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Workers in a lithium evaporation pond in the Atacama Desert in Chile.

How to make lithium extraction cleaner,
faster and cheaper —insix steps

Andrew Z. Haddad, Lukas Hackl, Bilen Akuzum, Garrett Pohlman, Jean-Francois Magnan & Robert Kostecki

Demand for lithium for
batteries and other green
technologies is exploding.
The industry must develop
sustainable methods to
remove and process the
element from ores and brines
to avoid environmental
damage.

emand for lithium is soaring. The
elementisacrucialingredientingreen
technologies, including batteries in
phones, laptops, electric carsand elec-
tricity grids*2 Lithiumion batteries are
among thebest options for holding charge and
delivering power efficiently. By 2025, demand
for elemental lithium is set to be three times
higher (150,000-190,000 tonnes) than it was
in 2018 (ref. 3). And by 2100, that could rise to
400,000-700,000 tonnes per year*.

In theory, there is enough lithium in the
ground to meet that need — roughly 20 mil-
liontonnes (Mt) are availableinreserves where
the elementis economic toextract, and nearly
90 Mt more resources have been identified
elsewhere®. But, in practice, there is a pro-
duction bottleneck. It is slow and expensive
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to open new mines and processing facilities,
so demand could outstrip supply in the next
decade (see ‘Lithium supply gap’). The Inter-
national Energy Agency (IEA) predicts that,
by 2030, producerswillbe able to deliver only
halfofthelithiumindustry’s needs while meet-
ing sustainability targets that are in line with
the Paris climate agreement®.

The methods used to mine and process
lithium from rocks, brines and clays are also
not up to scratch. They have changed little
over the past century, and rely on mechanical
and chemical processes that are inefficient,
wasteful and damaging to the environment.
Thewholebasis of lithium mining and process-
ing needs to be rethought.

Conventionally, rocky ores are roasted at
1,100 °C and then baked in acid at 250 °C to
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liberate (‘leach’) lithium in its sulfate form
(Li,SO,; ref.7). Asimilar procedureis used for
clays®. Next, undesired metals are separated
out using half a dozen chemical reactions,
whichrequire more heat and reagents. Finally,
the solution is evaporated to leave pure lith-
ium carbonate (Li,CO;) or lithium hydroxide
(LiOH). Brines are treated similarly, or can be
left outside to evaporate for months to ayear
—arate thatis too slow to boost the industry.

Chemical processing of lithium also con-
sumes a lot of energy and water: producing
1tonne of lithium salts requires roughly as
much electricity as six UShomes useinayear
(60 megawatt hours), as well as a small swim-
ming pool’s worth of water (70 cubic metres).
It generates alot of solid waste® and emissions.
Depending on the feedstock, producing
1tonne of Li,CO; or LiOH releases between
3 and 17 tonnes of carbon dioxide — 2 to
11timesthat for 1tonne of steel,and more than
around-trip flight for one passenger from San
Franciscoto New York City (roughly 1.5tonnes
of CO,). Alltold, processing accounts for about
70% of CO,emissions associated with lithium
production®; mining and transportare respon-
sible for the rest (see ‘Emissions from lithium
extraction’). By our calculations using IEA
data, this totalled 3.6 million tonnes of CO,
in 2020 for Li,CO;. By 2050, the IEA data sug-
gest those emissions could grow to 60 million
tonnes of CO, per year.

Expansion of mining also hasalot of down-
sides. Most of the world’s lithium comes from
a few remote regions®. More than half (54%)
is mined in Western Australia from hard rock
‘spodumene’ ores. Brines are the next most
common source, found in surface pools and
geothermal springs in the salt flats (salars) of
the ‘lithium triangle’ between Chile, Bolivia
and Argentina, and in California. Lithium-bear-
ing clays have also been identified across the
Mojave Desert in southern California, south-
ern Nevada, Mexico, Serbia and Tanzania.

