 0.198 0.181 0.031 0
40% PB-m -1 0.304 0.268 0.107 0.184 0.111 0.113 0
40% PB-m -2 0.390 0.363 0.148 0.267 0.201 0.214 0.135 0
60% PB-m -1 0.437 0.409 0.178 0.308 0.256 0.269 0.195 0.071 0
60% PB-m -2 0.365 0.341 0.086 0.202 0.193 0.202 0.101 0.098 0.136 0
80% PB-m -1 0.416 0.391 0.139 0.269 0.237 0.247 0.164 0.062 0.057 0.100 0
80% PB-m -2 0.327 0.304 0.0770 0.132 0.156 0.163 0.095 0.179 0.214 0.100 0.172 0
Enrichment-1 0.353 0.306 0.289 0.277 0.206 0.209 0.224 0.310 0.359 0.302 0.337 0.261 0
Enrichment-2 0.338 0.289 0.296 0.250 0.193 0.195 0.241 0.338 0.384 0.316 0.348 0.255 0.106 0
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Table S- 4.6. Distance matrix based on the Weighted UniFrac metrics of the AMD treatment studies at day 34 (A — AMD, P — Postgate B with

methanol and Enrich— Enrichment consortium).

100% 100% 100% 100% 20% 20% 40% 40% 60% 60% 80% 80%

AMD-1 AMD-2  PB-m-1  PB-m2 PB-m-1 PB-m-2 PB-m-1 PB-m-2 PB-m-l PB-m-2 PB-m-1 PB-m-2 Cnrichment-l  Enrichment-2

100% AMD-1 0

100% AMD-2 0.024 0

100% PB-m-1 0.377 0.378 0

100% PB-m-2 0.526 0.526 0.159 0

20% PB-m-1 0.111 0.101 0.306 0.454 0

20% PB-m -2 0.148 0.151 0.258 0.400 0.075 0

40% PB-m -1 0.248 0.245 0.155 0.300 0.161 0.135 0

40% PB-m -2 0.317 0.320 0.125 0.240 0.248 0.196 0.105 0

60% PB-m -1 0.420 0.416 0.105 0.153 0.340 0.322 0.197 0.207 0

60% PB-m -2 0.452 0.454 0.108 0.098 0.383 0.332 0.231 0.176 0.083 0

80% PB-m -1 0.439 0.435 0.103 0.129 0.360 0.332 0.211 0.209 0.033 0.075 0

80% PB-m -2 0.478 0.478 0.118 0.078 0.408 0.358 0.255 0.200 0.103 0.049 0.077 0

Enrichment-1 0.396 0.392 0.219 0.313 0.321 0.288 0.237 0.226 0.246 0.263 0.248 0.275 0
Enrichment-2 0.337 0.338 0.190 0.327 0.274 0.233 0.205 0.182 0.257 0.271 0.263 0.280 0.107 0
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CHAPTER 5

Palladium bio-recovery from spent automotive
catalytic converter leachates as nanoparticles using
plant extracts
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Palladium bio-recovery from automotive catalytic converter leachates

as nanoparticles using Rubus idaeus leaf extracts

A modified version of this chapter would be published as:

Nobahar, Amir; Carlier, Jorge Dias; Costa, Maria Clara. “Palladium bio-recovery from
automotive catalytic converter leachates as nanoparticles using Rubus idaeus leaf

extracts”. Clean Technologies and Environmental Policy (submitted, 2022).

Abstract

This study investigates the potential of hydroalcoholic extracts of Cistus ladanifer L.,
Erica andevalensis and Rubus idaeus L. as a green method for the recovery of platinum
group metals (PGMs) from both synthetic unimetallic solutions and multimetallic
solutions obtained from the leaching of two different spent automotive catalytic
converters (ACC). Experiments with unimetallic solutions revealed that E. andevalensis
and R. idaeus extracts could separate about 70% of Pd and less than 40% of other tested
metals (Al, Ce, Fe and Pt) from the solutions. Then, application of the plant extracts to
two different ACCs leachates showed that E. andevalensis and R. idaeus extracts can
induce high precipitation (>60%) of Pd and Pt with co-precipitation of less than 20% of
other metals. UV-Visible spectra analysis confirmed the bio-reduction of Pd?* ions into
Pd® nanoparticles by R. idaeus extract and Fourier-transform infrared spectroscopy
(FTIR) analysis revealed the contribution of functional groups of the phytochemicals
present in the extract (such as phenols, flavonoids, and anthocyanins) in the Pd?* bio-
reduction and stabilization. Afterwards, scanning electron microscopy with energy

dispersive X-ray spectroscopy (SEM-EDX) analysis of the precipitate obtained from one
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leachate with R. idaeus extract demonstrated the presence of Pd particles along with
organic compounds and particles containing other metals. Therefore, particles were
subjected to a washing step with acetone for further purification. Finally, scanning
transmission electron microscopy with energy dispersive X-ray spectroscopy (STEM-
EDX) analysis showed the high purity of the final Pd particles and high-resolution STEM
allowed to determine their size variation of 2.5 to 17 nm with an average Feret size of 6.1
nm, and confirmed their crystalline structure with an interplanar lattice distance of ~0.22
nm. This green approach offers various benefits including simplicity of Pd separation
from the leachates as valuable nanoparticles that makes the process more feasible from
economic and environmental standpoints. A process cost of ~20 $ / g of Pd particles

recovered was estimated (excluding manpower).

Keywords: plant extract, metal, recovery, remediation, platinum group metals,

nanoparticle

Graphical abstract
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5.1. Introduction

In the last century, due to rapid industrialization, the application of platinum group metals
(PGMs) emerged in various industrial sectors. The demand for PGMs is continuously
increasing and more than 90% of their applications in the industries are in the catalysts’
processing (Wongsawa et al. 2020). The rising demand for these metals is reported to be
at a higher pace than the other base metals used primarily in catalysts (Wei et al. 2019).

Automotive catalytic converters (ACC) have been increasingly applied for the
transformation of carbon monoxide and hydrocarbons into carbon dioxide and water since
the mid-1970 (Benson et al. 2000). Every year, a considerable part of the global extraction
of PGMs is applied in ACC production, comprising 30% of Pt, 80% of Pd and Rh (Supply
Chain Deep Dive Assessment 2022). Thus, used ACCs that are replaced or from
automotives that reach the end of their life become a secondary source of these metals.
PGMs grades in the ores range from 3 to 8 g/t (Kyriakakis, 2005), while, the monoliths
of ACCs contains PGMs in a range of 1-3 Kg/t (Karim and Ting 2021). Therefore, PGMs
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recovery from spent ACCs reduces the energy consumption, waste disposals and
environmental pollutants. For example, Fornalczyk and Saternus (2011) reported that in
order to obtain 1 Kg of Pt, about 150 tons of natural ores need to be processed, which
generates 400 tons of wastes, while the recycling of the same amount of Pt can be
achieved by processing of 2 tons of ACCs. From 2008 to 2018, demand for PGMs has
been raised about 10%, and they are mostly used in the catalytic converter industry
(Platinum, 2008 2008; PGM Market Report 2018). In fact, it is expected that due to more
strict environmental regulations, the demand trend for PGMs will continuously increase
(Saguru et al. 2018). Considering this increasing secondary source of PGMs in ACCs,
recycling these metals is critical from both financial and environmental standpoints.
Recycling and long-term management of these wastes is a critical step to ensure the long-
term viability of mining resources, thus mitigating the rising resource scarcity. However,
due to the low concentration and high metal complexity in these wastes, their recycling
still remains a challenge (Zhang and Xu 2018).

Currently for the metal recovery processes, hydrometallurgical methods are favored over
pyrometallurgical methods and are developing every day since they are more
environmentally and economically viable with possibility of performing in wide scale,
diverse reagent options, using leachates from materials containing very low to very high
grade of metals (Jeon et al. 2020; Kumari and Samadder 2022). PGM hydrometallurgical
recovery from wastes starts with a metal leaching procedure (typically non-metal
specific) and is followed by a metal separation phase from the generated leachates (Karim
and Ting 2021). In the conventional and long-established acid leaching systems, highly
aggressive and acidic leaching solutions are employed for the PGMs separation from
ACCs such as HCI-based leachates, cyanide solution media and aqua regia (Yakoumis et
al. 2021). However, the mainstream employs HCI-H.O> systems, which is known to be
greener than other leaching systems with PGMs recovery of about 95% (Jimenez de
Aberasturi et al. 2011). The addition of oxidizing agent reduces the pollutant gases in this

leaching system and more improvement have been introduced by balancing the ratio of
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HCI to H2O> and other oxidizing and chlorine sources including AlCls, NaCl, NaCIO and
CuCl; (Yakoumis et al. 2021). Regarding economic aspects, the interests of the concerned
industries are monopolized by the efficient hydrometallurgical techniques (Trinh et al.
2020). In the leaching step, which is the most crucial stage in hydrometallurgy, mild
leaching procedures are known to prevent liquid waste generation that will further lower
waste management and operational costs; as instance, unlike aqua regia and cyanide, mild
chloride-based leaching systems do not emit toxic by-products and gases (Yakoumis et
al. 2021). Moreover, direct leaching also valuates whole leaching process without the
necessity of prior pretreatment processes such as thermal reduction or pre-concentration,
by directly feeding the mechanically processed ACCs into leaching media (Dong et al.
2015). Therefore, HCI-H20- based systems are among the most efficient PGM recovery

from ACCs with sustainability prospects.

Furthermore, different physiochemical methods for PGMs separation from the leaching
solutions are described in the literature, such as solvent extraction (Costa et al. 2013;
Paiva et al. 2022), ion exchange (Lanaridi et al. 2022), molecular recognition technology
(Izatt et al. 2015), molecular ion imprinted polymer (Limjuco and Burnea 2022) etc.
However, some of those techniques may have drawbacks such as inadequate metal
recovery (especially for low concentrations of metals), high energy requirements, as well
as high chemical costs and environmental problems. This issue, leaves open space for the
emergence of new advanced technologies aiming efficient PGMs recovery with less
operational costs and reduction in energy consumption while being environmentally
friendly (Granados-Fernandez et al. 2021). As a result, metal bio-recovery strategies, that
make use of biological materials and/or processes, have attracted growing attention in

recent years.

Recovery of PGMs from ACCs through bio-hydrometallurgical methods have not been
extensively studied yet, which shows the importance of further investigations into
alternative sustainable and effective with a low carbon footprint in PGMs recovery

processes (Karim and Ting 2021). Based on the authors’ knowledge, by now, studied bio-
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hydrometallurgical procedures are mainly focused on the PGMs bioleaching from ACCs
benefiting from different organic acids or microorganisms. Bio-leaching processes
employ organic acids such as oxalic or lactic acids (Wiecka et al. 2022) or
microorganisms including bacteria, such as works performed by llyas et al. (2022) and
Karim and Ting (2022), or fungus like the work performed by Bahaloo-Horeh and
Mousavi (2022). In addition, different mechanisms including bio-reduction, bio-
precipitation, chelation, extracellular sequestration and bio-sorption are known as the
main mechanisms that microorganisms can interact with PGMs and separate them from
the solutions (Zhang et al. 2020). However, studies on the potential role of the plants’
secondary metabolites in separation and purification of the PGMs from the multimetallic

solutions are scarce in the literature.

Plants synthesize a wide variety of bioactive compounds with a large range of functional
abilities. Their secondary metabolites, including phenols, saponins, alkaloids, organic
acids, proteins etc. possess polar functional groups such as phenolic, hydroxyl, carboxyl,
amino and sulfo, that capacitates these compounds to interact with metals through
different processes such as reduction (Ishak et al. 2019), chelate/complex formation and
precipitation (Ma et al. 2016) etc. Thus, those compounds have application potential in
various metal related industrial sectors such as metal recovery/removal from solutions,
biosynthesis of nanoparticles, treatment of metal bearing wastewaters (Nobahar et al.
2021). In the case of PGMs, Ishak et al (2019) reviewed different studies about their
interaction with plant compounds, pointing phenols, flavonoids, terpenoids,
carbohydrates, proteins, amino acids and polysaccharides as the most important
secondary metabolites having interaction potential with metals of this group. Application
of plant-based compounds in metal recovery industrial activities is an attractive
alternative from economic and environmental standpoints with the potential to replace
conventional physiochemical methods (Nobahar et al. 2021). Despite the lack of
investigations in PGMs recovery from multimetallic solutions benefiting plant

metabolites, there are different works reporting the application of different secondary
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plant metabolites with PGMs ions and their separation potential from unimetallic
solutions as nanoparticles. As instance, Areca Nut Husk (Hegde et al. 2021), Tea
polyphenols (Hu et al. 2022) and Aspalathus linearis (Ismail et al. 2017) natural plant
extracts are reported to separate successfully Pd, Pt and Rh ions respectively, from

unimetallic solutions as nanoparticles.

The present work investigates a novel process in PGMs’ separation from unimetallic
solutions and from multimetallic bearing leachates using three plant-based extracts and
then studies the precipitates obtained from one leachate with a selected extract aiming to
contribute for the development of eco-friendly and efficient green technologies as
alternatives for the recovery of these metals from secondary sources.

5.2. Materials and methods
5.2.1. Experimental approach

The capacity of 70% (v/v) ethanolic plant extracts to precipitate metals was tested on
different metal bearing aqueous solutions: (1) first on unimetallic solutions prepared from
standards commercialized for metals analysis; (2) then on leachates from spent
automobile catalytic converters. For that purpose, the plant extracts were mixed and
homogenized at a 1/1 (v/v) ratio with the metal bearing solutions and mixtures prepared
in the same way but using pure 70% ethanol (without plant compounds) were used as
controls. The initial and the final concentrations of metals in the mixture were used to

calculate percentages of removal from solution.

In addition, the putative effect of pH changes on metal removals was evaluated by
comparing the initial pH measured in the metal bearing solutions, the pH values in the
mixtures, and the estimated lowest pH at which metals precipitation is expected to occur
according to theoretical simulations on the Medusa-Hydra software (Puigdomenech
2015) for increasing pH values (-1 to 14) in aqueous solutions using parameters that

mimic the tested matrices.
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Experiments were carried out in triplicates in 50 mL centrifuge tubes at room temperature
(20 £ 3°C) and samples were collected for pH measurements and for metal analysis after

1 and 48 hours of reaction.

The significance of differences between means of different experimental treatments (test
1 h, test 48 h, control 1 h and control 48 h) were assessed by the single factor analysis of
variance (ANOVA) considering a significance threshold level of 5%. Then, when
ANOVA revealed significant differences among treatments, post-hoc tests were carried

out with Tukey Kramer's tests (also for 5% significance level).

