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Modern technology relies on an undisrupted supply of metals, yet many
metals have limited geological deposits. Recovering metals from wastewater

and brine could augment metal stocks, but there is little guidance on which
metals to prioritize for recovery or on the techno-economic viability of
extraction processes. Here we critically assess the potential for recovering
metals from wastewater and brine. We first look at which metals are critical
for recovery on the basis of their supply risks and the impacts of those
supply restrictions. We then assess the feasibility of recovering these metals
from various water sources by estimating the required operational costs

to match market prices. Next we discuss the limitations of established
separation technologies that may inhibit the practicality and scalability

of metal recovery from water. We conclude by highlighting materials

and processes that could serve as more sustainable alternatives to metal
recovery with further research and development.

Modern technology relies on the present and future availability of
elementsacrossthe periodic table, especially metals and metalloids'.
The unique properties of each element impart distinct functionality
to materials that allow them to perform effectively in a given tech-
nological application®. For example, the path to global decarboniza-
tionis contingent on sustainably sourced lithium, nickel and cobalt to
manufacture lithium-ion batteries with high energy density, as well as
platinum to produce polymer electrolyte fuel cells with high catalytic
performance. The perpetual supply of these critical metals and metal-
loids, however, is not guaranteed as supplies decrease and ore grades
declinein the future®*.

Acircular resource economy withroutinerecycling could increase
the long-term supply of metals and metalloids, which we collectively
refer to as ‘metals’ for convenience’. Some common metals are already
recycled at rates near or exceeding 50% (for example, copper and
lead), but are nevertheless projected to have supply deficits by 2050
(ref. ®). Specialty metals (such as rare-earth elements) largely can-
not be recycled because they are used in small quantities in prod-
ucts with complex elemental compositions, such as computer chips,
optoelectronic devices and high-strength magnets®’. Innovative
recycling methods and improved reuse rates will be critical to meet

rising demand for both common and specialty metals over the next
few decades®’.

Municipal and industrial wastewaters are increasingly regarded as
potentially viable sources for recycling valuable elements®. Apart from
augmenting metal supply, the valorization of ‘waste’ metals from these
waters would potentially offset wastewater treatment costs. Naturally
occurringbrines, such as seawater, salt lakes and geothermal aquifers
are even larger repositories of valuable metals, with some material
stocks surpassing their availabilities on land’. A few metals are com-
mercially extracted from these sources, including lithium from shallow
brinebeneath drylakes and magnesium fromseawater'®, typically using
one or more chemically intensive precipitation steps.

The prospect of extracting other valuable commodities has led
toextensive research to develop chemical-free highly selective meth-
ods to recover dilute target metals from complex water matrices™".
Thereis no consensus, however, about whichmetals and water sources
should be the focus of recovery efforts, nor is there much guidance
about the techno-economic viability of metal recovery from these
water sources. Accordingly, a diverse collection of metals from various
water sources has been studied—ranging from lithium and uraniumin
seawater>" to mercury in groundwater"” and selenium in industrial
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Fig.1|Determination of which metals are critical for recovery from water.

a, Venn diagram showing the common critical metals designated by five
governing bodies (Australia, Canada, the European Union, Japan and the United
States). b, Scatter plot of the functional end-of-use recycling rate versus the
percentage of the global primary production where the metal was obtained as a
companion (data from ref.?). The supply of metals with higher companionality
isless influenced by changesin demand. The upper left quadrant shaded in

grey highlights elements with low recycling rates and high companionality as
high-priority elements for recovery. ¢, Scatter plot of the average market price in

Decreasing concentration (mg L)

the last reported year (typically 2021) versus metal concentrations in seawater.
Metals at lower concentrations typically require higher costs of separation

than metals at higher concentrations (the background shading highlights this
relationship). Metal concentrations in seawater were obtained from ref. > and
metal price values are based on 2022 US Geological Survey Mineral Commodity
Summaries”. Inb and ¢, the colours of the data points indicate the number of the
five governing bodies (listed above) designating the specified metal as critical;
the criticality frequency of 5 is also denoted with a distinct hexagon shape.

wastewater'®—using innovative separation methods with little consid-
eration for practical, large-scale feasibility.

Inthis Perspective we critically evaluate the prospects of scalable
metal recovery from wastewaters and brines. We first synthesize the
literature to provide broad guidance on which metals should be pri-
oritized for recovery and to assess the techno-economic viability of
separating these metal species from various water sources. We then
emphasize the barriers toimplementing conventional physicochemi-
cal separation methods for metal recovery at scale. We conclude by
highlighting two classes of emerging materials as potentially promising
options for developing metal recovery technologies.

Which metals are worthrecovering?
Most metalsinthe periodictable are present in wastewaters and brines
tosome degree, but only asubset of these metals may warrant extensive

research, development and investment to bring about commercial
realization. Inrecent years, some metals have been designated as ‘criti-
cal’ elements by the European Union and other countries (Australia,
Canada, Japan and the United States)” . These governing bodies based
their assessments primarily on supply risk and the impact of supply
restriction, although each governing body employed sslightly different
methods and arrived at different conclusions.

InFig. 1a, we provide a Venn diagram showing the metals consid-
ered critical by all five governing bodies. Most elements classified in
thislistare not main group elements (thatis, groups I-1land XIII-XVIII
inthe periodic table), with the exception of lithium, magnesium, gal-
lium, germaniumand antimony—alisting that suggests that main group
elementsare generally less attractive targets for recovery. Beyond this
principle, criticality designations offer limited guidance in choosing
recovery targets from wastewater and brine, as the number of critical
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Fig. 2| Economic assessment of metal recovery from water. a,b, Contour plots
illustrating the maximum LCOWP that would allow economically viable recovery
of lithium (a) and gallium (b) at a specific concentration and market price. Each
contour represents the maximum LCOWP, which is an average cost that includes
capital, operating, and transportation costs. This analysis assumes 100% recovery,
conversion and purity of the salable metal, whichis most commonly lithium
carbonate (Li,CO;) and metallic gallium. The typical metal concentration ranges
associated with water sources of interest, including seawater, industrial wastewater,
oiland gas produced water and salt lakes, are indicated by coloured bars above
each graph. Concentration estimates from refs. >***>3*”7 The grey shaded region
indicates the range of end-of-year market prices over the past five years.

metals remains large. All metals have been designated as critical by
one or more government agencies exceptiron, silver,cadmium, gold,
mercury and lead, thereby rendering ‘criticality’ alabel with little dis-
criminatory value®.

