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Abstract

A circular economy will look to chemistry to provide the basis of watioe products, made from renewable
feedstocks and designed to be reused, recycled, or the feedstock rérewghl natural processes. The
substances that products are made of will increasing be treated as a resalretbguaw materials, and not

just disposed of. This perspective discusses the role of chémiéstgorld without waste.
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This perspective on the circular economy is a call for chemists to nedaerces through responsible product
design.



1. Introduction tothecircular economy

On the 2% December 2015 the European Commission (EC) released an “ambitious” proposal for a circular
economy:™ Accordingly now would seem an opportune time to interpret the umwemnent, consider the
opinions expressed thus far on the topic, and evaluate what will be exgeatechEmists working in research

and development and the responsibility of chemical manufacturers in a carcotermy.

Reacting to major recessions in the first part of tH& @mtury, the global economic model was designed to
rely heavily on “planned obsolescence’ in order to grow the economy and sustain the job market.* However this
approach is only achieved at the expense of resources and theeafooe be continued indefinitely. As well as
encouraging shorter product lifespans, to a certain extent a convefitieaaleconomy also rewards product
inefficiency, overconsumption, and therefore wastefulieasth the increase in consumption created by a
growing world population and greater affluence amongst developatipns® the problems of a linear,

resourceto-waste economy are becoming more acute.

Following the most recent global recession of 2009, solutions forra stable economic model have looked
to embrace interlinked problems such as depleting fossil reserves whiladalsessing the pollution they
caus€. A circular economy increases the value of a material resource by maxgjnitisi conversion into
products (high value), and in doing so eliminating waste (low valoedddition, the lifetime of products is
increased through responsible product deSigihen a product reaches the end of its function, reuse and
recycling provides an opportunity to prolong the usefulnests @bnstituent parts even further. Meanwhile the
inherent value of the material embodied in the product is extended thtrenwasted. Demand for finite
resources is therefore lessened, and consequently a circular ecanamyeans to reduce greenhouse gas

emissions.

Whereas the original (and since withdrawn) European circular ecolemisiative proposal was focused
on waste management, this was replaced with a more comprehensiveoViaictosed loop value chain from
the outset of the latest proposal when first planned in early 2015 (RigUtépon completion of the European
Commission’s plans for a circular economy, it can be expected that manufacturers will need to demonstrate that
their products have been designed in such a way that their potentieligar and recycling is maximised. If
chemists can appreciate the demands imposed on product desigherarariacturers by a circular economy, it

becomes a stimulating driver for research and innovation, rather thaeidenb
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Figure 1. A simplified view of a circular economy in terms of madkfiow embodied as functional products.

In order to reduce waste and material consumption, a circular econidimgqwire consumers and procurers
to increase their association of value with the desirable function a givercpprduides, not the product itself.
This is a considerable philosophical adjustment that will take time to become winelpted® Short product
lifespans encourage repeated consumption, stabilising and protractingmdmdiets to the benefit of the
supplierst* An alternative to a business model based on product sales is one of sevisiem™When being
paid for a particular service rather than to provide a certain quantisodfict, the excessive consumption of
primary resources and the production of replacement products acteediybs a hindrance to manufacturérs.
In a service-based business model there is a clear economic incentadute material use and increase
product efficiency and longevity. The elimination of waste througtovative product design for enhanced
reuse or recycling opportunities fits this philosophy perfectly. thésefore to be expected that both suppliers
and consumers will be seeking new materials and formulations, andsgansibility and opportunity will be

with the scientific community to initiate relevant projects and develop the ajgisopubstances.

It is not just consumer end products that are being rethought usingtalityeof service provision. The
concept of ‘chemical leasing’ is being promoted by the United Nations Industrial Development Organization
(UNIDO).****The origin of this waste minimising business approach can be timeeell established chemical
management strategies where using less chentiesilseen equated to redushcost risk and exposur®.In this
business model it is the service provided by that chemical that is paid.fpryélume of water treated, number
of articles painted) and not the quantity of chemicals purchased. With efficiemasdieg the supplier instead
of material consumption, waste reduction is achieved. UNIDO claims that, bypliagopayment from
consumption, chemical leasing encourages better management of chemicals @fitiabeonsequences for
the environment (Table 1j.Similar types of scheme are now operating in the consumer sectorcdroputers
to clothes, and are particularly beneficial to less durable products if refurbishmeamanufacturing is

straightforward® Extended producer responsibility can incentivise the inclusion of@magntal aspects into



the design of products, but how best to implement this without urssdgspenalising businesses or

misplacing accountability is still actively discussed in the literatlre.

Table 1. Specific examples of chemical leasing projétts.

Process Country Payment Benefits
Metal Austria per number Volume of solvent reducec
cleaning of parts by 71%, energy
cleaned consumption halved.
Waste water Columbia per cubic Chemical consumptior
treatment metre  of halved.
water
Dyeing India per Annual savings: 2 million

kilogram of kWh of energy, 78 tonne:

textiles of dyes, 75 million litres of
water.
Painting Sri Lanka per area of Material use 10% more
building efficient. Reductions in
painted water use and packagin

also achieved.

Machine Serbia per hour of Hazardous chemical
lubrication operation replaced, and 6.5 millior

litres of water saved.

Products designed to facilitate their own reuse and recycling allows the sbeyigerovide to be continued
repeatedly, without unnecessarily depleting natural resources. When theaesigroduct makes recycling or
disassembly for refurbishment and reuse technically impossiblesqtiigalent to a reduction in the service that
can be provided by the material resource contained in that product. Certaimations of different materials
can make separation slow or otherwise difficult, as can the means by thikidtomponents are joinéd.
Collection and treatment of products at the end of their functioning lifeussllgdmportant. If the components
of the waste stream are not easily separated, or they consist of chentcaiatarials without an established
means of being recycled, the valuable resource contained in each wastd pithchot be retained within the

circular economy.

The circular economy is clearly the combination of many initiativéghe complete outlook of resource
efficiency as a waste prevention strategy has been speculated as capablallyf sewing 30 million tonnes of
primary manufacturing feedstock in the UK alone by 2020. Waste vimiltduced by 20%.The resulting
economic benefit across European manufacturing sectors is potehtialiyeds of billions of Euros every
year? A circular economy is certainly not limited to Europe, with othamtdes including Chin&} and the

USA® possessing their own initiatives. China in particular has an advancedarciezonomy policy



framework, first implemented in 2002, which has evolved fimasic recycling laws inta comprehensive

ideology based on industrial symbiosis and resource conseration.

