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Nanotechnology meets circular economy

The transition from a linear ‘take-make-dispose’ economy to a circular economy is gaining momentum. Although
there are many opportunities for using nanotechnology to enable circularity, the knowledge gaps related to (eco-)
toxicological hazards and the presence of nanomaterials in waste streams constitute significant challenges.
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here are more than a hundred

definitions of circular economy, most

of which focus on reducing, reusing
and recycling'. Increasingly, countries
around the world are developing strategies
relevant to resource efficiency and circular
economy”~*, with the European Union (EU)
having among the most elaborate plans
when it comes to circular economy and
policy integration’. In an EU regulatory
context, circular economy is defined as
“an economic system whereby the value
of products, materials and other resources
in the economy is maintained for as long
as possible, enhancing their efficient use
in production and consumption, thereby
reducing the environmental impact of their
use, minimising waste and the release of
hazardous substances at all stages of their
life cycle™. Nanotechnology is often — and
has from the outset been — mentioned as a
fast-moving technology and might thus help
reach circularity by, for instance, securing
resource efficiency and reducing humanity’s
environmental impacts’''. It is also often
stressed that new technologies, which
outpace policy and regulation and come
with high uncertainty regarding risks, might
increase public concern and even hostility
towards them'’.

In March 2020, the European
Commission published a Circular Economy
Action Plan that contains, among others, the
aims to make sustainable products the norm,
ensure less waste generation and specifically
halve residual non-recycled municipal
waste by 2030'%. The action plan’s objectives
are very relevant for nanotechnology
because they include initiatives for circular
electronics, batteries, textiles, construction
and buildings. These are all applications
in which nanomaterials are increasingly
applied. To deliver on the EU’s Circular
Economy Action Plan, the transformation
is supported by €95.5 billion from the
EU’s new Horizon European research and
innovation funding programme that runs
until 2027".

The European Commission will
also work to minimize the presence of
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Nanomaterial development

* Nanomaterial sustainable and safe by design?

* Possible to produce nanomaterial using waste
as a resource without high energy and costs
demand?

Yes

Nanoproduct development
* Nanoproduct use considered essential?
* Considered how nanoproduct can be
Yes maintained/repaired/reused/remanufactured/
refurbished/regenerated/recycled?

Circular economy
ambitions met

Yes

No No

Nanoproduct life-cycle management

Possible to:

= Minimize waste from all life-cycle stages of nanoproducts?

* Minimize release of hazardous substances at all life-cycle
stages of nanoproducts?

* Ensure high-quality sorting and removal of contaminants
from nanoproduct waste?

* Track and manage nanomaterial information along the
product life cycles?

Further research and development
investments needed to align better with the
principles of circular economy

Fig. 1] Critical questions to be addressed for nanomaterials in a circular economy from development,
over nanoproduct development, to nanoproduct life-cycle management. Nanotechnology can only be
used to meet the circular economy ambitions if the development of nanomaterials and nanoproducts are
sustainable and safe along the life-cycle of the nanoproducts. This includes considerations of whether
the use of the nanoproducts are essential, minimizing waste and tracking and managing nanomaterial
information. Further research and development might be needed to ensure that the development of
nanoproducts are aligned with the principles of circular economy.

chemicals for non-essential uses, and (3)
‘one substance-one assessment, which refers
to having one safety assessment for all uses
of a given substance instead of having many
European agencies assess the same substance
for individual uses under their respective
legal jurisdictions, such as industrial
chemicals, food, toys and cosmetics.

In this Comment, we discuss examples of
how nanomaterials can be used to meet the
ambitions of the Circular Economy Action
Plan and the CSS. As summarized in Fig.

1, we furthermore reflect on the unique
challenges that remain if nanomaterials are

harmful substances in recycled materials
and harmonize the classification and
management of hazardous waste. Thus,
there is a strong link between the circular
economy and chemicals management
addressed in the Chemicals Strategy for
Sustainability (CSS) published in October
2020'. The CSS is highly pertinent for
nanomaterials as these are considered
chemical substances in the EU. The CSS
introduces three new principles to address
the environmental and health concerns
of chemicals: (1) safe and sustainable by
design, (2) phasing out the most harmful
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to become an integrated part of a future
circular economy.

Reuse of nanoproducts
A transition to a circular economy can
be supported in different ways, including
long-lasting design, maintenance, repair,
reuse and remanufacturing'’. The common
denominator is the aim of closed-loop
material flows in the economic system,
keeping products, components and
materials at their highest utility'. In the
circular economy taxonomy, reuse requires
that a product is still in good condition
and fulfils its original function for its
conceived purpose'®. In such a case, the
product is not yet waste'’, and preparation
for reuse requires little effort. This has to
be considered already in the design phase
of products (linking to the ‘sustainable
by design’ of nanomaterials) and is
fundamentally different from recycling,
which typically — but not always — involves
more extensive processing of (waste)
materials (Fig. 1).

