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ABSTRACT 

Chemistry and pharmacy provide products and processes that are essential to our high standard of living. Chemistry is the 
central science when it comes to the transformation of substances, in pharmacy too. Against the backdrop of sustainability, both 
chemistry and pharmacy face similar challenges. They have taken up aspects of environmental friendliness, circular economy, 
and sustainability. However, the term “green” is often used synonymously with “sustainable” or even combined as “green and 
sustainable,” even though sustainability can not be considered synonymous with “green.” Sustainable chemistry and pharmacy 
recognize that green and circular chemistry and pharmacy are important tools. They, however, go far beyond. This article provides 
an integrated overview of green, circular, and sustainable chemistry and pharmacy to clarify their respective areas of application 
and the respective interplay between “green” and “circular” and “sustainable” so that both, chemistry and pharmacy can fulfill 
their promise of delivering sustainable contributions to sustainability in a sustainable manner. This article illustrates that it is not 
sufficient simply to place sustainability alongside chemistry or pharmacy—“for” or “and” sustainability—but that chemistry and 
pharmacy must be fully embedded into sustainability. 
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 Introduction 

hemistry is the science of the transformation of substances. As
uch, it is also an important pil of pharmacy. Chemistry and
harmacy are therefore indispensable pillars of our high standard
f living and our health [ 1–3 ]. More than 95% of today’s products
re based on at least one chemical reaction [ 4 ]. In recent decades,
emand for products has risen enormously, accompanied by a
harp increase in the consumption of natural resources such as
inerals, metals, biological resources, and fossil carbon for the
ynthesis and manufacture of products [ 5–7 ]. All non-radioactive
lements of the periodic table and even some of the radioactive
lements are used today [ 8 ]. Global turnover from chemicals is
xpected to almost double between 2020 and 2030, reaching €6.6
rillion [ 9 ]. Sales of pharmaceuticals are also rising rapidly and,
ccording to Statista, are expected to grow from 1.7 trillion US
ollars in 2024 to around 2.4 trillion US dollars in 2029. This will
e reflected in a further increase in resource demand, waste, and
mpacts on health and the environment. 
his is an open access article under the terms of the Creative Commons Attribution Licen
riginal work is properly cited. 
2026 The Author(s). Angewandte Chemie International Edition published by Wiley-VCH
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More than 300,000 chemicals are marketed worldwide [ 10 ].
Within the group of per- and polyfluoroalkyl substances (PFAS),
the so-called “forever chemicals,” around 10 000 different com-
pounds are in use, and many more are known [ 11, 12 ]. New
materials have been introduced (e.g., graphene, nanoparticles,
metal-organic frameworks (MOFs), or materials for electron-
ics). Polymers, fibers, additives, and excipients have become
increasingly complex and diverse at the atomic to the molecular
level. Plastics, for example, are rarely simple polymers such
as polyethylene. Elements such as oxygen, nitrogen, or sulfur
are incorporated into the hydrocarbon backbone in both block
and non-block configurations, and various functional groups are
present regularly and irregularly at the molecular level. One-
dimensional chains form two- or three-dimensional molecular
networks. In addition, more than 10 000 additives, that is, various
chemicals, are used to modify the properties of the polymers
[ 13, 14 ]. Such polymers are combined, for example, in high-
performance materials and products consisting of a mixture
of several polymers and additives, rather than a single, pure
se, which permits use, distribution and reproduction in any medium, provided the 
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olymer. Around 3000 active pharmaceutical ingredients are
urrently in use, in addition to numerous excipients and adju-
ants that form part of medicines. The individual constituents,
hat is, active or main components of pesticides, disinfectants,
yes, polymers, fibers, additives, and excipients, have become
ncreasingly complex and diverse at the atomic and molecular
evels. In the related products such as alloys, pesticides, washing
gents, paints, plastics, medicines, electronics, textiles, paper,
ires, cars, furniture, and buildings, chemicals and materials are
ncreasingly mixed. In other words, they have become increas-
ngly complex and diverse at the atomic to the molecular to the
aterial to the building block to the product level. A car tire,
or example, contains 40%–50% “polymeric material,” 30%–35%
illers, 15% plasticizers, 2%–5% vulcanizing agents and 5%–10%
ther additives [ 15 ]. Mobile phones and other electronic devices
ontain up to 60 chemical elements, that is, metals, metalloids,
nd non-metals, each in different chemical compounds at varying
xidation states, together with polymers, flame retardants, ceram-
cs, and other chemicals and materials. Textiles may contain
arious dyes, fibers, polymers, and other chemicals. In most cases,
he exact composition and the number of added substances are
nknown to recycling companies. Each of these products also
ontains residues of mostly unknown non-intentionally added
ubstances (NIAS), which arise during raw material processing,
ynthesis, and manufacture, as well as residues resulting from use
nd aging. 

he undesirable side effects of the chemical industry became
pparent at an early stage: environmental pollution in the form
f emissions from chimneys, odors and colored river water, but
lso in the form of health risks and resource consumption.
hemical waste, for example, from synthesis, was for a long time
imply disposed of or discharged into rivers, thereby poisoning
eople and organisms in the environment. A notorious example
s the Cuyahoga River in Cleveland (Ohio, USA) [ 16 ]. It was so
eavily polluted with chemicals that it caught fire in 1969 and
urned for about 20 min. This resulted, among other things,
n damage to two railway lines and the contamination of the
ocal air and soil with pollutants. Another notorious case is
he Love Canal in Buffalo (New York, USA), which came to
ight in the late 1970s. For decades, this site was used as a
hemical waste tip before being built over. The local population’s
xposure to toxic chemicals caused numerous health problems,
ncluding birth defects, miscarriages, epilepsy, and leukemia [ 17 ].
any other examples of “unregulated” or inadequately secured
azardous waste disposal sites “discovered” in other countries
uring the 1980s could be mentioned here (e.g., Lekkerkek in
he Netherlands, Vac in Hungary, and Georgswerder or Malsch
n Germany). This illustrates the common practice at the time
egarding the handling of chemical waste. In some countries,
uch hazardous practices of landfilling chemical waste or incin-
rating it in unsuitable facilities are still in use, leading, among
ther things, to the emission of carcinogenic chemicals such as
olycyclic aromatic hydrocarbons (PAHs) and polychlorinated
ioxins and furans (see below). 

ome of the most toxic synthetic chemicals have been identified
s unintended by-products of the synthesis of chlorinated organic
hemicals, such as pesticides. For example, 2,4,5-trichlorophenol
s an intermediate in the production of hexachlorophene, which
as once widely used as a disinfectant and in the manufac-
of 27
ture of herbicides, as well as 2,4,5-trichlorophenoxyacetic acid.
This was used as an herbicide and defoliant and was also
employed by the US military as a chemical warfare agent (e.g.,
“Agent Orange”) to defoliate trees during the Vietnam War.
A by-product of the 2,4,5-trichlorophenol synthesis is 2,3,7,8-
tetrachlorodibenzodioxin (“Seveso Dioxin”, TCCD), one of the
most toxic chemicals known to humans. Agent Orange contained
Seveso Dioxin as an undesirable but known by-product of the
synthesis (“contamination”). The consequences of the poisoning
of the local population and US Army soldiers are still visible
today in the second generation. In the Seveso disaster—named
after the Italian town where the accident occurred—TCCD was
released due to a reaction that got out of control. Other well-
known incidents that could be cited as examples include the
accidents at Schweizerhalle (Switzerland) and Bhopal (India),
both of which occurred in the 1980s. Seveso Dioxin and other
related chlorinated dioxins and chlorinated dibenzofurans are
also produced during the incineration of organic waste in the
presence of chlorine. Another by-product of the combustion of
organic materials is PAHs, which are very toxic and, as for some
compounds of the group, highly carcinogenic. 

As early as 1962, Rachel Carson highlighted the undesirable
effects of certain products, such as pesticides and medicines,
on the local environment [ 18 ]. By the 1960s and 1970s, environ-
mental chemistry had already developed to the point where it
incorporated systemic approaches and was not merely concerned
with identifying chemical pollution of the environment, but was
already looking further ahead to consider how environmental
pollution could be prevented from the outset and what new
alternative energy sources might be necessary, or the depletion of
mineral resources and its consequences [ 19 ]. As early as 1973, the
depletion of stratospheric ozone by synthetic chlorofluorocarbons
(CFCs) was recognized as a global chemical impact [ 20 ]. Despite
this knowledge, however, production rose sharply after 1973 until
the Montreal Protocol came into force in 1987 [ 21 ]. This 14-year
delay between the availability of the knowledge and the taking of
action is responsible for more than 90% of the pollution caused by
CFCs, the effects of which will persist until the end of this century.

Alongside numerous other substances, organic chemicals con-
taining fluorine, chlorine, or bromine—including many pes-
ticides, some pharmaceuticals, PFAS, and flame retardants—
persist in the environment for long periods [ 22 ]. Even decades
later, many of these chemicals are still present in the environment
or in products and are often euphemistically referred to as “legacy
chemicals” or “contaminated sites.” The most recent example
is PFAS. Although they entered the market decades ago and
have long been known for their undesirable properties, they
have only recently received wider attention [ 11, 23–26 ]. Raw
material extraction and waste treatment, including recycling,
still contribute significantly to environmental pollution and high
water consumption. Chemical pollution of the environment and
food contamination have also reached an all-time high in terms
of chemical diversity. 

In other words, the downside of the more than 200-year
success story of (industrial) chemistry is that, alongside the
desired products, their unwanted by-products can also be
found everywhere around us—that is, in the environment—
and within us, some of them having been present for several
Angewandte Chemie International Edition, 2026
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ecades [ 27–34 ]. For the vast majority of chemicals and pharma-
euticals, as well as for numerous unwanted by-products arising
uring synthesis, processing, use, and in the environment, data
n toxicity, environmental fate, and effects are often very limited.
espite our growing knowledge, we know less than ever about
he fate and effects of chemicals and pharmaceuticals in the
nvironment, in food, and in organisms, compared to what we
ught to know. The necessary increase in knowledge cannot
eep pace with the enormous growth in substances, materials,
roducts, and applications. 

he use of certain environmentally persistent organic pollutants
POPs) was banned under the Stockholm Convention, which
ame into force in 2004 [ 22 ]. The list has been growing steadily
ver since. It began with the so-called “Dirty Dozen,” including
olychlorinated biphenyls (PCBs), highly chlorinated pesticides,
nd Seveso Dioxin, which, due to their long half-lives, are still
resent in the environment, in food, and in the human body.
his was followed by additional groups of chemicals, such as
rominated flame retardants and, more recently, some PFAS.
ll preventive measures were taken only after their environ-
ental persistence and their toxic properties had already been
emonstrated years or even decades earlier. 

esources for remediation measures are generally insufficient
r even non-existent, leading to additional, often hidden costs
nd a continuing burden on people and the environment. The
nnual health-related costs for PFAS alone have been estimated
t between €52 and 84 billion in the European Economic Area [ 23 ]
nd at US$60 billion in the USA [ 24 ]. The costs for environmental
onitoring alone are estimated at a total of €170 billion, yet
onitoring alone will not change anything at all. The US
ater Works Association estimates the cost of removing PFAS
rom drinking water at US$370 billion [ 25 ]. While the average
arket price for PFAS in 2022 was 19 €/kg, the actual price is
ramatically higher, reaching 18 700 €/kg if social costs such as
hose mentioned above are taken into account [ 25 ]. Although
ll these cost estimates are subject to a degree of uncertainty
nd depend on certain assumptions, for example, regarding PFAS
sage rates and concentrations in soil or water, the figures once
gain highlight the high follow-on costs of past inaction. From a
ustainability perspective, these costs, as well as the health and
nvironmental impacts of the chemicals, should be prevented in
dvance, as should the resulting unquantifiable harm to people
nd nature. These follow-on costs must until now generally
e borne by society, not by companies that made the money.
he money saved through precautionary measures and behavior
ould be used for other purposes, including combating poverty
r improving education and training, including in the fields of
ustainability and chemistry. 

he concept of the circular economy was developed in response to
he need to prevent environmental pollution and address resource
carcity through the recycling of waste, including strategic raw
aterials such as rare earth elements (REEs), graphite, and other
ritical minerals. Both green chemistry and circular chemistry
ddress environmental pollution, hazards, and resource issues
ssociated with the manufacture and use of chemicals and
harmaceuticals. Sustainable chemistry and sustainable phar-
acy recognize these as important tools for more sustainable
hemistry and pharmacy, while at the same time highlighting
ngewandte Chemie International Edition, 2026
their inherent limitations. Sustainable pharmacy differs from
sustainable chemistry in certain respects, for example, in some
ethical ones [ 35, 36 ]. Green approaches based on the use of
biologically sourced remedies have long been part of pharmacy
(e.g., plant-based active ingredients, pharmaceutical biology), but
have not progressed much further. However, as regards resource
use, synthesis and end-of-life issues relating to their products, as
well as their application and their connection to sustainability,
chemistry and pharmacy have much in common. The historical
development is summarized in Figure 1 . 

The terms “green chemistry” and “green pharmacy” are often
used synonymously with sustainable chemistry and sustainable
pharmacy, respectively. The same holds for their products. The
circular economy is often viewed as a source of infinite resources,
as supposedly everything can be recycled. However, this reflects
the traditional thinking of the linear economy. Not everything
that is greener or more suitable for a circular economy is
necessarily more sustainable. In other words, the terms “green,”
“circular,” and “sustainable” are often used without a clear
understanding of what they mean (see also Chapter 6). There
is a lack of clear understanding of the respective opportunities,
interrelationships, limitations, pitfalls, and areas of application.
Yet this knowledge is the indispensable foundation for avoiding
misunderstandings that lead to processes and products that are
not green, not circular, or not sustainable. 