Other characteristics of metals not comprehensively considered
by the criticality assessments help to narrow the number of targets
to some extent. Some metals have few or no viable mineral deposits
of their own and are generally recovered only as by-products of the
processing of their host metals; they are thus known as companions
and the degree to which each is recovered as a by-product is its com-

a mine, the availability of companion metals is only responsive to
changes in demand for the host metal’. These companion metals are
therefore particularly susceptible to supply restrictions and may be
worthy targets to investigate for harvesting from water.

Many companion metals are also used insmallamountsin products
with complex elemental compositions. This design approach presents
separation challenges to functional recycling. Functional recycling
referstotherecovery of ametal withitsinherent propertiesintact, which
allows the metal to be employed many times, rather than recycling the
metal with other elements where those properties are lost?’. The low
functional recycling rate of many companion metals suggests they are
often used only asingle time and are then lost or discarded.

Metals with high companionality and low functional end-of-use
recyclingrates, which arelocated in the top-left quadrant of the plotin
Fig.1b, may be good candidates thatjustify extensive recovery efforts
from wastewaters and brines. These metals have a particularly high
risk for supply shortages because they are less responsive to demand
and unlikely to be functionally recycled from discarded products.
We specifically highlight the metals within the top-left quadrant that
are also considered critical by all five governing bodies (shown as red
hexagons) as ideal targets, such as gallium, germanium, ruthenium,
neodymium, terbium and dysprosium (Fig. 1b).

Along with these select elements, particular attention may be
given to scarce metals for which land mining and processing have
considerable emissions of carbon dioxide per unit of material, in effort
toreduce climate change impacts. The global warming potentials for
most of the elements used in modern technology are available, and
those with the highest global warming potentials are (in rank order)
rhodium, gold, platinum, iridium, osmium, palladium, ruthenium
and rhenium?. Similarly, a few metals are particularly important for
the expansion of non-fossil-fuel energy technologies: lithium, cobalt
and nickelfor batteries and cadmium, tellurium, praseodymium, neo-
dymium, terbium and dysprosium for solar and wind power.

Giventhat theinvestigation of recovery efforts from wastewaters
and brines seems to be justified for many metals, it is sensible to pri-
oritize elements that are the most technologically and economically
viable for recovery. The processing difficulty or recoverability of a
metal fromafeed stream canbe approximated from the concentration
ofthatmetal, as originally proposed by T. K. Sherwood in1959 for virgin
orefeedstreams”. More specifically, metals at lower concentrations are
typically more challenging to recover and have higher costs of separa-
tion, whichisreflectedin the higher market prices of those minerals. We
also observe this (albeit modest) relationship between metal seawater
concentrations and market prices (Fig. 1c). Metal concentrations in
seawater, like those in ore, depend on their abundance in Earth’s crust®,
which explains this relationship when market prices are largely deter-
mined by land mining. The scarcest metals onland (for example, those
designated as critical by all five governing bodies and shown as red
hexagonsinFig.1c) are thus typically most dilute in naturally occurring
water sources such as seawater. Industrial waste streams, on the other
hand, may provide higher concentrations of metals than those in the
natural environment. In the following section, we further analyse the
techno-economic viability of recovering critical metals from seawater,
as well as from more highly concentrated sources.

Economic viability of metal recovery

The economic viability of recovering a specific metal fromawater source
canbe estimated by comparing the metal market price to the total cost
of its recovery. To be economically viable, the metal market price (P,,)
mustbe greater than or equal to the cost of processing a unit volume of
water, or the levelized cost of water processing per unit volume of water
(LCOWP), divided by the given metal concentration (C,,) according to:

panionality (Fig. 1b; ref.”). As companion metals from ores seldom P, > LCowp 1)
generate more than a small fraction of the total financial return of Cm
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Note that this analysis assumes 100% recovery, conversion and
purity of the salable commodity. Although complete recovery and
perfect purity are likely to be impractical, we use this conservative
assumption to calculate an absolute maximum LCOWP that would be
economically acceptable for recovering ametal at aspecified concen-
tration and market price.

Given that the list of attractive metals for recovery is extensive,
we can determine the LCOWP for the recovery of lithium and gallium
asrepresentatives of broader classes of critical metals: abundant and
scarce metals. Lithium represents abundant metals that have rela-
tively high concentrations in natural waters, low market prices, and
widespread use. Lithium, for example, is essential for manufacturing
the lithium-ion batteries used in electronics and electric vehicles”,
and its relative abundance has brought interest in recovering lithium
from seawater”®. Gallium, in contrast, represents scarce metals which
typically have lower concentrations in natural waters and are used in
smaller quantities for specialized applications (for example, opto-
electronic devices”).

Using equation (1), we estimate that lithium recovery is only
economically viable at present if the LCOWP approaches around
US$0.01 m™ for seawater and US$0.10 m™ for industrial wastewa-
ters with less than 1 mg 17 (refs. 2°°°) (Fig. 2a). If, however, lithium is
recovered from more highly concentrated waters such as oil and gas
produced water or lithium-rich brines (for example, 50-1,000 mg17%;
refs. *?), the LCOWP could be in the range of US$5-100 m™ for the
process to be profitable. For comparison, direct lithium extraction
from the Salton Sea in California, United States, which has a lithium
concentration of about 200 mg I, has been estimated to cost on the
order of US$4 m™ of brine using lithium-selective sorbents®.

For gallium, which is much less abundant than lithium, recovery
from seawater is only economically viable if the LCOWP approaches
US$1075 m (Fig. 2b). This LCOWP is far below a reasonably attainable
value, and the LCOWP would be even lower if the gallium recovery was
less than100%. Instead, gallium could be potentially recovered profit-
ably frommore highly concentrated industrial wastewaters (1-25 mg 1,
refs. >***) with LCOWP on the order of US$1-10 m ™. Altogether, these
conservative estimates for lithium and gallium suggest that highly
concentrated sources—such as oil and gas produced water, salt lakes
and some industrial wastewaters—are potentially viable sources to
target withemerging technologies, whereas economically recovering
metals fromsources containing less than 25 mg I (for example, seawa-
ter) isaformidable and unpromising challenge. Further research that
determines reasonable LCOWP ranges for various technologies and
water sources could offer more precise guidance on which metals are
economically worth recovering.

Another consideration in determining the viability of large-scale
metal recovery is the amount of water processed to harvest a mean-
ingful amount of metal. For instance, to replace all conventionally
sourced lithium that the United States consumes each year”” would
require processing approximately 12 billion m® of seawater, which is
aboutthree times the annual desalination capacity in the United States
(3.9 billion m>; ref. *°). For gallium an even greater extreme, about
500 billion m? of seawater, would need to be processed annually to
meet US consumption, or over 125 times the US desalination capacity.
Conveying this amount of water to a processing facility, not to men-
tion the processing itself, would be very energy intensive unless the
extraction technology was integrated into an existing process train.