2. Chemical and material design for zero waste

The role of chemistry in our society is not to just to continue creatimgestablished plastic products,
additives for formulations, and other functional chemicals. Chenaists chemical engineers should share
responsibility for environmentally sound product design with manufexd, by developing appropriate
chemical substances and processes for a circular ecdfiégmywell as designing substances to meet specific
application criteria, e.g. durable, non-toxic, porous, efdéditional ‘end-of-life’ considerations need to be
balanced against product performance. The ever demanding needseof smaety are protected by constantly
revised chemical legislationi. Increasingly this will be steered by a need to preserve finite resources.
Requirements down to the level of individual chemical substancesefalotinstream reuse and recyclability of
consumer products must be at the forefront of future scientifida@wents. For example, immobilisation of a
catalyst allows it to be reused. This approach can retain the high actpiitgltgf homogeneous catalysts and
maybe even offer improved reaction selecti¥ftfhis is an especially useful approach for creating reusable
asymmetric catalysts, and easily manufactured asymmetric heterogeataiysts continue to be discover@d.
Similarly, introducing susceptible chemical bonds into surfactants tee rtieem biodegrade rapidly in the

environment (organic recycling) can be achieved without impairing proeufirmance’

A recent article by Constable (presently head of the ACS Green Chemigtityt#) establishes a parallel
between product design in its conventional sense and green chepnisttiges” The motivation to substitute
toxic reagents and develop less wasteful reactions (equated by Constable to a ‘design ethic’) is still the preserve
of chemists and chemical engineers with the desire and imagination to ¢hangiatus quo. Whereas green
chemistry can be interpreted as a guiding philosophy for improcimgmical products and process
development? ultimately it is legislation (and sometimes customer pressure) thatondl fchange. This is
beginning to be seen with the European REACH regulation (registration,ateajuauthorisation and
restriction of chemicals) which is leading to the identification and restriction of taoxiengronmentally
hazardous substancE&low measures to promote a circular economy will require European chemitaters
and importers to change their habits regarding how they view grralésign in a similar way. This must be
reflected by an enthusiasm amongst an informed generation of gsieviis are able to provide the expertise
required. Otherwise, tightening regulation and the high associated(eagtf additional chemical testing)
could all too easily be accepted as an expensive barrier, curtailing opporttmitiegigate any reform in
chemical design, production and compound selection. This does not haweh® tase, for it can equally be
considered as a catalyst for innovation. The necessary response to thenigaread to substitute hazardous

chemicals is the development of novel but carefully considered molecules.

A reduction in hazardous chemical use is advantageous in a circular ecémrreyample, plastics without
toxic additives can be recycled safely. Efforts to reduce chemical wakteazards must be practiced in the
mgor manufacturing centres of the world, which are not necesslalgted where the most restrictive
legislation preides. For the circular economy to flourjghe principles of eco-design and sustainable material

use must be applied proactively, and not neglected in favotenofof-pipe’ treatments or low value waste



management exercises. Restricting oneself to operating within the regulateslsconposed on hazardous

substances will certainly curtail innovation, while investing in benign atieas has long term benefits.

It is easy to recognise that if products are reused and recycled it lessens demand for the planet’s finite
resources. To actually achieve effective material recirculation in a circular ecoth@mipitial design of
products is crucial. The importance of product design should not be ovanslthdy waste management, which
essentially has the purpose of treating waste by economical means. Waagemmamt consists of general
practices that often apply to heterogeneous and changing waste Stréamanderstanding of the waste
hierarchy established by the EU waste directive helps to visualise the retiafgdof each endflife option
(Figure 2)* Products inherently designed to be quickly disassembled and eitrautatured or refurbished,
or easily repaired when need®dan be returned to use with high efficiency rather than risk beingts
landfill or incinerated simply out of convenience. The EC circular @gnaction plan proposes to revise the

EU waste directive to better reflect the requirements of a circular ecotiomy.

Ecodesign, information and
awareness

Remanufacturing, refurbishing

Mechanical and feedstock

3 Recycling recycling

Energy recovery, reclamation and

4 Recov :
ceovery regeneration

Incineration, landfill, biological
treatments

5 Disposal

Figure 2. The waste hierarchy as defined by the European wastdide 2008/98/EC.

The design of smartphones and the habits of their users illustrate tamafvioned waste hierarchy quite
well. Smartphones contain a large number of different elements (#0H& current generation of devices), and
poor product design is well known to unnecessarily limit the feitgilif metal recycling® The design of the
product can also greatly impair the ability to repair any damage tntbephone (Figure 3). If the functioning
lifetime cannot be prolonged, the low recycling rate of smartphones meansaterial resource is frequently
not adequately recircuked*® Repurposing smartphones is better still from a life cycle impact perspeative b
there is no general infrastructure in operation to conduct this g8lidye foreseen endtlife option quickly
falls down the waste hierarchy towards disposal because of failifgediuct design, waste collection, and a
lack of consumer awarene®sThis situation cannot be continued indefinitely because many of thergtethat

are currently used in smartphone construction will shortly exhaust timirrkeconomically viable reserv&s’
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Figure 3. Elemental resources and design considerations for smartpfiéi¥s.

Dissecting the environmental impact of product design with a ctedieadle perspective, the first
consideration is the choice of feedstock. The expertise of those workihg @hemical sciences is especially
helpful here for the selection of starting materials and their optimum owmemto suitable chemical
intermediates. The production of acetic acid is a simple example of this. Acetis éaidongst other things) a
chemical intermediate and a solvent in terephthalic acid productiois.also biodegradabf@Most acetic acid
is produced from syngdéUsually it is desirable to find an equivalent renewable feedstock so thmgxis
infrastructure can continue to be used. However anaerobic digestion tihgibm-gas (methane) precursor of
acetic acid, or even direct gasification of biomass to syngas, is quite wadtefukepresented in terms of atom
economy (Figure 4% Bio-based acetic acid is conventionally made by the oxidative fermentation of
carbohydraté® but still the co-production of carbon dioxide means a significantgbahte feedstock is wasted.
Anaerobic fermentation is more attractive from a biomass utilisation perspeatid theoretically all the
carbohydrate feedstock can be converted into acetic*®after use biodegradation transforms acetic acid into
carbon dioxide and water, the precursors of photosynthetic bigmadsction. In this article the authors are
limiting discussion to the material contained within products, but it shoeildoted that biomass production
requires land, nutrients and water. Therefore the choice between suitablesb@oys should be carefully

considered®
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fermentation.