These predominantly dry regions already
experience water stress, which is compounded
by climate risks, including extreme heat and
flooding. Floods can spread pollution to
nearby water bodies. For instance, debris or
‘sangue’ left in evaporation ponds contains
heavy metals, such as arsenic, thallium and
chromium, as well as uranium and thorium,
naturally occurring radioactive elements that
arealso presentin lithium ores.

The adverse social consequences of min-
ing range from inadequate safety and health
protectionsto human-rights violations. It will
be essential for lithium-mining companies to
uphold the strong environmental, social and
governance commitments many have made to
continue to protect the environment and the
health of workers and local residents (see, for
example, go.nature.com/3k3qfbb).

Ifnothing changes, simply ramping up lith-
ium production at existing sites could negate
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the benefits of the clean technologies they
power. Here, we highlight six priorities for
thelithiumindustry.

Extract lithium in fewer steps

Direct extraction of lithium from brines or
acidic solutions avoids the need for many
chemical reactions and consumes less raw
material, water and energy. Chemists and
engineers are piloting such systems, although
most have yet to be commercialized. These
use a ‘sorbent’ — often a porous metal oxide
— to attract and concentrate lithiumionsin
a column'. The ions are flushed out using
hydrochloricor sulfuricacid (H,SO,), and the
sorbent can then be reused.

Electrolysis is another way to save on rea-
gents and emissions. Conventionally, Li,SO,
solution is converted into battery-grade

“Mining projects are slow — it
takes an average of 16 years
fromdiscovery tofirst
production.”

lithium salts by reacting it with sodium
carbonate (Na,CO;) to make Li,CO; and then
with calcium hydroxide (Ca(OH),) to form
LiOH. Butbothreactants are carbonintensive
toproduce. Passing anelectric current through
thesolutioninstead producesreactionsatthe
electrodes. At the positive electrode, water is
converted into protons (H") and oxygen (O,),
and at the negative electrode, water turnsinto
hydroxide (OH") and hydrogen (H,). Li* ions
migrate to the negative electrode, where they
combine with hydroxide ions to make LiOH.
The protons made at the positive electrode
then combine with the leftover sulfate (50,*)
to create H,SO,, which can be recovered.
These processes still need to be optimized.
Chemists should design sorbents that can take

LITHIUM SUPPLY GAP

New mines are not opening fast enough to supply the
lithium that will be needed for the world to meet
sustainability goals through the use of batteries and
other green technologies.
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*The IEA's Sustainable Development Scenario, in which nations
transform the energy market to limit climate change.
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up lithium selectively, quickly and effectively
while not deteriorating; those available today
areunable to combine these qualities. Inelec-
trolysis, electrode materials need be more
sustainable, affordable and stable at high tem-
peratures. For example, some elements that
are used to coat electrodes, such as iridium,
degrade above 50 °C and should be avoided.
Different designs, sizes and geometries of
electrodes and reactors need to be explored.

Convert waste into valuable
commodities

In 2030, the lithium-ion battery industry is
projected to produce nearly 8 million tonnes
of sodium sulfate (Na,SO,) waste, growing
to almost 30 million tonnes by 2050 (A.Z.H.,
personal communication). This is generated
during the crystallization of Li,CO;, when
Li,SO, reacts with Na,CO;. Currently, the
waste is dumped in landfill or shipped over-
seas, making disposal a major challenge. An
enormous environmental opportunity there-
fore exists for reprocessing Na,SO, back into
sodium hydroxide (NaOH) and H,SO,. These
chemicals represent two of the largest inputs
tolithium mining, battery manufacturing and
recycling", which are likely to use 5 Mt of NaOH
and 6 MtofH,S0,in2030.By 2050, thatis pre-
dicted toincrease to 17 Mt and 19 Mt, respec-
tively (authors’analysis using GREET software
developed by Argonne National Laboratory;
https://greet.es.anl.gov).