Itis possible that smaller volumes of water would need to be pro-
cessed for industrial wastewaters, which can have higher concentra-
tions of atarget metal than natural sources. Nevertheless, the practical
feasibility of metal recovery fromindustrial wastewaters is more com-
plexand case dependent than natural sources because they are diverse
incomposition and difficult to process (Box 1). To recover metal from
these complex source waters will probably require an efficient process
train that incorporates pretreatment steps and one or more selective

BOX1

Identifying industrial
wastewaters for metal recovery

Although we refer to industrial wastewaters as a unified category,
industry produces wastewaters of different compositions. Previous
reports suggest that the effluent of a semiconductor fabrication
plant, for example, can reach up to around 35 mgl™ of gallium,
depending on the process and plant generating the waste®. Lithium
concentrations in wastewater effluents from battery manufacturing
and recycling facilities can rise to over 1gl™ and nearly 2gl™,
respectively®*®*. Other industrial facilities may generate very little
gallium or lithium waste. The viability of metal recovery from any
given wastewater is heavily dependent on its composition, so broad
conclusions should not be drawn for industrial wastewaters when
treating them as a monolithic group.

The recovery of a specific metal will necessitate the highly
concentrated wastewaters containing that element to be identified
and the recovery process to be tailored to the composition of
that wastewater. One source of highly concentrated wastewater
for many elements is waste residues from mining ore. Metals are
typically extracted from solid ore using acidic aqueous solutions
that then undergo extensive processing to recover a high-purity
metal®. After the metal is recovered, there are residual slurries
called tailings that contain high concentrations of dissolved metals
that leach from the ore but cannot be extracted. It may be feasible
to recover valuable metals from tailings with the development
of highly metal-selective technologies®®®’. The recovery of these
metals would maximize the extraction potential of the metal from
the mined ore, which would in turn reduce the need to locate and
mine new mineral deposits. More complete utilization of the mined
ore would also reduce the volume of mining tailings, which are
typically contained in environmentally hazardous ponds that can
contaminate nearby water supplies.

separation methods. Established separation technologies, however,
have limitations that may prevent effective and scalable recovery of a
range of metals from water, as discussed in the next section.

Separation mechanisms for metal recovery
Differencesin metal solubility, size, charge and reduction potential can
be exploited to separate target metals from wastewaters and brines.
Arguably the most widely used separation mechanism in industrial
metal recovery processes leverages solubility differences to selectively
separate metals. In chemical precipitation, for instance, a chemical
reagent (typically ahydroxide, sulfate or carbonate) isadded toafeed
stream to form a new, less soluble metallic salt that can be recovered
asaprecipitate, either in the reaction basin or a downstream clarifier
(Fig. 3a; ref. ). This separation relies on the concentrations of con-
stituent salts exceeding their solubility product. Alternatively, atarget
species can be selectively extracted using an alternative solvent (for
example, an organic solvent) in which the target species is more solu-
ble than the interfering species, known as solvent extraction (Fig. 3b;
ref. *®). Although chemical precipitation and solvent extraction are
effective technologies for recovering elements from water, solubility-
based separation methods also share disadvantages, such as excessive
chemical use and waste production.

Separating metals on the basis of their size and charge is another
recognized mechanism for metal recovery.Size, charge and their inter-
dependent properties (such as polarizability) determine whether a
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non-target metals, respectively. Under each separation mechanism, radar plots
qualitatively compare key metrics of metal recovery technologies (i, recovery;

i, customizability; iii, process continuity; iv, environmental friendliness; v,
technology affordability; vi, commercial maturity) onascale of 1to 5, where 1is
lowand 5is high. Thick coloured lines indicate best estimates and the error bars
reflect the variability for that technology and the uncertainty in the estimate. The
results are from the authors’ perspective and informed by a literature survey.

metal interacts with or diffuses through a material® and thus provide
selectivity inionexchange, adsorption and liquid membrane technolo-
gies.lonexchange and adsorption are similar processes by which target
metals are removed from solution via adsorption to a solid material
(Fig. 3¢; ref. *°). Both technologies are commercially mature, but they
require periodic regenerationtorelease the target metal from the mate-
rial, involving considerable energy or chemical demands. In contrast,
liquid membranes can be operated continuously without the need for
regeneration**?, Dissolved carriers within the membrane selectively
extract thetarget metal from the source water and then co-diffuse with
the metal to the other side of the membrane, where the metalisreleased
(Fig.3d; ref.**). This continuous operation presents an advantage over
otherrecoverytechniques, but the application of liquid membranesis
distinctively hampered by their poor stability, as carriers and solvent
gradually leach from the membrane®.

As an alternative, metals may be separated on the basis of their
reduction potentials viaelectrochemically reducing and depositing a
metal onto the surface of a cathode (Fig. 3e). In this process, which is
known as electrodeposition or electrowinning, an electric potential
is applied between electrodes so that metals migrate towards the
cathode, where they are reduced in accordance with their reduction
potentials**. After the deposited metal reaches a specified thickness,
the metal product is physically scraped off the flat-plate cathode. This
process is well established for some metals, such as copper and alu-
minium, butits applicability for recovering abroader range of metals
islimited. Metals with highly negative reduction potentials may require
high voltages (that is, high energy consumption) and co-deposition
of metals with greater (more positive) reduction potentials onto the
electrode will reduce product purity*.

Althoughmany of these technologies have been applied torecover
metals fromore leachate, wastewater or brine, they each present chal-
lenges that make them less likely to be sustainable solutions for recover-
ing arange of metals from wastewaters and brines at scale (Fig. 3a—e).

Precipitation, solvent extraction and ion exchange generally require
at least 1 mol of input chemical to produce 1 mol of recovered metal.
Toreplace traditional mining practices with these methods, chemical
requirements would at best equal the amount of target compounds,
and additional measures would be needed torecycle or dispose of those
chemicals. Potentially more environmentally friendly alternatives also
seem to beimpractical because they are unstable (liquid membranes)
or unsuitable for many metals (electrodeposition), despite decades of
research. In the following section, we discuss two emerging material
platforms that, with further development, may be more compatible
with large-scale, sustainable metal recovery.