The emphasis of a circular economy on valuing resources, reducing wastddressing climate change is
clearly complemented by the ambitions of a bio-based ecofbth§he value of biomass as a resource for
producing chemicals greatly exceeds the potential of the present déyebimarket® As suggested for the
example of acetic acid, the renewable material contained within bio-based praduetiréulated through
biodegradation (biological recycling) if the biomass feedstock is generated rfranaged forests or by
sustainable crop production (including the use of processing weaséens as chemical feedstocks). However
not all bio-based products are biodegradable, and the recirculation of noughdeid-products could be
increased and further enhanced with the implementation of alternativef-iifed-options (e.g. chemical
recycling). The principle of the circular economy means it is not essantiamediately produce every organic
product from renewable materials (biomass, ,Cé€tc.), and so concerns over the direct and indirect
consequences of land use change can be kept in check with pnogloatieas of land dedicated to non-food
crops, including wood. To circumvent sustainable land use issuesagteswrom food crops or elsewhere in

the food supply chain are ideal sources of chemiéals.

Wherever there is access to sustainable chemical intermediates, an efficient transfaionéi®rend
product(s) is also needed to create the best possible value. The development whste synthetic
methodologies® supplemented by the improved efficiency of catalysts made framdaimt, non-toxic metals
or wastes? aswell as biocatalysi¥, and the careful management of other major process auxiliacasb(y
solvents) is an important step towards a circular economy. The bensditeofiluating a synthesis, especially
the number of steps and the amount and type of solvent wsetdeln proven on a manufacturing scale for the
production of sildenafil citrate (the active pharmaceutical ingredient of Viagra™).%® With solvent recovery
organic waste was reduced from 22 liters for every kilogram of ptadujust 4 liters for every kilogram of

product.

Not only is the synthetic route of importance, but the composition amatida of the final product needs to
be compatible with a circular economy. Sometimes the synthesis aritbfuof a chemical are interconnected.
The Diels-Alder reaction for example is useful for the synthesis ohsalling polymerswWaste is avoided by
using a synthetic approach to polymer cross-linking that is 1004 et@nomic, which then also allows the

polymer to repair damage to itself through the reversible Diels-Alder reastien heated (Scheme *1).



Notches in the material are repaired as the polymer crosslinks reorganise. e caxpected that with

remanufacturing the polymer will have an extended lifespan as a resulptamekbd frequent replacement.
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Scheme 1. A self-healing copolymer of butyl methacrylate andfiryl methacrylate reversibly crosslinked with a bifeimide

compound?®

Innovation in technology and chemical design so that toxic chemicalsbmagplaced and unnecessary
waste avoided demonstrates progress has been made, but evewilmogeasked of chemists in a circular
economy. Beyond the development of clean synthetic methods, atetpieleast chemical synthesis and
manufacturing must become compatible with sustainable global develogoaist® From the legislator’s
perspective, products will be expected to store and retain the carbon thatrti®ftpeir chemical structure in
such a way as to negate greenhouse gas (GHG) emissiorthis respect the petrochemical components of a
product must be constructed so that they can be disassembled and prémessetplete reuse or recycling.
Only those multi-component articles that can be dissembled easily capaied economically Alternatively
the parts can be sent for remanufacturing to reduce primary fekdst®. Although retaining the value inherent
to a functional end-product is ideal, when this is not possible mechaaigaling will also keep the carbon
content sequestered, if on the down side the form and fundtitire @roduct is lost to provide a secondary
manufacturing material (Table 2). The quality of recyclates must be consisteghi, and the recycling

procedure efficient. This can be achieved by monitoring recycling processessuring no traces of hazardous



additives are preseft.Inseparable blends of recyclable plastics with biodegradable polymers sbeuld
avoided. The quality of recycled plastics can be impaired by contaminaatdeast introduce variability in the
mechanical and thermal properties of the recyéfaté hazardous chemicals or biodegradable polymers are
crucial to the function of an article otherwise mostly comprised of recyghddméic, each part must be clearly
identifiable and separable so that they can enter their own appropriate waste treateaens. In order to
sustain the value of chemicals and materials beyond thesef-ifelprocesses, product design must embrace
current and future practices in a manner that is consistent with thecaarepdsf-waste framework, whereby
waste is transformed into a marketable produdthis definition will be updated to help the European circular

economy where waste is now viewed as a resduice.

Table 2. Categories of material recirculation in a circularremy.

Cycle Level of chemical Example

composition retained

Reuse Component parts preserve Remanufactured parts

(e.g. engines)

Recycle Material/molecular Mechanical recycling

(the form and function of  (e.g. PET packaging)

the article is lost)

Renew Elemental Biodegradation

(molecular composition is  (e.g. compostable plastic)

also lost)

There are instances where petrochemicals are not appropriate starting matectasnioal synthesis. The
use of a renewable feedstock is most important when a producttcames a formal endf-life waste
treatment. One example is the type of lubricant used on chaiadeskand the engines of motorboats, where
essentially all the lubricant is lost to the environnfénn this case biodegradation of the lubricant is the
preferred method of preventing pollution and long term ecotoxicibblpms. Importantly for a circular
economy, biodegradable products must be completely bio-based if the eanbodied in the article is to be
recirculated and not contribute to a net gain in GHG emissions (Schemen®)o&ting of bio-based products
also helps balance nutrient cycfsind should be considered superior to uncontrolled biodegradation in the
environment but producing a lower value resource than other typescydling. Composite materials can
contain many different elements and so a carbon-centric argumematagige the complete story. The rate at
which hazardous elements and compounds can enter the enviroismaotitrolled by various pieces of
legislation, primarily for the benefit of human health and environmemtakgion In a circular economy
attempts to reclaim these materials (or ideally avoid them in the Ifis#)pmust be prioritised over measures to

limit the impact of hazardous substances when released into the emsion
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Scheme 2. Two examples of triglyceride derived bio-lubricantspTan estolide ester (R’ = H or 2-ethyl-1-hexyl). Bottom: a partially bio-
based synthetic trimethylolpropane ester (R = fatig alkyl).®

The reuse and recycling of bio-based products is equally valid in ordeoid waste, but biodegradation of
fossil derived products is not compatible with the circular economy ethesaximising the potential of
resources in a manner consistent with climate change t4fgétisough out of the scope of this discussion, this
point also highlights the need for low carbon energy to power menuing®’ and products should be designed
to be energy efficient in line with the EU directive on eco-design whegkcable®® All these considerations
combined provide the basis for the design, production, andlife- treatment of environmentally benign
products (Figure 5).
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Figure5. Cradleto-grave life cycle considerations in product desigpliapble to chemical research and development.