This article, therefore, aims to provide a much-needed better
understanding of the opportunities and limitations of these
concepts—that is, their respective areas of application and how
they are interlinked and can support one another—so that the
chemical and pharmaceutical industries can contribute to a
more sustainable future in a more sustainable way and avoid
rebound effects, greenwashing, and sustainability-washing (i.e.,
the promotion of supposedly greener solutions and products that
are neither greener nor more sustainable). 

2 Chemistry and Pharmacy: Science and 

Industrial Application 

In an industrial context, we synthesize chemicals and materials
with a specific benefit, function, or business opportunity in
mind. Unlike the fundamentals of chemistry and pharmacy as
sciences, we can alter our individual and societal values and
expectations regarding industrial chemistry and pharmacy, as
these are not determined by nature (Figure 2 ). For example,
based on the costs of separating and extracting components
related to the hazards posed by the ingredients, we can decide
whether to classify a particular type of waste as “good” (e.g., a
resource to earn money through “upcycling,” see Chapter 4.4.3)
or as “bad” (hazardous, expensive to dispose of). Or we may
decide that renewable resources are “better” than non-renewable
ones, or that the introduction of chemicals into water bodies is
undesirable (leading to pollution) or desirable (e.g., algaecides).
The same applies to the so-called planetary boundaries (PBs,
see Chapter 5), including those relating to chemicals. They are
not defined by nature, but by our human values, that is, the
desire to ensure a habitable planet for us. The same applies
to the Sustainable Development Goals (SDGs, see Chapter 5).
In other words: when it comes to the industrial application,
3 of 27



FIGURE 1 Historical development of chemistry and pharmacy against the backdrop of sustainability. 

FIGURE 2 Non-normative and normative chemistry and pharmacy. 
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4

.e., the synthesis of compounds and materials as well as the
anufacture of products etc, chemistry and pharmacy become
ormative, that is, they are determined by human values such as
nvironmental friendliness, the circular economy, sustainability,
usiness opportunities, the SDGs, or the PBs (Figure 3 ). For
ature, none of these terms and categorizations play a role,
nd we cannot derive them from nature. That would be to
uccumb to the naturalistic fallacy. The properties and behavior
f atoms, molecules, materials, and products are inherent in
heir composition. We cannot alter them. In contrast, values and
esires can change, as they are not given by nature. 

 Pollution Prevention and Green Chemistry 

.1 Greener Chemistry From the 1970s to the 
arly 1990s 

he synthesis-oriented concept of pollution prevention was
eveloped and commercialized by industry in many countries as
arly as the 1970s and 1980s. This development arose in response
o environmental pollution caused by chemical waste and the
ssociated regulations and costs [ 37–45 ]. It also aimed to prevent
he incomplete degradation of chemicals in the environment [ 46 ].
his was triggered by a growing understanding of the presence
nd potential effects of chemicals in the environment, in food, and
n human health. Insights gained thanks to the new disciplines
of 27
of environmental chemistry and ecotoxicology, which emerged
in the 1960s and 1970s. Both disciplines already applied systems
thinking; for example, environmental chemistry was fundamen-
tally linked to the prevention of environmental pollution [ 19 ].
Further drivers of this development were impending legislation
and rising costs associated with chemical waste and liability
claims. For example, under the US Superfund, polluters were
required to pay for decontamination, regardless of the history
of the pollution and the regulations in force at the time of the
incident. Several increasingly environmentally friendly chemical
processes were developed and introduced into synthesis and
manufacturing, that is, commercialized at that time [ 37–42 ]. This
was supported by contributions from research [ 47–50 ]. 

The UN report published in 1987, entitled “Our Common Future”
(the “Brundtland Report”), addressed chemical pollution and its
impacts and noted already then that around 80 000 different
chemicals had been placed on the market during the 1980s. The
report emphasized that a life-cycle perspective was necessary
in chemicals management and that measures needed to be
taken to reduce risks associated with chemicals and chemical
waste, with particular mention of “non-chemical methods of
pest control” [ 51 ]. In 1989, the Toxic Use Reduction Act came
into force in the US state of Massachusetts, and the Toxic
Use Reduction Institute was established at the same time. A
year later, the Pollution Prevention Act came into force in
the USA, which explicitly named “pollution prevention as an
Angewandte Chemie International Edition, 2026



FIGURE 3 The interrelationships between chemistry and pharmacy as sciences, green, circular, and sustainable approaches, the Sustainable 
Development Goals, and Planetary Boundaries ( https://www.stockholmresilience.org/research/planetary-boundaries.html; figure “Planetary Bound- 
aries” licensed under CC BY-NC-ND 3.0. Source: Azote for the Stockholm Resilience Centre, Stockholm University; based on Sakschewski and 
Caesar et al. 2025). SDGs: https://sdgs.un.org/goals . SDGs image overlay: https://www.umweltbundesamt.de/sites/default/files/medien/377/bilder/ 
sdgs_poster_new1.png . 
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nvironmental goal for the 1990s” in order to (i) reduce the
uantity of hazardous substances, pollutants, or contaminants
ntering the waste stream or otherwise being released into the
nvironment prior to recycling, treatment or disposal, and (ii) to
educe the risks to public health and the environment associated
ith the release of substances, pollutants, or contaminants [ 52,
3 ]. In the early 1990s, many different organizations, institutions,
nd individuals devoted themselves to the prevention of waste
nd environmental pollution caused by chemical synthesis. In
992, the Rio Declaration—a collection of 27 principles for steer-
ng sustainable development, which was incorporated into UN
genda 21—highlighted the importance of intensified research
nto the development of safe substitutes for chemicals with long
ifecycles [ 53 ]. In summary, it can be said that the understanding
f pollution prevention and risk reduction in the 1980s and
arly 1990s was often much more comprehensive than what is
oday referred to as “greener” synthesis and the now widespread
echnology-oriented understanding of green chemistry and green
echnology. 

n the 1990s, several organizations, including the US Environ-
ental Protection Agency (EPA), the OECD, the EU, numerous
ational chemical societies (such as the German Chemical
ociety), industry associations, and many individuals, proposed
arious terms, approaches, and tools for preventing environmen-
al pollution caused by chemicals [ 47, 53–58 ]. “Multiple green
hemistries struggled for recognition, both within the EPA and
eyond, with a tremendous amount of theoretical reflection
n how to combine sustainability with chemistry conducted in
urope. In Italy, France, and Germany, many scholars anticipated
hat would become green chemistry in parallel to their American
olleagues . . . These scientists were not merely imperfect forerun-
ers to a more mature EPA-based concept but rather developed
ull-fledged alternatives, many of which have a lot to offer to
ngewandte Chemie International Edition, 2026
modern practitioners of green chemistry” [ 58 ]. The term “green
chemistry” was not invented by the US EPA but was promoted by
the agency from the early 1990s on “. . . placing the birth of green
chemistry at the EPA in 1991, a year from which there is not a
single publication on the topic, appears to be problematic” [ 58 ].
The term “green chemistry” was probably used for the first time
in 1987 by two Italians, Pasquon and Zanderighi, who published
a textbook entitled La Chimica Verde (Green Chemistry) [ 59 ].
The first known industrial program on “green chemistry” to
be explicitly named as such was funded in 1989 by the Italian
chemical company Ferruzzi and attracted international attention
[ 60 ]. 

In 1996, Council Directive 96/61/EC of the European Community
(EC) came into force as an important legal instrument dealing
with the “integrated prevention and control of pollution” in
industry—not just the chemical industry [ 61 ]. Annex III of the
Directive lists groups of chemicals that should be avoided. The
application of best available techniques, efficient use of energy
and resources, the use of less hazardous compounds, and the
prevention of accidents and their consequences are set out in
Annex IV (see Table 1 ). It is particularly noteworthy that this
regulation—the first of its kind, that is, a statutory provision—
also emphasizes the need to avoid global and long-term negative
impacts on the environment (such as the protection of the ozone
layer). Four of the principles listed in Annex IV bear a strong
resemblance to the 12 principles of green chemistry (Table 1 ) [ 62 ].
This is understandable, as they are inherent to chemistry and
industrial manufacturing, which are based on the same historical
roots and experiences. In contrast to the approaches addressed
by the 12 principles of green chemistry, the Directive aimed
from the outset at synthesis and production on an industrial
scale, including the associated industrial sectors, not just the
chemical industry. Both the 12 principles in Annex IV of the
5 of 27
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TABLE 1 Approaches for a more environmentally friendly and circular chemistry (abridged). 

Twelve principles of Annex IV to 
Council Directive 96/61/EC [ 61 ] 

Published in 1996 
Precaution and prevention 

Twelve principles of Green 

Chemistry [ 62 ] 
Published in 1998 

Prevention of environmental 
pollution 

Twelve principles of 
Circular Chemistry [ 109 ] 

Published 2019 
Recycling 

1 Low-waste technology Waste prevention Waste collection and recovery 
2 Less hazardous substances Use of all materials used in the product Maximized atom circulation 
3 Recovery and recycling of substances 

and waste generated and used in the 
process 

Lower toxicity of products Optimized resource efficiency 

4 Advanced processes, plants, or 
methods that have been successfully 

tested on an industrial scale 

Fewer auxiliary materials Energy efficiency 

5 Technological advances and changes in 
scientific knowledge and 

understanding 

Safer solvents and auxiliary materials Improved process efficiency 

6 Nature, impact, and extent of the 
emissions in question 

Minimized energy requirements No off-site toxicity 

7 Commissioning dates for new or 
existing plants 

Renewable raw materials Targeted, optimal design 

8 Time required to implement the best 
available technology 

No unnecessary derivatization Sustainability assessment 

9 Consumption and type of raw materials 
used in the process, as well as their 

energy efficiency 

(Selective) catalysis Circular economy model 
(“recycling ladder”) 

10 Avoidance or minimization of the 
overall environmental impact and risks 

posed by emissions 

Design for degradation Service instead of product 

11 Accident prevention and minimization 
of environmental consequences 

Real-time analysis for hazard 
prevention 

Number of lock-ins 

12 Information published by the 
Commission pursuant to Article 16(2) 
or by international organizations 

Substances to minimize accidents 
during synthesis 

Coherent policy framework 
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irective and those of green chemistry, while differing in origin,
eal with safer synthesis using fewer hazardous chemicals, less
nergy, and the generation of less waste to prevent environ-
ental pollution and reduce the environmental impact. Both
he EC Directive and the 12 principles of green chemistry are
mportant approaches that can help make the chemical and
harmaceutical industries greener regarding the synthesis of
ndividual chemicals. However, in contrast to the 12 principles
f green chemistry, the EC Directive includes not just chemicals
ut allied industries and downstream users of their products.
n top of this, it legally mandates the integration of measures
o prevent environmental pollution into the entire chemical and
ther industrial production processes from a more holistic per-
pective, whereas the 12 principles of green chemistry are merely
oluntary in nature, less comprehensive, and were only published
 years later. Furthermore, the concept of green chemistry, as
dvocated by the US EPA and by Anastas and Warner, has been
riticized for failing to address the broader challenges of the
echno-economic system responsible for environmental failure
 43 ]. 
of 27
In fact, none of the 12 principles, including the term “green
chemistry,”were new at the time of their publication, as explained
above, even though different terminology was used in some publi-
cations [ 37–42 ]. Since the inception of pollution prevention, there
have been many roots and developments, extensive research, and
numerous contributors and supporters of what is now referred
to as green chemistry. In fact, there were often even more and
far-reaching ideas, but these did not find their way into the
12 principles of green chemistry as published by Anastas and
Warner. Collins, for example, published a more comprehensive
and interdisciplinary understanding of green chemistry in 1997,
which, whilst incorporating the 12 principles, did not designate
them as principles [ 66 ]. In other words, “green chemistry” and
the 12 principles as published by Anastas and Warner were not
new concepts from the outset but rather a narrowly defined s;
nor is there a “father” of green chemistry [ 63–65 ]. Instead, there
were many individuals and institutions to whom the application
of various measures to prevent environmental pollution can be
attributed, some of which went far beyond what was later termed
green chemistry. In their 1998 publication, Anastas and Warner
Angewandte Chemie International Edition, 2026
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ummarized, from a narrower perspective, much of what indus-
ry, academia, government bodies, international organizations
nd others had long since published and applied in practice,
ither individually or collectively, including many examples of
ollution prevention technologies [ 37–51, 54, 59, 60 ]. 