Most nanomaterials are embedded
in a solid product matrix, for example, a
polymer*®. Therefore, reusing nanoproducts
often implies circular flows of nanomaterials.
As for any other product, the precondition
for reusing nanoproducts is that the original
functionality and properties remain. Although
the reuse of nanocomposites has been
studied extensively" (including different
techniques for the regeneration of polymeric
nanocomposites and their reuse potential
in wastewater treatment and monitoring
processes), limited knowledge is available
on how the quality and functionality of both
individual nanomaterials and composites
are affected by reuse. The few studies
available indicate that the functionality of the
individual nanomaterials, namely zinc oxide
nanoparticles or carbon nanotubes, is retained
only over a limited number of cycles®. When
this functionality is lost, nanoproducts may be
discarded as waste and possibly recycled.

Recycling of nanomaterials

If nanomaterials are to be recycled, they
first need to be recovered from the waste.
Some studies have recovered inorganic
nanoparticles from complex liquid mixtures
using centrifugation or solvent evaporation,
which have high energy and economic
costs. Methods using magnetic fields,
thermoresponsive materials, molecular
antisolvents and nanostructured colloidal
solvents are cheaper, faster and less

energy intensive®'. Techniques to recover
nanomaterials from solids have also been
documented. For example, nanomaterials,
such as iron and titanium, can be fully
recovered from lithium-ion batteries

Sport products 12%

Food contact material 4%

Furniture 1%
Clothes, apparel, shoes 1%

Textiles 18%

Childcare 2%

Luxury 4%

Play/toys 1%
Cosmetics 6%

Home gardening 18%

Cleaning 8%

Personal care 25%

Fig. 2 | Distribution of products in the Nanodatabase according to categories of non-essential uses
proposed by ChemSec. Here, 1% is equal to 52 products.

using high-temperature metal recovery>.
Furthermore, successful extraction of
inorganic metal oxide nanoparticles,
multiwalled carbon nanotubes, and
nanoclays from polymer nanocomposites
has been reported using either calcination
or chemical dissolution with concentrated
formic acid followed by centrifugation.
Calcination provides the highest recovery
yields (>95%) for most nanomaterials but
causes a loss of surface functionalization
groups. Extraction of nanomaterials

with chemical dissolution preserves the
functional groups better but results in lower
recovery yields (40-60%)*.

Once nanomaterials are recovered from
the waste matrix, they can be reused in new
nanoproducts. Several studies have indicated
that recycling of nanomaterials such as zinc
oxide nanoparticles and single-walled carbon
nanotubes from batteries is feasible’*~*. The
performance of the recycled nanomaterials
or products will define their further use.
Studies have indicated that the functionality of
recycled nanomaterials is retained only over
a limited number of (re)use cycles, usually
ten or less”>”’. Efficient recycling requires
studies on nanomaterials’ intrinsic thermal,
mechanical and chemical recyclability
properties and how these properties change
once nanomaterials are mixed with other
materials in secondary nanoproducts.

Nanomaterials as chemical
contaminants

The presence of nanomaterials in certain
waste streams may be an obstacle to high
recycling rates and multiple material cycles.
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Current recycling systems are mostly open
loops, meaning that secondary materials are
recycled into applications that are different
from those producing the waste®. In some
cases, the presence of nanomaterials in
existing products can inadvertently impair
the functionality of the new products.

An example is nanoclay used as a filler in
plastic polymers for food packaging. The
presence of nanoclay can make polyethylene
plastic more brittle with decreased impact
strength”, which could be an issue for the
quality and sustainability of the recycled
plastics. At the moment, it is unclear for
which products or material streams this
might represent a problem, nor is it clear
how to recover nanomaterials from waste
streams™. Lack of traceability is a significant
obstacle, and little information is typically
avaijlable about material properties in
open-loop recycling operations’', meaning
that it may remain unknown whether a
recycled material contains nanomaterials™.
While examples of recovered nanomaterials
exist™, the separation of nanomaterials
from products may be difficult, owing

to technical challenges and high energy
requirements. Nanomaterials recovered
from end-of-life products may also be of low
quality, for example, in low concentrations
or with contaminants present.

Waste as a resource

Considering waste as a resource is a
crucial element of the circular economy.
There are several examples of repurposing
conventional waste into nanomaterials to
avoid the extraction of primary resources.
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Examples include producing carbon dots
from plastic bags* and polyethylene
bottles”, carbon nanomaterials from solid
waste™, and different metal nanoparticles
from battery waste* and e-waste such

as compact disks* and old computer
printed circuit boards"'. Nanomaterials

can also be added to improve the quality of
secondary materials and achieve the desired
functionality. Examples include concrete*’
and different types of plastic*’, paper*,
composite® and alloy materials.