5.2.2. Plant extracts

Three types of plant leaves were collected for this study: leaves from Cistus ladanifer L.
(crimson spot rockrose); from Erica andevalensis Cabezudo & Rivera (a shrub growing
in the Iberian Peninsula next to acidic mine waters contaminated with sulfate and metals)
and from Rubus idaeus L. (red raspberry). The choice of plants for this work considered
criteria such as being available in the region, being reported as metal accumulators and/or
being plants (or parts of them) considered industrial or agricultural waste. C. ladanifer
has developed several tolerance mechanisms that allow its adaptability to contaminated
environments. The immobilization of metallic elements in roots and accumulation in
senescent leaves are examples of these adaptability mechanisms and make this plant a
promising species for phyto-stabilization of mining areas (Abreu et al. 2011; Santos et al.
2012, 2014, 2016). E. andevalensis is an endemic species of the Iberian pyrite Belt (IPB)
(Cabezudo and Rivera 1980) that grows under extreme conditions of pH values between
3 and 4 and high metal contents, being able to accumulate Mn (Rossini-Oliva et al. 2018).
It colonizes mine tailings and the bank sediments of water bodies contaminated with acid
mine drainage (AMD), such as the Tinto and Odiel rivers in Spain and the channels and
dams at the Sdo Domingos mine in Portugal (Abreu et al. 2008; Monaci et al. 2011). R.

idaeus is an agricultural crop widely cultivated in Asia, Europe, and North America for
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its fruits, being its leaves a residue highly rich in phenolic compounds (Pantelidis et al.
2007; Wang et al. 2019).

Young and mature leaves were collected and immediately dried to remove the moisture
in an INCU-Line oven (VWR international) at 45°C until their weights stabilized. The
dried leaves were then grinded into powder using an electric coffee grinder and the
powder was mixed at a 10% (w/v) ratio with 70% (v/v) ethanol. Afterwards, the mixture
was sonicated using an ultrasonic bath FB15054 (Fisher Scientific, USA) for 1 h and
homogenized by orbital shaking at 150 rpm for 16 hours. Finally, the mixture was
centrifuged at 2800 g for 5 min at room temperature and the supernatant was filtered using
310-150 mm qualitative filter paper (VWR international) in a vacuum system.

5.2.3. Unimetallic solutions

Five 100 mg/L unimetallic solutions were prepared by diluting in 0.02 M HCI the
following metal standard solutions of 1000 mg/L to a 1/10 (v/v) ratio: Pd(NO3)2in 0.5 M
HNO3z, Ce(NOs3)3 in 5% HNOs, AI(NO3)sz in 0.5 M HNO3 and Fe(NOz)z in 0.5 M HNOs
(from Merck Certipur, Germany), PtCl> in 5% HCI from (Sigma-Aldrich standard for
AAS, EUA).

5.2.4. Leachates from spent Automobile Catalytic Converters (ACCs)

Leachates from two different spent ACCs were used: (1) a spent ACC from a Seat Ibiza
1995 with 23 years of use, henceforth 195 and (2) a spent ACC from a Honda Civic 1998,
with 20 years of use, henceforth H98. The leachates were provided by Professor Ana
Paula Paiva from Faculdade de Ciéncias - Universidade de Lisboa (FCUL) and were
prepared after several leaching experiments reported by Paiva et al. (2022) as follows.
Both 195 and H98 metallic components were removed with a metal saw to extract the
honeycomb. Once the honeycombs were extracted, a grinding operation was performed
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using a K, MF 10 Basic IKA Werke cutting mill at a speed of 3000 rpm with a 2.0 mm
discharged grid. Afterwards, leaching was carried out using the following conditions:
[HCI] = 11.6 M, oxidizer H2O2 = 1% (w/v), liquid/solid = 2 L/kg, temperature = 60 °C,
time = 3 h; stirring = 250 rpm. The HCI concentration of 11.6 M is due to the use of
concentrated acid (37 wt% or 12 M), which is slightly diluted by the addition of 1% (w/v)
oxidizer H>O>. Both leaching solutions were then diluted 1/6 (v/v) in demineralized water,
reaching ~2 M HCI, to avoid the fast digestion of bio-compounds in the tests using plant

extracts.

5.2.5. Analytical procedures

To measure the pH, a pH Meter GLP 21 (Crison, Spain) with a glass electrode (VWR,
pH electrode SJ223) was used. For metal analysis on the mixtures of metal bearing
solutions with plant extracts, 2 mL samples were centrifuged at 2800 g for 5 min at room
temperature (Hettich, ROTOFIX 32A) and 1 mL of the supernatant was diluted in 4 mL
of 5% HNOs. However, this dilution led to the formation of precipitates. Thus, samples
were then digested through addition of 2.5 ml of 65% HNOs (PanReac AppliChem,
Germany, analytical grade) and 2.5 ml of 30% hydrogen peroxide (VWR Chemical,
analytical grade) and heating at 70°C during 1 h. Sample dilutions were prepared in 5%
nitric acid. Afterwards, a Microwave Plasma-Atomic Emission Spectroscopy (MP-AES
4200, Agilent Technologies, USA) was used to determine the metals concentrations using
standard calibration curves. Calibration curves were prepared from the following standard
solutions in 5% nitric acid: PdA(NO3)2 in 0.5 M HNOs3, Ce(NO3z)3 in 5% HNO3, AI(NO3)3
in 0.5 M HNO3 and Fe(NOz3)3 in 0.5 M HNOs3, Nd20s3 in 2-3% HNOs3, La203 in 2% HNO3
(from Merck Certipur, Germany), PtCl> in 5% HCI (from Sigma-Aldrich standard for
AAS, EUA), Rh in 10% HCI (from Acros organics, USA) in a dilution series of 0, 1, 5,
10, 20, 30, 40 and 50 mg/L for all elements. The correlation coefficients R? of all

calibration curves were above 0.99.

226



The bio-reduction of Pd?* ions and particle formation were studied by UV-visible spectral
analysis using wavelengths between 300 to 700 nm with 1 nm intervals in a BioTek
Synergy 4 microplate reader (BioTek Instrumentsinc., USA). The optical absorption
spectra of the Pd?* solution (100 mg/L) (Gaikwad and Rothenberg 2006), of a 5% (v/v)
dilution of R. idaeus extract in 0.02 M HCI, and of a 5% (v/v) dilution of R. idaeus extract
in 100 mg/L of Pd?* solution (one hour after reaction) (Sheny et al. 2012; Siddigi and

Husen 2016) were investigated.

Fourier Transform Infrared Spectroscopy (FTIR) measurements of a Pd?* solution, the R.
idaeus extract and the mixture of Pd?* solution and R. idaeus extract (Siddigi and Husen
2016) were performed using a Nicolet iINLIOMX micro-FTIR (Thermo Scientific, USA)
equipped with a MCT detector cooled with liquid nitrogen. Analyzes were conducted in
reflection mode, by spreading a drop of the sample onto a reflectance holder. Spectra
were collected in the infrared region (from 4000 to 675 cm™). Three measurements were
performed for each sample to assure the robustness of the analysis.

The particles obtained from applying the R. idaeus extract to the H98 leachate were
centrifuged and washed with 96% (v/v) ethanol for 1 h under orbital shaking and then
centrifuged (2800 g for 60 min at room temperature) for liquid removal and finally dried
under vacuum (two washing cycles were performed). Subsequently, Scanning Electron
Microscopy-Energy Dispersive X-ray spectroscopy (SEM-EDX) analysis were carried
out using a 324 S3700N SEM system (Hitachi, Japan) coupled to a XFlash 5010 SDD
EDS Detector (Bruker, Germany). The samples were analyzed at low vacuum (40 Pa)
with an accelerating voltage of 5 and 20 kV. Then, the particles obtained from the prior
washing step with 96% ethanol were further washed for two cycles with pure acetone to
remove excess of organic compounds as follows: mixed during 1 h under orbital shaking
and then centrifuged (2800 g for 60 min at room temperature) for liquid removal and
dried under vacuum. Thereafter, Scanning Transmission Electron Microscope (STEM)
imaging was carried out on a Titan ChemiSTEM (Thermo Fisher Scientific, Waltham,

USA) microscope operating with a field emission gun and aberration corrector on the
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probe and four Energy Dispersive X-ray spectroscopy (EDX) detectors operating at 200
kV. Before the STEM analysis, particles were resuspended in ethanol and sonicated for
30 min to pulverize the samples. Then, 5 pul of each sample were dispersed on copper

coated grids, and the grids were dried and stored in a desiccator until imaging.

5.3. Results and discussion
5.3.1. Metals removal from unimetallic solutions

The experiments with the unimetallic solutions revealed similar metal removal trends
with the three plant extracts (Figures 1). Highest removals, significantly different from
the controls, were achieved for Pd?*, varying from 48% to 81%. At a lower extent, Pt?*
and Fe®* were also significantly removed in the three experiments: Pt>* removals were
between 19% and 33% and Fe** removals were between 15 and 37%. On the other hand,
the removals of Ce3* and AIP* were, in general, not significantly different from those
achieved in the controls, and were just in the range from 3% to 28%.

It must be emphasized that the removals achieved in the unimetallic solutions of Pt**,
Pd?*, AI** and Ce3* were not caused by alkalization, since the pH values in the mixtures
were below the estimated pH at which these metals are expected to start precipitating
according to simulations using the Medusa-Hydra software (Puigdomenech 2015) (Table
S- 5.1). However, in the experiment with the unimetallic solution of Fe**, the pH values
in the mixtures were above the theoretical estimates at which this ion would start forming
solid complexes of Fe(OH)..7Clo3; therefore, in this case, the removals could have been
caused by pH changes. In addition, generally reaction time of 1 hour and 48 hours does
not have high impact on the removal of metals from the unimetallic solutions (Figure 5.1),
indicating the fast kinetics of the reactions between phytochemicals and studied metal

ions.

Hence, the results indicate a tendency toward a higher interaction of plant compounds

with Pd?* than with the other tested metal ions, especially in the experiments with the
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extracts of R. idaeus and E. andevalensis (Figure 5.1). This confirms the potential of some
plant extracts for Pd?* separation from solutions, which was already demonstrated using
unimetallic solutions and several plant materials, as for example extracts of leaves from
Euphorbia granulate (Nasrollahzadeh and Mohammad Sajadi 2016), from Soybean
(Glycine max) (Kumar Petla et al. 2012), from Origanum vulgare (Seyedi et al. 2018),
from Eryngium caeruleum (Saleh et al. 2021), or, for instance, extracts of peels from
Punica granatum (Sahin Un et al. 2020), and from orange (Wicaksono et al. 2020). In
fact, this is a very interesting feature with potential applications for the recovery of this
valuable metal from wastewaters and/or leachates of waste materials. Therefore, further
experiments were performed using real solutions containing PGMs, aiming to assess the
potential of the three plant extracts prepared in this work for the recovery of Pd from

complex matrices.
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Figure 5.1. Metal removals achieved after 1 h and 48 h of mixing C. ladanifer, E.
andevalensis and R. idaeus 70% ethanolic extracts at a 1/1 (v/v) ratio to the unimetallic
solutions (~100 mg/L) at room temperature (25 + 3 °C). Results for controls, consisting
of the addition of just 70% ethanol (without plant extract), are included. Removals with
the same letters do not significantly differ at 0.05 level (ANOVA and Tukey Kramer's

tests).

5.3.2. PGMs recovery from ACC leachates
5.3.2.1. ACC leachates characterization

The metal bearing leachates from spent ACCs (195 and H98) were diluted in a 1/6 ratio
(v/v) in demineralized water before being used in the experiments with plant extracts, and
were analyzed in terms of the main metals, pH and chloride anion (CI") associated to the
acidic matrices (Table 5.1). The leaching step provided satisfactory results for the PGMs
usually present in these devices: Pt and Rh were leached from 195, while Pt and Pd were
leached from H98. However, as expected, other metals which can be considered as
contaminants in the recovery process were also leached (Table 5.1). Although the focus
of this paper is not to study the efficiency of the leaching process, it is important to have

realistic leaching liquors for target metal recovery studies.

Table 5.1. Characterization of 1/6 (v/v) diluted leachates from spent ACCs used for metal

removal tests with plant extracts.

Parameter 195 leachate (1/6) H98 leachate (1/6) Units
Pd <LOD* 204 + 2
Pt 61.7 £ 0.7 452+04 mg/L
Rh 5.99+0.04 <LOD*
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Al 281 +3 487 + 4

Ce 671+6 751+3

Fe 17.0+0.1 27.8+0.3

La <LOD* 145+ 2

Nd <LOD* 134+ 1

Cr 2 2 M

pH 0.41 0.44 Sorensen scale

* LOD = limit of detection (LODs: Pd = 1.11, Rh = 0.08, La = 0.03, Nd = 0.05)

5.3.2.2. Metals removal from ACCs leachates

In the experiments using the ACC leachates the pH values in the tests and in the controls
were all below the values at which precipitation of the tested metals starts to occur,
according to the theoretical simulations (Table S- 5.2). This suggests that none of the
observed removals were caused by pH changes. In fact, the results were encouraging
regarding the use of plant extracts for the recovery of metals from the ACCs leachates.
The removals of the tested PGMs were significantly higher in the tests with plant extracts
than in the controls and were in general higher than the removals of contaminant metals
(Figure 5.2 and Figure 5.3). This relative specificity for the target metals was particularly
evident in the experiments with E. andevalensis and R. idaeus extracts added to the H98
leachate, in which precipitations of 60% to 90% of the initial Pd** (~200 mg/L) and 60%
to 75% of the initial Pt>* (~45 mg/L) was achieved. Also, the differences observed in
elements removals between the two studied reaction times (lhr. and 48 hrs.) were
relatively small in both leachates when using each of the three plant extracts, as previously

reported for the unimetallic solutions.

Despite the encouraging results, there was an incomplete separation of Pd and Pt in these
experiments, which can possibly be explained by the increasing difficulty of new metal

nuclei formation due to the lowering chance of metal atoms encounters as their
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concentrations decrease. Accordingly, the initial lower concentrations of PGMs in the 195
ACC leachate could be a possible explanation for the lower removals achieved with it.
Thirumurugan et al. (2016) suggested operation processes at high temperatures and long
reaction times for a complete recovery of Pd by plant extracts. However, since the aim of
this study is to investigate the potential of plant extracts in PGMs recovery in an eco-
friendly and economically viable process suitable for industrial scale operations,

experiments at high temperatures were avoided.

The only metal contaminant with removal percentages significantly higher in the tests
than in the controls was Fe. However, the removals were below ~40% and the initial
concentration of iron was relatively low ([Fe] < 30 mg/L) in both diluted leachates 195
(1/6) and H98 (1/6), comparing with other contaminants (Table 5.1). Moreover, some
removal of Ce was observed in the experiments, both in the tests and in the controls, and
although the removal percentages were low (< 18%), they may correspond to high
amounts of this metal due to its high initial concentrations (~671 and ~751 mg/l in diluted
(1/6) leachates of 195 and H98). Despite this possible contamination of the PGMs
recovered by this strategy, they could still be useful, depending on their applications. It is
reported that the combination of oxide and metal nanocomposites into a hybrid composite
gives rise to new collective properties, which are different to the properties of each
individual component (Tan et al. 2014). For instance, Wang et al. reported that the
addition of CeO> to Pd nanoparticles improves the catalytic activity (Wang et al. 2009).
Moreover, Rajesh et al. (2019) and Tan et al. (2014) reported that the CeO- content highly
increases the electrochemical reaction of Pd/CeO. and causes very efficient mass
transport in ethanol and methanol oxidation reactions than Pd particles alone. Other
examples of Pd/CeO. nanocomposites applications are: as efficient formic acid
electrooxidation catalyst (Feng et al. 2012), and high-performance catalytic electrodes for
fuel cell applications (Kannan et al. 2015).