.2 Sustainable Chemistry Before “green 

hemistry”—Roots in the 1970s to the 1990s 

 hint of sustainability was already evident in the publications
nd measures of the 1970s and 1980s, becoming clearly visible
n the late 1980s and early 1990s [ 18, 19, 39, 45 ]. The Brundtland
eport (1987) and the Rio Declaration (1992), for example, went
ven further than simply calling for fewer hazardous chemicals
nd less chemical waste by also addressing what we would today
escribe as alternative, non-chemical business models. Pasquon
nd Zanderighi had already pointed out the unsustainable nature
f fossil fuels, as well as the environmental impacts and destruc-
ion caused by their exploitation, which represents a far more
omprehensive perspective than merely calling for renewable
nergy because fossil resources are finite [ 59 ]. The two scientists
mphasized the need for plant-based chemistry and argued that
his was environmentally friendly due to the biodegradability and
ow toxicity of such products. However, they were also aware that
ot all plant-based products are necessarily less toxic and that
he cultivation of these resources requires additional resources,
hich negatively impact biodiversity, among other effects. In
989, von Gleich introduced “Sanfte Chemie ” (Gentle Chemistry)
s a more comprehensive approach than merely avoiding envi-
onmental pollution or approaches that focus solely on more
nvironmentally friendly chemistry [ 67 ]. Fischer (1993) published
ine core principles for Sanfte Chemie [ 68 ]. Both dealt, among
ther things, with safe synthesis methods, life-cycle analyses,
he preservation of complexity, and the renewability of starting
aterials—which goes far beyond the mere use of renewable
aw materials, biotechnology, and biomimetics. In doing so,
hey demonstrated both the awareness and the necessity for a
ore comprehensive understanding that goes far beyond simple
green” approaches. In other words, they had already developed
 systems-based view of chemistry grounded in sustainability. 

s noted above, several approaches developed and applied many
ears before the publication of the 12 Principles of Green Chem-
stry went far beyond them. Furthermore, it was already known at
he time of their publication that products from the chemical and
harmaceutical industries synthesized in a “greener” manner are
ot, in themselves, more sustainable [ 67–75 ]. This fundamental
isunderstanding and the failure to apply the connections
etween green chemistry and sustainability—namely, that green
hemistry and sustainable chemistry differ significantly—remain
ery much present today. Given the knowledge already available
t the time of their publication, the question remains as to
hy neither the green chemistry promoted by the US EPA nor
he 1998 publication by Anastas and Warner incorporated a
ore sustainability-oriented, systems-based perspective. Another
nteresting question is why green chemistry is to be applied only
n a voluntary basis and, after decades of negative experiences
ith environmental pollution, problems relating to raw material
xtraction in connection with the chemical and pharmaceutical
ndustries and the associated social costs, as well as the difficult
ngewandte Chemie International Edition, 2026
relation between voluntary approaches and binding legislation,
have not been incorporated into legislation. This contrast is
illustrated, for example, by the European Commission’s binding
directive on integrated pollution prevention and control, which
defines “. . . best available techniques’ as ‘the most effective and
advanced state of the art . . . ,” not simply available technology [ 61 ].

3.3 Significance, Potential Misunderstandings, 
and (Significant) Limitations of the 12 Principles of 
Green Chemistry 

The 12 principles of green chemistry focus on how a synthesis
can be carried out in such a way that it requires less energy,
produces less waste, is less hazardous, and yields less toxic
chemicals. In this respect, the 12 principles of green chemistry
are important for preventing environmental pollution associated
with chemical and pharmaceutical products by guiding chemists
and pharmacists towards more environmentally friendly pro-
cesses and compounds. “Gr een chemistry is the application of a
set of principles that reduce or eliminate the use or generation
of hazardous substances in the development, manufacture and
use of chemical products” [ 52 ]. However, to make better use
of these 12 principles and to avoid pitfalls, misunderstandings,
or rebound effects, a more detailed examination is required.
Several studies have been published on the general limitations
of the 12 principles [ 43, 75 ]. The term “green pharmacy” has
traditionally been used to refer to the use of natural medicines
such as herbs. In the context provided here, however, the issues
relating to green pharmacy beyond this are the same as those
in green chemistry. The following section therefore outlines the
limitations and misunderstandings regarding the application of
the 12 principles themselves. 

Had the 12 principles been presented in line with the life cycle
of a chemical, that is, beginning with the design of chemicals,
including questions of use and end-of-life, followed by the
selection of resources and finally the planning and execution of
the synthesis as the last step, a more holistic approach would
have emerged. This would also promote life cycle and systems
thinking and prevent the situation where, when classifying a
synthesis or a chemical as “green,” often only a single principle is
applied. An assessment based on all 12 principles for the synthesis
of a product would draw attention to conflicts between some of
the principles. This would promote life cycle and sustainability
thinking, including a better understanding of why a product is
more environmentally friendly than others—or why it is not—
and what implications these findings would have, for example,
how a compound and its synthesis need to be made more
environmentally friendly. This would help to avoid greenwashing
or even sustainability washing. 

Some of the 12 principles are indeed guiding principles, while
others are merely tools for implementing specific principles.
Principle 1 deals with waste prevention. Principle 2 2 refers
to atom economy [ 62, 76 ], which is a metric, that is, not a
principle that helps to compare the amount of waste generated
(“how was it done”) but not the principle of waste prevention
itself (“what needs to be done”). Furthermore, atom economy is
limited in its quantitative aspect, as it only takes into account
the atoms of the starting materials and the synthesis product:
7 of 27
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8

olvents or other auxiliary materials or chemicals required for
he reaction, processing, or purification to isolate and purify
he desired synthesis products are not included. The E-factor,
ntroduced as early as 1992 by R. Sheldon—long before the
ublication the 12 principles—is a far more comprehensive
etric and a tool for waste prevention, as it defines waste as
everything except the desired product” [ 77 ]. Atom economy
nd the E-factor are quantitative, weight-based metrics. They
o not consider qualitative aspects such as the toxicity of the
aste produced. The need for significantly more sustainable
nd life-cycle-oriented metrics has recently been highlighted
 78 ]. As the E-factor shows, the synthesis of pharmaceuticals
enerates significantly more waste per kilogram of product
han the synthesis of bulk or fine chemicals [ 50, 77 ]. In the
990s and early 2000s, the pharmaceutical industry reduced the
olume and toxicity of solvents and optimized the synthesis steps
equired for a given molecule to reduce waste volumes. The
harmaceutical industry also developed guidelines for selecting
ess toxic solvents, which enabled cost savings, for example,
hanks to lower safety requirements or disposal costs. In other
ords, the driver for this greening was the rising costs of waste
isposal and safety measures. The prevention of environmental
ollution associated with pharmaceutical products, such as the
resence of pharmaceutically active ingredients or excipients in
he environment, was not addressed, as it did not involve any
osts. To recover waste, its components can be separated and
rocessed. They can then be reused, for example, as starting
aterials or solvents in the same reaction or in the synthesis of
nother product. However, if the chemicals have similar proper-
ies, the separation and processing of the waste components are
abor-intensive—that is, waste- and energy-intensive, technically
emanding, costly and time-consuming. 

rinciples 3 and 4 both deal with safer chemicals through hazard
eduction. While this is important, one must ask which hazardous
roperties of a chemical are of interest. Chemists tend to focus
olely on acute and chronic (eco)toxicity. Nowadays, however,
he focus is increasingly shifting to the subtle neurological effects
r behavioral changes in humans and environmental organisms,
hat is, effects at the population level are increasingly coming into
ocus. These are associated with significantly longer timescales
efore an effect can be “definitively” attributed. Therefore,
eneral precautionary measures and the complete absence of
azards (see Chapter 5.2) would be the appropriate goal, rather
han merely their reduction. Due to the large number of different
hemicals (high chemical diversity, see above), the wide range of
ndpoints, and the numerous different organisms, comprehen-
ive testing is practically impossible. Therefore, a general reduc-
ion in the use of chemicals is also essential. This is not required
y the 12 principles, as they focus only on individual chemicals. 

rinciple 5 is a subcategory of Principles 3 and 4 and a tool for
pplying Principle 1. Principle 6 recommends a design focused
n efficiency. However, an excessive focus on efficiency may
equire the use of high-value chemicals and, in the case of more
fficient and effective molecules, many additional reaction steps
o produce more complex chemicals, which in turn requires more
nergy and leads to more waste. 

n accordance with Principle 7, green chemistry advocates the use
f renewable resources. Anastas and Warner note that the time
of 27
required for renewal “should be considered in the context of a
human lifespan” [ 62 ]. Whatever this may mean, the timeframe
for renewal could span several decades or even centuries, if it
takes place at all. It would have been better to state that the rate of
consumption should be lower than the rate of regeneration [ 79 ].
Furthermore, both biomass and recycling (see below) are subject
to significant constraints as feedstocks for chemical synthesis.
The cultivation and harvesting of bioresources require energy,
water and chemicals such as fertilizers and pesticides. The latter,
however, require additional resources and cause environmental
pollution. Furthermore, monocultures lead to a loss of biodiver-
sity, while the land used is often also needed as habitat, arable
land for food production, or for building and infrastructure. The
result is often a shift of problems from one area to another, for
example, from energy or resource scarcity to water pollution;
into the social sphere, by depriving the local population of
resources; and/or into the future, when associated problems
may only become apparent later. Often, the extraction of raw
materials takes place in a different location from the synthesis,
manufacture, use, sale, and generation of profit. One alternative
is to use agricultural residues as a resource for organic chemicals.
However, if such residues are removed on too large a scale or
too quickly, this can have negative effects on soil fertility and
biodiversity. For example, the removal of straw means the loss of
the material that keeps the soil’s pores open. Residues contribute
to soil fertility or can be used by local communities for other
purposes, such as securing livelihoods. In any case, the extraction
and processing of chemicals from biological resources, even if
they are agricultural wastes, also require auxiliary materials and
energy, which in turn generates further waste. This can mean that
the synthesis of a chemical such as ethylene using fossil oil as
the feedstock is more environmentally friendly than one based
on wood or lignocellulosic waste (see below) [ 80 ]. 

It is often assumed that biotechnology is inherently “green,”
without taking a closer look at factors such as its energy require-
ments, the challenges involved in isolating synthetic products
from water, and the associated waste generation and energy
consumption [ 81, 82 ]. Another example is the “green” synthesis
of nanoparticles using plant leaves or biological waste as reducing
agents, without considering the extraction, for example, of the
metals or the potential toxicity of nanoparticles to environmental
organisms or humans, including in the synthesis process. In the
technical conversion of biomass into charcoal (“bio”char), the
investigation and assessment of potentially formed highly toxic
pollutants such as PAHs or chlorinated dioxins and furans is
often neglected. Their use as supposed terra preta then leads to
contamination of soils and foodstuff. Recycling is one option, but
it should not be assumed that it is not necessarily environmentally
friendly or waste-free (see Chapter 5). Renewable energies require
many materials, including metals, which are non-renewable. The
production of cement for concrete used in dams for hydroelectric
power stations is an energy-intensive process that releases large
quantities of CO2 . Problems associated with large dams include
soil salinization in surrounding areas and social tensions. It
should be noted that low CO2 emissions are often accompanied
by high metal demand (e.g., for wind turbines, photovoltaics, and
electronics). The mining, extraction, and refining of metals, for
example, involve high water, energy, and chemical consumption
and often cause severe environmental pollution and toxic effects
on the local population. 
Angewandte Chemie International Edition, 2026
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rinciples 8 (unnecessary derivatization) and 9 (selective cataly-
is) are tools, not principles, which help to fulfill Principles 1 and
 [ 83 ]. A metal catalyst could be more environmentally friendly
han an organic catalyst. However, the use of metals (e.g., as
atalysts) is, at least formally, at odds with Principle 7 of green
hemistry. Organic catalysts are not inherently less toxic than
etals. The use of enzymes in the aqueous phase presents its own
hallenges [ 81, 82 ]. 

rinciple 10 is a subcategory of Principle 4, that is, it relates
o the environment. It calls for chemicals to be degradable into
armless products, for example, to prevent their persistence in
he environment. A clearer formulation, which would avoid mis-
nderstandings, false expectations, and loopholes, would have
o aim for complete mineralization into inorganic compounds
uch as CO2 and H2 O. Incomplete degradation of chemicals
n the environment can lead to persistent, often unknown,
nd sometimes even more dangerous chemicals (transformation
roducts, TPs). Many known TPs of organic chemicals that arise
n the environment are more toxic and persistent than the corre-
ponding parent compounds [ 84 ]. The term “harmless” [ 62 ] can
nly refer to the current state of knowledge. Forty years ago, no
ne would have tested chemical substances for endocrine effects,
et alone for neurotoxicity and other emerging toxicity endpoints.
hemicals or products of incomplete decomposition with these
roperties would have been classified as harmless. In most cases,
e have very little knowledge about them [ 84 ]. Environmental
hemistry was and remains the key sub-discipline for identifying
uch contamination and the associated poisoning of food and
rganisms, including humans. In most cases, however, we do
ot even know the (structural) formulas of the undesirable by-
roducts of a synthesis or the environmental transformation
roducts, let alone their occurrence or whereabouts and their
ffects in the environment. How, then, can we analyze and
uantify them? How can we gain insights into their properties
nd toxicity? They are often not commercially available and must
herefore be specifically synthesized to assess the associated risks
o humans and the environment. Given the multitude of starting
aterials and the even greater number of resulting TPs, this is not
easible for either financial or time-related reasons. Furthermore,
he history of (eco-)toxicology teaches us that we do not know
hat effects might become apparent in the future. In other words:
 chemical or its TP may be classified as non-toxic today, but
he opposite could turn out to be true tomorrow—only after the
roduction volume of such a chemical has risen sharply and the
hemical is ubiquitous in the environment or even present in
ood and in humans. Incomplete mineralization is therefore not a
ollution-preventing or green measure. This applies only to com-
lete mineralization in the environment. Early examples include
hlorofluorocarbons (CFCs) and their breakdown products in
he stratosphere, highly chlorinated pesticides, brominated flame
etardants, and perfluorinated compounds, to name but a few.
FCs are very stable (persistent) and, under conditions of use,
ave low toxicity to humans. However, due to their high volatility,
hey escape into the stratosphere, where different conditions
revail. High-energy UV radiation breaks C-Cl bonds, resulting
n fluorocarbon radicals and chlorine radicals as breakdown
roducts. These radicals then form part of a catalytic cycle that
estroys the ozone layer. However, this was already known before
roduction rose sharply in the 1970s and 1980s [ 20 ]. Organic
luorine compounds and SF6 were detected in the atmosphere as
ngewandte Chemie International Edition, 2026
early as 1970 [ 85 ]. Furthermore, it has recently been demonstrated
that CFCs were present in the atmosphere as early as 1951 [ 86 ].
If a chemical product, such as a solvent or other auxiliary agent,
is reused repeatedly and remains within a company or industry
where it can be easily recycled, a design aimed at high stability is
arguably more environmentally friendly and possibly even more
sustainable, as it saves resources and energy and reduces waste by
eliminating the need for new synthesis or recycling. 