3. Demonstrating recirculation

Contemporary use of the term ‘renewable’ is associated with feedstocks and energy sources, and so bio-
based products would therefore be described as being made from renewablalandtes important to
recognise that a narrow focus to research development goals, yrgamuted product design, can lead to bio-
based products that may not themselves actually be renewable, nbieptissecirculate the material resource
in a circular economy. The following examples of chemistry offeindication of the measures required to

ensure recycled and renewable materials are valued and not wasted.



When attempting to produce conventional products from biomasstée&dselection is influenced by any
limitations to the available technology. Green chemistry metrics (typically equédiocalculating waste) help
quantify this®® but in reality much more information is needed for a compréherse cycle assessment
(LCA).”° Recently a detailed analysis has shown that the environmental impactiodfaded
hexamethylenediamine (HMDA, the precursor to nylon-6,6) is gréaderits petrochemical equivalent and the
economic benefit is lower (Scheme 3 ultivation of a food crop for the starch feedstock, and even simpl
processes such as steam heated drying incur large energy and ep@ssibies. It is therefore important to be
able to appreciate the efficiency with which biomass is predutansformed, and then us€dnd whether it is

too energy intensive or wasteful to be regarded as the basis of a sustaimalfctaeng process.
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Scheme 3. Simplified synthetic routes to hexamethylenediamin®A) from bio-based 5-(hydroxymethyl)furfural (HMF) dt,3-

butadiene.

Life cycle assessment is not often applied to laboratory scale chemigtthebsame LCA principles that
can be used to describe biomass production and chemical manufacturlrg wsed to equal effect in research
and development situatiofSInstead it is more common to see ‘green’ organic synthesis being practiced,
justified by the replacement of hazardous chemicals, the optimisatiorevef amd efficient alternative
technologies, and quantifying waste reductitfhis research drive is helping to accomplish the synthesis and
manufacture of many bio-based chemicals to replace equivalent petrochewitaits(® as already shown for
HDMA, and other so-called green chemicals. Unfortunately a retrospectiteolt€n casts doubt over new,
and presumed green, chemical proditféhinting that the quite agreeable research goals of green chemistry do
not always go far enough. The early implementation of LCA tdegehemical process development must
become more common so not to slow the development of a circulasregoGreater training and expertise in

LCA is certainly needed and would be warmly welcomed by the chemicat.secto

An important aspect to the assessment of the environmental benefits of bigyuahers is the location of
the biomass and its proximity to the associated chemical processing filamtsonsensical to transport large
volumes of low value biomass across long distances as happlys talthough the fact that this is common
practice demonstrates it is economical. Depending on how a product ighesédnsportation of the raw
material is not often a major contributor to overall life cycle impacts. Theowimg social-economic conditions

in developing countriess changing the distributiolof global demand for energy and chemicals, providing



another reasoro reconsider the locations and design of chemical manufacturing sitehe Amméoment
manufacturing is often in the right place (near excellent biomass res@mddast growing markets) but for the
wrong reasons (cheap labour and relaxed environmental protection rew)lafite can no longer hold the view
that polluting practices can be exported out of North America and Eufapdeveloping countries become
more prosperous, demands for tighter environmental protection to becemhfshould increase. There is a
possibility that more manufacturing will then move to Africa, but aftat there will be nowhere else to go in
the search for cheap production of chemicals and other gbbdsdesigners and engineers of new plants and
processes should now pkathe preservation of water, soil, and air quality at the forefrorh&f ambitions.
Traditional biomass processing operations in developed countriessspaper mills are real possibilities in this
regard given their location next to large (and presumably sustainablpge@n forests, the existing
manufacturing and transportation infrastructure around them, lendact that the demand for newsprint in

traditional markets is declining leaving the mills open to alternative manufagpossibilities’®

The full concept describing the recirculation of resources has been representedddswing diagram,
consistent with the EU waste hierarchy but emphasising the return to nsesfals embodied in functional
products (Figure 6). Conceptually the cycle of Figure 5 is completedgthrtie management of sustainable
feedstocks and responsible land use. In summary, reuse thefugbishment and remanufacture is the most
direct cycle. Reuse maintains the form of the article and so the engugyoinginally required to make the
product is not squandered after one use (Table 2). Mechanical recyclingsilects each article but the
chemical composition is retained (e.g. used PET bottles are melted and exttodeBT pellets). Reshaping
the recyclate into new products requires energy, but there is a potential aduanitagehere is now flexibility
with respect to the end product, a choice which could be market drivengiBaloecycling (either composting
or ultimate biodegradation in the environment) renews a bio-based feedstbeksense that a carbon balance
is restored. Thus recirculation is the complete return to use of the materiateegmircomprises a product, by
anthropogenic or natural proceses, and without wastée order of preference for endHife options is

dictated by the value of the material, as governed by its form and availabf®ifu
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Figure 6. Chemical product cradi®-cradle life cycle stages in a circular economy.

Sometimes there is a temptation to assume a substance or material is badlegradecyclable (amongst
other claims) without an actual demonstration how efficiently this ecamd under what conditions.
Researchers should also consider in detail the legislative field that controls thedngpmdications of their
products. A good example of product design for optimum recyclingnénwith regulation comes from the
natural fiber composites of Bourmaud and co-workergho have shown a thorough knowledge of the applied
aspects of their research. By conducting the relevant tests, they were aolectdheir materials are recyclable
as is required for the disassembly and recovery ofoétite vehicles and their components by EU E\Whese
polypropylene-hemp fiber composites are therefore shown to be a viateecoial product for the automotive
sector and not just an academic curiosity. A new proposal fronE@hdas been made to shift the current
emphasis on the recycling of vehicle parts (and waste EEE) to r&fumedai$ in order to better preserve the

value of the functional parf.This calls for new innovations as the circular economy comes into force.

