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The increased development of green low-carbon energy

technologies that require platinum group metals (PGMs) and

rare earth elements (REEs), together with the geopolitical

challenges to sourcing these metals, has spawned major

governmental and industrial efforts to rectify current supply

insecurities. As a result of the increasing critical importance of

PGMs and REEs, environmentally sustainable approaches to

recover these metals from primary ores and secondary streams

are needed. In this review, we define the sources and waste

streams from which PGMs and REEs can potentially be

sustainably recovered using microorganisms, and discuss the

metal–microbe interactions most likely to form the basis of

different environmentally friendly recovery processes. Finally,

we highlight the research needed to address challenges to

applying the necessary microbiology for metal recovery given

the physical and chemical complexities of specific streams.
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Introduction
Biometallurgy is a term used to describe biotechnological

processes that involve interactions between microorgan-

isms and metals or metal-bearing minerals [1]. Biomining

and bioremediation have been the two most studied
www.sciencedirect.com 
branches in the biometallurgical field, and are employed

worldwide at large scales. Biomining (or bioleaching) facil-

itates the extraction and recovery of metals from ores and

waste materials [2] while bioremediation focuses on the

removal or immobilization of hazardous contaminants such

as radionuclides and heavy metals from contaminated sites

[3]. However, biometallurgy has the potential to make

novel contributions to a sustainable world that should

rapidly eclipse current biomining and bioremediation

applications. Indeed, worldwide changes in metal cycling

have opened up a plethora of opportunities and challenges

for biometallurgical technologies. More specifically, the

central roles critical metals play in the emergent technolo-

gies needed to transition to, for example, a low carbon

energy system, which is already driving expansions in

secondary and urban mining, will only amplify demand

to develop novel biometallurgy-based technologies to ex-

tract, separate, purify and recover critical metals [1]. There-

fore, this overview focuses on metals whose supply has

been deemed critical, reviewing possible sources and waste

streams from which they can be recovered using micro-

organisms, the most promising microbe–metal interac-

tions, and potential new biotechnologies on the horizon.

Selection of critical metals
Europe and the US are increasingly confronted with

potential shortages of critical raw materials, that is, mate-

rials for which the risk of supply shortage resulting in

adverse impacts on the economy are high. The European

Union defined a list of 20 critical raw materials that

includes bulk metals, industrial minerals, platinum group

metals (PGMs) and rare earth elements (REEs) [4]. One

of the most powerful forces influencing their economic

importance is the growing demand for these materials by

emerging low-carbon energy technologies. In a similar

review conducted by the US Department of Energy, five

REEs (dysprosium, terbium, europium, neodymium and

yttrium) were identified to be critical to the development

of ‘clean’ emerging energy technologies [5]. These gov-

ernment reports along with further analyses [6�,7]

highlighted the inevitable need for metallurgical research

to develop efficient methods to recover these critical

materials, with specific focus on PGMs and REEs. The

criticality of these materials is pushing society to expand

capacity to mine and extract these materials from primary

ores and concentrates as well as to optimize recovery and

recycle from residues and scrap from preconsumer pro-

ducts, end of life consumer goods, and landfilled waste

streams [6�,7]. We envision biotechnologies playing an

important role in all of these activities.
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The potential for biomining PGMs and REEs
Biomining of primary ores has mainly been practiced for