E. andevalensis only exists in nature in small areas near lagoons contaminated with acid

mine water in the Iberian Peninsula, so it is not interesting as a raw material for
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hydrometallurgical processes. Despite this, it may be interesting to study the interactions
of target metals with compounds present in the leaves of this shrub that grows in such
extreme environments, because it may lead to the discovery of biomolecules with
interesting properties that could inspire the production of new synthetic molecules.
Moreover, if future studies reveal more potential effectiveness of the E. andevalensis
extract for different industrial purposes with economical viabilities, new plantations of
this plant as a new bio-economic enterprise can be hypothesized. On the contrary, R.
idaeus leaves are available in large quantities due to the agro-industrial production of red
raspberry fruits. For this reason, the further study on the PGM recovery mechanism and
on the characterization of the obtained precipitates was focused on the extract from these

leaves.
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Figure 5.2. Removal of main metals present in the diluted (1/6 (v/v)) 195 leachate
solution, achieved after 1 h and 48 h addition of C. ladanifer, E. andevalensis and R.
idaeus 70% ethanolic extracts at a 1/1 (v/v) ratio at room temperature (25 + 3 °C). Results
for controls, consisting of the addition of just 70% ethanol (without plant extract), are
included. Removals with the same letters do not significantly differ at 0.05 level
(ANOVA and Tukey Kramer's tests).
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Figure 5.3. Removal of main metals present in the diluted (1/6 (v/v)) H98 leachate
solution, achieved after 1 h and 48 h addition of C. ladanifer, E. andevalensis and R.
idaeus 70% ethanolic extracts at a 1/1 (v/v) ratio at room temperature (25 + 3 °C). Results
for controls, consisting of the addition of just 70% ethanol (without plant extract), are
included. Removals with the same letters do not significantly differ at 0.05 level
(ANOVA and Tukey Kramer's tests).

5.3.3. PGMs recovery mechanism

The high percentages of precipitation achieved in the unimetallic solutions containing
Pd?* and Pt?* by addition of 70% ethanolic extracts of leaves from R. idaeus, and the
particularly high and selective precipitations achieved for those metals in the HCI based
leachate from the H98 spent ACC with these extracts, might have been caused by two
different phenomena: the reduction of the soluble ions of these metals into their
metallic/elemental state and aggregation in nanoparticles, caused by the known high
reducing properties of plant extracts, and/or the specific binding of these ions to some
plant compounds resulting in their precipitation. Pd?* and Pt?* ions have higher reduction
potential compared to other metals, as it can be seen in metals’ reduction potential tables
published by Bratsch (1989) and Bard et al. (1985). Moreover, several works revealing
the ability of different plants hydroalcoholic extracts to reduce and form Pd nanoparticles
have been published (Khodadadi et al. 2017; Seyedi et al. 2018; Rostami-Vartooni et al.
2019).

5.3.3.1. UV-Visible Spectroscopy

The UV-visible spectra analysis is a helpful tool for the determination of the metal
precursors' reduction (Zhang et al. 2007; Borodko et al. 2010). In this study, reduction of
the Pd?* ion was tracked by assessing the absorbance spectra in the optical range from
300 to 700 nm on the following samples: (i) a 100 mg/L Pd?* solution in 0.02 M HCI, (ii)
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the R. idaeus extract added in a 5% (v/v) ratio to a 0.02 M HCI solution, and (iii) the R.
idaeus extract added in a 5% (v/v) ratio to the 100 mg/L Pd?* solution in 0.02 M HCI
(Figure 5.4).

The initial Pd?* bearing solution has high absorbance at 300 nm, which decays as the
wavelength raises to ~350 nm, and then one peak occurs at approximately 397 nm. With
the plant extract the absorbance at 300 nm is even higher, probably due to the presence
of plant compounds, but it also decays continuously as the wavelength raises and the peak
at 397 nm does not exist. In the mixture with R. idaeus extract added to the Pd?* solution,
the previously observed peak at 397 nm in the Pd?* solution disappears under a continuum
absorption spectrum. Thus, this evolution of the absorption spectra could be due to a
change of the Pd specimen and Pd nanoparticle formation, and/or change of plant
compounds, and/or formation of complexes between Pd atoms and plant compounds. The
peak at 397 nm has been attributed to the presence of Pd?* ions and its disappearance
under an increased continuum absorption spectra reported as an indication of Pd?* ions
reduction into Pd® nanoparticles (Kumar Petla et al. 2012). The continuum absorption of
UV-visible spectra in the solution containing Pd® nanoparticles is due to the Surface

Plasmon Resonance (SPR) of the Pd® nanoparticles (Mulvaney 1996).
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Figure 5.4. UV-Visible spectrum of (red) 100 mg/L Pd?* solution in 0.02M HCI, (green)
R. idaeus extract added in a 5% (v/v) ratio to a 0.02 M HCI solution (1 hour after mixing),
and (black) R. idaeus extract added in a 5% (v/v) ratio to the 100 mg/L Pd?* solution in
0.02 M HCI (1 hour after mixing at room temperature (25 + 3 °C)).

5.3.3.2. Fourier Transform Infrared Spectroscopy

FTIR analysis was performed for the detection of biomolecules’ functional groups present
in the R. idaeus hydroalcoholic extract that were possibly associated to bio-reduction of
Pd?* ions and stabilization of the formed Pd° nanoparticles. Figure 5.5 presents the FTIR

spectra of R. idaeus extract before and after reaction with Pd?* ions.

The spectra of the R. idaeus extract before the reaction revealed several peaks in different
regions, suggesting the complex nature of the biomolecules present in the extract: the
peaks appearing at 1059, 1098 and 2989 cm™ correspond to the ethanol (Silverstein and
Webster 1997), which is the solvent of the plant extract, while the peaks observed at 841,
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890, 1462, 1691, 1920, 2138, 2505 and 3578 cm™ correspond to plant compounds. After
the mixture of R. idaeus extract with Pd** solution, some peaks corresponding to
functional groups of plant compounds were shifted to a higher wavenumber. The curve
of the R. idaeus extract showed a peak at 841 cm™, corresponding to the C-Cl stretching
in the alky! halides, that after the reaction with Pd?* solution shifted to 848 cm™. The peak
at 890 cm changed to 891 cm™ and is attributed to the C=C bending in alkenes. A weak
band observed at 1462 cm™ shifted to 1463 cm™, indicating the involvement of the C-H
bending of the methylene group existing in the plant extract. Another peak at 1691 cm™,
related to (NH)C=0 and/or C=0 stretching vibrations groups of conjugated aldehydes
and carboxylic acids, changed to 1694 cm™, suggesting the participation of some phenolic
acids or organic acids (Lu and Hsieh 2012) mainly as ellagic acids (Oszmianski et al.
2011) in the bio-reduction of Pd?* ions. Moreover, three peaks at 1920, 2138 and 2505
cm?, that correspond to C-H bending of the aromatic compounds, N=C=N stretching of
the carbodiimide group and S-H stretching in the thiol group respectively, were vanished
after the reaction of plant extract with Pd?* solution. The C-H bending of the aromatic
compounds observed at 1920 cm* could be related to the presence of high concentrations
of phenolic compounds in the R. idaeus extract including flavonoids, tannins and
anthocyanins as reported by Veljkovic et al. (2018). Moreover, the band observed at 2138
cm? is related to N=C=N stretching of the carbodiimide group and might be an indication
of the amino acids or proteins (Fiehn et al. 2000) and/or anthocyanin (Demirbas et al.
2019; Ekrikaya et al. 2021). The peak observed at 2505 cm™ of S-H stretching in the thiol
group could be related to the cysteine rich phytochemicals (Harada et al. 2002) and/or
metallothioneins (Leszczyszyn et al. 2013), since both are known for their high metal
interaction potential (Nobahar et al. 2021). The presence of high levels of cysteine in R.
idaeus hydroalcoholic extract has been previously reported by (Komisarenko et al. 2021).
The band observed at 3578 cm™ can be related to the —OH vibrations of phenols,

carboxylic acids or alcohols and/or -NH vibrations of proteins, peptides and amines.
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Figure 5.5. FTIR spectra of (above) R. idaeus hydroalcoholic extract diluted for analysis
to a 15% (v/v) ratio in 0.02M HCI and (below) R. idaeus extract added in a 50% (v/v)
ratio to a 100 mg/L Pd?* solution in 0.02 M HCI and 1 hour after mixing diluted for

analysis to a 7.5% (v/v) ratio in 0.02 M HCI at room temperature (25 £ 3 °C).
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The presence of high contents of polyphenols (2.6% to 6.9% (w/w)) in the R. idaeus dried
leaves, principally as ellagic acids, is described in the literature (Oszmianski et al. 2011;
Moreno-Medina et al. 2018). The second compound with high abundancy in R. idaeus
leaves are known to be flavonoids, ranging from 0.46% to 1.05% of the dried leaves (w/w)
(Gudej 2003). Based on a study by (Oszmianski et al. 2011), a major fraction of the
phenolic content of R. idaeus leaves is reported as flavonoids, comprising about 11% of
the leaf extract powder weight. In addition, some other phenolic compounds such as
caffeic and chlorogenic acid (Durgo et al. 2012), p-coumaric, ferulic, protocatechuic,
gentisic, caffeoyltartaric, feruloyl tartaric, p-coumaroyl-glucoside acids, p-
hydroxybenzoic, vanillic acids (Brandely 2006), as well as terpenoids including mono-
and sesquiterpenes, like terpinolene and triterpenes, squalene and cycloartenol, are
reported in R. idaeus leaves (Kylli 2010; Committee on Herbal Medicinal Products
(HMPC) 2012).

In a study similar to the one here reported, Nasrollahzadeh et al. (2015) used
hydroalcoholic leaf extract of Hippophae rhamnoides Linn with an aqueous solution of
PdCl, and reported the synthesis of stable Pd® nanoparticles, suggesting that OH
functional groups, carbonyl groups, stretching aromatic rings and C-OH stretching
vibrations present in the structure of phenols and flavonoids of the plant extract may have
had the most important role in Pd?* reduction and stabilization of the synthesized Pd°
nanoparticles. Some other reports have also described different types of plant compounds
in the groups of phenols (Behnia et al. 2019) and polyphenols (Ho Kim and Nakano 2005;
Kim et al. 2007; Morisada et al. 2011; Khan et al. 2017) with high tendency to bind
specifically to PGMs.

Moreover, there are some known interaction mechanisms of phenolic compounds with
metals; for instance, the high potential of free radical scavenging through phenols’
functional groups, as well as their electron or proton donation capacity, are substantial in
their metal interaction capacities (Kaurinovic and Vastag 2019). Moreover, metal

interaction properties of phenols are also explained by the presence of nucleophilic
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aromatic rings in conjunction with some functional groups such as carbonyl, carboxyl and
hydroxyl groups (Kulbat 2016; Liu et al. 2018).

5.3.4. Characterization of the particles
5.3.4.1. Particles washed with ethanol

The precipitates resulting from the highest PGMs recovery obtained by mixing the 70%
ethanolic extract of R. idaeus with the H98 leachate were washed twice with 96% ethanol
aiming the removal of organic residues. Thereafter, the elemental composition of the
particles was examined using SEM-EDX mapping. This analysis revealed that apart from
the O and C of the plant compounds, which are spread throughout the area, Pd appears to
be alone in some particles and together with Cl and Na in other particles, while Ce seems
to be always together with P and Al (Figure S- 5.1). These three types of particles were
selected for point analysis to study in more detail their elemental composition (Figure S-
5.2). At spot 1, apart from O and C, the main estimated normalized atomic percentages
were 0.22% for Pd, 6.45% for Na and 7.77% for CI, while at spot 2 they were 2.27% for
Pd, 1.66% for Na and 1.51% for CI. Thus, the co-occurrence of Pd with Cl and Na in the
two spots might be due to the grouping of NaCl and Pd° particles in the same aggregate
and not due to the presence of a compound formed by the three elements, since in spot 1
and 2, Cl and Na were found in approximately the same ratios, most possibly as NaCl,
while Pd was in these two spots at different ratios with these elements. At spot 3, the point
analysis revealed, apart from O and C, the following main atomic normalized abundances:
0.73% of Ce, 1.51% Na, 1.47% Al, 1.35% P, and a minor quantity of La (0.14%), an
element which usually occurs together with Ce that was present in the H98 leachate.
Probably some biomolecules from the plant leaves have bonded to these metal ions or
their metal salts, making stable compounds. Indeed, it is known that many plant
compounds can form stable complexes with metal ions or metal complexes generating

precipitates (Nobahar et al. 2021). For example, it has been reported that plant extracts
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can induce the formation of CeO, (Rajeshkumar and Naik 2018), Al.O3 (Ghotekar 2019)
and La>O3 (Dabhane et al. 2020). However, according to Singh et al. (2020), the CeO-
particle formation by plant extracts requires high temperatures, and, therefore, Ce
particles are most probably not formed as CeO». Moreover, the co-occurrence of Ce, P
and Al in large particles could indicate the presence of a mineral with the three elements,
or a complex structure of different minerals aggregated with plant compounds. The
presence of these elements in the same particles opens the possibility of Florencite-(La)
((La,Ce)Al3(PO4)2(0OH)s) and/or Florencite-(Ce) (CeAls(PO4)2(OH)s). Yet, there are
other possible explanations. The observed phenomena could be complex/chelate
formation of those elements with P rich phytochemicals, which then bind forming
aggregates due to molecular interactions, or the presence of P could also indicate that Ce

and Al appear as interspersed metal phosphate salts.

In these particles, C and O were found as the main constituents (60-70% C and 20-35%
O of normalized atomic abundances) (Figure S- 5.2), indicating the presence of high
contents of organic material in the particles. This could be explained by (i) the reactivity
of some plant compounds with Pd ions, reducing them into Pd® nanoparticles and finally
binding to the particles and acting as stabilizing agents (Ghosh et al. 2021), (ii) interaction
of plant compounds with the other metal ions present in the leachate and (iii) insolubility
of a part of the plant compounds in the acidic conditions of the leachate. However, the
existence of plant material as main constituent of the particles may be unfavorable for
future applications. Therefore, after the washing steps with 96% ethanol the particles were
subjected to further two cycles of washing with pure acetone followed by centrifugation.

5.3.4.2. Particles washed with ethanol and acetone

The STEM-EDX mapping of the final particles (Figure 5.6) showed strong Pd signals
coincident with the particles’ positions, while the signals of the remaining elements

detected (CI, Na, Pt, Ce, P, Al and Fe) were weak and spread throughout all the area. This
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shows that the washing steps with acetone efficiently solubilized a major part of the plant
compounds, which led to the solubilization of contaminant particles, thus leaving the Pd®

particles better purified.

x 0.001 cpsieW
Ma-K-KP-Kal-KAA

Figure 5.6. STEM image of Pd nanoparticles obtained by adding 70% ethanolic extract
of R. idaeus to the H98 leachate and corresponding EDX elemental mapping of Pd, Cl,

Na, Pt, Ce, P, Fe and Al. Precipitates washed twice with ethanol, then two times with
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acetone and dry before analysis. Strong signal for Pd matching the particles; strong signal
from CI scattered in all the area with precipitates; and relatively weak signals for other

elements in the spaces between particles.

The relative abundances of elemental composition determined by STEM-EDS spectra
from the whole area of one image (Figure S- 5.3) confirmed the particles purity (Table
5.2). Approximately 30% of the normalized atomic abundances corresponds to Pd, while
the other metals have normalized atomic abundances between 0.3% and 3.4. In addition,
~40% corresponds to O and ~15% to CI, which may be from phytochemicals of the plant
extract and/or the acidic matrix of the leachate. Si concentration was not analyzed during
the leaching experiments (Paiva et al. 2022). However, the detection of this metal in the
final precipitate indicates its leaching from the ACCs monoliths as suggested by Abo Atia
et al. (2021), and subsequent precipitation by phytochemicals.