When developing new materials such as bio-plastics and their comf3osieproduct design must balance
the anticipated number of recycling loops with optimum performance léspan. For research and
development scientists this may mean conducting mechanical recycling festexample, probably through a
collaborative research effort that may have otherwise been overlooked émepoef of other pursuits. The
choice of materials used in a product should reflect a preference to relusearie, and combining materials
with different lifespans and emuf-life management pathways should be avoided where possible, ay it ma

unnecessarily shorten the time to product redundancy or interiféresaycling procedures.

Although it is far from instantaneous, the main purpose of biadiagjon is to prevent waste and pollution,
which along with resource preservation is the basic objective of a circulamegoBimdegradation should only
be considered for products that cannot be effectively reused or recyciditotheir value. The need to design
certain products to biodegrade may be linked to their function, or indesechabits. A controversial aspect of
this argument is plastic waste. While we endeavour to recycle (mostlyclpenizal derived) plastic4,in
reality large volumes are disposed of, which has led to alarming pollptadriems and issues for a circular
economy>® For instance microplastics in the oceans are hugely dam&gihg.articles associated with marine
activities will often contain non-recoverable substances (e.g. antifadjegts and paints for boat hulls, as well
as sea fishing equipment), and must be designed to biodegrade fsakthef the environment and a circular
economy. Otherwise plastic pollution is the result of industrial andaipah practices and consumer attitudes

to waste. Strategies to combat plastic pollution in marine environments are oflgoing

If we are not capable of recycling materials then it may be that thejddhebio-based and biodegradable,
despite the loss of function and therefore value incurred. Biodegradable pgiasgcseen viewed in the past as
a solution to the contribution of plastics towards lan8tiff However it must be said that although recycling
rates for plastics are lower than what is actually pos&iieis is not because of inherently insurmountable
technical issues. In this case introducing greater biodegradability into plaiiticst encourage less waste, and
where there are ways to preserve the chemical structure of the plastic by ggdhels® approaches need to be
encouraged. Here policy and communication, incentives and responsibilisf go handn-hand wih

intelligent product design to meet European targets for higher rates of recycfing



Europe’s circular economy strategy features a binding target of no more than 10% of waste entering landfill
by 2030' Meanwhile waste incineration has become an increasingly popular waynafating landfill while
generating energy in the process. Sweden for example actuallytsnpaste to convert into energy through
incineration”™ Despite the waste treatment aspect, energy recovery from waste formed of pedtaichem
products should not be considered as contributing to a true circular ecoamyenergy intensive
manufacturing process for a low value product only succeedstivdthvailability of cheap fuel. Cement kilns
favour carbon rich fuels because they require an extremely hot ftamelt the precursor minerals and cause
them to react. Solvents are one type of product that are typically viewegast-application fudbr cement
kilns. Commercial demands and government policies that advocate energy productiaghthwaste
incineration not only promote growth in an industry that thriveslbundant, low value waste, but in treating
waste as a feedstock for energy actually encourages material wasteflihiess.contrary to the objective of a
circular economy, despite more sympathetic accounts in the litefafie. push factor to reduce landfill for
environmental reasons is matched by the economic pull of the energgtyreand in much the same way as
planned obsolescence was implemented to create wealth, the broader longpacmof the policy was not

fully considered.

It can be argued that carbon capture after waste incineration ofimmmags derived products fulfils the
definition of recirculation proposed here, but only if the carboetained in a reusable form. Despite the added
benefit of energy recovery absent when bio-based products are bicetegradversion of the captured cambo
dioxide into chemical intermediates is not trivial, and despite its obvious potentialazanahsignificant
environmental impact depending on product seleci@equestering of CQOis not consistent with a circular
economy because this equates to a loss of resBunteating a waste in a form with no value. Besides,
investing and managing carbon sequestration for its own sake witlemetopment of chemical or fuel
production from the captured G@ not profitable, and recently the approach has faltered in the Uil&eof

negative policy decision making regarding low carbon en&rgy.

Options for carbon capture and utilisation (CCU) fall into 3 categoriesidisecof CQ after separatiof?’
biological transformation, and chemical synthesis. The direct use ofed2@®, as a supercritical solvent for
example, is now routine and diversifying into varied applicatid®dgae are able to convert the carbon dioxide
from flue gases into chemical produdsind recently it has been shown that catalysts based on the abundant
metal aluminum can convert the carbon dioxide in waste flue gases d@fitoaarbonates, which find use as the

electrolytes of lithium ion batteries and as precursors to polycarbonate pfastics.

If a polycarbonate made from captured LC&nhd other recirculated feedstocks could be incinerated to
produce energy, and the resulting carbon dioxide captured and ugsEd in the same fashion, that
manufacturing and waste disposal infrastructure would lend itself to theembof a circular economy. A
possible example takes limonene, an alkene and the major comporleateskential oil of citrus fruif$® to

form a renewable polycarbonate or polyurethane upon reaction withrcdioxide™®

The related idea of a methanol economy has been proposed by Niakelviiner George Olah, where
methanol is used as a fuel, manufactured from the carbon dioxide emisséated by burning that methanol
(Figure 7)'° This is a tight, fuel orientated recirculation cycle, but as with the productigrasfics from
captured carbon dioxide, the concept should be considered as a valuable apmrdahe control of GHG

emissions, and for the production of commodity chemical produetsnfjethanol) without a net depletion of



resources. The conversion of atmospheric, @@ methanol is an especially interesting development in this
field.**

Methanol Steam
Combustion reforming
Energy, CO, Syngas
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hotosynthesis) Wood
& 2 Food waste
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Figure7. A schematic of the material flow in a methanol energnemy.

