


Chemistry Education for a Sustainable Future 



Advances in Chemistry Education Series 

Editor-in-chief: 
Keith S. Taber, University of Cambridge, UK 

Series editors: 
Avi Hofstein, The Weizmann Institute of Science, Israel 
Vicente Talanquer, University of Arizona, USA 
David Treagust, Curtin University, Australia 

For a list of titles in this series see: rsc.li/aice 

How to obtain future titles on publication: 
A standing order plan is available for this series. A standing order will bring 
delivery of each new volume immediately on publication. 

For further information please contact: 
Book Sales Department, Royal Society of Chemistry, Thomas Graham House, 
Science Park, Milton Road, Cambridge, CB4 0WF, UK 
Telephone: +44 (0)1223 420066, Fax: +44 (0)1223 420247 
Email: booksales@rsc.org 
Visit our website at books.rsc.org 

mailto:booksales@rsc.org
https://rsc.li/aice
https://books.rsc.org


Chemistry Education for a 
Sustainable Future 

Edited by 

Catherine H. Middlecamp 
University of Wisonsin-Madison, USA (retired) 
Email: chmiddle@wisc.edu 

Mary M. Kirchhoff 
American Chemical Society (retired), USA 
Email: marykirchhoff54@gmail.com 

Peter Mahaffy 
The King’s University, Canada 
Email: peter.mahaffy@kingsu.ca 

and 

Klaus Kümmerer 
Leuphana Universität Lüneburg, Germany 
Email: klaus.kuemmerer@leuphana.de 

mailto:chmiddle@wisc.edu
mailto:marykirchhoff54@gmail.com
mailto:peter.mahaffy@kingsu.ca
mailto:klaus.kuemmerer@leuphana.de


Advances in Chemistry Education Series No. 13 

Hardback ISBN: 978-1-83767-172-4 
PDF ISBN: 978-1-83767-657-6 
EPUB ISBN: 978-1-83767-656-9 
Print ISSN: 2056-9335 
Electronic ISSN: 2056-9343 

A catalogue record for this book is available from the British Library 

© The Royal Society of Chemistry 2025 

All rights reserved 

Apart from fair dealing for the purposes of research for non-commercial purposes or for 
private study, criticism or review, as permitted under the Copyright, Designs and Patents 
Act 1988 and the Copyright and Related Rights Regulations 2003, this publication may not 
be reproduced, stored or transmitted, in any form or by any means, without the prior 
permission in writing of the Royal Society of Chemistry or the copyright owner, or in the 
case of reproduction in accordance with the terms of licences issued by the Copyright 
Licensing Agency in the UK, or in accordance with the terms of the licences issued by the 
appropriate Reproduction Rights Organization outside the UK. Enquiries concerning 
reproduction outside the terms stated here should be sent to the Royal Society of Chemistry 
at the address printed on this page. 

An online version of this work is published at doi.org/10.1039/9781837676576 under an 
Attribution-Share-Alike Open Access license CC-BY-SA 4.0 which permits re-use, distri 
bution and reproduction in any medium providing appropriate credit to the original work 
is given. Any derivative works must be distributed under the same CC-BY-SA license. To 
view a copy of this license, visit https://creativecommons.org/licenses/by-sa/4.0/. 

All versions of this work may contain content reproduced under license from third parties. 
Permission to reproduce this third-party content must be obtained from these third parties directly. 

Whilst this material has been produced with all due care, The Royal Society of Chemistry 
cannot be held responsible or liable for its accuracy and completeness, nor for any 
consequences arising from any errors or the use of the information contained in this publi 
cation. The publication of advertisements does not constitute any endorsement by The Royal 
Society of Chemistry or Authors of any products advertised. The views and opinions advanced 
by contributors do not necessarily reflect those of The Royal Society of Chemistry which shall 
not be liable for any resulting loss or damage arising as a result of reliance upon this material. 

The Royal Society of Chemistry is a charity, registered in England and Wales, 
Number 207890, and a company incorporated in England by Royal Charter 
(Registered No. RC000524), registered office: Burlington House, Piccadilly, 
London W1J 0BA, UK, Telephone: +44 (0)20 7437 8656. 

For further information see our website at www.rsc.org 

For general enquiries, please contact books@rsc.org 

For EU product safety enquiries, please email books@rsc.org or contact Royal Society 
of Chemistry Worldwide (Germany) GmbH, Römischer Hof, Unter den Linden 10, 
10117 Berlin. 

Printed in the United Kingdom by CPI Group (UK) Ltd, Croydon, CR0 4YY, UK 

https://creativecommons.org/licenses/by-sa/4.0/
mailto:books@rsc.org
mailto:books@rsc.org
https://www.rsc.org


Foreword 

From climate change to resource depletion, the role of chemistry in building 
a sustainable future has never been more critical. Chemistry is not just the 
science of matter; it is the science of our world. It offers the tools and 
understanding necessary to address the complex problems that threaten the 
health of our planet and its inhabitants. As educators, our responsibility 
extends beyond imparting knowledge; we must inspire the next generation 
of scientists and citizens to think critically, act responsibly, and innovate 
sustainably. 

This book, Chemistry Education for a Sustainable Future, is a timely and 
essential resource for chemistry educators who seek to improve their 
teaching practices. The chapters in this volume provide a comprehensive 
guide for integrating sustainability into chemistry education, offering prac 
tical strategies and insights that will help educators at all levels—from 
introductory courses to advanced research settings—embed crucial concepts 
into their curriculum. 

The journey begins with an exploration of the intrinsic connection be 
tween chemistry and sustainability. The opening chapter lays the foundation 
by illustrating how these two fields intersect and the benefits of incorpor 
ating sustainability into the chemistry curriculum. This connection is not 
merely academic; rather, it equips students to become informed pro 
fessionals and responsible citizens, capable of contributing positively to 
their communities and the broader world. 

As the book progresses, it delves more deeply into the chemical basis of 
sustainability, presenting a systems-based perspective that is essential for 
understanding the impact of human activities on planetary health. Chapters 
on sustainability tools, such as systems thinking and impact-based metrics, 
offer educators practical approaches to teaching these concepts, enabling 
students to engage meaningfully with the material and apply their know 
ledge to real-world challenges. 
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vi Foreword 

The inclusion of sustainability frameworks, such as the Planetary 
Boundaries and the United Nations Sustainable Development Goals (SDGs), 
further enriches the discussion, providing a global context for the scientific 
principles taught in the classroom. These frameworks not only enhance the 
relevance of chemistry education but also inspire students with a sense of 
purpose and responsibility towards achieving a sustainable future. 

Ethics, student agency, and future-oriented thinking are also explored in 
this volume, emphasizing the broader implications of chemistry education. 
By incorporating ethical considerations and fostering a sense of agency 
among students, educators can empower the next generation to take own 
ership in shaping a sustainable world. The concluding chapter offers a vi 
sionary outlook on what chemistry education might look like in 2050, 
challenging educators to think creatively about the future of their discipline. 

More specifically, Chapter 1: The Sustainability Connection, introduces 
the fact that chemistry and sustainability are deeply intertwined. It explains 
how integrating sustainability into chemistry education can benefit students 
and their communities, setting the stage for the rest of the book. The chapter 
also offers practical tips for teaching sustainability-related topics, using the 
carbon cycle as an example. By framing sustainability as an integral part of 
chemistry, it encourages educators to rethink their teaching approach, en 
suring that students are prepared to address real-world challenges. 
Chapter 2: The Chemical Basis of Sustainability explores how chemistry, 

as the science of matter, is fundamental to understanding and addressing 
sustainability challenges. It introduces the concept of a systems-based per 
spective, which is crucial for understanding how human activities impact 
the planet. Teaching activities are presented to engage students with sus 
tainability concepts, and a “chemistry for sustainability” pyramid is intro 
duced. The chapter deepens the discussion by highlighting the role of 
chemistry in the material transformations that impact sustainability. It 
connects the abstract concept of sustainability with the tangible, scientific 
basis of chemistry, helping educators make these concepts more accessible 
to students. 

The book then moves on to the evolution of sustainability in chemistry. 
Chapter 3, entitled Orienting Chemistry Towards Sustainability, describes 
how the concept of sustainability in chemistry has evolved from environ 
mental chemistry to more recent concepts such as green, sustainable and 
circular chemistry. Through this chapter, the reader will understand the 
historical context and development of the field, while gaining an in-depth 
insight and broader perspective, showing how contemporary approaches to 
sustainability have emerged and why they are essential in today’s world. 

Chapters 4 and 5 aim to provide the reader with practical tools for more 
effective teaching. Entitled Sustainability Tools I – Systems Thinking, 
Chapter 4 discusses how systems thinking can enhance chemistry education 
by promoting meaningful learning and preparing students to address global 
sustainability challenges. It offers practical advice on how to integrate sys 
tems thinking into chemistry courses, encouraging gradual and sustainable 
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changes in teaching practices. This chapter is particularly useful as it pro 
vides educators with strategies to ensure that students develop the holistic 
thinking needed to address interconnected global challenges. 

Similarly, Chapter 5: Sustainability Tools II – Impact-Based Metrics 
introduces these metrics as a way to evaluate the potential harm of chem 
icals, emphasizing the importance of considering the quality of chemical 
impacts rather than just their quantity. It also explains how life cycle as 
sessment can be used to understand the environmental impact of chemicals. 
By focusing on impact-based metrics, this chapter highlights the importance 
of qualitative analysis in understanding environmental impacts, offering a 
practical tool for students to assess the sustainability of chemical processes. 
This book offers two distinctive conceptual frameworks to introduce and 

make sense of sustainable chemistry: Planetary Boundaries (PB), a concept 
that describes the limits of the impact of human activities on the Earth 
system, and the United Nations Sustainable Development Goals, a shared 
blueprint for peace and prosperity for people and planet. In particular, 
Chapter 6: Sustainability Frameworks I – Planetary Boundaries introduces 
the concept of PBs, which provides a systematic approach to understanding 
Earth’s complex systems and the role of chemistry in understanding and 
addressing them. It includes examples of how this framework can be inte 
grated into chemistry education, particularly in relation to climate change. 
The chemistry educator will find this chapter particularly relevant as it links 
core chemistry concepts to Earth system processes, providing a structured 
approach to teaching sustainability in a global context. 

On the other hand, Chapter 7: Sustainability Frameworks II – UNSDGs 
explores how chemistry can contribute to achieving the United Nations 
Sustainable Development Goals. It discusses how connecting molecular-level 
learning to socio-environmental problems can enhance systems thinking 
and provide context for sustainable practices in chemistry. By connecting 
chemistry education to the SDGs, this chapter broadens the scope of sus 
tainability in the curriculum. It emphasizes the relevance of chemistry in 
solving global challenges, inspiring students with a sense of purpose and 
responsibility. 

Personally, I found Chapter 8 particularly relevant and inspiring because it 
adds a moral dimension to the book and encourages educators to instill 
ethical awareness in their students, which is crucial for sustainable devel 
opment. Chapter 8: Sustainability, Ethics, and Students successfully pro 
motes the importance of including ethics in chemistry education. It argues 
that ethical considerations help students to think critically about the wider 
impact of chemistry and their responsibilities as future chemists. 

Chapter 9: Student Agency in Sustainability is a good example of how 
chemistry education should put the learner at the center of the learning 
process. By focusing on student agency, this chapter emphasizes the active 
role that students can play in promoting sustainability. It provides educators 
with strategies to empower students and make them active participants in 
the pursuit of a sustainable future. I found particularly useful the case 
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studies that demonstrate how to promote awareness of the SDGs and engage 
students in proactive efforts to address sustainability challenges. 

Finally, like any well-thought-out work, this book looks to the future and 
offers a glimpse of what chemistry education could, and perhaps should, be 
like in 25 years. Chapter 10: Imagining Chemistry Education in 2050 not only 
envisions how the subject might develop by 2050 but also encourages edu 
cators to think creatively about how they can continue to integrate sustain-
ability into their teaching practices. This forward-looking chapter challenges 
educators to imagine the future of their discipline. It serves as a call to ac 
tion, encouraging continued innovation in chemistry education to meet the 
evolving challenges of sustainability. 

Leonardo da Vinci once said: “Learning never exhausts the mind.” As a 
professor, this truth has always resonated with me. However, my work with 
the International Union of Pure and Applied Chemistry (IUPAC) has deep 
ened my appreciation and understanding of the importance of education in 
shaping a better and more just future for all. This conviction led me to co 
edit the book Chemistry Education: Best Practices, Opportunities and Trends, 
driven by decades of research in chemistry education and the effectiveness 
of its findings in improving our teaching. Precisely because of that, I would 
like to take the opportunity of writing the foreword to this book to 
express my sincere gratitude to Mary Kirchhoff, Cathy Middlecamp, Klaus 
Kümmerer, and Peter Mahaffy for their invaluable contributions to 
Chemistry Education for a Sustainable Future. This timely and essential book 
addresses a critical issue and offers a rich array of perspectives and experi 
ences. I wholeheartedly join them in their call to action for all chemistry 
educators to rethink and redesign our teaching methods to ensure that we 
not only impart knowledge but also make a meaningful contribution to the 
global effort to achieve a sustainable future. I am confident that this book 
will provide educators with the tools, strategies, and inspiration they need to 
make a lasting impact on their students and the world. 

Prof. Javier García-Martínez, Chemistry Educator 
University of Alicante, Alicante, Spain 



Preface 

Chemistry plays a vital role in the emergence of sustainability, yet the con 
nections among chemistry and sustainability are often overlooked in the 
chemistry curriculum. In an effort to close this gap, Chemistry Education for 
a Sustainable Future offers educators strategies and examples that connect 
chemistry education to sustainability. This approach aims to help students 
realize the central role that chemistry plays in achieving a sustainable world. 

Throughout this book, we wish to meet the needs of educators who desire 
to do more with sustainability for all students but may not know how. Each 
chapter launches with “Opening Thoughts,” a brief rationale to set the stage. 
A section entitled “Background” then follows, offering readers more in-
depth explanations of the concepts presented in the chapter together with 
useful references. By structuring their ideas in this way, the authors of each 
chapter first introduce readers to the sustainability-related content and then 
provide straightforward explanations. 

The heart of each chapter is the third section, “Teaching and Learning a 
Sustainability Topic”. Here, our chapter authors offer practical suggestions 
to help readers reimagine how students in today’s classrooms and labs 
might learn chemistry. The teaching and learning sections provide concrete 
suggestions, activities, learning outcomes, and references to facilitate the 
integration of sustainability into the chemistry curriculum. 

The foreword, written by Professor Javier García-Martínez, presents an 
excellent summary of each chapter. The content in these chapters builds to 
make the case that sustainability content can not only drive learning but can 
also benefit our students and the communities in which they live, preparing 
them for an interconnected and rapidly changing world. Ultimately, together 
with the professionals that our students will become, we can all practice 
chemistry to make the contributions to sustainability that are so urgently 
needed. 
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x Preface 

Finally, we wish to thank our outstanding chapter authors for composing 
such thoughtful, compelling narratives designed to lower the activation 
energy for you, our readers, to integrate sustainability into your chemistry 
courses. We are especially grateful to our colleagues at the Royal Society of 
Chemistry, Helen Armes and Amina Headley, for their prompt and detailed 
responses to our many questions and their guidance in editing this volume. 

We hope you find this book useful in sharing your passion for and com 
mitment to sustainability with your students. 

Catherine Middlecamp 
Mary Kirchhoff 
Peter Mahaffy 

Klaus Kümmerer 
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CHAPTER 1 

The Sustainability Connection†

C. MIDDLECAMP*a AND M. M. KIRCHHOFFb

a University of Wisconsin-Madison, Nelson Institute for Environmental 
Studies (retired), 550 North Park Street, Madison, WI 53706, USA; b American 
Chemical Society (retired), 7 Linkside Court, Isle of Palms, SC 29451, USA 
*Email: chmiddle@wisc.edu

1.1 Opening Thoughts 
To support thriving human and ecological communities on Earth, chemists 
must adopt more sustainable practices. Chemistry and sustainability 

† This chapter is subject to a Creative Commons CC-BY-SA 4.0 International license. Financial 
support from Publikationsfonds NiedersachsenOPEN, funded by zukunft.niedersachsen, and 
Leuphana University Lüneburg is acknowledged. 
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2 Chapter 1 

connect easily and well. As educators – urgently – we need to make these 
connections to ensure the viability of all life on our planet. At the same time, 
in a sustainable manner, we need to provide all people with the goods and 
services on which they depend. As chemistry educators, we play an import 
ant role in empowering the next generation; that is, those who will continue 
to work towards solutions for the challenges we face. 

Tomorrow’s leaders are among the students in our classrooms today. How 
might we better position our students to become the next generation of 
leaders? This question is precisely the one that we will address in this book. 
More specifically, we have designed this book for those who want to inte 
grate sustainability into their chemistry courses. Chapter by chapter, we 
make the case that connections to sustainability will benefit students, the 
communities in which they live, and ultimately all life on our planet. 

1.1.1 Consider the Needs of the Students Currently in Our 
Chemistry Classrooms 

These needs vary, depending on the chosen profession of the student. For ex 
ample, some of our students will become chemists or chemical engineers. As 
future members of the workforce, they will need a broad range of skills, in 
cluding current knowledge of safe, sustainable, and green practices. With this 
knowledge, they also can be more competitive in the marketplace, bringing up-
to-date expertise both to their employers and to their fellow workers. Other 
students will become professionals in health-related or environmental fields; 
still others will earn degrees in education, agriculture, or law. For many such 
degrees, chemistry is a gateway course, one that studentsmust complete to gain 
entry to a desired profession. What we should not offer to them is an outdated 
course, one crammed with material and possibly designed to weed out “the 
unfit”. Rather, by connecting the course to current challenges (e.g., air,  water,
food, energy), we can both capture student interest and help our students to 
construct chemical knowledge thatwill beuseful. Students shouldnot leave our 
courses disgruntled, with any love of learning extinguished. All our students 
deserve instructors who can connect chemistry to the wider issues of sustain-
ability, especially to those of human and planetary health. We urge instructors 
to devote special attention to foundational chemistry courses, because these 
may be the only ones our students will ever take. 

1.1.2 Consider the Needs of Communities 
Communities are the places from which our students come and to which 
they will return. All communities need energy, food, services, and products 
so that their members can lead healthy and productive lives. As a central 
science, chemistry at every level has something to offer communities. Its 
focus on atoms, molecules, and the related flow of energy provides a better 
understanding of where products come from, what they can be used for, 
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Figure 1.1 One of many ways to represent sustainability. 

where they eventually end up, and which challenges accompany those 
products along their life cycles. Citizens who are broadly grounded, in 
cluding in the sciences, are better positioned to wisely make use of resources 
and to make choices to benefit community members. 

Communities face challenges that are multi-dimensional: economic, so 
cietal, and environmental. Not surprisingly, these same three dimensions 
comprise the Triple Bottom Line. Sustainable goods and services can be 
found at the intersection of the three circles (Figure 1.1). Today, some might 
argue to draw the circles of different sizes, while others make the case that 
the three circles should be drawn concentrically. Everyone, however, is likely 
to agree that paying attention to the interplay between economic, societal, 
and environmental factors is crucial in producing sustainable goods and 
services for a community and its members. 

1.1.3 Consider the Needs of All Life on Our Planet 
Chemical, physical, and biological indicators of the health of Earth system 
processes are changing rapidly. Because of the scale of human transforma 
tion of matter and energy, some geologists have recommended that we move 
the hands of the geologic time clock from the Holocene Epoch to a new 
proposed Anthropocene Epoch. Although this name change was voted down 
in 2024 by a committee of the International Union of Geological Sciences,1 

the dominance of the human imprint on planetary systems is unmistakable. 
Scientists recognize that the Holocene was a stable period in which average 
surface temperatures varied by less than one degree over 12 000 years, cre 
ating predictable climates that allowed humans and other creatures to 
thrive. Based on changes to geological markers in the Earth’s crust, we may 
have transitioned in the 1950s to the proposed Anthropocene Epoch, re 
flecting humanity’s impact on our planet. 

1.1.3.1 Characterizing Sustainability 
The concept of sustainability was first articulated in 1713 by Hans Carl von 
Carlowitz in his book Sylvicultura Oeconomica oder Anweisung zur Wilden 
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Baum Zucht (Sylvicultura Oeconomica or Instructions for Wild Tree Breed 
ing). Von Carlowitz oversaw mining in Saxony, and wood was essential to the 
mining industry, providing timber for construction and fuel for smelting 
furnaces.2 Von Carlowitz proposed implementing a science-based approach 
to forestry to ensure a sustainable supply of wood, advocating that wood 
should not be harvested at a rate that exceeded the rate of reforestation. In 
the context of sustainable forestry, von Carlowitz described the three pillars 
of sustainability: environmental, economic, and social justice, the same 
criteria depicted in Figure 1.1. 

Today, sustainability is often described using the Brundtland Commis 
sion’s definition of sustainable development as “development that meets the 
needs of the present without compromising the ability of future generations 
to meet their own needs”.3 This definition does not address the sustain-
ability of ecological communities and focuses less on preserving natural 
resources and more on society’s ability to innovate its way to a sustainable 
future. Clearly, science and technology must play a central role in achieving 
this future. For example, the development of targeted fertilizers and pesti 
cides is needed to increase crop yields to feed the more than eight billion 
inhabitants of our planet. Alternative energy sources are needed to enable 
the transition away from fossil fuels, and chemists are designing new ma 
terials to improve the efficiency of batteries for energy storage. Developing 
new products and processes must be done with the environment in mind, 
hence the need for chemistry that is green, sustainable, and circular. 
The Planetary Boundaries framework, first published by an international 

interdisciplinary team led by scientists from the Stockholm Resilience 
Centre in 20094 and with a substantial update in 2015,5 is a framework for 
understanding the safe limits of our planet. A 2023 visualization of the 
framework from the Stockholm Resilience Centre (Figure 1.2) enables us to 
quantitatively monitor the extent to which human activity influences indi 
vidual Earth systems and the Earth system as a whole, how those influences 
interact dynamically with each other, and how they threaten sustainability. 
Tracking the rate of change to Earth system processes since this work was 
first published in 2009 shows striking changes over the intervening years in 
the risk to our planet from the scale and nature of human activity. To reflect 
those changes, as well as the dynamic interconnectivity of the Earth system 
processes that are represented, a new interactive learning tool for educators 
has been created6 and will be discussed further in Chapter 6. 

As Chapter 6 will also describe, the chemical basis of sustainability is evi 
dent from looking at how changes to chemical parameters regulate many of 
the control variables for the nine biophysical Earth system processes in the 
framework. These Earth system processes in the Planetary Boundaries 
Framework and their control variables provide immediate and compelling 
contexts to introduce a wide range of chemistry concepts in foundational and 
other chemistry courses. Perspectives andassessment from the social sciences 
about the implications of these Earth system changes for environmental and 
intergenerational justice have also been integrated into this framework. 
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Figure 1.2 Planetary Boundaries concept that depicts the nine planetary bound 
aries within which humanity can continue to develop and thrive for 
generations to come. This figure from 2023 shows that six of these 
boundaries have crossed the safe operating space. Reproduced from 
https://www.stockholmresilience.org/research/planetary-boundaries. 
html with permission from Azote for Stockholm Resilience Centre, 
based on data from ref. 4 and 5. 

The importance of chemistry in achieving sustainability is also evident in 
the 17 United Nations Sustainable Development Goals (UN SDGs)7

(Figure 1.3), which will be explored in more depth in Chapter 7. 
Both the Planetary Boundaries and UN SDG frameworks can readily be 

mapped onto chemistry and other disciplines. Built into our character 
ization of sustainability is the responsibility to meet human needs and care 
for all creation, of which people are a part of a larger whole. All of humanity 
must steward our planet’s life and resources, including the flow of matter 
and energy on which our modern society depends. 

To bring these opening thoughts to a close, we offer both a disclaimer and 
a well-known question. First, the disclaimer. Rethinking a chemistry 

https://www.stockholmresilience.org/research/planetary-boundaries.html
https://www.stockholmresilience.org/research/planetary-boundaries.html
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Figure 1.3 The 17 United Nations Sustainable Development Goals. Reproduced 
from ref. 7 with permission from the United Nations. The content of 
this publication has not been approved by the United Nations and does 
not reflect the views of the United Nations or its officials or Member 
States. 

curriculum to offer students sustainability-related content is no simple 
matter; instructors cannot simply “add sustainability and stir”. Matching 
our chemistry curriculum to the needs of our students, their communities, 
and our planet requires integration, diverse points of view, new contexts, 
and new tools, not simply adding content. Changes must incorporate sys 
tems thinking, which takes a holistic view of the role chemistry plays in 
Earth and societal systems. 

The question that ends this section, perhaps asked by Albert Einstein (but 
certainly made by many others in recent years) is simply this: What is the 
definition of insanity? The answer: doing the same thing over and over again 
and expecting different results. We cannot expect chemists to practice more 
sustainable chemistry or citizens to make informed choices if we do not 
educate them differently. To do something differently, one needs additional 
resources. The next sections provide an initial set of resources, and the 
chapters that follow offer content examples and teaching pointers that are 
more in-depth. 

1.2 Background 
In this book, several interconnected approaches feature prominently, and a 
fundamental understanding of these approaches is essential to effectively 
integrate sustainability into the chemistry curriculum and to integrate 
chemistry into sustainability. Not all of these approaches that connect 
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chemistry to sustainability – green chemistry, sustainable chemistry, sys 
tems thinking, the circular economy, and circular chemistry – have a single 
agreed-upon definition. In this section, we describe the ways in which we 
will use these terms throughout the book. 

1.2.1 Green Chemistry 
Green chemistry is the design of chemical products and processes that 
reduce or eliminate the use and generation of hazardous substances.8 In 
the United States, green chemistry’s roots stemmed from the Pollution 
Prevention Act of 1990;9 in Europe, Integrated Pollution Prevention and 
Control Council Directive 96/61/EC served as the impetus for green 
chemistry.10 Implementing green chemistry has historically been guided by 
12 principles11 (Box 1.1) that help shape a chemist’s thinking in designing 
new, or modifying existing, chemical products and processes. These prin 
ciples provide valuable guidance to chemists seeking to implement green 
chemistry but are not meant to limit the creativity of novel approaches 
beyond the 12 principles. Because it is difficult to identify a product or 
process that is truly green, “greener chemistry” would be a more accurate 
label as most new products or processes are greener compared to existing 
ones. 
Since 1996, the U.S. Environmental Protection Agency has been re 

cognizing academic researchers, small businesses, large companies, and 
government laboratories for their breakthroughs in green chemistry.12 Many 
of these award-winning technologies have come from the pharmaceutical 
industry; for example, Merck & Co. received their 2019 Green Chemistry 
Challenge Award for redesigning the synthesis of the antibiotic Zerbaxa™.13 

The new synthesis reduces raw material costs, increases yield, saves water, 
and reduces energy usage and the carbon footprint of the process. A key step 
in the revised synthesis replaced column chromatography with crystal 
lization-based purification, thereby eliminating large volumes of solvent. 
Pharmaceutical examples of green chemistry are especially relevant to or 
ganic chemistry students, many of whom are pursuing careers in the health 
sciences. 

Identifying if a new product or process is greener than what is currently on 
the market is challenging, and “greenwashing” is common when it comes to 
promoting green, greener, or “more sustainable” products to consumers. 
This is where metrics and other tools and approaches for comparative as 
sessment come in. Companies that implement a new manufacturing process 
can quantify the differences with respect to greener, such as less toxic or 
lower volume of solvent used or volume of water saved, between the new and 
old processes. In the case of natural resources such as bioresources, sus 
tainability issues may be more difficult to assess and quantify. Metrics such 
as E-factor14 can quantify the amount of waste produced per kilogram of 
product, though E-factor does not address the nature of the waste produced. 
Life Cycle Assessment (LCA) considers all energy and materials used as well 
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Box 1.1 Twelve Principles of Green Chemistry. 

1. It is better to prevent waste than to treat or clean up waste after it is
formed.

2. Synthetic methods should be designed to maximize the incorpor 
ation of all materials used in the process into the final product.

3. Wherever practicable, synthetic methodologies should be designed
to use and generate substances that possess little or no toxicity to
human health and the environment.

4. Chemical products should be designed to preserve efficacy of
function while reducing toxicity.

5. The use of auxiliary substances (e.g., solvents, separation agents,
etc.) should be made unnecessary wherever possible and, innocu 
ous when used.

6. Energy requirements should be recognized for their environmental
and economic impacts and should be minimized. Synthetic
methods should be conducted at ambient temperature and
pressure.

7. A raw material of feedstock should be renewable rather than de 
pleting wherever technically and economically practicable.

8. Unnecessary derivatization (blocking group, protection/deprotec 
tion, temporary modification of physical/chemical processes)
should be avoided whenever possible.

9. Catalytic reagents (as selective as possible) are superior to stoi 
chiometric reagents.

10. Chemical products should be designed so that at the end of their
function they do not persist in the environment and break down
into innocuous degradation products.

11. Analytical methodologies need to be further developed to allow for
real-time, in-process monitoring and control prior to the formation
of hazardous substances.

12. Substances and the form of a substance used in a chemical process
should be chosen to minimize the potential for chemical accidents,
including releases, explosions, and fires.

From Green Chemistry: Theory and Practice, © Paul T. Anastas and John 
C. Warner, Oxford Publishing Limited. Reproduced from ref. 11 with
permission from Oxford University Press, Copyright 1998.

as the impact of the energy and materials on health and the environment. 
However, conducting an LCA can be data intensive and time consuming, and 
the outcome depends on the systems boundaries set as well as the avail 
ability and quality of data used for it. Impact-based metrics will be examined 
in-depth in Chapter 5. 
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1.2.2 Sustainable Chemistry 
Green chemistry and sustainable chemistry are often used interchangeably, 
but there are important distinctions between these terms, and different 
understandings of them. The Organisation for Economic Co-operation and 
Development (OECD) defines sustainable chemistry as “a scientific concept 
that seeks to improve the efficiency with which natural resources are used to 
meet human needs for chemical products and services. Sustainable chem 
istry encompasses the design, manufacture, and use of efficient, effective, 
safe, and more environmentally benign chemical products and processes”.15
Sustainable chemistry, which will be examined more fully in Chapter 3, can 
be described using a key set of characteristics, including systems thinking; 
sustainable and responsible innovation; ethics and transparency along the 
full life cycle of chemical products; alternative business models leading to 
the use of fewer chemicals; and sound chemicals management (Box 1.2).16 

Box 1.2 Key Characteristics of Sustainable Chemistry. 

1. HOLISTIC: Guiding the chemical science and the chemical sector
towards contributing to sustainability in agreement with sustain-
ability principles and general understanding and appreciating
potential interdependencies including long-distance interactions
and temporal gaps between the chemical and other sectors.

2. PRECAUTIONARY: Avoiding transfer of problems and costs into
other domains, spheres and regions at the outset, preventing fu 
ture legacies and taking care of the legacies of the past including
linked responsibilities.

3. SYSTEMS THINKING: Securing its interdisciplinary, multi 
disciplinary and transdisciplinary characteristics including a
strong disciplinary basis but taking into account other fields to
meet sustainability to its full extent. Application as for industrial
practice including strategic and business planning, education, risk
assessment and others including the social and economical
spheres by all stakeholders.

4. ETHICAL AND SOCIAL RESPONSIBILITY: Adhering to value to all
inhabitants of planet earth, the human rights, and welfare of all
live, justice, the interest of vulnerable groups and promoting fair,
inclusive, critical, and emancipatory approaches in all its fields
including education, science, and technology.

5. COLLABORATION AND TRANSPARENCY: Fostering exchange,
collaboration, and right to know of all stakeholders for improving
the sustainability of business models, services, processes and
products and linked decisions including ecological, social, and
economic development on all levels. Avoiding all “green washing”
and “sustainability washing” by full transparency in all scientific
and business activities towards all stakeholders, and civil society.



6. SUSTAINABLE AND RESPONSIBLE INNOVATION: Transforming
fully the chemical and allied industries from the molecular to the
macroscopic levels of products, processes, functions, and services
in a proactive perspective towards sustainability including con 
tinuous trustworthy, transparent, and traceable monitoring.

7. SOUND CHEMICALS MANAGEMENT: Supporting the sound
management of chemicals and waste throughout their whole life
cycle avoiding toxicity, persistency and bio-accumulation and other
harm of chemical substances, materials, processes, products and
services to humans and the environment.

8. CIRCULARITY: Accounting for the opportunities and limitations of
a circular economy including reducing total substance flows, ma 
terial flows, product flows, and connected energy flows at all spatial
and temporal scales and dimensions especially with respect to
volume and complexity.

9. GREEN CHEMISTRY: Meeting under sustainable chemistry appli 
cations as many as possible of the 12 principles of green chemistry
with hazard reduction at its core when chemicals are needed to
deliver a service or function whenever and wherever this complies
with sustainability.

10. LIFE CYCLE: Application of the above-mentioned key character 
istics for the whole lifecycle of products, processes, functions, and
services on all levels, e.g., from molecular to the macroscopic levels
and all sectors in a pro-active perspective towards sustainability.

Reproduced from ref. 16 with permission from Klaus Kümmerer. 
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This broader understanding serves as a guiding principle that strives to find 
a better solution to fulfil the service and function needed. 

As can be seen from the two definitions, the intent of both green and 
sustainable chemistry is to design environmentally benign products and 
processes to produce the goods and services on which society depends 
while preserving the health of the planet. However, the scope differs in 
some respects. A greener synthesis designed in a research or academic 
laboratory may be an improvement over the current reaction scheme but 
will have minimal impact on sustainability if it never  leaves  the lab. If it
leaves the lab, aspects beyond chemistry itself become important too, 
and the life cycle and ultimate fate of the products or substances pro 
duced is considered by sustainable chemistry. In other words, not every 
process and product that is greener is more sustainable. Improving the 
efficiency of using natural resources for chemical products and processes 
must also take into account the material and energy inputs needed to 
produce those natural resources, which leads us to the concept of sys 
tems thinking. 
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1.2.3 Systems Thinking 
Systems thinking, which will be explored in Chapter 4, is “the ability to 
understand and interpret complex systems”, a straightforward definition 
offered by Evagorou and colleagues,17 and involves 

● visualizing the interconnections and relationships between the parts in
the system;

● examining behavior that changes over time; and
● examining how systems-level phenomena emerge from interactions

between the system’s parts.

Systems thinking has long been integral to engineering and earth science 
education, is used in a more restricted sense in biology education, but only 
recently has become a focus of chemistry education.18 Systems thinking is 
complementary to the reductionist approach to learning that is common 
across science education.19 The reductionist approach is useful in transferring 
knowledge but falls short in engaging students to think holistically about the 
practice of chemistry. Holistic thinking, however, is critical to avoiding un 
intended consequences that can negatively impact sustainability. 

Applying systems thinking to chemistry education may seem over 
whelming but can be made accessible to students. One way to do this is to 
first view the system as a whole, then select (or create) a representation of the 
system to meet your educational needs. Finally, zoom in and have students 
explore the relevant parts of the system. For example, the carbon cycle is a 
system presented in the next section of this chapter. As shown in the student 
activities for the carbon cycle, adding or deleting carbon reservoirs changes 
the boundaries of the system (Figure 1.5b). Instructors can modify a repre 
sentation of any system to focus on specific features relevant to the chem 
istry curriculum in the context of sustainability. 

1.2.4 Circular Economy and Circular Chemistry 
Chemistry plays a critical role in enabling the circular economy, in which 
materials, products, and services remain in circulation for as long as possible.20 

Currently, the economy operates under a linear model in which materials are 
extracted from the environment, manufactured into products, used, then dis 
carded.21 This is often described as “take, make, dispose”. In a circular  econ 
omy, the atoms and molecules making up those products are circulated, and at 
the end of the product’s life, repeatedly recycled within the economy. Shifting 
from a linear to a circular economy requires us to rethink the concept of waste, 
which should be viewed as a feedstock rather than as a product to be disposed 
of at the end of its useful life. This concept can be demonstrated in the teaching 
lab by using  the product  in  one experiment as the starting material in another. 

Keijer and colleagues22 proposed 12 principles for circular chemistry 
(Box 1.3), a parallel construct to the 12 principles of green chemistry. Some 
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Box 1.3 Twelve Principles of Circular Chemistry. 

1. Collect and use waste. Waste is a valuable resource that should be
transformed into marketable products.

2. Maximize atom circulation. Circular processes should aim to
maximize the utility of all atoms in existing molecules.

3. Optimize resource efficiency. Resource conservation should be
targeted, promoting reuse and preserving finite feedstocks.

4. Strive for energy persistence. Energy e fficiency should be maximized.
5. Enhance process efficiency. Innovations should continuously im 

prove in- and post-process reuse and recycling, preferably on-site.
6. No out-of-plant toxicity. Chemical processes should not release any

toxic compounds into the environment.
7. Target optimal design. Design should be based on the highest end-of 

life options, accounting for separation, purification, and degradation.
8. Assess sustainability. Environmental assessments (typified by the

LCA) should become prevalent to identify inefficiencies in chem 
ical processes.

9. Apply ladder of circularity. The end-of-life options for a product
should strive for the highest possibilities on the ladder of circularity.

10. Sell service, not product. Producers should employ service-based
business models such as chemical leasing, promoting efficiency
over production rate.