Emerging materials for metal recovery
Carbonaceous and intercalation electrodes
Capacitive electrodes have demonstrated promise for overcoming
challenges with established metal separation methods, including
chemical demand and regenerability (Fig. 4a). Unlike typical charge-
transfer electrodes, capacitive electrodes primarily sustain a current
through the progressive storage of ions*. In capacitive electrode pro-
cessesapplied to metal recovery inaqueous systems, asmall electrical
potential (generally less than 1.4 V to avoid water splitting and mini-
mize energy consumption) is applied across a pair of electrodes. The
potential difference generates anelectric field that drives metalionsin
solution between the electrodes towards the oppositely charged elec-
trode, where they are immobilized. The build-up of charge at the elec-
trode-solutioninterface is balanced by the flow of electrons between
the electrodes, in turn convertingionic current to electrical current.
As the electrodes are charged, their finite capacitance is
approached over time, eventually requiring the regeneration of stor-
age sites for continued metal recovery. Following short-circuiting or
reversing the polarity of the electrodes (that s, discharging), theions
arereleased backinto the solution to create ametal-enriched stream®.
Thus, the charging step in a capacitive electrode process consists of
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b, A schematic of membrane-based metal recovery processes. In membrane
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the selective accumulation of metal ions in the electrodes, with the
generation of a metal-depleted effluent stream. When switched to
discharging, a separate recovery solution is introduced between the
electrodesintowhich the metalionsare released, generating areadily
harnessable metal-rich brine (Fig. 4a).

Capacitive electrode processes can broadly be categorized accord-
ing to the underlying mechanism of ion storage—either electrosorp-
tioninelectrical double layers (EDL) or intercalationinto a host lattice
(Fig. 4c; ref. *°). Electrical double layer storage processes typically
use highly porous carbon materials to maximize active surface area
and achieve appreciable adsorption capacity, with the majority of
electrosorption occurring within the micropores of the electrodes®.
Intercalation materials, in contrast, are lattice or layered structures
that facilitate the insertion of particularions, accompanied by aredox
transformation of either the host material or the intercalating species*®.
These two storage mechanisms vary in their ability to provide selectiv-
ity between metallic species, which is a critical property for effective
application of capacitive electrodes to metal recovery.

In EDL-based processes, selectivity between species is primarily
controlled by sieving, electrostatic effectsand interaction with surface
functional groups*~°. The structure of most porous carbon materials
primarily consists of molecular-scale micropores (<2 nm)*, which
resultsinsize-based selectivity between metals, asillustrated in Fig. 4c.
Pristine porous carbon materials have not demonstrated practically
relevant selectivity factors without modification*®, although con-
trolled tuning of electrode pore structure has proved to be an effective
approach for enhancing size-based selectivity. For example, ultrami-
croporous carbon aerogels, whichwere synthesized to predominantly
consist of narrow pores (<1 nm), have shown selectivity factors >15 for
nitrate over sulfate electrosorption®. Such an approach could also be
extended for theselective electrosorption of small metalions over larger
competing ions. Another method that has demonstrated a marked
improvementinelectrosorptionselectivity is surface functionalization
ofthe electrode, whereby the affinity of the targetion to the electrode
is strengthened. For instance, carbon aerogels were modified with
phosphate-containing groups, whichresulted in selectivity factors >50
for the electrosorption of uranium (vi) over competing metal species™.

Although selective electrosorption has successfully been dem-
onstrated, the application of this technique to metal recovery may
remain practically challenging. A major shortcoming of electrosorp-
tionistheshortlifespan of the carbonaceous electrodes. Specifically,
activated carbon electrodes typically show significant capacity loss
within hundreds of cycles, which severely limits the economic feasibil-
ity of EDL-based processes®***. It should also be noted that selective
electrosorption techniques have thus far culminated in relatively
modest selectivity values. Consequently, the specific energy consump-
tion (thatis, energy consumed per unit of metal recovered) is likely to
remain high, particularly when compared with much more selective
intercalation electrodes.

Selectivity in intercalation processes, in contrast to EDL-based
capacitors, is primarily governed by ion size and valency, where ions
that form the most thermodynamically stable host-guest complexes
have the highest propensity for insertion*®. In lattice structures, such as
Prussian blue analogues, the insertion of a cationis accompanied by the
reduction of alattice atom to maintain electroneutrality. Accordingly,
onlyionswithvalencesthatfacilitate aviable reductiontransformation
ofthe host material may be effectively intercalated™. Intercalation mate-
rialsarealsoinherently size selective, preferring to hostions of smaller
size than the interstitial site or van der Waals gap (in the case of two-
dimensional layered materials), while sieving out larger-sized ions**,

With the vast majority of work on intercalation processes moti-
vated by energy storage applications, materials thataccommodate the
intercalation of light alkali metals (that s, lithium, potassium, sodium)
are the most established*®*>*®, Several recent works have investigated
the use of intercalation electrodes for the recovery of lithium from

aqueous solutions in the presence of common competing species™**,

Selectivity factors >1,000 have been reported between lithium and
magnesium, which are metalions of nearly identical ionic size (Fig. 4d;
refs. *87%9), Intercalation electrodes have also been applied for lithium
to sodium separations—relevant for recovery from brines—and have
demonstrated impressive selectivity ratios of >10,000 in the highly
unfavourable conditions of seawater?, Similarly, a Berlin green battery
electrode has beenapplied to seawater for the recovery of potassium,
with reported potassium to sodium selectivity ratios >100 (ref. ').

Although intercalation materials exhibit exceptional selectivity,
their application to broader metal recovery is limited by poor long-
term stability (that is, capacity loss within less than 100 cycles) and
alack of diversity of host materials for non-alkali metal ions*°>°¢,
Furthermore, many intercalation materials show poor electrical con-
ductivity, limiting the recovery rates of metal ions and increasing the
energy consumption of the process®. The development of alternative
intercalation materials with high electronic and ionic conductivity,
selectivity and stability is therefore essential.

Synthetic membranes

Aswith capacitive electrodes, synthetic membrane technologies pro-
vide several key advantages over other separation methods, includ-
ing high energy efficiency, low chemical consumption, stability and
modularity. Membrane materials are generally designed to allow semi-
selective passage of one species with respect to another, where the
valuable product crosses the membraneintoa product stream and the
unwanted productisretained by the membrane (Fig. 4b). Transport of
the valuable target species for recovery can be driven by a concentra-
tion, pressure or electrical potential difference across the membrane.
Membrane technologies under these operating conditions are applied
in many industrial sectors (for example, water purification, chemical
production and medical applications®) and offer the potential to be
applied for continuous metal recovery from water.