Table 5.2. Normalized weight and atomic abundances of different elements present in the
final precipitate determined from quantitative spectra analysis by STEM-EDX on the
whole area of Figure S- 5.3.

Element [norm. wt.%)] [norm. at.%]
0] 13.0 40.3
Pd 64.9 30.3
Ce 1.5 0.5
Pt 1.1 0.3
Fe 1.3 1.2
Al 0.9 1.6
Na 1.6 3.4
Cl 10.6 14.8
P 1.4 2.2
Si 1.4 2.4
Ca 2.5 3.0

Sum 100 100
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The STEM images revealed particles with sizes below 20 nm, thus confirming the
recovery of Pd as nanoparticles. The synthesized Pd nanoparticles were then analyzed
with high-resolution scanning transmission microscopy (HRSTEM) for further
characterization on the atomic scale. HRSTEM analysis of the particles showed very tiny
Pd nanoparticles well dispersed with no aggregate formation. HRSTEM images revealed
that the morphology of the nano-sized particles is generally quasi-spherical (Figure 5.7-
A, B and D). Sizes of a total of 265 particles were automatically measured in HRSTEM
images by ParticleSizer v1.0.9 plugin (Wagner and Eglinger 2021) on the Fiji-ImageJ
software (Schindelin et al. 2012), revealing particles varying from 2.5 to 17 nm, with a
Feret size average of 6 £ 2 nm, and fitting a normal distribution (for a 1% probability
(0=0.01) in a Kolmogorov-Smirnov test) (Figure 5.7-C). The presence of well stabilized
and dispersed tiny nanoparticles could be due to the effectiveness of phytochemicals
present in R. idaeus extract to act as capping and stabilizing agents. Finally, some
HRSTEM images showed well defined adjacent lattice fringes on the particles (Figure
5.7-D) and the fast Fourier transform (FFT) pattern of a selected particle revealed
diffraction spots indicating an interplanar lattice distance of ~0.22 nm (Figure 5.7-E),
which is characteristic of (111) planes (Cheong et al. 2010; Saribiyik et al. 2020). In
addition, the Selected Area Electron Diffraction (SAED) pattern of the same particle
(Figure 5.7-F) confirmed the crystalline nature of the nanoparticles. Thus, this work
confirms the potential application of R. idaeus extracts for valuable metals nanoparticles
synthesis with high stability, as previously reported by Singh et al. (2020) for silver, and
by (Demirbas et al. 2019).
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Figure 5.7. A, B) TEM images of the Pd nanoparticles obtained by adding 70% ethanolic
extract of R. idaeus to the H98 leachate C) histogram representing the size distribution of
Pd nanoparticles, D) magnified high resolution TEM with lattice fringes visible on the
particles, E) Fast Fourier Transform (FFT) pattern of a single nanoparticle (red square in
figure D) and F) selected-area electron diffraction (SAED) patterns of the same
nanoparticle, with visible spectra profile rings. Precipitates washed twice with ethanol,

then two times with acetone and were dried before analysis.

5.3.4.3. Economic & environmental perspectives

Concerning the economic and environmental aspects, it is crucial to understand the
balance between material, energy flow and waste generation (Kliestik et al. 2020;
Marous$ek and Trakal 2022). Hydrometallurgical processes using HCl-based leaching
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solvents with high PGMs recovery rates, such as the method employed to prepare the
leachates used in this study, are considered Mild and Green systems economically
favorable since no hazardous gas or by-products are generated and low temperature
reactions are used (Karim and Ting 2021; Yakoumis et al. 2021). For example Hereaus,
Germany, which is one of the PGM refining corporations from spent ACCs in the Europe,
employs hydrometallurgical processes including HCI-H20- leaching process (Jha et al.
2013; Padamata et al. 2020).

Regarding the PGMs separation from the leaching solution, different methods that are
described in the literature can be employed, such as reduction, chemical precipitation,
solvent extraction etc. (Saguru et al. 2018). Some of these methods are described for their
high recovery efficiency, however, there is always space for improvements in economic
and environmental aspects (Karim and Ting 2021). For example, PGMs solvent
extraction results obtained with model solutions are usually more promising than the
application of the solvents to real leaches, and PGMs solvent extraction reports with real
spent ACCs leachates are generally still missing in recent literature (Paiva et al. 2022).
Moreover, solvent extraction makes use of organic extractants (e.g. Aliquat 336 and
Cyanex 301) and solvents to dilute them (e.g. Kerosene) which have a cost, and after a
certain time of use require waste management (Yakoumis et al. 2021). Both leachates
used in this work, 195 and H98 leachates, have already been used for solvent extraction
experiments by several commercial extractants and the results showed that the most
promising were Cyanex® 471X and Cyphos® IL 101, with extraction efficiencies over
99%. However, in both cases there was a high (>99%) co-extraction of iron, which could
not be totally removed from the extractant before Pd stripping, and the final stripping
efficiencies of Pd were low (<50%) (Paiva et al. 2022). The method proposed in this study
uses an ethanolic extract of R. idaeus leaves, which are agricultural wastes, for the
separation of the Pd from the solution as nanoparticles. Thus, it eliminates the need to
purchase extractants and their solvents. Plus, leaves obtained for free as a waste can be

air dried before grinding for extract preparation. Table 5.3, summarizes the approximate
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operational costs of the proposed method regarding the PGM leaching and recovery from

spent ACCs.

Table 5.3. Approximate operational costs for PGMs recovery from ACCs as Pd

nanoparticles (except manpower).

Reagents and

Demand / Kg

Processing cost / Kg Source

operations ACC honeycomb ACC honeycomb (€)
Leaching step
Honeycombs 0.2 KW 0.05 (according to Power input needed on the
arinding used arinder - MF 10 basic Microfine
11.6 M HCI (37 %) 2L 7.44 https://www.chemicals.co.uk/hydrochloric-
acid
30 % H202 0.07 L 0.3 https://www.chemicals.co.uk/hydrogen-
peroxide-tech
60 C temperature 2.4 KW 0.53 (according to Power input needed on the
for 3 heater MR Hei-Tec from Heidolph)
Extract preparation and precipitate washing
R. idaeus leaves 1.2 Kg Free (agricultural waste) -
Leaves grinding 0.28 KW 0.06 (according to Power input needed on the
(electricity) coffee grinder)
70% ethanol for 12L 21 https://www.laballey.com/products/ethanol-
plant extract 190-proof-denatured-sda-3a-
96% ethanol for Pd 0.86 L 2.23 reagent?variant=36012350701723
particles washing
Acetone for Pd 0.86 L 77 https://www.laballey.com/products/acetone-
particles washing lab?variant=40856192024731
Sum 39.31
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In order to evaluate the financial viability of process it is necessary to predict the process
costs per weight of recovered product. The average Pd content in ACCs is considered as
~1580 mg per ACC and the average weight of honeycombs in each ACC is about 0.737
Kg (Yakoumis et al. 2018). The leaching step proposed in this study allows a recovery
efficiency of ~99% (Paiva et al. 2022); thus, ~2.14 g of Pd can be leached per Kg of ACC
combs. Afterwards, ~1.93 of Pd nanoparticles can be recovered from that leachate using
an extract of R. idaeus leaves, according to the ~90% separation efficiency achieved in
our work. Therefore, the estimated operation cost (Table 5.3) expressed per weight of
recovered product is 20.36 € (or 19.87 $ on 23 Sept. 2022) / g of Pd particles. It must be
said that this cost estimate is based on non-negotiated prices and relatively small
quantities. It is likely possible to lower costs with more thorough market research and

negotiations for bulk orders.

In this method, not only Pd is separated from the solution, but Pd nanoparticles are
produced, which rises the financial viability of the process. For example currently, the
price of metallic Pd in the stock market is about 2000 $ per ounce (~ 65 $ per gram)

(https://www.goldpriceoz.com/palladium/palladium-price-per-gram/), while the price per

gram of highly pure (>99.5%) Pd nanoparticles with sizes <1 um is 191 $
(https://www.sigmaaldrich.com/PT/en/product/aldrich/326666) and <25 nm is 1942 $
(https://www.sigmaaldrich.com/PT/en/product/aldrich/686468). Even though the

produced Pd nanoparticles in this study have much less purity, ~75% excluding oxygen
(Table 5.2), they have still various application potentials due to their very small size (2.5-
17 nm) and large surface area. Therefore, the price of the synthesized nanoparticles can
be significantly higher than metallic Pd, enhancing the financial viability of the process.
Indeed, there are a wide range of applications known for Pd nanoparticles that may require
different levels of purity, as for example: photocatalytic activity of phenol red dye (Kora
and Rastogi 2018), removal of pathogenic microbes from wastewaters (Mishra et al.

2019), catalytic reduction of 4-nitrophenol (Tuo et al. 2017), decomposition of methyl
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orange (Ahmed et al. 2018) to bio-sensing, fuel cells, and other fields (Mubeen et al.
2007; Wang et al. 2012; Azharuddin et al. 2019).

To enhance the financial feasibility of the process, other PGMs (Pt and Rh), or even other
metals with market value (Ce, La, Nd), that may be preset in the leachate can be recovered
by a previous or subsequent application of other methods such as molecular recognition
technology (Zheng et al. 2021) or ion exchange and chelating resins (Lee et al. 2020).

5.4. Conclusions

The current study reinforces the idea that plant extracts include a variety of compounds
with different metal binding potentials and their interactions through different
mechanisms results in metals precipitation. It was found that 70% ethanolic extracts from
leaves of R. idaeus can induce high precipitation of Pd?* and Pt** ions from aqueous
solutions, thus suggesting potential use of polar extracts for the recovery of these metals
from different metal bearing waters. More specifically, it was demonstrated that the
addition of such extracts from R. idaeus leaves to spent ACC leachates can induce the
production of a precipitate containing agglomerates of particles (of sizes up to 10 um)
having Pd and other elements such as Na, Cl, Ce, P and Al, along with plant material,
which after washing with acetone results in a purified (~75%) precipitate with Pd°
nanoparticles (6 £ 2 nm) and traces of those other elements present in the spaces between

particles.

The method allows to recover ~90% of Pd from the spent ACCs leachates which is
comparable with the lowest efficiencies generally achieved by solvent extraction (90 —
99%). Therefore, there is place for improvement aiming higher recovery efficiencies. Yet,
the process is highly environmentally friendly, cost efficient (rough cost estimate = ~20
$ / g of Pd particles — excluding manpower) and relatively fast (~1h reaction). R. idaeus
is an agricultural crop widely cultivated in Europe, Asia and North America for its fruits,

and its leaves are the main waste of the fruits’ harvesting, and therefore is available in
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large quantities. The method developed in this study using ethanolic extracts of these
wastes could be applied for Pd® nanoparticles synthesis from both unimetallic Pd**
solutions and multimetallic leachates. In the first case, such green synthesis would
produce pure Pd° nanoparticles without other metals as contaminants. In the second case,
the produced Pd® nanoparticles would have a certain level of contamination with other

metals’, depending on the composition of the used leachate.

Regarding the Pd recovery mechanism, after taking all the studies of this work into
account, it can be suggested that the involved mechanism in Pd recovery from the solution
as nanoparticles was neither adsorption or precipitation, since in both cases, Pd
nanoparticle formation is not possible and all Pd recovered from the solution with
phytochemicals would have been washed out along with phytochemicals from the
precipitates during washing steps with ethanol and acetone. Thus, the most probable
mechanism involved in Pd recovery is reduction, since results in the UV-visible
spectroscopy revealed signs of Pd?* reduction and Pd nanoparticle formation. Moreover,
FTIR analysis revealed changes after mixing the Pd?* solution with plant extract in
different functional groups (such as OH group) that are mainly related to phenols and
polyphenols and flavonoids, which are known as compounds with high capacity to reduce
PGM.

For the improvement of the technology aiming a highly sustainable circular economy
more investigations are required, including: improvement of phytochemicals extraction
by more available and cheaper extractants, mainly as water; combining other recycling
methods to recover Pt and Rh, etc.; optimization of the metallic particles washing steps
to minimize the amount of solvents used; identification of the main bio-active compounds
interacting with Pd followed by their purification from the extract; applying the proposed

process to other ACC leaching solutions such as those from bioleaching.
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5.6. Annexes

Table S- 5.1. pH values in the unimetallic solutions prepared with 0,01M HCI, in the
tested mixtures of unimetallic solutions plus 1/1 (v/v) the 70% ethanol plant extracts, in
the controls of unimetallic solutions plus 1/1 (v/v) 70% ethanol and the theoretical values
(Theor. Val.) at which metals start precipitating according to simulations with Medusa-
Hydra software (Puigdomenech, 2015) using conditions that mimic the tested matrices.

P+ Pd2* Ces* AR Fed*

Metallic solution 0.49 0.84 0.76 0.95 0.97
C. ladanifer test 118+001 1.63+0.02 145002 1732001 173+001
E.andevalensis test ~ 1.11+0.02 156+002 1.53+004 164+0.00 1654001
R. idaeus test 093+0.03 146+004 160+003 164001 1534004
Control 095+004 1.33+001 1272003 1532012 1474002

Theor. Val. for 3.83 3.11 7.80 3.85 0.48

precipitation

Table S- 5.2. pH values in the diluted (1/6 (v/v)) leachate solutions, in the tested mixtures
of these solutions plus 1/1 (v/v) 70% ethanol plant extracts, in the controls of real
solutions plus 1/1 (v/v) 70% ethanol and the theoretical values (Theor. Val.) at which the
main metals start precipitating according to estimates with Medusa-Hydra software

(Puigdomenech, 2015) using conditions that mimic the tested matrices.

195 leachate (1/6)  H98 leachate (1/6)

Initial solution 0.41 0.44

C. ladanifer test 0.81 +0.02 0.84 +0.02
E. andevalensis test 0.75£0.01 0.82 £0.04
R. idaeus test 0.92 £0.044 1.00 £ 0.06
Control 0.92 £0.04 1.00 £ 0.06

7.92 (Pd?*)

6.26 (Pt**)

7.42 (Rh3%)

Theor. Val. for 3.35 (AI¥Y)

precipitation 7.89 (Ce®)

1.19 (Fe?)

8.14 (La%")

7.44 (Nd®)
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Figure S- 5.1. SEM-EDX mapping of precipitates obtained from mixing 70% ethanolic
extract of Rubus idaeus leaves with the H98 leachate at a 1/1 (v/v) ratio. Precipitates

washed two times with ethanol and dry before analysis.