11. Reject lock-in. Business and regulatory environment should be
flexible to allow the implementation of innovations.

12. Unify industry and provide coherent policy framework. The in 
dustry and policy should be unified to create an optimal environ 
ment to enable circularity in chemical processes.

Reproduced from ref. 22 with permission from Springer Nature, Copy 
right 2019. 

of these principles mirror the green chemistry principles, while others are 
important to chemistry and its products within a circular economy, e.g., the 
ladder of recycling. The circular chemistry principles are directed toward 
chemical industry for, as Keijer and colleagues note, “innovative chemistry 
designed with sustainability in mind is only effective when translated into 
economically viable applications”. Industrial chemistry, however, is seldom 
covered in the chemistry curriculum even though most chemists work in the 
industrial sector. Examples of circular chemistry can help bridge the gap 
between academic and industrial chemistry. 

However, not everything that is more circular is more sustainable. 
In addition, it is important to understand that all these approaches are 
influenced by human values. In other words, nature does not know 
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“sustainability”, nor does it tell us what is greener, what we should circulate 
and recycle, or even what are more sustainable approaches and solutions. 
Humans must apply their expertise, as well as their values of environmental 
and intergenerational justice, to implement the solutions needed to ensure 
the sustainability of our planet. 

Plastics often come to mind when considering material circularity since 
we are already familiar with recycling plastics. However, only 17 percent of 
all plastics are recycled globally and the rest winds up in landfills, the en 
vironment, or incinerated.23 Plastics that make their way into the environ 
ment cause significant issues, especially for marine ecosystems, as 
demonstrated by the Great Pacific Garbage Patch. Applying systems thinking 
to the plastics problem demands that the full life cycle of plastics must be 
addressed from the start; in addition to considering whether feedstocks are 
made from renewable or non-renewable sources, plastics must be designed 
to be reusable, recyclable, or compostable.24 In addition, we need to examine 
our current use of plastics and identify areas where we can eliminate the use 
of plastics, such as packaging, in the future. 

1.2.5 Artificial Intelligence (AI) 
Clearly, artificial intelligence (AI) has the potential to be a game changer, 
both for sustainability and for education. The answer to the question 
“Should we use AI”? appears to be a foregone conclusion. We already are 
using it, and so are our students. With these thoughts in mind, we offer this 
brief discussion of AI that addresses both how it has impacted sustainability 
and how instructors can use AI as they engage their chemistry students. 

1.2.5.1 Artificial Intelligence: Successes and Emerging 
Challenges 

Today, AI is already providing a technological boost to sustainable devel 
opment. The World Economic Forum has identified four ways in which AI 
can accelerate sustainable development: (1) catalyzing innovation; (2) cre 
ating tools to identify climate risks and investment opportunities; (3) en 
hancing accountability and transparency through impact measurement and 
management; and (4) reshaping how society views sustainability.25

Innovation is where chemistry excels. For example, the application of AI to 
drug discovery has shortened the time required to identify viable drug 
candidates from years to months. During the COVID-19 pandemic, Moderna 
combined AI algorithms with robotic automation to increase production of 
mRNAs (messenger ribonucleic acids) from 30 per month to around 1000 per 
month.26 This enabled Moderna to produce an effective vaccine in less than 
a year from the start of the pandemic. The rapid development of COVID-19 
vaccines highlights AI’s impact in achieving Sustainable Development Goal #3, 
“Good Health and Well-Being”. 
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Artificial intelligencehasbothpositive andnegative impacts onSDGGoal#13, 
Climate Action. It can help reduce the impacts of greenhouse gas emissions 
by modeling climate change predictions, designing smart grids, and de 
veloping low-emission infrastructure.27 However, the increased computing 
power required by AI is accompanied by large energy demands.28 Today, much 
of this energy is produced by the combustion of fossil fuels, which in turn 
contributes to climate change, negatively impacting sustainable development. 

1.2.5.2 AI in Education: A Work in Progress 
Given that the field of artificial intelligence is changing rapidly, what words of 
wisdom might one offer to teachers and their students? It seems clear that: 

● AI will continue to grow in its abilities.
● Some people fear the coming uses of AI; others welcome them.
● Students are already making use of AI; so are their instructors.
● At every level, people need policies regarding AI.

Let us consider the first two bullet points, as they are related. AI is still a 
work in progress, with new products with new abilities emerging at a rapid 
pace. Will computers take control someday, becoming smarter at everything 
than we humans are? At this point, nobody knows the answer to this 
question. In some regards computers already are smarter, faster, and per 
haps even safer than humans. Think reading medical images. Think aircraft 
autopilots. Perhaps even think self-driving cars. 

Regarding the third bullet point, we suggest obtaining AI usage data from 
where you live and work; that is, ask your students and colleagues if they 
currently are using AI. If so, how? In asking these two questions, expect the 
answer to the first to be “yes” and the answer to the second to contain a few 
surprises. For example, one student who responded “yes” told one of the 
authors that she used AI to generate a set of matrices to practice on before 
her upcoming linear algebra exam. 

Finally, let us focus on policies, the last bullet point on the list. We suggest 
that all instructors place an AI policy statement in their syllabi, ideally 
prepared using input from students and colleagues. It is especially import 
ant for instructors to explain to students the rationale behind the AI policy in 
the context of the course goals. 

Guidance in developing such policy statements is widely available online. 
One example from the University of Delaware Center for Teaching & As 
sessment of Learning identifies four approaches that could be considered in 
developing policies on the use of generative AI:29

● Use prohibited.
● Use with prior permission.
● Use with acknowledgement.
● Use is freely permitted with no acknowledgement.
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These approaches are starting points in developing AI policies for specific 
courses. Keep in mind that any course-level policy needs to harmonize with 
existing policies at the institutional level. 

1.2.5.3 Using AI in Teaching Sustainability 
One necessary skill in using AI is the ability to write and then successively 
refine prompts, the questions or commands that guide AI in generating 
content. Once practiced at writing and refining prompts, instructors can use 
AI to quickly generate useful text relating directly to sustainability. A second 
necessary skill is the ability to recognize hallucinations, which are responses 
that are meaningless, nonsensical, or incorrect. 

As an example, consider these four prompts: 

1. What are the 12 Principles of Green Chemistry?
2. Do any additional green chemistry principles exist?
3. How do the green chemistry principles connect with sustainability?
4. Rewrite the green chemistry principles for a first-year chemistry labo 

ratory experiment on acids and bases.

The discussion that follows is based on the responses to these prompts, all 
produced using a generative AI chatbot.30

For Prompt #1, the user’s intention was merely to provide a starting 
point for a conversation with an AI chatbot. It is a question to which the 
answer is known (see Box 1.1). In this case, the correct answer was quickly 
generated. 

Prompt #2 moves the conversation a step further by asking for more in 
formation. The AI response provided three additional green chemistry 
principles: Safer-by-Design, Life Cycle Assessment (LCA), and Circular 
Economy, also cautioning that these three were not as widely recognized as 
the first twelve. The AI chatbot also added a reminder that the field of green 
chemistry continues to evolve. However, to a reasonably expert user, this 
answer fell somewhat short. Safer-by-Design, LCA, and the Circular Economy 
are approaches, not principles. Missing from the AI response were 12 more 
green chemistry principles, proposed by Winterton,31 and the related green 
engineering principles.32

Prompt #3 probes the ability of the chatbot to “think” about connections. 
In its response, the chatbot correctly responded that the green chemistry 
principles were “closely linked to sustainability”. The complete response is 
provided in Box 1.4. 

Prompt #4 generated a helpful but lengthy response. Each green chemistry 
principle was rewritten for an acid-base experiment. For example, the first 
principle changed to “Prevention: Aim to minimize waste by carefully 
planning your experiment and using precise measurements”. These four 
examples demonstrate the power, as well as the limitations, of AI in teaching 
sustainability. 
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Box 1.4 An AI response to the prompt, “How do the Green Chemistry 
principles connect with sustainability?” 

The Green Chemistry principles are closely linked to sustainability by 
promoting environmentally friendly practices in chemical research and 
industry. Let us explore this connection: 

1. Resource efficiency: By minimizing waste and maximizing atom
economy, green chemistry reduces resource consumption, contrib 
uting to overall sustainability.

2. Safer chemicals: Designing safer chemicals helps protect human
health and ecosystems, aligning with sustainable development
goals.

3. Renewable feedstocks: Using renewable raw materials reduces re 
liance on finite fossil resources.

4. Energy efficiency: Efficient chemical processes save energy, which is
crucial for long-term sustainability.

5. Circular economy: Green chemistry encourages recycling and reuse,
aligning with circular economy principles.

In summary, green chemistry fosters practices that harmonize with 
sustainable development objectives. 

1.2.6 Tying it All Together 
This ‘background’ section is designed to illustrate the connections among 
the key concepts that link chemistry and sustainability. Green, circular, and 
sustainable chemistry are orientations of our discipline toward the emer 
gence of sustainability and are essential to staying within the planetary 
boundaries and achieving the UN Sustainable Development Goals. Prac 
ticing chemistry from a systems perspective enables chemists to view their 
art holistically. Green, circular, and sustainable chemistry are frameworks in 
achieving sustainability and are most effective when implemented from a 
systems-thinking mindset. Application of one of these approaches, such as 
applying green chemistry or circular chemistry principles to a chemical re 
action or process, does not inevitably lead to the outcome of sustainability. 
Rather, sustainability is better thought of as emerging from the whole sys 
tem, rather than considering the individual elements of that system. 

In addition, this background section nodded toward an intellectual new 
comer: Artificial intelligence. As one of the newer kids on the block, AI is 
growing up, truly a work in progress. Although not a framework like green, 
circular, or sustainable chemistry, AI nonetheless can play a role in sus 
tainable solutions. However, in contrast to these frameworks, AI may be part 
of the problem, both today and in the years ahead. 

The chapters in this book aim to introduce an integrated approach to 
teaching chemistry that enables students to see chemistry as a solution to, 
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rather than the cause of, environmental problems. Using the carbon cycle as 
an example, the next section offers practical guidance on teaching and 
learning a sustainability topic within the chemistry curriculum. 

1.3 Teaching & Learning a Sustainability Topic 
For instructors, we have good news: Many topics in sustainability are rele 
vant to chemistry. Consider, for example, topics in agriculture, plastics, 
transportation, health, housing, and renewable energy that all are part of 
larger systems. These days, sustainability-related journal articles and news 
stories literally are “hot off the press”. 

The not-so-good news? Although sustainability content may be readily 
available and even hot off the press, this content is unlikely to be in a form that 
instructors can use immediately. Instructors in classrooms, lecture halls, and 
laboratories need information in a useful form to engage their students. This 
book aims to meet this need, as each chapter will provide practical suggestions 
for teaching and learning a topic in sustainability that connects to chemistry. 

Unlike the chapters that follow, this first chapter does not focus on a 
single topic; rather, it offers background information for several broad 
sustainability-related topics. Accordingly, the next section of this chapter 
offers practical suggestions for teaching and learning a broadly applicable 
topic: The Carbon Cycle. Readers can expect to find resources for teaching 
and learning other sustainability-related topics in future chapters. 

1.3.1 A Basic Understanding of the Carbon Cycle 
“The carbon cycle is nature’s way of recycling carbon atoms”.33 

For billions of years, carbon atoms have been on the move. These atoms 
(incorporated into chemical compounds) have journeyed along different 
pathways, some to reservoirs where their journeys slowed to a crawl; others 
to reservoirs where they continued to hop to different places on Earth. In 
deed, nature reuses and recycles. 

In recent decades, however, with the dramatic increase in scale of burning 
fossil fuels to produce heat, electricity, and to power transportation, humans 
have released an enormous number of carbon atoms into the atmosphere in 
the form of carbon dioxide molecules. Some of these CO2 molecules have 
continued their journey to dissolve in the oceans, where they impact the 
health of marine ecosystems. Other CO2 molecules, with their ability to trap 
heat, have remained in the atmosphere and changed the energy balance of 
the Earth system. The consequences of human activities continue to affect 
all life on Earth. Managing the flow of carbon atoms into the atmosphere 
and ocean continues to be one of the major sustainability challenges of the 
21st century. 

The carbon cycle shows the places where carbon atoms are found and the 
pathways along which these atoms move and are transformed into other 
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carbon-containing species. Many different representations of the carbon cycle 
exist, as an internet search will quickly reveal. Although these representations 
differ, they all illustrate that carbon is found in many different places on our 
planet, i.e., “reservoirs”. These  reservoirs  include  plants, animals, rocks, fossil
carbon, oceans, fresh water, and, of course, the atmosphere. 

The chemical form of carbon in each reservoir is likely to differ, for ex 
ample, CaCO3 in rocks, CO2 in the atmosphere, hydrocarbons in petroleum, 
and many different forms in organisms. For each of these chemical forms of 
carbon, pathways exist that can move the carbon to other reservoirs. For 
example, the process of photosynthesis moves CO2 from the atmosphere to 
carbohydrates in plants, which in turn may become food for animals and 
humans, which may lead to another transformation to CO2 or organic bio 
mass. As another example, the process of combustion can move the carbon 
found in coal, natural gas, petroleum, or wood to CO2 in the atmosphere and 
then into the ocean. 

However, the representations of the carbon cycle differ in the details. 
Some provide estimates of the size of the reservoirs, often in gigatonnes 
(= 1 billionmetric tonnes) or teragrams (  1012 grams= , 1millionmetric tons) of 
carbon. Some include a more detailed or inclusive set of reservoirs than others. 
Many include quantitative estimates of the flux or flow of carbon atoms among 
reservoirs. And some are more obviously “cyclic” and occur on different time 
scales than others. For example, the respiration and photosynthesis pathways 
clearly cycle carbon dioxide in and out of the atmosphere. In contrast, because 
the formation of coal, petroleum, and natural gas (fossil carbon) from living 
organisms takes millions of years, it is not as obvious that the carbon dioxide 
released by combustion can eventually cycle back to the fossil carbon reservoir. 

No matter which representation is selected, all are simplifications. 
An example of a representation of the carbon cycle is shown in Figure 1.4. 

Figure 1.4 A representation of the carbon cycle, admittedly a simplification. 
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Figure 1.5 Two examples of modifications to the carbon cycle, both for instruc 
tional purposes. (a) Deletions of pathways to highlight fossil fuel 
combustion. (b) Addition of a volcano and a deep ocean reservoir to 
promote discussion. 

As an instructor, you may wish to create your own representation of the 
carbon cycle. Doing so enables you to subsequently change this represen 
tation for different instructional purposes. A later section provides examples 
of how a carbon cycle representation can be altered by an instructor 
(Figure 1.5) in order to emphasize a point. 

1.3.2 Connections with Chemistry and the Chemistry 
Curriculum 

Let us first focus on the connections between the topic of climate change 
and the carbon cycle. Although climate change draws content from many 
disciplines, understanding it nonetheless requires chemical knowledge; in 
particular, knowledge of the carbon cycle. 

Earlier, we pointed out that all carbon cycles show that (1) carbon com 
pounds are found in many places on Earth, and (2) the carbon atoms in 
these compounds, over time, move at different speeds to different locations 
and sometimes to form different compounds. To understand how the 
carbon cycle connects to climate change, a third point is needed: (3) the 
place to which the carbon moves matters. More specifically, the carbon 
atoms that move from the fossil carbon reservoir to the atmospheric reser 
voir (primarily as carbon dioxide) are contributing substantially to global 
climate change. Box 1.5 lists these three points. 

Climate change is but one item in a longer list of topics that connect the 
chemistry of the carbon cycle to sustainability. Ocean acidification is an 
other, as the ocean is an enormous “sink” for carbon dioxide. Acid de 
position on land is a third topic, not only because carbon dioxide makes 
rainwater slightly acidic but also because the oxides of sulfur and nitrogen 
are emitted when fossil fuels burn. Most of life, as we know it, is possible on 
our planet because of photosynthesis, which also connects to deforestation 
and food production. 

Where is the home of the carbon cycle in the chemistry curriculum? 
Answer: at multiple points in the post-secondary chemistry curriculum, 
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Box 1.5 Practical suggestion #1. 

Use these three points to launch a conversation with students about the 
carbon cycle: 

1. Carbon (in different forms) is found many places on Earth.
2. It can move from one place to another.
3. Which place it ends up matters!

Table 1.1 A wealth of chemistry topics/issues connect to the carbon cycle. Many of 
these could be placed in more than one course. 

Course Chemistry topics 
Foundational chemistry Carbon compounds 

Names, chemical formulas 
Solubility of gases 
Ocean acidification, weak acids 
Chemical equations (combustion, carbonate reactions) 

Organic chemistry Hydrocarbons 
Petroleum as the source of organic feedstocks 
IR spectra of greenhouse gases 
Plastics and microplastics 

Physical chemistry Fuels, combustion 
Biochemistry Photosynthesis, respiration 
Inorganic chemistry Complex equilibria (carbonate, bicarbonate) 

Fossil fuels 
Environmental chemistry Atmospheric composition 

Carbon footprints 
Greenhouse gases 
Ocean acidification 
Carbon sequestration 

including first-year chemistry, physical chemistry, organic chemistry, and 
biochemistry (Table 1.1). Consider, for example, the topics of photosynthesis 
and respiration. These two important chemical processes, often taught in an 
upper-level biochemistry course, also may have a home in a first-year course. 
Similarly, the combustion of carbon-based fuels fits easily and well in first-year 
topics such as chemical equations, stoichiometry, and thermochemistry. For 
courses with a geochemical focus, the formation and use of minerals and fossil 
fuels are relevant; hydrocarbons also play a prominent role in organic chemistry. 

1.3.3 Student Learning Outcomes 
Depending on the level of the course and the depth of the presentation, an 
instructor would write different sets of learning outcomes for the carbon 
cycle. Those listed first in Box 1.6 could be appropriate for foundational 
chemistry students or for students in an environmental chemistry course. 
Those listed next require higher level thinking skills and would be 
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Box 1.6 Sample learning outcomes for different chemistry courses. 

Foundational Chemistry Courses 
Given a representation of a carbon cycle, students should be able to: 

● Identify the reservoirs and the carbon compounds in each reservoir.
● Identify the processes by which carbon atoms move between the res 

ervoirs and the form (species) in which those carbon atoms are found.
● Write chemical equations for these processes, as appropriate.
● Explain a cause of global climate change.

More generally, students should be able to: 

● List ways in which human activity has changed the carbon cycle, and
summarize the consequences of these changes.

● Predict future pathways for carbon atoms in the carbon cycle.
● Create a diagram of a system that contains the carbon cycle.
● Propose a sustainability-related change in their community that

connects to the carbon cycle and analyze its feasibility.
● Explain a cause of ocean acidification.

More Advanced Chemistry Courses 
Students should be able to: 

● Critique a representation of the carbon cycle, listing its strengths
and weaknesses.

● Create a representation of the carbon cycle that shows estimates of
the reservoir sizes.

● Create a representation of the carbon cycle that shows the relative
magnitudes of “natural” and anthropogenic fluxes of carbon.

● Create two representations of the carbon cycle, one with a short time
scale and the other with a longer one.

● Predict future pathways for carbon atoms in the carbon cycle.

Chemistry Courses with a Broader Scope 
Students should be able to: 

● List ways in which human activity has changed the carbon cycle, and
summarize the consequences of these changes.

● Propose a sustainability-related change that connects to the carbon
cycle, and analyze its feasibility.

● Propose a sustainability-related change in their community that
connects to the carbon cycle and analyze its feasibility.

appropriate in more advanced courses. Finally, the last set of learning out 
comes are broader in scope and may be useful to instructors at all levels who 
want to integrate sustainability into their courses and programs. 
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1.3.4 Activities, Pedagogies, and Real-world Examples 
This section offers three sets of student activities (Box 1.7): 

Activity Set #1 focuses on different representations of the carbon cycle. 
Activity Set #2 offers practice in interpreting atmospheric carbon dioxide 

levels and assists students in understanding the units of concentration 
and the immense quantities involved. 

Activity Set #3 contains open-ended questions related to fossil fuel 
combustion. 

Box 1.7 Sample problems for Activity Sets #1, #2, and #3. 

Activity Set #1 
Decisions about the components of the carbon cycle 

1. Should volcanoes be included in the carbon cycle? Via internet re 
search, learn what mass of carbon dioxide they emit as compared to
other pathways that produce carbon dioxide. Then argue for or
against this statement: “Volcanoes emit far more CO2 than hu 
mans do”.

2. Some carbon cycles show the deep ocean as a reservoir. Why? How
does the deep ocean connect to carbonates and ocean acidification?

3. Look up data given in the latest Intergovernmental Panel on Climate
Change (IPCC) report on warming from different greenhouse gases.
Does this suggest that the flux of carbon atoms found in molecules
other than CO2 should be included in your carbon cycle?

4. Should plastics, possibly microplastics, be added as a reservoir in
the carbon cycle? Currently, almost all carbon cycle representations
omit plastics. On what basis would you argue for the inclusion or the
exclusion of plastics? Recent data may prove useful.

Activity Set #2 
Problems that connect to the levels of atmospheric carbon dioxide 

1. What is a part per million? What is ppm a unit of? To what is it
comparable? What is a gigaton (= a gigatonne)? To what is it
comparable?

2. Look up a recent estimate for the concentration of CO2 in the
atmosphere in ppm. Cite your source(s).
a. Express this value in gigatons CO2 and gigatons C.
b. How many years has it been since atmospheric CO2 levels were

this high?
3. Estimate the change in ppm CO2 each year.

a. How many gigatons CO2 and gigatons C is this?
b. What are the sources of this change?
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4. Propose two of the most significant ways to “draw down” the con 
centration of carbon dioxide in the atmosphere. Comment on the
feasibility of each one.

Activity Set #3 
Problems (open-ended) that connect to fuel combustion. 

1. Estimate the amount of carbon dioxide released in burning a liter of
gasoline/petrol.

2. Estimate the amount of gasoline/petrol burned in your city in one
day.

3. Select three different fuels. Compare them based on energy released
and carbon dioxide released when a kilogram of each fuel is burned.
For each part, state your assumptions.

Box 1.8 Practical suggestion #2. 

As the instructor, create your own representation of the carbon cycle, 
rather than using one from another source. Create each pathway separ-
ately so you can easily modify yours for use at multiple points in your 
course or in other courses in the curriculum. 

The questions in each of these  activities  can be adapted for  use in dis 
cussions, lectures, labs, or as a take-home activity, individually or in 
groups. Furthermore, student  responses to these  questions can  serve as  an
assessment of what they know and are able to do. Predictably, some of the 
questions in these Activity Sets can be answered via an internet search or by 
generative AI, such as ChatGPT.34 For example, a web search will provide 
answers to some of the questions in Set #2, offering an excellent oppor 
tunity for students to evaluate the quality of the information available on 
the web. 

Here is a second practical suggestion for instructors who teach the carbon 
cycle (Box 1.8). Earlier, Figure 1.4 depicted a representation of the carbon 
cycle that was created using Microsoft PowerPoint. Here, we again point out 
that instructors who create their own representation of the carbon cycle can 
then make modifications that are useful for classroom activities. For ex 
ample, an instructor might want to delete parts of the cycle in order to 
highlight a particular pathway or reservoir. Figure 1.5a shows this type of 
simplification, one easily produced from a home-generated graphic. Another 
possibility is to propose new reservoirs, such as the two shown in 
Figure 1.5b. Adding reservoirs gives students the opportunity to argue for or 
against the addition, reinforcing the idea that the boundary conditions of 
the carbon cycle are subject to interpretation and debate. As a third example, 
an instructor could question whether plastics should be included in the 
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carbon cycle. See Activity Set #1 (Box 1.7) for this and other questions about 
the merits of different representations of the carbon cycle. 

1.4 Closing Thoughts 
This chapter opened with the question of how we might better position our 
current students to become more engaged citizens and perhaps even the next 
generation of leaders. In part, we answered this question by highlighting the 
necessity of learning chemistry in ways that connect to sustainability, calling 
out the changes in our world that underlie this necessity. We also provided 
background material that describes the current understanding of sustain-
ability, green chemistry, chemistry for a circular economy, sustainable 
chemistry, and systems thinking. A new curriculum is needed for both 
chemistry majors and nonmajors, so making the connections between sus 
tainability and chemistry in first-year courses is critically important. 

In the chapters that follow, we will address many of the issues that in 
structors face in teaching chemistry for a sustainable future. The graphic 
shown in Figure 1.6 serves to organize our approach. 

The inner circle represents the goal – a transition to chemistry education 
for a sustainable future. The outer circles represent different parts that need 
to be integrated to achieve this transition. One outer circle will be 

Figure 1.6 This graphic will be placed at the start of each chapter. One outer circle 
will be highlighted. 
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highlighted to indicate the content of the chapter. Finally, the double-
headed arrows show that the connections are two-way, acting on each other 
in a system. 

It could also be argued that the outer parts might better be represented 
with a hierarchy, all resting on chemistry as a material basis for sustain-
ability.35 Indeed, the next chapter focuses on this topic, addressing how 
understanding the molecular/material basis of sustainability provides a 
sound foundation for the chapters that follow. 

Nonetheless, we have chosen to represent these parts in a circular fashion, 
all to be given weight in designing a chemistry curriculum. We suggest that 
these parts are interdependent, not to be approached in a linear fashion. 
This arrangement reflects the importance of systems thinking in considering 
all the parts. Although it might make sense for chemistry instructors to first 
examine the content of Chapter 2, readers can feel free to browse through 
the subsequent chapters in any order. 

Again, this book is designed for those who want to integrate sustainability 
related content into their chemistry courses. Chapter by chapter, this book 
will make the case that connections to sustainability can not only drive 
learning but can also benefit the learners and the communities in 
which they live, preparing them for an interconnected and rapidly changing 
world. 
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2.1 Opening Thoughts 
This chapter considers how chemistry, as the science of the material basis of 
the world, has been fundamental to the transformations of matter through 
which people have exploited the Earth’s resources. Sustainability connects 
how humankind is interacting with the world we live in with the ways this is 
affecting our planetary environment and with the long-term implications of 
these impacts for both people and the planet. Adopting this concept is a key 
imperative for chemistry, because the discipline is involved with under 
standing the structures and properties of matter and its processes of 
transformation and how materials interact with one another, including in 
biological and environmental settings. 

Since human beings emerged on the Earth, they have become increasingly 
adept at transforming materials for their use. To survive, humans initially 
needed to grow and prepare food, make clothing and shelter, obtain heat 
and light, and provide security for individuals and communities. Over time, 
capabilities have been expanded to support work, well-being, travel, and 
leisure, including generating power, creating tools to help make material 
transformations more efficient and elaborate, developing machines for a 
host of applications, and manipulating biological processes to produce un 
ique forms of biomass not readily found in nature. In order to consider the 
chemical basis of sustainability, this chapter will explore examples of these 
material transformations, as well as the energy required to put them into 
effect. 

2.2 Background 
This section examines the impact of human activity on the planet with re 
spect to matter and energy. The Earth is largely a closed system with respect 
to matter and an open system with respect to energy. Chemistry will play a 
critical role in meeting the challenge of providing 60 Tw per day of power to 
the inhabitants of planet Earth by 2050. In addition, chemical innovations 
will be essential in utilising biomass as a source of chemicals and fuels. 

2.2.1 Accelerating Changes to Planet Earth 
The average wealth, life expectancy, and population of humans have chan 
ged over the last two millennia (Figure 2.1). The similarity of the three curves 
is striking. All show little change or only very slow growth until the last few 
hundred years. Starting in the 1800s, dramatic accelerations occurred that 
were enabled and built upon by successive agricultural, industrial, and 
digital revolutions. Advances in science and technology brought increasing 
use of mechanisation, automation, computerisation, and artificial intelli 
gence tools to the processes of material transformation. 

As a scientific discipline, chemistry played a substantial role in estab 
lishing the embodied material nature of the 21st century world in which we 
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Figure 2.1 Wealth, life expectancy, and size of the Earth’s population over the last 
2 millennia. Data from Our World in Data, https://ourworldindata.org/. 

now live. Chemists provided innovations and techniques relating to food 
production, preservation and nutrition, energy conversion, diagnosis and 
treatment of medical conditions, and manufacture of goods for commercial 
exploitation.1

However, this period also saw corresponding changes in the planetary 
environment. The structure and functioning of Earth systems have been 
impacted by other great accelerations that are linked to shifts in the distri 
bution of materials in our lands, waters, and atmosphere, especially from 
around the mid-20th century.2

To date, increasing productivity and meeting the growing demands from 
an expanding global population for food and material goods have only been 
possible by an increasing acceleration in how we transform matter. 
Figure 2.2 charts the rate at which ‘anthropogenic mass’ (the mass embed 
ded in inanimate solid objects made by human beings) has increased since 
1900 and compares this with the amount of the dry weight of living biomass 
on Earth.3 Box 2.1 provides questions that an educator could use to promote 
a more holistic classroom discussion around the implications of an ever-
increasing production of anthropogenic mass. 

2.2.2 Planet Earth as a Closed System (Mass) 
To a first approximation, a fixed amount of matter is present on Earth (close 
to 6.0  1024 kg× ), i.e., Earth is a ‘closed’ system. In fact, some new matter 
arrives at the Earth’s surface every day in the form of about 25 million mi 
crometeorites and meteorites. Overall, about 5.2  106 kg×  of cosmic dust per 
year settles to the Earth’s surface.4 This dust is composed of elements such 

https://ourworldindata.org/
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Figure 2.2 Changes in the Earth’s anthropogenic mass and biomass (dry weight) 
since 1900. Reproduced from ref. 3 with permission from Springer 
Nature, Copyright 2020. 

Box 2.1 Discussion questions – patterns in anthropogenic mass and 
biomass. 

Figure 2.2 and other related studies modelling the production of an 
thropogenic mass3 on regional, national, and global scales align with 
chemistry’s contribution to recent shifts in human activities. These 
questions could launch student inquiries into chemistry’s central r ole
in establishing the modern material-built environment in which 
we live. 

● Global biomass has been relatively constant but slightly decreasing
for more than a century.
○ What could be contributing to this slight decrease?
○ Anthropogenic mass has doubled every 20 years since 1900. By

2020, it had reached 30 Gt per year and the amount in active use
totalled about 1.1 trillion tonnes present on the planet. Which
human activities are most important in driving this expansion in
material transformation? Explain your reasoning.

● The same study3 reported that the amount of global mass-produced
plastic (~8 Gt) is now double the overall mass of all terrestrial and
marine animals combined (~4 Gt). This evidence has been used to
support claims that we have entered a new geologic Epoch, the
‘Anthropocene’.
○ What evidence suggests that this transition from one epoch to

another is directly related to chemistry’s contribution to material
transformation?
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as carbon, oxygen, iron, and other atoms heavier than hydrogen and 
helium.5 At the same time, the Earth’s atmosphere, which has a mass of 
about 5 × 1018 kg, is leaky and loses about 9  103 kg×  of gases daily into 
space. This mass is primarily hydrogen and helium, as well as oxygen, which 
becomes ionised by solar energy in the upper atmosphere, acquiring enough 
velocity to escape.6,7 The total gas loss amounts to around 75 × 106 kg per 
year. The net outcome is that the Earth’s mass is very slowly shrinking, but 
on a timescale that will take billions of years to be significant.8

Accumulating evidence of the linkages between the increasing exploitation 
of the Earth’s inanimate and biological resources and the impact this is 
having on our planet’s physical and biological systems has caused mounting 
concern. For millennia, we have acted as if the planet were an infinite resource 
and sink, capable of providing as much material as we might want and of 
tolerating as much waste as we might produce.9 Questioning this approach, in 
the 1960s the idea of ‘Spaceship Earth’ began to attract attention, with the 
Earth being likened to a space vessel on a long journey and having a fixed 
quantity of materials that would need to last for the entire voyage. 

We travel together, passengers on a little space ship, dependent on its 
vulnerable reserves of air and soil; all committed for our safety to its se 
curity and peace; preserved from annihilation only by the care, the work, 
and, I will say, the love we give our fragile craft. 

Adlai Stevenson, speech to the United Nations, 196510 

The 1966 book, Spaceship Earth by economist Barbara Ward, an early advo 
cate of ‘sustainable development’, pioneered thinking on the overlap between 
the environment and development, making connections between wealth 
distribution and the conservation of planetary resources.11 The economist 
Kenneth Boulding also used the spaceship analogy in the title of his 1966 essay, 
The Economics of the Coming Spaceship Earth.12 Contrasting with the past open 
economy model of apparently limitless resources, Boulding wrote, “The closed 
economy of the future might similarly be called the ‘spaceman economy’, in
which the Earth has become a single spaceship, without unlimited reservoirs of 
anything, either for extraction or for pollution, and in which, therefore, man 
must find his place in a cyclical ecological system”. Thus, it would be necessary 
to minimise, rather than maximise, consumption. In 1969, architect and 
designer-inventor Richard Buckminster Fuller published an Operating Manual 
for Spaceship Earth in which he noted that Spaceship Earth had departed 
without the people aboard receiving operating instructions for the vessel.13 The 
occupants were having to discover or invent them on the journey and had to 
work together in order to keep the planet functioning properly. 

In 1972, the Club of Rome published The Limits to Growth,14 also referred 
to as the Meadows Report. The report gained worldwide attention and is 
often cited as influencing today’s degrowth movement.15 The book ex 
pressed the view that the Earth’s interlocking natural resources would not be 
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able to continue supporting the present rates of economic and population 
growth indefinitely and that five basic factors would ultimately limit growth: 
population increase, agricultural production, non-renewable resource de 
pletion, industrial output, and pollution generation. 

2.2.3 Planet Earth as an Open System (Energy) 
As discussed in the previous section, to a first approximation the Earth be 
haves like a closed system with respect to matter, having a fixed amount of a 
material present (at least, on a human timescale). By contrast, with regard to 
energy, the Earth is an ‘open’ system, because solar radiation constantly 
bathes the planet and some is absorbed. 

Why is the potential for increasing use of solar energy so important? The 
amount of solar radiation potentially available for our use is massive. The 
average intensity of solar energy reaching the top of the atmosphere directly 
facing the Sun is about 1360 watts per square metre. In one hour, the 
Earth receives a total of 173 000 Tw of energy from the Sun, which is about 
10 000 times the amount of energy that we currently use (e.g., in 2017  humanity  
used 160 000 Tw of energy in the whole year).16
While energy cannot be created or destroyed (First Law of Thermo 

dynamics), it can be converted from one form into another. It appears that a 
combination of methods of energy conversion, including wind, wave, geo 
thermal, hydroelectric, solar, and nuclear, could potentially meet the world’s 
energy demands in the coming decades while also satisfying the ‘net zero’ 
goal for greenhouses gases. 

2.2.4 The Terawatt Challenge: Getting the Right Kind of 
Energy in the Right Place 

The growing array and scale of human activities creates ever-increasing de 
mands for energy as well as matter. Human beings have learned to convert 
energy from a variety of sources, especially burning organic materials (from 
fossil carbon and biomass). Humans have also harnessed the power from 
‘renewable’ sources such as wind, water, solar, and geothermal forms and by 
capturing the energy released during nuclear reactions. However, with the 
combustion of carbon compounds being the predominant source of energy, 
the levels of carbon dioxide (CO2) in the atmosphere have been rising, re 
sulting in climate change. The countries of the world have collectively 
committed to a goal of ‘net zero’ – reducing net emissions of CO2 and other 
greenhouse gases into the atmosphere to as close to zero as possible by 2050, 
with any remaining emissions to be re-absorbed from the atmosphere.17

Early in the 21st century, chemistry Nobel laureate Richard Smalley coined 
the term ‘the Terawatt Challenge’.18 In 2004, Smalley observed that the world 
had used, on average, 14.5 Tw per day of power (1 terawatt (Tw)  1012 watts)=  – 
equivalent to burning 220 million barrels of oil per day. He estimated that, 
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beyond the need to replace combustion-generated power with a comparable 
level from sources that did not emit CO2, total power production would have 
to increase fourfold to about 60 Tw per day by 2050 to accommodate the 
rising global population and increasing demand from under-served regions. 
Smalley pointed in particular to solar, wind, and geothermal power gener 
ation – especially the first of these – as having the greatest potential for 
providing the majority of the world’s power in 2050. However, he em 
phasised that getting there would be extremely difficult and that new tech 
nologies will be needed. 

Where does chemistry come into the picture? Chemistry is central to at 
least four critical areas of meeting the Terawatt Challenge in ways that are 
sustainable: 

1. Capturing energy: whichever approach is adopted, physical materials
need to interact with the energy source and convert the energy into a
useful form of power. Methods that rely on movement, such as the flow
of wind, waves, and water from rivers or dams, use turbines, and these
machines must be set in rigid encasements of concrete and steel and
contain windings of conductive wire and powerful magnets to covert
motion into electric current. Geothermal power generation, capturing
heat from deep underground, requires pipes and equipment involved
in the circulation of fluids and transfer of the heat to other fluids
and/or conversion into electric current by using heat and pressure to
drive turbines. Methods to trap energy from the sun may use solar
panels fitted with arrays of photocells (Figure 2.3a) that convert elec 
tromagnetic radiation into electric current or convert the trapped en 
ergy into heat in a water reservoir. For some of the stages, sophisticated
materials are required to make the processes effective and efficient –
for example, wind turbines (Figure 2.3b) are fitted with powerful per 
manent magnets made from rare-earth metals like neodymium,

Figure 2.3 Examples of structures and materials in energy devices. Figure drawn 
by Delaney, incorporating images created using ChatGPT; (a) photo 
voltaic array for trapping sunlight; (b) wind turbine; (c) lithium-ion 
battery. 
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praseodymium, dysprosium and terbium, whose supplies are limited 
and whose mining has had a history of environmental damage.19

Photocell devices use combinations of conductors, semiconductors, 
and resistors.20

2. Transporting/transmitting energy: unless the energy is captured or
derived from fuel at the precise site where it is used, it needs to be
transported or transmitted over distances that may span a range from
local to global. The main options at present are to physically move fuels
such as coal, oil, gas, biomass, or waste to sites where they will be
combusted, or to transmit electricity from the site of production via
conducting materials. In practice, the two are often combined, with
fuels being transported to power stations and the electric power gen 
erated transmitted through large power grids to the users. Both
transport and transmission are intensively matter-dependent, re 
quiring vehicles, fuels, structures of concrete and steel, and conductor
cables and their insulations.