copper, nickel and gold using bio-heap leaching or bio-

oxidation in stirred tank bioreactors which are technolo-

gies that have been described in details [2]. The microbial

processes that power current industrial biomining are the

autotrophic utilization of sulfide and ferrous iron minerals

[8]. The application of autotrophic biomining for PGMs

and REEs, however, must overcome a number of chal-

lenges related to their source materials. REEs are typi-

cally mined as carbonates (bastnäsite) or phosphates

(monazite and xentotime) from igneous and alkaline

rocks, or as ions absorbed on clay minerals. To our

knowledge, DNI Metals in Alberta Canada operates

the only REE bio-heap leaching project. It seemed that

DNI relies on the high content of polymetallic sulfides in

the Buckton shale deposits to recover economically viable

quantities of Sc, which occurs in a ‘metalized zone’ of the

shale at �5 g ton�1. In contrast to REEs, PGMs are

generally mined from Ni or Cu deposits with Pt, Pd

and Rh concentrations at 1–10 g ton�1 [9]. Most of these

deposits are sulfide minerals, and Ni and Cu have been

successfully biomined at full scale via heap leaching

technologies. The PGM sulfides, however, are more

stable than the base metal sulfides, and are therefore

more difficult to oxidize [10]. For example, bioleaching of

flotation concentrate from the Stillwater Complex, which

contained pentlandite ((Fe,Ni)9S8), released Ni, but Pd as

PdS, and other PGMs required further chemical leaching

such as pressurized cyanidation [10]. Concentrates that

had not undergone biological treatment, released none or

very little PGMs, perhaps suggesting a role for bioleach-

ing of PGMs if the process could be improved.

Besides proton-induced disassociation of metallic ores,

metals can also be liberated from solid materials by

ligand-induced solubilization. The broad diversity of

solubilizing heterotrophic microorganisms, including

yeasts, fungi and bacteria have been extensively de-

scribed as well as the ligands they produce which are

mainly organic acids such as citric, oxalic and gluconic

acids [11,12,13�]. To our knowledge, no industrial pro-

cesses using heterotrophic microorganisms have been

demonstrated. The probable reason for this is the contin-

uous requirement for significant quantities of carbon and

energy sources in the lixiviant (i.e. leaching solution) to

support the growth and activity of the leaching micro-

organisms. This is in contrast with the autotrophic leach-

ing which requires only small amounts of a few

inexpensive inorganic nutrients. Although limited re-

search has been performed on heterotrophic extraction

of PGMs or REEs from primary ores using organic li-

gands, we believe that the high value of the product can

justify the additional cost of heterotrophic bioleaching.

This idea has been partially demonstrated by the Bio-

HeapTM technology from Western Areas Ltd. that uses

exogenous cultures acclimated to hypersaline and high
Current Opinion in Biotechnology 2015, 33:327–335 
temperature environments to conduct more effective

bioleaching processes. It is not hard to imagine that

similar technologies using heterotrophic microorganisms

can be adopted to mine PGMs and REEs. By combining

with other advantages from biometallurgy, such as cutting

out froth flotation or ultrafine grinding steps with envi-

ronmental advantages such as low carbon footprint, ab-

sence of noxious gases (sulfides, As) production and on-

site treatment, biomining can make an interesting eco-

nomic case under growing stringent regulations. It is

envisioned that increased efforts in research can progress

biomining of PGMs and REEs from primary ores signifi-

cantly.

From biomining to biorecovery
A recent comprehensive review defined three major

waste streams that present opportunities for effective

metal recovery: (1) preconsumer manufacturing scrap/

residues; (2) recycling (urban mining) of end-of-life pro-

ducts; and (3) landfill mining of urban and industrial waste

residues [6�]. The first two waste streams have been the

primary focus of both industrial attention and academic

research targets because these waste streams are often

found to have high contents of REEs and PGMs. Perma-

nent magnets, nickel metal hybrid batteries, lamp phos-

phors, spent car catalysts and electric and electronic waste

are the most interesting sources within the first two waste

streams due to their high metals content and physical

consistencies within each category. Consequently, more

energy intensive pyrometallurgical techniques or chemi-

cal-intensive hydrometallurgical techniques can be used

for high efficient metals recovery from these wastes and

biometallurgical techniques seem to have very little

utility for them currently. On the other hand, although

urban and industrial waste residues contain much lower

critical metal concentrations, their volumes can be enor-

mous. Examples include, but are not limited to, bauxite

mine residues, phosphogypsum, incinerator ash, metal-

lurgy slags, acid mine drainage, and industrial and mu-

nicipal wastewaters. Biometallurgical technologies are

most likely to find their niches in recovering critical

metals from these waste residues.

