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The world’s natural resources are not infinite. 
Luckily, metals can be recycled indefinitely, at 
least in theory. Over the last years the impor-
tance of recycling has become more topical 
and the circular economy concept has been 
made familiar to society. By means of im-
proved collection and sorting of waste from the 
end users, recycling has become part of ev-
eryday life. The European Commission’s Cir-
cular Economy package (COM(2015)614/2) 
has been and will remain crucial in order to 
transition towards a “zero-waste society”. 
However, in the world of mineral and metals 
processing it is important to carefully explain 
the overall impact of policy decisions and 
their consequences. A thermodynamic reality 
check is vital, as will be explained further in 
this Policy Brief.
Metals-producing companies have used recy-
cled materials for a long time. For example, 
the steel industry has always used recycled 
iron and steel scrap. Copper, aluminum, zinc 
and lead are also recycled at very high rates. 
On the other hand, materials in very low com-
positions, low-value bulk materials, landfilled 
mixed materials, landfilled hazardous wastes, 
landfilled fine materials and sludges are not 
recycled so well. It is important to understand 
the reasons for this.

Lower grades require 
more energy

The challenge of full recovery of all metals 
in mixed matrices or solutions relies on the                                                               

energy demand required for separation. It is 
well known from the mining industry that en-
ergy consumption increases exponentially as 
the concentration of the target metal goes 
below 1 wt%. This is happening already in 
many mining operations as the ore grades 
are getting lower and more complex. This 
results in increased energy demand as well 
as in increased water footprint and CO2 emis-
sions. The reasons for low recycling rates in 
general require more systematic analysis, 
new processes and concepts. Elements that 
are very diluted or which appear in a complex 
form (mineralogy) are difficult and expensive 
to recover. 

Collection and sorting 
of end-user products is 
improving (Figure 1)

Better policies and improved collection and 
sorting of waste from industries and end-us-
ers have enabled huge steps in recycling of 
valuable materials and thus bringing them 
back into the loop. For example, the valuable 
fraction of electronic waste is recycled well. 
Printed circuit boards contain high amounts 
copper (Cu) and gold (Au). The high value 
fractions of used metals and components are 
recycled. However, low value components and 
wastes are mostly discarded. Recovery of Cu 
and Au from printed circuit boards is feasible 
with existing processes, for example in a cop-
per smelter equipped with a precious metals 
recovery plant. 
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Figure 1: Many elements that appear in 
printed circuit boards are not recycled. By sep-
arating components containing magnets like 
vibrators, loudspeakers one can recover rare 
earth metals better. This can be done manually 
and preferably by newly developed, automated 
methods. Recyclers want this part of the waste 
because of its high value. J. Salminen, et al., 
2014 Sustainable Industrial Processing Sum-
mit, Shecthman International Symposium, Can-
cun, Mexico, 29.6-4.7.2014.

Figure 2 EC list of Critical Raw Materials (EC, 
2017) in relationship with economically-import-
ant base metals such as Fe, Cu, Ni, Zn etc.

Elements of concern

As the quality of the ores from today’s mines 
is becoming lower grade all the time, the re-
covery of metals like copper (Cu), nickel (Ni), 
zinc (Zn), cobalt (Co) and iron (Fe) becomes 
more energy consuming. Many of the met-
als that are listed in the EU’s critical metals 
table (Figure 2) are obtained as by-products 
from primary mining (Figure 3). Furthermore, 

one or several elements of concern such as 
arsenic (As), mercury (Hg), selenium (Se), 
antimony (Sb), cadmium (Cd), lead (Pb) and 
chromium (Cr) can be present within the 
same primary or secondary material in ques-
tion. In other words, it is practically impossible 
just to extract one particular critical element 
that is present as a minor metal (i.e. low com-
position) or in a complex mixture. 
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In any refining process the elements and sub-
stances are separated according to the rules 
of thermodynamics. That would also be the 
case in recycling of end user products. Along 
with enrichment and recovery of target met-
als from minerals processing, roasting and/
or pyro- and hydrometallurgical operations, 
also the unwanted elements of concern are 
concentrated in residues (e.g. iron-rich slud-
ges, fayalite or gypsum), which in many cases 
need to be landfilled. These precipitates from 
the non-ferrous industries, like sludges and 
iron slags, result from the iron removal step 
prior to electrolytic purification of Ni, Cu or Zn. 
For example, in electrolytic recovery of zinc, 
several impurities like arsenic (As), antimony 
(Sb), mercury (Hg), lead (Pb), and aluminum 
(Al) are co-precipitated with iron. The precip-
itating iron in the Zn process, for example, 
removes impurities from the solution. Further 
refining of the iron residue will also concen-
trate the impurities and an outlet is still need-
ed for the elements of concern. Lead and 
cadmium should be kept and supported to be 
used in energy storage systems portfolio. Dif-
ferent rechargeable battery chemistries each 
have their own uses and applications, with 
estab¬lished, safe recycling methods. These 
heavy metal by-product metals will appear 
anyway from the primary production and re-
cycling.

Why not using these, as cobalt resources are 
scarce and one may expect high future de-
mands for lithium-ion batteries.