Finally, it is noted that the 12 principles should be applied
“wherever technically and economically practicable” [ 62 ]. Such
an unambitious target offers little incentive for improvement, as
it refers to what already exists and is currently paying off, rather
than focusing on what is required to avoid long-term costs and
generate future revenue through innovation. In contrast, the EU
Directive calls for the best available technology, which may not
be economically “feasible” at the time of its introduction but will
be later once it has become more established and its application
becomes mandatory [ 61 ]. 

In summary, while the EC Directive and the 12 principles of green
chemistry are certainly important, they also have significant
limitations. Products synthesised in accordance with them are not
necessarily more environmentally friendly or more sustainable,
as they neither take into account the fundamental principles of
sustainability nor incorporate systems thinking. This applies in
particular to the 12 principles of green chemistry and their lack
of comprehensiveness and ambition. Future adjustments and the
implementation of the 12 principles should consider the proposed
improvements and clarifications. 

3.4 Greener Versus More Sustainable Chemistry 

Green chemistry is merely a technological approach [ 43 ]. Social
scientists hypothesized that “all synthetic chemists could identify
with at least one principle to “green” their work, which is one
of the main causes for their rise” [ 43 ]. This is clearly reflected in
publications on the green synthesis of chemicals. For example,
thousands of publications claim that a synthesis or a product
is “green” by referring to just one or two of the principles,
without further explanation and often without presenting the
metrics used for assessment. This prevents a more holistic view
and often leads to rebound effects. It underscores the need for
a far more comprehensive assessment of whether a process or
product is more environmentally friendly or even more sustain-
able, rather than exaggerated publications that use the term
“green” unjustifiably or—worse still—equate “green” or “green
and sustainable” or “green chemistry” or “green pharmacy” with
“sustainable.” Furthermore, it is impossible to know whether a
product, synthesis, or solvent is green in an absolute sense, as this
is not a given by nature. We can only judge whether it is greener
than alternatives based on our human values (see Figure 2 and
Chapter 2) and the application of comparative metrics. 

An assessment of environmental friendliness, circularity, and
sustainability requires detailed background information on why
and to what extent a process or product is more environmentally
friendly, more circular, or more sustainable than another. The
choice of metrics and the evaluation of the information derived
from them are also based on our preferences and values, which
9 of 27
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re reflected in the system boundaries set for the assessment and
he criteria used. This must be made clear, and the methods,
ssumptions, and data used must be accessible, understandable,
nd transparent. 

hen processes are being, compromises are sometimes nec-
ssary. However, these compromises should be seen as an
pportunity to gain new insights and new (business) oppor-
unities, rather than being glossed over or used as an excuse
or not making any changes. This is not only in the economic
nterests of companies, but is also a matter of credibility vis-à-vis
ustomers, the public, and policymakers. The use of a water-based
rocess instead of one based on organic solvents can drastically
ncrease the energy requirements of the process (e.g., for heating
 solution) or the energy and auxiliaries required for isolating the
eaction product and purifying it, particularly if the isolates are
ighly water-soluble. The use of a renewable raw material such
s straw or wood as a starting material, that is, the polar polymer
ellulose (or hemicellulose or lignin), can lead to significantly
ore waste and a much higher energy requirement if, for
xample, a non-polar compound such as ethylene is synthesized
rom it: (hemi)cellulose must be extracted, OH groups must be
emoved, the chain must be broken down into its building blocks
depolymerization followed by glucose extraction), the ring must
e opened, oxygen must be removed again, and the C6 -unit
ust be converted into three C2 -units; finally, desaturation is
equired. Each step requires energy, auxiliary materials, and other
esources and generates waste. In other words, to obtain a small,
onpolar molecule from a natural polar polymer, many more
eaction steps are required compared to using nonpolar naphtha
s a starting material for ethylene. Synthesis from fossil oils as a
esource might be the better option in this case [ 80 ]. Since the
olymer (polyethylene) must be collected anyway for reasons of
nvironmental pollution and recycling, the limited availability of
ossil raw materials is not of such great significance. 

he synthesis of methane from CO2 and H2 O (“Power to X”)
equires a great deal of energy: CO2 and H2 O are feedstocks
ith very low energy content (thermodynamics). This is why
hey are the end products of the oxidation of organic matter,
or example, through combustion. Furthermore, CO2 and H2 O
ust be activated for the reaction (kinetics). In the best-case
cenario, a catalyst reduces the activation energy but does not
lter the thermodynamics, that is, the energy required to achieve
he high energy content of methane or methanol. Only around
0% of the energy invested in producing methane can be used
or locomotion. It would be far better to use renewable electricity
irectly for locomotion, for example, electrical cars. The use of
ydrogen in steel and cement production or chemical synthesis
ould save far more CO2 emissions than if hydrogen were
asted on cars or even for heating. A carbon footprint analysis
howed that global production of organic chemicals accounts
or far less than 0.1% of the chemical industry’s CO2 emissions
 87 ]. Furthermore, renewable energy also requires resources
see above) and will generate recycling needs and waste in the
uture. Moreover, from the outset, green chemistry has prioritized
conomic considerations over ecological ones [ 43 ]. Neither social
or ethical aspects have been considered. In other words, green
hemistry is not about sustainability. “By ignoring the fact that
he financial burden of health and environmental effects is not
arried by the polluting companies themselves but by individuals
0 of 27
or the public sector, GC [i.e. green chemistry, the authors note]
turns back into traditional chemistry, as shaped by the economic
system that helped create it” [ 43 ]. And “. . . we can understand
GC as a legitimation tool, born from the EPA’s need to . . .
respond to its controversial chemicals policy” [ 43 ]. This is another
reason why we must draw a strict distinction between green
and sustainable chemistry and pharmacy and avoid phrases such
as “green and sustainable chemistry” or “green and sustainable
pharmacy,” expressions that have become very popular among
chemists and pharmacists. 

More than 15 years after it was first outlined, sustainable phar-
macy is still in its infancy [ 35 ]. More recently, more specific
aspects of sustainability in pharmacy have been explored in
greater detail [ 36 ]. The ACS Green Chemistry Institute defines
the term “sustainability” as follows: “The Roundtable is a forum
where global pharmaceutical and allied industries collaborate to
advance the sustainability of manufacturing medicines by imple-
menting green chemistry & engineering” [ 88 ]. In other words, the
focus is exclusively on green synthesis and technology, as well as
other topics in green chemistry, but not on sustainability; that
is, on green pharmacy, but not on sustainable pharmacy. This
is reflected in the subpages, which list exclusively topics related
to green chemistry. There does not appear to be a Wikipedia
page for either green pharmacy or sustainable pharmacy as yet.
The first summer school on the topic of sustainable pharmacy
was organized by Michael Müller in Freiburg (Germany) in
2022 and addressed green and sustainable chemistry, as well as
other sustainability topics relevant to sustainable pharmacy, in a
holistic manner. 

4 Chemistry and the Circular Economy 

4.1 General Background 

The reuse and repurposing of substances, materials, and products
at the end of their life as a resource (“waste”) for new products
(“recycling”) has been a constant feature of human history,
helping to manage limited material and energy resources. The use
of manure and human excrement as fertilizer went hand in hand
with settlement and agriculture. Composting, refurbishment, and
repair were practiced from the very beginning. The reshaping and
recycling of metal objects was already widespread in India, China,
Mesopotamia, and ancient Egypt during the Copper, Bronze, and
Iron Ages. This was based on knowledge of where the objects in
question were located, their appreciation, value, origin, and their
properties relevant to their composition. The reuse and recycling
of paper, textiles, and glass were common practices until the
recent past. The necessary knowledge was available and passed
on. 

Deposit systems and leasing models were introduced many
decades ago, initially in response to scarce and expensive
resources and later more to prevent environmental pollution
than for the purpose of conserving resources. In the chemical
industry, for example, there was a shift from coal to fossil oil,
both of which served as sources of carbon and energy [ 89 ].
This had an enormous impact on the entire sector: Chemical
and pharmaceutical production rose sharply with the growing
availability of fossil oil. The easy availability of energy made it
Angewandte Chemie International Edition, 2026
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ossible to ignore the finite nature of resources for a time [ 90–
3 ]. Still today, the global production and use of a wide variety of
roducts continue to rise steadily [ 1, 9 ]. This is reflected in a sharp
ise in resource consumption and the associated environmental
ollution [ 1, 5–8 ]. Thus, humanity’s material consumption has
ncreased in an unprecedented manner over the last 50–70 years,
oth in qualitative and quantitative terms, as well as in terms of
ime and space [ 1, 5–8 ]. 

rom the very beginning, the chemical industry has used
nwanted reaction by-products as raw materials or as compo-
ents for other products, as was already the case in prehistoric
imes (e.g., birch tar as a sealant): Coal tar, a residue from town gas
roduction, was used as a starting material for the manufacture of
ynthetic dyes, which formed the origins of the modern organic
hemical and pharmaceutical industries. Such cascade utilization
as long been practiced in the chemical industry and remains
ommon today in companies or at so-called integrated sites
Chemiepark). In fact, this practice utilizes more or less well-
haracterized waste from synthesis and offers financial benefits.
ll of this was later supported by the fact that the disposal of
hemical waste became costly. 

he general concept of a modern circular economy was first
eveloped as early as 1971 [ 94 ]. In 1982, it was further elaborated
n detail, including all its fundamental principles and aspects [ 95,
6 ]. This took place more than 25 years before it was “reinvented”
 97 ]. In the 1980s, Stahel referred to it as “Back to Cradle” and
Cradle to Cradle,” with the latter term also being adopted and
romoted by others at the time [ 98, 99 ]. The terms “health” and
nutrient” were used in this context by some authors [ 98, 99 ].
owever, nature knows no such value-related connotations, and
ven from an anthropocentric perspective, these are only vaguely
efined. 

he driving force behind the circular economy today is
he renewed realization that resources—including a clean
nvironment—are finite, a fact that is also reflected in the
oncept of PBs. This is currently most evident, for example, in
he case of metals (particularly rare earth elements and other
o-called strategic or technology metals), phosphate, graphite,
nd fossil raw materials, as well as many other critical resources
 100–103 ]. At the same time, there is a desire to avoid waste and
nvironmental pollution caused by products [ 104, 105 ]. In this
ontext, the circular economy is also an important concept for the
hemical and pharmaceutical industry. Nowadays, this is often
nderstood to mean transforming a linear system into a circular
ne, which leaves the unspoken expectation that “all” product-
elated waste and resource problems will be solved. In reality,
owever, this is not the case [ 103, 104 ]. In modern products,
arious elements are intermingled at all levels—in chemicals,
aterials, and building blocks, for example, in metal-organic
rameworks (MOFs), plastics, fibers, electronic components,
lloys, and photovoltaic materials. Products such as textiles,
urniture, packaging, computers, mobile phones, bicycles, cars,
ersonal care products, medicines, and buildings are made
p of these. The products and their components intermingle
ithin economies during their use and at the end of their life
ycle, for example, in waste streams at local, regional, and global
evels. Others, such as personal care products, pharmaceuticals,
isinfectants, pesticides, and detergents, enter the environment
ngewandte Chemie International Edition, 2026
at the end of their life due to their use. Others end up in the
environment unintentionally but are also linked to their use,
for example, through the release of volatile constituents and
abrasions from surfaces such as façades, textiles, or tires. All
these cannot be recycled. In a circular economy, just as in a linear
flow economy, the variety and quantity of products increase,
as does resource consumption [ 1, 9, 105, 106 ]. The service life
and lifespan of products, as well as their significance for the
circulation and the availability of products for recycling, are often
not considered. Mainstream descriptions of a circular economy
tend to refer to nature’s material cycles, for example, for organic
materials such as leaves or wood, without further mentioning
the serious inherent limitations of the circular economy [ 97–99,
107, 108 ]. Such an analogy neglects fundamental laws of nature,
such as the laws of thermodynamics (see Chapter 4.4) [ 105 ]. 

4.2 Circular Chemistry 

The need to take circularity into account when designing chem-
ical processes and products is receiving increasing attention
[ 108 ]. Keijer and colleagues presented 12 principles of circular
chemistry (Table 1 ) [ 109 ]. Six of the 12 principles of the circular
chemistry closely resemble the 12 principles of Green Chemistry
(see Table 1 ); others resemble the principles of “Gr eener Engi-
neering.” Still others relate to the recycling ladder and recognize,
in particular, the continued use of products as a central aspect
[ 110–112 ]. A more detailed hierarchy within technical recycling
itself has recently been proposed [ 113 ]. Keijer and colleagues
argue that aligning the chemical industry with the 12 principles of
green chemistry may lead to unsustainable practices in chemistry,
as the 12 principles of green chemistry do not take the circular
economy into account. 