SE MAG: 1900 x HV:20.0 KV WD: 10.6 mm

Element [wt.%] [norm. wt.%] [norm. at.%]
Element [wt.%]  [norm.wt.%] [norm.at.%] Element [wt.%]  [norm.wt.%] [norm. at.%] Carbon 39.65 43.95 57.55
Carbon 66.29 50.88 66.08 Carbon 40.86 51.37 67.84 Oxygen 32.27 35.77 35.16
Oxygen 25.37 19.48 18.99 Oxygen 20.90 26.27 26.04 Cerium 5.88 6.52 0.73
Chlorine 23.00 17.65 7.77 Palladium 1211 15.23 2.27 Phosphorus 2.40 2.66 1.35
Sodium 12.39 9.51 6.45 Chlorine 2.68 3.37 1.51 Aluminium 2.28 2.53 1.47
Palladium 1.92 1.47 0.22 Sodium 191 2.40 1.66 Sodium 1.99 221 1.51
Calcium 0.53 0.41 0.16 Calcium 0.58 0.73 0.29 Lanthanum 111 1.23 0.14
Magnesium 0.37 0.28 0.18 Magnesium 0.38 0.47 031 Potassium 0.96 1.06 0.43
Sulfur 0.35 0.27 0.13 Phosphorus 0.06 0.08 0.04 Chlorine 0.77 0.86 0.38
Phosphorus 0.08 0.06 0.03 Sulfur 0.06 0.07 0.03 Magnesium 0.77 0.85 0.55
Sum  130.29 100.00 100.00 Aluminium 0.01 0.01 0.01 Copper 0.69 0.76 0.19
Sum 79.55 100.00 100.00 Palladium 0.61 0.67 0.10
Sulfur 0.56 0.62 0.30
Calcium 0.21 0.23 0.09
Silicon 0.08 0.09 0.05
90.22 100.00 100.00

Figure S- 5.2. SEM-EDX point analysis of three white particles present in precipitates
obtained from mixing 70% ethanolic extract of Rubus idaeus leaves with the H98

leachate. Precipitates washed two times with ethanol and dry before analysis. [wt.%] =

weight percentage, [norm. wt.%] = normalized weight percentage, [norm. at.%]

normalized atomic percentage.
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Figure S- 5.3. STEM image of precipitates with Pd nanoparticles that was used for
quantitative spectra analysis by EDX on the whole area. Precipitates washed two times

with ethanol, then two times with acetone and dry before analysis.
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Printed circuit boards leaching followed by synthesis of gold nanoparticle clusters
using plant extracts

A modified version of this chapter would be published as:

Nobahar, Amir; Lourenco, Jodo Paulo; Costa, Maria Clara; Carlier, Jorge Dias. “Printed
circuit boards leaching followed by synthesis of gold nanoparticle clusters using plant

extracts”. Journal of chemical technology and biotechnology (submitted, 2022).

Abstract

This work investigates the potential of 70% ethanolic leaf extracts of Rubus idaeus L.,
Cistus ladanifer L. and Erica andevalensis in the metal separation from synthetic
unimetallic solutions of different metals and a leachate obtained from the leaching of
PCBs. Results from the experiments with unimetallic solutions revealed R. idaeus and E.
andevalensis extracts induced separation of more than 95% of the initial Au(l11), while
C. ladanifer separated ~78% of this metal. Thereafter, application of three plant extracts
to real Au bearing leachate obtained from PCBs leaching, revealed about 96%, 95% and
90% Au recovery with R. idaeus, C. ladanifer and E. andevalensis extracts, respectively
with 15%-60% co-removal of Pb and less than 15% of other metals. The reduction of
Au(lll) ions into Au(0) nanoparticles by R. idaeus extract was confirmed by molecular
UV-Visible, and FT-IR analysis showed the involvement of plant secondary metabolites
in Au bio-reduction and bio-stabilization. Particles obtained from the application of R.
idaeus extract to the leachate were initially analyzed with XRD and results confirmed the
presence of Au(0) with contamination of PbSO4, which was completely removed by
washing with 1 M HCI. Thereafter, results from STEM-EDS analysis showed the
presence of Au particles conjugated with organic material and other metals.
Consequently, particles were subjected to another washing step with acetone. Afterwards,
STEM-EDS showed pure Au microparticle clusters (~0.8 um) with flower-shaped or
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apparently cubic morphologies, and HRSTEM showed the tiny nanoparticles (~20 nm),

which form the clusters.
Keywords

gold recovery; printed circuit board; gold nanoparticles; plant extract; plant secondary

metabolites
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6.1. Introduction

In the last decades, due to the rapid industrialization, application of precious metals has
been emerged in various industrial sectors. Nowadays, global demand for precious
metals, such as Au, in the industry is continuously increasing and it is reported that more

than 90% of this metal’s industrial utilization is in the electronic devices (Wongsawa et
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al. 2020). This high demand has been growing faster than the demand for base metals that
are also used in the electronic devices industry (Kim 2013; Chen et al. 2021).

Waste electrical and electronic equipment in urban mining are considered as a secondary
source of metals due to their higher metal content than those in primary ores (Kumar et
al. 2018). Estimations demonstrate that in 2019, electronic wastes produced by consumer
products alone were about 54 million metric tons (Mt), which is predicted to surpass 74
Mt by 2030 (Forti et al. 2020). Printed Circuit Boards (PCBSs) are the essential constituent
of every electronic devices. Metal recovery from waste PCBs has been attracted more
attention since they normally contain 40% of wide range of metals including precious
metals (e.g., Au, Ag, Pt, Pd), rare metals (e.g. Be, In), base metals (e.g. Cu, Al, Ni, Sn,
Zn, Fe), and toxic heavy metals (e.g. Pb, Cd, Sb) (Luda 2011; Le et al. 2013; Mir and
Dhawan 2022).

Considering this increasing secondary source of Au in PCBs, the need for recycling these
metals is highly important for economic and environmental reasons. Recycling and
sustainable management of these wastes are important steps toward development of
mining resources sustainability and to mitigate the growing shortage of resources
(Sverdrup and Ragnarsdottir 2016). However, the recycling methods for Au from
secondary sources is still a challenge due to the low content of Au and high metal

complexity of these wastes (Bourgeois et al. 2020; Gonzalez Baez et al. 2022).

Nowadays, hydrometallurgical methods are preferred over pyrometallurgical methods for
the metals recovery from PCBs as they consume less energy and are less environmentally
harmful. Metal recycling from these wastes through hydrometallurgical methods are
normally performed by a leaching process (usually non-metal specific), followed by a
metal recovery step from the obtained leachates. By now, different hydrometallurgical
leaching methods are established and are expanding rapidly as they are economically and
environmentally viable since they have a wide range of reagent options, they perform

well in different scales (from small scales to larger ones), are applicable on very low to
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high-grade metals in raw materials, and have low recycling cost and energy consumption
(Janyasuthiwong et al. 2016; Jeon et al. 2020; Magoda and Mekuto 2022).

Various methods have been described for the separation and recovery of Au from leaching
solutions such as chemical precipitation, solvent extraction, electrowinning, cementation,
selective adsorption and coagulation (Islam et al. 2020; Magoda and Mekuto 2022).
However, application of these methods are not usually economically viable due to their
insufficient recovery rates (especially when applied to low concentration of Au), intensive
electricity and energy consumption, high costs of chemicals assisting to other
environment related issues (Li et al. 2018; Islam et al. 2021). Thereby, in the recent years,
potential biological methods for metals’ bio-recovery are gaining more attention over
other methods (Islam et al. 2021). In this context, beneficiation of plant-based compounds

as a potent alternative to other methods deserves more investigations.

Plants synthesize numerous compounds with many functional abilities, including those
with metal interaction capabilities such as phenols, alkaloids, saponins, polysaccharides,
proteins and organic acids (Nobahar et al. 2021). These compounds, based on their nature,
contain polar functional groups, such as carboxyl, phenolic, hydroxyl, sulfo and amino
groups, that are capable to interact with metal ions through different mechanisms like
complex/chelate formation (Mejare and Bllow 2001; Clemens 2001; Ma et al. 2016),
reduction (Sharma et al. 1998; Ma et al. 2016; Ishak et al. 2019), precipitation (Pietrobelli
et al. 2009; Ma et al. 2016). These secondary metabolites with suitable metal interaction
characteristics can be promising substitutes of other compounds that are currently
employed for Au recovery, since they are renewable resources, cheap and
environmentally friendly. They have potential application in different metal related
industrial applications and have already been explored for example in Au separation and
recovery, and in Au nanoparticle synthesis and stabilization (Kumar and Yadav 2009;
Sengani et al. 2017; Khan et al. 2019).

To our knowledge, the potential of plant extracts for the separation and recovery of Au
from complex Au bearing solutions and leachates was not yet evaluated. Therefore, after
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tests with unimetallic solutions to confirm the potential application of three plant extracts
(Rubus idaeus L., Cistus ladanifer L. and Erica andevalensis) applied for first time for
this purpose, additional experiments were performed with real PCBs leaching solutions.
Finally, the best plant extract was selected for further optimization and characterization

of the Au recovered particles.

6.2. Materials and methods
6.2.1. Unimetallic solutions

The unimetallic solutions were prepared by diluting 1/10 (v/v) the following 1000 mg/L
metal standard solutions in 0.02 M HCI: HAuCl4 in 2 M HCI (Merck Certipur, Germany),
Fe(NOz)3in 0.5 M HNOs3, AI(NO3)3 in 0.5 M HNO3z, Cu(NO3)2 in 0.5 M HNO3z, Zn(NO3).
in 0.5 M HNO3 and Pb(NO3), in 0.5 M HNOs.

6.2.2. Au leaching from PCBs
Mechanical fragmentation

Initially, some electronic components (ECs), such as processor units, memory slots,
power supplies, etc., were manually separated from the PCBs and then, the PCBs were
broken in pieces of about 5 cm?.

Leaching process

In this step, PCBs pieces together with the separated ECs (hereafter called just as PCBs)

were used for Au recovery in two subsequent leaching steps:

Initially, a chemical pre-treatment for the separation of Cu, Zn, Fe, Al and Ni was
accomplished using a mixture of 2 M sulfuric acid and 0.2 M of hydrogen peroxide. Small

increments of PCBs were added to the leaching solution until a final 1 to 6 ratio (w/v), in
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order to prevent the excessive heating and extreme froth formation as a result of the
reaction, and the leaching occurred for 3 hours. Then, the aqueous solution was separated
from large solids by decantation and from small solids by filtration with filter paper. In
order to improve Cu and other metals’ separation, this step was repeated two more times

as suggested by (Birloaga et al. 2014).

Subsequently, a second leaching step was performed overnight to leach Au, Ag and
platinum group metals from the solids obtained in the previous step, using aqua regia in
a 1/20 ratio (w/v) (Park and Fray 2009).

The reaction of Au leaching by aqua regia is described below (Cui and Zhang 2008):

2HNO3 + 6HCI — 2NO + 4H;0 + 3Cl; (1)
2AU + 11HCI + 3HNOs — 2HAuCls + 3NOCI + 6H,0 )
AU + 4HCI + HNOs — HAUCls + 2H20 + NO (3)

Finally, the solution was diluted 1/3 (v/v) in distilled water and the obtained diluted
leachate was characterized for the concentrations of Au, Ag, Pd, Pt, Cu, Pb, Zn, Fe, Al
and Ni.

6.2.3. Separation of Pb from the Au bearing solution

Considering the low solubility of PbSO4 (Ksp = 6.7 x 10°) (Skoog et al. 2000), Pb can be
recovered from the diluted aqua regia leachate as PbSO4 (Neto 2018). Therefore, based
on the chemical reaction ratio of Pb and SO4 and the concentration of Pb in the solution,
two times of the amount of sulfate required to remove the Pb content from the leachate
was added as sodium sulfate solution to the leachate in 1/1 ratio (v/v). Then, 72 hours
after sodium sulfate addition to the leachate, the formed white precipitates (PbSO4) were

separated through centrifugation at 2500 g for 10 minutes at room temperature.
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6.2.4. Plant extract preparation

Three types of plant leaves were collected for this study: leaves from Cistus ladanifer L.
(crimson spot rockrose); from Erica andevalensis Cabezudo & Rivera (a shrub growing
in the Iberian Peninsula next to acidic mine waters contaminated with sulfate and metals)
and from Rubus idaeus L. (red raspberry). The choice of plants for this work considered
criteria such as being available in the region, being reported as metal accumulators and/or
being plants (or parts of them) considered industrial or agricultural waste. C. ladanifer
has developed several tolerance mechanisms that allow its adaptability to contaminated
environments. The immobilization of metallic elements in roots and accumulation in
senescent leaves are examples of these adaptability mechanisms and make this plant a
promising species for phyto-stabilization of mining areas (Abreu et al. 2011; Santos et al.
2012, 2014, 2016). E. andevalensis is an endemic species of the Iberian pyrite Belt (IPB)
(Cabezudo and Rivera 1980) that grows under extreme conditions of pH values between
3 and 4 and high metal contents, being able to accumulate Mn (Rossini-Oliva et al. 2018).
It colonizes mine tailings and the bank sediments of water bodies contaminated with acid
mine drainage (AMD), such as the Tinto and Odiel rivers in Spain and the channels and
dams at the Sdo Domingos mine in Portugal (Abreu et al. 2008; Monaci et al. 2011). R.
idaeus is an agricultural crop widely cultivated in Asia, Europe, and North America for
its fruits, being its leaves a residue highly rich in phenolic compounds (Pantelidis et al.
2007; Wang et al. 2019).

Young and mature leaves were collected and immediately dried to remove the moisture
in an INCU-Line oven (VWR international) at 45°C until their weights stabilized. The
dried leaves were then grinded into powder using an electric coffee grinder and the
powder was mixed at a 10% (w/v) ratio with 70% (v/v) ethanol. Afterwards, the mixture
was sonicated using an ultrasonic bath FB15054 (Fisher Scientific, USA) for 1 h and
homogenized by orbital shaking at 150 rpm for 16 hours. Finally, the mixture was
centrifuged at 2800 g for 5 min at room temperature and the supernatant was filtered using

310-150 mm qualitative filter paper (VWR international) in a vacuum system.
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6.2.5. Au recovery using plant extracts

The capacity of 70% (v/v) ethanolic plant extracts for metals separation was tested on
different metal bearing aqueous solutions: (1) three plant extracts were independently
mixed and homogenized at 1/1 (v/v) with artificial unimetallic solutions prepared from
standards commercialized for metals analysis; (2) three plant extracts were independently
mixed and homogenized at 1/1 (v/v) with the diluted (1/6) PCBs leachate; (3) a selected
plant extract (R. idaeus) was mixed in 1/1, 1/5 and 1/10 (v/v) ratios with the diluted (1/6)
PCBs leachate; (4) the same selected plant extract was then mixed in a selected ratio (1/10
(v/v)) with the diluted (1/6) leachate at different pH values (0.3, 0.6 and 0.9).
Simultaneously, mixtures prepared the same way but using pure 70% ethanol (without
plant compounds) were used as negative controls. Experiments were carried out in
triplicates in 50 mL centrifuge tubes at room temperature (20 + 3°C), and after 1 and 48
hours of reaction aqueous samples were collected for metal analysis after centrifugation
for 30 min at 2500 g to separate solids. Metal concentrations of the initial and final
solutions in the mixtures were used for calculations of metal removal percentages. The
significance of differences between means of different experimental treatments (test 1 h,
test 48 h, control 1 h and control 48 h) was assessed by the single factor analysis of
variance (ANOVA) considering a significance threshold level of 5%. Then, when
ANOVA revealed significant differences among treatments, post-hoc tests were carried
out with Tukey Kramer's tests (also for 5% significance level). The particles recovered
from the PCB leachate using selected plant extract and conditions were characterized by
XRD.