4. Scientificinnovation enabling the circular economy

New technologies that assist the recycling of products are highly laloflcourse, but typically the
approach is too often segmented into the classic “problem-solution” inventive steps. Redesign of a product to be
more easily and comprehensively recirculated is a much better approacleitcular economy, in effect
eliminating the problem rather than having to find a solution. Arigiming example of this design issue is
found in liquid crystal display (LCD) screens. Before proper legislatieasures were put in place, electrical
and electronic equipment (EEE) was routinely sent to landfill because it avegftoult to extract value from it
once dsposedof.’** Even now after bans on the export of hazardous waste to developimgiesi{d°and the
EU waste EEE directiv¥°because of the continued difficulty in processing LCD screens thrd BEE waste
streams, illegal shipments of this resource are still made to developingieastscrap’’ The release of toxic
chemicals from unregulated EEE waste processing has created anglerokionmental health and safety issue
in these regions, where vulnerable people are compelled by financial reasatesnpt such practices, and too
often without any protective equipment or formal traimfig®® This fact is recognised by the EC in the new

circular economy action plart,

As expected, the original design of LCD equipment has much to do withbility to then recycle it at the
end of its useful functional life. Thin, yet composed of several lagensaining many different materials
(Figure 8)!1%%'%only recently has the automated disassembly of LCD televisions temhnologically
achievablé™ The EU Ecolabel certification created an incentive to redesign televisions in toraeake
disassembly for recycling effectiv&and nurtured progress in simplifying the recycling of LCD eqeipniby
removing the hazardous substances that complicate safe diSpastiough the EU Ecolabel instructions
require that televisions are designed for easy disassembly, anctbetagic substances is controlled, mercury
is still permitted in fluorescent lamps. Furthermore the EU Ecolabel is not mandatb progress towards a

circular economy will require these sorts of stringent product design requisetadoe more widely adopted.
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Figure 8. A simplified, exploded diagram of the layers in a LCD soré&™*

Scientific innovations now permit the extraction of liquid crystals fromlays}™ and the removal of
indium metal from backing film&'® Both processes certainly complement the mechanical recycling presedur
now in place with the primary aim of metal recovery, plastic recycind correct mercury disposaf;**’
However, it would be far preferable to not have any toxic mercury or rdrexgensive indium in the product
in the first place. Improving technology in the LCD sector now méaaisa significant proportion of screens
are now lit by LEDS;* and no longer require mercury containing cold-cathode fluorescent I6RGFELs).
Light emitting diodes (LEDs) can be recycled and are covered by thevaste EEE directivé® The latest
advance in organic LEDs (OLEDS) is presently limited to premium LCHuymts, and research is ongoing to
improve fabrication and performance of long lived and energy effidevices® A greater understanding of
how to best design OLEDs on a molecular basis is still being establiSteed, much more work on optimal

design for reuse and recycling needs to be initiated.

Organic LED displays require an indium tin oxide (ITO) transparenductmg film electrode just as
standard LED displays do. Indium is on the EU critical raw materia/§iabd as such greater efforts to limit
our dependence on this metal are needed. Graphene has been proposatieasatine material to replace
ITO.*?* Advantages in a life cycle context have been calculated to be in faf/graphene, an important step in
establishing the basis of research in this ffléfd\evertheless we must be careful to consider the broadest
implications of any new manufacturing process, with graphetem gfroduced using reprotoxic solvents that

may soon have REACH enforced restrictions imposed on them.

The contrast between emdpipe waste treatment and practices inherently designed to adhere to the circular
economy concept can also be found in the textile dyeing inddsteywaste water produced from the dyeing of
clothes is extremely voluminous, and creates pollution in places where woties are not protected by
environmental regulation$***Water purification using membrane technoldfigomplements chemical and
biological waste water treatments, and advantageously is not consuntked purification process, even
allowing for reclamation and reuse of waste water and the chemicals retrievei.ffdMesoporous carbon
supports for photocatalytic purification of watéfor simply used as a reversible solid absorption medffim,
may represent an advance in this technology but the fundamental praibieenwater pollution still persists.
Ironically membrane fabrication is itself a source of water polldfidemphasising the need for a broad

analysis of all potential benefits and risks when ‘green’ technologies are introduced.

The latest advances in the textile industry have sought to completely elimiatge use from dyeing

processes. It is estimated that 12% to 40% of the dye used in textile marinfaends up being washed into



effluent, which amounts to 40 liters or more for every kilograneafiles produced?****Waterless dyeing
using supercritical carbon dioxide drying represents one advance thaptelpsat the contamination of water

in this way™'1t is feasible that the carbon dioxide might be recycled on site as is theocasgércritical CQ
extractions and chromatography Alternative solutions will also be needed that can drop into the existing
infrastructure with immediate effect. To this end, organic solvent systames feen found that can replace
water. Used in a fully recyclable system, dimethyl sulfoxide dyeing resal®®9% reduction in waste, as well
as superior dye stability and no need for additional inorganic'&&leic liquids can also be used in dyeing,
and the addition of {2-hydroxyethyl)-3-methylimidazolium chloride to the dye bath is protemrliminate

color leaching into the wash water, preventing aqueous pollutants frornaering*3*

The waste water of textile dyeing is a preventable environmental hazard, keitnsesnwaste cannot be
avoided. Furthermore, in some cases formal waste collection and re¢gdisg not feasible. To make matters
worse, detergents for example also tend to have a very short functiesphiif Surfactants enter the aqueous
environment immediately after use, especially in the case of househalthglpaoducts, and so the only option
for recirculation within the concept of a circular economy is fordégradatiort>> Some conventional
surfactants do break down in wastewater treatment plants, but thembesition products can be alarmingly
toxic."**The problem of designing surfactants to biodegrade rapidly and comyitetslybon dioxide and other
innocuous chemicals is therefore more challenging and complex thahfirsgbe anticipated. To improve the
environmental impact of aqueous cleaning products, scientists are now dgyddamegradable bio-based
surfactants from the oils of waste cashew nut sh&lsnd other renewable chemical intermediates (Scheme
4).8 One of the most promising classes of bio-surfactant would sebmttte alkylpolyglucosides, where the
partnership of a hydrophilic sugar group and a hydrophobic vegetdbteroved alkyl chain results in a
versatile, bio-based surfactant that biodegrades completely to water anid @@eriod of 3 weekS® Used
cooking oil is a suitable feedstock from which to produce surfactétitsa reduced environmental impact. This
is consistent with current EU management practices where througimeddgecification an application can be

found for waste materials to extend and increase its function and therafiozeas a material resourt8.
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Scheme 4. Top right: A cashew nut shell liquid derived surfatfd” Bottom left: An alkyl polyglucoside made from glucased a fatty
alcohol (R = H or glucoséf?