Liquid waste streams

Many wastewaters are currently being considered as

energy or nutrient sources, and thus the research para-

digm has shifted from simply organic and nutrient remov-

al to resource recovery [14]. In contrast, metal recovery

from wastewaters has hardly been considered. Waste-

waters have not commonly been characterized for their

PGM and REE content. This can be attributed to the fact

that utilities and industries primarily focus on the metals

included in environmental quality standards imposed by

environmental legislation when monitoring the quality of

their wastewaters. The few full-scale biotechnologies

applied to waste streams from mining or metal refining

industries today were primarily developed to remove
www.sciencedirect.com
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toxic elements in order to comply with regulations (e.g.

ABMetTM by General Electric; THIOTEQTM by Paques

technology).

Preliminary data and the scientific literature indicate that a

large number of high volume waste streams can contain

sufficient PGMs and REEs to warrant recovery from both

an economic and an environmentally beneficial viewpoint

[15]. For example, municipal wastewater has long been

recognized as a source of PGMs, which comes from road

dust present in stormwater run-off [16]. Deterioration of

catalytic converters due to thermal and mechanical strain

and to acid fume components leads to the emission of

particles containing Pt and Pd at mg kg�1 concentrations.

In addition, wastewaters from hospitals and dental clinics

contain significant amounts of PGMs as well. For example,

Pt can occur in hospital wastewater from administration of

the anticancer drugs cisplatin and carboplatin [17–19].

Concentrations have been reported to range between

10–100 ng L�1 and 75 mg L�1 in the effluent of treatment

plants receiving wastewater from hospitals and might occur

in mg L�1 ranges in the urine of cancer patients [18,19]. In

addition, these effluents contain low concentrations of Gd

(up to 100 mg L�1) that is used in contrast media for

magnetic resonance imaging [20,21]. On the basis of

typical numbers of wastewater produced by hospitals

(500 m3 d�1), and using the reported concentrations and

the current metal prices (52 129$ kg�1 for Pt and 55$ kg�1

for Gd), low recovery values of 2$ d�1 Pt and 0.2$ d�1 Gd

can be calculated. Although this example shows that the

recovery would only be beneficial from an environmental

point of view, recent studies have shown that metal recov-

ery from wastewater treatment plant sludges could be

economically favorable due to the accumulation of multi-

ple metals over time in the sludge [22].

Other potential sources for both PGMs and REEs include

wastewaters from industrial activities in the pharmaceuti-

cal, fine chemical, electrochemical and glass sectors, from

acid mine drainage and from extraction and separation

processes in metal refineries. Water from geothermal

resources has also been recognized as a potential source

of PGM and REE metals [23]. During geothermal energy

production, large volumes of brine are typically extracted

from depth and discharged after cooling. During the ex-

tended time the water percolates through and is heated by

crustal rocks, significant amounts of metals and minerals

dissolve into the geothermal fluids. While the most abun-

dant metals in these fluids are the alkali earth metals (e.g.

Na+, Mg2+), geothermal fluids are a potential source of

PGM and REE metals, including Pt, Pd, Nd, and Eu [24].

The geothermal fluids of the Salton Sea, one of most metal-

rich water-bodies worldwide, contains �225 mg L�1 Nd

and �300 mg L�1 Eu [25]. On the basis of the current

metal prices, these fluids have a value of 0.2$ L�1 which is

significant given the massive volumes present. Historical-

ly, the high metal content of these brines posed a liability of
www.sciencedirect.com 
geothermal power plants, as it has led to scaling [26].

Consequently, recovery of PMG and REE metals offers

a means of improving the economic viability of geothermal

energy. The central challenges posed by geothermal fluids

are the need to withstand high temperatures (�70–1508C),

the �100–1000 times greater concentration of low-value

metals over desired metals, and the presence of multiple

REEs or PGMs.