Conventional membranes, which are typically polymeric, have a
porous structure in which the sizes of the pores control transport rates
through the material. Smaller ions can occupy alarger proportion of
the porous area of the material, which allows them to move through
the membrane more quickly thanlargerions. Differencesinion valency
alsoinvariably alter the membrane selectivity viaattractive or repulsive
interactions (for example, Donnan effects) with the functional groups
of the membrane®. Consequently, polymeric membranes have dem-
onstrated modest selectivity factors (<100) between nearly identically
sized ions of different valency, such as Li* and Mg*" (Fig. 4d; ref.*), but
little tono selectivity (-1) for ions of similar size and charge, such as Li*
and Na* (ref. ).

Substantial research efforts have been made recently to develop
membranes with selectivity between nearly identical metallic species,
primarily using differences in metal size (that is, molecular sieving)
or chemical affinity to the membrane (Fig. 4c). These mechanisms
are partly inspired by biological ion channels, such as potassiumion
channels, whichare known to have ultrahigh selectivity because of con-
stricted regions called selectivity filters that are lined with amino acid
residues®. In potassiumion channels, for instance, precise separation
is attributable to the size and chemistry of the selectivity filter, which
performs sieving and provides preferential binding for potassium®.
If synthetic membranes are to be developed with similar separation
mechanisms, it will probably require pore structure and chemistry tobe
fine-tuned at the molecular level, whichis challenging for conventional
polymeric materials'>®5,

Advanced materials, such as liquid crystal mesophases, porous
frameworks, two-dimensional materials and biomimetic channels,
possess more molecular-level tunability and thus offer the poten-
tial for developing membranes with precise selectivity (Fig. 4b;
refs. >°%), Experimental studies have demonstrated the promis-
ing transport properties of these materials as single channels or in
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nanofluidic devices’®”. For example, membranes made from porous
metal-organic frameworks have been applied to separate lithium and
magnesium with reported selectivity ratios >1,800 (Fig. 4d; ref. 7).
Covalent organic framework membranes, which are generally more
stable in water than metal-organic frameworks, have also demon-
strated impressive selectivity factors between lithium and magnesium
of nearly 500 (ref. ).

Despite the promise of these advanced materials, only a few stud-
ies have translated these materialsinto high-performance and defect-
free membranes. Considerable improvements in material design and
membrane fabrication are needed for these high-performing mem-
branes to be reliably produced at the laboratory scale™. In addition,
strategiesto overcomethe deleterious effects of defects on membrane
performance should be developed, such as patching defect areas. Effec-
tive fabrication and manufacturing techniques for advanced materials
will be essential to developing membranes for metal recovery from
wastewater and brine.

Outlook

Ensuringlong-termsupplies of metals will requireimproved metal recy-
cling or mining of new, unconventional sources. Recycling from scrap
materials is particularly challenging for many specialty metals because
they typically only comprise asmallfraction of adiscarded product. For
instance, lessthan1% of rare-earth elements arerecovered fromdiscarded
products owing to theinability to separate them from other more abun-
dant metals in recycling processes’. Mining metals from waste streams
and brines is an alternative method to augmenting metal supplies, but,
as with recycling scrap materials, there are no separation methods to
efficiently recover them from complex mixtures. Maintaining supplies
of metalsis therefore aseparation problem, notanavailability problem™.

Established separation processes may limit the large-scale viability
of metal recovery from water because they require regular regen-
eration, produce large volumes of waste or lack customizability. More
resource-efficient and versatile technologies, such as those based on
capacitive electrodes and membranes, could be more sustainable
solutions to apply at scale. Nevertheless, these technologies may be
unable to selectively recover a broad range of metals from complex
wastewaters and brines unless they are constructed from advanced
materials, which come with their own set of challenges. The perfor-
mance of advanced materials is considerably hampered in capacitive
electrodes by inadequate stability and in membranes by the presence
of defects. Overcoming these material limitations, or engineering
around them, will determine the usefulness of capacitive electrodes
and membranes for metal recovery moving forward.

Innovation in process design will also be important inimproving
metal recovery and purity, such as asymmetric cascades in diafiltra-
tion to improve metal recovery and purity” or alternating current
in electrosorption to avoid the adsorption of unwanted species™.
These innovations should be integrated into processes that produce
adesired form of ametal product, such as ametal hydroxideinbipolar
membrane electrodialysis or a zero-valency metal in electrodeposi-
tion. Insome cases, multiple units or processes canbe integrated into
aprocesstraintorecover one metal more effectively or multiple metals
from the same source.

Reaching broad consensus as a scientific community about which
metals should be prioritized for recovery may be impractical, consid-
ering that geopolitical factors incentivize efforts to recover specific
metals at aregional or national level. Nevertheless, guidelines will be
useful and necessary to expedite the development of technologies
that canrecover metals of practicalimportance. We advise that metals
that are geologically scarce, vital to essential industries (for example,
renewable energy), available primarily as companion metals, rarely
recycled or energy intensive to produce are designated as priority
metals. Notable examples include rare-earth metals, battery materials
(for example, lithium and cobalt), gallium and vanadium.

Recovery efforts should also be directed towards metals that are
more technologically and economically viable for recovery, such as
those with high concentrations in less complex water matrices. Con-
centrationsin seawater, for example, are generally too low for scalable
recovery of most metals (except sodium, potassium, magnesium and
calcium) because of the very large volume of water that needs to be pro-
cessed. More highly concentrated brines, such as salt lakes, are more
appropriate sources to target, and industrial wastewaters, although
complex in composition, may be the most sustainable, long-term
source of some metals. Recycling metals from industrial wastewaters
would potentially allow metals to be reused onsite, which would appre-
ciably reduce reliance on traditional mining practices.

Mining metals from water may well be an attractive solution to
minimize or avoid resource shortages that are projected within the
comingyears. Futureresearch should systematically assess the charac-
teristics of specific wastewaters and brines to evaluate their potential
for the recovery of particular metals’. Research is also needed to
continue developing highly efficient metal recovery technologies
that can separate similar metals from these complex waters. As these
technologies become more effective and metal market prices change,
techno-economicand life-cycle assessments will aid in evaluating the
costs and benefits of metal recovery. We anticipate that some metals
couldbe economically recovered from select wastewaters and brines,
especially as demand for those metals continues to increase.

References

1. Graedel, T.E., Harper, E. M., Nassar, N. T., Nuss, P. & Reck, B. K.
Criticality of metals and metalloids. Proc. Natl Acad. Sci. USA 112,
4257-4262 (2015).

2. Reck, B.K. & Graedel, T. E. Challenges in metal recycling. Science
337, 690-695 (2012).

3. Miller, K. D. et al. Mine water use, treatment, and reuse in the
United States: a look at current industry practices and select
case. ACS EST Eng. 2, 391-408 (2022).