Finally, nanotechnology holds the
potential to support a circular economy by
recovery and substitution of rare elements®’.
For instance, carbon-based nanomaterials
(graphene, nanotubes and fullerenes) could
potentially substitute 14 rare metals, such as
indium in transparent electrodes®. While
the replacement is possible, it remains to
be investigated whether this substitution
increases the circularity of the products in
which the nanomaterials could be used and
whether this substitution is sustainable in
the long run.

Safe and sustainable by design

The (eco)toxicological hazard profiles

of many nanomaterials are challenging

to establish. Recently, the European
Commission revised the information
requirements that manufacturers and
importers must provide for nanomaterials
under the EU’s chemical legislation. The
minimum characterization information
includes particle number size distribution,
surface functionalization, shape, aspect
ratio, specific surface area and exposure
estimates for all life-cycle stages. While
this will help manufacturers, importers
and downstream users to document
appropriate risk management, it remains
uncertain whether and to what extent

the interactions between particle
characteristics (for example, particle size
distribution, surface chemistry and volume
specific surface area) affect the overall
hazard of a given nanomaterial”’. Similar to
other chemical contaminants, tracking the
fate of nanomaterial properties throughout
the life cycle of secondary materials is

not straightforward owing to the lack of
suitable direct characterization techniques.
Therefore, such techniques are required

to ensure safety along the entire life cycle.
Future discovery of nanomaterials may

be driven by the use of machine learning
and artificial intelligence, and safety
considerations ought to be built into the
machine learning algorithms®. For this

to be possible, considerable amounts of
standardized high-quality data are needed
in open-access databases that have yet to
become available®'.
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There has been considerable progress in
establishing ‘safety by design’ approaches
for nanomaterials and nanoproducts in the
past decade™. However, the tendency to treat
safety as an inherent material property in
its own right is problematic, as safety also
depends on, for example, how materials
are used”. Consequently, complete and
absolute nanomaterial safety will be difficult
to guarantee in a future circular economy
setting.

A final challenge for nanotechnology
in a circular economy relates to the
intention of the CSS to phase out harmful
chemicals for non-essential uses. Obviously,
what constitutes non-essential uses is a
matter of opinion and subject to intense
discussions. As an example, the Swedish
non-governmental organization, ChemSec,
was one of the first stakeholders to propose
a step-wise approach that distinguishes
between essential uses and two categories
of non-essential uses. Categories of
non-essential uses are: (1) products or uses
that do not fulfil any basic human need
or are not essential for the functioning
of our society; and (2) products that
are ubiquitous in our everyday life. In
addition, medical products and devices,
products for military operations, energy
production and storage, transportation and
communication, and alike are considered
essential only if the product or process
itself is considered essential for the overall
functioning of society and if there are
no alternative chemicals or other ways
to achieve a similar end function at the
product level*". Independently of whether
some nanomaterials can be argued to
be harmful or not, it is noteworthy that
almost all products (99%) currently listed
in the Nanodatabase (www.nanodb.dk)
fall into the two categories that ChemSec
classifies as non-essential uses (Fig. 2).
This Nanodatabase is an online inventory
containing more than 5,200 products
listed according to their manufacturers or
other stakeholders™. The only products
that might be considered essential are 30
products that fall into the product category
‘communication.

Outlook

The introduction of a circular economy
means that a set of key questions must be
considered as early in the commercialization
process as possible by researchers

and developers of nanomaterials and
nanomaterial-containing consumer
products (Fig. 1). Some of these questions
focus on the nanomaterial itself, including
whether the nanomaterial is sustainable
and safe by design, and whether it can be
produced using waste as a resource without

a high energy and cost demand. Another
set of questions is related to nanomaterial
application and includes whether the
envisioned use in certain products can be
considered essential and how the value

of the nanoproducts can be upheld for

as long as possible. It also includes how
nanoproducts can be maintained, repaired,
reused, remanufactured, refurbished,
regenerated and recycled. Finally, there is

a set of questions related to the broader
life-cycle management of nanoproducts. For
instance, can waste generated during the
life cycle of a nanoproduct be minimized?
Can the release of hazardous substances

at all stages of the life cycle be minimized?
Can high-quality sorting and removal of
contaminants from nanomaterial waste

be ensured? Have the intrinsic thermal,
mechanical and chemical recyclability
properties of nanomaterials changed

once these are mixed with other materials
during recycling? Can the properties of the
nanomaterials be regenerated if lost during
processing? And can information about the
nanomaterial be tracked and managed along
the product life cycles?

If the answer to one or more of the
above questions is negative for a certain
nanomaterial or nanoproduct, further
research and development investments
should be put into aligning it better
with the principles of circular economy.
Considering the increasingly prominent
position of the circular economy vision,
those nanomaterials and nanoproducts
will probably meet consumer backlash,
negative media attention and extensive
regulatory scrutiny. However, if the
answers to these questions are positive,
it is likely that nanotechnology can live
up to the expectations of being
the fast-moving technology that helps
us reach the goal of increased circularity in
society. a
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