6.2.6. Pb washing from the Au precipitates

To eliminate any Pb content and other impurities from the particles obtained after the

addition of plant extract to the PCBs leachates, a washing step was tested using different
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solutions: 1 M hydrochloric acid, 1 M nitric acid, 1 M sodium hydroxide and 1 M
ammonium acetate. A ratio of 1/1000 (w/v) of the particles to the washing solution was
applied, the mixture shaken for 15 minutes by orbital shaker at room temperature, the
supernatant separated through centrifugation for 30 min at 2500 g and the pellet dried in
oven at 40°C overnight. Then, the concentration of Pb was analyzed on the four tested
solutions to evaluate the Pb leaching efficiency. Finally, the washing step was repeated,
but with deionized water to eliminate traces of the washing agent and then with 96% (v/v)
ethanol. Finally, the particles recovered from the best Pb washing solution (1 M

hydrochloric acid) were dried and characterized by XRD and electronic microscopy.

Organic materials washing from the Au precipitates

After confirming the removal of Pb and having a more detailed characterization of the
particles, they were further washed in two steps with pure acetone and the supernatant
separated by centrifugation, aiming to eliminate organic compounds and metal

contaminants. The final particles were also characterized by electronic microscopy.

Analytical methods

A bench centrifuge (Hettich, ROTOFIX 32A) was used to separate solid and liquid phases

at specific conditions described above for each step.

For metal analysis, 1 mL of sample was diluted in 6.5 mL of 30% HNO3z and 2.5 mL of
30% hydrogen peroxide (in 50 mL centrifuge tubes with loose caps) and heated in a water
bath at 70°C during 1 h to digest organic compounds (if present). The concentrations of
Au, Cu, Pb, Zn and Al were determined by microwave plasma atomic emission
spectrometry with a 4200 MP-AES (Agilent Technologies, USA).

Calibration curves were built using standards prepared from the following stock
solutions: HAuUCls in 2 M HCI, AgNOsz in 0.5 M HNOs, Cu(NOs)2 in 0.5 M HNO:g,
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Pb(NO3)2in 0.5 M HNO3, Zn(NO3)2 in 0.5 M HNO3, Fe(NO3)3in 0.5 M HNOs3, AI(NO3)3
in 0.5 M HNOs and Ni(NO3)2 in 0.5 M HNO3, Pd(NO3) in 0.5 M HNO3 and PtCl. in 5%
HCI from (Sigma-Aldrich standard for AAS, EUA).

The bio-reduction of Au ions and particles formation was monitored by molecular UV-
visible spectroscopy. The optical absorption of the particles was investigated using the
BioTek Synergy 4 microplate reader (BioTek Instrumentsinc., USA) using wavelengths

between 200 to 700 nm at intervals of 1 nm.

Fourier Transform InfraRed (FTIR) Spectroscopy measurements of Au solution, R.
idaeus extract and the mixture of Au solution and R. idaeus extract were performed using
a Nicolet INIOMX micro-FTIR (Thermo Scientific, USA) equipped with a MCT detector
cooled with liquid nitrogen. Analyzes were conducted in reflection mode, by spreading a
drop of the sample onto a reflectance holder. Spectra were collected in the infrared region
(from 4000 to 675 cm™1). Three measurements were performed for each sample to assure

the robustness of the analysis.

The crystallographic structures of obtained particles were analyzed by X-ray diffraction
(XRD) using a PANalytical XPERT-PRO powder diffractometer operating at 45 kV and
35 mA with Cu Ka radiation filtered by Ni. The XRD patterns were recorded using an
X'Celerator detector with a step size (20) of 0.03° and a time per step of 250 s. Peak
analysis and the identification of crystalline phases were based on comparison using
High-Score Plus software with the ICDD PDF-2 database.

The morphology and elemental composition of particles was analyzed either by
Transmission Electron Microscopy (TEM) and/or by Scanning Transmission Electron
Microscopy (STEM) imaging, in both cases coupled with Energy Dispersive X-ray
Spectroscopy (EDS) analysis. Before TEM and STEM analysis, the particles were
resuspended in ethanol and sonicated for 30 minutes for sample pulverization. Then, 5 pl
of sample was dispersed on carbon coated grids of Cu for TEM and of molybdenum for

STEM, and the grids were dried and stored in a desiccator until imaging. TEM was carried
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out on a H8100 microscope (Hitachi, Tokyo, Japan) with a LaB6 filament, coupled with
an EDS NORAN System (Thermo Scientific, Waltham, USA). STEM was carried out on
the Titan ChemiSTEM (Thermo Fisher Scientific, Waltham, United States) microscope
operating with a field emission gun and aberration corrector on the probe and four energy

dispersive X-ray spectroscopy (EDS) detectors operating at 200 kV.

6.3. Results and discussion
6.3.1. Evaluation of Au recovery from unimetallic solutions using plant extracts

Experiments with unimetallic solutions diluted in HCI (final concentration ~100 mg/I)
were performed to analyze the interaction potential of 70% hydroalcoholic extracts of R.
idaeus, C. ladanifer and E. andevalensis with some of the metals known to be present in
PCB leachates: Zn, Fe, Cu, Al, Pb and Au (Neto 2018). In these experiments, metal
removal in the tests were significantly different from the negative controls and all the
three plant extracts revealed a high Au removal from solution compared to the other
metals (Figure 6.1). As depicted in Figure 6.1after 48 hours of reaction R. idaeus and E.
andevalensis extracts effectively removed 99 + 1% and 98 + 4% of the initial Au,
respectively, while 78 + 17% of the Au was removed by the C. ladanifer extract. Beside
Au, other metals with relatively high removals from the unimetallic solutions were Pb
(10-40%), Fe (10-40%), Al (5-30%), Cu (2-20%) and Zn (1-10%) (Figure 6.1). The
interesting tendency of these plant extracts to cause Au separation from the tested
solutions, especially in the tests with R. idaeus and E. andevalensis extracts, confirms the
interaction of their plants’ compounds with Au. Probably such interaction was favored by
the high reduction potential of Au(l1l) (E%= 1.50 V), as reported in the reduction potential
table of metals published by Bard et al. (1985) and Milazzo et al. (1978), and the high
reduction (antioxidant) potential of plant compounds present in the extracts. In fact, other
studies have previously demonstrated the potential of phytochemicals present in plant

extracts to induce the formation of Au nanoparticles in aqueous solutions, as for example:
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extracts of Sageretia thea (Shah et al. 2022), Spinacia oleracea L. (Zhu et al. 2022),
Solidago canadensis (Botha et al. 2019), Persea americana (Yang et al. 2021).
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Figure 6.1. Metal removals achieved after 1 h and 48 h of mixing R. idaeus, C. ladanifer,
E. andevalensis 70% hydroalcoholic extract, at a 1/1 (v/v) ratio to the unimetallic
solutions (~100 mg/L) at room temperature (25 + 3 °C). Results for controls, consisting
of the addition of just 70% ethanol (without plant extract), are included. Removals with
the same letters do not significantly differ at 0.05 level (ANOVA and Tukey Kramer's

tests).

6.3.1.1. Characterization of particles obtained from the Au(l11) unimetallic solution

The particles obtained from the reaction of Au(lll) unimetallic solution with R. idaeus
extract were selected for further analysis due to high Au removal efficiency by this plant
extract and also vast availability of R. idaeus leaves as an agricultural waste. These
particles were analyzed by XRD, EDS and TEM for the investigation of their elemental
composition, size and morphology. The XRD pattern recorded with the particles
illustrated the crystalline nature of the Au particles with strong peaks correlated to Au
(Figure S- 6.1). Moreover, the EDS spectra of the particles confirmed the presence of Au
as the sole element present in the precipitates (Figure S- 6.2). The peak observed for Cu
corresponds to the used Cu based grid. The TEM analysis of the particles showed that the
Au nanoparticles were monodispersed and had quasi-spherical and irregular shapes with
a ferret particle size ranging from 31 to 85 nm with an average size of 57 nm. The
selected-area electron diffraction (SAED) patterns of the nanoparticles added further
evidence that Au nanoparticles are highly crystalline (Figure S- 6.3). Demirbas et al.
(2019), in a similar study with synthetic Au(ll) solutions but with addition of 5% (w/w)
R. idaeus fruit extract (not leaves extract) showed formation of spherical Au nanoparticles

with an average size of 18+3 nm.

All these evidence encouraged the attempt to use the leaf extracts in a real multimetallic
solution containing Au, namely a PCBs leachate.
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6.3.2. Au leaching from PCBs

After the mechanical fragmentation described in materials and methods, the PCBs were
initially subjected to three cycles of leaching with 2 M H2SO4 and 0.2 M H20; aiming to
leach the base metals and leave the Au parts more exposed to the leaching of this metal
in the next step. This process provided satisfactory results by successful leaching mainly
of the base metals (Cu, Ni, Zn and Fe) (Table 6.1) and separating the PCBs’ parts as well
as realizing small Au films, which were visible at the bottom of the leaching container.
Moreover, during the leaching of base metals, a white precipitate was formed and settled
in the bottom of the container together with PCBs’ parts and Au particles. According to
previous reports on PCBs leaching works this white precipitate is composed of PbSO4
particles, which has low solubility in sulfuric acid solutions (Neto 2018). Therefore, this

indicates that Pb was also leached from the PCBs.

Table 6.1. Characterization of the leachate solution achieved by applying 2 M H2SO4 and
0.2 M H20> to PCBs (mixture of leachates from the three successive cycles of leaching

(3 h for each leaching cycle)).

Metal Concentration in leachate (mg/L)
Au 154+0.1
Ag not detected
Pd 0.30+0.04
Pt not detected
Cu 1715+ 7
Pb 85x0.1
Zn 405.1+3.3
Fe 143.2+1.6
Al 10.0+0.1
Ni 634 t 4
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After the leaching steps with sulfuric acid, the electronic components, except the
supporting bases which were now free of metal parts, as well as the remaining solids
(including the white precipitates which were mixed with Au particles) were treated with
aqua regia in a 1/20 ratio (w/v) for 24 hours. Thereafter, the obtained solution was diluted
in a 1/3 ratio with deionized water to avoid the digestion of bio-compounds in the
subsequent Au recovery tests using plant extracts. As presented in Table 6.2, the diluted
leaching solution contains valuable metals (232 mg/L of Au, 26 mg/L of Ag, 11 mg/L of
Pd), as well as a high concentration of Pb (15 g/L) and still some contamination with the
base metals Cu, Ni, Zn and Fe. Such high concentration of Pb originates from the PbSQO4
precipitates that were formed in the initial leaching step and which were scattered among
the small fractions of PCBs in the bottom of the container and then were leached with
aqua regia. Nevertheless, it is evident that the major part of the base metals leached from
PCBs was leached in the initial leaching step with 2 M H2SO4 and 0.2 M H20> (~98% of
Cu, ~97% of Ni, ~99% of Zn, 99% of Fe, and ~50% of Al), which is in agreement with

previous reports (Birloaga et al. 2014).

6.3.2.1. Separation of Pb from the Au bearing PCBs leachate

Due to the very high Pb concentration in the aqua regia leachate, it was necessary to
separate and recover this metal from the solution prior to Au recovery processes. With
that aim, the leaching solution was submitted to a precipitation step with 0.15 M Na>SO4
(in 1/1 (v/v) ratio) and ~96% of Pb was removed from the solution (Table 6.2). XRD
analysis of particles obtained through this precipitation step revealed that Pb was
recovered as PbSO4 and PbCI> crystals (Figure S- 6.4), which can be considered a by-

product of the Au recovery process here reported.

Table 6.2. Characterization of the diluted aqua regia leachate, before and after Pb

removal/recovery by addition of 0.15 M sodium sulfate solution at 1/1 (v/v) ratio.
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Concentration (mg/L)

Metal 1/3 diluted aqua regia  1/6 diluted aqua regia leachate
leachate after adding sodium sulfate

Al 2322+6.1 1201+ 1.7

Ag 262106 18.7+0.2

Pd 108+0.2 59+0.1

Pt - -

Cu 1513+0.8 744+0.3

Pb 15030 + 136 636 + 14

Zn 4101 18+0.1

Fe 9.1£0.1 73:0.1

Al 57.0+0.2 30.2+0.1

Ni 102+0.4 53+0.3

6.3.3. Au recovery from the final PCBs leachate using plant extracts

In the experiments performed by adding each of the three plant extracts to the final 1/6
diluted Au bearing leachate at 1/1 (v/v) ratios, the target metal Au as well as Pb, Cu and
Al as main contaminant metals were analyzed (Table 6.2; Figure 6.2). It was observed
that the application of R. idaeus, C. ladanifer and E. andevalensis extracts is highly
effective in recovering Au from the leachate with an efficiency of 96%, 95% and 90%,
respectively. However, there was co-precipitation of Pb ranging between 15% to 60% of
its initial concentration in all tested samples and respective controls, and since the
concentration of this metal in the diluted (1/6) Au bearing leachate was very high (~630

mg/L), this corresponds to a high contamination of the obtained Au particles.
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Figure 6.2. Removal of main metals present in the diluted (1/6 (v/v)) Au bearing leachate,
achieved after 1 h and 48 h addition of C. ladanifer, E. andevalensis and R. idaeus 70%
ethanolic extracts at a 1/1 (v/v) ratio at room temperature (25 + 3 °C). Results for controls,
consisting of the addition of just 70% ethanol (without plant extract), are included.
Removals with the same letters do not significantly differ at 0.05 level (ANOVA and

Tukey Kramer's tests).

Based on the results obtained from experiments with unimetallic solutions and leachates
in 1/1 ratio, R. idaeus was found with the highest Au recovery potential from the leachate.
Moreover, R. idaeus leaves are available in large quantities as wastes from agro-industrial
production of red raspberry fruits and therefore, further studies were focused on the
optimization of using the R. idaeus extract to recover Au from the leachate, on the Au

recovery mechanism and on the characterization of the obtained brownish particles.

In this regard, 1/5 and 1/10 (v/v) ratios of R. idaeus extract to Au bearing leachate were
tested to analyze Au recovery efficiencies and Pb contamination rates (Figure 6.3).
Similar removals of Au and Pb from solution were observed in the tests with 1/1 and 1/5
ratios of R. idaeus to Au bearing leachate for both 1 and 48 hours of reaction times. In the
experiment with the 1/10 ratio of plant extract to Au bearing leachate, a lower removal of
Au and Pb was observed after 1 hour (~11% of Au and 21% Pb), but 48 hours after, the
removal of Au from the leachate reached 95%. Yet, as it can be seen in Figure 6.3,
different ratios of plant extract to leachate are not a successful strategy to prevent Pb
contamination. With all this, the optimum ratio of plant extract to leachate was selected
as 1/10 (v/iv).
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Figure 6.3. Au and Pb precipitation by applying Rubus idaeus extract to Au bearing
leachate at different ratios (1/1, 1/5 and 1/10 (v/v)) at room temperature (25 + 3 °C).
Results are averages of two replicates and error bars are absolute mean deviations.

Another attempt was performed to test the possibility of Au recovery from the leachate
without Pb contamination by an initial pH adjustment of the leachate to 0.3, 0.6 and 0.9,
followed by R. idaeus extract addition in 1/10 ratio (v/v) (Figure S- 6.5). However, the
results revealed similar Au and Pb removals in all tested pH values. Then, precipitates
obtained without pH adjustment were analyzed by XRD and the results indicated the

presence of Au and PbSOg4 crystalline structures (Figure S- 6.6).