An example of a successful collaboration between a manufacturer andsssienftithe sort vital to the
success of the circular economy, is the discovery of switchable adhiesicespet tiles** The quantity of post-
consumer carpet waste created each year is estimated to be in excessillan4tonnes:** Introducing
switchable adhesives is different from an @fgbipe recycling solution because now the product is inherently
designed to make disassembly and recycling possible with the irsgwétive chemicals. The binder between
the carpet fibers and the bitumen backing is made from acetylated starcte (§jgiir can be controllably
deactivated with a mild alkali solution, allowing for the separation of thgetdile components. The carpet
fibers can then be recyclétfand the backing remanufactured into more carpet tiles. By implementiegded
producer responsibility, the service of the product is valued abovwmdterials, which are recycled into new
carpet tiles** The presence of the starch based adhesive advantageously elimirateeeth for added
brominated flame retardants with known environmental and health riskso\®ng the need for these hazardous
components means the recycled materials from the used carpet tilespracdssed more effectively, and not
risk landfill because they do not meet chemical legislation requiremeshistlagr quality controls regarding the
handling of hazardous waste.

Carpet fibre

Bitumen backing

Switchable adhesive

Figure 9. A simplified representation of the main layers in a swithfiked carpet tile.

Research into bio-based polymers is a huge area of interest, with rajeictgd market growth backed by
legislation in France for exampl&. The sustainability of plastics has been widely studied in the literature. The
main conclusions are that the scopeeathLCA assessment is important and should fully embraceoétite
consideration$?® This is where a significant portion of global warming potential associaitdplastics is
found. The present-day quantity of bio-based polymers in use respjptstanities for mechanical recycling
and so biodegradation or incineration is often preferred. Recyclingpgweduce the carbon dioxide emissions
associated with polylactic acid (PLA) disposal for instance, as well as @patgy savings because the
synthesis of virgin polymer is avoidéd.It has been shown that the technologies and chemical auxiliaries used
in bio-based polymer production could also be improved to reduceoeméntal impact?® Even so, present
day bio-based polymer manufacturing has a similar impact to petrocthgrlgmer synthesis, with room to
improve for this emerging bio-based industi3*°Further recommendations for improving the sustainability of

bio-based plastics have been suggested by Alvarez-Chéavez et al., anel inelude of wastes and by-products



as feedstocks, safer additives, water recycling in manufacturing plamts,avoiding composites with

petrochemical polymers that reduce overall biodegradabffity.

Life cycle assessments have produced some surprising conclusganding the optimum material and
disposal options for different items of packaging. Food packagirgsensitive subject because hygiene and
food quality cannot be compromised, yet there is an overwhelming prassteduce packaging. If the poor
performance of the packaging increases the likelihood of feaste, then the environmental impact of the
surplus food production can overshadow that of the packagightweight'>° and recyclablé* packaging is
environmentally superior to typical multilayer alternatives if consideredlation. However if the probability
of any food loss incurred because of inferior packaging is also ewadidthe environmental burden of

agriculture can reveal easily recyclable, lightweight monolayer packamiveg unfavourabl&?

Polylactic acid (PLA) is one of the most prominent synthetic bio-basetnpot and generally performs
well in comparative LCAs against fossil derived plastf€$>® Although it now features in several types of
plastic product (including food packaging) PLA nevertheless hae sotable disadvantages to overcome with
respect to its limited mechanical properties and thermal stabiflityis also crucial to appreciate that PLA is
only biodegradable in an industrial composting setting. The lower tatapes of home composting units are
unsuitable and will reduce the quality of the compB&upposedly biodegradable polymers can be persistent in
the environment in the absence of correct efilife management, which is obviously a risk to a circular
economy:>® Therefore more information must be communicated with new productsigottiem reach their
intended enabf-life process. The chemical components of blends and compositesitigvbig-based polymers
should have the same intended efdife pathway if they cannot be separated. Unfortunately the preagnt d
recycling of composite materials can be extremely challergifurthermore any impact of mineral fillers on
biodegradation, disintegration and composting should be understood atdbetptesign stagé’?

Unconventional bio-based chemicals tend to have a complementary stiiocthee precursor biomass,
rather than sacrifice the inherent functionality of the feedstock just lioateptheir crude oil derived analogues.
Polylactic acid (PLA) fits this description, as it is produced from fémenentation product lactic acid.
Contrastingly polyethylene terephthalate (PET) has now been made exlgidsivn renewable resources, but
the synthesis is protracted and low yieldiitand can involve hazardous reagents. As a replacement for PET,
polyethylene furanoate (PEF) has a more amenable chemical structursyfothatic target produced from
biomass (Scheme %)° The terephthalate monomer is replaced by 2,5-furandicarboxylic acidAfD@ich
although offers some technological advantd§®BEF is severely restricted by the present day manufacturing
scale and cost. There is a perception that PEF and other new type®rgfngnbio-based polyesters will
contaminate PET recyclates and reduce the quality of this secondanfatturing materia* A hesitance by
end users of PET to make this quite major shift in material use $temsthe short term uncertainty and
possible negative effects that might be experienced during a trariiése. This sort of barrier to achieving
longer term benefits is not a new issue and historically is overcgitieltenacity of a few proactive companies

willing to spearhead chand®.
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Scheme 5. The synthesis of bio-based polyethylene terephthé®da) and polyethylene furanoate (PEF).

Future technological advances may open new avenues for increadiveylse recycling methods, and this
can be taken into account when developing improved chemical producss dircular economy. Although
commercial realisation is strongly dependent on the scale of the avadaptdate that can be processed, the
development of chemical recycling is one technology that would grealtywith the recirculation of novel
plastics. Chemical recycling of plastics involves a depolymerisation to returntbaitle monomer. This
approach to closed loop recycling preserves the functionality and eéliie feedstock where otherwise only
open loop recycling might be feasible, or perhaps thermal instabdignenmechanical recycling degrades the
polymer and impairs itserformance in subsequent applicatid?S.In principle all polyesters can be hydrolysed
or transesterified to produce monomers for the synthesis of nevefdbut chemical recycling is particularly
appropriate for bio-based plastics that cannot be recycled using the establishef®@&amical recycling of
polyolefins is a less pressing issue because mechanical recyclingcigveffbut it is interesting for the creation
of intermediates with the broader potential as a cheap chemical feetféthls sort of chemical recycling to
give a less specific product stream (also known as feedstock recylingasification into synags and olefins)

is appealing for mixed wastes and composites that are difficult to separgiarewaste stream$s>