3. Storing energy: an advantage of deriving energy from combustion is
that it can be carried anywhere and used at any time. Many of the
‘renewable’ sources of energy (e.g., wind, wave, solar) fluctuate over
time and cannot be relied upon to produce a constant or predictable
power supply on demand. Therefore, it is essential to have the means to
store energy, which can be accumulated when instantaneous supplies
are in excess of demand and made available when these supplies fall
short. Infrastructures for energy storage, which may be chemical or
physical in nature,21 require materials, for example in the construction
of batteries (Figure 2.3c), reservoirs, heat exchange systems, and the
structures that house them.

4. Providing mobile energy: systems that require energy to be available
while on the move present particular challenges. For vehicles (e.g., cars,
ships, aircraft), combustible carbon-based fuels have been the main
motive force. Alternatives under development to help meet the ‘net
zero’ goal include batteries for land-based vehicles and the use of non-
carbon fuels (e.g., hydrogen and ammonia) for land- and ocean-based
vehicles. Aviation (which accounts for 2–3% of global CO2 emissions) is
proving the greatest challenge, with the main focus of attention being
on ‘renewable’ or ‘sustainable’ sources of hydrocarbon fuels derived
from biological sources. For other mobile applications, including
portable information technology equipment such as computers and
smartphones, rechargeable batteries are used. Although each indi 
vidual battery may be small, the aggregate on a global scale is massive,
with about 7 billion smartphones in circulation worldwide in 2024.22 

Currently, most rechargeable batteries (including for vehicles and
phones) are based on lithium-ion technology (Figure 2.3c), employing
compounds of lithium and cobalt, with available supplies of these
‘critical’ elements being a major factor in the potential for expanding
battery production.
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Although the total energy availability on Earth is in principle ‘open’, the 
conversion globally from fossil fuel to renewable energy sources is 
dependent on the ‘closed’ availability of matter present on the planet. All the 
hardware infrastructure necessary to capture/convert and supply energy in 
different forms, when and where needed, depends on ingenuity to find and 
transform the matter into appropriate materials. The innovativeness of 
chemists, material scientists, engineers, and others is essential in making 
this possible. 

2.2.5 The Biomass Factor 
Biological processes transform nutrients containing carbon, hydrogen, ni 
trogen, oxygen, phosphorus, and traces of many other elements into the 
molecular constituents of life. Human beings have acquired great skill in 
adapting life forms to supply needs for food, clothing, shelter, and con 
struction materials, and in processing and transforming biological materials 
to make many specialised products we find useful, from paper to pharma 
ceuticals. The renewability of biological resources offers a pathway to solve 
some of the sustainability challenges we currently face. It is vital, however, to 
understand both the potential and the limits of biological avenues, just as it 
is for chemical ones. Also of importance is to appreciate that biological and 
chemical approaches share many common features and co-determinants. At 
a molecular level, biological processes are fundamentally chemical pro 
cesses, and chemistry provides an entry point for understanding how they 
take place. 

The biosystems of our planet provide several different but interdependent 
functions. These include serving as the planet’s “lungs” (absorbing CO2 and 
emitting O2), as sources of materials for human use, and creating chains and 
webs of nutrients that interlink all life-forms on the planet. There are finite 
spaces where different life-forms can flourish on the planet, and the growing 
impact of human activity on these spaces has been a major factor in growing 
environmental crises, such as the competition for available freshwater 
supplies. Water availability will increasingly become an issue, particularly in 
arid regions, as even a small decrease in freshwater availability may repre 
sent a ‘tipping point’ signifying detrimental impacts on human and non 
human health. 

These factors are vital to consider when the potential of biology is being 
evaluated to solve sustainability challenges. For example, in principle, de 
veloping biofuels to replace fossil fuels appears useful. Biofuels come in 
various forms and types; bioethanol has been successfully produced and 
marketed from corn (a primary source for American biofuel), sugarcane 
(especially in Brazil), and soybean (primary sources include Brazil and other 
Latin American countries). The viability of bioethanol has been seen as an 
economic issue, as the growth and processing of the crop represents a ma 
jority of the cost,23 so bioethanol production has been most profitable in 
countries where agricultural costs are low. The industry also uses a 
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substantial percentage of arable land and water that would otherwise be 
used to grow a diverse range of food sources. Often this requires cutting 
down forests to develop the land for biomass production, or substituting 
production of edible crops, which can have negative impacts on climate 
change, biodiversity, and food and water security. These last two are 
sometimes referred to as the ‘food versus fuel’ and ‘water versus fuel’ 
debates. 

As an example of how the factors intersect, North Africa and Australia are 
potential areas for massive solar energy generation with global signifi 
cance.24,25 These areas could be used to power large-scale electrolysis of 
water to produce hydrogen and ammonia to ship overseas, for instance to 
Asia and the EU.26 However, North Africa suffers from drastic water short 
ages and unreliable access to electricity. Considering the relative priorities 
and trade-offs involved in achieving security of energy, food, and water 
supplies in different settings provides many opportunities for classrooms of 
students to debate such ‘food versus fuel’ and ‘water versus fuel’ issues and 
their linkages to chemistry and systems thinking (Box 2.2). For the students, 
there should not be a clear ‘winner’ of the debate; rather, it should dem 
onstrate how competing parties can manipulate interpretation of the science 
for their own interests, and how science–society relationships have con 
tributed to increasing inequality through an accelerating global demand for 
energy, food, and water. 

Ultimately, the use of biomass as a source of organic compounds for 
synthesis is an important avenue to escaping dependence on diminishing 
fossil hydrocarbon reserves. This is a challenge for synthetic chemistry 
which, since the mid-19th century, has become habituated to using hydro 
carbon feedstocks and seeking ways to increase functional groups through 
selective oxidation reactions. A switch to biomass sources means learning to 
selectively reduce oxidised compounds like carbohydrates to make the 
chemicals needed for all kinds of applications. 

The biomass and energy sectors are also interlinked in another major way; 
namely, the reliance on hydrogen gas sourced from fossil fuels to produce 
ammonium-based fertilisers, without which the world could not produce 
enough food to feed its global population. So-called ‘green hydrogen’, which 
is produced from the electrolysis of water via a renewable energy source, has 
been proposed as an alternative. A renewable source of hydrogen also pro 
vides pathways to metal and steel production that require a significantly 
smaller amount of fossil fuels.25 Hydrogen, in molecular form or carried as 
ammonia, could be used as a fuel for transportation or be sent abroad for 
use as a fossil-fuel alternative. The argument then could be made that this 
provides a means to ‘export’ renewable energy (coining the phrase “shipping 
sunshine”27) to countries where it is less economic or practical to produce 
renewable energy. 

However, the amount of water needed to produce green hydrogen (and 
green ammonia) on a scale that could displace fossil fuels as a hydrogen 
feedstock is astronomically large.28 Access to fresh water will compete with 
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Box 2.2 ‘Food versus fuel’ and ‘water versus fuel’ as classroom debates. 

As an activity, the ‘food versus fuel’ and ‘water versus fuel’ debates involve 
students undertaking a stakeholder analysis of an important chemistry-
focussed socio-scientific issue. Students should inquire and reflect upon 
competing perspectives: the grower; the fuel provider; the transport in 
dustry; the government; climate advocates; and the community. 

This can be an individual task, but the most benefit comes from run 
ning the activity with small groups of students that are asked to take 
different sides on the socio-scientific issue and have a classroom debate. 

A good prior activity would be to compare a range of fossil fuels and 
biofuels as energy sources, and carbohydrates, proteins, and lipids as fuel 
sources for the body. Students should be able to write balanced 
thermochemical equations for the combustion of various fuels. 
These questions could stimulate a ‘food versus fuel’ or a ‘water versus 

fuel’ debate: 

● Arable land used for energy production (biofuel) is land not used for
food production. What is more important, food security or energy
security? Does this vary for different countries? How does this work
when food chains are global, and energy companies are multi 
national?

● An alternative is to use waste biomass, or agricultural biomass that is
not marketable or viable to feed a population. But can an industry
relying on a waste bioproduct ever be big enough to provide a viable
transition away from fossil fuels? Should large amounts of arable
land ever be used to grow a crop that can’t be a food?

● Another alternative would be to use a source of plant biomass that
does not take up arable land. For example, different types of seaweed
or macroalgae could be cultivated in a warehouse, a lake, or offshore.
However, is this swapping one problem for another, with oceans and
aquatic environments already impacted by climate change and bio 
diversity loss?

● Parts of the chemical and energy sectors want to utilise so-called
‘green hydrogen’ to decouple from fossil fuels. But this involves
gaining access to already limited fresh water supplies and may entail
consumption of scarce local water supplies to generate fuel for ex 
port. Is this equitable? Will energy from the massive solar energy
farms and fresh, desalinated water be prioritised for the local com 
munity, or for industry? Ultimately, for whose benefit would be the
green hydrogen?

food production, as well as with other public needs (see Box 2.2). Seawater 
could be used,  but it would  first need  to be desalinated on a large scale, 
producing a waste material (concentrated brine) that will either need to 
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be stored or returned to the ocean, impacting aquatic ecosystems. 
Therefore, if electrochemical green hydrogen26 production is to be viable, 
it will need to demonstrate that it will not diminish the availability of 
biomass and water. 

2.3 Teaching & Learning a Sustainability Topic 
A significant feature of the emerging understanding of sustainability has 
been that it provides a systems-based perspective. Understanding how sys 
tems operate – including how system components interact and how overall 
properties of the system emerge as a result of the working of the whole 
system – turns out to be crucial to identifying the ways that humanity’s ac 
tivities impact sustainability at the planetary level. Consequently, chemists, 
as well as environmental scientists, need to acquire some facility for systems 
thinking (see Chapter 4).29

Analysis of systems often begins with examining the stocks and flows of 
the system components and resources in order to look at how they interact 
and what intended or unintended consequences follow. In light of the 
growing demands of an increasing global population wanting more food and 
goods, we need to focus our attention on two sets of resources, materials and 
energy, and ask: 

● What are our current sources of materials and energy, how do we
use them, and what impacts have their utilisation had on Earth
systems?

● Can we continue to expand the supplies of materials and energy to
sustain current rates of growth? What do we know about the limits to
availability of these resources on our planet?

● What are the possible alternatives to ever-increasing the supplies of
them?

This section presents two activities focused on our current materials re 
sources. The first, a student infographic on an element, is an example of how 
students can engage with the sustainable and ethical utilisation of a material 
(Section 2.3.1). The second, a student essay on material stewardship, is an 
example of how students can more deeply explore the sustainability of a 
material of their choice (Section 2.3.2). Each activity is preceded by back 
ground information for the instructor, possible connections to the chemistry 
curriculum, and possible learning outcomes. 

2.3.1 Earth’s Material Resources (Example #1) 
2.3.1.1 A Basic Understanding of the Earth’s Material Resources 
The periodic table of the elements provides chemists with a catalogue of all 
the known elements, listed in increasing atomic number and organised into 
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rows and columns according to similarities and trends in their properties. 
To chemists, it represents a fundamental means to organise the elements 
and helps explain what type of bonding forms between elements. Elements 
are categorised relative to the number of protons in the nucleus, and so the 
table also provides the scientific community certainty that it represents all 
matter that exists. 

The periodic table shown in Figure 2.4 colours each element according to 
its abundance in the Earth’s crust, with the most abundant (>10 000 ppm) 
in green, intermediate abundancies in yellow, and the least abundant 
(<100 ppm) in pink.30 The white squares (and a few of the pink ones, like 
radon and uranium) represent elements that have radioactive isotopes. 
Some are formed naturally by the radioactive decay of heavier radioactive 
elements (e.g., radon from uranium) or have been created experimentally in 
tiny amounts by nuclear reactions. 

Figure 2.4 outlines some important lessons concerning sustainability: 
(1) a finite number of elements exist on Earth, (2) of these elements, only
about 80 have at least one stable isotope and are therefore safe for routine
use; and (3) the majority of the elements, including many of value in making
useful materials, are available only at relatively low abundances. Con 
sequently, we need to carefully conserve the available stocks of elemental
resources and keep them in usable forms for as long as possible, rather than

Figure 2.4 Periodic table of the elements: natural abundances in the Earth’s crust. 
Reproduced from ref. 30 with permission from John Wiley & Sons, 
Copyright © 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. 
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Figure 2.5 Periodic table of the endangered elements: Relative threat to avail 
ability. Reproduced from ref. 31 with permission from American 
Chemical Society. 

disperse them in ways that make recovery technically or economically 
impractical. 

In addition to differing in their overall abundances, elements also differ in 
their distribution across the planet. For example, some elements are con 
centrated in just a few locations in amounts that make them economical to 
extract and use them at large scale. There has been increasing awareness and 
concern about the limited supplies of some elements that have specialised 
and important uses, which have been termed ‘gateway minerals’ and ‘crit 
ical’ and ‘endangered’ elements.31,32 Figure 2.5 represents the elements of 
the periodic table relative to how endangered each element is, reflecting how 
seriously nations and global organisations should consider the threat that 
these elements will not be so easily available to future manufacturing 
sectors. 

Some countries have adopted policies recognising the high strategic im 
portance of some of these materials for their physical and economic security, 
including their use in sourcing renewable energy, battery powered vehicles, 
and battery storage.33–36 Since 2011, the European Commission has listed 
raw materials that it considers to be critical elements or compounds ac 
cording to both their strategic importance for future technology and their 
scarcity. This list, updated every three years, has grown rapidly: it contained 
14 entries in 2011, 20 in 2014, 27 in 2017, 30 in 2020, and 34 in 2023.37 In 
2021, the Australian federal government’s leading science body, Common 
wealth Scientific and Industrial Research Organisation (CSIRO), published a 
critical energy minerals ‘roadmap’,36 and in 2023, on top of a list of critical 
minerals similar to EU, USA and India lists, published a separate shorter list 
of “strategic minerals”.38 These minerals, namely aluminium, copper, 
nickel, phosphorus, tin, and zinc, were singled out as important to the global 
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transition to a clean and renewable energy sector, abundant and accessible 
in Australia, and importantly in demand from Australia’s strategic inter 
national partners.38

Following the discovery of mineral deposits, the mining, transport, and 
processing of ores consumes additional materials, including fuels to trans 
port and chemicals to process. In addition, all of the equipment (mining 
equipment, haulage transport, industrial plant infrastructure) must be built 
and maintained, which requires materials and energy. At every step along 
the pathway to finished goods, from the mining site onwards, there are also 
waste products to be dealt with, that can be harmful to the environment. 

In 2017, world mining production39 was 17.2 Gt (1 gigatonne  109 =
tonnes), double the production level in the early 1980s and with quantities 
dominated by ores of iron (93% of all ore mined globally), aluminium, 
copper, lead, and zinc. However, the International Energy Agency reports 
that in order for a clean energy future to be realised, nonfuel mineral mining 
globally will need to massively increase, with over forty times the amount of 
lithium (albeit from a small amount, only 130 000 tonnes were extracted in 
2021)40 and twenty times the amount of cobalt and nickel needed.41 Col 
lectively, these amounts are still dwarfed by the amount of oil extracted each 
year,42 so in a potential clean energy future, less minerals will need to be 
extracted from the Earth. However, much of this nonfuel mining extraction 
will occur not in the handful of oil-rich nations but in countries not known 
previously for mining, which will itself bring social implications for gov 
ernments and socio-political challenges for the global society (explored 
further in Chapter 4). 

2.3.1.2 Connections to the Chemistry Curriculum 
When students start to learn about the periodic table, they also learn about 
early efforts to categorise, classify, and order the elements. The most famous 
of these ‘scientific discovery’ narratives is that of Dmitri Mendeleev, who 
took advantage of accumulating evidence collected during the middle parts 
of the 19th century on the properties of pure elements. Mendeleev discerned 
that there was periodicity in the properties of elements that suggested a re 
peating cycle (periods) for elements that had similar properties but very 
different atomic masses (groups). Mendeleev’s enduring legacy is related to 
his gumption to extend this conclusion to (correctly) leave gaps in his table 
for elements not yet discovered and even predict (almost correctly) the 
properties of these unknown elements, such as eka-aluminium (gallium). 

2.3.1.3 Learning Outcomes 
Curricula worldwide now challenge students to replicate the thought ex 
periment of Mendeleev, and typical learning outcomes related to this are 
listed in Box 2.3. 
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Box 2.3 Learning outcomes – relating properties and characteristics of 
elements to their position in the periodic table. 

Given an element’s position in the table, students should be able to: 

● Predict its relative chemical reactivity (with the bottom left corner
being the most reactive metal, and top right (bar the noble gases)
being the most reactive non-metal).

● Predict other properties based on periodic trends, such as atomic
radius, ionisation energy, and electronegativity.

● Predict an electron configuration for the element and its number of
valence electrons, linking this configuration to the chemical prop 
erties of the element (such as noble gases are inert, alkali metals are
highly reactive) and to the type of ion or ions (in the case of transi 
tion elements) that this element can typically be found as in nature.

● Write an empirical formula when reacted with other elements, such
as the formation of metal oxides, metal carbonates, metal chlorides,
and so on.

The opposite would also be true: given some of these properties or 
characteristics, a student would be expected to determine its relative 
position in the periodic table. 

Box 2.4 Learning outcomes – relating sustainability considerations of 
elements to their position in the periodic table. 

Given an element’s position in the table, students could investigate: 

● The electrical energy requirements of processing an element that
does not exist as a pure element in nature.

● The relative difficulty of separating and purifying an element when it
is found in combination with other elements, either due to:
○ how close these different elements are to each other on the peri 

odic table, with nearby elements (same period, same group) rou 
tinely having similar chemical and physical properties; and

○ the relative abundance of one element compared to other elem 
ents in a given mixture, be it a solid or solution.

To give a more sustainability-relevant focus, students could also consider 
real-world scenarios and utilisation of these trends. The learning outcomes 
(Box 2.4) offer some possibilities. 

Sourcing an element found in miniscule amounts poses significant eco 
nomic and environmental considerations for industry. The difficulty of 
separating and purifying elements with very similar chemical and physical 
properties makes it difficult and uneconomical, for instance, to recycle all 
electronic waste. It also makes it challenging to separate and purify lithium 
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from its most abundant source, the oceans, where ions with similar prop 
erties such as sodium are in far greater abundance. 

2.3.1.4 Activity: An Infographic on an Endangered Element 
Popular in secondary/high school settings is to have an ‘element poster’ 
assignment as part of the chemical/physical science teaching and learning 
sequence. In such activities, students are tasked to make a poster, presen 
tation slide, or infographic about their chosen element, with instructions 
guiding them to include information about the element. Typical assessment 
criteria for this kind of assignment are listed in Box 2.5. 

The ‘element poster’ activity was popular during the International Year of 
the Periodic Table celebrations (2019), with the International Union of Pure 
and Applied Chemistry (IUPAC) and other organisations running or sup 
porting student competitions collecting artistic representations of the 
elements and the periodic table.43 However, much of the list is reductionist, 
isolating knowledge about the element to a series of easily verifiable facts. As 
presented, this activity does not challenge students to critically reflect on 
why the element is considered important and if its current utilisation is 
sustainable. 
This activity would be more challenging if some items from this list were 

added or replaced with questions that were more holistic and required 
critical reflection about how the chemistry of the element has led to a 

Box 2.5 Typical assessment criteria for an ‘Element Poster’ task. 

Students could be assessed on their capacity to include items such as: 

● The element’s name, symbol, atomic number, and mass number.
● The element’s classification as a metal, a non-metal, or a metalloid.
● The element’s state at room temperature and its melting and boiling

points.
● The element’s location on the periodic table period and group.
● The electron shell configuration (e.g., Na: 2, 8, 1), shown as a Bohr

shell model.
● The sub-shell configuration (e.g., Na: 1s22s22p63s1 or [Ne]3s1), and

perhaps the orbital filling pattern and electron spin (up and down
arrows).

● The relative abundance of common isotopes.
● Common uses for the element, or common household items/built

environment where the element may be found, perhaps with a photo
showing the element in use.

● Relevant safety information if the element has high reactivity or is
considered hazardous.

An artistic drawing from the student that symbolises the element. 
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significant over-utilisation of the element, and/or has become limited in 
supply. Box 2.6 presents a set of such questions to include in an activity 
asking students to prepare an infographic on an ‘endangered element’. 

Figures 2.6 and 2.7 present example infographics for zinc and tantalum, 
respectively. Both elements are essential to our modern material world, zinc 
for protecting the built environment from corrosion, and tantalum for 
capacitors in most electronic devices. Both elements have been added to 
critical element lists globally,36 and both of their supply chains are con 
sidered under stress, but for different reasons. Zinc is one of the top ten 
mined elements in the world,44,45 yet is predicted to be one of the first 
elements in short supply and is already reliant on mining very-low-quality 
ore.46 An obvious solution would be to rapidly increase the recycling rate of a 
metal that is relatively easy to recycle. 

In contrast, only approximately 2000 metric tons of tantalum are mined 
each year.44 It is almost exclusively mined in a few countries, with more than 

Box 2.6 Assignment – ‘Endangered Elements’ infographic/advertising 
campaign. 

Students are to prepare and/or present an endangered element info-
graphic/advertising campaign. To influence the target audience (e.g., 
government representatives, industry organisations, or members of the 
public), this infographic should address some or all of these questions: 

● Why is the element considered essential for modern society?
● How has the element become ‘endangered’?
● Where and how is this element sourced, and does this raise concerns

regarding the sustainability of the element as a resource?
● What can we do in response to the ‘endangered’ status?

In supporting students, instructors should consider: 

1. Any of the endangered elements identified in Figure 2.5 would be a
suitable choice. Students may be more interested in elements used
in electronic devices (see Section 2.3.2.1.3 – smartphones) or in
electric vehicles.

2. Given it is an infographic and poster campaign, students should be
encouraged to make them emotional and visual, with as few words
as possible. As an advertising campaign, the intention here is to
raise awareness of an issue that has the potential to negatively im 
pact our livelihoods (for instance the need to improve recycling
of e-waste). When answering the prompting questions above,
students should be encouraged to incorporate social, ethical,
economic, and environmental factors.

3. Several free online infographic generator tools are available, in 
cluding those that allow students working remotely or online either
individually or collaboratively to prepare their infographic.
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Figure 2.6 Example endangered elements infographic for the element zinc.44–46 

Figure drawn by Delaney, incorporating images created using ChatGPT. 

half coming from countries destabilised by previous or current armed con 
flicts. One such country is Rwanda, which supplies approximately 22% of the 
global supply, but it is speculated that significant amounts of this supply are 
illegally smuggled in from neighbouring war-torn Democratic Republic of 
Congo,47 which already supplies over 40%. This raises significant ethical 
concerns regarding how tantalum is sourced, which can be used in an ad 
vertising campaign to stimulate people to question if their desire for the 
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Figure 2.7 Example endangered elements infographic for the element tantalum.47 

Figure drawn by Delaney, incorporating images created using ChatGPT. 

latest model phone is exacerbating the hardship faced by people in these 
countries (Figure 2.7). 

A possible extension to this activity would be to have students include 
connections to specified United Nations Sustainable Development Goals 
(SDGs) (see Chapter 7), to link the criticality of the element and the urgent 
need for action with addressing sustainable development challenges. As 
sessment criteria that could be incorporated into a rubric are listed in Box 2.7. 
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Box 2.7 Typical assessment criteria for an ‘Endangered Elements’ 
infographic/advertising campaign task. 

Students could be assessed on their capacity to include items such as: 

● Outlining how and why the element is considered essential for
modern society, and how this has led to the element being con 
sidered ‘endangered’.

● Linking how the element is sourced to one or more important social,
ethical, economic, or environmental factors.

● Linking how the element is utilised to one or more important social,
ethical, economic, or environmental factors.

● Providing the audience, a lay person, or a chemistry expert, an ex 
ample of an action they can take to improve or not further exacerbate
the element’s ‘endangered’ status.

● Using visuals and emotive language in their infographic that could
influence the opinion of either a lay person or a chemistry expert.

● Describing at least one example of how industry or academic re 
search is focussing on more sustainable production, utilisation, or
recycling of the endangered element.

2.3.2 Material Circularity and Stewardship (Example #2) 
2.3.2.1 A Basic Understanding of Material Circularity and 

Stewardship 
Circularity is an important concept in trying to find a pathway to a sus 
tainable future. For most of humanity’s history, the economic model 
underlying consumption has been a ‘linear’ one of take-make-use-dispose. 
This model was epitomised in the 1950s when the ‘throwaway society’ was 
encouraged, as disposable goods became increasingly cheap and easily re 
placeable. Subsequently, reaction against this wastefulness of materials led 
to the ‘reduce, reuse, recycle’ (3Rs) campaign and the idea of the ‘circular’ 
economy, in which materials are collected at the end of their primary use 
and refurbished, repurposed, or broken down and components returned as 
manufacturing inputs. In the circular model, only as a last resort are ma 
terials discarded as waste and consigned to landfills or incineration. 

In principle, material circularity deals with at least two factors important 
for sustainability: 

● Preserving material components for reuse helps extend the availability
of valuable matter and lengthen the period before we use up the ac 
cessible planetary stocks.

● Cutting down the amount of waste material to be disposed of lessens
the environmental burden. According to World Bank estimates,48 global
generation of municipal solid waste alone exceeded 2 billion tonnes per
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year by 2018 and is predicted to rise by 70% by 2050. The growing 
amount of solid waste encroaches on more land, and its decomposition 
produces toxic liquids that may leach into the surrounding soil and 
water and emissions of gases, including CO2 and CH4, that add to the 
global greenhouse effect. Furthermore, the discharge of liquid and 
gaseous wastes from household, industrial, or agricultural sources 
into the atmosphere and waterways is often uncontrolled and 
unmeasured. 

However, material circularity does not automatically produce sustain-
ability. Knowing that a given material is recycled in some form does not tell 
you whether the material was sourced and produced sustainably in the first 
place, or what new materials and energy inputs are required for the specific 
recycling approach chosen, or how side-products and wastes that are in 
evitably created at every stage along the recycling pathway are dealt with. 

In a typical chemistry reaction system, reactants combine to afford the 
desired product under conditions that depend on many factors, including 
solvents, catalysts, temperature, pressure, and conditions of mixing. When a 
process is run at large scale, concern for sustainability requires that we ask 
about the supply and disposal systems, accounting for the material and 
energy inputs and outputs. For the products then taken up in useful appli 
cations, we also need to consider the materials and energy involved in the 
applications, where they come from, and what disposal systems are em 
ployed at the end of the primary application. All of these considerations help 
build a comprehensive picture of the overall production, consumption, and 
disposal system. 

Consideration of sustainability requires that we also ask about how this 
production, consumption, and disposal system impacts Earth systems as 
sociated with land, atmospheric, and aquatic systems. These physical sys 
tems interact with one another and with the biological and ecological 
systems of the planet. As the Planetary Boundaries Framework tells us (see 
Chapter 6), there are limits to how much perturbation the physical and 
biological systems can tolerate without undergoing major changes that have 
serious implications for sustainability. We need to remember that human 
society plays a key role in deciding what materials we make, why and how we 
use them, and what degree of care and attention we give to identifying, 
managing, and avoiding dangers to ourselves and our environment. 
Figure 2.8 brings these additional systems into the picture.49 It can be seen 
that, through chemistry’s central concern with the transformations of and 
interactions between matter, it has a leading role to play in the stewardship 
of materials at every stage. 

The activity that follows (Section 2.3.2.3) is an example of how an educator 
could engage students in inquiring more about material circularity and the 
sustainability of material and energy supplies to better assess society’s ma 
terial stewardship. To demonstrate the thought process, three contexts 
(aluminium, cotton, and mobile phones) are illustrated first. 
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Figure 2.8 Production, consumption and disposal in the context of Earth and societal 
systems. Reproduced from ref. 49, 10.1039/D3SU00125C, under the terms 
of the CC BY 3.0 license, https://creativecommons.org/licenses/by/3.0/. 

2.3.2.1.1 The Sustainability of Aluminium. Aluminium is the most 
abundant metallic element in the Earth’s crust and is also one of the most 
highly recycled materials on the planet. A light, strong and relatively inert 
metal, it is widely used in food and drink containers and packaging and 
as structural components in vehicles and buildings. About 200 billion alu 
minium cans per year are used globally, with about 75% on average being 
recycled in Europe,50 whereas only about half are recycled in the USA,51 

and in Australia, the world’s largest producer of aluminium ore and 7th 
largest producer of aluminium,52 the recycling rate was less than 60% in 
2018.53 Metal recovered from transport and structural applications is also 
extensively recycled. It is estimated that, of all the aluminium produced in 
history (around 1.5 billion tonnes since commercial manufacture began in 
the 1880s), about 75 percent is still in use today.54

Should we consider the production and use of aluminium to be ‘sus 
tainable’? To answer this question, we need to look into both the economics 
and the chemistry involved.55

● Material circularity: what drives the high rates of recycling of alu 
minium is a very strong economic factor. Because smelting aluminium
ore (bauxite) requires a large amount of energy, it is expensive to

https://creativecommons.org/licenses/by/3.0/
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produce primary aluminium. The recycling cost for recovered metal is 
much lower, because re-melting uses only 5% of the energy required for 
primary production.56 Used aluminium therefore retains high value, 
and a strong financial market exists for aluminium recycling.57 How 
ever, the recycling economy is complicated by the chemistry: most 
‘aluminium’ in practical use consists of alloys (e.g., ‘aluminium’ cans 
are usually made of alloys typically containing 92.5–97% aluminium, as 
well as magnesium, manganese, chromium, and trace amounts of iron, 
silicon, and copper). Depending on the use, the recovered material may 
also be contaminated (e.g., with organic wastes, paints, plastic coat 
ings). Scrap aluminium therefore needs to be assessed, chemically 
analysed and graded, and may require preliminary treatments before 
being remelted and blended with primary aluminium to create useful 
new materials. Over 120 Mt (million metric tonnes) of aluminium are 
currently produced per year, with about 35% coming from recycled 
metal. Annual demand for aluminium is predicted to grow to more than 
three times this amount by 2050. 

● Sustainability of material supplies and associated environmental foot 
print: aluminium production begins with the mining of bauxite, an ore
containing aluminium oxide (Al2O3).

58 The crude ore is first processed
by crushing and washing and then heated under pressure with a so 
lution of sodium hydroxide to produce a solution from which alu 
minium hydroxide (Al(OH)3) is precipitated, washed, and heated to
provide purified alumina. The required energy is usually derived from
fossil fuels. The residue from digesting the crude bauxite is a highly
alkaline side-product, mainly containing red iron oxide, as well as
compounds of other elements present in the source ore. Over
160 million tonnes of this toxic material, known as ‘Red Mud’, was
produced alongside 126 Mt of purified alumina in 2018. Over more than
a century, the environmentally safe disposal of the Red Mud generated
has been a major, ongoing challenge which has still not been ad 
equately solved globally.59–61

● Sustainability of energy supplies and associated environmental foot 
print: the smelting of the purified alumina62 involves the electrolysis of
Al2O3 in a mix of molten cryolite and calcium fluoride at over 950 °C,
reducing the oxide to Al metal, which is run off in a molten state. The
electrochemical cell uses carbon electrodes and during the reaction
these are oxidised, releasing about 13 tonnes of CO2 per tonne of Al
produced. The reaction conditions also create a range of other gaseous
by-products that, along with CO2, are emitted into the atmosphere.
These include volatile perfluorocarbons such as CF4 and C2F6 with
greenhouse gas ratings significantly higher than for CO2 itself.

63 The
electrochemical step is highly energy-intensive (about 15 kW h of elec 
tricity is required to produce 1 kg of Al) and this electric energy alone
accounts for about 20–40% of the overall cost of aluminium production,
depending on the location of the smelter and source of electricity.
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Globally, about half of the electrolysis for aluminium production in 
volves the use of hydroelectricity, while carbon-based fuels account for 
45%, adding another source of greenhouse gas emissions to the foot 
print of aluminium production. 

Thus, despite the high rate of recycling of aluminium, its current pro 
duction overall is far from sustainable, since it is extremely energy-intensive, 
with much of the energy coming from carbon-based fuels. In addition, the 
production generates by-products with environmental impacts on land, 
water, and atmosphere. As the international aluminium industry itself ac 
knowledges,64 while the public currently hold the view that aluminium is a 
“green” and “environmentally friendly” material, the industry needs to take 
active steps in energy reduction if it is to avoid negative impacts on alumi 
nium’s “brand”. 

2.3.2.1.2 The Sustainability of Cotton. Cotton is the most widely used 
natural fibre in textiles, with global production of 26.1 million tonnes in 
2018, corresponding to more than 81% of the natural fibres and about 
23% of natural and synthetic fibres altogether.65,66 Because cotton is 
‘natural’ and ‘renewable’, should it be regarded as ‘sustainable’? We can 
ask the same questions as for aluminium to explore this: what resources 
are used in sourcing, using, and disposing of cotton, and what are the 
side products and environmental impacts along the pathway, including 
from any recycling?55

● Sustainability of material supplies: the feedstock requirements and
environmental footprint of cotton farming are substantial. The sour 
cing stage consumes about 16% of global insecticides, 4% of the
world’s nitrogen-based fertilisers, and 3% of the world’s irrigation
water, with 3000–7000 L of water needed to produce one kg of the
cotton lint from which cotton fibres are spun.67 The amount of water
needed varies substantially because the availability of water in different
countries, due to environmental or political reasons, plays a significant
role in which practices are employed.

● Sustainability of energy supplies: mostly derived from oil-based fuels,
energy is used to operate machinery for ploughing, planting, irrigation,
fertiliser application, crop spraying, harvesting, and for materials and
labour transport. Annual cotton production globally generates emis 
sions of around 220 million tonnes of CO2 equivalent, or about 0.8% of
the global emissions total.68

● Environmental footprint: spinning cotton yarn and manufacturing
cotton cloth also produces substantial amounts of CO2 and wastewater.
Particularly significant are the chemical treatments employed to make
the finished material. These include bleaching and dyeing processes
and the addition of oil and water repellents; anti-stain, anti-wrinkle,
and anti-shrinking agents; flame-retardants; plasticisers; biocidal
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substances; stabilisers; and softeners for surface feel and other effects. 
About 5 million tonnes per year of dyes, pigments, and finishing 
chemicals are used across all textiles,69 with not all chemicals tested for 
human safety before usage. 

● Material circularity: these same chemicals complicate the sorting of
post-consumer clothing for fibre recovery and recycling and pose
challenges for the environment, since the leaching of additives and
their soluble degradation products from waste sites contaminates land
and water. Recycling is also made difficult by the fact that many textiles
are blends of different fibres – often a combination of natural and
synthetic fibres – which may need to be sorted and separated. Only 20%
of textiles are collected for reuse or recycling globally, rather than going
to landfill or incineration.70,71

Thus, the fact that cotton is a natural product that can be grown does not 
automatically define it as ‘sustainable’. The whole pathway of its production, 
use, and disposal needs to be considered, and the interactions of material 
and energy inputs and outputs with the environment need to be assessed on 
a case-by-case and step-by-step basis.72

2.3.2.1.3 The Sustainability of Smartphones. Smartphones are iconic ex 
amples of technology in the 21st century, with more than 7 billion in cir 
culation and around 4.5 billion in active use in 2023.22 These devices are a 
triumph of chemistry, physics, materials science, engineering, and infor 
mation and communication technology. They allow us to communicate by 
voice, video, and text to anyone, anywhere in the world, who has compat 
ible hardware, software, and connectivity and to seek, transmit, and pro 
cess information on a vast scale. 

How sustainable are smartphones? We can explore a number of dimen 
sions of this question: 

● Sustainability of material supplies and associated environmental foot 
print: in total, over 70 elements are used in different smartphonemodels.
They may be present either in the elemental state (e.g., gold contacts,
copper wires) or, more often, as compounds or mixtures (e.g., transistors,
glass and ceramic screens, solders, batteries).73 Usually at least
30 elements are present in any individual handset, including some
whose known sources are likely to be exhausted or severely depleted
within a century,74 or are considered ‘conflict’ minerals, such as co 
balt,75 sourced from socio-politically volatile regions of the world. We
must also take into account the physical infrastructures that, while
invisible to the user, are essential to support the operation of smart-
phones. These include a wide array of materials in the cables, servers,
routers, switches, satellites, signal broadcasters, relays, and receivers
necessary to provide wired and wireless network communication and
data storage functions.
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● Sustainability of energy supplies and associated environmental foot 
print: life cycle assessments indicate that a smartphone typically con 
tributes an aggregate in the range of about 50–100 kg CO2-equivalent to
greenhouse gas emissions, based on a 3-year lifetime, mostly from the
production phase but also from transportation costs and then during
use. This carbon footprint increases by more than 40 kg CO2-equivalent
when the allocated impact from operating network and data centre
usage is included.76–78 Power consumption in recharging the phone
battery depends on the level of use, but typically is of the order of 1 kW
per year. This modest-sounding amount sums to more than 1 Tw hours
per year for all the smartphones in active use. In addition, data centres
and data transmission networks each account for 1–1.5% of global
electricity use,79 and with the emerging harnessing of computing power
for artificial intelligence applications,80 this percentage is expected to
significantly increase.