6.3.3.1. Pb washing from the Au bearing precipitates from PCBs leachate

Precipitates obtained from applying R. idaeus extract to Au bearing leachate at 1/10 ratio
were selected for purification. Attempts of PbSO4 separation from the Au particles were
performed by washing the precipitates in a ratio of 1/1000 (w/v) with hydrochloric acid,
nitric acid, sodium hydroxide and ammonium acetate. Results from these experiments
revealed that all the four tested solutions were able to dissolve and separate PbSO4 from

the precipitates, but three of them have a higher and similar efficiency (hydrochloric acid,
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nitric acid and sodium hydroxide), thus suggesting total PbSO4 leaching, while the other

(ammonium acetate) results in a lower efficiency (Table 6.3). The XRD analysis of the

brownish precipitates obtained after the washing step with 1 M hydrochloric acid and

subsequent washings with water and 96% ethanol revealed the presence of Au as the only

crystalline phase (Figure 6.4).

Table 6.3. Pb washing from precipitates obtained by applying Rubus idaeus extract to Au

bearing leachate.

Washing solution

Pb leached from precipitates
(mg Pb / g precipitate)

1 M hydrochloric acid
1 M nitric acid
1 M sodium hydroxide

1 M ammonium acetate

137

136

128

42

20 (degrees)
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Figure 6.4. XRD analysis of precipitates obtained by adding Rubus idaeus extract to Au
bearing leachate at a 1/10 (v/v) ratio, after PbSO4 washing with 1 M hydrochloric acid.
(*) denotes the peak position of Au crystalline phase according to the card #01-071-4073.

The STEM imaging of these precipitates revealed well defined bright white (indicative
of heavy elements) flower-shaped porous particles of ~75 nm to ~360 nm scattered in a
less shiny whitish (indicative of lighter elements) mass with no defined shape (Figure
6.5). Then, the STEM-EDS mapping of these precipitates (Figure 6.5) showed strong Au
and S signals along with very weak signals of Cu, Si and Fe, which are coincident with
the white bright flower-shaped particles, as well as O, Sn and CI signals throughout all
precipitate mass. The relative abundances of different elements evaluated by STEM-EDS
from the whole area of two images of these precipitates (Figure S- 6.7) are presented in
Table 6.4.

The flower-shaped particles revealed by STEM have the same appearance of Au
nanoparticles obtained with different plant extracts and Au solutions by other authors
(Firdhouse and Lalitha 2016), and the EDS signal revealed Au as the most abundant
element (27.2 norm. at.%) after O, which are strong evidences that the production of Au
particles using the R. idaeus extract was successful. Nevertheless, the high signal obtained
for O (40.1 norm. at.%) and the fact that it maps together with CI in the less shiny whitish
mass indicates a high amount of plant material around the particles since these elements
are present in plant compounds (Engvild 1986). Moreover, the relatively high signal of
Sn (12.7 norm. at.%) following O and ClI in the mass surrounding the particles indicates
the possibility of complex formation of this metal with organic compounds. The other
elements with relatively high signals are Cu (7.9 norm. at.%) and S (5.6 norm. at.%),
which seem to follow the Au particles. The presence of Cu might be due to incomplete
removal of this metal in the leaching step performed to remove base metals, but these

analyzes are not enough to theorize about its co-occurrence with Au particles. The
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presence of S must be viewed with suspicion because this element has a peak very close
to peaks of Pb and Au and, thus, the accuracy of its signal can be low.

The HRTEM analysis of these precipitates showed large clusters (~100 to 400 nm) of tiny
Au nanoparticles (~20 nm) covered with high contents of plant material, and then the FFT

analysis confirmed the crystalline nature of the Au particles (Figure S- 6.8).
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Figure 6.5. STEM image of Pd nanoparticles obtained by adding 70% ethanolic extract
of R. idaeus to the Au bearing leachate (washed with ethanol) and corresponding EDS
elemental mapping of Au, O, Sn, Pb, Ni, Al, Cu and Fe.

Table 6.4. Average values of normalized weight and atomic abundances of different
elements obtained from two STEM-EDS images of Au particles washed with ethanol.

Element [norm. wt.%] [norm. at.%o]
O 8.1 40.1
Al 0.1 0.4
S 2.1 5.6
Fe 0.8 1.3
Cu 5.8 7.9
Pb 2.0 0.8
Au 62.0 27.2
Zn 0.5 0.7
Ni 0.3 0.5
Sn 17.2 12.7
Si 0.6 1.7
Cl 0.5 1.1

Sum 100.0 100.0

6.3.3.2. Organics washing from the Au bearing precipitates from PCBs leachate

Based on the STEM-EDS results indicating the contamination of particles with excessive
plant material and a few metals putatively complexed with it, another two washing steps
with acetone were performed for the elimination of organic compounds. Thereafter, the
obtained particles were also analyzed by STEM microscopy and the images revealed two
types of particles: flower-shaped particles like those observed prior to acetone washing
side by side with compact geometrical particles resembling cubic shapes (Figure 6.6),

without evidence of other materials surrounding them. These results show that acetone
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eliminated the organic material around the Au particles and suggest that organic
compounds play an important role in the final shape of the Au particles. Synthesis of
compact geometrical Au nanoparticles by mixing plant extract with an Au pure solution
was reported before for example by Anbu et al. (2020), and though these authors
described other shapes (such as spherical, triangular and octahedral), the cubic forms are
also visible in their TEM images.
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Figure 6.6. STEM image of Pd nanoparticles obtained by adding 70% ethanolic extract
of R. idaeus to the Au bearing leachate (washed with pure acetone) and corresponding
EDS elemental mapping of Au, O, Pb, Zn, Ni, Al, Cu and Fe. Pink arrows: flower-shaped

particles. Yellow arrows: compact geometrical particles resembling cubic shapes.

Results of the STEM-EDS analysis revealed strong signals correlating with Au and S and
relatively weaker signals for O and the contaminant metals Pb, Cu and Zn. On the
contrary, the signals of Sn and CI, which before acetone washing were detected in all the
precipitate mass together with O, were much weaker now after organics removal (Figure
6.6). In fact, all signals detected now are present on the Au particles, confirming the

efficacy of acetone washing.

The relative abundances of elemental composition of the particles determined by STEM-
EDS from the whole area of four different images (Figure S- 6.9) are presented in Table
6.5. These results showed a much higher abundance for Au (63.5 norm. at.%), comparing
to the value observed (27.2 norm. at.%) before acetone washings. This is mainly due to
the sharp decrease of elements O and Sn since the reported abundances are relative to the
sum of detected elements. Normalized atomic abundance of O was reduced from 40.1%
to 3.7%, and of Sn from 12.7 to 0.1%. This almost disappearance of Sn after successful
organic residues washing and the simultaneous decrease in O abundances, confirms that
Sn was previously complexed with plant material that was removed with acetone. The
sharped removal of O and Sn also caused a raise in the relative abundance of other
elements that were not washed with acetone. Cu and S, the main contaminants after Sn,
were found in almost the same ratio, but in relatively higher abundances (14.8 norm. at.%
and 13.5 norm. at.%, respectively). The ratio of these elements is in fact close to 1, the
stoichiometric value of CuS, which might indicate the presence of this compound in the
free spaces in between smaller Au nanoparticles forming larger structures of Au
nanoparticle clusters. Regarding the other minor contaminants, there was a decrease of
Al and Si abundances after the acetone washing, and a raise of Pb and Ni. Thus, the first
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two were probably complexed with phytochemicals while the last two were somehow
bound to the Au particles. Probably Pb and Ni were, as PbSO4 and as NiO, also placed in
the porous structures of the flower-shaped larger Au nanoparticle clusters when they were
formed by aggregation of tiny Au nanoparticles, and then remained trapped in those

particles during the washing steps to which they were subjected.

Table 6.5. Average values of normalized weight and atomic abundances of different

elements obtained from four STEM-EDS images of Au particles washed with pure

acetone.

Element [norm. wt.%] [norm. at.%]
O 0.4 3.7
Al 0.0 0.1
S 3.0 13.5
Cu 6.5 14.8
Pb 2.5 1.7
Au 86.5 63.5
Zn 0.5 1.2
Ni 0.3 0.7
Sn 0.1 0.1
Si 0.1 0.8

Sum 100 100

The final Au particles were further analyzed with high-resolution scanning transmission
microscopy (HRSTEM) for further characterization on the atomic scale. The HRSTEM
images confirmed the presence of tiny cubic Au nanoparticles (~20 nm) and large Au
particle clusters (~0.2 to 0.8 um) with flower-shaped and cubic morphologies that seem
to be formed by aggregates of the tiny particles (Figure 6.7-A, B). Moreover, the
HRSTEM images showed clear lattice fringes on the tiny particles and the fast Fourier

transform (FFT) pattern of the respective area revealed interplanar lattice distance values

295



of two types: ~2 A and ~1.2 A (Figure 6.7-D 9-E). In addition, the selected area electron
diffraction (SAED) pattern confirmed the polycrystalline nature of the Au particles
(Figure 6.7-F).

Finally, through High-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) imaging on one flower-shaped particle (Figure S- 6.10),
the aggregation of tiny Au nanoparticles forming a porous nanoparticle cluster seems

even more evident.

10 1/nm

Figure 6.7. A, B) HRTEM images of the Au nanoparticles aggregates obtained by adding
70% ethanolic extract of R. idaeus to the Au bearing leachate C, D) magnified high
resolution STEM, E) Fast Fourier Transform (FFT) pattern of a single tiny nanoparticle
(all area of figure D) and F) selected-area electron diffraction (SAED) patterns of the

same nanoparticle.
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The use of R. idaeus extracts was previously tested with unimetallic solutions for Ag
nanoparticles synthesis by leaf extracts (Stevanovi¢ et al. 2019) and for Au and Ag
nanoparticles synthesis by fruit extracts (Demirbas et al. 2017, 2019; Ekrikaya et al.
2021). However, this work confirms for the first time the possibility of using R. idaeus
leaf extracts for Au nanoparticles synthesis from Au unimetallic solutions, as well as from
complex Au bearing leachates. This is important, not only because according to Kumar
& Yadav (2009), Au nanoparticle synthesis by plant extracts in general can have
advantages aiming the development of environmental friendly processes, but also because
the R. idaeus leaves are a by-product of raspberry production available in large amounts,
which is suitable for large-scale processes to satisfy the demand for this substance. Au
nanoparticles can be used in different areas such as analytical methods like colorimetric
methods for the identification and determination of heavy metal ions in agueous solutions
(Hyder et al. 2022), catalysts in CO oxidation (Al Soubaihi et al. 2018), water gas shift
reactions (Pal et al. 2018), development of biosensors (Dimcheva 2020), medicine
applications (Madkour 2018), biolistic delivery of nucleic acids in biotechnology
applications (Svarovsky et al. 2008), coating for improved electrode surface area (Li et
al., 2007) etc.

6.3.4. Au recovery mechanism with R. idaeus leaves’ extract
6.3.4.1. UV-Visible Spectroscopy

The bio-reduction of Au(l1l) ions during the reaction with the phytochemicals present in
the 70% hydroalcoholic extract of R. idaeus was monitored by molecular UV-visible
spectroscopy. Figure 6.8 presents the UV-visible absorption spectra of the 100 mg/L
Au(I11) unimetallic solution, R. idaeus extract diluted in 0.02 M HCI (10% plant extract
(v/v)) and also different ratios of R. idaeus extract in 100 mg/L Au(lll) (4, 6, 8 and 10%

plant extract (v/v)) after one hour reaction time. The change of the solution color from
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yellow to red and the appearance of an absorption peak at A = 520 nm in the UV-Vis
spectrum are indications of Au(l11) ions reduction into Au(0), which is due to the Surface
Plasmon Resonance (SPR) of synthesized Au(0) nanoparticles (Lee et al. 2020). Thus,
the SPR band of Au(0) nanoparticle samples prepared with lower amounts of R. idaeus
extract (4% and 6%) illustrated by a broad lower peak is due to the partial reduction of
Au(lI) ions, while upon the increase of extract the SPR absorbance peak was steadily

raised and reached the highest size when 10% (v/v) of extract was used (Figure 6.8).
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——100 mg/1 of Au sol.

0.8 1 4% R. idaeus extract in 100 mg/l of Au sol.

6% R. idaeus extract in 100 mg/l of Au sol.

0.6 8% R. idaeus extract in 100 mg/l of Au sol.

10% R. idaeus extract in 100 mg/l of Au sol.
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Figure 6.8. Molecular UV-Visible spectrum of Au(lll) (100 mg/L) solution, 70%
hydroalcoholic extract of R. idaeus diluted in 0.02 M HCI (1 to 10 ratio (v/v)) and
mixtures of plant extract in 100 mg/L of Au solution (2, 4, 6, 8 and 10% (v/v) of plant
extract in Au solution).
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6.3.4.2. Fourier Transform Infrared Spectroscopy (FT-IR)

FT-IR spectroscopy was performed to monitor the involvement of functional groups of
secondary metabolites present in the R. idaeus hydroalcoholic extract and their possible
role in the formation and stabilization of Au particles. FT-IR spectra of crude R. idaeus
extract as well as the mixture of the R. idaeus extract with 100 mg/L Au(lll) solution
(1/1 ratio (v/v) and 1 hour of reaction time) are shown in Figure 6.9. FT-IR spectra of R.
idaeus extract reveals several peaks at different wavenumbers due to the used solvent and
the presence of a variety of secondary metabolites in the extract: peaks occurring at 1058,
1097 and 2989 cm™ are related to ethanol (Silverstein and Webster 1997), the solvent
used to prepare the plant extract, while peaks observed at 842, 890, 1463, 1692, 1921,
2139, 2506 and 3579 are therefore correlated to plant phytochemicals. One hour after
mixing the plant extract with the Au solution all the peaks related to phytochemicals,
except the one at 890 cm corresponding to the C=C bending of alkenes, disappeared or
moved to different wavenumbers, suggesting the involvement of different chemical
groups of the plant compounds in the bio-reduction and/or stabilization process producing

the Au particles.

The peak observed at 842 cm™, related to the C-Cl stretching in the alkyl halides, after
the reaction of extract’s compounds with Au(III) solution shifted to 851 cm™. The peak
at 1463 cm!, associated to the C-H bending of the methylene group, shifted to 1467 cm
!, The band at 1692 cm*, which shifted to 1696 cm™, is related to stretching vibrations of
(NH)C=0 and/or C=0 groups of conjugated aldehydes and carboxylic acids, and has been
associated to phenolic acids or organic acids (Lu and Hsieh 2012), such as ellagic acids
(Oszmianski et al. 2011). The peak that shifted from 1921 cm™ to 1922 cm™, corresponds
to the C-H bending of the aromatic compounds and is probably related to phenolics such
as tannins, flavonoids and anthocyanins (Veljkovic et al. 2018). The peak first observed
at 2139 cm™* and then totally vanished, is related to N=C=N stretching of the carbodiimide
group and probably indicates the presence of amino acids or proteins (Fiehn et al. 2000)
and/or anthocyanin (Demirbas et al. 2019; Ekrikaya et al. 2021). The weak peak at 2506
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cm that shifted to 2505 cm™ is related to the S-H stretching in the thiol group, which
might be due to the presence of metallothioneins (Leszczyszyn et al. 2013) and/or
cysteine rich metabolites (Harada et al. 2002), as both are known for their high metal
interaction potential (Nobahar et al. 2021), and high concentrations of cysteine have been
reported in the leaf extract of R. idaeus by Komisarenko et al. (2021). Finally, the band
first occurring at 3579 cm™ which shifted to 3585 cm™ is probably related to the —OH
vibrations of carboxylic acids, phenols or alcohols and/or -NH vibrations of amines,

proteins and peptides.
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Figure 6.9. FTIR spectra of (above) R. idaeus hydroalcoholic extract diluted for analysis
to a 15% (v/v) ratio in 0.02 M HCI and (below) R. idaeus extract added in a 50% (v/v)
ratio to a 100 mg/L Au(lll) solution in 0.02 M HCI and 1 hour after mixing diluted for
analysis to a 7.5% (v/v) ratio in 0.02 M HCI.