4. Northey, S., Mohr, S., Mudd, G. M., Weng, Z. & Giurco, D. Modelling
future copper ore grade decline based on a detailed assessment
of copper resources and mining. Resour. Conserv. Recycl. 83,
190-201(2014).

5. Rankin, W. J. Minerals, Metals and Sustainability: Meeting Future
Material Needs (CSIRO, 2011).

6. Elshkaki, A., Graedel, T. E., Ciacci, L. & Reck, B. K. Resource
demand scenarios for the major metals. Environ. Sci. Technol. 52,
2491-24979 (2018).

7. Nassar, N.T., Graedel, T. E. & Harper, E. M. By-product metals are
technologically essential but have problematic supply. Sci. Adv. 1,
€1400180 (2015).

This study demonstrates that many companion metals are
essential to modern technology but are particularly susceptible
to supply constraints in the coming decades.

8. Lin, S., Hatzell, M., Liu, R., Wells, G. & Xie, X. Mining resources
from water. Resour. Conserv. Recycl. 175, 105853 (2021).

9. Loganathan, P., Naidu, G. & Vigneswaran, S. Mining valuable
minerals from seawater: a critical review. Environ. Sci. Water Res.
Technol. 3, 37-53 (2017).

10. Shahmansouri, A., Min, J., Jin, L. & Bellona, C. Feasibility of
extracting valuable minerals from desalination concentrate: a
comprehensive literature review. J. Clean. Prod. 100, 4-16 (2015).

1. Epsztein, R., DuChanois, R. M., Ritt, C. L., Noy, A. & Elimelech,

M. Towards single-species selectivity of membranes with
subnanometre pores. Nat. Nanotechnol. 15, 426-436 (2020).
This paper outlines how to design ion-selective membranes on
the basis of principles from the K* channel.

12. DuChanois, R. M., Porter, C. J., Violet, C., Verduzco, R. & Elimelech,
M. Membrane materials for selective ion separations at the water—
energy nexus. Adv. Mater. 33, 2101312 (2021).

Nature Water | Volume 1| January 2023 | 37-46

44


http://www.nature.com/natwater

Perspective

https://doi.org/10.1038/s44221-022-00006-z

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

This paper describes membrane materials that may lead to
high-precision ion separations.

Yang, S., Zhang, F., Ding, H., He, P. & Zhou, H. Lithium metal
extraction from seawater. Joule 2, 1648-1651 (2018).

Liu, C. et al. A half-wave rectified alternating current
electrochemical method for uranium extraction from seawater.
Nat. Energy 2, 17007 (2017).

Uliana, A. A. et al. lon-capture electrodialysis using multifunctional
adsorptive membranes. Science 372, 296-299 (2021).

Zou, S. & Mauter, M. S. Competing ion behavior in direct
electrochemical selenite reduction. ACS EST Eng. 1,

1028-1035 (2021).

Blengini, G. A. et al. Study on the EU's List of Critical Raw Materials:
Final Report (European Commission, 2020); https://op.europa.eu/
en/publication-detail/-/publication/c0d5292a-ee54-11ea-991b-
Olaa75ed71al/language-en

Nakano, J. The Geopolitics of Critical Minerals Supply Chains
(CSIS, 2021); https://www.csis.org/analysis/geopolitics-critical-
minerals-supply-chains

Canada’s Critical Minerals List 2021 (Government of Canada,
2021); https://www.nrcan.gc.ca/our-natural-resources/minerals-
mining/critical-minerals/23414

Final List of Critical Minerals 2018 (Federal Register, US
Department of the Interior, 2018); https://www.federalregister.
gov/documents/2018/05/18/2018-10667/final-list-of-critical-
minerals-2018

Australian Critical Minerals Prospectus 2021 (Australian
Government, 2021); https://www.austrade.gov.au/news/
publications/australian-critical-minerals-prospectus-2021
Graedel, T. E., Reck, B. K. & Miatto, A. Alloy information helps
prioritize material criticality lists. Nat. Commun. 13, 150 (2022).
Graedel, T. E. et al. Recycling Rates of Metals—A Status Report
(UNEP, 2011); https://wedocs.unep.org/handle/20.500.11822/8702
Nuss, P. & Eckelman, M. J. Life cycle assessment of metals: a
scientific synthesis. PLoS ONE 9, 101298 (2014).

The global warming potential of mining, purifying and refining
metals was determined for 63 elements.

Sherwood, T. K. Mass Transfer Between Phases (Phi Lambda
Upsilon, Pennsylvania State Univ., 1959).

Bardi, U. Extracting minerals from seawater: an energy analysis.
Sustainability 2, 980-992 (2010).

Mineral Commodity Summaries 2022 (US Geological Survey,
2022); https://doi.org/10.3133/mcs2022

Liu, C. et al. Lithium extraction from seawater through pulsed
electrochemical intercalation. Joule 4, 1459-1469 (2020).

This study applies intercalation electrodes to remove lithium from
seawater with high selectivity over other interfering species.
Quinby-Hunt, M. S. & Turekian, K. K. Distribution of elements in
sea water. Eos 64, 130-132 (1983).

Discharge Monitoring Reports (US EPA, 2022); https://echo.epa.
gov/trends/loading-tool/water-pollution-search

Technical Development Document for the Effluent Limitations
Guidelines and Standards for the Oil and Gas Extraction Point
Source Category (US EPA, 2016).

An, J. W. et al. Recovery of lithium from Uyuni salar brine.
Hydrometallurgy 117-118, 64-70 (2012).

Warren, |. Techno-Economic Analysis of Lithium Extraction from
Geothermal Brines (National Renewable Energy Laboratory, 2021);
https://www.nrel.gov/docs/fy21osti/79178.pdf

Development Document for Effluent Limitations Guidelines and
Standards for the Centralized Waste Treatment Industry—Final
(US EPA, 2000).

Jain, R. et al. Recovery of gallium from wafer fabrication industry
wastewaters by desferrioxamine B and E using reversed-phase
chromatography approach. Water Res. 158, 203-212 (2020).

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47,

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Jones, E. et al. The state of desalination and brine production: a
global outlook. Sci. Total Environ. 657, 1343-1356 (2019).

Rene, E. R. & Lewis, A. Sustainable Heavy Metal Remediation
Volume 1: Principles and Processes vol. 8 (2017).

Gupta, C. K. & Krishnamurthy, N. Extractive Metallurgy of Rare
Earths (CRC, 2005).

Ritt, C. L. et al. Machine learning reveals key ion selectivity
mechanisms in polymeric membranes with subnanometer pores.
Sci. Adv. 5771, eabl5771(2022).

Helfferich, F. lon Exchange (McGraw-Hill, 1962).