Metals recovery from many of these fluids is complicated

since the concentrations are dilute and a high specificity

would be required to extract them from these aqueous

streams. Similar to the nutrient recovery practices in

wastewater treatment, research needs to focus on source

collection of particular streams such as cancer patients’

urine. Examples from the chemical industry include the

recovery of Pd used as a homogenous catalyst in the

manufacturing of acetaldehyde via the Wacker process,

and the recovery of Pt from effluents containing hexahy-

droxy platinic acid from the production of autocatalyst

washcoats.

Although researchers so far have mainly focused on PGM

recovery from synthetic wastewaters using whole cells or

products of microorganisms [15,27], a few studies have

used real wastewater. Two studies reported the Pd re-

covery from metal refining [28] and catalytic converter

production [29] waste streams by reductive precipitation

on Desulfovibrio and Cupriavidus strains. Owing to the

higher concentrations of metals in these waste streams

compared to hospital or municipal wastewaters, it

becomes economically more interesting to recover these

(metal values of 25$ L�1 and 5$ L�1 for the refining and

converter study, respectively), even though the produced

volumes are reasonably low. Ngwenya et al. demonstrated

the uptake and reductive precipitation of Rh from a

wastewater (PGM producer Anglo American Platinum)

by a sulfate-reducing consortium and their extracted

enzymes [30]. Finally, Ru recovery from a plating indus-

try wastewater was described using selective adsorption

on Rhodopseudomonas strains [31]. All of these streams

contained high salt concentrations (40–300 g L�1) and a

range of bacteriostatic metals such as Cu. Moreover, the

solutions were highly acidic (pH < 2) and the metal

speciation was undefined. Therefore, the solutions were

diluted or treated to lower the salt concentrations and

increase the pH before the bioprocess. The complexity of

the solutions might be the reason why most of the

research in PGM/REE–microbe interactions has not

yet made it into the field. It is clear that many research

challenges remain in this area and that, once solved, a big

improvement for PGM and REE biorecovery can be

created (Figure 1).

Solid resource streams

As mentioned earlier, the biggest challenge related

to solid waste residues is the effective liberation and
Current Opinion in Biotechnology 2015, 33:327–335
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Schematic overview of the sources and waste streams from which PGMs and REEs can potentially be recovered using microorganisms, and of

the research needed to address challenges to applying the necessary microbiology given the physical and chemical complexities of certain

streams.
separation of the valuable metals from the dominant

minerals in these streams. Although pyrometallurgy or

hydrometallurgy is currently more favorable than biome-

tallurgy, active research efforts have been devoted into

this area. Comparable to autotrophic bioleaching, direct

heterotrophic leaching or chemical leaching in conjunc-

tion with biological recovery processes could be feasible

routes. The latter has been successfully demonstrated for

PGM recovery from pretreated end-of-life products

[29,32,33]. In these studies, spent automotive catalysts

and electronic scrap was shredded and ground into fine

particles, then metals were extracted using strong mineral

acids. The metal-containing leachates were often not very

biocompatible given the low pH and high concentrations

of toxic metals. Therefore, a dilution step or pH correc-

tion was required or direct contact between living bio-

mass was avoided by using off gases of bacterial
Current Opinion in Biotechnology 2015, 33:327–335 
fermentation or premetallization of the biomass in order

to obtain autocatalytic reduction of the PGMs [32]. The

most remarkable result of this study was the selective and

stepwise recovery of the Pd, Pt and Cu, and Au with

almost complete recovery of each metal. The ability of a

biometallurgy process to discriminate between PGMs

represents a major advantage over traditional chemical

recovery methods.