● Material circularity: there is a widespread view that smartphones are
designed to become quickly obsolete and to be difficult to repair,
refurbish, and recycle.81 Although smartphones contain valuable
metals such as gold, copper, silver, palladium, and other recyclable
components, the vast majority that are no longer used are either
consigned to hibernating in the back of a drawer or discarded to
become ‘e-waste’, most of which ends up in landfills. The global
recycling rate of mobile phones is under 10%, attributed to a com 
bination of technology challenges and poor economic and social
incentives.82–84

Box 2.8 provides a series of questions to guide students in exploring the 
sustainability of smartphones. 

Box 2.8 Questions for student discussion – sustainability of smartphones. 

These questions could be used with students investigating the sustain-
ability of smartphones with respect to matter and energy requirements, 
associated environmental footprint, and material circularity: 

● Which elements and compounds are used in manufacturing
smartphones, where are they sourced, and which ones are likely to
see shortages and become bottlenecks as smartphone use continues
to increase worldwide?
○ The ‘endangered’ elements infographic activity in Section 2.3.1.4

also presented one way that students could explore these
questions.

● Which sources of energy are used in constructing, maintaining, and
running the internet? How sustainable are they?

● What are the main environmental outputs and impacts associated
with the stages of smartphone production and use?
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2.3.2.2 Connections to the Chemistry Curriculum 
The three examples just cited provide excellent curriculum-relevant, real-
world contexts and case studies to investigate the sustainability of a ma 
terial, and thus its material stewardship. They all illustrate that, in view of 
increasing demand for materials of all kinds and the finite amounts of 
matter available to us, humanity has no option but to learn how to conserve 
the supplies to the best possible extent. This conservation must include: 

● reducingdemand– consideragain TheLimits toGrowth report14 – (Section2.1) 
● lowering waste in manufacture, distribution, and use, and
● recovering and recycling as much as possible.

Globally, many secondary and undergraduate chemistry curricula have taken 
steps to include investigating the greenness and sustainability of chemical 
processes or products. In many curricula, you can find the 12 Principles of 
Green Chemistry, first proposed by Anastas and Warner85 in 1998 (Chapter 1). 
These principles provide an approach for educators to compare traditional 
chemical synthesis with efficient and environmentally benign processes for 
extraction and recovery. Increasingly, curricula are incorporating discussion of 
the transition from a linear to a circular economy, encouraging students to 
analyse and evaluate responses to chemistry-based scenarios and case studies. 
Currently, the topic of material stewardship is not regularly seen in state 

and national curriculum documents, but it is a logical extension of the 
curricula integration approach started with the green chemistry principles. 

2.3.2.3 Activity: Researching an Example of Material Stewardship 
The earlier descriptions of the aluminium, cotton, and smartphone scen 
arios demonstrate that investigating the sustainability of a material and 
material stewardship involves more than just a few chemical equations and 
stoichiometric calculations. To better represent the chemical basis of sus 
tainability, or to argue how chemistry needs to contribute centrally to the 
overall stewardship of the planet’s resources, students need more time and 
ample space to express their conceptual understanding of these complex 
issues. Therefore, a reasonable form of student response would be in the 
form of an essay or case-study report. 

In an essay, students could meaningfully rationalise how material stew 
ardship also presents socio-economic and technical challenges for society: 

● Innovative technologies that challenge common wisdom and practice
will be needed to make material circularity possible.

● Economic systems will need incentives to take up circular models but do
this in a manner that does not prioritise the ‘economic risk’ as the basis
for changing how a material is produced, distributed, or utilised.

● Individuals and societies need to change behaviour and culture to
embrace the new models, but again do this in a manner that does not
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present the individual as ‘the cause and the solution’, without stressing 
the shared responsibilities of society, government, and industry. 

Box 2.9 presents an essay assignment for students on material steward 
ship, with a global essay competition86 run since 2023 as an example. 

Box 2.9 Assignment – student essay on a material stewardship theme. 

In 2023, the International Organization for Chemical Sciences in Devel 
opment (IOCD), in collaboration with the Royal Society of Chemistry 
(RSC), launched an annual global essay competition, titled “Young Voices 
in the Chemical Sciences,” for young people (35 years and under) on the 
role of the chemical sciences in sustainability.85

In an essay, students are encouraged to highlight chemical sciences 
contributions to addressing sustainable development challenges, and hol 
istically reflect on the intersection of science, society, and policy aspects, 
instead of just provide an account of the scientific advance. To provide dir 
ection to students, the yearly competition has had an annual theme: 

● 2023: How can the chemical sciences lead the stewardship of the
Earth’s element resources?

● 2024: How can the chemical sciences contribute to ‘decarbonising’
the production of energy and to eliminating the generation or re 
lease of greenhouse gasses from large-scale manufacturing and
agricultural processes?

● 2025: From waste to wealth: how chemical sciences can sustainably
transform waste into valuable products.

Educators setting their students a material stewardship- or sustain-
ability-themed essay may wish to use either their own prompting question 
or one of these question themes. They could even find the question theme 
being used for that year and consider encouraging their students to enter. 
To provide further guidance, an educator may wish to direct students to 

consider one or more of the sub-themes outlined earlier for aluminium, 
cotton, and smartphones, specifically: 

● What is the sustainability of the material supplies/precursors needed
for this chemical process/product/innovation?

● What is the sustainability of the energy supplies needed for this
chemical process/product/innovation?

● What are the associated environmental impacts of this chemical
process/product/innovation, its material precursors, and its lasting
impact at end-of-life?

● What measure of material circularity does the chemical process/
product/innovation have?

● Where along the transition from a linear economy to a circular
economy would this be placed?
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It is understandable that inviting chemistry students to argue and take 
positions on these emotive and socio-political considerations will initially 
prove challenging to an educator wanting to ‘stick to the chemistry’. How 
ever, consider this – would a chemistry assessment task that, instead of just 
knowledge questions, contained a few questions about ethics and politics be 
seen as less motivating by students? Less engaging? Now consider that when 
the student realises that these are not questions about ethics and politics but 
actually are questions about how chemistry knowledge is vital to the manner 
in which we need to approach these ethical and political considerations, this 
student is beginning to grasp the importance of chemistry’s central role in 
the stewardship of the planet’s finite resources. Topics relating to ethics are 
explored in other chapters, but especially in Chapter 8 on sustainability 
ethics. 

2.4 Closing Thoughts – A Sustainability Framework 
for Chemistry 

Several concepts, orientations, frameworks, and tools that have emerged 
since the mid-20th century show that chemistry is already making progress 
with respect to taking on the responsibilities inherent in this goal of material 
stewardship. For example, as discussed in Chapter 1, green chemistry offers 
guidelines for making reactions clean and efficient, and circular chemistry 
takes further steps towards designing circular processes with optimum re 
tention of material value. One-world chemistry draws on the recognition that 
human and animal health and the biological and physical environments of 
the planet are all intimately connected and requires that chemists embrace 
systems thinking and cross-disciplinary working skills as part of their edu 
cation, research, and practice (Chapter 4). Chemists, industries, and gov 
ernments are giving increasing attention to ‘benign by design87,88 and ‘safe 
and sustainable by design89,90 criteria and strategies that need to be applied, 
from the outset, in planning for new products. 
Reference to these diverse approaches is encouraging, but their growing 

number and variety may also be confusing. Which are the important ones 
and how do they fit together to provide the chemistry section for the Oper 
ating Manual that is missing for Spaceship Earth? 

Figure 2.9 builds on the model of a ‘chemistry for sustainability’ pyramid 
which was proposed as a way to integrate all of the relevant sustainability 
concepts, orientations, frameworks, and tools.91

● Material stewardship has been proposed as chemistry’s mission for sus 
tainability.92 Its aim is to transform and use the Earth’s available  stock of
material resources in ways consistent with ensuring sustainability for
people and for the physical and biological systems of the planet.

● Several frameworks set the overall direction and goals of sustainability
for people and planet. For example, the Human Security Framework
developed by the UN identifies seven key dimensions that are intrinsic
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Figure 2.9 ‘Chemistry for sustainability’ pyramid. Figure drawn by Matlin. 

to ‘freedom from want, freedom from fear, freedom to live in dignity’, 
involving security in the economic, health, food, environmental, per 
sonal, community, and political domains.93,94 Ways in which chemistry 
can contribute to all of these have been identified.95 The Human Se 
curity Framework complements the Planetary Boundaries Framework 
(Chapter 6), which identifies ‘safe operating spaces’ for humanity and 
the UN Agenda 2030, which sets specific, time-bound Sustainable De 
velopment Goals that are on the pathway to sustainability for people 
and planet (Chapter 7). Chemistry’s contributions to the goals of each 
of these frameworks have been recognised and need to be made in the 
context of the overall systems picture described in Section 2.4, to ensure 
that solutions for human and environmental security also respect the 
limits of long-term sustainability of the planet’s material resources and 
ensure their continuing availability for future generations, building in 
the adoption of material stewardship. 

● Further guidance comes from specific movements and orientations that
chemists have developed, including environmental, green, sustainable,
one-world, and circular chemistry. In addition, the concept of resilience
is an important factor. Resilience is used in the environmental sciences
to discuss the adaptive capacity of ecological systems placed under
stress. There are many ways in which chemistry can contribute to in 
creasing resilience.96

● Tools are available to assist chemists in making the required contri 
butions to the frameworks and the sustainability goals they define.
These tools are shared with other disciplines and are widely recognised
and adopted as part of common approaches to defining and over 
coming sustainability challenges. As discussed here, systems thinking
(Chapter 4) is key to understanding the breadth of interactions that take
place in the nexus of production and consumption systems and Earth
and societal systems. Working in this nexus, chemists need to embrace
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cross-disciplinary working and, in collaboration with many other dis 
ciplines, use the methods of material circularity and life cycle analysis 
(Chapter 5) to define sustainable pathways. 

● The pyramid sits on a platform that is the discipline of chemistry itself,
which provides the molecular/material basis of sustainability through
all its aspects of education, research, and practice.

The ‘chemistry for sustainability’ pyramid illustrates that all the frame 
works, tools,movements, and orientations need to be taken together and their 
use integrated for chemists to develop systems for material transformations 
that are on pathways to sustainability. In this sense, the pyramid exemplifies 
the important principle that sustainability is an emergent property of the 
whole system and not a property of individual components of the system.97
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3.1 Opening Thoughts 
Chemistry is the science dealing with materials and their transformation. 
Because chemistry is the science of materials, in a sense, everything around 
and in us is “chemistry”. It is the basis of our high quality of life. It is the 
science that led to or enabled the creation and successful development of 
many industrial sectors, such as materials, consumer products, and health 
care, and supported the development of others, e.g., energy, mobility, and 
agriculture. In turn, these sectors are composed of many different industries, 
such as pharmaceuticals, pesticides, plastics, containers and packaging, 
metals and mining, and more generally, the chemical industry.1 All of them 
use chemicals to create or improve the performance or durability of their 
products. For example, per- and polyfluoroalkyl substances (PFAS) are a large 
class of chemicals found in flame retardants, packaging, cosmetics, and 
many other products (see Section 3.3). 

Products such as computers, cars, and mobile phones are manufactured by 
other industries, including the automotive, electronics, textiles, paper, plas 
tics, pesticides, and the personal care and cosmetics industries However, 
these other industries use products of the chemical industry as building 
blocks for their products and additives to modify properties. For example, 
thermoplastic polymer granules are remolded to form new products. Often, 
they are mixed with additives such as flame retardants and optical brighteners 
to produce synthetic fibers as basic constituents of textiles. 

For too long, pollution of the environment, as evidenced by visible ex 
hausts into the air, chemical odors, or river water colored by synthetic dye 
production, was seen as a positive indication of economic growth and an 
improved standard of living. In other words, the success story of chemistry is 
at the same time linked to the acceleration of resource use, waste generation, 
health and ecosystem impact, and environmental pollution. In her seminal 
book Silent Spring, published in 1962, Rachel Carson addressed the issues 
resulting from the introduction of chemicals into the environment, leading 
to the birth of the modern environmental movement.2 Nowadays one of the 
most important sources of environmental pollution by chemicals is the 
products themselves, adding a double burden to less developed countries 
where exhaust and effluent treatment is often not (yet) in place. 
This chapter examines the evolution of the chemistry enterprise from a 

synthesis only focus linked to waste generation toward a greener and more 
sustainable mindset. Green chemistry, circular chemistry, and sustainable 
chemistry are the approaches involved in protecting human health, re 
sources, the environment, and the planet on the path to a more sustainable 
future. 

3.2 Background 
This section describes the progression from just delivering products to ad 
dressing the resulting challenges, such as waste, environmental pollution, 



68 Chapter 3 

impacts on human health and other organisms, and resource depletion. It 
introduces measures taken to minimize waste and, even more importantly, 
how to prevent it in the first place (pollution prevention, green chemistry, 
circular chemistry, and sustainable chemistry). 

3.2.1 Chemical Waste 
No chemical reaction results in 100% of the desired product. There is always 
waste consisting of byproducts, solvents, and unused starting materials and 
reagents. To valorize such waste, the components have to be separated and 
upgraded. They could be reused (e.g., as starting materials or solvents) in 
the same reaction or in the synthesis of another product. However, if the 
chemicals have similar properties, the separation and upgrading of the 
components of the waste can be challenging, and additional waste may be 
generated from the separation process itself. 

Using chemical waste as a resource was one of the starting points of or 
ganic industrial chemistry. For example, the production of “illuminating 
gas”, made from distilling coal in a retort, resulted in a residue called coal 
tar. This residue was used to preserve wood, such as railroad ties, among 
other applications. Early organic chemists, such as Friedlieb Ferdinand 
Runge, August Wilhelm Hofmann, and William Henry Perkin, isolated 
aromatic compounds from the tar. One of these, aniline, was the starting 
material for the first synthetic dyes. Mauveine (“aniline purple”), one of 
these dyes, was the foundation of the so-called coal tar dye industry, which 
in turn was the beginning of organic industrial chemistry. The synthetic dyes 
were much more colorful and stable than natural ones (Figure 3.1), the 
reason for this unprecedented success story. However, after World War II, 
“fossil oil” (petroleum) was used as a major resource for organic chemistry in 
the chemical industry.3,4
In 1977, in the United States, Love Canal was spotlighted in the news. For 

decades, this site was used to dump chemical waste, and exposure to the 
toxic chemicals caused numerous health problems, including birth defects, 
miscarriages, epilepsy, and leukemia. This was just the start of the discovery 
of many chemical waste dumps and their associated hazards. The Love 
Canal disaster led to the passage in the United States of the Superfund Act 
(officially known as the Comprehensive Environmental Response, Com 
pensation, and Liability Act), which holds industries responsible for clean 
ing up contaminated sites. 

3.2.2 Chemical Accidents 
Accidents have happened throughout the history of industrial chemistry, 
often resulting in many casualties and long-term health problems. Two of 
the most infamous are Seveso and Bhopal. In Seveso, Italy, in 1976, the ac 
cidental release of highly toxic TCDD (2,3,7,8-tetrachlorodibenzo-p-dioxin, 
“Seveso Dioxin”) caused residents to experience chloracne and severe skin 
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Figure 3.1 Collection of the first useful tar dyes in the historical dye collection of 
the Technical University of Dresden.5 Reproduced from ref. 5, https:// 
de.wikipedia.org/wiki/Teerfarben, under the terms of the CC0 1.0 
Universal license, https://creativecommons.org/publicdomain/zero/1.0/ 
deed.en. 

irritation, leading to long-term impacts on human health.6 Seveso Dioxin 
was a known “impurity” in Agent Orange, used as a chemical warfare agent 
in the Vietnam War. The 1984 Bhopal disaster at the Union Carbide India 
Limited pesticide plant in Bhopal, India, is considered the world’s worst 
industrial disaster. More than 3000 people died when methyl isocyanate was 
released from the plant, and more than 500 000 people were injured. 

3.2.3 Environmental and Health Problems and the Rise of 
Environmental Chemistry 

It is not just chemical accidents or dumped waste that cause direct harm to 
human health and the environment; there are also the unintended con 
sequences of using certain chemicals. Unfortunately, there are plenty of 
examples demonstrating the negative impact of chemicals on human health 
and the environment.7,8 PFAS seem to be among the latest ones.9–11 How 
ever, some PFAS (perfluorooctanoic acid (PFOA) and perfluorooctanesulfonic 
acid (PFOS)) received attention in the late 1990s and early 2000s. 

Often pollution and the impacts of chemicals in the environment are 
known but no immediate action is taken.12–14 In Japan, for example, Itai-itai 

https://creativecommons.org/publicdomain/zero/1.0/deed.en
https://creativecommons.org/publicdomain/zero/1.0/deed.en
https://de.wikipedia.org/wiki/Teerfarben
https://de.wikipedia.org/wiki/Teerfarben
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disease, caused by cadmium poisoning, was first reported around 1912. It 
took 55 years until cadmium from mining was identified as the source of this 
disease, which triggered severe joint and bone pain in its victims. Also in 
Japan, Minamata disease was first discovered in 1956. Methylmercury, which 
was released from a chemical factory in Minamata, Japan, bioaccumulated 
in shellfish and fish, which were then consumed by the local population. 
Mercury poisoning resulted in the death of both humans and animals over a 
36-year period.

One of the best-known examples of unintended consequences is the use of
chlorofluorocarbons (CFCs) in various applications, including as refriger 
ants. CFCs were shown to be less toxic and less flammable than earlier re 
frigerants, such as NH3 and SO2, but they had the unintended consequence 
of destroying the ozone layer. Consequently, the Montreal Protocol on 
Substances that Deplete the Ozone Layer was adopted to phase out the use of 
CFCs, and chemists continue to develop refrigerants that are less harmful to 
the ozone layer (see Chapter 8 for more on refrigerants). 

Environmental chemistry examines the fate of chemicals, including 
physical and chemical processes, in the natural environment. This en 
vironment includes the air, water, and soil and rocks, along with humans 
and other living organisms. Analytical chemistry is an essential component 
of environmental chemistry because it identifies and quantifies chemicals in 
the environment. 

With the advent of gas chromatography and atomic absorption spec 
troscopy in the late 1960s and early 1970s, chemicals in the environment 
were detected and quantified at lower concentrations (parts per million, 
ppm). However, the monitoring of many chemicals needs more sensitive 
tools able to detect concentrations in the parts per billion (ppb) range or 
even lower. Because of their low concentration range, these chemicals are 
often called “micropollutants”. Liquid chromatography/tandem mass spec 
trometry is used to detect micropollutants in drinking water, soil, and air. 
One of the latest examples of micropollutants is the huge number of per- and 
polyfluoroalkyl substances comprising several millions of individual com 
pounds of which around 10 00010 are assumed to be currently in industrial 
use.15 PFAS are a concern because they persist in the environment and are 
toxic.10,11,16

PFAS and other pollutants such as pharmaceuticals also are named 
“emerging pollutants”. However, this does not mean that these are new 
chemicals newly introduced into the environment or harmless because of the 
low concentrations, but rather that they were detectable only when suitable 
analytical methods became available. Often such chemicals were around in 
the environment without being noticed. The ever-increasing number of 
marketed chemicals and their presence in the environment is a huge chal 
lenge as new detection and clean-up methods have to be developed. Sophis 
ticated instrumentation is needed to detect chemicals in the environment at 
very low levels, providing an early warning of potential harm to human health 
and the environment. Risk assessments need to consider both fate and 
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concentration of chemicals in the environment, along with knowledge of their 
effects on humans (toxicity) and organisms in the environment (eco-toxicity). 

3.2.4 Pollution Prevention in Industry 
As a reaction to the challenges and insights described earlier, industry 
started to develop and practice pollution prevention instead of mitigation 
only by end-of-pipe measures in the 1970s. These were supported by aca 
demic researchers beginning in the 1980s. In the 1990s, several organiza 
tions such as the U.S. Environmental Protection Agency (EPA), the 
Organisation for Economic Co-operation and Development (OECD), the 
European Union (EU), the Japan Chemical Innovation Institute (JCII), na 
tional chemical societies, and many individuals suggested several names, 
frameworks, and tools to address pollution prevention approaches and 
principles, including “simple chemistry”17 and “sustainable chemistry”.17,18

The International Union of Pure and Applied Chemistry (IUPAC) named it 
green chemistry for sustainability.18,19 The term “green chemistry” was 
introduced by the U.S. EPA in the 1990s.20 The term “sustainable chemistry” 
originated from the Gesellschaft Deutscher Chemiker, i.e., the German 
Chemical Society.21 The Rio Declaration within Agenda 21 (1991) stated that 
it is important for research to intensify the development of safe substitutes 
for chemicals with long life cycles (Agenda 21, #19.21). 

The atom economy and the E-factor approaches were published in 1991 
and 1992, respectively, giving tools to reduce waste within chemical syn 
thesis.22,23 In 1996, the EC Council Directive (96/61/EC) presented a legal 
framework for integrated pollution prevention in chemical and adjacent 
industries, naming 12 considerations to be taken into account in deter 
mining the best available technologies.24 The 12 Principles of Green 
Chemistry (published in 1998) reflect some of these considerations with 
principles for reducing energy use, reducing hazards and waste, and pre 
venting pollution.25

While these pollution prevention and hazard reduction approaches provide 
useful guidance to chemists, they do have drawbacks. For example, green 
chemistry Principle 7 calls for the use of renewable resources but does not 
address the pitfalls linked to renewable resources (biomass needs to be grown, 
space and water is needed, pesticides and fertilizers may be applied, chem 
icals need to be extracted, etc.). Using agricultural residues may impact soil 
fertility and local societies. Using a material of high polarity (biomass) for the 
synthesis of a chemical of low polarity requires many reactions, each of them 
needing energy, auxiliaries, and generating waste. Even though non 
renewable, fossil fuels are probably the better startingmaterial in some cases.26 

3.2.5 Chemistry’s Contribution to a More Circular Economy 
The iceman “Oezi”, living more than 5000 years ago,27 and other archeo 
logical findings teach us that humankind converted considerable amounts 
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of materials into useful products, such as birch wood into tar, which was 
used as a sealing agent for boats. They extracted dyes from plants and ani 
mals, used metal oxides as paints and in cosmetics, extracted the metals and 
metalloids in minerals and got metals such as iron, copper, and tin, and 
created materials new to nature, such as bronze, by mixing them. Extraction 
of metals from minerals takes effort; therefore, products were appreciated 
and used prudently and parsimoniously. Recycling by remelting these alloys, 
i.e., products at the end of their life, of the same grade and composition was
done in the copper and iron ages. Keeping products separate and sharing
knowledge of their composition to enable high-quality recycling of products
was practiced. Circulating and recycling was the norm in human history, not
the linear flow-through economics of today.

Especially since the 1950s, with the full switch to fossil fuels as an energy 
resource and a rich source for organic chemicals, there has been a tre 
mendous increase in the use of resources, related substances, materials, and 
product flows (“the great acceleration”).28,29 Not surprisingly, this resulted in 
increased environmental pollution from extraction and synthesis. 

The concept of a circular economy relevant to chemistry was addressed in 
the 1970s based on concern about environmental pollution.30 The basic 
principles of a circular economy were published in 1982.31,32 Twenty-five 
years later, the same concept was presented as “cradle-to-cradle” or “circular 
economy”. Recently, circular economy was introduced as a political strategy 
in Europe.33,34 Circular economy is an important concept to deal with the 
products of chemical and allied industries, yet it has clear and severe 
limitations.35

The concept of circular chemistry, published in 2019, addresses the role of 
chemistry in enabling chemical products to be recyclable (Chapter 1 lists the 
12 Principles of Circular Chemistry).36 Several of these principles are similar 
to the 12 Principles of Green Chemistry, while others refer to newer con 
cepts, such as the ladder of circularity and the need for a coherent policy 
framework. Like green chemistry, the concept of circular chemistry focuses 
on individual chemicals, materials, and products. It neglects the resulting 
local, regional, and global total flows of matter and energy and the broader 
concept of sustainability. 

Authors of the 12 Principles of Circular Chemistry claim a waste-free in 
dustry if the principles are applied. This is not possible according to the 
three laws of thermodynamics. From a basic laws of nature perspective, 
i.e., thermodynamics, there can only be down-cycling, as waste and losses,
degradation, dissipative energy, etc. are unavoidable. Therefore, as energy is
limited, and entropy would be endless, there is no upcycling from a
thermodynamics perspective. Furthermore, with each recycling loop, the
quality of the starting material and the resulting products are becoming
worse. This often results in one cycle only, let alone “endless” recycling.

However, the term upcycling commonly refers to recycling of waste or 
products at the end of their life, i.e., turning waste or used products of low 
economic value into products of higher economic value. This narrow view of 
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upcycling focuses on the increased economic value of some of the material 
only. It does not take a systems thinking point of view, which would include 
the generated waste, losses, entropy increase, and principal limitations set 
by thermodynamics. There can only be an economic re-valorization of a 
share of a waste material. Therefore, first and foremost we have to reduce 
substances, materials, and product flows from the very beginning to reduce 
entropic losses as best as possible. 

Designing products for recycling is key.37 In addition, it is also important 
to consider the lifetime of resources, processes, and products, as well as 
their usage along their full life cycle.38,39 One approach to minimizing waste 
and maximizing resource use is called the 3Rs: Reduce, Reuse, and Recycle. 
These 3Rs relate to a ladder of recycling: Reduce, which relates to the pre 
cautionary principle and beginning of pipe measures, followed by Reuse and 
Recycle. Applying this thinking results in a hierarchy of approaches when it 
comes to recycling itself:37,38

1. Keep parts (“macroscopic” building blocks)
2. Keep form and size (e.g., do not cut materials such as plastics, textiles,

metal sheets and parts, and electronic material into pieces)
3. Keep material (e.g., remold, recast thermoplastics, metals, alloys; avoid

thermoset plastics)
4. Keep composition (e.g., do not add or remove constituents such as

additives or other components when reprocessing)
5. Keep molecules (e.g., solvolysis of polymers instead of depolymer 

ization; solvolysis can be used to remove unwanted legacy chemicals)
6. Keep molecular building blocks (e.g., monomers from depoly 

merization)
7. Keep atoms (e.g., pyrolysis of plastics, separation of metals in metal

recycling and avoid transfer of metals into slag; can be used to remove
toxic elements)

8. Keep energy (so called “thermal” recycling of organic materials, which is
in fact incineration only, resulting in ultimate destruction of materials)

Nature is very successful in reusing its materials. However, nature’s loops
are very different from those in the technosphere. For example, only a few 
chemical elements are used in higher amounts (e.g., carbon, hydrogen, oxy 
gen, nitrogen, some sulfur and phosphorous). Furthermore, nature employs 
just a few building blocks, such as glucose (cellulose, starch, and derivatives 
such as chitin), a limited number of amino acids (proteins), fatty acids, iso 
prenoids, and phenols (lignin, flavonoids). Interestingly, toxic materials, such 
as heavy metals or the halogens, are not easily (if at all) accessible to living 
organisms. In nature, most metals are immobilized in the form of minerals. 

Nature’s cycles most often are local ones, especially those related to bio 
mass, such as leaves, straw, husks, wood, insects, and animal carcasses. In 
contrast to the modern economy, nature reuses (“recycles”) its building 
blocks on a small spatial scale, e.g., at the place where organisms grow, live, 
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and die. Furthermore, the products of nature and the related mass flows do 
not significantly change within decades, allowing living organisms to adapt 
(evolve) over longer time scales to use the materials as food and building 
blocks. This is in stark contrast to regional or even global anthropogenic 
cycles of elements, synthetic molecules, metals, materials, and products, 
both in qualitative and quantitative aspects. 

3.2.6 Chemistry Within/For Sustainability 
Sustainable development means ensuring that the needs of the present are 
met without compromising the ability of future generations to meet their 
own needs.40 This encompasses all three sustainability strategies, i.e., effi 
ciency, consistency, and sufficiency.41 Efficiency in the context of sustain-
ability means to use fewer materials and less energy to get the same quantity 
of products. Consistency aims to achieve better compatibility with nature. 
Sufficiency addresses consumption in contrast to efficiency and consistency, 
which focuses on the production side of goods. Sufficiency aims to reduce 
(over)consumption and to reduce the environmental burden of con 
sumption. A growing body of scientific evidence suggests that sustainability 
goals cannot be achieved through technological innovations alone. Social 
aspects (not just the economy), ethics, and all stakeholders along the life 
cycle of products need to be included, too. 

The precautionary principle is one of the basic principles of all societies in 
human history and everyday human behavior. The precautionary principle 
creates awareness of the limits of our knowledge and possible actions. The 
precautionary principle means taking action even if there is not (yet) a clear 
cause-and-effect relationship established, but good evidence for it.42,43 It is 
the basis of all policies of the European Union.43

Recently, it was stated that manufactured chemicals have transgressed 
their planetary boundary.44 As we cannot really know the planetary bound 
aries for chemicals, we need a precautionary attitude. The Sustainable De 
velopment Goals (SDGs) were adopted by all United Nations Member States 
as overarching goals to support sustainable development. To meet the SDGs 
and stay within the planetary boundaries, chemistry has a pivotal role.45 The 
Safe and Sustainable by Design (SSbD) framework of the EU includes hazard, 
safety, environmental, and social assessment at the design phase of new 
chemical products as a precautionary approach.46

The term sustainable chemistry was introduced in the 1990s. Although the 
terms green chemistry and sustainable chemistry are different, sometimes 
they have been used synonymously. Nearly all definitions of sustainable 
chemistry do not refer to the three strategies of sustainability (sufficiency, 
efficiency, consistency). This, however, is mandatory to enable chemistry to 
contribute in a sustainable manner to sustainability. Sustainable chemistry 
lays out overarching characteristics that describe how chemistry has to be 
embedded into sustainability (Box 3.1).47 It is based on systems thinking.48 

As such, sustainable chemistry goes beyond the 12 Principles of Green 
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Box 3.1 Key Characteristics of Sustainable Chemistry. 

1. HOLISTIC: Guiding the chemical science and the chemical sector
towards contributing to sustainability in agreement with sustain-
ability principles and general understanding and appreciating
potential interdependencies including long-distance interactions
and temporal gaps between the chemical and other sectors.

2. PRECAUTIONARY: Avoiding transfer of problems and costs into
other domains, spheres and regions at the outset, preventing fu 
ture legacies and taking care of the legacies of the past including
linked responsibilities.

3. SYSTEMS THINKING: Securing its interdisciplinary, multi 
disciplinary and transdisciplinary character including a strong
disciplinary basis but taking into account other fields to meet
sustainability to its full extent. Application as for industrial prac 
tice including strategic and business planning, education, risk
assessment and others including the social and economical
spheres by all stakeholders.

4. ETHICAL AND SOCIAL RESPONSIBILITY: Adhering value to all
inhabitants of planet earth, human rights, and welfare of all life,
justice, the interest of vulnerable groups and promoting fair, in 
clusive, critical, and emancipatory approaches in all its fields in 
cluding education, science, and technology.

5. COLLABORATION AND TRANSPARENCY: Fostering exchange,
collaboration, and right to know of all stakeholders for improving
the sustainability of business models, services, processes and
products and linked decisions including ecological, social, and
economic development on all levels. Avoiding all “green washing”
and “sustainability washing” by full transparency in all scientific
and business activities towards all stakeholders, and civil society.

6. SUSTAINABLE AND RESPONSIBLE INNOVATION: Transforming
fully the chemical and allied industries from the molecular to the
macroscopic levels of products, processes, functions, and services
in a proactive perspective towards sustainability including con 
tinuous trustworthy, transparent, and traceable monitoring.

7. SOUND CHEMICALS MANAGEMENT: Supporting the sound
management of chemicals and waste throughout their whole life
cycle avoiding toxicity, persistency and bio-accumulation and other
harm of chemical substances, materials, processes, products and
services to humans and the environment.

8. CIRCULARITY: Accounting for the opportunities and limitations of
a circular economy including reducing total substance flows, ma 
terial flows, product flows, and connected energy flows at all spatial
and temporal scales and dimensions especially with respect to
volume and complexity.
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9. GREEN CHEMISTRY: Meeting under sustainable chemistry appli 
cations as many as possible of the 12 Principles of Green Chemistry
with hazard reduction at its core when chemicals are needed to
deliver a service or function whenever and wherever this complies
with sustainability.

10. LIFE CYCLE: Application of the above-mentioned key character 
istics for the whole lifecycle of products, processes, functions, and
services on all levels, e.g., from molecular to the macroscopic levels
and all sectors in a pro-active perspective towards sustainability.

Reproduced from ref. 47 with permission from Klaus Kümmerer. 

Chemistry and Circular Chemistry. Sustainable chemistry is also based on 
the precautionary principle, fairness and transparency, and enables chem 
istry to operate within the planetary boundaries and to contribute to all the 
SDGs in a sustainable manner. 

Accordingly, sustainable chemistry starts by asking the question “Do we 
need a chemical product for a certain service and function or is a non-
chemical, non-material based option available?” i.e., taking into account 
non-material based alternative behaviors and business models.45 This is 
counterintuitive for chemists and the chemical sector, as their inherent goal 
as the science and industry of the transformation of matter is to come up 
with ever new chemicals and products. Thus, sustainable chemistry strives 
for the highest standards everywhere, including where and how resources 
are extracted, used, and recycled, ethics, and what the environmental, social, 
and economic impact on local societies is. 

Sustainable chemistry acknowledges that planet earth is the basis of it all. 
Accordingly, chemists and related professionals need to draw insights from 
multiple scientific disciplines and engage in extensive collaborations. Such 
changes will require the transformation of current education models, re- and 
up-skilling the workforce. Sustainability-oriented learning networks that 
accumulate knowledge on specific topics such as policy, education, busi 
ness, and entrepreneurship will need to be fostered, supporting thinking in 
a holistic sustainable manner while ensuring the exchange of the best and 
latest research regarding impact on sustainability. 

3.2.7 Interrelationships 
The ever-increasing extraction of resources, product flows, and the generation 
of waste and environmental pollution are in strong contrast to sustainability. 
Sustainable chemistry is the framework for chemistry to minimize these in a 
sustainable manner. Accordingly, sustainable chemistry acknowledges green 
chemistry and circular chemistry as important tools in the synthesis and re 
cycling of chemicals and related products, but it encompasses much more. 
Table 3.1 summarizes the main characteristics and limitations of environ 
mental, green, circular, and sustainable chemistry. 
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Table 3.1 A summary of the characteristics of green chemistry, circular chemistry, 
and sustainable chemistry. 

Approach Time Main characteristics Main limitations 
Environmental 
chemistry 

1970s–now Analyzing the 
presence and fate 
(e.g., degradation, 
(bio)accumulation) 
of chemicals in the 
environment 
including 
organisms, effects 
on the 
environment 
(e.g., the ozone 
layer) 

Informs, but does 
not prevent by 
itself further 
environmental 
impact 

Green 
chemistry 

The term green 
chemistry was 
introduced in the 
early 1990s; EU 
directive in force in 
1996; 12 Principles 
of Green Chemistry 
published in 1998 

Principles to reduce 
waste, energy, and 
hazards in 
synthesis and 
chemicals; use of 
renewable 
resources and less 
hazardous 
chemicals; focused 
on pollution 
prevention 

Focused mainly on 
individual 
chemicals and 
synthesis rather 
than material and 
product flows, 
service and 
function 

Circular 
chemistry 

Published in 2019 Addresses the role of 
chemistry and the 
design of products 
and processes to 
allow for and 
support a circular 
economy 

Focus on re-cycling 
only, on individual 
products; states a 
zero-waste industry 
which is not 
possible according 
to the laws of 
thermodynamics 

Sustainable 
chemistry 

Term first used in 
1990s by German 
Chemical Society, 
EU, IUPAC and 
OECD 
(understanding 
close to green 
chemistry), full 
elaboration 
2003–2021 

Characterized by 
systems thinking 
and starting with 
service and 
function needed, 
taking into 
account 
nonmaterial 
services and 
overarching issues 
such as ethics, 
fairness and 
transparency; 
aims to reduce 
total substance, 
material, 
and product 
flows 

Is a challenge for 
conventional 
chemistry as the 
goal of industry is 
to transform 
materials and 
come up with ever 
new products 
instead of aiming 
to reduce them 
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Figure 3.2 Historical development of practicing chemistry (lower half) and future 
practicing of chemistry (upper half). 

While the historical development of chemistry as an industrial sector is 
from left to right in the lower half of Figure 3.2, its future practice needs 
to be from right to left, as shown in the upper half of the image. Sus 
tainable chemistry starts by asking what is the needed service and 
function, and considers ethics, social issues, etc. If a chemical is required 
to deliver the service needed, it will be designed to fit into a circular 
economy. If it cannot be circulated and will end up in the physical en 
vironment, it will be designed for fast and full environmental mineral 
ization. After these modifications have been made, chemicals will be 
synthesized according to the principles of green chemistry, meeting as 
many as possible. This is all part of the sustainable chemical industry of 
the future. 