The chemical recycling of PLA is well understood, and can be appliactimaway to either return to the
lactic acid or lactide pre-cursors of polymerisation, or even provide lactate (Ssteesne 6§°° Ethyl lactate is
recognised as a green solvent and is a valuable replacement for mosdtéorimtives in cleaning products and
formulations'®’ Other polymers suitable for chemical recycling include the polymethyhangtlate found in

LCD equipment®®and nylon which can be recycled using supercritical fluid solV8hts.
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5. Outlook for a sustainable chemical industry

Research goals across the scientific disciplines have clearly been influertbedrecent past by concerns
over climate change, the demand for renewable energy, sustainabiligneindnmental protection. Now the
world’s need to associate a greater value to materials and the service provided by products can be considered as
a topic of equal importance. In a circular economy it is not enougisttogplace unsustainable feedstocks with
biomass without optimising processing and product design to avagle and inadvertent environmental
damage. Present day eofipipe waste management is not sufficient either, and cannot create a circular
economy by itselt’® Furthermore, present day recycling practices are not comprehensivénéndumy they
separate wastes to be able to achieve the complete recirculation of m&teFiaits.work has described how
product design, when developed in harmony with recycling practitean help achieve optimum material use
and minimise waste. The efforts of product designers must be assistpdliby makers who have a
responsibility to introduce quality control protocols to help direct waste imtoappropriate endflife
recirculation processés’"*and yet remove the regulatory barriers to a circular ecortéfiijius ‘waste’ is now
the feedstock of a circular economy, reducing demand for thoseargriresources with an observably and
worryingly finite existence. If a reuse and recycle strategy cannairbsefen then chemicals must be designed
to biodegrade, and in these cases a renewable resource is required fymitiheisis. Here the recirculation of

materials is shepherded by the biological processes of photosynthebisdegtadation.

The aspirations of research and development chemists in industry adehea can be subtly tweaked to
better incorporate the goals of a circular economy. At the same time thareew responsibility on the

designers of products to communicate their needs at chemical R&D level to eecaumpmgvements in



chemical synthesis and the products they make. Adopting the recomtinesdsuggested throughout this
article will help scientists future-proof their work, making it more relewanthe increasingly regulated
chemical sectors and more appealing to funding bodies.

The use of environmental assessments (typified by the LCA) musineemore prevalent. The benefit of
LCA to guide early stage chemistry as well as identify the emissinddand use associated with large scale
processes is huge. Unfortunately the availability of data is restricted andetiessary expertisis not
widespread. The legislative aspect of the circular economy does notnh#ifs irespect; instead it defines
ambitions and introduces the regulatory targets needed to achieveathbg®ns. Some guidance on waste
management and resource efficiency will be issued by the Europeani€som? However this does not equip
scientists with the tools they need to contribute to a circular econsng.first step chemists should become
more acquaird with published examples of LCA and other forms of envirortalemssessment (as well as
complete sustainability assessments of course). From here collaboratioanwitbnmental scientists is the
obvious way forward for chemists to understand the environmiempdications of their research and improve

process development.

Whether a scientist has ambitions of contributing to a circular economgt, being able to demonstrate the
recyclability of new productS” or being able to show biodegradability through standardised té&tiagd
establishing whether they are fit for REACH compliah@eyill become important if not compulsory. The
obvious choice for research scientists producing novel materials and substant® establish strong
interdisciplinary links with biodegradation labs, ecotoxicity specialists, cobadorith manufacturers, and
understand the regulatory field. It is also vital to consider products in tdrthe service they provide, not just

in terms of chemical composition.

Generally speaking, synthetic chemists would do well to understamé sf the prominent regulation,
certification and labelling schemes relating to bio-based content and sustainabglitide product design. If
there is an awareness of product requirements beyond direct eea$yrerformance at an early stage of the
design process, there is a better chance of achieving customer acceptdno@mmercial realisation. For
instance, certification of bio-based content does not require the productentitedy bio-based in origin.
Usually the assessment is on the basis of carbon mass onlynealoaver limit can currently be as low as 20%
bio-based (carbon) contel Sustainability certification, for example International Sustainability and Carbon
Certification (ISCC)."® and responsible design certification such as ‘Cradle2Cradle’,'®® have quite precise
requirements that must be adhered to. These include bans on the indfigiertain chemicals and the
offsetting of emissions, all of which are helpful criteria to evaluateymtsdwvith. New toolkits that inform users

about the steps towards a circular economy are a useful educational platéotth als

From an industrial perspective, symbio$fswhere the output of one process is the input of an otherwise
unrelated process, is a convenient approach to eliminating wasteriaratypresource demand. Particularly
appealing is the use of carbon dioxide and its sequestering into thacahestructure of recirculated
products:®The use of wastes and recycled materials might be an uncomfortable donecepearch chemists
who deal with pure, refined chemical intermediates, but this position is leedupd away with time as
innovative examples begin to appear in the literattfrespecially in materials scient®.The opinion of
industry is quite different, with companies increasingly lookingfmpiement the revenue from their traditional

(and sometimes declining) business by valorising their waste stream.



To take a final example, the impact of the digital revolution on the paper gmihgdustry has forced the
sector to diversify its product portfolio and reduce its ctSt@ne recent advance has demonstrated the
possibility to co-produce cellulose pulp (for paper production) andlaable lignin derived oil from the
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waste.”” Even sawdust from biomass pre-processing can be convettedhemical intermediates such as

levoglucosenone and its downstream products for the fine chensiealer:®® There is a long standing
environmental issue with the sulfite liquors of the pulping prot&ssit this is a resource too, and can be used
as a feeedstock for microbial polyhydroxyalkanoate (PHA) produttioidd to this the significant recycling
of paper:>* and the paper and pulp industry appears to be moving towaitsitar model® The example of
the paper industry demonstrates that the challenges and hence opporéumitieglar economy brings to
chemists are substantial, not just in their own discipline but acroskeathanufacturing industries and the

energy sector.

Achieving maximum material recirculation will require certain practical steps to be, mach as increases
to recycling capacity and stronger markets for the secondary maieraéates. Equally the transition to a
circular economy is absolutely reliant on innovative technologies and iements to how product design is
viewed and executet.Despite some criticism of the European circular economy political stréfegy,
economists and social scientists have taken it upon themselveseistand and define the principle with a
bottom-up approach* Now the stage has been set for chemistry and its associated disciplines toankagzd

of an exciting revolution in chemicals and product design.
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