Like the 12 principles of green chemistry, the principles of circular
chemistry also aim to produce more environmentally friendly
materials and products, but within the framework of a circular
economy. Like green chemistry, the concept of circular chemistry
focuses solely on individual chemicals, materials, and products
[ 109, 114, 115 ]. The 12 principles of circular chemistry neither
address the challenge of ever-increasing flows of substances,
materials, and products, nor do they tackle genuine sustainability
issues. They neglect the systemic consideration of such flows and
energy at local, regional, and global levels, as well as the challenge
posed by the ever-increasing diversity of materials and their
dynamics in mixed products for recycling. For example, the role
of downstream users and the design of the associated material
flows beyond individual materials and products—including the
impact of design on the collectability for recycling at the end of a
product’s useful life—are not considered. Certain products of the
pharmaceutical industry, that is, the medicines themselves and
their excreted metabolites, cannot be kept in the cycle. However,
many materials and products, such as pharmaceutical packaging,
could be recycled, which makes circular chemistry important for
the pharmaceutical sector as well. 

4.3 Natural and Human-Made Material Cycles 

Over millions of years, the natural world adapts by utilizing its
materials for as long as necessary and subsequently reusing the
11 of 27
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uilding blocks from which they are formed. Circular chemistry
nd the circular economy refer to nature’s closed material cycles
nd its seemingly inexhaustible supply of energy. However,
ature’s cycles differ greatly from those in the technosphere.
nly a few chemical elements are used in nature in significant
uantities across all levels and circulate globally (e.g., carbon,
ydrogen, oxygen, nitrogen, and, to a far lesser extent, sulfur
nd phosphorus), if one disregards geological timescales. Most
f these elements circulate globally only in the form of simple
norganic compounds. The interconnected cycles are in a well-
alanced global steady state, which has been established by
ature over long periods of time on a global scale and today
xhibits a stable condition with very minor and only very local
mbalances. Humanity has significantly disrupted these cycles
n recent decades, for example, through the increasing release
f CO2 and methane; the increasing mobilization of phosphate,
itrogen (as nitrate), and metals; the production of plastics;
nd the introduction of many other novel substances. It is not
nly a question of quantity, but also a question of chemical
iversity. As mentioned above, all non-radioactive elements and
ven some radioactive elements are now used in considerable
uantities and distributed by humans worldwide, although for
ost this only began in the last 50 to 100 years [ 8 ]. Rare-earth
etals, for example, have only been mobilized by humans in
ignificant quantities in recent decades. In nature, the proportion
f mobile rare-earth metal species is very low. Metals, apart
rom gold and some silver and copper, do not occur in nature
n elemental form. The vast majority of metals are immobilized
n the form of minerals and are scarcely accessible to living
rganisms; they occur, if at all, only in low concentrations in
rganisms, despite their enormous importance to them. A similar
xample would be the metalloids. Halogens, as a functional group
f organic compounds, are present in organisms, if at all, only in
ow concentrations within small molecules. Iodine, for example,
ccurs only in very low concentrations as a component of certain
uman hormones or in the pigment of purple sea snails. Organic
luorine, chlorine, and bromine compounds, as well as inorganic
romine, play no significant role in life. The concentration of their
rganic compounds outside organisms is also very low, mainly as
erivatives of methane. 

oday, between 150 000 and over 300 000 non-natural chemicals
“novel substances”) make up the diverse mixed streams of
rganic synthetic substances in the technosphere. Some of these
re components of complex materials, building blocks, and
roducts that are entirely foreign to nature, including living
rganisms (“xenobiotics”). In nature, there are only a few organic
ass chemicals and building blocks, and the bulk materials
roduced from them, namely fatty acids, isoprenoids, sugars
glucose, starch, chitin), a limited number (20) of amino acids
proteins), and phenols (e.g., lignin and other polyphenols). The
uilding blocks of these materials are reused (“recycled”) very
ocally on a scale of a few meters or less or, in many cases, literally
t the very spot where they were formed. Furthermore, these
atural products and the associated material flows have evolved
ogether over a long period of time. There were no significant
hort-term changes on a larger spatial scale. Life, as an important
omponent of the system, was therefore able to adapt in the long
erm to the newly formed chemicals and materials or indeed
ould only have emerged because the basic building blocks (e.g.,
mino acids) were already present. This stands in stark contrast to
2 of 27
the regional and global short-term, rapid changes in the cycles of
elements, molecules, materials, and products caused by human
activities. The climate change, eutrophication, and acidification
we are currently experiencing demonstrate how even a small
change of concentrations can have dramatic consequences within
a short period of time (see also Chapter 4.5). 

4.4 Thermodynamics 

4.4.1 Insurmountable Limits and the Illusion of Zero 
Waste 

For example, Keijer et al. claim that the application of circular
chemistry would lead to a waste-free industry [ 109 ]. Others tacitly
assume this when they speak of recycling. However, zero waste is
impossible according to the three laws of thermodynamics. They
can be summarized as follows: [ 116 ] (1) One can never win; one
can only break even. (2) One can only break even under perfect
conditions. (3) One cannot reach perfect conditions. 

Waste must be collected, products dismantled, and components
separated and then treated (chemically). The efficiency of the
entire process cannot exceed that of the least efficient of these
steps. If, for example, waste collection is only 30% efficient, the
overall recycling rate cannot exceed 30%. Even if a recycling pro-
cess consists of just four steps—collection, dismantling, physical
separation, and chemical treatment—and all processes operate at
95% efficiency, 19% is still lost. On top of this, technical processes
operating at 95% efficiency are very rare. Another fundamental
limitation of recycling is that products such as many pesticides
used in the open environment cannot be returned to the cycle
or recycled at all. The same applies to products that inevitably
end up in the environment after use, for example, disinfectants,
medicines, detergents, and personal care products. In addition,
abrasion and leaching from material surfaces, facades, tires,
casings, etc. cannot be returned to the cycle or recycled at all. 

To compensate for the loss of quality during the use phase or
recycling processes, substances resulting from aging processes
must be removed and fresh material added, e.g. new fibers in
textiles and paper, and new (base) metals and doping elements in
alloys. These must first be extracted and purified or synthesized,
respectively. The closer one wishes to get to perfect conditions,
the more energy is required to maintain the state achieved.
This also applies to maintaining highly ordered non-equilibrium
structures such as life, societies, or products [ 117 ]. More or less
complete recycling of a car might be possible in the future
[ 118 ]. However, this does not mean that there will be no more
waste, as both material and energy inputs will be required. The
recycling of more complex products (and waste) requires more
steps and more energy than for products of lower complexity and
waste streams of lower diversity. In other words, the increasing
diversity of products and materials in turn leads to a rise in
energy and material entropy: The enormous increase in diversity
and complexity contributes to the multitude of microstates (W)
within the technosphere and, according to Boltzmann’s famous
formula, S = k ln W , leads to an increase in entropy. The effects
of this are evident in a rising demand for energy, auxiliary
materials, and processes (e.g., separation); in waste generation;
in dissipative losses; and in the creation of NIAS throughout the
Angewandte Chemie International Edition, 2026
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ife cycle as well as within the recycling process. The increased
echnical effort also affects economic viability, which often results
n products not being recycled and their constituents being lost as
aste (dissipation). 

nother form of increasing entropy is the growing loss of the
nformation required for the collection and (re)cycling of end-
f-life products or waste, that is, to know where they are and
hat they consist of. If this information is not available, they can
either be collected nor efficiently recycled. If the composition
s unknown, efforts are required to obtain this information (e.g.
hrough physical or chemical analysis or internet research),
hich will add to incomplete separation and higher recycling
osts. 

f a zero-waste target is to be pursued, it is often forgotten that
he closer we aim to get to this target in a technical process,
he more it will cost (in terms of energy, resources, money, the
eneration of other waste, etc.), and rebound effects will increase.
n any case, 100 per cent recycling is impossible, as this would
equire infinite energy [ 119–123 ]. Ultimately, we cannot avoid the
ncrease in entropy. Physicists, chemists, and pharmacists know
his and are educated in thermodynamics. They therefore share
esponsibility for preventing potential misunderstandings among
he public, economists, or politicians: the increase in entropy—
hat is, the loss of usable material and energy, waste generation,
nd environmental pollution—is inevitable! [ 119–123 ] 

ccording to thermodynamics in the long term, the breakdown
f ordered structures can only be delayed, not avoided. This delay
omes at a price and can only be achieved for a certain period
hrough the continuous input of energy. As soon as we stop the
nergy supply, the entropy of a system increases and the ordered
tructure collapses [ 117 ]. This is one of the reasons why we die
hen we stop eating and why, as long as we eat, we excrete
ntropy-rich material. The more we “combat” entropy, the more
ntropy will ultimately arise, albeit in a different place or in the
uture, but ultimately, unavoidably. Even if infinite energy were
vailable to combat entropy, that is, dissipative losses and the
eneration of waste, this would lead to an infinite increase in
ntropy, the combating of which would in turn require infinite
nergy, and so on. We can reduce entropy on earth locally for a
ertain period of time by investing energy that we obtain from the
un. The sun does not send a bill. But the intermediary “actors”
e.g., the products needed to “harvest” solar energy) must be paid
or in various forms of entropy. Unlike energetic entropy, the earth
annot get rid of material entropy [ 121 ]. 

he more energy and material we consume and mobilize, the
reater the expected entropic losses of energy and matter. The
ame applies to industrial systems and their products. Ultimately,
verything becomes waste—that is, matter “lost” for further
se (dissipation)—including the deterioration of products and
tructures over time [ 123–125 ]. Dissipative losses, that is, the
ncreasing entropy of energy and matter, are evident, for example,
n the incompleteness of collection and the deterioration in the
uality of materials. The latter is evident, amongst other things,
n the inevitable incomplete separation of products and their
omponents for and during recycling. However, chemical reac-
ions during the use of products (“aging”) and during recycling,
hich lead to undesirable by-products and degradation products,
ngewandte Chemie International Edition, 2026
are also unavoidable and contribute to the increase in entropy
[ 119–123 ]. These losses also include the unintended dispersion of
metals as a result of their use, that is, an unavoidable decrease
in concentration, which manifests itself, amongst other things,
in their distribution in (very) low concentrations throughout
the entire life cycle over increasing space, for example due
to abrasion and oxidation during use; losses during recycling,
through catalysis; or because they end up in slag [ 121, 123–125 ].
Although energy and matter are not lost in the physical sense,
they are no longer available for use for economic, technical, or
chemical reasons. 

4.4.2 Chemical Diversity, Product Complexity, and 
Dissipative Material Losses 

The concepts outlined above generally consider only individual
products. They exhibit increasing diversity and complexity, from
the atomic and molecular level right up to the material, com-
ponent, and product levels. The individual products and their
constituents accumulate in an economy to form total material
flows at local, regional, and global levels, whilst simultaneously
intermingling. This mixing process is also subject to temporal
dynamics: the type, diversity, and proportions of the components
change over time, often at different rates—for example, in
production on the one hand and recycling on the other—as well
as in different locations and at different times. This increases the
inevitable dissipative losses throughout the life cycle of products,
including recycling itself. 

Therefore, design at the atomic and molecular level of materi-
als, building blocks, and products including the material flows
resulting from the various spatial and temporal scales, which
have hitherto been scarcely considered in this context, are of
central importance for recycling [ 109, 114, 115 ]. For this reason, it
is also necessary, on the one hand, to understand what degree of
purity is sufficient for a specific application of recycled products,
in line with the intended use, rather than always demanding
the purest and highest-quality raw materials and/or recycled
products. On the other hand, however, this may, in the long
term, be accompanied by further undesirable deterioration and
contamination of substance, material, and product flows. In other
words: it will not eliminate the fundamental limitations of a
circular economy. To fail to recognize this would be wishful
thinking that denies physical reality. This highlights the need
to reduce the volume, diversity, complexity, and fluctuations of
substance, material, and product flows in space and time. The
aim is not to maximize a flow economy through recycling in the
conventional sense, but to optimize it from a systems perspective.