Here, again, electrolysis can be used
through a process analogous to that for con-
verting lithium salts. As well as adding value
to waste, this extra step would enhance the
circularity, sustainability and robustness of
the lithium-ion battery supply chain. (Multi-
ple companies of various sizes are focusing
on this area, including Aepnus Technology,
where L.H., B.A. and G.P. work.) According to
industry analyses, doing so could mitigate at
least160 million tonnes of CO, between 2024
and 2050. Costs vary, but could be less than
US$1,000 per tonne, thereby reducing pro-
cessing and disposal costs by at least 15%.

Process minerals electrochemically
underground

Ratherthan digging out rocks and separating
chemicals from them at the surface, lithium
mightbe extracted while they arestill buried,
using electrochemical processes. Horizontal
wells drilled through lithium-rich geologi-
cal deposits can be ‘fracked’ in a similar way
to shale oil beds. Inserted electrodes would
splitwater molecules and produce the H" ions
needed to leach lithium into solution. The
resulting liquid would be fed to the surface
and processed into lithium salts.

Subsurface mining technologies are still
in their infancy, but the feasibility of this
approach has been established for copper
recovery', a process that also relies on acid
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Lithium sulfate separation in Bolivia.

leaching. More research is needed on how to
extract ions such as lithium selectively in a
natural environment, among complex mate-
rials, surfaces and interfaces. To validate this
approach, engineers need to examine corre-
lations between fracture depth and particle
size, together with operating conditions such
as cell voltage and current density.
Detractors might suggest that electrochem-
ical fracking could worsen water and envi-
ronmental contamination. However, lithium
oresorclayswouldbefractured at ashallower
depththanare deep oil shales. And water and
sand could be used as the fracking liquid,
without thelitany of chemical surfactantsand
stabilizers required for shale fracturing. Still,
economic modelling and life-cycle analysis will
be crucial to affirm the viability of subsurface
mining, as well as its effects on carbon (both
emitted and stored in soils) and ecosystems.

Make electrodes out of raw ores

Battery manufacturers currently synthesize
lithium-ion electrode materials fromscratch,
using pure lithium and transition-metal salts.
Making electrodes from less-processed or
even raw materials, such as the ores them-
selves, would avoid much chemical process-
ing. Future electrode chemistries might one
day make this possible.

For example, some electrodes are made of
layered lithium nickel manganese cobalt oxides
(Li-NMC). Materials that have more irregular
structuresthan Li-NMC are being investigated

for use as electrodes, including disordered
rock salts (DRX). These contain manganese or
titanium — elements that are more abundant
and less expensive than cobalt or nickel, and
can hold charges more densely than Li-NMC
can®. But DRX electrodes must be operated at
high voltages, at whichthey become unstable.
This problem must be overcome before such
materials can be used in batteries.

In theory, it should be viable to make elec-
trodes directly from lithium ores or clays.
Such ores are rich in other elements that are
already used inbattery electrodes. For exam-
ple, spodumeneincludes lithium, aluminium,
silicon and magnesium, and lithium clays such
as hectorite contain lithium, magnesium, iron
and manganese —just notintherightarrange-
ment and environment for storing charge.

Although the concept is still a decade away,
chemists and engineers are exploring the pos-
sibilities. Computational modelling is needed
to examine networks of reactions that might
be used for concentrating lithium and transi-
tion metals in the ores and identifying useful
additives. DRX electrodes and electrolytes
(the buffer between electrodes) also need to
bedeveloped that can withstand heatand work
athighvoltages.

Expand mining alongside recycling
globally

To overcomelithiumbottlenecks, the ‘where’
might be just as important as the ‘what’.
Although ahandful of countries mine lithium,
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the battery supply chain is concentrated in
east and southeast Asia, especially China.
Other nations and regions are looking to boost
domestic manufacturing and diversify their
supply chains. The European Unionadopteda
strategy on battery supply chainsin2018 (the
European Battery Alliance), and in 2021-22,
the United States passed the Bipartisan Infra-
structure Bill, the Inflation Reduction Actand
the CHIPS and Science Act to boost domestic
production of green technologies, including
batteries.