Heterotrophic leaching of PGMs and REEs from waste

residues has been described to a lesser extent, even

though this technology is more environmentally benign

compared to mineral acids extraction processes. Citric

acid seems to have the greatest potential given its dem-

onstrated efficiency in extraction of heavy metals from

many sources, including fly ash generated from municipal

waste incineration, electronic scrap, and activated sludge
www.sciencedirect.com
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[13�,34,35]. Citric acid, which is largely produced by

fungal fermentation processes, contains three carboxylic

groups and one hydroxyl group that have been shown to

form stable chelates with trivalent REEs [36]. REE

recovery using citric acid was recently demonstrated

using red mud or bauxite residues, the noxious by-prod-

uct of the Bayer process for extracting aluminum from

bauxite ore [37�,38]. Filamentous fungi, identified as

Penicillum tricolor strains were reported to produce citric

acid and oxalic acid when provided glucose as carbon and

energy source. Compared to using spent medium, live

culture conditions are more interesting and challenging

since the continuous acid production might compensate

for the pH increase caused by the consumption of protons

by iron oxides in the red mud, thus a constant low pH can

be maintained to facilitate REEs extraction. On the other

hand, excess metal ions might be toxic to the microor-

ganism. It is important to note that oxalic acid is not an

ideal lixiviant since it is known to form insoluble com-

plexes with REEs [39], which would not be easily sepa-

rated from red mud particles for downstream processes.

From this point of view, it is important to steer the

fermentation to citric acid. Further research on the effi-

cacy in REE leaching using other organic acids, such as

gluconic acid, itaconic acid or acetic acid is required. In

addition, oxalic acid might be an effective way of selec-

tively precipitating REEs from industrial aqueous waste

streams from hydrometallurgical processes [40].

In addition to organic acids, another interesting micro-

bial process for metal leaching is the use of cyanogenic

cultures. This process for Au leaching has been demon-

strated by using cyanide lixiviants microbially produced

from glycine [41,42]. Until recently, the cyanide con-

centrations were considered too low for industrial up-

scaling but metabolically engineered Chromobacterium
violaceum strains doubled the cyanide production, which

nearly doubled the Au recovery from electronics waste

[43��]. Similarly, it is reasonable to hypothesize that

PGM recovery could also use cyanide based lixiviants

(REEs are not solubilized with cyanide), but with ele-

vated pressure and temperature to speed up the process.

This process, however, would be achieved by using

extremophiles or a two-step system that separates cya-

nide production from high pressure and temperature

leaching.

Microbe–metal interactions
Naturally occurring microbes can sorb a variety of PGMs,

REEs and heavy metals, including Pt, Fe, Ni, Cu, Zn, Pb,

Cu, Pd, Ag, Cd, Pt, Au, and Hg, with binding capacities

typically on the order of 10�5–10�3 mol metal g�1 (dry

wt) microbe (e.g. [44–46]). Thus, on a dry weight basis,

the metal binding capacities of microbes compare favor-

ably to the binding capacities of commercial ion exchan-

gers. Biosorption of metals to microbes can involve a

variety of processes, including absorption, ion exchange,
www.sciencedirect.com 
complexation, and precipitation [45,46]. These processes

are critically regulated by the chemical groups displayed

on the extracellular surfaces of microbial cells, such as

carboxyl, phosphoryl, hydroxyl, carbonyl, and thiol

moities.

A limited number of studies of metabolically inactive

microbes have demonstrated that sorption of metals onto

microbes can be adequately predicted by thermodynamic

surface complexation models [47,48]. In this type of

model, the net equilibrium binding constant of a metal

sorbed to a microbe surface is treated as a series of

association reactions between the metal and surface-

bound carboxylate, phosphoryl, and hydroxyl groups,

each with a single equilibrium binding constant, pKa,

and site density characteristic [48]. Variations among

different microbial species within a given biome are then

represented by different individual binding characteristic

[49]. While this is clearly a simplification of the actual

complexity of the microbial surface, this modeling ap-

proach has been shown to accurately predict uptake

variations for a range of metal cations, including the

REE Nd, as a function of both pH and binding constant

[50].