New flexible pyrometal-
lurgical methods

Recently, there has been an influx of new py-
rometallurgical methods to treat iron-rich pre-
cipitates from non-ferrous industries, thereby 
creating a boost in resource efficiency and 
enhanced recovery of metals. This interesting 
and developing field requires large invest-
ments and legislation that enables waste utili-
sation. Pyrometallurgical treatment of iron res-
idue yields a more stable iron slag with a lower 
amount of unwanted impurities. Also off-gases 
and rich mixed metal oxide dust are generat-
ed. The slag could be used in various purpos-
es in urban development if the concentration 
of leachable impurities such as lead and zinc 
is low enough. Off-gases must be treated and 
cleaned. Form the metal oxide dust, valuable 
metals can be recovered but again a safe dis-
posal for the elements of concern has to be 
found. These processes also cause CO2 emis-
sions due to the use of coal as reducing agent. 
Could this be handled in a more ecological 
manner using renewable reducing agents like 
biocoal, biogas or even hydrogen?

Figure 3: A schematic interrelation of the in-
teraction of different mined metals. By-product 
metals are connected through the mined base 
metals as well as the elements of concern, in-
cluding As, for example. 
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Something must come 
out of the loop

The final disposal of the elements of concern 
must be thought about carefully. Concurrently, 
the legislation must allow both transportation 
of these materials for processing as well as for 
safe legal disposal for substances that cannot 
be used anymore or have no user. 

Outlets from the circular materials loop must 
be allowed and supported as a 100% ze-
ro-waste process is thermodynamically infea-
sible. The ore grades are getting lower while 
the impurity levels are increasing. Hence, 
there will be more materials needing final dis-
posal and handling of elements of concern. 
A good example is arsenic (As), which use is 
highly restricted and must be disposed of safe-
ly. Also materials that are of very low economic 
value and are produced in large quantities as 
by-products are currently landfilled. A good 
example is gypsum. It can be used in con-
struction industry but the production exceeds 
demand. One can also ask the question where 
the limit should be in terms of required purity 
and allowed concentration levels of unwanted 

elements. What is reasonable and, concur-
rently, economical to target? That depends on 
the safe use of the purified material. Reuse 
of end-of-use products should be allowed if 
proven safe and suitable for the purpose. Safe 
use of various industrial by-products, such as 
“clean slag” should be supported by society. 

Processes can be sensitive with respect to 
new impurities and variable compositions. 
Small changes in the chemistry or purity crite-
ria may require investments that are not cov-
ered by the obtained gains. There is thus an 
urgent need for a “metallurgical reality check”. 
The zero-waste society is not strictly possible 
but a lot can be achieved within reasonable 
time and efforts. New processes and meth-
ods – that are “near zero-waste” – are being 
developed for challenging materials in many 
EU funded projects. Companies have to deal 
with lower grades, diluted solutions, and more 
complex materials. There has to be more in-
novation and research but also legislation that 
supports our companies and society within 
Europe and the world. 

Figure 4. Circular economy concept adapted to the 
mineral and metals processing sector
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The European Training Network for the 
Sustainable, zero-waste valorisation of criti-
cal-metal-containing industrial process resi-
dues (SOCRATES) targets ground-breaking 
metallurgical processes, incl. plasma-, bio-, 
solvo-, electro- and ionometallurgy, that can 
be integrated into environmentally friendly, 
(near-)zero-waste valorisation flow sheets. By 
unlocking the potential of these secondary raw 
materials, SOCRATES contributes to a more 
diversified and sustainable supply chain for 
critical metals (cf. Priority area 3 in EC Circular 
Economy Action Plan; COM(2015)614/2). The 
SOCRATES consortium brings together all the 
relevant stakeholders along the value chain, 
from metal extraction, to metal recovery, and 
to residual matrix valorisation in added-value 
applications, such as supplementary cemen-
titious materials, inorganic polymers and cat-
alysts. To maximise applicability, SOCRATES 
has selected four commonly available and 
chemically complementary residue families: 
(1) flotation tailings from primary Cu produc-
tion, (2) Fe-rich sludges from Zn production, 
(3) fayalitic slags from non-ferrous metallurgy, 
and (4) bottom ashes from incineration plants. 
As a basis for a concerted effort to strengthen 
the EU’s critical-metal supply chain for Ge, In, 

Ga and Sb, SOCRATES trains 15 early-stage 
researchers (ESRs) in technological innova-
tion: metal extraction (WP1), metal recovery 
(WP2), residual matrix valorisation (WP3) and 
integrated assessment (WP4). By training the 
ESRs in scientific, technical and soft skills, 
they are the next generation of highly employ-
able scientists and engineers in the raw-ma-
terials sector.

More consideration for the safe outlet and dis-
posal for those elements or material streams 
that are not allowed to be used anymore, like 
arsenic. Also more education and research 
required on recovery, special uses, and safe 
disposal. As wastes are processed, the toxic 
heavy metals are concentrated and need to be 
handled by chemists and metallurgists. Nowa-
days there is less practical knowledge outside 
the large companies upon handling these ma-
terials. This should be addressed as we know 
that the amount of impurities in the ores and in 
secondary streams will increase.

Support on commercialisation and “near ze-
ro-waste” use of industrial process residues 
such as slags or intermediates. The conse-
quences of better recovery of metals from 
wastes could mean more CO2 emissions, en-
ergy demand, and waste waters. The overall 

benefits and drawbacks must be evaluated 
case by case.

Support on research, demonstration and in-
vestments on enabling technologies. This is 
partly recognised in Horizon2020 and EIT KIC 
RM programmes. 

Legislation should enable and support safe 
processing and usage of materials currently 
labeled as wastes.

Good assessment of overall sustainability if 
dangerous wastes are treated and valuable 
metals are recovered in Europe. Within the EU 
both the controlling possibilities as well as the 
lifecycle evaluations are better with respect 
to the handling and production of metals and 
their by-products in developing countries. 
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