SenGupta, A. K. lon Exchange in Environmental Processes:
Fundamentals, Applications and Sustainable Technology

(John Wiley & Sons Ltd, 2017).

Kim, D. et al. Selective extraction of rare earth elements from
permanent magnet scraps with membrane solvent extraction.
Environ. Sci. Technol. 49, 9452-9459 (2015).

Baker, R. Membrane Technology and Applications (John Wiley &
Sons Ltd, 2012).

Fuller, T. F. & Harb, J. N. Electrochemical Engineering (John Wiley &
Sons Ltd, 2018).

Su, X. Electrochemical separations for metal recycling.
Electrochem. Soc. Interface 29, 54-61(2020).

Biesheuvel, P. M., Porada, S. & Dykstra, J. E. The difference
between Faradaic and non-Faradaic electrode processes. Preprint
at https://arxiv.org/abs/1809.02930 (2018).

Porada, S., Zhao, R., Van Der Wal, A., Presser, V. & Biesheuvel, P. M.
Review on the science and technology of water desalination by
capacitive deionization. Prog. Mater Sci. 58, 1388-1442 (2013).
Jacobson, A. J. & Nazar, L. F. in Encyclopedia of Inorganic
Chemistry (eds King, R. B. et al.) https://doi.org/10.1002/
0470862106.ia098 (John Wiley & Sons Ltd, 2006).
Gamaethiralalage, J. G. et al. Recent advances in ion selectivity with
capacitive deionization. Energy Environ. Sci. 14, 1095-1120 (2021).
Eliad, L., Salitra, G., Soffer, A. & Aurbach, D. lon sieving effects

in the electrical double layer of porous carbon electrodes:
estimating effective ion size in electrolytic solutions. J. Phys.
Chem. B105, 6880-6887 (2001).

Hawks, S. A. et al. Using ultramicroporous carbon for the selective
removal of nitrate with capacitive deionization. Environ. Sci.
Technol. 53, 10863-10870 (2019).

Liao, Y., Wang, M. & Chen, D. Electrosorption of uranium(VI) by
highly porous phosphate-functionalized graphene hydrogel.
Appl. Surf. Sci. 484, 83-96 (2019).

This study chemically functionalized electrodes to obtain
uranium selectivity over other metals.

Hand, S., Guest, J. S. & Cusick, R. D. Technoeconomic analysis

of brackish water capacitive deionization: navigating tradeoffs
between performance, lifetime, and material costs. Environ. Sci.
Technol. 53,13353-13363 (2019).

Hand, S. & Cusick, R. D. Emerging investigator series: capacitive
deionization for selective removal of nitrate and perchlorate:
Impacts of ion selectivity and operating constraints on treatment
costs. Environ. Sci. Water Res. Technol. 6, 925-934 (2020).

Yi, H. et al. Structure and properties of Prussian blue analogues in
energy storage and conversion applications. Adv. Funct. Mater. 31,
2006970 (2021).

Zhou, J. et al. Layered intercalation materials. Adv. Mater. 33,
2004557 (2021).

Lee, J., Yu, S. H., Kim, C., Sung, Y. E. & Yoon, J. Highly selective
lithium recovery from brine using a A-MnO,-Ag battery. Phys.
Chem. Chem. Phys. 15, 7690-7695 (2013).

Guo, Z.VY., Ji, Z. Y., Wang, J., Guo, X. F. & Liang, J. S. Electrochemical
lithium extraction based on ‘rocking-chair’ electrode system

with high energy-efficient: the driving mode of constant current-
constant voltage. Desalination 533, 115767 (2022).

Nature Water | Volume 1| January 2023 | 37-46

45


http://www.nature.com/natwater
https://op.europa.eu/en/publication-detail/-/publication/c0d5292a-ee54-11ea-991b-01aa75ed71a1/language-en
https://op.europa.eu/en/publication-detail/-/publication/c0d5292a-ee54-11ea-991b-01aa75ed71a1/language-en
https://op.europa.eu/en/publication-detail/-/publication/c0d5292a-ee54-11ea-991b-01aa75ed71a1/language-en
https://www.csis.org/analysis/geopolitics-critical-minerals-supply-chains
https://www.csis.org/analysis/geopolitics-critical-minerals-supply-chains
https://www.nrcan.gc.ca/our-natural-resources/minerals-mining/critical-minerals/23414
https://www.nrcan.gc.ca/our-natural-resources/minerals-mining/critical-minerals/23414
https://www.federalregister.gov/documents/2018/05/18/2018-10667/final-list-of-critical-minerals-2018
https://www.federalregister.gov/documents/2018/05/18/2018-10667/final-list-of-critical-minerals-2018
https://www.federalregister.gov/documents/2018/05/18/2018-10667/final-list-of-critical-minerals-2018
https://www.austrade.gov.au/news/publications/australian-critical-minerals-prospectus-2021
https://www.austrade.gov.au/news/publications/australian-critical-minerals-prospectus-2021
https://wedocs.unep.org/handle/20.500.11822/8702
https://doi.org/10.3133/mcs2022
https://echo.epa.gov/trends/loading-tool/water-pollution-search
https://echo.epa.gov/trends/loading-tool/water-pollution-search
https://www.nrel.gov/docs/fy21osti/79178.pdf
https://arxiv.org/abs/1809.02930
https://doi.org/10.1002/0470862106.ia098
https://doi.org/10.1002/0470862106.ia098

Perspective

https://doi.org/10.1038/s44221-022-00006-z

59. Zhao, A.L., Liu, J. C., Ai, X. P,, Yang, H. X. & Cao, Y. L. Highly
selective and pollution-free electrochemical extraction of
lithium by a polyaniline/Li,Mn,0, Cell. ChemSusChem 12,
1361-1367 (2019).

60. Trocoli, R., Battistel, A. & Mantia, F. L. Selectivity of a lithium-recovery
process based on LiFePO,. Chem. Eur. J. 20, 9888-9891(2014).

61. Shi, W. et al. Berlin green-based battery deionization-highly
selective potassium recovery in seawater. Electrochim. Acta 310,
104-112 (2019).

62. Wu, L. et al. Lithium recovery using electrochemical technologies:

advances and challenges. Water Res. 221, 118822 (2022).

63. Park, H.B., Kamcev, J., Robeson, L. M., Elimelech, M. & Freeman,
B. D. Maximizing the right stuff: the trade-off between membrane
permeability and selectivity. Science 356, eaab0530 (2017).

64. He, R. etal. Unprecedented Mg?/Li" separation using layer-by-
layer based nanofiltration hollow fiber membranes. Desalination
525, 115492 (2022).