Besides sorption on biomass, the reduction of PGM salts

into metallic precipitates has been described extensively

[27]. This process is thermodynamically unfavorable for

REEs and typically their oxidation state remains unaf-

fected in environmental conditions. Some studies attrib-

uted the facile microbial reduction of PGMs to the

activity of cytochromes and hydrogenases [51,52]. The

latter were shown to predominate in species with a

versatile respiratory electron transport chain system such

as Shewanella and Desulfovibrio [53–55]. Other authors

showed that cell surface functional groups such as amines

and carylic acids can capture Pd(II), after which chemical

reduction can occur [56]. Metallophilic bacteria harbor

numerous metal resistance gene clusters, enabling cell

detoxification via a number of mechanisms such as com-

plexation, efflux, or reductive precipitation [57]. There-

fore, the resistance and PGM recovery mechanism might

differ among different strains, and combinations of PGM

responses are plausible. This highlights the need for more

extensive use of high throughput molecular techniques,

such as proteomics, (meta-) genomics, transcriptomics

and metabolomics in this field.

Application of these molecular microbial tools greatly

increased information about the composition of and inter-

actions within microbial cultures in bio-mines and acid

mine drainage [58–60]. Reith et al. used microarrays to

demonstrate that Au detoxification by Cupriavidus metal-
lidurans was mediated by a combination of efflux, reduc-

tion and possible methylation of Au complexes [57].

These authors suggested that PGMs could have similar

responses given their similar geochemical properties.
Current Opinion in Biotechnology 2015, 33:327–335
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Another recent study used a combination of density-

based centrifugation, gel electrophoresis and mass spec-

troscopy to identify the high affinity proteins associated

with Se precipitates, formed after reduction by Sulfuros-
pirillum barnesii [61]. A similar process could be envi-

sioned to determine the enzymes involved in PGM

recovery. Hosseinkhani et al. sequenced indigenous mi-

crobial communities sampled from metal contaminated

marine sediments and showed that high salt tolerant,

culturable species such as Halomonas and Vibrio were

able to reduce Pd in salt waters [62]. Potentially, these

bacteria could be used for recovery of PGMs from metal

refining or fine chemical industry waste streams that are

often characterized by high salt and low pH conditions.

REE interaction with biogenic phosphates and specific

transporter uptake are two recently described processes

with potential for REE recovery from aqueous waste

streams. Firstly, the sorption on, encapsulation into bio-

genic phosphate nanominerals and formation of REE-

phosphates were demonstrated using biofilms of Serratia
strains [63,64��]. The formation of biogenic Ce phos-

phates was also shown to occur on the Mn-oxidizing

bacteria Leptothrix and Pseudomonas [65]. Secondly, a

recent discovery of an extremophile, acidophilic metha-

notrophic Methylacidiphilum fumariolicum SolV revealed

that the function of a methanol dehydrogenase (MDH)

in this bacterium strictly depends on the presence of

REEs [66��]. Analysis of the protein structure and align-

ment of amino acids sequences demonstrated that REE-

binding motifs in this particular MDH are also present in

other xoxF-type MDH enzymes, strongly suggesting that

many MDHs are actually lanthanide-dependent. The

crucial question is whether M. fumariolicum uses a trans-

porter to actively concentrate REEs from its environment

into its cell in order to ensure its MDH has sufficient

supply of REEs. Presumably, by strategically modifying

the protein structure, such as the amino acid residues of

the binding sites in a binding protein from the transporter,

both the specificity and binding efficiency of the protein

towards its substrate could be improved [67�,68]. Thus,

one could potentially artificially evolve binding proteins

in a REE-specific transporter to only recognize one par-

ticular REE so that the bacterium with the improved

transporter could concentrate this REE in its cell. These

approaches to optimizing microbial metal-recovery pro-

cesses should be especially useful for developing meth-

ods to recover REEs from diluted aqueous waste streams.