3.3 Teaching & Learning a Sustainability Topic 
Using the topic of PFAS, this section offers information for instructors that 
should help students learn to connect conventional chemistry, green 
chemistry, circular chemistry, and sustainable chemistry. 

3.3.1 A Basic Understanding of PFAS 
3.3.1.1 PFAS Chemistry 
Now practically a household term, PFAS (pronounced P-fas) stands for 
perfluoroalkyl and polyfluoroalkyl substances. People also refer to these 
substances as “forever chemicals”. Given the ability of PFAS to withstand 
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Figure 3.3 Examples of products containing PFAS. Courtesy of Ayra Nacilla. 

degradation in the environment, these substances persist today and are 
present in drinking water, in soils, in foods, and even in our bodies. 
PFAS were produced on a large scale in the 1940s and 1950s and found 

uses widely in industry, in the military, and in consumer products. The in 
fographic in Figure 3.3 depicts a sample of these uses. Notably, PFAS have 
been found in many other products, such as electronics and pharma 
ceuticals, and as additives and auxiliaries (e.g., lubricants) to support pro 
cessing. As contaminants in low concentration in a product, PFAS also may 
be released during their use into the environment. 

Public reports and infographics such as the one shown in Figure 3.3 tend 
not to include either chemical names or chemical formulas. But as a 
chemistry instructor, your approach to PFAS is likely to be more rigorous. 
To help your students learn what happened when PFAS became omni 
present in our world, most likely you will want to combine chemistry 
knowledge with the perspectives gained from the recent history of PFAS. As 
a starting point, Box 3.2 contains some basic chemical knowledge; an 
internet search can quickly provide additional information about PFAS. For 
example, here is a more detailed definition of per- and polyfluoroalkyl 
substances: 

“Fluorinated substances that contain at least one fully fluorinated 
methyl or methylene carbon atom (without any H/Cl/Br/I atom at 
tached to it), i.e., with a few noted exceptions, any chemical with at 
least a perfluorinated methyl group (–CF3) or a perfluorinated meth 
ylene group (–CF2–) is a PFAS”. The “noted exceptions” refer to a carbon 
atom with a H/Cl/Br/I atom attached to it.49
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Box 3.2 A summary of basic PFAS chemistry. 

● Per- and polyfluoroalkyl substances (PFAS) are organofluorine com 
pounds that do not occur naturally.

● In polyfluoro compounds, some of the H atoms on the alkyl chains
are replaced by F atoms; in perfluoro compounds, all H atoms on the
chains are replaced.

● Due to different chain lengths, substitution patterns, and functional
groups on the alkyl chain, millions of PFAS have been synthesized.

● Perfluorooctanoic acid (PFOA) is an example of a PFAS.

Note that the alkyl chain in PFOA has may possible isomers. These 
isomers may form as unwanted by-products and are often not re 
moved from the resulting mixture for reasons of cost. 

● The properties of a particular PFAS depend on chemical structure. For
example, PFOA has a polar “head” (the carboxylic acid) and a nonpolar
“tail”, the perfluoro alkyl chain. With this dual solubility, it functions as
a surfactant. With many fluorine atoms, it is water repellent at the same
time. PFOA was banned in 2020 in the EU and in 2021 in Switzerland.

● PFAS tend to be stable to heat and to chemical degradation. They
were nicknamed “forever chemicals” because of their long persist 
ence in the environment.

3.3.1.2 PFAS: The Wider Context 
This section examines perspectives on PFAS that one can gain through 
examining the bigger picture and describes several points that connect to the 
history of PFAS and its wider context. 

1. Availability of Data: it is reported that more than 300 000 chemicals are
marketed globally.50 Given this large number, data on each chemical’s
environmental fate and health effects are limited.51 Around 10 000
PFAS are in use. PFAS have contaminated the environment, including
drinking water and food. Similarly, data on PFAS are limited, as is
displayed in Figure 3.4.52 It is known, however, that PFAS are toxic to
humans.10–12,15,16,53,54

As each new compound emerges, its environmental fate needs to be
assessed, a time-consuming process. Sustainable chemistry and pre 
cautionary approaches would do this early in the development of a new
compound, not close to its application for authorization. Because of
the high number of PFAS and their chemical similarity, the
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Figure 3.4 Level of knowledge of human health and environmental impacts 
of PFAS. Reproduced from ref. 51 with permission from European 
Environment Agency. 

conventional compound-by-compound assessment will not solve the 
issue.16 Accordingly, the European Union has proposed a group-based 
risk assessment within its Chemicals Strategy for Sustainability (CSS).55 

This saves time, lowers costs, and prevents the substitution of a similar 
chemical not yet banned but could be expected to have similar prop 
erties. PFAS are but one of the latest examples of compounds needing 
assessment. Some PFAS are listed by the Stockholm Convention as 
persistent organic pollutants (POPs). 

2. Multitude of Types & Uses: over the years, more than 10 000 PFAS have
been put into use, and several million more are known. These sub 
stances have found uses in many processes and products because of
their chemical stability, their physical–chemical properties, and their
resistance to degradation. Uses of PFAS include surfactants and water
and grease repellents, such as additives to produce textiles (especially
for outdoor wear), ski waxes, stain-resistant fabrics, and firefighting
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foams. PFAS are used in many industrial sectors. In the energy sector, 
PFAS are used in products needed to generate renewable energy such as 
solar collectors and photovoltaic cells; batteries (such as lithium-ion, 
vanadium redox, and zinc); coatings for the blades of windmills; and 
carbon capture and green hydrogen generating processes. It is known, 
however, that there are alternative processes that do not rely on PFAS. 

3. Public Awareness: only recently have PFAS been in the public eye. Their
notice was triggered by increased availability of more sophisticated
analytical methods such as better separating columns in combination
with high-resolution mass spectrometry. The attention received by
PFAS follows a well-known pattern: with new analytical methods, new
pollutants can be detected. For example, polychlorinated biphenyls
(PCBs) first were detected in environmental samples in 1969 when gas
chromatography became available.56

4. Public health: because of their persistence and their physical–chemical
properties, PFAS are mobile in the environment and can be found
everywhere. They accumulate in wildlife and in humans. Studies have
identified a link between exposure to PFAS and adverse health impacts,
including breast cancer, liver, and kidney disease. They are also clas 
sified as endocrine-disrupting chemicals.53,57–59

5. Dealing with the consequences: clean-up is challenging, if not im 
possible, for several reasons, including that PFAS are ubiquitous. In
addition, it is costly both to let PFAS remain in the environment and to
monitor or to remove these substances. For example, the annual
health-related costs for PFAS were estimated at 52–84 billion euros in
the European Economic Area53 and at 60 billion dollars in the USA.54
Costs for environmental monitoring are estimated at up to € 170 billion.
The US Water Works Association estimates the price tag to remove PFAS
from drinking water to be about $ 370 billion.60 In 2023, the average
market price for PFAS was estimated to be 19 € kg−1. However,  when
societal costs are included, this estimate rises to 18 700 € kg−1.61

3.3.1.3 PFAS Connections to Sustainable Chemistry 
Green chemistry, circular chemistry, and sustainable chemistry have all 
emerged in the past few decades. Teaching and learning about PFAS can 
highlight how these three orientations toward sustainability achieve differ 
ent but compatible goals. 

We begin first with PFAS and the 12 Principles of Green Chemistry listed 
earlier in Chapter 1 (Box 1.1). As was pointed out, green chemistry is the 
design of chemical products and processes that reduce or eliminate the use 
and generation of hazardous substances. The 12 Principles can be applied to 
a particular synthesis, how it is carried out, the individual products, and 
reducing their hazards and presence in the environment. 

At the time that PFAS were first manufactured, the Principles of Green 
Chemistry had not yet been articulated; more generally, pollution prevention 
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was not yet fully developed. The manufacture of PFAS did not align with at 
least these two Principles of Green Chemistry: 

#3. Wherever practicable, synthetic methodologies should be de 
signed to use and generate substances that possess little or no 
toxicity to human health and the environment. 

#10. Chemical products should be designed so that at the end of 
their function they do not persist in the environment and break 
down into innocuous degradation products. 

The 12 Principles of Circular Chemistry, listed in Chapter 1 (Box 1.3), also 
are relevant to the study of PFAS. As pointed out earlier, for a circular 
economy, the atoms, molecules, and materials in products are circulated; at 
the end of the product’s life, these atoms and molecules repeatedly are re 
cycled within the economy. Again, the Principles of Circular Chemistry were 
articulated after the first large-scale production of PFAS. Even so, Principles 
of Circular Chemistry were and still are directly relevant to the recent history 
of PFAS in the environment. For example, the harm to human health and the 
environment caused by PFAS is not consistent with Principle #6: No out-of 
plant toxicity. Chemical processes should not release any toxic compounds 
into the environment. 

Lastly and most important to this chapter, consider sustainable chemistry. 
Chapter 1 referred to the OECD definition: “Sustainable chemistry en 
compasses the design, manufacture, and use of efficient, effective, safe, and 
more environmentally benign chemical products and processes”. Sustain 
able chemistry, however, encompasses much more than just a particular 
chemical reaction or product and asks questions concerning wider par 
ameters (e.g., energy, materials, economics, social aspects, fairness and 
transparency, non-material and other alternative business models, and 
ethics (Box 3.1)) about the sustainability of the entire system. Had such 
thinking been applied, including the precautionary principle, most likely the 
PFAS case could have been avoided. As such, sustainable chemistry provides 
an overarching set of goals for chemists, inclusive of both green chemistry 
and circular chemistry. 

Clearly, sustainable chemistry speaks to the entire life cycle, not just the 
value chain. People failed to address the tenets of sustainable chemistry 
before manufacturing PFAS. Some important questions were not asked and 
answered, and a sample of these questions, mapped to the characteristics of 
sustainable chemistry, is listed in Table 3.2. 

3.3.2 PFAS Connections with the Chemistry Curriculum 
The chemistry of PFAS (together with the broader societal issues to which it 
connects) could find a home in multiple courses in an undergraduate 
chemistry curriculum. Table 3.3 lists some of the possibilities. Ideally, in 
formation about PFAS would be carefully scaffolded, introducing the 
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Table 3.2 The connections between PFAS and the characteristics of sustainable 
chemistry. 

Characteristics of 
sustainable chemistry 

Sustainable chemistry would have asked questions 
such as these prior to the manufacture of PFAS 

Holistic Which service should be delivered by a PFAS? 
Is this new PFAS essential to our health and our 
wellbeing? 

Precautionary What is the current state of our knowledge of PFAS, and 
which gaps exist in this knowledge? 

Are PFAS toxic to humans and other species? 
What is the fate of PFAS in the environment? 
Are PFAS expected to bioaccumulate? 
What unintended consequences should be anticipated 
and how could they be managed? 

Systems thinking To which parts of the wider system do PFAS connect? 
How could PFAS be removed from parts of the system, 
such as drinking water or soil? 

How could technical, legislative, and/or political means 
prevent PFAS from moving throughout the system? 

What are the relevant time scales? Are there windows of 
opportunity in which to take action if needed? 

Ethical & social 
responsibility 

Who will be the winners and losers in manufacturing 
PFAS? 

How will the manufacture of PFAS impact vulnerable 
groups now and in the future? 

Who will generate data on properties (e.g., hazard, fate), 
scale of production, and profit? How will the data be 
shared and its quality and accessibility be 
safeguarded? 

Who will pay for measures needed to prevent the loss of 
health and adverse environmental impacts? 

Collaboration & 
transparency 

Have communities been consulted before using PFAS? 
Which stakeholders should be engaged? 

Sustainable & responsible 
innovation 

Is this new PFAS really needed? 
Would a different compound be likely to work just as 
well? Should we consider not producing this PFAS at 
all? 

Sound chemicals 
management 

How are chemicals used in the manufacture of PFAS 
sourced? 

What are the hazards and risks of these chemicals? 
How will stocks of PFAS be cared for? Who will do this 
and pay for it? 

Circularity What happens to PFAS after their intended use? 
Can PFAS be designed to be part of the circular 
economy? 

Green chemistry Are the starting materials, reagents, and solvents used 
in the manufacture of PFAS hazardous? 

Can new PFAS be designed by applying the principles of 
green chemistry? 

Life cycle Has a Life Cycle Analysis (LCA) been completed? 
Which steps in the life cycle and properties of PFAS can 
be improved to make the processes and PFAS more 
sustainable? 
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Table 3.3 Chemistry topics that connect to PFAS. The ones listed here could be 
placed in several different courses. 

Course Chemistry topics 
Foundational 
chemistry 

Solubility 
Volatility 
Bond strengths 
Constitutional isomerism 
Halogens 
Green chemistry, circular chemistry 
Sustainable chemistry 

Organic chemistry Alkyl groups 
Fluorine chemistry 
Fluorocarbons and other halogenated organic chemicals (e.g. 
some of the legacy chemicals such as CFCs, Seveso Dioxin, 
polychlorinated biphenyls, brominated flame retardants; 
why iodinated organics are not persistent) 

Persistent organic pollutants (POPs) 
Analytical 
chemistry 

Water, air, and soil analysis 
Analysis of chemicals in human body fluids 
Methods of PFAS detection and measurement 

Industrial 
chemistry 

Surfactants 
Water repellents 
Lubricants 

Biochemistry Toxicology 
Eco-toxicology 

Inorganic 
chemistry 

Fluorine chemistry 
Where and how to source fluorine 

Environmental 
chemistry 

Detecting pollutants vs. preventing pollution 
Environmental persistence and accumulation 
Environmental risk assessment of chemicals 

substances and related aspects to pollution prevention, green, circular, and 
sustainable chemistry early in a foundational chemistry course so as to be 
able to build on the concepts in later courses. 

Instructors of entry-level courses, however, are likely to be aware that 
many of their students will take no further courses in chemistry. Thus, these 
instructors might choose to give enough PFAS coverage in their foundational 
course to ensure that PFAS would be on the radar screen of their students in 
the years to come. An important learning outcome, highlighted in the next 
section, is for students to know that many stories about substances like PFAS 
have taken place in the past while others are yet to be written. 

3.3.2.1 Sample Student Learning Outcomes 
Any student learning outcomes written for the topic of PFAS need both to be 
in harmony with the overall goals of a course and to be complementary to 
those for related topics. Accordingly, this section offers a set of possible 
learning outcomes that instructors may want to adapt for their own pur 
poses. In addition, as noted in the previous section, new issues for PFAS are 
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likely to emerge over time. Thus, an openness to new insights, new devel 
opments, and possibly even to new hazards should underlie the process of 
teaching and learning about PFAS. 

The first set of learning outcomes (Box 3.3) are listed for a foundational 
chemistry course. These also could be appropriate for students in an en 
vironmental, toxicology, biochemistry, or sustainability science course. Those 
listed next are for higher-level chemistry courses. Unlike the ones listed for 
foundational courses, these learning outcomes probe the differences between 

Box 3.3 Sample learning outcomes for PFAS in different chemistry courses. 

Foundational Chemistry Courses 
Students should be able to: 

● Explain the name PFAS. Give an example of this class of substances.
● Explain why PFAS are called “forever chemicals”.

More generally, students should be able to: 

● List the desirable properties of PFAS that led to their manufacture
and use.

● List several uses of PFAS.
● List the undesirable properties of PFAS.
● List the relationship of these to unwanted effects within humans and

the environment.
● Summarize (for a non-technical audience) an article on the en 

vironmental fate of PFAS.
● Summarize (for a non-technical audience) an article on the health

consequences of PFAS in humans.

For green chemistry, circular chemistry, and sustainable chemistry, 
students should be able to: 

● Provide a description of each suitable for the general public.
● Explain some of the principles of green chemistry and circular

chemistry and the key characteristics of sustainable chemistry.

More Advanced Chemistry Courses 
For green chemistry, for circular chemistry, and for sustainable 
chemistry, students should be able to: 

● Provide a description of each suitable for chemistry professionals.
● Compare and contrast the principles of green and circular

chemistry.
● Critique the shortcomings of each with respect to sustainability, as

well as the merits of each with respect to sustainability.
● Apply each one to the design, production, and use of PFAS.
● Describe the characteristics of sustainable chemistry that differ from

green and circular chemistry.



For PFAS, students should be able to: 

● Describe an alternative to a current use of PFAS.
● Suggest an area for which more information is needed to assess the

impact of PFAS.

Chemistry Courses with a Broader Scope 
Students should be able to: 

● List both positive and negative ways in which humans and human
activities have been impacted by PFAS.

● Research a current sustainability-related issue related to PFAS,
preferably in your own community. Present your findings.

● Propose a sustainability-related action related to PFAS that your
community could take. Analyze its feasibility.
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green chemistry, circular chemistry, and sustainable chemistry in more detail. 
As such, they require higher level knowledge and thinking skills. The learning 
outcomes for upper-level chemistry courses could also be useful in chemical 
engineering or industrial chemistry courses. Finally, the last set of learning 
outcomes are broader in scope and may be useful to instructors at any level 
who want to offer students the opportunity to investigate sustainability issues 
more fully, especially ones in their own communities. 

Although these learning outcomes are written for the topic of PFAS, they 
could also be more widely applicable to other current topics such as re 
frigerant gases (see Chapter 8), plastics (see Chapter 7), polymer additives, 
lubricants, pesticides, personal care products, pharmaceuticals, batteries, 
photovoltaic cells, wind turbines, and construction materials. 

3.3.3 Activities, Pedagogies, and Real-world Examples 
This section offers three sets of student activities that relate to PFAS (Box 3.4): 

Activity Set #1 focuses on PFAS and their properties. 
Activity Set #2 takes a wider view and offers students opportunities to learn 

more about a PFAS of their choice. 
Activity Set #3 connects the dots back to sustainability, having students 

compare and contrast green chemistry, circular chemistry, and sus 
tainable chemistry. 

Rather than addressing multiple issues more broadly, instructors may 
choose to delve more deeply into just one of the uses of PFAS. We suggest 
additional topics such as the use of PFAS in ski waxes, textiles, gaskets, 
electronics, batteries, or greener hydrogen production. Such topics could be 
worked on later by more advanced students. Instructors who choose to 
pursue a specific use may wish to build an activity set of their own. 
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Box 3.4 Three sets of student activities for the topic of PFAS. 

Activity Set #1 
PFAS and their Properties 

1. Tell the story of a PFAS. First, give its name and structural
formula. Next, describe the properties that you would expect this
substance to have. Also, describe the use of this substance, either
in industry, in the military, or in the home. Finally, form a small
group and compare notes on the PFAS that each group member
selected.

2. Create a timeline for dates important in the past and current history
of PFAS, from the 1940s to the present.

3. Here are several PFAS that were widely produced:

Abbreviation Chemical name 

PFOS Perfluorooctane sulfonic acid 
PFOA (aka C8) Perfluorooctanoic acid 
PFNA Perfluorononanoic acid 
PFDA Perfluorodecanoic acid 
PFOSA (FOSA) Perfluorooctane sulfonamide 

Select one of the PFAS and describe its uses and eventual fate in the 
environment. Form a small group and compare notes. 

Activity Set #2 
Issues that connect to PFAS 

1. How do humans get exposed to PFAS? Outline at least three sources
and pathways.

2. From the list of PFAS in Activity Set #1, select one and research what
is known about its toxicity to humans and/or to organisms in the
wider environment.

3. The infographic in Figure 3.2 shows six uses for PFAS. Research
one of these to learn the issues involved. Then join others who
made the same choice and report your findings to the whole
class.

4. PFAS have found many uses other than those shown in Figure 3.2.
Research another use and the issues involved. Report your findings
to the whole class. Compare what you have learned with others, as
for #3.

5. Which compounds today are replacing PFAS? Cite some examples.
Can any of the issues related to PFAS be expected for them too? Why
or why not?



Activity Set #3 
Green Chemistry, Circular Chemistry, and Sustainable Chemistry 

1. For green chemistry, circular chemistry, and sustainable chemistry
a. Describe each one in general terms for a lay audience.
b. Describe each one for a technical audience.
c. Create a figure that shows the relationships among all three.

2. Pick one the characteristics of sustainable chemistry (Box 3.1). How
might the story of PFAS in the environment have turned out, had
this characteristic been heeded?

3. Examine your response to the previous question. Is it unique to
PFAS or does it apply more broadly to other chemicals?

4. Critique this line of reasoning. Cite examples from PFAS to make
your case.

“Green chemistry has clear inherent limitations. The 12 Principles do 
not consider the basic principles of sustainability; rather, they focus on 
individual products of a synthesis. Products synthesized according to 
them are not necessarily greener or even more sustainable”. 
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3.4 Closing Thoughts 
Chemistry and its industrial products contribute to our modern societies, 
including our standard of living, health, and food production necessary for a 
growing global population. Even without the knowledge of chemical prin 
ciples that we possess today, chemistry was used early in human history. 
Later, accompanying the successes of industrial chemistry, the downsides of 
chemical products emerged. 

A knowledge of chemistry in the context of sustainability will be funda 
mental as we journey together on the path to a more sustainable future. 
However, to accomplish our goals, we all need a broader understanding of 
chemistry than simply how to synthesize a chemical. Rather, we need to 
teach chemistry, and our students need to learn chemistry, in a much 
broader context. Sustainable chemistry offers this context and thus provides 
a path forward for students and their instructors alike. 
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4.1 Opening Thoughts 
Chemistry is often called the “central science” because all citizens need 
chemical knowledge to make sense of and address the complex phenomena 
in the world around us.1 Consider, for example, the United Nations (UN) 
Sustainable Development Goals.2 A knowledge of chemistry seems particu 
larly well-suited for addressing challenges related to the UN sustainability 
goals of “Zero hunger”, “Good health and well-being”, “Clean water and 
sanitation”, “Affordable and clean energy”, “Responsible consumption and 
production”, and “Climate action” (see more in Chapter 7). 

Today’s chemistry students can positively impact planetary sustainability 
in the future. Some of our students will become the scientists and engineers 
who will directly study and find solutions for challenges related to the 
Sustainable Development Goals. However, all of our students will need to 
understand the sustainability challenges we currently encounter and will 
continue to encounter because they will impact sustainable development, 
policy, and democratic decision-making for the next 50+ years. 

Unfortunately, current research shows that we are teaching chemistry in a way 
that (1) does not show its connections with other fields and (2) does not equip 
students with the knowledge necessary to understand and address the complex 
sustainability challenges they encounter in their everyday worlds. In fact, the 
authors of recent publications have described chemistry learning as “dis 
connected”, “fragmented”, “shallow”, “algorithmic”, and  “decontextualized”.1,3–5 

Assuming these descriptors are accurate, our students will not learn chemistry in 
a meaningful way, let alone be prepared to use their chemistry knowledge to 
understand and improve the world around them. 

Systems thinking approaches can promote meaningful learning of 
chemistry content while preparing students to become motivated stake 
holders who can use their chemical knowledge to address complex global 
sustainability challenges.1,4–8 In fact, the skills developed through systems 
thinking approaches can be useful both within and beyond chemistry, 
helping students to (1) identify and visualize the relationships and inter 
actions between the parts in a “system”, (2) recognize how the interactions 
among the parts of the system lead to the emergent properties of the system, 
and (3) relate what they are learning in their classes to real-world, bigger 
picture issues and phenomena.4,6,7 In other words, through systems think 
ing approaches, educators can facilitate the growth of today’s students into 
tomorrow’s responsible global supporters of sustainability initiatives. 

4.2 Background 
In general, systems thinking is defined as “a holistic approach for examining 
complex, real-world systems, in which the focus is not on the individual 
components of the system but on the dynamic interrelationships between 
the components and on the patterns and behaviors that emerge from those 
interrelationships”.6 This approach has been used by professional scientists, 
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engineers, and business people to make sense of complex problems in the 
world9 and has more recently been recommended for and gained more 
traction for use in chemistry education contexts.1,3,5,10–15

4.2.1 Benefits and Challenges of Systems Thinking 
Evidence supporting the use of systems thinking approaches comes from 
multiple STEM disciplines, particularly from the life sciences and geo 
sciences, in which systems thinking has a longer history of use.6 Research 
from these disciplines shows that systems thinking approaches have both 
cognitive and affective benefits.4,6,7,16,17 For example, a systems thinking 
approach has been shown to promote meaningful learning of STEM content, 
increasing both students’ motivation to learn and their retention of 
content.16,18–26 It has been shown to help students develop the knowledge 
and critical thinking skills they need to reason about scientific 
phenomena.21,23,24,27–30 Finally, it has been shown to prepare students to 
understand and address complex, interdisciplinary, real-world problems in 
order to, for example, promote planetary sustainability.16,17,24,31–40

In the context of chemistry education, systems thinking has been shown to 
have a number of benefits for both instructors and students.10,11,13,15 In 
general, instructors who were interviewed about the use of systems thinking 
approaches in chemistry education identified many of the same benefits for 
students that were described in the previous paragraph. In addition, they 
said that a systems thinking approach 

● motivates students to learn chemistry concepts;
● helps students understand complexity;
● develops students’ professional skills in areas such as collaboration,

communication, and leadership; and
● develops a desire in students to use their chemistry knowledge to take

action to address real-world problems.

They reported that their students seemed to understand chemistry content 
better, were less likely to fail and more likely to be retained than when they 
taught via more traditional methods. 

Interviewed chemistry instructors reported that they also benefitted from 
teaching via a systems thinking approach.15 Primarily, the instructors dis 
cussed how this approach required them to learn new content and to figure 
out ways to connect that content, allowing them to keep content fresh for 
them and their students. Instructors expressed a belief that systems thinking 
improved their chemistry course and teaching practices and said that it was 
enjoyable to teach via this approach. 

Of course, the interviewed chemistry instructors identified some chal 
lenges for students and instructors. For example, the instructors reported 
that systems thinking requires students to consider chemistry content 
in new, complex ways, which may be difficult, uncomfortable, or 
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overwhelming.10,11,13,15 However, the instructors who previously had im 
plemented systems thinking approaches in their chemistry classrooms 
were careful to say that, even though systems thinking is difficult for 
students, it is valuable for students to learn how to think about complex 
phenomena.15

Instructors also expressed concern that they might not know enough 
about systems thinking or have access to enough resources or time to im 
plement this approach.10,11,13–15 As a consequence, in order to teach via a 
systems thinking approach, they had to both learn new content and new 
ways of thinking. The curious thing, though, is that they found this both a 
challenge (in that it required time and effort) and a benefit (in that it allowed 
them to explore new material and present course content in new ways).15
Overall, instructors with previous experience implementing a systems 
thinking approach in their classrooms expressed that the potential advan 
tages of using a systems thinking approach in chemistry classes outweigh 
the potential disadvantages.15

4.2.2 Essential Characteristics of Systems Thinking 
The definition of “systems thinking” provided at the beginning of 
Section 4.2 is one of many. In fact, a search of the literature or internet will 
reveal multiple definitions of systems thinking. Primarily, systems thinking 
is defined as “the ability to understand and interpret complex systems”.41 

Understanding and interpreting complex systems involves (1) visualizing the 
relationships between the parts in the system;24 (2) examining behavior that 
changes over time;23 and (3) examining how systems-level phenomena 
emerge from interactions between the system’s parts.42 Systems thinking 
has been referred to as an analytic technique for examining phenomena;23 a 
problem-solving, visualization, or communication tool;35 or a cognitive skill 
for explaining natural phenomena.7,15,29,43

While the fact that there are multiple ways of defining “systems thinking” 
might be confusing, these definitions share some common characteristics. 
York and Orgill refer to these as the five “essential” characteristics of systems 
thinking (Box 4.1).7

First, systems thinking provides guidance about what students should 
focus on in order to develop an understanding of the causes of chemical 
phenomena. For example, systems thinkers in chemistry education should 
(1) recognize a system as a whole, not just as a collection of parts, and (2)
examine the relationships between the parts of a system and how those inter 
connections lead to the behavior of the system. This is extremely important
because a system as a whole may have emergent properties that cannot be
ascribed to any one of the parts of the system.
Next, systems thinking asks students to consider that systems are not 

static, but dynamic—meaning that they change over time—and to examine 
the multiple variables and feedback loops that cause the dynamic behaviors 
of the system. A knowledge of how system behaviors change over time, 
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Box 4.1 Essential characteristics of systems thinking. 

A systems thinker in chemistry education should: 

1. Recognize a system as a whole, not just a collection of parts.
2. Examine the relationships between the parts of a system and how

these interconnections lead to cyclic system behaviors.
3. Identify variables that cause system behaviors, including unique

system-level emergent behaviors.
4. Examine how system behaviors change over time.
5. Identify interactions between a system and its environment, in 

cluding the human components of the environment.7

along with an understanding of the causes of the complex behaviors, 
allows for a deeper understanding of the causes of a behavior. It also 
provides a foundation for predictions about future behaviors of the sys 
tem or predictions about behaviors of the system under another set of 
conditions. 

Finally, systems thinking situates chemistry content in a real-world con 
text. The world is a complex place, so, out of necessity, we identify 
“boundaries” for any system we study. The system influences and is influ 
enced by its environment—including other “scientific” parts of the en 
vironment, as well as legal, political, social, and economic components of 
the environment. In many chemistry classes, we, as educators, tend to focus 
on the details of the chemical system we are studying, but we often forget to 
consider how the system influences and is influenced by its environment. 

Think about how powerful it could be to involve students in these five 
essential characteristics of systems thinking. If students understand how 
and why a system behaves as it does, they also will be able to propose 
changes that will result in a desired outcome. Complex global sustainability 
challenges like pollution and climate change become not just big, complex 
problems, but problems that we can do something about! 

To further clarify a systems thinking approach in the context of a 
chemistry classroom, York and Orgill developed the Characteristics 
Essential for designing or Modifying Instruction for a Systems Thinking 
approach (ChEMIST) table (Table 4.1).7 This table connects the essential 
characteristics of systems thinking with research-based cognitive skills 
and tasks in which students can engage while addressing the essential 
characteristics. The left-hand column of the table lists the essential 
characteristics of systems thinking. Each of the essential characteristics is 
associated with three cognitive skills. These cognitive skills are organized 
on a continuum from more analytical (meaning more focused on the in 
dividual parts or components of a system) on the left to more holistic on 
the right. It might be tempting to think that students should only be 
engaging in the most holistic of skills, but research has shown that 
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deeper, more meaningful learning occurs when students use both ana 
lytical and holistic skills.44–47 In other words, students should engage in a 
variety of analytical, intermediate, and holistic skills in a given activity or 
course. 

In  the next  two  sections,  we will (1)  demonstrate how  the  ChEMIST  table
can act as a guiding framework when modifying a first-year chemistry 
topic for a systems thinking approach and (2) show how a systems-
oriented visualization and mapping approach can be used to connect 
chemistry content to both planetary systems and real-world socio-scien 
tific issues. 

4.3 Teaching & Learning a Sustainability 
Topic – Ocean Acidification 

A first step in modifying an existing pedagogical lesson or unit in order to 
make it more systems thinking oriented is to situate chemistry content in an 
appropriate real-world context. Educational research literature shows that 
contextualizing chemistry content motivates students to learn science and 
promotes their abilities to see connections between chemistry and the real 
world and their abilities to retain knowledge.48–52 However, simply adding 
context should not be the end result if you want to make your classroom 
teaching more systems thinking oriented. 

In this section, we discuss how the essential characteristics of systems 
thinking listed in the ChEMIST table can be used to iteratively add aspects 
of a systems thinking approach to an existing lesson about acid–base 
chemistry, a topic typically taught in either a first-year chemistry or upper-
secondary chemistry course. As students learn about this topic, they are 
introduced to concepts and calculations related to pH, the strengths 
of acids and bases, and the effects of pH on the solubility of ionic 
compounds. 

Our starting point for the modifications is a module developed by the 
Visualizing the Chemistry of Climate Change (VC3) project, which teaches 
acid–base concepts in the context of ocean acidification.53 In the next sec 
tions, our goal is not to present a completely modified version of the acids 
and bases module; rather, it is to show how one could take any existing 
pedagogical unit and modify it through small, iterative steps to make it more 
systems thinking oriented. 

4.3.1 An Overview of Ocean Acidification 
Since the Industrial Revolution and as a consequence of both the increased 
use of fossil fuels and land use changes, such as deforestation, the con 
centration of carbon dioxide has increased substantially in the Earth’s at 
mosphere. The ocean absorbs 25–30% of atmospheric carbon dioxide, and 
as a result of the increased atmospheric levels of carbon dioxide, the ocean is 
absorbing more carbon dioxide than ever before.54–56 This increased uptake 
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Figure 4.1 Visualization of the chemical processes affecting ocean acidification. 

of carbon dioxide has two important consequences: (1) the pH of the ocean 
is decreasing (becoming more acidic), and (2) the amount of available car 
bonate ions in the ocean is decreasing. 

The ocean is naturally slightly basic. Prior to the Industrial Revolution, 
the average pH of the ocean was around 8.2. Currently, the  pH  of  the ocean
is approximately 8.1. While a decrease of 0.1 pH unit may not seem large, 
remember that pH is measured on a logarithmic scale (pH =−log[H3O

+]), 
so a change of 0.1 pH unit represents a 26–28% increase in acidity. Al 
though the pH of the ocean certainly has increased and decreased over the 
course of history, the rate of the current decrease in pH is greater than it 
has ever been in the past. It is predicted that, without intervention, the pH 
of the ocean will drop another 0.3–0.4 pH units by the end of the current 
century.56

Although multiple chemical species determine the pH of the ocean, in this 
section, we present the chemical reactions that are causing the pH of the 
ocean to decrease as a result of the increased concentration of atmospheric 
carbon dioxide.55
A series of related chemical equations result in a decrease in the pH of the 

ocean and the amount of available carbonate ions (CO3
2−) in the ocean 

(Figure 4.1). First, gaseous carbon dioxide dissolves into the ocean (eqn (4.1)). 
Second, the dissolved carbon dioxide reacts with water to form carbonic acid 
(H2CO3) (eqn (4.2)). Third, carbonic acid, a weak acid with a Ka of 4.2 × 10−7, 
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dissociates to form a hydronium ion (H3O
+) and hydrogen carbonate (bi 

carbonate) ion (HCO3
−
 ) (eqn (4.3)).  

CO2(g) ⇌ CO2(aq) (4.1) 

CO2(aq) + H2O(l) ⇌ H2CO3(aq) (4.2) 

H2CO3(aq) + H2O(aq) ⇌ H3O+(aq) + HCO3 
−(aq) (4.3) 

The increased hydronium ion concentration that results from eqn (4.3) lowers 
the pH of the ocean. Some of the hydronium ions react with carbonate ions in 
the ocean to form additional hydrogen carbonate ions (eqn (4.4)), and in the 
process reduce the amount of carbonate in the  ocean that is available  for other
reactions, such as for the formation of calcium carbonate (CaCO3, eqn  (4.5)).  

H3O+(aq) + CO3
2−(aq) ⇌ HCO3 

−(aq) + H2O(l) (4.4) 

Ca2+(aq) + CO3
2−(aq) ⇌ CaCO3(s) (4.5) 

The drop in pH and decrease in carbonate ion concentration have dele 
terious effects on marine organisms, particularly on calcifying organisms 
and organisms that are pH sensitive.55,57 Calcifying organisms—like oysters, 
clams, scallops, pencil urchins, calcifying zooplankton, and coral—take up 
carbonate ions from seawater to form calcium carbonate, an important 
component of their shells or skeletons (see eqn (4.5)). At lower pH levels, 
with fewer carbonate ions available, it is difficult for these organisms to 
build their shells or for coral to build their skeletons. When carbonate is 
particularly undersaturated in seawater, as can happen in cold water regions 
in which carbon dioxide is more soluble compared to warm water regions, 
carbonate shells can even begin to dissolve. All of this is, of course, harmful 
for calcifying organisms; but other marine animals that make coral their 
homes or that hide from predators in coral also are negatively affected. 
Interestingly, certain calcifying organisms, like blue crabs, lobsters and 
shrimp, have been shown to grow thicker shells in lower pH environ 
ments.58,59 However, it is not known if the extra energy required to grow 
these thicker shells has negative effects on other biological systems and 
processes of the animals, for example, their ability to reproduce.60
Other marine organisms are pH sensitive. For example, the larvae of some 

marine organisms do not develop properly at lower pH levels.61 Some fish 
larvae lose their ability to smell predators at lower pH levels.62 Dungeness crabs 
lose their ability to detect food at lower pH levels.63 Each of these effects could 
result in a lower proportion of the organisms surviving into adulthood. Other 
organisms become more productive in lower pH environments. For instance, 
harmful algae can produce more toxins in more acidic waters, endangering 
other marine species and potentially contaminating the food sources of ani 
mals in their food webs.64 Overall, calcifying organisms are the base of several 
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marine food webs. Therefore, a population decrease or a contamination of 
calcifying organisms will negatively affect other species in those food webs. 

Because humans and the oceans are connected, Falkenberg and col 
leagues project that the reduction of both ocean pH and carbonate ion 
availability in sea water will have several negative effects on humans.65 Some 
of these effects will be physical, including malnutrition/poisoning and re 
spiratory issues. With a smaller proportion of marine organisms surviving 
into adulthood, there will be less seafood available, a major source of protein 
for many humans. The seafood that is available (1) may become contamin 
ated or (2) may not be as nutritious as it was previously because pH can affect 
the types of lipids and proteins formed by marine organisms. When the 
toxins produced by harmful algae are aerosolized in coastal areas, humans 
in those areas could develop respiratory issues. 