Studies by Moreno-Medina et al (2018) and Oszmianski et al (2011) show the presence
of phenols in high quantities (2.6% to 6.9% (w/w)), mainly as ellagic acids in the leaves
of R. idaeus. Moreover, flavonoids are reported in high contents in the leaves of this plant;
for instance, Gudej (2003) reports a flavonoid content range between 0.46% to 1.05% of
the dried leaves (w/w), while, Durgo et al. (2012) reports the flavonoid of the leaves as
the main constituent of the phenolic content, comprising about 11% of the leaf extract
powder weight. Other types of phenolic compounds present in the leaves of R. idaeus are
reported as vanillic acids, ferulic, caffeoyl tartaric, protocatechuic, gentisic, feruloyl
tartaric, p-coumaric, p-coumaroyl-glucoside acids, p-hydroxybenzoic (Brandely 2006),
caffeic and chlorogenic acid (Durgo et al. 2012), as well as terpenoids including mono-
and sesquiterpenes, like terpinolene and triterpenes, squalene and cycloartenol (Kylli
2010; Committee on Herbal Medicinal Products (HMPC) 2012).

It is known that plant compounds in the groups of phenols and polyphenols have high
interaction capabilities with metals in general, but specifically high with Au (Sengani et
al. 2017; Santhoshkumar et al. 2017). The interaction mechanism of phenols with metals
is not totally clear yet; however, it is known that the high capacity of free radical
scavenging by the functional groups of phenols and also their high electron/proton
donation potential are the main mechanism of interaction of these biomolecules with
metals (Kaurinovic and Vastag 2019). In addition, another proposed mechanism is
suggested by the presence of nucleophilic aromatic rings in conjunction with some
functional groups such as carbonyl, carboxyl and hydroxyl groups in the phenolic
compounds (Kulbat 2016; Liu et al. 2018).
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In a similar study, Stevanovic et al. (2019) used aqueous extracts of R. idaeus leaves for
the synthesis of Ag nanoparticles and reported the polyphenolics, flavonoids,
triterpenoids, proteins and organic acids as the possible reducing and stabilizing agents

of Ag nanoparticles (Stevanovic et al. 2019).

Moreover, another similar study by Demirbas et al. (2019), but using extracts of R. idaeus
fruits (instead of leaves) for Au(lll) reduction and Au nanoparticles synthesis, went
further and indicated the specific catecholamine group of anthocyanin as the preferential
site of coordination reaction with Au(l1l) and thus, the formation of anthocyanin-Au(l1l)
complexes. Based on their conclusions, this reaction may initiate Au nucleation for seed
formation and then, the oxidation of catecholamine groups results in electrons release,
which boosts Au(lll) reductin (Demirbas et al. 2019). Taking this into account and the
fact that in the R. idaeus leaves there are contents of anthocyanines as high or higher than
in the fruits (Veljkovic et al. 2019), it can be suggested that these compounds should also
play an important role in the formation of Au particles when leaf extracts are used.

6.4. Conclusions

This work shows the high interaction potential of phytochemicals present in the leaves of
three different plants (R. idaeus, C. ladanifer and E. andevalensis) with Au(l11) ions when
in simple unimetallic solutions, resulting in the separation of Au from the liquid phase.
The work also shows that extracts from leaves of these three plants can be added to
leachates obtained from PCBs, resulting in the separation of Au from the solution along

with Pb as a major contaminant.

Moreover, specifically for the R. idaeus leaves extract, it was shown that pure Au
nanoparticles can be obtained from Au unimetallic solutions, while Au nanoparticles
obtained from PCBs leachates are contaminated with PbSO4, which can be further
separated from the Au particles by HCI washing. Plus, it was also shown that acetone

efficiently removes the complexed organic-metals contaminants allowing to obtain highly
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pure Au tiny nanoparticles (~18 nm) aggregated in larger Au microparticle clusters (~ 0.8
um).

R. idaeus leaves are the main waste of red raspberry fruit industry, which is widely
cultivated in Europe, Asia, and America. Therefore, this study reinforces the idea of
beneficiation of those wastes in extract preparation and application for Au separation and

recovery from secondary sources.
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6.6. Annexes
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Figure S- 6.1. XRD analysis of gold particles obtained by adding Rubus idaeus extract
to Au(ll)unimetallic solution (100 mg/L metal standard solution) in 0.02 M HCI, at a
1/10 (v/v) ratio. The peak positions of Au crystalline phase are based on the card #01-
071-4073.
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Figure S- 6.2. EDS spectroscopy of gold particles obtained by adding Rubus idaeus
extract to Au(l11) unimetallic solution (100 mg/L metal standard solution) in 0.02 M HCI,
ata 1/10 (v/v) ratio.
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Figure S- 6.3. A, B) TEM images of the Au nanoparticles obtained by adding 70%
ethanolic extract of R. idaeus to the Au(l11) unimetallic solution, C) selected-area electron
diffraction (SAED) patterns of the nanoparticle and D) Size distribution histogram of the

particles.
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Figure S- 6.4. XRD analysis of precipitates obtained by adding 0.15 M Na;SOs to the
leachate (in 1/1 (v/v) ratio) aiming Pb separation. The peak positions of PbCl, and PbSO4
crystalline phases are based on the cards #01-084-1177 and #01-082-1854, respectively.
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Figure S- 6.5. Au and Pb precipitation by applying Rubus idaeus extract to Au bearing

leachate with different pH values after 48 hours.
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Figure S- 6.6. XRD analysis of precipitates obtained by adding Rubus idaeus extract to
Au bearing leachate at a 1/10 (v/v) ratio. The peak positions of Au crystalline phase are
based on the card #01-071-4073.
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Figure S- 6.7. The area of two images of the particles synthesized by applying R. idaeus
extract to leachate in 1/10 ratio (v/v) washed with 96% ethanol that were used for relative

abundances measurements.

Plant materials

Figure S- 6.8. A) HRTEM images of the Au nanoparticles obtained by adding 70%
ethanolic extract of R idaeus to the Au bearing leachate and washed with ethanol B,C)
magnified high resolution STEM, D) Fast Fourier Transform (FFT) pattern of a single

nanoparticle (red square in figure C).
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Figure S- 6.9. The area of four images of the particles synthesized by applying R. idaeus
extract to leachate in 1/10 ratio (v/v) washed with pure acetone that were used for relative

abundances measurements.
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Figure S- 6.10. HAADF-STEM of a single Au patrticle.
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General conclusions and Future

perspectives
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7.1.

General conclusions

Copper recovery from extreme acid mine drainage

SX process with 30% (v/v) Acorga M5640 in kerosene-like solvents with 2.5%
octanol can extract over 95% of the Cu present in highly acidic, metal-rich AMD;
Application of 2M sulfuric acid can strip more than 99% of the loaded Cu from
organic phase, allowing to rise the concentration of Cu in the stripping solution to
~46 g/L through successive striping steps with the potential of elemental Cu
recovery using traditional electrowinning process;

Combination of SX systems with biological processes by biogenic sulfide addition
at S:Cu ratios of approximately 2:1 can be performed to recover the extracted Cu
as covellite nanoparticles. The covellite produced can be used in a variety of

renewable energy, biomedical, and other applications.

Zinc recovery from extreme copper-free acid mine drainage

The ionic liquid called AliCy, can effectively extract ~90% of Fe3* from extreme
AMD waters with pH 1.0 to 1.5 and the alkalinization of the obtained raffinate to
pH 3.25 to 3.5 allows the removal of remaining Fe3* from the solution with low
losses of Zn;

ZnS nanoparticles can be produced from extreme copper-free AMD after Cu SX
and Fe3* separation by AliCy’s SX followed by alkalinization to pH 3.25 to 3.5
and then biogenic sulfide addition.

A first outline of possible processes to recover metals of interest from acidic
solutions with Fe3* contamination can be proposed: (i) Fe*" separation by SX
using AliCy, (ii) pH alkalinization to remove remaining Fe®*, (iii) recovery of

target metals.

Application of enriched acidophilic sulfate-reducing bacteria from Sdo Domingos
mine in metal attenuation from AMD
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A microbial consortium having an acidophilic sulfate reducing bacteria (aSRB)
community with sulfate reduction activity at pH 4.00 with methanol as electron
donor has been successfully enriched from the sediments of a confluence area
between an AMD stream and a water stream receiving a municipal WWTP
effluent at an inactive copper mine site;

The strategy of isolating aSRB colonies from the enriched cultures in closed
centrifuge tubes with solid medium was efficient and the obtained SRB isolates
were Desulfosporosinus spp. However, a fungus from Trichoderma genus was
also present in the solid medium where the colonies grew, suggesting a possible
interaction of symbiosis or commensalism favoring the growth of SRB;

The aSRB enriched consortium was then tested for metal attenuation from AMD
with pH adjusted to pH 4.50 in batch tests and the lowest tested dose of nutrients
supplement (20% v/v of Postgate B base — corresponding to 1.15 g/L of basal salts
and 0.2 g/L of yeast extract) with 30 mM methanol allowed the removal of more
than 99% of metals after 28 days;

A meta-taxonomic study of the communities revealed that the most abundant
prokaryotes in the AMD remediation tests were Clostridium members and
Desulfosporosinus genus. The first were found more abundant in the tests with
higher Postgate B base supplements, (>60%), while Desulfosporosinus was the
dominant bacterial genus when lower doses of basal salts and yeast extract were
used.

Palladium bio-recovery from spent automotive catalytic converter leachates

70% ethanolic extracts from leaves of R. idaeus can induce high precipitation of

Pd?* and Pt** ions from unimetallic aqueous solutions, thus suggesting potential

use of polar extracts for the recovery of these metals from different metal bearing

waters;

Application of R. idaeus leaves’ extract to spent ACC leachates can induce the

production of a precipitate containing agglomerates of particles (of sizes up to 10
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pm) having Pd and other elements such as Na, Cl, Ce, P and Al, along with plant
material, and washing the obtained agglomerates with acetone results in a purified
(~75%) precipitate with Pd® nanoparticles (6 + 2 nm) with some traces of other
elements;

The process was found to have a rough cost estimate of ~20 $ per g of synthesized
Pd particles — excluding manpower;

During this Pd recovery process, UV-visible spectroscopy revealed signs of Pd?*
reduction to Pd® and nanoparticles formation. Moreover, FTIR analysis revealed
changes after mixing the Pd?* solution with plant extract in different functional
groups (such as OH group) that are mainly related to phenols and polyphenols and

flavonoids, which are known as compounds with high capacity to reduce PGM.

Printed circuit boards leaching followed by synthesis of gold nanoparticle clusters

using plant extracts

Phytochemicals present in 70% ethanolic extracts from leaves of R. idaeus, C.
ladanifer and E. andevalensis showed high interaction potential with Au®* ions in
simple unimetallic solutions, resulting in the separation of Au from the liquid
phase;

Application of R. idaeus leaves extract to printed circuit boards’ leachates results
in Au nanoparticles contaminated with PbSOs, which can be further separated
from the Au particles by HCI washing. Then, further washing with ethanol and
acetone efficiently removes complexed organic-metals contaminants allowing to
obtain highly pure Au tiny nanoparticles (~18 nm) aggregated in larger Au

microparticle clusters (~ 0.8 um).
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7.2. Future perspectives

The present study was performed aiming to benefit the potential of SX and also biological

methods for the metal recovery/removal from metal bearing wastewaters and leachates.

From the obtained results with the performed studies, it is expected that they can help to

find innovative, efficient, and cost-effective strategies in metal recovery/removal from

metal bearing wastewaters and leachates. Thus, based on the obtained results of this

thesis, the following recommendations are suggested for future study to onward increase

the current knowledge on this subject:

Regarding metal recovery from extreme AMD using SX and aSRB based processes:

Beneficiation of extraction potential of Acorga M5640 for Cu recovery from
highly concentrated AMD in combination with sulfidogenic reactors in pilot scale,
to determine the feasibility of the method in industrial scale;

After the Cu recovery process, Fe** removal from Cu-free AMD through SX by
AliCy followed by alkalinization, and finally Zn recovery using biogenic sulfide
in pilot scale, to determine the feasibility of the method in industrial scale;
Application of AliCy for Fe** separation from other types of metal bearing acidic
waters, where Fe®" is considered as nuisance in the recovery of target metal, such
as PGMs recovery from automobile catalyst leach liquors, Mn recovery from
ferruginous Mn ores, recovery of indium of Fe rich solutions etc. to prevent Fe
contaminations in the recovery of valuable metals and to uncover the application
potential of this IL in different industrial sectors;

Optimize the AMD inlet flow rate to aSRB bioreactors to maintain pH > 4.0, thus
eliminating the pH adjustment step prior to AMD bioremediation;

Investigation for economically viable sources of nutrients supplements (such as
basal salts and methanol containing wastes) able to maintain efficient sulfate

reduction by the aSRB enriched consortium;
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Make SRB bioreactors more resistant to acidification phenomena during
operation when sugars-rich residues are used as carbon sources;

Possibility of utilization in biogenic sulfide production for selective metal
recovery systems operating at low pH;

Optimize liquid culture conditions to grow aSRB isolates from the selected
consortium for further characterization studies (e.g. genomic and transcriptomic
studies to characterize metabolic pathways) and deposit of characterized strains
in bacterial collections;

According to the results described in this thesis and their framing in the known
state of the art as well as benefiting from future studies such as those suggested in
this chapter, one can think of a system with several integrated processes to recover
Cu and Zn from extreme AMD generating an effluent with low concentrations of
contaminants. In figure Figure 7.1 a diagram of such putative system is presented.
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Figure 7.1. Possible integration of Cu and Zn recovery with AMD treatment

processes, combining SX and sulfidogenic reactor operating at low pH.
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Regarding metals recovery by phytochemicals:

Applying the proposed process to other leaching solutions such as those from
bioleaching;

Optimization of the metallic particles washing steps to minimize the amount of
solvents used;

Improvement of economic viability of phytochemicals extraction by more
available and cheaper extractants such as water, maintaining the metals recovery
potential;

Identification and/or purification of the main bio-active compounds from the
extracts interacting with Pd and/or Au ions, to increase the available information
for the development of functional synthetic compounds;

R. idaeus leaves are the main waste of red raspberry fruit industry, which is widely
cultivated in Europe, Asia, and America. On the other hand, the amount of spent
ACCs as well as wastes with PCBs currently available is enormous and does not
tend to decrease in the short term. Therefore, the achievements described in this
thesis allow to foretell stations where both these types of secondary sources are
used in systems integrating modules to produce R. idaeus wastes extracts and
modules for the dismantling and leaching of spent ACCs and/or PCBs, both
feeding materials to modules where the green Pd and/or green Au recovery
processes are applied. In figure Figure 7.2, a diagram representing a possible
station of such type is presented.
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Figure 7.2. Suggested process for the green Pd and Au recovery from the spent ACCs and/or PCBs leachates using R.
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