Implications of extreme conditions for
biometallurgy
The efficacy of biometallurgical recovery from liquid

waste streams will largely depend on the matrix compo-

sition and chemical speciation of the targeted metal in the

waste. The most attractive liquid waste streams often

have extreme pH, high total dissolved solids and ionic
Current Opinion in Biotechnology 2015, 33:327–335 
strength, and can contain organics, solvents and undesired

toxic metals.

PGM recovery methods are usually developed at the

bench scale using idealized aqueous waste streams in

which the targeted metal is present as a ‘free’ solvated

ion. PGMs in waste streams, however, are anything but

‘free’, and instead occur as a trace component of nano-

sized or micro-sized colloids, polymers, complexes with

inorganic and organic ligands, or sorbed on suspended

material in the waste. In general, a metal’s chemical

speciation will be an important determinant of their

reduction potential and uptake efficiency.

For example, Pt within the anticancer drugs cisplatin and

carboplatin has been shown to undergo complex specia-

tion changes in certain hospital wastewaters occurring

both as a component of the original drug and as the

anionic complexes [PtCl4]2� and [PtCl6]2� [17]. As a

second example, the effect of Pd speciation on Pd reduc-

tion potential was recently studied using Geobacter species

[69,70��]. These studies showed how even seemingly

simple waste stream properties such as solution pH

and Pd concentration significantly affects chemical spe-

ciation, and as a result determines electrostatic interac-

tions, ligand substitution and Pd reductions [69,70��].
Surface complexation models and speciation-based kinet-

ic rate laws for enzymatic reduction, as developed for

other elements such as U, should be developed for PGMs

in order to design and optimize biometallurgical recovery

methods [71��].

The effects of essential biological parameters (e.g. pH,

ionic strength and temperature) on PGM and REE re-

covery can result from the competition between ions,

changes in the activity of PGMs/REEs and/or microbial

functional groups, or changes to the electrical double

layer at the microbe-water interface. For example, the

observed reduction in heavy metal uptake on Gram

negative bacteria with increasing ionic strength has been

attributed to changes in the activity of metal cations [72].

Although the effects of temperature on metal sorption on

bacterial surfaces have not been extensively studied, the

limited number of studies do point to potential challenges

in applying microbial methods to recover metals from

waste streams at elevated temperatures. Ginn and Fein

showed that while Cd and Pb uptake onto Bacillus subtilis
and Pseudomonas mendocina bacterial surfaces was not

significantly affected as the temperature was increased

between ambient and 808C, the distribution of Pb and

Pb-hydroxy species on the bacterial surface and in solu-

tion did depend on temperature [73]. As a second exam-

ple, in chloride-dominated industrial and geothermal

fluids, increased stability of metal chloride complexes

is the norm at higher temperatures [74], and hence, the

current approach of extrapolating metal binding constants

measured at ambient temperatures and low chloride
www.sciencedirect.com
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concentrations to elevated process temperatures will re-

sult in overestimates of binding. The current body of

research indicates that speciation changes would need to

be explicitly accounted for in order to properly model

recovery processes.

Conclusions
PGMs and REEs will only become more important given

their increasing use in green technologies and their sup-

ply volatility. Closing the consumer cycle by recovering

these metals from dilute and complex waste streams will

become increasingly economically viable. In addition,

increasingly stringent environmental regulations and con-

straints will drive demand for new methods to recycle and

recover PGMs and REEs from waste streams, providing

an ideal niche for biometallurgy. The advantages of

microbial processes include specificity, energetics, and

minimal creation of new waste. Current microbial pro-

cesses face challenges associated with complex waste

streams, toxicity and competing side reactions. Future

biometallurgical research should take advantage of novel

microbial and material characterization approaches to

obtain a holistic understanding of microbial–metal inter-

actions in order to develop effective bioprocesses to

separate, recover and recycle critical metals.
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