Other effects will be psychological in nature. There will be losses of jobs and 
livelihoods associated with fishing industries or tourism related to coastal/ 
oceanic activities. There will also be a disruption of nature-based exercise and 
relaxation and the social connections that are built during these activities. 

Overall, human health and well-being will be affected by ocean acidifi 
cation. It is also worth noting that ocean acidification will likely have a more 
negative effect on vulnerable populations who (1) do not have funds to pay 
for alternative foods, (2) cannot procure needed medicines, or (3) cannot 
move away from contaminated coastal areas. 

4.3.2 Connections between Ocean Acidification and 
Foundational Chemistry Curricula 

Multiple connections exist between the content of chemistry courses and 
ocean acidification. For foundational chemistry, three examples of these 
connections are presented in Box 4.2. These examples offer the opportunity to 

Box 4.2 Connections between ocean acidification and foundational 
chemistry. 

Ocean acidification 
Topics in foundational chemistry 
courses 

CO2 as an atmospheric gas The Keeling Curve, ppm 
The carbon cycle 
Chemical reactions, stoichiometry 
Fuel combustion 

CO2 dissolved in the ocean Acids & bases 
Le Chatelier’s principle 
The pH scale, pH calculations 

Calcium carbonate in the ocean Ionic compounds 
Solubility of ionic compounds 
Solubility of gases 
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create a variety of class explorations. For example, in reviewing combustion 
reactions, an instructor could have students explore how burning fossil fuels 
has changed the concentration of carbon dioxide in the atmosphere. An in 
structor could use the chemical equations involved in ocean acidification as 
examples when discussing the definitions of acids and bases, conjugate acids 
and bases, acid/base dissociation equations, or the strength of acids and 
bases. Instructors also could use topics in equilibrium to have students ex 
plore why (1) an increase in atmospheric carbon dioxide (a disturbance or 
stress on a system at equilibrium) would eventually result in an increased 
amount of hydronium ions in the ocean, or (2) a decrease in the amount of 
carbonate ions in seawater would result in the dissolving of the calcium 
carbonate-based shells of calcifying organisms. Additional ideas can be found 
in the VC3 Acids and Bases module on which this section was modeled.53

4.3.3 Using the ChEMIST Table to Iteratively Make Existing 
Lessons or Units More Systems Thinking Oriented 

Let’s say that you have found a perfect context for teaching a chemistry 
concept. What is the next step for making your teaching more systems 
thinking oriented? It might be tempting to think that you need to switch to a 
complete implementation of systems thinking all at once, but the advice that 
we have received from instructors is to integrate aspects of systems thinking 
into your teaching iteratively (see Practical Suggestion #1 (Box 4.3)). 

Once you are comfortable with one small change, make another, perhaps 
addressing a different essential characteristic or asking students to use 
different analytical skills than holistic skills. Following this method, your 
teaching will slide toward being systems thinking oriented, without the 
process being overly taxing on you or on your students. 

The ChEMIST Table (Table 4.1) can be a useful guide for your iterations. 
Pick one essential characteristic of systems thinking on which you want your 
students to focus. Next, look at the cognitive skills associated with that es 
sential characteristic. Choose one of the three cognitive skills and look for 
ways that you can slightly alter your current teaching methods so that stu 
dents can engage in that cognitive skill in some way. 

Next, we will describe three examples of how this could be done with the 
VC3 Acids and Bases lesson (Sections 4.3.3.1–4.3.3.3). You will notice that 
the changes that we recommend are simple ones. This is intentional! For a 

Box 4.3 Practical Suggestion #1. 

When making changes: 

– Add something small.
– Try it out.
– See how your students react to it.
– Modify it if needed.
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systems thinking approach to be implemented in a sustainable way, it is best 
to start with small changes that can be added to or made more challenging 
over time. You, as the instructor, will know what is most helpful and most 
doable for your group of students. Ideally, after a series of iterations, your 
teaching will address each of the essential characteristics of a systems 
thinking approach in chemistry education and will ask students to engage in 
a variety of cognitive tasks that range from more analytical to intermediate to 
more holistic. 

4.3.3.1 Essential Characteristic and Cognitive Skill Addressed in 
the First Modification of the Acids and Bases Module 

Essential characteristic of systems thinking: A systems thinker in chemistry 
education should recognize a system as a whole, not just as a collection 
of parts. 

Cognitive skill (more holistic): Examine a system as a unified whole. 
The current version of the VC3 Acids and Bases module explains chemistry 

content in the context of ocean acidification.53 In other words, the current 
module tells students how the chemistry they are learning fits within a larger 
Earth system and tells the students why they should be concerned about 
decreasing ocean pH. In a sense, the current module is already telling students 
about the Earth system as a unified whole. However, there might be oppor 
tunities to engage students more directly in examining and finding out more 
about why ocean acidification matters. Of course, an instructor could send 
their students off to do an internet search on ocean acidification and its ef 
fects; but we recommend giving students a starting place for their examin 
ations. For example, an instructor could introduce students to United Nations 
Sustainable Development Goal 14—Life Below Water: “Conserve and sus 
tainably use the oceans, seas, and marine resources”—and ask the students to 
write a short paragraph about the connections between ocean acidification 
and this UN Sustainable Development Goal.66 In addition to helping students 
examine chemistry concepts within a larger Earth system, this brief task could 
also be used to develop students’ written communication skills. 

4.3.3.2 Essential Characteristic and Cognitive Skill Addressed in 
the Second Modification of the Acids and Bases Module 

Essential characteristic of systems thinking: A systems thinker in chemistry 
education should identify variables that cause system behaviors, including 
unique system-level emergent behaviors. 

Cognitive skill (more analytical): Identify the multiple variables that in 
fluence a given system-level behavior; consider the potential effects of sto 
chastic and “hidden” processes on the system-level behavior. 

As a part of “Key Idea 3: Acidity, Basicity and the pH Scale”, the current 
version of the VC3 Acids and Bases module introduces students to 
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Le Chatelier’s Principle.53 In a classroom, an instructor might explain Le 
Chatelier’s Principle and show examples of how different disturbances (or 
stresses) cause shifts in a chemical reaction that was previously at equi 
librium (e.g., the effects of increasing the concentration of reactant, de 
creasing temperature, or of increasing pressure). At this point, the instructor 
could provide students with the chemical equations involved in ocean 
acidification (eqn (4.1)–(4.3)) and ask students to make predictions about 
disturbances that would increase or decrease the amounts of the carbon 
species involved in ocean acidification. 

For example, the instructor might ask questions such as these: “Which 
disturbances or stresses would cause an increase in the amount of hydrogen 
carbonate in seawater? Which disturbances or stresses would cause a de 
crease in the amount of hydrogen carbonate in seawater? Consider how 
changes in pressure, temperature, and reactant or product concentrations 
might affect the amount of hydrogen carbonate in seawater”. 

The instructor might also extend this activity by asking students to predict 
how, for example, the amount of hydrogen carbonate found in cold water 
regions might compare to that found in warm water regions—and to think 
about the consequences of this information. 

A systems thinking approach directly involves students in identifying the 
variables that influence a system behavior of interest. As a consequence, an 
activity such as this can help students start to think about steps they and 
others can take to address challenges to planetary sustainability. 

4.3.3.3 Essential Characteristic and Cognitive Skill Addressed in 
the Third Modification of the Acids and Bases Module 

Essential characteristic of systems thinking: A systems thinker in chemistry 
education should identify interactions between a system and its environ 
ment, including the human components of the environment. 

Cognitive skill (intermediate): Consider possible effects of the system’s 
environment on the system’s behaviors; consider how the system under 
study might be a component of and contribute to the behaviors of a larger 
system. 

A good way to help students visualize the relationships between system 
components involved in ocean acidification (e.g., atmospheric carbon di 
oxide concentrations, concentrations of carbonate ions in seawater, ocean 
pH, and the ability of calcifying organisms to construct their shells and 
skeletons) and how those system components might be connected to parts of 
the system’s environment (e.g., the burning of fossil fuels, deforestation, 
environmental policies, fishing industries, human health, and food sources) 
is to ask students to show the connections between the system and its en 
vironmental components in a Systems Oriented Concept Map Extension, a 
SOCME (“sock-me”). Students can draw their SOCMEs by hand or they can 
use the online SOCKit tool67 to create a SOCME. The generation of a SOCME 
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can help students organize their ideas about the multiple variables that 
influence and are influenced by the system they are studying. Once created, 
students can use their SOCMEs to think through and propose human ac 
tions that can be taken to slow the rate of ocean acidification. In other 
words, the creation and use of a SOCME can help students not only to better 
understand ocean acidification but also to consider actions they can take to 
address this challenge to planetary sustainability! 
We hope you can see that, through small iterations, your teaching can be 

shifted toward a more systems thinking approach. As a final note, it is worth 
examining your current teaching and lessons before you modify them. It is 
entirely possible that you are already addressing some of the essential 
characteristics of systems thinking! If, for instance, you find that you are 
already addressing the first, third, and fourth essential characteristics in 
your teaching, you might want to focus your future modifications on ad 
dressing the second and fifth essential characteristics. 

4.4 Teaching & Learning a Sustainability 
Topic – Lithium-ion Batteries 

As described in the previous example, when chemistry teaching and learning 
is situated within an appropriate real-world context, this is itself a systems 
thinking approach, albeit a limited and surface-level implementation. The 
ChEMIST table demonstrates how educators can iteratively incorporate add 
itional aspects of a systems thinking approach into their classroom teaching. 

A systems thinking approach has the potential of helping students 
understand content better; however, we also know that engaging in systems 
thinking can be quite challenging for students who are new to it.68,69 The 
further we drill down into the levels of chemistry, the more we become aware 
of how complex chemistry can be. Simplistic explanations of phenomena 
(e.g., metals are malleable, metals conduct electricity) only hold when a 
single scale or system level is investigated. Given that chemistry content is never 
really one system, but rather is better understood as a series of systems, what 
we are really studying is the relationships within and among these different 
systems or subsystems. These systems/subsystems then make up the whole 
system, which has emergent properties based on these relationships. For in 
stance, sustainability has been referred to as an emergent property of the whole 
system; in this instance the “whole system” might perhaps be the planet.70

How can we use different systems and perspectives to help students 
understand both chemistry and the influence of chemical processes on the 
Earth or its inhabitants? Two general approaches exist. The first is to look at 
chemical processes at different scales, for instance the macroscopic, par 
ticulate, molecular, atomic and sub-atomic/electronic levels. Here the task is 
to “zoom in” or “zoom out” to notice patterns or relationships not imme 
diately evident at a certain level or scale.71 The second approach is to look at 
the interactions between chemical processes and different science/Earth 
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Figure 4.2 A simplified concept-connection-concept relationship (top, a). An example 
of a positive feedback loop in the oceans (bottom, b). (b) Adapted from 
ref. 71 with permission from American Chemical Society, Copyright 2019. 

subsystems (for example chemical, biological, physical, environmental) 
and/or human-level subsystems (for example social, political, ethical, legal, 
economic, cultural). In essence, this approach connects chemical ideas with 
the broader impacts of a context, which could include the impact of 
chemical processes on human social networks or on the environment.5

Many efforts to incorporate systems thinking into chemistry education have 
used visualization or mapping approaches to represent (1) the different scales or 
subsystems of a chemistry context and (2) the relationships between com 
ponents of those subsystems.72 These mapping approaches can include labeled 
arrows to signify the nature of relationships or +/− labels to signify how one 
variable affects another. Figure 4.2a and b show simplistic representations of 
two of these systems thinking visualizations. Figure 4.2a visualizes a connection 
between two concepts, and Figure 4.2b visualizes the impact of a positive 
feedback loop taking place in the oceans, similar to that shown in Figure 4.1. 

Systems maps,73 systemigrams,74 and systems-oriented concept map exten 
sions (SOCMEs)75 have been implemented in educational settings to connect 
core chemical content with broader multi-system impacts of learning.69,76 With 
these maps, students are challenged to consider questions related to: 

● the energy and mass requirements for a chemical process or product;
● what happens with not only the intended product but also the by-

products and waste heat; and
● the unintended consequences of utilization (or over-utilization, or over 

reliance) of a chemical process or product.68,77
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With these visualization and mapping techniques, one can demonstrate 
how and why a decision about a chemical process and its product(s) is rarely 
just a scientific one. Decisions made with respect to energy and mass inputs 
(e.g., Where are these sourced? Who makes these decisions?) and energy and 
mass outputs (e.g., Who is the product/process for? What benefit does it bring 
society? How has the utilization of this product/process changed our environ 
mental systems?) are also economic, political, social and environmental ones. 

The next activity shows how the building of a SOCME can be used to 
visualize the connections of core chemical science systems with the broader 
human systems of our planet and demonstrates the principle of moving 
“from Silos to Systems”.78 This activity could be (1) built over a series of 
lessons or a unit topic, (2) presented as a collaborative or an individual task, 
or (3) used in conjunction with a formative or summative assessment where 
students “fill in the gaps” of a partially constructed SOCME.76 The SOCME 
could be constructed on a large piece of paper, on a whiteboard, or with 
online concept mapping tools such as Miro or Draw.io. It could also be 
constructed with a purpose-built online tool such as SOCKit,67 which was 
used for Figures 4.5–4.11. 

The context for the SOCME generation is lithium-ion batteries: how and 
why they are a component of the “green” energy transition and whether this 
transition is managed equitably across society. 

4.4.1 A Basic Understanding of Lithium-ion Batteries 
As the world moves away from carbon-based fuels for ground transportation, 
EVs (electric vehicles) are becoming more common. Battery electric vehicles 
(BEVs) do not emit carbon dioxide during utilization because a large lithium-
ion battery is their source of power. Lithium-ion batteries are commonly 
used to power electric vehicles because of their high energy density, re 
chargeability, and low self-discharge rate. 
How do lithium-ion batteries work? A typical electric vehicle (EV) lithium-

ion battery is made up of two electrical current collectors, two electrodes 
(cathode and anode), a separator, and an electrolyte. A schematic drawing (not 
to scale) shows the main components of a typical lithium-ion electric vehicle 
battery and the movement of both electrons in an external circuit and the 
positively charged lithium ions (Li+) in the battery encasement during battery 
discharge and charge (Figure 4.3). The two electrode current collectors are 
identified with different fill patterns, denoting two different metals. 

During discharge, the movement of Li+ from the anode to the cathode 
compartment through the separator creates free electrons in the anode that 
flow through the external circuit to the cathode current collector. Between 
the anode and cathode current collectors is the load, all the parts of the 
vehicle that require an electrical current to operate: dashboard electronics; 
in-car computer system; internal and external lighting; windshield wipers; 
moving seats; and, of course, the propulsion system that ultimately moves 
the tires forward or backward. 
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Figure 4.3 Schematic of a typical lithium-ion battery used in battery electric 
vehicles (BEVs). 

Lithium-ion batteries can vary in the composition and ratio of the elec 
trode materials, size, the metals used as current collectors, the electrolyte 
composition, and more. These differences in Li-ion vehicle batteries trans 
late into differences in: 

● Overall
weight

● Charge–
discharge
rates

● Performance at hot/cold
temperatures

● Total number of times it
can be charged (life cycle)

● Distance EV can travel
before charging

● Cost, as some materials
are more expensive than
others

The most common materials for the construction of EVs are shown in 
Figure 4.4. The exact ratio of materials used in EV lithium-ion batteries – 
particularly the cathode component – results in the many variations of 
lithium-ion batteries. Some common types include: 

● lithium cobalt oxide
● lithium nickel cobalt aluminum oxide
● lithium iron phosphate

These differences lead to specific applications. For example, lithium cobalt 
oxide-based batteries are common in consumer electronics while lithium 
nickel cobalt aluminum oxide chemistries are common in electric vehicle 
batteries. Common metals used in EV batteries are listed in Table 4.2. 
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Figure 4.4 Key components in a lithium-ion electric vehicle (EV) battery (modified 
from ref. 79). 

Table 4.2 Metals used commonly in EV batteries, including those designated as 
critical minerals.a 

Alumi 
num Cobalt Copper Graphite Iron Lithium 

Mang 
anese Nickel 

Used in EV CC C CC A C E C C 
Critical 
mineralb 

YES YES YES YES YES YES 

a A = anode; C = cathode; CC = current collector; E = electrolyte.
b Critical minerals.79

Of thesemetals, aluminum, cobalt, graphite, lithium,manganese, andnickel 
are listed by the United States Geological Survey (USGS) as critical minerals, 
meaning that they are vital to the national security and economy of the United 
States (see Chapter 2). The mining of critical materials to produce an EV is 
geographically concentrated. A select group of countries account for the overall 
supply of lithium, with Australia contributing the largest percentage of mining 
for lithium ore, followed by Chile, China, and Argentina.79 While Australia may 
mine themost lithium, it doesnot refine the lithiumore; instead,Australia ships 
its ore to China for refining. As such, China can be considered the largest 
producer of cathode-ready lithium.80

In a mere seven years (2015–2022), global electric vehicle sales skyrocketed 
from 716 000 to 10.6 million vehicles.79 This increased the demand for 
materials to produce lithium-ion batteries. Though projections about future 
global demand for battery electric vehicles vary among governments and 
industry groups, they all project global demand for EVs will continue to 
increase within the next decade. 

4.4.2 A Basic Understanding of Lithium Sources, Lithium 
Processing, and Lithium Refining 

Lithium is sourced in two ways, namely hard-rock mining and the evapor 
ation of brine water. For hard-rock mining, the ore spodumene (LiAlSi2O6) is
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an important source of lithium. To obtain the spodumene ore, massive open pit 
mines are dugusing impressively largemachines. Theworld’s largest hard-rock 
lithiumoremine is theGreenbushesmine inwesternAustralia, which accounts 
for 21%of theglobal lithiumresource supply and in2023produced1.52million 
tonnes (= metric tons) of concentrate with enough lithium for 3 million EVs, 
385 million e-bikes, or 797 million cordless tool batteries.81 Lithium carbonate 
is a stable salt that contains unreactive lithium ion (Li+) and  is  themost widely  
traded lithium-based chemical globally, as it is the main material used for the 
manufacture of EV battery cathodes. 

Like lithium ores, lithium-rich brine water is geographically concentrated. 
One source, which is estimated to hold approximately 50 million of the 
identified 86 million tons of the world’s reserve of lithium, is the salty 
groundwater located below the world’s driest desert, the Atacama, which is 
located on the west side of South America and spans the countries of 
Argentina, Bolivia, and Chile (known as the “Lithium” or “ABC Triangle”).82 

How does it work? The salty (brine), mineral-rich groundwater is pumped 
to the surface and directed into large open-air evaporation ponds. Over the 
span of hundreds of days, the water—but not the lithium and other minerals 
dissolved in the brine—evaporates in the relentless desert heat, in an area 
where it rarely rains and which has one of the highest solar radiation levels 
in the world. As the water evaporates, the volume of the brine water de 
creases and the lithium concentration increases. After 12–18 months, en 
ough water has evaporated that the concentration of lithium is high enough 
(around 6000 ppm where ppm = parts per million) for the brine water to be 
transported to a nearby facility where other minerals, such as boron and 
magnesium, are removed.83 The treated brine water then is processed into 
solid lithium carbonate (Li2CO3) or lithium hydroxide (LiOH). The brine 
water is considered consumptive water because it is not returned to its place 
of origin. It is estimated that approximately 568 000 liters of brine water with 
a mean lithium concentration of 1600 ppm produces 1 ton (2000 pounds) of 
lithium.84

Even though a fully built, post-manufactured BEV does not emit CO2 while 
in use, it still has a carbon footprint that is connected to plugging the BEV 
into the electrical grid, especially if the electrical grid generates electricity 
from high-carbon sources such as burning (dirty) coal or (much less dirty) 
natural gas (CH4 + 2O2 → CO2 + 2H2O). Low-carbon electrical grids utilize 
nuclear, solar, wind, or hydropower. 

And what about CO2 emissions created during manufacturing of the ma 
terials (lithium, nickel, cobalt, manganese, and so on) that comprise an EV’s 
electrodes? Again, consider lithium. CO2 is emitted during the extraction, 
transport, and processing of lithium found in hard-rock ore and brine, though 
the intensity of CO2 emissions is different between lithium extracted from 
hard-rock versus brine. Collectively, the emissions come from: 

● the gasoline and diesel-powered excavation machinery needed to dig
wide and deep open pit mines and move rock out of the way;
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● the constant parade of massive dump trucks that move tons of excav 
ated ore from the mine to the crushing/milling facility where huge
machinery consumes copious amounts of electricity to crush and mill
the excavated hard-rock ore;

● the pumps that move sub-surface brine to the surface; and
● the trains and/or cargo ships that transport the crude extracted lithium

to processing plants where it is converted into battery grade lithium
carbonate or lithium hydroxide, a core starting material for EV battery
cathodes.

4.4.3 A Basic Understanding of Lithium Recycling 
Lastly, the recyclability of lithium and other metals in end-of-life (EOL) 
lithium-ion BEVs (LiBEVs) should be considered. Examine the projections 
and information shown in Table 4.3. 

Based on the projection of 11 million metric tons of EOL LiBEVs, coupled 
with the fact that lithium (not lithium carbonate) comprises 3.5% of the 
mass of an EOL LiBEV, a quick theoretical computation (excluding recovery 
rate) indicates that EOL LiBEVs could yield about 385 000 metric tons 
(849 >million pounds = 385 million kg) of recoverable lithium that does not 
need to be mined from hard rock or brine and, consequently, could be used 
again in one of the 140 million new LiBEVs expected to be on the road by 2030.85 

Recycling is favorable as the cost, energy-intensity, and environmental harm 
done by recycling is less than that of mining low grade lithium ores. An EOL 
LiBEV can then be effectively considered as a source of highly enriched ore. 

Other recycling benefits include lower battery manufacturing costs as re 
covered metal – at large scale – is less costly than extracting it from the 
Earth’s crust. Large scale recycling also smooths out the uncertainties that 
come with sometimes wild market price fluctuations for metals. For ex 
ample, battery-grade lithium carbonate was selling for nearly £102 000 
($85 000 USD)/metric ton in November 2022. A year later, its selling price was 
around £23 750 ($19 000 USD)/metric ton. Furthermore, the economic value 
of EOL LiBEVs will ideally reduce the number of batteries that end up in 
landfills, where they could possibly contribute – via cracked battery casings – 
to soil and groundwater contamination. Lastly, the recycling of EOL LiBEVs 
will invariably slow the depletion rate from mining the metals involved. 

But other factors in the recycling equation must also be considered. The 
sometimes wild (and unpredictable) ups and downs of metal prices on the 

Table 4.3 Projections of the amount of end-of-life (EOL) lithium-ion BEVs expected 
by 2030 and the amount of lithium available for recycling. 

Number of LiBEVs 
predicted to be on the 
road worldwide by 203085

Metric tons of 
EOL LiBEVs 
expected by 203086

Mass % of 
lithium in 
EOL LiBEVs 

Mass of 
lithium in 
BEVs  87 (kg) 

140 million 11 million 3–4% 6 kg (5–7 kg) 
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global market present a persistent, unwanted challenge to recycling. For 
example, if the price of nickel, or cobalt, or lithium drops and stays at the 
lower price long enough, then EOL battery recycling businesses could have a 
hard time competing (price wise) with mined metals. The varied metal 
compositions of the cathodes also present a problem, requiring EV battery 
recyclers to initially sort lithium-ion battery types before taking further steps 
to separate and recycle the metals in the batteries. Unfortunately, EV bat 
teries are not designed to be taken apart, come in a spectrum of sizes and 
shapes, and have battery control circuitry and sensors that need to be sep 
arated out in order to get to the metals. The more difficult it is to dismantle 
an EV battery, the higher the recycling cost.86,88
Ultimately, the constantly varied and changing chemistries of EV batteries 

means that battery recyclers will need ever-evolving facilities and capacity to 
efficiently recover materials and operate profitably. The recycling rate of 
lithium in EOL BEVs could also be positively influenced by increasing 
interest in recovering BEV components that are relatively easy to recover 
(aluminum casing, copper wire) or that are in finite supply and which are 
becoming strategically important (cobalt, nickel).86

4.4.4 Connections between Lithium-ion Battery Chemistry 
and Chemistry Curricula 

Students in foundational undergraduate chemistry and upper secondary 
chemistry are likely to study redox and electrochemistry, and lithium-ion 
batteries could be either an interesting context for these topics or an ex 
ample of an application of battery technology. Students investigating the 
application of redox chemistry in electrochemical cells are likely to engage in 
a hands-on practical activity in which they build rudimentary galvanic cells, 
perhaps starting with a Daniell cell made from Zn and Cu electrodes and their 
respective aqueous solutions, before trying other “half cells” made from a 
metal electrode extending out of a beaker containing the corresponding metal 
ion in aqueous solution (e.g., a Cu electrode in a Cu2+(aq) solution) to vary the 
potential difference measured (in volts). In doing so, students can compare 
their experimentally measured voltage with the theoretical potential differ 
ence determined from their reading of the electrochemical series. 

E0 (volts) 
Li+(aq) + e− ⇌ Li(s) −3.03
K+(aq) + e− ⇌ K(s) −2.92
Ca2+(aq) + 2e− ⇌ Ca(s) −2.87
Na+(aq) + e− ⇌ Na(s) −2.71

However, students are highly unlikely to build a rudimentary galvanic cell 
from a half-cell containing lithium metal, given the potential for lithium-ion 
batteries to catch fire and explode due to thermal runaway.89 Therefore, the 
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application of lithium here will likely be limited to inquiring as to why 
the Li+(aq) + e− ⇌ Li(s) half-equation is at the top (or bottom, depending on 
the representation) of the electrochemical series. Students using terms such as 
“oxidant” or “reductant” for the first time can learn that Li(s) is the strongest 
reductant (or reducing agent) and that Li+(aq) is the weakest oxidant (or oxi 
dizing agent) on the table. Later, as part of a lesson sequence involving battery 
chemistry and the circular economy, students could also learn why the unique 
redox potential of Li(s)|Li+(aq) makes lithium difficult to chemically separate 
and recover during battery recycling, compared to other metals present.90

Students could also relate lithium’s prominent role in modern battery 
technology to lithium’s position in the periodic table. Lithium is the lightest 
and smallest of the metals in the periodic table, giving lithium ions a sig 
nificant size advantage, compared to, for example, a sodium ion, as it inter 
calates into the two different structures/sides of a lithium-ion battery, often 
graphite at the anode and LiCoO2 at the cathode.91 Students will likely come 
across diagrammatic representations of this ion-exchange occurring inside 
the lithium-ion battery in redox and electrochemistry chapters of their text 
books; but as the actual chemistry explanation is quite complex and the focus 
of ongoing research, the textbook explanation of this process is likely to be 
highly simplified. Consequently, it would be sufficient and appropriate for 
students to develop the capacity to label and name each part of the battery, the 
role of the electrolyte, the direction of the electron flow, and so on. 

It was not until the onset of the “age of electricity” (late 18th/early 19th 
century) that experimental chemists such as Humphry Davy were able to 
isolate metals such as lithium, sodium, and potassium in their elemental 
form by applying massive amounts of electricity to their corresponding 
metal ions in solution, then quickly storing these elemental metals in a 
moisture-free environment. The massive amount of electricity required 
was sourced from rows and rows of electrochemical cells in series, housed 
nearby to form a room-sized “battery”. These battery rooms did not look 
that dissimilar to the massive lithium-ion batteries being designed and 
built worldwide, now on a scale of >1000 MW (megawatts) in size, as part 
of the global green energy transition. These are being built next to re 
newable energy production sites to store temporarily the energy produced, 
which can then be provided to the grid at times when it is most needed. 

4.4.5 Using Visualization to Represent Relationships Within 
and Across Systems and Identify Emergent Properties 
of a System 

The student activity presented in this section was designed for students to 
investigate how and why lithium-ion batteries are a core component of the 
gr Box 4.4 introduces the SOCME student activity, in 
cluding the learning intentions (worded to align with the essential character 
een energy transition. 

istics of systems thinking, as established in the ChEMIST Table, Table 4.1). 
Boxes 4.5–4.8 provide further impetus as prompting questions for students to 
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Box 4.4 Student activity – build a SOCME of a chemical process or 
product. 

In this Systems Oriented Concept Map Extension (SOCME), you will 
visually represent the components and relationships that make up an 
overall system. Over the course of developing this SOCME, you will 
learn to: 

● envisage the system more holistically and “as a whole”, and less so as
a collection of parts

● identify components in the system and each integrated subsystem,
explore the relationships between these components (both within
and across subsystems), and so envisage which of these are causing
system-level behaviors, including those that are only apparent when
we look at the “bigger picture”

● identify how individual components and the overall system is having
an impact on the environment in which it takes place (i.e., the
planetary environment)

● identify and explore the nature of human-level interactions with this
system, and so envisage how:
○ human decisions and actions impact the behavior of the system,

and
○ system-level behaviors impact the nature and behavior of humans.

SOCMEs are normally developed over a number of stages. You may 
wish to do this individually or collaboratively with your peers. It could be 
developed on large sheets of paper, by using an online concept mapping 
tool, or by using a purpose-built tool like SOCKit.67

● Stage 1: establish the key chemical process or product that you will
explore with your SOCME. Your choice could be informed by a key
chemical observation for which you wish to explore the wider
implications.

● Stage 2: identify the key mass and energy inputs for this chemical
product/process, and where they are sourced. Identify the intended
uses of the chemical product/process, but also explore what happens
to the by-products and product waste at end-of-life.

● Stage 3: investigate the impact that this chemical process has on the
environment, be it on land, in our waters, or in the atmosphere (the
three main  subsystems that make up our  planet).  Investigate how  the
sourcing of feedstocks, the utilization (or over-utilization) of the prod 
uct/process, and the resultant waste have an impact on the planet.

● Stage 4: investigate the human aspects of this system, be they ethical,
economic, political, or social considerations. Explore the nature of
who benefits from this system, and how. Explore how the system has
an impact on how as humans we live, work, and play.
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consider as they expand their SOCME. These prompts have been written free of 
context, so that they can be used by educators wishing to guide students 
through making a SOCME of their choice. The main body text will provide 
some additional suggestions for educators, as well as a step-by-step exemplar 
SOCME on lithium-ion batteries, with the final design shown in Figure 4.11. 

Educators and students alike may have had some prior experiences with 
building concept maps, for which the learning objective is often to diagram 
matically present snippets of key knowledge (called “components” here) about a 
particular theme. In a concept map, it is also important to draw connections 
between these components (called “relationships” here), either by drawing a line 
to imply two components are connected in some way, or an arrow pointing from 
one component to another to imply the first component has an impact on the 
second. On occasion, the user may write some text adjacent to the line/arrow, to 
describe the nature of this effect/relationship. Figure 4.5a and b demonstrate 
some examples of visualizing the relationships between components. 

Figure 4.5 Examples of components being connected by arrows and accompany 
ing text to briefly outline the nature of the relationship between the 
components. (a) (top) Would be typical for a concept map, whereas the 
(b) (bottom) would be more typical for a SOCME, where the key
chemical reaction that produces the product of interest is represented
as a “core reaction subsystem” (for example, the Haber Bosch process
to produce ammonia).
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In any SOCME, the intention is to identify and explore (1) the nature of these 
relationships and (2) how these relationships impact the overall “system”. In
Stage 1, it is therefore important to identify first what is the key product, 
process, or system that is being investigated, for instance the production of 
CO2

72 or the treatment of a particular disease.92 Sometimes we might represent 
this as a single component (as shown in Figure 4.5a, which we will use for the 
SOCME built here), or as a “core reaction subsystem” (as shown on Figure 4.5b, 
which shows the production of ammonia via the Haber–Bosch process77). 

With the core theme or central concept established, Stage 2 of building a 
SOCME involves exploring in more detail how and why the chemical product 
is produced, used, and/or disposed of. For a SOCME novice, this next step 
can feel daunting, so it is best to try to “stick to the chemistry” for a little bit 
longer. Also look to incorporate prior knowledge from related topics, such as 
chemical energy and conditions of chemical reactions. Box 4.5 provides some 
prompting questions that unpack the key chemical product or process and 
which one can use to start populating the next four subsystems of the SOCME. 

Box 4.5 Prompts for students to consider when building reaction 
subsystems (including energy inputs, mass inputs, intended 
uses) of a SOCME (Stage 2). 

In a subsystem for mass (or chemical) inputs, consider: 

● Where does the main feedstock come from? How is this sourced?
● What other reactants are needed? Where do they come from?

In a subsystem for energy inputs, consider: 

● What are the energy requirements? How is this sourced? Is there
waste heat and what happens to that waste heat?

● What are the reaction conditions? What is needed to maintain these
conditions?

In a subsystem for intended uses (i.e., the purpose), consider: 

● If  the main product of this core reaction subsystem is the chemical of 
interest, what is it useful for?  What  are  the intended uses of this product?

● If the main product of your core reaction is primarily utilized to
produce other things for industry and society, what are they, and
what are their intended uses?

In a subsystem for waste and disposal, consider: 

● What are the by-products of the chemical process? Are these useful
for something else or do they enter a waste stream?

● Are there anthropogenic emissions from the process? How does this
relate to how energy is sourced in the production of this product
(fossil fuels? renewable energy?)

● What is the product made-to-waste generated ratio?
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Figures 4.6 and 4.7 present an example of how one might answer the 
prompting questions of Box 4.5 if constructing a SOCME about lithium-ion 
batteries. The knowledge informing the components and relationships 
draws upon the introduction to lithium-ion batteries described earlier in the 
chapter. [NOTE: Figures 4.6–4.10 show portions of a detailed, complete 

Figure 4.6 A partially constructed SOCME, with lithium as a central node in the 
middle, shown with the mass and energy input subsystems. 
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Figure 4.7 A partially constructed SOCME, with lithium as a central node in the 
middle, shown with the waste/disposal and intended uses subsystems. 

SOCME focused on lithium-ion batteries. The complete SOCME can be ac 
cessed through the QR code that accompanies Figure 4.11]. 

There are no rigid rules on how the subsystems are named or formed. In 
general, however, one might expect to have a subsystem for the mass/chemical 
inputs of this chemical process/product and another subsystem for the energy 
requirements, which might also include components related to the reaction 
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conditions (heat, pressure, catalyst). Another subsystem could present the waste 
or by-products of this chemical process/product. Lastly, one could include a 
subsystem for what the chemical process/product of interest is primarily used 
for; in other words, what is the intended use of the chemical product. How the 
chemical product is used in industry and society will directly tie into the human-
level subsystems addressed in a later stage of SOCME development. 

In Figures 4.6 and 4.7, note that each arrow has a corresponding brief de 
scription of the connection between the two concepts. Whereas the direction of 
the arrow gives some indication of the direction or flow of the influence/rela 
tionship (i.e., cause  and effect), the description provides insight into the behavior 
of the relationship, and so greater insight into the particular subsystem or sys 
tem. Try to write short, precise descriptions. You may notice that when you write 
the first few descriptions, you become inspired to make other connections be 
tween components already on your SOCME that you did not originally notice. As 
this process continues, you will start to see how the complexity can begin to be 
visualized, but in a way that can be interpreted and understood by the user. 

If this is already starting to feel daunting, particularly for the first-time stu 
dent, an educator could engage their students in a simpler version of this Stage 2 
task, one in which the students would focus only on making connections be 
tween components. In this task, the educator would provide students with a 
partially constructed SOCME similar to that shown in Figures 4.6 and 4.7 but 
without the connecting statements about the arrows (or possibly even without 
the arrows as well). Then the educator could task the students with writing in 
their own description above the arrows or drawing new arrows and describing 
these new connections. This task would support students in solidifying their 
understanding of the concepts while getting them used to creating a SOCME. 

Stage 3 involves connecting with planetary systems, and so to consider the 
impact of the chemical process/product on planetary sustainability. This is 
where a SOCME or systems map can really stand out compared to a standard 
concept map. Box 4.6 provides some further prompts you might like to 
consider for the (main) three subsystems that make up the planetary system, 

Box 4.6 Prompts for students to consider when building planetary 
subsystems (land, aquatic, atmosphere) of a SOCME (Stage 3). 

For each of the land, aquatic and atmosphere subsystems consider: 

● How does the sourcing of reactants/feedstock for this chemical pro 
cess/product impact the balance of land, aquatic and atmosphere
environments?

● How does the accumulation of waste (end-of-use waste, by-products)
or related side effects impact the balance of land, aquatic and at 
mosphere environments?

● How does the utilization of the chemical process/product impact the
balance of land, aquatic and atmosphere environments?
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namely the atmosphere, aquatic environments (the ocean, nearby lakes and 
rivers, the water table) and land environments. 