4.4.3 The Illusion of Upcycling 

The term “upcycling” suggests that recycling is possible indefi-
nitely. This is yet another attempt to deny the laws of thermo-
dynamics: Firstly, so-called upcycling often merely results in the
addition of just one further cycle of use. A second cycle is often
not possible, as new additives are added to the recycled materials
to impart the properties required for the new application, and
the materials are of inferior quality after recycling due to aging
13 of 27
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BOX 1: Hierarchy of approaches to recycling [ 113 ] 

1. Minimize unavoidable losses; recognize that high-quality 
recycled products require the addition of new material; avoid 
shifting problems into the future or to another location or 
environmental medium; reuse as much as possible of the 
waste generated in the recycling process (“cascade recycling”); 
distinguish between optimum and maximum in systems 
thinking. 
2. Retain parts (“macroscopic” building blocks). 
3. Maintain shape and size (e.g., do not cut materials such as 
plastics, textiles, sheet metal, and parts, as well as electronic 
components, into pieces). 
4. Preserve the material (e.g., reshape thermoplastics, metals 
and alloys; avoid thermosets as they cannot be reshaped). 
5. Preserve composition (e.g., during reprocessing, do not add 
new constituents such as additives or other components, and 
do not remove any). 
6. Preserve molecular building blocks (e.g., solvolysis of poly- 
mers first instead of depolymerization; solvolysis can be used 
to remove unwanted legacy chemicals and unintentionally 
present substances [NIAS]). 
7. Preserve molecular building blocks (e.g., monomers from 

depolymerization). 
8. Preserve atoms (e.g., pyrolysis of plastics, separation of 
metals during metal recycling, and prevention of the transfer 
of metals into the slag; can be used to remove toxic elements). 
9. Energy recovery (so-called “thermal” recycling of organic 
materials, which is simply incineration, i.e., energetic down- 
cycling, and leads to the ultimate destruction of the materials). 
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uring the recycling process. That is, their chemical composition
hanges even during use and in the recycling process itself, for
xample, due to NIAS. The recycled material can no longer be
sed for its original purpose or only after considerable effort to
pgrade it. One such example of “downcycling” is the polymer
olyethylene terephthalate (PET), which is of very high quality
hen first used for water or soft drink bottles, while after the
lastic bottles have been recycled, it serves as a textile fiber.
owever, the textile requires the addition of other chemicals and
s contaminated by NIAS, which reduces its purity. 

ny upgrading of materials involves energy consumption and
esults in waste, energy losses, and material losses! According
o the laws of thermodynamics, these losses are unavoidable.
nd even from the perspective of a material- and energy-based
ecycling system, there can only be downcycling. To speak
f “upcycling” merely suggests that the system boundaries of
he assessment have been set too narrowly as for energy and
aterials. It ignores the fact that the dissipative energy, waste,
nd environmental impact caused by recycling, as well as the
ffects of the raw materials and auxiliary substances required,
ill inevitably come to bear elsewhere or in the future, as
ill the associated costs of addressing these problems. In other
ords, there is neither upcycling nor endless recycling and it is
ertainly not cost-free when all technical and economic aspects
re considered. Furthermore, economic recycling is only possible
or a fraction of a waste material or product. Recycling also
enerates waste that needs to be managed. Therefore, in such
ases, the term “(re-)valorization of part of the waste” should be
sed instead of “upcycling.” The limitations of today’s existing
ystems and infrastructures can certainly be improved through
ew, more suitable, effective, and efficient systems [ 118, 126, 127 ],
ncluding the collection of obsolete products. However, in the
ong term, we will not be able to overcome thermodynamics and
he clear limits it imposes. 

.4.4 How Can Dissipative Losses be Reduced? 

hus, if the three laws of thermodynamics tell us that we cannot
in and cannot even achieve a balanced outcome, we must strive
o lose as little as possible. To do this, we must first and foremost
ot only reduce the scale and the temporal-spatial dynamics of
aterial, substance, and product flows, but also their complexity,
ncluding the diversity of their constituents and their spatial-
emporal dynamics, to keep dissipative losses as low as possible.
e must acknowledge the fundamental laws of chemistry and
hysics and their significance for the fundamental and practical
imits of the circular economy and recycling outlined above.
e must therefore focus on recycling at all levels—not only
rom the atomic to the product level and across the entire life
ycle, but also on the overarching material and product flows—
nd must not forget thermodynamics and thus the physical
nd chemical fundamentals. To minimize losses, chemical-based
ecycling should not be the first step but the last one (Box 1 ).
urthermore, we must rethink what level of quality is required for
 specific product and its application—the quality must be fit for
urpose, but no more than that. Achieving higher performance
ith less material of lower diversity and complexity is both a
hallenge and an enrichment for the chemists and pharmacists
4 of 27
of the future. The task is to optimize, but not maximize, product
performance within the context of the system. 

4.5 Time Ecology 

Time, in its many forms and manifestations, lies at the heart
of sustainability. A time-ecological perspective enables us to
take into account the significance of the lifespan of resources,
processes, and products throughout their entire life cycle, as
well as the associated rates of change, for example, in terms of
depletion and regeneration [ 79, 128–131 ]. For example, extending
a product’s lifespan can be beneficial if products remain in the
usage cycle, that is, can be reused and repurposed multiple times
[ 132 ]. However, the longevity of products and the stability of their
components can pose additional challenges for recycling, as they
may require greater effort for disassembly and separation, as well
as for the environment due to their longevity. A long product
lifespan leads to the mixing of several product generations, which
increases the complexity of substance, material, and product
flows and makes recycling more difficult. Therefore, design for
an adapted, optimized rather than a maximized service life is
required to reconcile the competing objectives of a long service
life (i.e., stability under given conditions during use and thus
resource conservation) and either simple recycling or rapid and
complete mineralization in the environment at the end of the
service life. The balance depends both on the duration of use
of the products and on the service life of the products and
Angewandte Chemie International Edition, 2026
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heir components, depending on the specific application of the
roduct, the required (not the desired) service and function, and
he specific conditions prevailing during the life cycle of the
roduct and the service. For example, a medicinal product or
hemical substance should be stable enough for shelf life over
onths or even years, but it should also be excreted from the
uman body within a few days and, following excretion/release
nto the environment, mineralize within a few days or weeks
“Benign by Design”). It has been shown that such chemicals
nd even active pharmaceutical ingredients can be developed
 133–137 ]. We must also consider how long a component or
aterial remains “hidden” within a product, that is, when and
here the material will become available again, in what quality
nd quantity, and how easily and quickly. This depends on
he lifespan of its application, such as when the same type of
olymer is used in packaging compared to in textiles, buildings, or
ars. 

he waste generated during recycling, synthesis, and manufac-
uring often originates at a different location, leading to delays
n the production and use of a particular product. These time
ags must be considered and understood. Recycling takes place
n a different technological, cultural, and economic environment,
s well as in a different temporal context, from the synthesis,
anufacturing, and use of products. Recycling facilities may not
et be available or may no longer be available, either because
hey have not yet been built or because they have already
een decommissioned for economic reasons. If, for example,
he product’s lifespan is too long, the quantity available for
ecycling is too small, or it enters the main product stream as a
ontaminant or harmful substance or product. Often, many types
f similar but not identical products coexist on the market, such
s different types and generations of mobile phones, computers,
elevisions, cars, or textiles, which contain different materials in
arying combinations and concentrations and components linked
o different technologies. Over time, the market share of each
roduct will change due to product innovations. 

ll of this contributes to the complexity of the material flows
hat need to be recycled. High rates of innovation may lead
o problems in the future, as recycling companies may not be
ble to adapt their technologies in time to new products or
 greater variety of products—or both. If the rate at which
 chemical is released into the environment is higher than
ts rate of degradation, even chemicals that mineralize in the
nvironment remain there permanently (known as “pseudo
ersistence”) [ 138 ]. The level ultimately reached is determined by
he ratio of its release to its residence time in an environmental
ompartment. The same applies to products that need to be
ecycled. If the ratio of release of products and availability of
ecycling capacities is not fitting, materials are lost. So, rather
han striving for maximum product lifespan and stability, we
eed to better understand how the lifespan of chemical products
nd their use are interlinked from a systems perspective: During
he product design phase, it is essential that the lifespan is
dapted to the social, economic, technological, and ecological
ontext in which it is used. The frequency of innovation and
he lifespan of products in the technosphere and the economic
phere must be compatible with the intrisic timescales (Eigen-
eiten) and temporalities of natural and social systems, too
 79, 128–131 ]. 
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5 How Chemistry and Pharmacy Can be 
Embedded in Sustainability 

5.1 General Considerations 

Chemistry and pharmacy have numerous links to sustainability.
The following chapter sets out how chemistry and pharmacy
can be embedded into sustainability. Figure 3 illustrates the
relationship between chemistry and pharmacy and the SDGs
and the PBs [ 139–141 ]. The PBs define the safe human operation
space. The SDGs help to ensure that we remain within the PBs
and take issues of justice into account [ 142, 143 ] not only with
more environmentally friendly and recyclable products, but also,
whenever possible, with fewer or even no products through alter-
native business models. These enable the reduction of substance,
material, and product flows, as well as their diversity, at all
levels—local, regional, and global [ 144, 145 ]. 

Sustainability aims to ensure that the needs of the present
generation are met without compromising the ability of future
generations to meet their own needs. This encompasses three
overarching sustainability strategies—suff iciency, consistency,
and efficiency—and takes into account all stakeholders through-
out the entire life cycle of products [ 142, 144, 145 ]. Ethics is also an
essential feature of sustainability and is therefore indispensable
for sustainable chemistry and pharmacy [ 146–150 ]. Another
important point is that focusing on isolated measures and subsys-
tems often leads to undesirable side effects and rebound effects.
Subsystems must therefore be interconnected. In other words,
systems thinking is another constitutive element of sustainability
and thus of sustainable chemistry and pharmacy, rather than
isolated, piecemeal solutions [ 151, 152 ]. 

Already addressed in the 1987 Brundtland Report and the 1992
Rio Declaration, the 2002 UN World Summit on Sustainable
Development in Johannesburg reiterated that we must replace
hazardous compounds, increase resource efficiency, and work
together to develop better chemicals management globally [ 153 ].
The Summit proposed the target that, by 2020, chemicals should
be “used and produced in ways that minimize significant adverse
impacts on human health and the environment.” Over time,
various international conventions addressing chemicals have
come into force, such as the Montreal Protocol on Substances that
Deplete the Ozone Layer, the Minamata Convention on Mercury,
and the Stockholm Convention on Persistent Organic Pollutants
(POPs). Each one deals either with a single chemical or with
small groups of chemicals only. As a result, while some problems
have been addressed, others persist or have emerged newly
(e.g., plastics, PFAS). What is needed is a more comprehensive
and integrated approach based on groups of chemicals and the
products manufactured from them, rather than on individual
substances [ 140, 143, 151, 152 ], including positive lists. 

5.2 Sustainable Development Goals and 

Planetary Boundaries 

In 2015, the UN adopted the 2030 Agenda for Sustainable Devel-
opment, including the SDGs, to secure a sustainable future for
us all. The SDGs address many pressing, interlinked challenges
facing humanity, such as population growth, industrialization,
15 of 27
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nd urbanization, food security, healthcare, clean water and
anitation, and climate change. According to the UNEP’s “Gr een
nd Sustainable Chemistry” framework manual, chemistry plays
 role in all 17 SDGs, including explicitly social aspects [ 154 ]. The
lanetary boundaries approach describes the impacts of human
ctivities on the Earth system and the associated limits. It is
inked to the WHO’s “One Health” approach and the planetary
ealth approach, for example, in relation to sustainability and
onsumption [ 155, 156 ]. Exceeding planetary boundaries would
ush the planet past a tipping point and set it on a course that
s less supportive of human life or even renders it impossible. The
ctivities of industrialized society are regarded as the main drivers
f this. 

s discussed above, we must recognize that humanity has
roduced an enormous diversity and quantity of chemicals and
roducts and that a considerable proportion of these are not
eused or have entered the environment. Within the PBs, syn-
hetic chemicals are grouped together with genetically modified
rganisms (GMOs) as “novel entities.” This is because they are
lien to nature and their diversity does not allow them to be
amed individually. It has been suggested that the planetary
oundary for synthetic chemicals has already been exceeded
 157 ]. It is important to note that we cannot truly know the
lanetary boundaries for chemicals, but the fact that we may be
lose to these boundaries or have already exceeded them provides
 strong argument for precautionary measures (see below). The
DGs reflect this. 

he SDGs provide guidelines on how to remain within the
lanetary boundaries. Almost all SDGs contain sub-goals relating
o chemistry and pharmacy. Sustainable chemistry and pharmacy
re the approaches and understanding that enable chemistry and
harmacy to contribute to the SDGs in a sustainable manner.
ircular chemistry and pharmacy, in turn, are the tools that
elp to keep chemical and pharmaceutical products within the
echnosphere’s cycles. All the compounds needed for materials
nd products to be sold must be synthesized in accordance with
he principles of green chemistry. Chemistry and pharmacy, as
on-normative sciences, provide the necessary knowledge for
his. They must all interact with one another to support each
ther. 

.3 Precautionary Principle 

he precautionary principle is a guiding principle that urges
aution towards the unknown future, including the impact of
nnovative ideas [ 158–160 ]. The principle advocates being aware
f the limits of our knowledge and actions. The significance of
he precautionary principle for chemicals was already addressed
n the 1992 Rio Declaration. The larger the system concerned
nd, consequently, the bigger the timescales, the greater the
ignificance of the precautionary principle [ 128–130 ]. 

e cannot prove any positive effects, only negative consequences
 158, 159 ]. Precaution is therefore an essential component of
ustainability and must also be applied to the chemical and
harmaceutical sector, given the high diversity and ubiquitous
resence of chemicals and pharmaceuticals; the spatial and
emporal scales associated with their manufacture, use, and end-
6 of 27
of-life; and, f inally, the large quantities that enter the human
environment and the wider environment, affecting biodiversity
and systems. In other words, not only for reasons of sufficiency
but also as a precautionary measure, the quantities and diver-
sity of chemical substances and products must be significantly
reduced. For the same reason, prevention is far better than substi-
tution [ 161 ]. Positive lists of chemicals suitable for use would be
far more effective and would support the development of more
environmentally friendly, circular, and sustainable compounds,
products, and business models than (single-substance) bans,
given the lengthy timeframes associated with their drafting and
the challenges of finding non-regrettable substitutes. Positive lists
would offer companies much greater and more reliable long-
term guidance for designing the products of the future, rather
than merely having to react to successive bans on chemicals and
constantly redesigning substances. 