Inthelongrun, commissioning more mines
and processing facilities is the simplest way to
protectenergy security. Although thisis begin-
ning to happen, mining and energy infrastruc-
ture projects are slow — it takes an average of
16 years from discovery to first production,
depending on the types of mineral, location
and mine®. Regulatory hurdles also confound
thistimeline.In the shortterm, economicscar-
city breedsinnovation: using fewer materials
and substituting elements canalleviate strains
onsupply andreduce costs. Forexample, halv-
ing the use of silver and silicon in solar cells
over the past decade has helped to speed their
deployment and lower costs.

Less-concentrated, non-conventional
sources of lithium should be tapped, including
minetailings and acidic mine drainage waters,
aswellas ‘production waters’ from oil and gas
drilling. The economics of such approaches
need bench- and pilot-scale studies to assess
their feasibility.
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Recycling of lithium-ion batteries should also
be ramped up, not least to address the surge
inspentelectric vehicle batteries due toreach
end of life after 2030. Recycling could provide
10% of supply in 2040, according to the indus-
try®. The core technologies are established. In
thesimplest form, the electrodes are removed
and ‘refreshed’ by adding more lithium to
them. More often, the battery is mechanically
shredded and heated to release a metal alloy,
including cobalt and nickel, and a slag contain-
ing lithium and other metals. The slag is then
treated much like ores and clays to produce
lithium salts. As with raw lithium extraction,
chemistsand engineers need to help eachmetal
ion to find its home and tailor extraction pro-
cessestoreduce stepsand the use of reagents.

Coordinate policies, boost research
and communicate

Growing demand for minerals to help with the
world’s energy transition will bring risks for
companies, governments and communities.
Supply chains must be free from bad actors,
and minerals and materials must be respon-
sibly sourced. Digitized documentation, such
as ‘passports’ that track the provenance of all
minerals and components used in manufac-
ture, isincreasingly making it easier to follow
products and flows of materials. Origins could
be checked by analysingisotopes, using mass
spectrometers and databases of the isotopic
composition of lithium across geographical
sources. Sample preparation and analysis
methods would need to be standardized and
regulations brought in. Global requirements
couldbeincentivized by trade agreements and
economic support packages.

EMISSIONS FROM LITHIUM EXTRACTION

Chemical processing of lithium ores, clays and brines
releases 70% of emissions from the sector, owing to use
of heat and carbon-intensive reagents, such as calcium
hydroxide, sodium hydroxide and sodium carbonate.

Total for the sector

35.1tonnes

CO, per tonne LCE*

— Lithium carbonate (brine)
2.0

— Li,CO;3 (hard rock)
6.7
]

.* Lithium hydroxide (brine)
4.

LiOH (hard rock)
1.9

Processing
24.6 (70%)

— Li,CO; (brine) 0.8
— Li,COg4 (hard rock) 2.9

[ LiOH (brine) 1.7

LiOH (hard rock) 541

Mining
10.5 (30%)

*LCE, lithium carbonate equivalent.
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Recycling of lithium-ion batteries at a facility in Kingston, Canada.

Technicalinnovationis another area thatis
ripe for coordination. Government-funded
research hubs should be developed with pri-
vate industry to target research in mineral
extraction, similar to those in sectors for
water management (such as the US National
Alliance for Water Innovation) and semicon-
ductors (such as the Center for X-ray Optics
at Lawrence Berkeley National Laboratory in
California). Academic innovation hubs should
support clean-tech companies. Large compa-
nies might set up venture capital firms to sup-
portearly concepts, which are often deemed
toorisky by shareholders.

Community consultations are essential to
support ‘energy justice’. For example, insouth-
eastern California, the Imperial County Board
of Supervisors has led a workshop and pro-
posed others to foster discussions between
citizens and industry around local lithium
extraction. International bodies, such as the
Organisation for Economic Co-operationand
Development (OECD), provide a forum for
guiding policy actions around energy security.

The lithium challenge represents a rare
opportunity in which the needs of funda-
mental research and global policy are aligned.
Incentivizing these six industry shifts will be
essential for rolling out green technologies
this century.
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