Figure 4.8 extends the previous stage of the SOCME to now include these 
three planetary  subsystems.  See how  the acquisition of feedstocks (open-cut 
mining for lithium ore, groundwater sourcing for brine processing, reliance on 
fossil fuels) is a predominant feature of the land subsystem. How we deal 

Figure 4.8 A further expanded SOCME, now with land, water and atmosphere 
subsystems. 
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(or not sufficiently deal) with the waste from these processes can impact all 
three subsystems. Consider how waste and by-products are stored on land. 
Consider the unintended side effects of long-term storage or an overabundance 
of waste. For instance, the run-off of tailings (a by-product of mining) waste can 
enter water streams and cause contamination. Plastic and micro-plastic debris 
can find their way into rivers, lakes and oceans and cause significant damage to 
aquatic ecosystems.75 Then there is the impact of the utilization of the product 
itself. Here we might consider that since lithium from lithium-ion batteries has 
been poorly recycled, we accumulate a large number of end-of-life batteries in 
landfills, which can be hazardous to store, which could lead to water table 
contamination, and so on. Keep in mind that it is important to consider both 
the hazards and the benefits of chemistry. For example, the use of lithium-ion 
BEVs could be said to have a positive influence on planetary systems by 
reducing society’s reliance on fossil fuel powered transportation, and so re 
ducing anthropogenic emissions to the atmosphere, leading to fewer associated 
impacts on land (acid rain, extreme weather events) and aquatic (ocean acid 
ification, eutrophication) subsystems. 

Your SOCME should already be doing a fantastic job of representing the 
complex nature of how this one chemical process/product has an influence on 
the planetary environment. Perhaps the descriptions above the arrows and the 
seemingly interrelated influence on the ever-expanding use of a chemical 
process/product may lead you to now make a judgement on the sustainability 
of a particular chemical/process product. Look again at Figure 4.8. It is hardly 
an exhaustive representation of all components of the “lithium” system, but 
would you be prepared, based on your SOCME, to make a judgment about 
whether producing lithium (for use in BEVs) is sustainable? If so, why? If not, 
why not? Or. . .  do we not have enough information to answer this question 
yet? What other information would we need? 

And so here is where the human-level considerations could be introduced. 
Stage 4 brings in other considerations that need to be addressed to better 
understand the overarching sustainability question. Whereas mapping out the 
land, aquatic and atmosphere subsystems visualized the environmental con 
siderations related to sustainability, what of the economical, ethical, political, 
and social considerations? A nearly inexhaustive list of questions exists that 
you could ask at this point, but as a scaffold, a student could start with the 
prompting questions in Box 4.7. These questions collectively interrogate to 
whose benefit is the chemical process/product, and who has or does not have a 
say in how this chemical process/product is implemented in society.78,93

The last two questions in Box 4.7 directly address human security and 
multi-species security, respectively.75 Both of these feel far removed from the 
learning intentions of a standard chemistry classroom; but without at 
tempting to holistically address these, we could not possibly hope to rep 
resent the true sustainability of a chemical process or product. 

Figures 4.9 (social and political) and 4.10 (ethical and environmental) 
bring more subsystems together into the SOCME representation. Note how 
the addition of the human-level subsystems can make it easier to visualize 
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Box 4.7 Prompts for students to consider when building human-level 
subsystems (social, economic, ethical, political) of a SOCME 
(Stage 4). 

The questions asked here would vary depending on if you are considering a 
“traditional”, large-scale, ubiquitous chemical process/product (for instance, 
fertilizers produced from the Haber–Bosch process) or perhaps an “innovative”, 
greener alternative (for instance, fertilizers produced using green hydrogen). 

If it is already a large-scale ubiquitous chemical process: 

● What economic reasons keep it going? Inexpensive? Easier to source
feedstocks? Employment of citizens?

● Do these economic reasons hinder or fuel a political will for change?
● Is this chemical process maintaining or derailing political or social

efforts to improve social equity?

Or, if it is an innovative, greener, yet-to-be fully implemented chemical 
process: 

● What are some of the economic reasons that are slowing its broader
implementation?

● What fuels the political will (if any) to implement this alternative?
● How would implementing this change the nature of society? Would

it increase or decrease social equity?

Whatever chemical process or product you are examining, it is im 
portant to consider how that process or product is affected by or impacts 
humans. For example, consider who stands to benefit (or not benefit), 
and who has a voice (or does not have a voice) in how this chemical 
process or product is implemented: 

● Who decides how this chemical product/process is implemented?
Are these decisions made equitably across local and global societies?
From what worldview was this decision made?

● Who stands to benefit from this chemical process/product? Who
stands to not benefit, or what consequences do others face who do
not have a voice in this decision?

● How does this chemical product/process impact human health?
Does it provide a “human right” to live a life of dignity and free from
want? Free from fear?

● How does this chemical product/process impact the lives of other
species that inhabit the planet? Are decisions that we make as a
human society ethical and equitable for other species who had no
say or voice in these decisions?

For further inspiration, you may like to consider the questions de 
veloped by Ulrich, which provide a framework for critical reflection on 
decisions that impact society, taking into account issues such as motiv 
ation, power, knowledge and legitimacy.93
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Figure 4.9 A further expanded SOCME, showing the interconnectedness of the 
political and social subsystems with other subsystems. 

potential “big-picture” impacts of the chemical process or product on the other 
subsystems. Expanding on just a few of these new relationships, consider the 
following human-level subsystems for the lithium-ion battery context: 

● Ethical: The enormous expansion of land and water extraction needed
to source lithium for batteries will take place in mostly low- and middle-
income countries (LMIC), or on ancestral lands of indigenous com 
munities, with any benefits flowing not to these communities but to
societies in high-income countries. Communities in these areas find
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Figure 4.10 A further expanded SOCME, showing the interconnectedness of the 
ethical and economic subsystems with other subsystems. 

themselves fighting for already limited amounts of water and energy 
that are instead used for mineral extraction.94

● Social: Modern innovations in lithium-ion battery technology have
made small-scale electronic devices like e-cigarettes (vapes) cheap and
affordable. But this market has also been largely unregulated, which
has led to a massive increase in smoking prevalence in youths after
decades of decline, which will have long-term impacts on human
health.95
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Figure 4.11 The completed SOCME, for lithium use in the green energy transition. 

● Political: Increasing public pressure on governments to take meaningful
steps to address climate action has led to new laws and regulations that
set high mandates for recycling rates of materials from batteries, in 
creasing recovery rates of lithium and other metals, reducing the need
for more mines and brine processing.86

● Economic: The availability of critical minerals, including lithium, brings
with it economic security and employment opportunities to countries like
Australia and Chile, but also leaves them vulnerable to volatile market
prices and foreign companies moving profits overseas, leaving these gov 
ernments unable to budget for long-term social expenditure.96
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If we were to now attempt to answer the question “is this chemical 
process or product sustainable?” we could be more confident that we 
would have considered not just the science, but also the broader social 
science reasons related to sustainability. Although it is very detailed, 
Figure 4.11 does not attempt to represent the “lithium” issue in its en 
tirety (we would need another whole chapter for this!). Another benefit of 
investigating the “sustainable” question with your for-now-finished 
SOCME, is that if you  answered  “no”, the SOCME gives you insight into 
the complex nature of this overall system, and so gives you avenues to 
explore what could possibly be done to address this lack of sustainability. 
Box 4.8 provides one final list of post-SOCME questions to explore this 
further. 

Box 4.8 Prompts for students to consider when addressing the 
sustainability of a system as represented in a SOCME. 

Sustainability can be considered an emergent property of the overall sys 
tem.72 Consider your full SOCME: 

● Does the chemical process/product at the core of your SOCME ap 
pear “sustainable”?
○ with respect to the planetary boundaries?
○ with respect to society’s needs, or the right for all humans (and

other species) to live in dignity, free from fear and want?

It is likely that your answer is. . .  no. If so, does your SOCME
provide some insight as to what could be done about it? Interrogate 
the nature of connections formed both within and across subsystems: 

● Could one or more steps in the core reaction be done differently,
more sustainably?
○ A greener feedstock? A circular alternative to a linear one (see

Chapter 1)?
● How would such a small change lead to updating other connections

in the SOCME?
○ How would that small change shift the overall impact on planetary

subsystems?
○ Would there be a shift in how the chemical process/product is

used by humans?
○ Would this small change shift the economics of the chemical

process/product?
○ Could the small change lead to a more equitable and just global

society?

See your initial SOCME as a “snapshot”, and so consider the temporal 
nature of chemical knowledge and how greener changes to the underlying 
chemical process can have a significant positive influence on society and 
our planet, should there be the political will to implement it. 
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Repeating this activity with another class or group of students would also 
likely lead to different representations, as student input, influenced by their 
local environments, would largely define the shape and substance of the 
SOCME. With small groups of students in one class, the SOCMEs from each 
group would have significant similarities and differences, which could then 
provide the impetus for further classroom debate and discussion. We have 
no doubt that the activity repeated the following year would also have sig 
nificant differences from the previous year’s activity. As a consequence, year 
upon year, the activity of building a SOCME allows not only students, but us 
to learn more about the topic and contexts ourselves. 

4.5 Closing Thoughts 
Let us say that, after reading this chapter, you are convinced you want to 
integrate aspects of systems thinking into your chemistry courses. Where do 
you start? A good first step would be to look at some existing resources. 
Because systems thinking is relatively new to the chemistry education 
community, resources are limited but are developing over time. For example, 
the December 2019 special issue of the Journal of Chemical Education focused 
on systems thinking.97 The articles in that issue provide a basic background 
of systems thinking, as well as some ideas for classroom implementation of 
systems thinking. 

The American Chemical Society’s Green Chemistry Institute has been 
supporting educators in the development of systems thinking modules for 
use in chemistry courses. As each module is developed, it will be posted on a 
common website. At the time of this printing, there is a module that can be 
used to introduce students to systems thinking concepts, with specific ties to 
green chemistry and sustainability-related concepts (“Introduction to Sys 
tems Thinking in Chemistry”).98 There is also a module that guides students 
to construct a SOCME as they explore ideal gas concepts in the context of the 
anthropogenic nitrogen cycle (“Anthropogenic N2 Cycle: Gas Phase Re 
actions Essential to Food and Life”).99

Finally, the International Union of Pure and Applied Chemistry has 
sponsored the development of a website—Sustainability and Systems 
Thinking in Chemistry Education—that will act as a central location for 
resources related to the implementation of systems thinking in a chemistry 
education context.100

But what if none of these pre-existing resources meet the needs of your 
classroom and your students? You can still use some of the recommendations 
from this chapter to iteratively add aspects of systems thinking to your 
classroom practice, whether that be through the integration of SOCMEs or 
tasks that address the cognitive skills listed in the ChEMIST table. Before you 
do that though, we suggest you identify chemistry content and a corres 
ponding context that are appropriate for a systems thinking approach. 

There are many different pedagogies that can be used to help students 
develop understandings of chemical concepts. It is unreasonable to believe 
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that any one pedagogy, even systems thinking, would be ideal for teaching 
all chemical concepts or for all teaching purposes.35,101 So, which types of 
chemistry content would be better for a systems thinking approach? Rich 
mond and Goodman note that as systems thinking is concerned with 
changes in behaviors over time, it would be most useful to employ systems 
thinking to examine problems or phenomena that unfold over time or have a 
time/dynamic dimension to them.34,102 For example, the following topics 
might be appropriate for a systems thinking approach, although this list is 
certainly not exhaustive: gas laws/gas behavior, self-assembly, equilibrium, 
crystal structure/crystal formation, bond formation, and precipitation re 
actions/solubility. 

When it comes to choosing an appropriate context, Draper and Forrester 
suggest that students should participate in systems thinking about topics 
that are of interest to them.33,103 You know your students. Make sure that 
their engagement in a systems thinking approach is contextualized in a topic 
that will make them want to learn more. If you are stuck for appropriate 
contexts, try contextualizing chemistry concepts in the United Nations Sus 
tainable Development Goals. We need future global citizens who are aware 
of and can use their chemistry knowledge to address these goals and im 
prove the world around them! 
Once you have content and a context that are appropriate, we repeat that 

changing to a systems thinking approach should not happen all at once. In 
fact, we asked instructors who are currently using systems thinking to give 
advice to others who are thinking about using the approach in their class 
rooms. The very first thing they said was START SMALL! Look at what you are 
doing in your course right now. Maybe you are already doing some things that 
are systems thinking oriented and you just need to expand on what you are 
doing. Then, when you are ready to make changes, start small. Do not make 
major changes all at once. Plan on this being an iterative process; it will 
take time. Collaborate with others within and beyond your discipline 
so you can bring in interdisciplinary perspectives and applications related 
to planetary sustainability. Be patient, positive, and flexible. . .with yourself. . .  
with your students. . .with  the process. But, most  importantly, JUST TRY  IT!  

Online Resources 
Full size high-resolution versions of Figures 4.6–4.11 are available online at 
https://doi.org/10.1039/9781837676576, and can be accessed via the QR code 
below. 

https://doi.org/10.1039/9781837676576
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5.1 Opening Thoughts 
Which is greener, a reusable cotton shopping bag or a reusable polyethylene 
shopping bag? Ask any student, and they are likely to choose the cotton bag. 
This choice makes intuitive sense, because cotton is both renewable and bio 
degradable, along with the common misconception that anything “natural” 
must be benign. However, if we were to consider the question in terms of 
quantitative environmental impacts, we might come to a different conclusion. 
Compared to the polyethylene bag, the cotton bag causes 40 times more global 
warming, 90 times more acid rain, 100 times more smog, 70 times more human 
toxicity, 120 times more freshwater ecotoxicity, and 20 times more resource 
depletion!1 Even in terms of fossil fuel consumption, reusable cotton bags are 
many times worse than reusable plastic bags.2,3 This example shows why we 
should be teaching students to consider quantitative impact metrics, not myths 
and generalizations, in their decisions about what is green or sustainable. 

Shouldn’t every science student learn how to consider chemistry’s po 
tential for harm along with its benefits and have the agency (see Chapter 9) 
to make informed decisions about chemistry? This ability is key to green 
decision-making in chemistry and related disciplines. Without this ability, 
students cannot put into action the goal of green chemistry, which is to 
reduce harm from chemicals to health and the environment. To discern 
whether modifications to a chemical process or product have reduced its 
environmental impact, one needs to be able to compare the old and new 
technology and decide which causes the least harm. 

For many undergraduate students, their first-year chemistry course may be the 
end of their formal education in chemistry. With what tools do we leave them? 
Unfortunately, the standard method for quantifying harm, Life Cycle Assessment 
(LCA), is generally considered too complex and time-consuming to fit into either 
first-year undergraduate chemistry courses or, indeed, into any part of the re 
quired undergraduate chemistry curriculum. Instructors resist adding any com 
plex content because to do sowould require the removal of some existing content, 
which is anathema for most departments and instructors. Instead, overly simple 
mass-based metrics are taught, if any green chemistry is taught at all. 

Here, we aim to rethink green chemistry education using a mindset of “quality 
over quantity,” in which the qualities of a chemical, for example, the potential 
for harm caused by waste, take precedence over quantity. The qualities are de 
fined by impact-based metrics, while quantity refers to mass-based metrics. This 
chapter serves as a guide for the instructor who wishes to teach their chemistry 
students how to identify the least harmful of two or more options. 

5.2 Background 
5.2.1 What is Wrong with Mass-based Metrics? 
The green chemistry metrics most commonly taught in undergraduate 
chemistry courses are atom economy (Box 5.1) and E-factor (Box 5.2), which 
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Box 5.1 Atom economy, one of the mass-based metrics. 

FW of desired product 
Atom economy = × 100%

FW of all reagents 

Includes: Disregards: 

– reagents
– products
– byproducts

– side products
– solvents, catalysts
– separation aids
– energy consumption
– synthesis of starting materials
– harm of any kind

Box 5.2 E-factor, another of the mass-based metrics. The related metrics 
called process mass intensity and effective mass yield are equal to 
E + 1 and  1/(E + 1), respectively. 

mass of waste 
E factor = 

mass of product 

Includes: Disregards: 

– reagents
– products
– byproducts
– solvents, catalysts
– separation aids

– synthesis of starting materials
– energy consumption
– harm of any kind

are based solely on mass.4–6 They are used to evaluate reactions by con 
sidering the mass of reagents or waste compared to the mass of the desired 
product. However, they ignore the fact that some chemicals are more 
harmful than others. Mass-based metrics benefit from simplicity but are 
flawed because they give no measure of harm. 

Mass-based metrics like E-factor and atom economy take little time for 
instructors to teach, are easy for students to calculate, and displace very little 
(if any) existing content. These mass-based metrics calculate, in one way or 
another, themassofwastedmaterials andare taughtunder theassumption that 
a process that produces less waste must be greener. That assumption is in 
correct. A process that produces little waste might use much more energy or 
might generate extremely harmful waste. In contrast, a process that produces 
more waste might use less energy or might generate nearly harmless waste. 
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Thus, mass-based metrics are not accurate indicators of environmental harm 
and are unreliable for determining which of two or more options is the least 
harmful. 

Impact-based metrics offer advantages over mass-based metrics by enabling 
students to compare chemicals, reactions, or whole processes (see below: Step 2. 
System Boundaries) for their potential harm. However, due to the added vari 
ability and subjectivity compared to mass (e.g., which impact should I care 
about?) and their use in complex life cycle assessments, impact-based metrics 
are widely perceived as too difficult for the early undergraduate curriculum. This 
chapter aims to show that this is not the case. It presents various approaches to 
introduce impact-based metrics in first-year or upper-level chemistry courses to 
enable students to identify the least harmful of two or more options. 

5.2.2 An Introduction to Impact-based Metrics 
In daily life, people are faced with decisions that require them to consider 
both an action and its potential consequences. For example, should one carry 
around a reusable coffee mug or use a disposable paper cup, and does the 
inconvenience of the former outweigh the impacts of the latter? In chemistry, 
we must similarly consider the benefits and hazards caused by reactions and 
processes.7 A simple way of evaluating a chemical process is by looking at how 
much waste it produces compared to how much of the desired product we get. 
Waste comes from solvents needed for the reaction, reagents that are not used 
up in the reaction, and by-products. One way or another, waste ends up being 
released into the environment. Let us consider an example: 

Process A produces 10 kg of total waste for each 1 kg of product. 
Process B produces 3 kg of total waste for each 1 kg of product. 

Which process is better? Process B produces and likely releases less waste 
into the environment, so it looks like the best choice. But WAIT! We cannot 
know for sure, since all waste is not equal. We need to know both the mass of 
the chemical waste and its potential for harm to determine its impact, which 
is a measure of harm. Let us reconsider the example with more information: 

The waste produced by Process A is CO2. 
The waste produced by Process B is CH4 (methane). 

To know which process causes less harm, one must consider the impact of 
releasing 10 kg of CO2 into the environment compared to 3 kg of CH4. As
greenhouse gases, both contribute to global warming, but 3 kg of CH4 would 
have a greater warming effect. Thus, it is insufficient to consider only the 
mass of waste. 

The harm caused by each chemical released into the environment is quan 
tified by the generic equation shown inBox 5.3. The potential, P, quantifies how  
much harm the chemical causes compared to an equal mass of a reference 
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Box 5.3 The equation and mathematical basis of both impact-based 
metrics and LCA. 

I = P ⋅ m 

where I  impact (a measure of harm) =
P = potential of the chemical to cause harm 
m = mass of the chemical released into the environment 

compound. When P is multiplied by m, the mass of chemical released, the 
product is the impact, I, which is the harm caused to the environment. 

The value of P depends on the type of harm, and there are many to consider: 
global warming, human toxicity, ecotoxicity, acidification (acid rain formation) 
potential, etc. For example, methane has a global warming potential (PGW) of 28  
and an acidification potential (PA) of zero. Methane thus contributes to global 
warmingbutnot to acidification.Todemonstratehow impact isdetermined,we 
will calculate the global warming harm caused by releasing 3 kg CH4. As men 
tioned earlier, the global warming potential (PGW) for methane is 28, which 
means a kg ofmethanewould cause 28 times asmuchglobalwarming as a kg of 
the reference compound, carbon dioxide. The PGW value has units of “kg of CO2 
equivalents per kg of methane,” but it is often simplified by stating that PGW is 
unitless. Given that the mass of methane released is 3 kg, the global warming 
impact (IGW) caused by this release can be calculated: 

Global warming impact (IGW) = PGW ⋅ m = 28 × 3 kg

= 84 kg of CO2 equivalents 

or, to be more explicit with the units, we could write it as follows: 

IGW = PGW ⋅ m = 28 kg CO2 equivalents/kg × 3 kg  = 84 kg of CO2 equivalents 

Since PGW for CO2 is 1, the global warming impact in process A is 10 kg of CO2

equivalents, considerably less than the84kgofCO2equivalents forprocessB.This 
simple example demonstrates that both the quantity and type of waste produced 
in a chemical process are needed to determine which one causes less harm. 

The same calculation can quantify other types of harm, such as acidifi 
cation (acid rain formation), ecotoxicity, eutrophication (overfertilization), 
and others. Table 5.1 lists the types of potentials, their reference chemicals, 
and the typical units for the impact. 

One impact, resource depletion, is calculated differently. The concern is 
not the emission of pollutants but rather the consumption of resources. 
Therefore, the equation is modified to use the mass of the chemical con 
sumed rather than released (Box 5.4). 

For example, imagine a process that uses 12 g of PtCl2 (of which 73% or 
8.8 g is Pt and 27% or 3.2 g is Cl), and none is recovered afterwards. The mRD 
of that usage is 8.8 g for the Pt and 3.2 g for the Cl. The depletion potentials 
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Table 5.1 Common potentials, their standard reference chemicals, and impact 
units. 

Potential Reference chemical Typical units for impact 
Acidification Sulfur dioxide kg SO2 equivalents 
Ecotoxicity 1,4-Dichlorobenzene (DCB) kg 1,4-DCB equivalents 
Eutrophication Phosphorus or phosphate kg PO4 equivalents 
Global warming Carbon dioxide kg CO2 equivalents 
Ozone depletion CFC-11 kg CFC-11 equivalents 
Particulates Particles smaller than 2.5 µm  kg PM  2.5 equivalents 
Resource depletion Antimony (Sb) kg Sb equivalents 
Photochemical ozone Ethylene kg C2H4 equivalents 
Toxicity 1,4-Dichlorobenzene kg 1,4-DCB equivalents 

Box 5.4 The equation for the calculation of resource depletion. 

IRD = PRD ⋅ mRD 

where IRD = impact in terms of resource depletion 
PRD = depletion potential 
mRD = mass of the resource consumed 

for Pt (PRD = 1.29) and Cl (PRD  4.9  10−8)=  can be supplied to the students 
from the Handbook on Life Cycle Assessment.

×
8 The formal units are kg of Sb 

equivalents per kg of element consumed, but depletion potentials can also 
be treated as unitless. The depletion impact is calculated: 

Resource depletion impact = IRD = (1⋅29 × 8⋅8 g)+  (4⋅9 × 10−8 × 3⋅2 g)

= 11⋅4 g Sb equivalents 

It is reasonable and recommended that students neglect highly abundant 
elements (Al, Ar, Ba, C, Ca, Ce, Cl, Fe, H, K, Mg, N, Na, O, Rb, Sc, Si, Ti) in 
such calculations because, as seen in the above example, they effectively 
make no difference to the total depletion. This simplifies the math: 

Resource depletion impact = IRD≈1⋅29 × 8⋅8 g  = 11⋅4 g Sb equivalents 

Calculations of the types shown in Boxes 5.3 and 5.4 can introduce impact-
based metrics to students and replace or supplement the mass-based metrics 
more commonly used in introductions to green or sustainable chemistry. 
We published a teacher’s resource (open access from 2025) explaining these 
metrics and how to find or calculate the potentials.9

5.2.3 Life Cycle Assessment 
Life Cycle Assessment (LCA) uses impact-based metrics to evaluate entire 
processes for their potential for harm and thus is famous for being a 
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Figure 5.1 The standard type of LCA, called cradle-to-grave, considers the inputs 
and outputs of every step in the life cycle of a product, but a cradle-to 
gate LCA only considers up to the end of the manufacturing of the 
chemical or consumer product. A gate-to-gate LCA, which is not gener 
ally practiced but is recommended here because it makes a student 
exercise much shorter, involves only the life stage in which the product 
is made. This figure contains original artwork. 

time-consuming endeavor. Life Cycle Assessment takes into account the 
mass of all chemicals released into the environment and, importantly, 
considers the potential of each to cause harm. The entire assessment be 
comes complicated by considering the variety of impacts (toxicity, smog, 
global warming) and needing to make assumptions about how much of each 
chemical is released into the environment. 

Fortunately, adopting impact-based metrics used for LCA into the high 
school or undergraduate curriculum is entirely feasible. While this helps 
build skills to conduct more complex assessments useful in the upper-year 
chemistry or chemical engineering curriculum, no further knowledge of LCA 
is needed on the part of the instructor or the students. Nevertheless, we 
provide a review of the general process here so that the role of impact-based 
metrics in environmental evaluations of chemical processes is clear. 

The full process of Life Cycle Assessment consists of six steps: 

Step 1. Goal and functional unit: let us suppose we are considering four 
syntheses of chemical X, called Processes #1, 2, 3, and 4. Our goal is to 
find out which of these four options causes the least harm. We then 
decide upon a functional unit, which is the requirement that all options 
must achieve. For example, let’s say that the functional unit is the 
synthesis of 1 kg of chemical X. 

Step 2. System boundaries: a standard LCA is a “cradle-to-grave” LCA, 
meaning it considers every stage in a product’s life, from mining or 
farming the raw materials all the way to recycling, landfill, incineration, 
or disposal of the used product (Figure 5.1). Sometimes, a “cradle-to 
gate” LCA is more appropriate, such as when comparing four syntheses 
of chemical X (top half of Figure 5.1). Any harm caused by the sub 
sequent sale, use, and disposal of chemical X will be the same re 
gardless of which synthesis we choose. In this kind of situation, those 
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later stages of the product’s life can be ignored because they will have 
no effect on which route is the greenest. 

Step 3. Inventory: every stage has inputs such as raw materials and energy 
and outputs such as pollution emissions and waste. The inventory is a 
complete list of all chemicals that are inputs and/or outputs, including 
the amounts used, produced, and emitted. This step is the most time-
consuming. For a classroom activity or course assignment, it is im 
portant to design the assignment in a way that minimizes the time 
required for students to develop the inventory. 

Step 4. Impact assessment: the various impacts (global warming, smog 
formation, etc.) of each emitted chemical are calculated by multiplying 
the potential by the mass emitted (Box 5.3). Once the impacts for all the 
chemicals in the inventory have been calculated, they are summed to 
provide a total impact for the process. For example, the total global 
warming impact is obtained as follows: 

Total global warming 

= IGW(chemical 1)+  IGW(chemical 2)+  . . .IGW(chemical n) 

Similarly, the total acidification, total smog formation, and other impacts 
are calculated. The totals are then tabulated and compared for each of 
the available options. The results of our hypothetical chemical X, which 
can be made by four processes, are shown in Table 5.2. Colors (or bold 
and italic emphasis) can be used to guide the eye to high and low im 
pacts but are not required. 

As Table 5.2 shows, a thorough LCA evaluates many impacts to avoid risk 
migration. Risk migration, also known as “regrettable substitution,” is the 
replacement of an old method or technology that poses a certain risk with 
a new one that poses a different risk. For example, the old technology 
might use lots of energy and therefore contribute greatly to global 
warming, while the new technology uses very little energy but causes high 
freshwater ecotoxicity. An LCA that only evaluated global warming would 
incorrectly lead one to believe that the new technology is wonderfully 

Table 5.2 Environmental impact of four different processes for producing 1 kg of 
chemical X. 

Process 
Impacts (I)a 

IAP IPOC IGW IEU IHT IAD 

#1 0.3 10 3000 0.3 3000 0.1 
#2 2 60 20 000 0.02 4000 0.3 
#3 5 × 10−6 1  0.05 5× 10 −8 100 000  0.0005 
#4 0.7 20 6000 0.007 800 0.007 
Unitsb kg SO2 eq kg C2H4 eq kg CO2 eq kg PO4 eq kg DCB eq kg Sb eq 
a AP: acidification potential, POC: photochemical ozone (smog) creation, GW: global warming, 
EU: eutrophication, HT: human toxicity, AD: abiotic depletion. 

b Units are all in the format kilograms of [reference chemical] equivalents. DCB: 1,4-dichlorobenzene. 
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green. An LCA that includes many impacts, including freshwater eco 
toxicity, would make the flaws in the new technology abundantly clear. 
Because the greatest workload in an LCA is associated with the Inventory 
Step #3, not the Impact Assessment Step #4, doubling the number of 
calculated impacts does not double the total workload. 

Step 5. Interpretation: we can now choose which of the options is the 
greenest. For each impact, compare numbers within the column. The 
smaller the value, the better. Negative numbers are wonderful but rare. 
In Table 5.2, we see that the greenest options are probably processes #3 
and 4. Process #3 is the greenest option for global warming but is the 
worst option for human toxicity. Process #4 is very green for human 
toxicity but worse than #3 in all other respects. 

Topickawinner,wehave tomakea trade-off. For example, ifwebelieveglobal 
warming tobe themost important impact, thenwe could choose synthesis 
#3 and be willing to live with the fact that it is going to cause more human 
toxicity. When faced with a problem like this, student teams intuitively 
grasp the concept of trade-offs and explain their decision in such terms. 

Since the impact metrics have different units, do not compare numbers in 
different columns. For example, a student might be tempted to say that a 
human toxicity of 100 000 kg DCB eq is worse than a global warming of 
6000 kg CO2 eq. It might look that way because the number is bigger, but 
it is not a fair comparison because they have different units. It is like 
saying that 5 minutes is bigger than 1 meter. Similarly, never total up the 
numbers in a row (e.g. 0.3 + 10 + 3000 + etc.). As any good chemistry 
student will tell you, one should not add numbers with different units. It 
would be analogous to calculating the sum of 1 meter plus 5 minutes. 

Another important part of the interpretation step is identifying and con 
sidering impacts that are not included in the LCA. Does one of the pro 
cesses use a flammable or explosive substance? Do they use renewable or 
non-renewable feedstocks? While the LCA may not have quantified those 
impacts, they can still be a part of the decision-making process. 

Step 6. Sensitivity analysis: this final step may not be part of a short 
undergraduate exercise, but it is important for anyone who wants to 
understand LCAs. The process of doing an LCA involves making many 
assumptions. For example, we could assume that the chromatographic 
purification of the crude product requires 20 g of silica. But what if that 
assumption were wrong? What if 2 g of silica were sufficient, or what if 
it required 80 g of silica? In sensitivity analysis, LCA researchers vary 
such assumptions to higher and lower values. If synthesis #3 remains 
the greenest option even when the assumption is varied, then identi 
fying that synthesis as the greenest can be considered reliable. 

5.3 Teaching & Learning Impact-based Metrics 
This section provides learning outcomes, strategies, examples, and activities 
for incorporating impact-based metrics into your chemistry curriculum. 
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5.3.1 Student Learning Outcomes 
A good starting point for adding impact-based metrics into your cur 
riculum is to evaluate your course learning outcomes (LOs). In particular, 
consider what you are asking students to do with the content they learn or 
values they calculate. Learning outcomes related to using formulas and 
calculating mass or yield can be enriched by asking students to consider 
the impact of that mass or compare the impacts of two chemicals or 
reactions after calculating mass. Table 5.3 summarizes this approach 
to updating learning outcomes. The rest of this section describes ap 
proaches for 1st-year and upper-year courses in detail, followed by specific 
examples. 

As you can see in Table 5.3, one benefit of this approach is that it also 
provides a practical way to address the need for meaningful and relevant 
contexts in chemistry education10 (see Chapter 4), and demonstrates 
chemistry’s role in working towards the UN Sustainable Development 
Goals (see Chapter 7).11,12

Table 5.3 Summary of approaches to updating learning outcomes (LOs) to include 
impact. 

Level 
Traditional LO (“Students 
can. . .”) Updated LO to include impact 

1st year 
Stoichiometry, 
ideal gas law 

Balance a reaction equation 
and calculate the mass of an 
ideal gas from moles. 

Determine which of two gasses 
is more harmful by balancing 
reaction equations and 
calculating the ideal gas mass 
from moles. 

1st year 
Yield, limiting 
reagents 

Derive the theoretical yield and 
calculate percent yield for a 
reaction under specified 
conditions. 

Determine the environmental 
harm caused by a reaction 
based on its theoretical and 
percent yield under two 
specified conditions. 

1st year 
Structure and 
properties 

Describe the role of 
intermolecular forces on the 
viscosity of liquids. 

Describe the role of 
intermolecular forces on 
the viscosity of liquids and 
the trade-off of desired 
properties with potential for 
harm. 

Upper-year 
Organic 

Use retrosynthetic analysis to 
design plausible syntheses 
from readily available 
materials. 

Use retrosynthetic analysis to 
design plausible syntheses 
from readily available and 
environmentally benign 
materials. 

Upper-year 
Inorganic 

Predict the reactivity of 
transition metal complexes 
based on the type of metal, its 
oxidation state, and ligands. 

Predict the reactivity and 
potential for abiotic depletion 
of transition metal complexes 
based on the type of 
metal, oxidation state, and 
ligands. 
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5.3.2 First-year Chemistry and the First-year Undergraduate 
Curricula 

As first-year chemistry is required for students majoring in chemistry, 
chemical engineering, and related disciplines, it is the ideal place to intro 
duce the concepts of green chemistry. With respect to metrics, we believe the 
key learning outcome is that students are able to: 

distinguish the greenest of two or more options and explain their reasoning 
in terms of the potential for environmental harm. 

By the end of first-year chemistry, students should be able to answer 
questions such as: Which chemical, A or B, would cause less environmental 
harm? Which process, X or Y, would result in less environmental harm? 

Many questions in the first-year undergraduate chemistry curriculum ask 
students to calculate the mass of a chemical. Any such question can be 
modified to have the students do the same calculation for two chemicals and 
subsequently compare these two in terms of harm.9 Students can practice 
these decision-making skills within the existing content of the first-year 
curriculum, for example, when learning how to use the ideal gas law to 
calculate the mass of a gas. Practice questions can be designed to have 
students use the ideal gas law but also use the result to select the less 
harmful of two options. This approach, shown in Box 5.5, illustrates how 
impact is integrated into the question while keeping the intended learning 
outcome (gas laws) and its calculation steps intact. To use this approach, it is 
only necessary for instructors to briefly introduce the concept of green 
chemistry and the equation that determines impact (Box 5.3 or Box 5.4). 

5.3.3 Introductory Organic Chemistry: organicallychem.com 
For educators looking to teach organic chemistry using green and sustain 
able chemistry principles, organicallychem.com is a freely available set of 
“plug and play” modules (SCORM12, PDF, pptx).13 These modules cover 
essential organic chemistry topics, allowing students to explore how organic 
chemistry relates to impact-based metrics, sustainability, and renewable 
resources. The modules are designed for students with varying levels of 
chemistry experience. Each module is a stand-alone introductory lesson that 
can be used to enhance or replace existing organic chemistry teaching ma 
terials. We recommend pairing all modules with “Module 0: Introduction to 
Organic Chemistry,” which introduces impact-based metrics and the phil 
osophy of green chemistry and is an approachable introduction to organic 
chemistry concepts for high school, first-year or second-year students. The 
entire set also can be used as an introduction to an organic chemistry course 
and includes an additional question bank. 

Module 1: Structure and Properties asks learners to consider the environ 
mental and human impacts of chemicals and gets them thinking about 

https://organicallychem.com
https://organicallychem.com
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Box 5.5 An example 1st year undergraduate question that has students 
practice calculating impact and choosing the less harmful option 
within the context of a type of calculation that is already an 
expected part of the curriculum. 

QUESTION: HCFCs (hydrochlorofluorocarbons) are sometimes used as 
refrigerant gases. Before it is turned on, an air conditioner with an in 
ternal volume of 70 L holds 8.0 atm of refrigerant at 20 °C. The operator of 
the air conditioner is considering using either CHF2Cl or CH3CFCl2 as the 
refrigerant gas. For each gas, calculate the mass required. Which gas 
would cause the least ozone depletion if it escaped? 

Chemical MW (g mol−1) POD (ozone depletion potential) 

CHF2Cl 86.47 0.055 
CH3CFCl2 116.94 0.11 

ANSWER: PV = nRT = (m/M)RT 

mCHF2 Cl = MPV/RT 

= 86⋅5 g  mol−1 × 8⋅0 atm × 70 L/ 0⋅0821 L atm K−1 mol−1 × 293 K 
( )

= 2013 g 

Ozone depletion from CHF2Cl = 2013 g × 0.055 = 110 g 

mCH3CFCl2 = MPV/RT 

= 116⋅94g mol−1 ×8⋅0atm×70L/ 0⋅0821LatmK−1 mol−1 ×293K 
( )

= 2722 g 

Ozone depletion from CH3CFCl2  2722 g  0.11  300 g = × =
Therefore CHF2Cl would cause the least ozone depletion. 

toxicity and molecular design. The module provides a comprehensive overview 
of how structure relates to function. It covers intermolecular forces and func 
tional groups and how these relate to polarity, solubility, and toxicity. While 
impact-based metrics from this chapter are not used explicitly, the module 
focuses on being able to predict toxicity using a simple metric related to impact: 
the octanol-water partition coefficient (log KOW). The module is suitable f or a ny
introductory organic chemistry course, e.g., at the first- or second-year level. 

Module 2: Stereochemistry and Module 3: Nucleophilic Substitution and Addition 
build on this concept that structure can dictate function and toxicity. For ex 
ample, Module 3 explores ideas of electrophilicity and how this reactivity can 
create “excess toxicity” when considering mechanisms for reactions with en 
zymes. This module is suitable for students who have completed an introductory 
organic chemistry course that covers the basics of substitution reactions. 
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5.3.4 Upper-level or Specialized Undergraduate Curriculum 
In upper-level chemistry courses, selecting the greenest chemical will not be 
sufficient—students need to be able to identify the greenest synthesis. Here 
the key learning outcome is: 

Given two or more syntheses of a product from a given starting material 
and reagents, identify which synthesis causes the least harm. 