6 Sustainable Chemistry and Sustainable 
Pharmacy 

Defining the term “sustainable chemistry” has always been a
challenge. It was originally coined by the German Chemical
Society [ 57 ]. When the term was first used by the IUPAC and the
OECD in the 1990s, it was very closely linked to green chemistry
and differed, particularly on the issue of resources, from that of
the US EPA (see Chapter 2) [ 45, 55, 49, 67, 68 ]. In 1994, the term
“Simple Chemistry” was introduced in Japan [ 162 ]. Other defini-
tions, more strongly focused on sustainability, were published in
the late 1990s and early 2000s, emphasizing that green chemistry
and sustainable chemistry are not synonyms [ 45–47, 55, 58, 67,
68, 163 ]. In 2007, according to Krasnodębski, “. . . a seemingly
minor edit to the Wikipedia entry on green chemistry changed the
beginning from ‘green chemistry is. . . ’ to ‘green chemistry, also
called sustainable chemistry, is. . . ’ and including a redirection
hyperlink connecting the two terms and presenting them as
entirely equivalent. Although the definition has been updated
slightly—to ‘Green chemistry, similar to sustainable chemistry or
circular chemistry’—underlines the focus of green chemistry on
pollution prevention, only” [ 45 ]. In this sense, many definitions
of sustainable chemistry published later remained very similar to
those of green chemistry. As previously discussed (see Chapter
2, 3), the concepts of green chemistry and circular chemistry
are not synonymous with sustainability. This misunderstanding
remains widespread in academia, industry and government
bodies. Some examples among many are the description of a
synthesis as “sustainable” or the call to “produce more of it”
[ 118, 127, 164–167 ]. The concept of sustainable chemistry was
explained in more detail in UNEP’s “Global Chemical Outlook
II” [ 1 ]. Mutlu, and Barner, and others emphasize that green,
circular, and sustainable chemistry are closely interlinked, but
cannot be used synonymously [ 168 ]. Maxim points out that “Most
literature relies on a narrative of its [i.e. of green chemistry,
author’s note] birth . . . through the original work by Anastas
and Warner and the successful networking and institutionalising
activities that followed. However, this perspective . . . highlights a
contradiction between the . . . message of the founders of green
chemistry, [i.e. Anastas and Warner, author’s note] and their
strategy of promotion, which is uncritical of ‘brown’ chemistry
and excludes participation by civil society and the public” [ 43 ].
The latter, however, is constitutive of sustainability. A definition
Angewandte Chemie International Edition, 2026
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ublished in 2023 focuses heavily on green chemistry but also
xtends its scope to other socially relevant areas [ 169 ]. Although
his was a step forward, no explicit reference was made to the
rinciples of sustainability or to intangible alternative business
odels or similar concepts. It is steered towards viewing selling
roducts as the most important pillar. A report published in
023 by the US Federal Office of the White House contained a
omehow more comprehensive understanding, aiming to address
he circular economy and more complex products, meet societal
eeds, and contribute to economic resilience [ 170 ]. However, the
ocus de facto remains strongly on products and manufacturing
rocesses. The report was no longer available on the White House
ebsite in August 2025. De Souza et al. conclude, with regard
o the Federal Office’s understanding, that “the way in which
t [sustainable chemistry, author’s note] was defined makes it
lear that the definition resembles that of green chemistry” [ 71 ].
lthough the recently published Stockholm Declaration appears,
t first glance, to refer heavily to sustainability, it has only a very
imited connection to sustainability. Instead, it largely concerns
reen chemistry (see, e.g., the “essential elements” of the decla-
ation) [ 171 ]. The American Chemical Society has only recently
pdated its homepage and now refers to “green chemistry for
ustainability,” whereas until 2024 it was simply called “green
hemistry.” Although the 2024 homepage is no longer accessible,
he old definition from 2024 remains available on a subpage
 172 ]. Furthermore, “green chemistry for sustainability” does not
ean developing sustainable contributions from chemistry to
ustainability or even embedding chemistry within sustainability.
lootweg notes that “currently, the approaches of green chem-
stry, circular chemistry and SSbD [Safe and Sustainable Design,
uthor’s note] often operate in isolation from one another, which
s not ideal, as each approach, although comprehensive within its
cope, addresses only certain aspects of sustainability” [ 173 ]. This
nderscores once again that a broader understanding is required:
hemistry must be embedded within sustainability. 

ll of the above-mentioned attempts to redefine green chemistry
irectly or indirectly and to “market” it as sustainable chemistry
ail to address at all, or at least not fully, at least one of the
undamental principles of sustainability—suff iciency, eff iciency,
onsistency, precautionary principles, systems thinking, ethics,
nd so forth (as presented in Figure 4 , left circle)—let alone
everal of them. Social aspects, through at least the mention
f “society” or even “ethics,” were only considered by a few.
he EU’s SSbD approach, which in turn is not to be equated
ith sustainable chemistry but is important for enabling it,
rovides for a social assessment during the design phase of new
hemical products [ 174–176 ]. Some of the authors mentioned
bove advocated for the inclusion of the environment and
ustice, but not for justice in general. In 2025, the International
nion of Pure and Applied Chemistry (IUPAC) published the
uiding Principles for Responsible Chemistry: “Chemists should
ct for the benefit of humanity and the planet” [ 177 ]. This is
nother important step forward in embedding chemistry within
ustainability. However, there are still some weaknesses and
nconsistencies. For example, there are eight so-called guiding
rinciples. The focus of these guiding principles lies exclusively
n the hazardous properties of chemicals and risk reduction.
afety and risk prevention are important issues, but quite far
way from sustainability. Their implementation must be a given
efore sustainability is even considered. The other principles,
ngewandte Chemie International Edition, 2026
including responsible innovation, ethical conduct, inclusivity,
and equity, are closer to sustainability; while they are mentioned
several times, they are not elaborated upon analytically. Some
of the other guiding principles include elements that could also
be associated with sustainability, such as inclusivity, equity, and
belonging. Integrity and accuracy, for example, are part of ethics
or at least of scientific quality. The principle of communication
does not necessarily refer to transparency, which is important for
sustainability. As far as industry is concerned, “Responsible Care”
is mentioned as a further voluntary industrial approach. A study
published on the “Responsible Care” program of the German
Chemical Industry Association highlighted that “the potential for
opportunism can overcome the isomorphic constraints of even
powerful self-regulatory institutions, suggesting that effective
industry self-regulation is difficult to sustain without explicit
sanctions” [ 178 ]. This is an ongoing criticism from many sides,
which, as mentioned above, also applies to green chemistry. The
impact of Responsible Care, as implemented by companies, on
environmental protection does not differ significantly from other
measures [ 178 ]. Another point is that this initiative focuses only
on the most hazardous chemicals. Less hazardous substances and
the many unknown substances and properties are not considered.
Sustainability itself is not included. The principle of responsible
innovation is “with a conscious focus on anticipating and mit-
igating harmful consequences for people and the planet” [ 177 ].
While this is important, one can only foresee what one already
knows. The known unknowns and the unknown unknowns are
not mentioned. However, given the high diversity, complexity,
and quantities of the chemicals, pharmaceuticals, and related
products used, these are likely to represent the greater present and
future risks. Therefore, precaution is an important component of
sustainability. 

For chemistry to contribute to sustainability in a sustainable man-
ner, it is not enough simply to refer to or pursue “chemistry and
sustainability” or “chemistry for sustainability.” The same applies
to pharmacy. Rather, it is crucial to understand that chemistry
and pharmacy must be embedded within sustainability, form
part of sustainability, and fulfill connecting functions, rather
than merely being an add-on [ 179 ]. Instead of a product-centered
approach, a service-oriented approach is essential [ 132, 180 ]. It is
simply not nearly enough to merely supply more environmentally
friendly products or to facilitate the circular economy and
recycling. It is absolutely essential to put sustainability first and
above all else. Only then can the chemical and pharmaceutical
industries contribute to sustainability in a sustainable manner. In
some cases, it is even more sustainable to dispense with chemical
or pharmaceutical products altogether (see below). Sustainability
must be the overarching approach, that is, chemistry and phar-
macy must be embedded within sustainability. Accordingly, the
necessity of chemical or pharmaceutical products must first be
questioned when considering the services to be provided, which
is what chemistry and pharmaceuticals mean in the context of
sustainability [ 181 ]. A simple definition of sustainable chemistry
or pharmacy is neither desirable nor feasible, as chemistry and
pharmacy, both as sciences and as industries, are multifaceted,
involving numerous products and applications as well as many
social, economic, and ethical aspects [ 182, 183 ]. 

The interconnection of chemistry and pharmacy, in all their
diverse facets, with numerous disciplines such as ecology,
17 of 27



FIGURE 4 The general approach to integrating chemistry and pharmacy into sustainability: First, the services, functions, and intangible 
sustainability aspects are identified; then, services and products are planned accordingly, considering their end-of-life (circularity, including recyclability 
and biodegradability in the environment). Only then, following these assessments, synthesis, manufacturing, and distribution should be done, where 
applicable. 
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conomics, social sciences, and even philosophy (e.g., trans-
arency, ethics, and justice), including temporal and spatial
imensions, is fundamental to embedding chemistry and phar-
acy within sustainability. Such an understanding enables them
o operate within the framework of the PBs and contribute to
ll SDGs in a sustainable manner (Figure 3 ). It is therefore
ssentially transdisciplinary. Its characteristics have recently been
ummarized (Box 2 ). In contrast to green chemistry and circular
hemistry and pharmacy, sustainable chemistry and pharmacy
re linked to sufficiency within the context of sustainability.
s such, they are interested in non-material-based alternative
usiness models too that provide the required benefit, service, or
unction. In practice, it begins with the question, “Do we need
 product for a specific service and function, or is there a non-
aterial, more sustainable solution?” (Figure 4 )—provided the
unction is actually needed and not merely desired. Knowledge-
ased business models and leasing models are preferable to
onnage-based ones. Sustainable chemistry and sustainable phar-
acy take into account alternative behavior, that is, they favor
ntangible business models for generating revenue over the
eneration of tonnage. Some, such as chemical leasing, at least
educe the demand for material quantities. These are primarily
unction-oriented business models, such as consultancy, training,
nd billing based on the number of items cleaned, the area
isinfected, the surface area painted, or the service life of a
atalyst, rather than on the quantity of cleaning agent, disinfec-
ant, paint, or catalyst used, that is, sold [ 36, 184–186 ]. In other
ords, chemical-based solutions are only the second choice if no
onvincing non-material approach is available. The integration of
hemistry and pharmacy into sustainability (“Sustainable Chem-
stry ”, “Sustainable Pharmacy ”) therefore begins with a broad,
ustainability-based holistic approach that takes into account the
iverse interrelationships between sustainability and chemistry
nd pharmacy, respectively. On the one hand, they consider their
aterial basis, including the associated processes as well as their
roducts and their application, and, on the other hand, also social,
thical, and economic aspects. 
8 of 27
It would be unethical to apply different legal standards, such
as continuing to manufacture a product that is banned in one
country due to its toxicity, in order to export it to another country
and sell it there [ 51, 187 ]. Further ethical questions include, for
example: Who is affected by resource extraction or a chemical
accident, whose environment is polluted, who pays for the clean-
up, and who receives the revenue from the use of the resource and
the sale of the products: the local population or others? The same
question could be posed regarding deforestation for the purpose
of cultivating renewable raw materials or utilizing agricultural
waste. Who is involved (and how) in which decisions? Who is
affected by chemical waste and products end-of-life, and why
are there different wages for the same professional activities?
A sustainable approach considers that chemical synthesis takes
place in a different location from raw material extraction or waste
treatment and recycling, while also considering other issues
relating to the end of a product’s life, such as environmental
pollution and all its consequences. Who has access to which
product (e.g., medicines or pesticides), and who does not, and why
not? Such questions are not simply brushed aside by a chemistry
and pharmacy integrated with sustainability, nor are they referred
to other sectors, the economy, or politics, nor is responsibility for
them denied. 

