
requires mechanical approaches (such as 
magnetic and electrostatic separation) 
and chemical processing (such as froth 
flotation). These are inefficient: they must 
contend with the complex compositions of 
mined ores, use large volumes of chemicals, 
and produce lots of waste and radioactive by
products. Improvements are sorely needed. 

The recycling of rare earths from dis
carded products is increasing. Bespoke 
processes could be designed because the 
chemical and physical compositions of the 
products are well defined. A variety of metal
lurgical and gasphase extraction methods 
have been explored, but recycled rare earths 
are not yet part of most supply chains9,10. 
Research is needed to reduce the ecological 
impact of key items containing rare earths 
over their whole life cycle. 

Benzene derivatives from each other. The 
supply chains of many polymers, plastics, 
fibres, solvents and fuel additives depend on 
benzene, a cyclic hydrocarbon, as well as on 
its derivatives such as toluene, ethyl benzene 
and the xylene isomers. These molecules are 
separated in distillation columns, with com
bined global energy costs of about 50 GW, 
enough to power roughly 40 million homes. 

The isomers of xylene are molecules 
with slight structural differences from each 
other that lead to different chemical proper
ties. One isomer, paraxylene (or pxylene), 
is most desirable for producing polymers 
such as polyethylene terephthalate (PET) 
and poly ester; more than 8 kilograms of 
pxylene is produced per capita each year 
in the United States. The similar size and 
boiling points of the various xylene isomers 
make them difficult to separate by conven
tional methods such as distillation. 

Advances in membranes or sorbents 
could reduce the energy intensity of these 
processes. As for other industrialscale 
chemical processes, implementing alterna
tive technologies for separating benzene 
derivatives will require that their viability be 
proved on successively larger scales before 
commercial implementation. Construct
ing a chemical plant can cost US$1 billion 
or more, so investors want to be sure that 
a technology will function before building 
new infrastructure. 

Trace contaminants from water. Desali
nation — whether through distillation or 
membrane filtration — is energy and capital 
intensive, making it unfeasible in many dry 
areas. Distillation is not the answer: ther
modynamics defines the minimum amount 
of energy needed to generate potable water 
from seawater, and distillation uses 50 times 
more energy than this fundamental limit. 

Reverseosmosis filtration, a process that 
applies pressure across a membrane to salty 
water to produce pure water, requires only 

25% more energy than the thermodynamic 
limit5. But reverseosmosis membranes pro
cess water at limited rates, requiring large, 
costly plants to produce a sufficient flow. 
Reverse osmosis of seawater is already done 
on commercial scales in the Middle East 
and Australia. But the practical difficulties 
of handling morepolluted water — includ
ing corrosion, biofilm formation, scaling and 
particulate deposition — mean that expen
sive pretreatment systems are also needed. 

Developing membranes that are more 
productive and resistant to fouling would 
drive down the operating and capital costs 
of desalination systems to the point that the 
technique is commercially viable for even 
highly polluted water sources.

NEXT STEPS
Academic researchers and policymakers 
should focus on the following issues. 

First, researchers and engineers must 
consider realistic chemical mixtures. Most 
academic studies focus on single chemicals 
and infer the behaviour of mixtures using 
this information. This approach risks 
missing phenomena that occur only in 

chemical blends, and ignores the role of 
trace contaminants. Academics and lead
ers in industrial research and development 
should establish proxy mixtures for common 
separations that include the main chemical 
components and common contaminants. 

Second, the economics and sustainabil
ity of any separation technology need to be 
evaluated in the context of a whole chemical 
process. Performance metrics such as cost 
per kilogram of product and energy use per 
kilogram should be used. The lifetime and 
replacement costs of components such as 
membrane modules or sorbent materials 
need to be factored in.

Third, serious consideration must be 
given early in technology development to 
the scale at which deployment is required. 
Physical infrastructure such as academic 
and industrially operated test beds will be 
needed to take new technologies from the 
lab to pilot scales so that any perceived risk 
can be reduced. Managing this will require 
academia, government agencies and indus
try partners to collaborate.

Fourth, current training of chemical 
engineers and chemists in separations often 
places heavy emphasis on distillation. Expo
sure to other operations — such as adsorp
tion, crystallization and membranes — is 
crucial to develop a work force that is able to 
implement the full spectrum of separations 
technologies that the future will require. ■
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CUTTING COSTS

Transportation
28%

Commercial
19%

Residential
21%

Industrial
32%

Chemical separations account for about half 
of US industrial energy use and 10–15% of 

the nation’s total energy consumption. 
Developing alternatives that don’t use heat 

could make 80% of these separations
10 times more energy e�cient.

Distillation
Drying

Non-thermal
separations

Thermal
separations

Evaporation

49%

20%

45–55%
Energy consumed by
separation processes 

TOTAL
US ENERGY

CONSUMPTION

98
QUADS*

*A quad is a unit of energy equal to 1015 British Thermal Units 

(1 BTU is about 0.0003 kilowatt-hours).

20%

11%

Membrane-based 
separation would use

less energy
than distillation

90%

CORRECTION
The graphic ‘The dirty ten’ in the 
Comment ‘Three steps to a green 
shipping industry’ (Z. Wan et al. Nature 
530, 275–277; 2016) gave the wrong 
unit for PM2.5 concentrations. It should 
have been µg per m3, not mg per m3.
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