65. Warnock, S. J., Sujanani, R., Zofchak, E. S., Zhao, S. &
Dilenschneider, T. J. Engineering Li/Na selectivity in 12-crown-4
functionalized polymer membranes. Proc. Natl Acad. Sci. USA
118, €2022197118 (2021).

66. Doyle, D. A. et al. The structure of the potassium channel:
molecular basis of k* conduction and selectivity. Science 280,
69-77 (1998).

67. Gouaux, E. & MacKinnon, R. Principles of selective ion transport in
channels and pumps. Science 310, 1461-1465 (2005).

68. DuChanois, R. M. et al. Designing polymeric membranes with
coordination chemistry for high-precision ion separations. Sci.
Adv. 8, eabm9436 (2022).

69. Zuo, K. et al. Selective membranes in water and wastewater
treatment: role of advanced materials. Mater. Today 50,
516-532 (2021).

70. Chen, F. et al. Pyridine/oxadiazole-based helical foldamer ion
channels with exceptionally high K°'/Na* selectivity. Angew. Chem.
Int. Ed. 132, 1456-1460 (2020).

71. Ly, J. et al. Efficient metal ion sieving in rectifying subnanochannels
enabled by metal-organic frameworks. Nat. Mater. 19, 767-774
(2020).

72. Guo, Y., Ying, Y., Mao, Y., Peng, X. & Chen, B. Polystyrene sulfonate
threaded through a metal-organic framework membrane for fast
and selective lithium-ion separation. Angew. Chemie Int. Ed. 55,
15120-15124 (2016).

Metal-organic frameworks were used to develop membranes
with a selectivity of 1,815 for lithium over magnesium.

73. Hou, L. et al. Understanding the ion transport behavior across
nanofluidic membranes in response to the charge variations.
Adv. Funct. Mater. 31, 2009970 (2021).

74. Sholl, D. S. & Lively, R. P. Seven chemical separations to change
the world. Nature 532, 435-437 (2016).

75. Kilmartin, C. P., Ouimet, J. A., Dowling, A. W. & Phillip, W. A. Staged
diafiltration cascades provide opportunities to execute highly

selective separations. Ind. Eng. Chem. Res. 60, 15706-15719 (2021).

76. Can Sener, S. E. et al. Recovery of critical metals from aqueous
sources. ACS Sustain. Chem. Eng. 9, 11616-11634 (2021).

77. Kumar, A., Fukuda, H., Hatton, T. A. & Lienhard, J. H. Lithium
recovery from oil and gas produced water: a need for a growing
energy industry. ACS Energy Lett. 4, 1471-1474 (2019).

78. Kato, T. et al. Transport of ions and electrons in nanostructured
liquid crystals. Nat. Rev. Mater. 2, 17001 (2017).

79. Xu, T. etal. Highly cation permselective metal-organic framework
membranes with leaf-like morphology. ChemSusChem 12,
2593-2597 (2019).

80. Sheng, F. et al. Efficient ion sieving in covalent organic framework
membranes with sub-2-nanometer channels. Adv. Mater. 33,
2104404 (2021).

81. Wang, L. et al. Novel positively charged metal-coordinated
nanofiltration membrane for lithium recovery. ACS Appl. Mater.
Interfaces 13, 16906-16915 (2021).

82. Afsar, N. U. et al. Cation exchange membrane integrated with
cationic and anionic layers for selective ion separation via
electrodialysis. Desalination 458, 25-33 (2019).

83. Qiu, Y. et al. Study on recovering high-concentration lithium
salt from lithium- containing wastewater using a hybrid reverse
osmosis (RO)-electrodialysis (ED) process. ACS Sustain. Chem.
Eng. 7,13491-13490 (2019).

84. Kim, S.,Kim, J., Kim, S., Lee, J. & Yoon, J. Electrochemical
lithium recovery and organic pollutant removal from industrial
wastewater of a battery recycling plant. Environ. Sci. Technol.
Lett. 4,175-182 (2018).

85. Smolinski, T. et al. Solvent extraction of Cu, Mo, V, and U from
leach solutions of copper ore and flotation tailings. J. Radioanal.
Nucl. Chem. 314, 69-75 (2017).

86. Mudd, G. M. Assessing the availability of global metals and
minerals for the sustainable century: from aluminium to
zirconium. Sustainability 13, 10855 (2021).

87. Rodriguez, O. et al. Recovery of niobium and tantalum by
solvent extraction from Sn-Ta-Nb mining tailings. RSC Adv. 10,
21406-21412 (2020).

Acknowledgements

We acknowledge support received from the US-Israel Binational
Science Foundation (grant number CBET-2110138) and the US
National Science Foundation (NSF) through the Nanosystems
Engineering Research Center for Nanotechnology-Enabled Water
Treatment (grant number EEC-1449500). R.M.D. acknowledges

the Abel Wolman Fellowship from the American Water Works
Association (AWWA), N.J.C. acknowledges the eFellows Postdoctoral
Fellowship from the American Society for Engineering Education
(ASEE, NSF grant number EEC-2127509), S.K.P. acknowledges the
American Membrane Technology Association (AMTA) and Bureau

of Reclamation Fellowship for Membrane Technology and L.M.
acknowledges the NSF Graduate Research Fellowship. The contents
of this Perspective are solely the responsibility of the authors and do
not necessarily represent the official views of the NSF, AWWA, ASEE,
AMTA or Bureau of Reclamation.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence should be addressed to Thomas E. Graedel
or Menachem Elimelech.

Peer review information Nature Water thanks Manhong Huang,
Shigiang Zou and the other, anonymous, reviewer(s) for their
contribution to the peer review of this work.

Reprints and permissions information is available at
www.nhature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds
exclusive rights to this article under a publishing agreement with
the author(s) or other rightsholder(s); author self-archiving of the
accepted manuscript version of this article is solely governed by the
terms of such publishing agreement and applicable law.

© Springer Nature Limited 2023

Nature Water | Volume 1| January 2023 | 37-46

46


http://www.nature.com/natwater
http://www.nature.com/reprints

	Prospects of metal recovery from wastewater and brine

	Which metals are worth recovering?

	Economic viability of metal recovery

	Identifying industrial wastewaters for metal recovery


	Separation mechanisms for metal recovery

	Emerging materials for metal recovery

	Carbonaceous and intercalation electrodes

	Synthetic membranes


	Outlook

	Acknowledgements

	Fig. 1 Determination of which metals are critical for recovery from water.
	Fig. 2 Economic assessment of metal recovery from water.
	Fig. 3 Established separation methods for metal recovery.
	Fig. 4 Strategies to engineer technologies and processes for metal recovery.