Sustainable chemistry and pharmacy recognize that the Earth
is the foundation of everything, that the biosphere rests upon
it, and that it in turn supports the anthroposphere—that part
of the Earth system inhabited and utilized by humans—rather
than everything being based on the economy. Without all this,
our social sphere, upon which the technosphere and the economy
rest, is not viable in the long term. Sustainable chemistry and
pharmacy strive for the highest environmental, social, and ethical
standards in all areas. The multi-stakeholder approach and the
global aspect of chemistry were recently addressed by UNEP
in the Global Framework on Chemicals, including the Bonn
Declaration [ 188 ]. How a systems approach can be applied at
various levels has already been demonstrated [ 189–192 ]. 
Angewandte Chemie International Edition, 2026



BOX 2: Key features of chemistry in the context of sustainability [ 183 ] 

1. Overall approach: Guide the chemical science and chemical 
industry to contribute to sustainability in accordance with 
sustainability principles, while understanding and taking into 
account broader contexts and potential interactions, including 
long-range effects and temporal gaps between the chemical 
and other sectors. 
2. Precautionary: Avoid, from the outset, the transfer of 
problems and costs to other sectors, spheres, and regions; pre- 
vent future contamination; and address past contamination, 
including the associated responsibilities. 
3. Systemic thinking: Ensuring its interdisciplinary, multi- 
disciplinary, and transdisciplinary nature, including a solid 
technical foundation, while taking other sectors into account 
to fully ensure sustainability. Application in industrial prac- 
tice, including strategic and business planning, education, 
risk assessment, and other areas, including the social and 
economic sectors, across all stakeholder groups. 
4. Ethical and social responsibility: Respect for the dignity of 
all inhabitants of the Earth, human rights, and the well-being 
of all living beings; justice; and the interests of vulnerable 
groups; and the promotion of fair, inclusive, critical, and 
emancipatory approaches in all areas, including education, 
science, and technology. 
5. Cooperation and transparency: Promoting exchange, coop- 
eration, and the right to information for all stakeholders 
to improve the sustainability of business models, services, 
processes, and products, as well as related decisions, including 
environmental, social and economic development at all levels. 
Avoiding any form of “greenwashing” and “sustainability 
washing” through complete transparency in all scientific and 
business activities towards all stakeholders and civil society. 
6. Sustainable and responsible innovation: A complete trans- 
formation of the chemical and related industries from the 
molecular to the macroscopic level of products, processes, 
functions, and services, adopting a proactive approach to sus- 
tainability, including continuous, trustworthy, transparent, 
and traceable monitoring. 
7. Responsible management of chemicals: Promoting the 
responsible management of chemicals and waste throughout 
their entire life cycle, while avoiding toxicity, persistence, and 
bioaccumulation, as well as harm to humans and the envi- 
ronment caused by chemical substances, materials, processes, 
products, and services. 
8. Circular economy: Taking into account the opportunities 
and limitations of a circular economy, including the reduction 
of overall substance, material, product, and associated energy 
flows across all spatial and temporal levels and dimensions, 
particularly with regard to scale and complexity. 
9. Green chemistry: Adherence to as many of the 12 principles 
of green chemistry as possible within the framework of the 
sustainable application of chemistry, with a focus on hazard 
reduction whenever chemicals are required to provide a 
service or function, whenever and wherever this is compatible 
with sustainability. 
10. Life cycle: Application of the above-mentioned key char- 
acteristics to the entire life cycle of products, processes, 
functions, and services at all levels, for example, from the 
molecular to the macroscopic level and across all sectors, from 

a proactive perspective with regard to sustainability. 
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All of this must be applied by all stakeholders across the entire
chemical and pharmaceutical sector, including downstream
users, from services and resources through manufacturing and
application of products, and right up to the end of their life
cycle. Future professionals in the chemical and pharmaceutical
industries and sciences must not only understand the underlying
chemical and physical phenomena, but also possess knowledge
from various scientific disciplines, particularly those relevant to
sustainability, and be capable of interdisciplinary and transdis-
ciplinary thinking and action. They must not view chemistry
and pharmacy as science and practice solely from a material
perspective [ 191 ]. Such thinking and understanding must also
form part of future chemical and pharmaceutical education.
Furthermore, it is essential to transform current educational
models on all levels, as well as to provide further training for the
workforce and to improve their knowledge and qualifications in
a targeted manner, including the support and training of teachers
in chemistry and related disciplines and subjects [ 193–202 ]. 

7 Concrete Approach to Embed Chemistry and 

Pharmacy Into Sustainability 

The ever-increasing use of resources, the synthesis and manu-
facture of products, and the resulting generation of waste and
environmental pollution stand in stark contrast to sustainabil-
ity. As outlined above, sustainable pharmacy and sustainable
chemistry form the overarching framework for pharmacy and
chemistry to address this problem and steer practice towards a
more sustainable chemistry and pharmacy. This recognizes that
both green chemistry and pharmacy, as well as circular chemistry
and pharmacy, are important tools for the synthesis and recy-
cling of chemical and pharmaceutical products. Chemistry and
pharmacy embedded in sustainability address their boundaries
and areas of application but encompass far more (Figures 4–6 ).
Figure 4 provides a general overview and a general workflow.
Figure 5 offers a more detailed overview of the areas of application
and potential contributions of green, circular, and sustainable
pharmacy and chemistry, as well as their overlaps throughout
the life cycle of a chemical or pharmaceutical service or product.
Figure 6 outlines how the general approach shown in Figure 4 is
put into practice. 

The thought process and workflow always begin with the ques-
tion of whether the desired service is actually needed. If so, is
there a non-material alternative that fulfills the identified service
and function? If a material-based service is required, it must be
assessed right at the outset—that is, before synthesis—whether
the product providing this service can be integrated into the
circular economy and how. To this end, the principles of the
circular economy and circular chemistry and pharmacy must be
applied, and products must be designed in such a way that they
remain in the cycle for as long as possible and can most easily be
recycled later. 

If pharmaceutical and chemical products cannot be kept within
the cycle or returned to it or end up in the environment,
they must be designed from the outset to degrade rapidly and
completely there at the end of their life cycle (Principle No. 10 of
Green Chemistry, “Benign by Design”), before being synthesized
in accordance with the principles of Green Chemistry. Several
19 of 27



FIGURE 5 The areas of application for green, circular (circulation and recycling), and sustainable chemistry and pharmaceuticals (source of 
background image: European Parliament). They provide guidance on where sustainable chemical and pharmaceutical thinking, the circular economy, 
and circular chemistry and pharmacy, as well as green chemistry, play a role. 

FIGURE 6 Detailed workflow for the application of chemistry and pharmacy within the context of sustainability to contribute to sustainability in 
a sustainable manner. 
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ools are available for selecting more environmentally friendly
hemicals as starting materials for synthesis [ 203, 204 ]. The
uestion of how chemical products can be designed to be more
ustainable has not yet been fully resolved [ 133–137 ]. An overview
f potential indicators that are important for understanding what
0 of 27
is more environmentally friendly, circular, and sustainable was
recently published [ 205 ]. 

Box 3 uses PFAS as an example to illustrate the interrelationships
between green chemistry, circular chemistry, and sustainable
Angewandte Chemie International Edition, 2026



BOX 3: The interplay of sustainable chemistry, circular chemistry, and green chemistry using the example of per- and polyfluoroalkyl substances 
(PFAS) [ 113 ] 

The group of PFAS in use comprises more than 10 000 different substances ( https://echa.europa.eu/hot-topics/perfluoroalkyl- 
chemicals-pfas ). They are used because of the high stability of their C–F bond, as they remain stable even under extreme conditions, 
such as intense heat. They offer a wide range of properties, for example, as surfactants, water- and grease-repellent agents and as 
modifiers in sealants that create hydrophobic surfaces and enable other properties. They are therefore used in many products, not 
least in the home. They are persistent, contaminate the environment, drinking water, and food, and accumulate in environmental 
organisms and humans. They are (eco)toxic. Their disposal is difficult and costly (see above). Their use must therefore be avoided 
wherever possible. 
Ski wax 
Service: reduced friction through hydrophobization, thereby increasing skiing speed; function: water-repellency. 
1. Avoiding ski wax containing PFAS, as well as completely avoiding ski wax altogether, affects all skiers equally (sport and leisure); 

higher friction resistance shifts the focus back to the athletes’ skills and fitness rather than on technology. Which is, of course, 
in keeping with the spirit of sport. 

2. PFAS cannot be collected after use, that is, they can neither be returned to the cycle nor recycled. Circular chemistry does not 
work here. 

3. If wax is desired (not to be confused with “required”), a wax should be used that is readily biodegradable in the environment 
(designed for this purpose) and synthesized according to the principles of green chemistry. It should fulfill as many of these 
principles as possible, not just one. 

Textile fibers 
Service: textiles stay dry longer and dry faster; Function: water-repellency. 
1. Such textiles are more likely to be needed in extreme working environments and perhaps for extreme outdoor activities, not in 

everyday life. Are these extreme activities necessary? 

2. Designing textiles for a long service life and easy recovery; separate collection at the end of the service life to preserve and reuse 
these specific fibers. 

3. Fibers can be made water-repellent through a laser-based nanostructuring treatment (non-chemical alternative). 

4. Use of natural waxes (considering where the wax resources come from, how they are extracted, and what impact their extraction 
has on biodiversity and local ecosystems [sustainable chemistry]) or synthetic polymers (synthesized according to as many 
principles of green chemistry as possible) to make them water-repellent. It must be ensured that they can be easily separated 
during recycling (circular chemistry) and that they mineralize completely after being released into the environment (e.g., as 
microplastics) (Benign by Design). 

Hydrophobic surfaces of metal parts 
Service: water-free surface, prevention of corrosion; Function: water-repellency. 
1. Metal surfaces can be made water-repellent through laser-abrasive treatment (non-chemical alternative). 

2. Such parts/products should be collected at the end of their service life for reuse or recycling. 

3. Parts that cannot be made hydrophobic using a laser can be made water-repellent by applying a polymer-based surface coating. 
The design should allow for easy separation of the metal and polymer. Multiple materials should not be mixed to achieve 
hydrophobicity. 

4. Environmentally friendly, biodegradable polymers should be used to account for abrasion and release into the environment. 
Synthesis of polymers in accordance with as many principles of green chemistry as possible. Consideration of where the 
resources for the polymers come from and how this affects the local environment, biodiversity, and community. 

Seals 
Service: sealing. Function: chemically inert, adaptable, temperature- and/or chemical-resistant. Even though seals are only small 
parts, they can add up to thousands of tonnes (total material flow analysis: circular chemistry, sustainable chemistry). 
1. What degree of sealing is required and what service life is necessary? 

2. Is there a PFAS-free seal (e.g., rubber, copper, brass) for the intended specific application? 

3. Product design with regard to end-of-life collection and recycling, including easy separation of the seal from associated products. 
No mixing of multiple substances or materials to achieve the desired function. Use of recycled materials for new seals. 

4. Where do the resources for the seals come from and what impact does this have on the local environment, biodiversity, and 
community? 
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hemistry. The starting point is always: Is the service actually
eeded? Is there a non-material possibility of providing the ser-
ice and fulfilling the function? PFAS, for example, are frequently
sed to make surfaces water-repellent. In products such as ski
ax or certain textiles, this service is not required. If necessary,
 non-material alternative may be available (see Box 3 ). 

nother option, if required, would be a chemistry-based approach
hat takes into account life-cycle aspects such as circularity and
ecycling, as well as the fate of the chemical (e.g., ski wax
ynthesized in accordance with as many principles of green
hemistry as possible, which mineralizes quickly and completely
n the environment). For the hydrophobization of textile fibers or
orkpiece surfaces, hydrophobization using physical processes
e.g., microstructuring via laser treatment) is a suitable option.
FAS-free packaging materials and, initially, assessing what
ackaging is required why for what purpose and for how long are
lternatives in this area. PFAS-free processes and membranes for
he electrolysis of water to produce hydrogen are known. At least
or some C-CF3 -containing active pharmaceutical ingredients, it
hould be possible to replace these with C-CF3 -free alternatives,
.g., fluoxetine with citalopram, paroxetine with sertraline, lan-
oprazole with omeprazole [ 205 ]. Their use avoids the release
f trifluoroacetic acid (TFA) as a TP during degradation in
he environment. TFA is a ubiquitous contaminant in food
nd all environmental compartments. It is highly persistent
nd toxic. Only with such an open-minded approach to service
rovision, based on systems thinking, should products and their
omponents be synthesised and manufactured in accordance
ith the 12 principles of green and circular chemistry, considering
he limitations and potential misunderstandings outlined in
hapters 2–4. 

 Conclusions and Outlook 

reener chemistry and pharmacy, circular chemistry and phar-
acy, and the complete embedding of pharmacy and chemistry
nto sustainability (“Sustainable Chemistry” and “Sustainable
harmacy”) are neither synonyms nor interchangeable, respec-
ively. Nor are they mutually exclusive. Greener chemistry and
ircular chemistry are indispensable components of sustainable
hemistry and pharmacy, but the overarching framework is sus-
ainable chemistry and pharmacy. The latter are interdisciplinary
nd embedded in sustainability. The starting point must be a
olistic systems approach and understanding that encompasses
he entire life cycle of products and their impact on sustainability,
tarting with service and function and beginning with non-
aterial alternatives. A mindset that focuses exclusively on value
hains is far too short-sighted, as value chains often end where
here is no longer any economic value, meaning they often do not
ake waste or social aspects into account. 

ntil now, the chemical and pharmaceutical industries have
ostly strived to produce ever newer and often more complex
olecules, materials, and products. The economization of sci-
nce, measured by impact factors, only adds to this. This trend
ontinues in the industries that use the products of the chemical
nd pharmaceutical sectors for their own products. In recent
2 of 27
decades, the number of products on the market has increased
enormously in terms of both quantity and variety, including
product types and the number of components. They are often
advertised as significant improvements or even as entirely new
products. These products often increased performance by only
a few percent while causing a disproportionately high rise in
material and energy consumption and waste generation. These
unsustainable practices must be abandoned. 

A simpler product will usually be cheaper, and if a cheaper prod-
uct can achieve the same result (or at least come close to what is
actually needed), it will generally outperform its more expensive
competitors. There are also examples where a product contains
fewer chemicals and is even sold at a higher price because
customers are demanding more environmentally friendly and
sustainable products and are willing to pay for them, such as
silicone-free hair conditioners, biocide-free exterior paints, and
food without artificial flavorings. These examples show that there
is no general contradiction between more sustainable chemistry,
pharmaceuticacy and revenue, not to mention economic costs:
from a systemic perspective that takes all external costs into
account, greater sustainability is always beneficial. 

It is high time to fully embed today’s chemical and pharmaceu-
tical industries within sustainability, starting with the question
of whether a service or function is required, to understand the
commonalities, overlaps, and differences between green, circular,
and sustainable chemistry and pharmacy, and to help them fulfill
their promises. 
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