Fortunately, simple calculations can still answer more complex ques 
tions by using the equation I = P × m (example shown in Box 5.6) or by 
having the students do a Life Cycle Assessment. The latter is preferable if 
time permits. 

However, the approach inBox 5.6 only considers one environmental impact, 
which in real life could lead to risk migration, which was defined earlier as an 
option better in one impact but problematic in another. In an earlier example, 
the second route produces less harm from global warming but may have the 
highest ecotoxicity impact. To understand the full picture, Life Cycle Assess 
ment can be taught in an upper-year course, with the lectures accompanied by 
a major assignment so that the students can practice their skills.14 Students 
who did this exercise at Queen’s University and at the ACS Summer School on 
Green Chemistry reported afterwards that they found it gave them a much 
clearer picture of what features in a synthesis are typically the most harmful. 

5.3.5 Activities and Practical Examples for Impact-based 
Metrics 

5.3.5.1 Peer Teaching (Jigsaw) Introductory Activity 
Since LCA is complex and involves many different metrics, it can be helpful 
to scaffold students’ learning using a ‘jigsaw’ or peer teaching activity.15 This 
approach introduces single metrics, followed by peer teaching to consider all 
metrics when making a decision about which synthetic route is greenest. 
The learning outcomes (LOs) are: 

1. Describe various impact-based metrics and their relationship to green
chemistry principles, including safety, waste production, and the
environment.

2. Use data to calculate the potential and impact of a reaction or process.
3. Use impact-based metrics to compare and contrast different processes

and decide which process is greenest based on those metrics.
4. Rationalize how different contexts might influence which process is

greenest when considering different impact-based metrics.

The four-step activity described next was designed so that students had a 
choice between three different synthetic routes to produce 1-fluorohexane 
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Box 5.6 Example question that has students compare two syntheses in 
terms of one environmental impact. 

QUESTION: Compare these two syntheses of 1 mole of hexanenitrile. 
Considering only the gaseous waste (SO3, HCl, CO2, unreacted NH3), 
which route would cause the least acid rain? 

HCl   36⋅5 g  mol−1MW= , Acidification Potential  0⋅88 =
NH3 MW  17⋅0 g  mol−1= , Acidification Potential  1⋅88 =
CO2 MW  44⋅0 g  mol−1= , Acidification Potential  0 =
SO3 MW = 80⋅1 g  mol−1, Acidification Potential = 0⋅80 

Route 1: Hexanoic acid (116 g, 1 mol) and ammonia (10 mol) were re 
acted over 480 g of silica at 500 °C. The product was captured in a con 
denser but the unreacted ammonia was allowed to escape (simplified 
from J. Am. Chem. Soc. 1931, 53 (1), 321). 

Route 2: Hexanoic acid (116 g, 1 mol) was added to a solution of 
chlorosulfonyl isocyanate (141 g) in benzene (250 mL) and stirred for 
30 min at 60 °C. Volatiles were removed from the product mixture by 
distillation, giving the product hexanenitrile (simplified from Chem. Ber., 
1967, 100, 2719). 

ANSWER 
Route 1: moles of unreacted NH3  10 – 1 mol   9 mol= =

mass of unreacted NH3 = 9 mol  × 17.0 g mol−1 = 153 g 
acid rain impact = 153 g × 0.80 = 122 g 

Route 2: moles of each acid gas = 1 mol (each) 
mass of SO3  1 mol   80.1 g mol−1  80.1 g== ×
mass of ×HCl  1 mol   36.5 g mol−1  36.5 g= =
mass of CO2  1 mol   44.0 g mol−1  44.0 g= =×
acid rain impact= (80.1 g× 0.80)+ (36.5 g× 0.88)+ (44.0 g× 0)= 96 g 

Therefore, the second route would cause the least acid rain. 

(1-hexylfluoride). Of the three routes, two were selected to have relatively 
similar impact indices when compared using LCA, and the other was 
obviously the worst overall, so students would need to engage in multi 
variate reasoning and systems thinking to reach an answer. Students were 
given the added context that “the chemical plant is located on the banks 
of a river used by humans for swimming and fishing” to encourage 
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students to consider different contexts and necessary trade-offs in their
decision. 

1. Introduction, ~ 5 minutes. In class, students are given an outline of
the activity and its intended learning outcomes. Before the class,
students should review the basics of each impact-based metric. The
set-up of the jigsaw activity depends on how many metrics you want to
include; for this example, we will use five metrics: abiotic depletion,
smog formation, global warming, human ingestion toxicity, and
human inhalation toxicity. This includes how it is calculated, from
what reference compound, and where to find potentials used in
calculations.

2. Single metric, ~15 minutes. Split the class into five equal-sized groups
(or one for each metric you use). Each group is assigned an impact-
based metric and introduced to its basics by a facilitator or with a print 
out. All groups are given the same situation, which involves choosing
the greenest route for a chemical product out of several alternatives.
For each student, have a printed worksheet with information about the
chemical processes and empty tables to fill. One version for each im 
pact-based metric potential is needed. Working within their group,
individuals will calculate the indices of their metric for each route
based on the provided impact potentials.

3. Peer teaching, ~10 minutes. New teams are now formed with one
member from each of the earlier groups. In this way, each team has one
“expert” (for the scope of this activity) in each impact-based metric. In
these teams, students work together using what they learned in the first
stage to determine which process is greenest, but now considering all
five metrics. First, the teams compile their data in a single LCA table.
Next, students should deliberate as a team to identify which they be 
lieve is the greenest route. Students should be encouraged to consider
each route’s pros and cons (i.e., trade-offs and risk migration). Finally,
each team must decide on one route and present their final verdict.

4. Share, ~15 minutes. Each team nominates one representative to share
their choice, justification, and reasoning with the class.

This activity was published open-access with full details and worksheets 
available as supporting information.9 Short surveys run before and after the 
activity showed that students felt more confident in their abilities on each 
learning outcome (listed earlier) and enjoyed the classroom activity. 

5.3.5.2 Teaching Molecular Design for Decreased Environmental 
Impact 

The preceding discussion is predicated upon the assumption that the in 
structor gives the students options (for example, Box 5.5). In upper-year 
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Figure 5.2 The process by which students can use virtual screening to identify 
candidate molecules for a task and then choose the least harmful 
among them. This figure contains original artwork. 

courses, students will be more empowered as future practicing green 
chemists if they can learn to identify options on their own. Thus, the next 
pedagogical outcome could be to teach molecular design. Specifically, how 
would a chemist identify candidate molecules that would meet the required 
properties for an application and be as green as possible? This skill can be 
taught using computer-aided virtual screening. 

Specifically, students would be tasked with using freely available struc 
ture-generator software to create a molecular structure library and then to 
use QSAR (quantitative structure–activity relationship) software to predict 
the properties of the chemicals in the library (Figure 5.2). Those molecules 
with the required properties can be identified from that data, and the least 
harmful among them can be selected. An example assignment is shown in 
Box 5.7. A web-based structure generator that works on both Mac and 
Windows platforms is available at ChemInfo.org. The EPA website offers a 
QSAR program called TEST (Toxicity Estimation Software Tool), which was 
available on both platforms in the past but, unfortunately, the EPA no 
longer updates the Mac version. Detailed instructions on this assignment 
have been published.16

5.3.5.3 Advanced Exercise: Life Cycle Assessment 
Conducting a Life Cycle Assessment for any product is laborious, as it re 
quires searching for and compiling data, setting system boundaries, and 
making difficult decisions from dozens of variables. Unsurprisingly, teach 
ing Life Cycle Assessment within the constraints of class periods, 
3–6 month school terms, and an already crowded curriculum is a huge 
challenge. If at all, this topic is typically covered only in upper-year post 
secondary chemistry or environmental science elective courses, which can 
take 4–6 weeks to complete. 

However, the standard and detail needed for introducing LCA to chemistry 
students need not be as high as would be required to teach future LCA 

https://ChemInfo.org
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Box 5.7 An example assignment that has students practice virtual 
screening in the programs ChemT (sites.esa.ipb.pt/medchem/ 
chemt) and TEST (epa.gov/comptox-tools/toxicity-estimation 
software-tool-test), for the purposes of identifying candidate 
chemicals for a specified task and then choosing the least 
harmful among them. 

QUESTION: Imagine that you are working for a company that makes 
detergents and textile chemicals using dialkyl sulfoxides, RS(O)R ′, where 
the two R groups are uncharged and could be identical or different. You 
have been tasked with identifying a sulfoxide with a boiling point (Tb) 
above 200 °C and low toxicity to mammals and invertebrates, represented 
by rat LD50 and daphnia magna LC50 48 h. You will do this by generating a 
library of at least 20 different sulfoxides in ChemT, predicting their Tb 
and toxicities using the TEST program, and then analyzing the results to 
choose the best option that meets your criteria. 

1. Write all of your compounds in a table using the following headings.

Sulfoxide 
name 

Predicted 
Tb (°C) 

Predicted rat oral 
LD50 (g kg−1) 

Predicted daphnia 
LC50 (g L

−1) 

2. Which sulfoxide would you recommend based upon the given cri 
teria? Explain.

practitioners. Its steps include valuable learning outcomes such as de 
fining system boundaries, case comparisons, systematic calculations, and 
critical thinking for multivariate decision-making. Here, we provide an 
LCA exercise used in an upper-year  elective green chemistry course. Its 
learning outcomes are the same as the activity in Section 5.3.5.1, but less 
information and data are given to the students, and more routes are 
considered. 

5.3.5.3.1 Format. The LCA exercise taught by one of the authors (PGJ) 
has the students work in teams of 4 to 7 members. Each team is given a 
transformation, such as converting benzene to aniline, and four or five 
literature preparations for achieving their assigned transformation. 
The team is expected to mathematically scale each synthesis to make 
1 kg of product and to calculate the harm that would be caused by per 
forming the synthesis at that scale. No experimental work is per 
formed; this is a paper exercise. Details of this exercise have been 
published,14 although we now find it better to omit the ODP (Ozone 
Depletion Potential), PER (persistence), and ACCU (bioaccumulation) 
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metrics and use Photochemical Ozone Creation rather than Smog For 
mation. Guidance for instructors and students on finding and/or calcu 
lating potentials is also available in the supplementary material of a 
related article.9

This exercise is a gate-to-gate LCA, rather than cradle-to-grave, to pre 
vent excessive time commitments from students and grading. Students 
are taught in lectures that gate-to-gate LCAs are not preferred because 
they fail to consider the environmental harm of making the starting 
materials and reagents. Nevertheless, the learning objectives are met, and 
the students often discuss this limitation when they report back to the 
class. 

5.3.5.3.2 Content and Considerations. The instructor selects literature 
preparations to ensure a diverse range of techniques. For example, the set 
of preparations may include syntheses at high temperature vs. room tem 
perature, catalytic vs. stoichiometric agents, with and without post-
reaction chromatographic purification, with good vs. poor yields, etc. 

In the preceding lectures, the students must learn the basics of LCA. In 
addition, either the lectures or the instructions accompanying the assign 
ment must cover: 

● how to numerically scale up the preparations to 1 kg;
● what assumptions to make when details are missing (e.g., how much

drying agent is used?);
● how to find or calculate the potentials;
● how to calculate energy consumption and the corresponding harm;
● how to estimate emission rates;
● how to consider the emissions of air-sensitive compounds:

e.g., emission of 1 mol of LiAlH4 
= emission of 1 mol of LiOH and 1 mol of Al(OH)3. 

Emission rates must be estimated when they are not measured directly. 
These emission rates are suggested: 

● 1% emission for the product and anything that can be recycled, reused,
or sent for incineration after the synthesis;

● 100% emission for drying agents, column packing agents, non-com 
bustible byproducts, non-recyclable catalysts, and the like;

● 100% of what is left after the reaction or 1% of the original amount
(whichever is greater) for inorganic reagents that are partly or com 
pletely consumed in the reaction.

In addition to calculating the harm related to various chemicals and 
emissions, students must also calculate the harm caused by energy usage in 
the process (Box 5.8). Once teams have calculated the energy consumption 
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Box 5.8 Calculating energy consumption for heating liquids. For 
simplicity, these equations assume no heat losses. m is the 
mass, CP is the heat capacity in J g−1 K−1,  Tf is the final 
temperature and Tb is the boiling point. ΔHvap is the heat of 
vaporization in J g−1.  n is the number of times the average solvent 
molecule is refluxed during the time of refluxing. This depends 
greatly on the conditions but assume n is 1 for every half hour. 

To heat a liquid: q  m CP (Tf  20 °C) = −
To distill a liquid: q  m CP (Tb  20 °C)  m ΔHvap= − +
To reflux a liquid: q = m CP (Tb − 20 °C) + n m  ΔHvap 

required for heating reaction mixtures or distilling solvents, they can cal 
culate the harm caused by generating that much energy (Table 5.4). For this 
calculation, teams should be assigned a country in which their hypothetical 
syntheses will take place. 

5.3.5.3.3 LCA Exercise Assessment. After doing the calculations, stu 
dents submit a report and present their results to the class. Their presen 
tation includes a description of each synthesis and its major sources of 
harm, recommendations on how to reduce the harm of each synthesis, 
and an overall table comparing the studied syntheses (Table 5.2). In that 
table, the students are encouraged to color the worst option in each col 
umn in red, the best in green, and the others in yellow. This allows the 
audience to quickly assess the various options in terms of each impact. 
Students are also instructed to round values to only a single significant 
digit so as not to overstate the accuracy of the calculation. While showing 
this overall table to the class, the team members will identify which syn 
thesis they recommend as the greenest and explain why. Students must 
mention the effect of the energy-associated harm on their decision-making 
process. The team report is graded on the accuracy of the calculations, ex 
planation and reasonableness of assumptions, reasoning for the selection 
of the greenest synthesis, identification of the most problematic chem 
icals, and suggestions for improvements for each route. The presentation 
is graded on presentation skills, quality of the explanation, and ability to 
answer questions. 

5.4 Closing Thoughts 
Green chemistry education has relied for too long on qualitative general 
izations and mass-based quantitative metrics. Qualitative generalizations 
will always have an important role to play in early green chemistry education, 
but this chapter emphasizes that mass-based metrics should be largely re 
placed by impact-based metrics. The primary goal of green chemistry is the 
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avoidance of harm, and this is best conveyed by teaching students how to 
quantify harm and how to make quantitative comparisons in terms of harm. 

The tools described in this chapter illustrate how impact-based metrics 
can be added to the undergraduate curriculum in a variety of ways and at 
several levels. The simplest is using a single impact-based metric to compare 
two chemicals, which is suitable for first-year undergraduate chemistry 
courses. Because such questions are easily tagged onto calculation questions 
already used in the curriculum, the coverage of these metrics takes very 
little time in the course and, therefore, need not displace existing content. 
The most complex example discussed in this chapter is a gate-to-gate LCA 
assignment that, while not meeting the exacting standards of a publish 
able LCA, gives the students an idea of how LCA is done, how the results 
are interpreted, and the kinds of features that make a synthesis more 
harmful. 

During the discussion of impact metrics, especially in the discussion of 
LCA, it is important to convey to the students that some impacts cannot (yet) 
be quantified. Biodiversity loss, social impacts, and persistent plastic pol 
lution are examples of impacts that are not yet adequately quantifiable. In 
real-world decision-making, such impacts need to be considered along with 
those that are easier to quantify. 
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6.1 Opening Thoughts: Tracking Global 
Environmental Unsustainability Using the 
Planetary Boundaries Framework 

6.1.1 Unsustainability is a Global Systems Challenge 
The rapidly increasing environmental unsustainability that people and the 
planet experience in the 21st century is a direct outcome of human activities 
to harness energy and transform matter. Especially since the Industrial 
Revolution of the mid-18th century, technological, cultural and socio 
economic changes, fueled largely by the combustion of fossil fuels, have 
provided the energy and material transformation wants and needs of Earth’s 
rapidly growing population. The rate of material transformation increased 
most notably in the period of “great acceleration” that began in the 1950s. 
One striking example that demonstrates the scale of human-caused plan 
etary change is the determination, using standard methods of material flow 
analysis, that in 2020, both the mass of materials created by humans (an 
thropogenic “stuff”)1 and the total mass of carbon dioxide produced by 
human activity have now surpassed the dry mass of all living biomass.2,3

Tackling environmental unsustainability starts with a scientific under 
standing of Earth as a complex system characterized by multiple com 
ponents. Earth behaves as a tightly coupled biophysical system, in which life 
on Earth adapts and coevolves in response to changes in these components. 
The conditions that emerge from the interactions of these components de 
termine whether people and the planet flourish. 

One key component is the balanced flow of energy between incoming solar 
energy, mostly in the form of visible light, and outgoing energy emitted by 
Earth, mostly in the form of heat or infrared energy. Human activities that 
alter the chemistry of the atmosphere, for example by emitting greenhouse 
gases or sulfate aerosols, are changing this radiative balance. 

Materials and their transformation, both through natural processes and 
through human activity, form a second key component. For many chemical 
elements, today’s patterns of consumption will eventually limit their availability 
as elements become more dispersed and become more difficult to access and 
use.4 Everything in Earth’s system can be categorized into smaller subsystems 
with their own distinct behavior. These include the atmosphere (air), biosphere 
(living things), lithosphere (Earth’s crust), hydrosphere (water), and the cryo 
sphere, a subcategoryof thehydrosphere thatconsistsof the frozenpartsofEarth. 

6.1.2 The Planetary Boundaries Framework Shows How 
People are Changing the Planet 

The Planetary Boundaries framework5 shows the importance of considering 
the Earth as a system to analyze, quantify, and where possible, predict 
environmental changes and their impacts on people and the planet. 
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Figure 6.1 A visualization of the Planetary Boundaries framework. Human-caused 
pressures on nine Earth system processes are driving the world away 
from stable environmental conditions (the green Holocene world) to a 
situation of rising uncertainty about future conditions and complex 
systemic risks. The amber-red wedges represent the current situation, 
assessed in terms of “control variables” for each Earth system process 
that tracks long-term, large-scale change. Note that the control variable 
for atmospheric aerosol loading is quantified as the difference between 
north and south hemispheres, rather than a globally assessed quantity, 
which is why it is shaded differently. Image by S. Cornell. Data from 
ref. 13, with assessments in ref. 7, 14 and 15. 

The Planetary Boundaries framework (Figure 6.1) was devised in 2009 by an 
international group of global environmental change scientists with expertise 
in the behavior of Earth’s various subsystems. It highlights a suite of phys 
ical, ecological, and biogeochemical changes that are happening at a plan 
etary scale. Multiple updates to the framework have been published since 
then,6–8 improving its usefulness in Earth system research and in sustain-
ability initiatives. Businesses use the framework for setting targets to min 
imize their environmental impacts,9,10 and policymakers use it to develop 
strategies that deal better with systemic links between social, economic, and 
environmental problems,11 especially in Europe where there is a long-term 
objective to “live well, within planetary boundaries”.12

The Planetary Boundaries framework consists of nine Earth system pro 
cesses in which present-day human activities are disturbing Earth’s material 
flows and energy balance (Figure 6.1). Each Earth system process in the 
framework is represented in terms of at least one globally quantifiable 
metric or control variable, using data from Earth system models and Earth 
observation systems. Individually, the environmental changes included in 
the framework are often reasons for local concern, but the framework 
highlights that when these changes happen in combination, they have very 
large-scale and long-term consequences for the Earth system as a whole. 
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Earth’s environment has varied greatly over geological time, but human 
societies only established themselves worldwide during the Holocene Epoch, 
when climate and ecological conditions were relatively stable. In the most 
widely used diagrams of the framework, this baseline of stable biophysical 
conditions is shown as a green “safe operating space for humanity”. Earth’s 
history gives evidence that when the planetary boundaries are overstepped, 
rapid and irreversible changes can play out over large parts of the world. As 
Earth’s biophysical conditions become less stable and less predictable, living 
ecosystems – including the world’s societies – will find it harder to adapt to 
change. This means that the Planetary Boundaries framework is also useful 
for highlighting the rising risks of today’s linked environmental changes. 

The extent of human-caused changes away from the stable baseline is 
shown as an intensifying amber to red wedge. Estimates of the natural 
variability and other sources of scientific uncertainty are taken into account. 
Taking climate change as an example, the atmospheric carbon dioxide 
concentration during the 12 000 years of the Holocene Epoch that followed 
the last Glacial Period was around 280 ppm. Although this value fluctuated 
for natural reasons, the concentration stayed well below 350 ppm, the value 
at which the climate change planetary boundary has been positioned. Today, 
the concentration of carbon dioxide in the atmosphere exceeds 425 ppm, 
well outside the range for a stable climate (over the coming decades at least), 
and contributes directly to global warming and changes to other essential 
climate variables that already have harmful and expensive impacts. 

In the Planetary Boundaries framework, climate change and biosphere 
integrity (most simply understood as loss of biodiversity) are considered core 
boundaries because together, these two planetary processes define the bio 
physical state of the Earth system and characterize Earth’s shifts between 
geological epochs. Feedback between the physical climate and the living 
biosphere plays a controlling role in Earth’s stability and change. Breaching 
either one of these planetary boundaries drives the Earth system into a new 
state, with irreversible consequences should they be substantially and per 
sistently transgressed. Overstepping the climate change planetary boundary 
irreversibly changes the conditions for all living organisms; changing large-
scale ecosystems through processes like deforestation and intensive agri 
culture fundamentally alters the flows of heat and water that make up the 
climate. Land system change and freshwater change capture the main direct 
drivers of change in the core boundaries through people’s use of natural 
resources. The other processes in the framework tackle the most important 
disruptors to biophysical and biogeochemical feedbacks in the Earth system, 
including through the synthesis and mobilization of pollutants. 

6.2 Background: Education for Global 
Environmental Sustainability 

At both secondary and post-secondary levels, current approaches to teaching 
chemistry often emphasize the mastery of fragmented topics to equip 
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students with disciplinary depth. While this outcome has considerable 
value, opportunities are often missed to empower students to relate funda 
mental understanding in chemistry to the complex sustainability challenges 
facing Earth and societal systems. However, recent initiatives are gaining 
considerable traction for reimagining chemistry teaching and learning 
through systems thinking17 so as to better build transferable knowledge and 
skills that can be applied to global challenges.18

The IUPAC Systems Thinking in Chemistry Education (STICE) project19 

tackled this educational challenge with project outcomes including a special 
issue of the Journal of Chemical Education devoted to systems thinking and 
green & sustainable chemistry education.20 It was followed up with the IUPAC 
project21 on Systems Thinking in Chemistry for Sustainability: Toward 2030 
and Beyond (STCS 2030+), which describes systems thinking as the ability to 
understand and interpret complex problems, viewing a system as a whole and 
not just a collection of parts.22 Chapter 4 provides further detail about how 
systems thinking approaches can promote meaningful learning of chemistry 
content, while equipping students to use their knowledge of chemistry to 
understand and address global sustainability challenges. 

Beyond mastery of isolated central ideas in chemistry, chemistry curricula 
should be designed to prepare critical and independent learners. Trans 
formed curricula should be more question-driven than knowledge-driven 
and more authentic problem-based than topic-based. Sustainability chal 
lenges are at the top of the list of authentic problems faced by Earth and 
societal systems. Transformed chemistry education would introduce chem 
istry content in the context of Earth and societal systems and equip learners 
to address complexity.9

But transforming chemistry curricula is easier said than done. Chemistry 
educators who have themselves been taught with an emphasis on mastery of 
isolated concepts and disciplinary depth do not find it easy to pivot from 
traditional ways of educating in chemistry to the implementation of new 
learning outcomes (LOs) focused on the emergence of global environmental 
sustainability. How can educators get started in equipping chemistry stu 
dents with the knowledge, skills, and orientations to better address the 
environmental unsustainability of global Earth systems? 

A good starting point is to review LOs for existing chemistry courses and as 
sess whether they integrate the mastery of chemistry concepts, theories, and 
laboratory experiences with sustainability goals.23 Educators are then en 
couraged to articulate expanded LOs that equip students with a set of com 
petencies that weave together three key dimensions: systems thinking 
(addressed through cross-cutting concepts), core understandings, and funda 
mental practices.23 These three dimensions are consistentwith those identified 
in the US Next Generation Science Standards (NGSS) for K-12 levels,24 and have 
been expanded and adapted to guide the design, implementation, and evalu 
ation of chemistry curricula, teaching practices, and assessments.23

As visualized in Figure 6.2, the central ideas of chemistry (which are usually 
well represented in most listings of course learning outcomes) should be 
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Figure 6.2 Visualizing an approach to help chemistry educators get started in 
connecting traditional chemistry content to the emergence of sustain-
ability by developing new learning outcomes focused on integrating the 
dimensions of systems thinking, core understandings, and fundamen 
tal practices. Reproduced from ref. 23 with permission from American 
Chemical Society, Copyright 2020. To whom requests for further 
permissions should be directed. 

paired with two other sets of competencies that are often not articulated: 
socio-environmental literacy, which is the ability to understand, analyze, and 
communicate information about chemistry in the context of interconnected 
Earth and societal systems; and socio-environmental responsibility, which  en 
tails knowledge about the benefits, costs, and risks of interventions in these 
systems, and how they can be evaluated and managed by the good conduct of 
chemistry and chemists. Educating for global environmental sustainability 
also requires attention to fundamental practices and includes the disciplinary 
practices specific to chemical analysis, synthesis, and transformation; science 
practices that support investigation of authentic problems, including the cri 
tique and integration of data and information from other disciplines; and 
collaborative problem-solving practices that strengthen abilities to learn with 
and from each other, especially in the complex contexts of real-world practice. 

The Planetary Boundaries framework provides a good example of how to 
use systems thinking as the underpinning form of reasoning to bring to 
gether core understandings and fundamental practices in chemistry edu 
cation. A focus on human-caused Earth system changes provided by the 
Planetary Boundaries framework relates many central chemistry ideas with 
socio-environmental literacy and responsibility. This strategy prioritizes 
consideration of the nature of scientific evidence and engages students with 
collaborative problem-solving strategies using the tools of chemistry and 
science. This approach is illustrated in Section 6.3.1, which maps eight core 
chemistry topics onto Earth system processes in the Planetary Boundaries 
framework. Section 6.3.2 presents three sets of classroom-ready activities 
that demonstrate how to connect socio-environmental literacy and re 
sponsibility related to climate change to central chemistry ideas and fun 
damental scientific practices. 
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6.2.1 Structuring Chemistry Education for Sustainability 
Using the Planetary Boundaries Framework 

Why describe the Planetary Boundaries framework and Earth’s history in a 
book about chemistry education for a sustainable future? First, the 
framework brings together the main environmental impacts of the social 
and industrial uses of chemistry. People teaching and learning about 
chemistry should be informed about these consequences, and the Planet 
ary Boundaries framework is one useful way to structure that learning 
process. 

An open access interactive visualization and learning tool16 created by the 
King’s Centre for Visualization in Science (KCVS) helps users understand 
sustainability challenges (Figure 6.3). This learning tool is a small computer 
program that runs in a web browser. The interactive tool shows the nine 
processes of the Planetary Boundaries framework, providing information 
about each process and explaining why they matter for Earth system be 
havior. It also dynamically shows the changes over time in each process 
since the Industrial Revolution and reveals the intensifying risks as shifts 
from green to amber to red play out simultaneously in the processes. 

Second, the Planetary Boundaries framework also highlights the import 
ance of systems thinking. Although its processes are usually treated as 
separate environmental problems, they are tightly linked through both 
biophysical and human-caused connections. A different part of the inter 
active learning tool shows the dynamic connections between the processes 
(Figure 6.4). At each connection point on this tool, the user can access in 
formation about the links among the Earth processes. By selecting the main 
nodes (the nine Earth system processes of the framework), all information 
relating to that process is provided at the same time. Figure 6.5 shows the 

Figure 6.3 The interactive Planetary Boundaries learning tool (https://applets.kcvs. 
ca/PlanetaryBoundaries/),16 developed at the King’s Centre for Visual 
ization in Science. Image by P. Mahaffy. 

https://applets.kcvs.ca/PlanetaryBoundaries/
https://applets.kcvs.ca/PlanetaryBoundaries/
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Figure 6.4 The web of connections among Planetary Boundaries: screenshot of the 
system connections tab of the interactive KCVS planetary boundaries 
learning tool,16 highlighting how the core boundaries (climate change 
and biosphere integrity) are linked to all other processes in the framework 
(https://applets.kcvs.ca/PlanetaryBoundaries/, click on “connections” tab). 
Image by P. Mahaffy. 

Figure 6.5 Screenshot of the system connections tab of the interactive KCVS planet 
ary boundaries learning tool,16 visualizing the many links between 
climate change and the other eight processes (https://applets.kcvs.ca/
PlanetaryBoundaries/

 
, click on “connections” tab). Image by P. Mahaffy. 

information displayed when climate change is brought into focus in the 
interactive learning tool. 

As the climate change example shows, chemistry plays a vital role in the 
Earth system connections that underlie the Planetary Boundaries frame 
work. Many of the control variables that determine the state of Earth system 

https://applets.kcvs.ca/PlanetaryBoundaries/
https://applets.kcvs.ca/PlanetaryBoundaries/
https://applets.kcvs.ca/PlanetaryBoundaries/


Sustainability Frameworks I – Planetary Boundaries 165 

processes are chemical substances in air, water, or soil matrices. The Plan 
etary Boundaries framework reveals just how much human activities are 
changing the chemical properties of the planet, in turn affecting Earth’s 
physics and biology. 

The Planetary Boundaries framework and this interactive learning tool 
provide an accessible entry for chemistry educators to orient their teaching 
toward a people-and-planet perspective, so as to emphasize environmental 
sustainability and better equip students for today’s world of rapid and un 
predictable changes. 

6.3 Teaching and Learning Chemistry for 
Sustainable Earth and Societal Systems 

6.3.1 Using the Planetary Boundaries Framework to Connect 
Chemistry and Sustainability 

How  can  chemistry educators help their students relate core chemistry 
concepts to sustainability considerations? A visual representation of 
ways educators can relate core topics taught in foundational chemistry 
courses to Earth system processes in the Planetary Boundaries frame 
work is shown in Figure 6.6, which is taken from the curriculum tab of 
the interactive KCVS Planetary Boundaries learning tool. In the inter 
active tool, clicking on each of eight core chemistry curriculum topics 
opens up suggestions for ways to relate that topic to an Earth system 
process. 

Figure 6.6 Screenshot of curriculum tab of the interactive KCVS Planetary Boundaries 
learning tool16 visualizing connections between eight core topics in 
chemistry and the Planetary Boundaries framework (https://applets.kcvs. 
ca/PlanetaryBoundaries/, click on “curriculum” tab). Image by P. Mahaffy. 

https://applets.kcvs.ca/PlanetaryBoundaries/
https://applets.kcvs.ca/PlanetaryBoundaries/
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Figure 6.7 Chemistry curriculum topics are mapped onto Earth system processes 
in the interactive KCVS Planetary Boundaries learning tool.16 The 
screenshot from the curriculum tab of the learning tool shows learning 
resources available to map the topic of molecular structure and bond 
ing onto the climate change Earth system process in the Planetary 
Boundaries framework (https://applets.kcvs.ca/PlanetaryBoundaries/, 
click on “curriculum” tab). Image by P. Mahaffy. 

In the interactive learning tool, clicking on a core chemistry topic 
opens a textbox with a brief description of a central connecting idea. This 
is illustrated in Figure 6.7 in which the core chemistry topic “Molecular 
Structure and Bonding” is connected to the climate change Earth system 
process in the  Planetary Boundaries framework. Clicking on that box
opens a learning resources web page that describes the connection in 
more detail, listing key terms and presenting intended learning out 
comes. This web page then links to a set of five interactive lessons and 
learning tools for students to work through to meet the learning 
outcomes. 

Additional examples of how eight core chemistry topics that educators 
already teach can be mapped onto these Earth system processes can be 
found in Table 6.1. These examples were developed in collaboration with the 
task group for the IUPAC Project on Systems Thinking in Chemistry for 
Sustainability: Toward 2030 and Beyond.21

https://applets.kcvs.ca/PlanetaryBoundaries/
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Table 6.1 Examples of ways to connect eight core chemistry topics to sustainability 
considerations by mapping them onto control variables for Earth system 
processes in the Planetary Boundaries framework. 

Chemistry 
curriculum topic 

Earth system 
process in the 
Planetary 
Boundaries 
framework 

Example of connections and full 
descriptions of these and other connections 
can be found in the curriculum tab of the 
interactive KCVS planetary boundaries tool 
(Figure 6.3 and accompanying QR code) 

Equilibrium Ocean 
acidification 

Simultaneous equilibria involving dissolved 
CO2 has impacts on ocean acidity, 
speciation of carbon, and biodiversity. 

Equilibrium Climate change The oceans absorb approximately 30% of 
anthropogenic atmospheric CO2 through a 
series of simultaneous equilibria involving 
aqueous CO2, carbonic acid, bicarbonate, 
and carbonate ions. 

Acid–base 
chemistry 

Biosphere 
integrity 

Decreased water pH and less carbonate 
availability causes shells and skeletons of 
aquatic organisms to dissolve and become 
thinner or more brittle, placing the entire 
food web at risk. 

Acid–base 
chemistry 

Novel entities Sulfur and nitrogen oxides from human 
activity react in the atmosphere to form 
acidic or acid-forming substances that 
deposit in aqueous and terrestrial 
environments and affect the health of 
fresh and saltwater ecosystems and soils. 

Gases Climate change Chlorofluorocarbons (CFCs), 
hydrochlorofluorocarbons (HCFCs), 
hydrofluorocarbons (HFCs), and other 
fluorinated gases, along with methane 
(CH4) and nitrous oxide (N2O), are potent 
greenhouse gases that contribute to 
climate change. 

Gases Stratospheric 
ozone depletion 

Chlorofluorocarbons (CFCs), 
hydrochlorofluorocarbons (HCFCs), 
methyl bromide (CH3Br), and nitrous 
oxide (N2O) have molecular structures and 
physical properties that make them 
unreactive greenhouse gases in the 
troposphere. They can travel to the 
stratosphere where they are broken down 
by photochemical reactions and destroy 
stratospheric ozone in free radical 
catalytic cycles. 

Solutions Biogeochemical 
flows 

Biogeochemical flows of nitrogen and 
phosphorus depend on the solubility of 
different species of those elements in 
water, which has a substantial impact on 
water quality and toxicity. Once P has been 
solubilized and used for fertilizer, it is 
difficult to recover. 
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Table 6.1 (Continued) 

Earth system Example of connections and full 
process in the descriptions of these and other connections 
Planetary can be found in the curriculum tab of the 

Chemistry Boundaries interactive KCVS planetary boundaries tool 
curriculum topic framework (Figure 6.3 and accompanying QR code) 
Solutions Ocean 

acidification 
Henry’s law correlates the amount of 
dissolved CO2 in fresh and saltwater systems 
to the partial pressure of atmospheric CO2. 
This is the first step in the simultaneous 
equilibria involving acid–base reactions that 
contribute to ocean acidification. 

Elements, 
periodicity and 
speciation 

Aerosols Aerosols in the lower atmosphere can modify 
the size and color of cloud particles, 
directly affecting Earth’s albedo and  
disrupting the cycling of water through 
Earth system processes and altering 
feedback loops that regulate climate. 

Elements, 
periodicity and 
speciation 

Biosphere 
integrity 

An excess of available nitrogen and 
phosphorus species can cause 
eutrophication of soils and water, which 
can decrease the diversity of terrestrial 
and aquatic environments. 

Molecular 
structure and 
bonding 

Climate change The absorption of infrared radiation by 
gases whose molecular structures make 
them greenhouse gases contributes to 
changes in radiative forcing, one of two 
control variables for the climate change 
Earth system process. 

Molecular 
structure and 
bonding 

Novel entities Due to their large molecular masses and 
strong covalent bonds, single-use plastics 
are durable materials that accumulate on 
land and in oceans and break down to 
produce micro- and nano-plastics. These 
novel entities cause harm to terrestrial 
and aquatic life through inhalation, 
ingestion and strangulation. 

Thermochemistry Stratospheric 
ozone depletion 

The net effect of the Chapman cycle of 
reactions that create and destroy ozone in 
the stratosphere is the conversion of UV 
light into heat at the top of the 
troposphere (the tropopause). This causes 
a reversal in the direction of the 
temperature profile moving from the 
troposphere to the stratosphere. 

Thermochemistry Climate change Society relies on the transformation of 
energy stored in fossil fuels to power 
everything from our vehicles to our 
computers. However, our dependence on 
fossil fuels as a supply of energy alters 
Earth’s energy balance that maintains our 
climate, as fossil fuel combustion 
produces greenhouse gases. 
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Table 6.1 (Continued) 

Earth system 
process in the 
Planetary 
Boundaries 
framework 

Example of connections and full 
descriptions of these and other connections 
can be found in the curriculum tab of the 
interactive KCVS planetary boundaries tool 
(Figure 6.3 and accompanying QR code) 

Chemistry 
curriculum topic 
Kinetics, rates of 
reactions, and 
catalysts 

Biogeochemical 
flows 

The Haber–Bosch process for nitrogen 
fixation at an industrial scale requires 
effective catalysts that reduce the 
temperature and lower energy 
requirements for the process, which 
currently consumes ~2% of the energy we 
produce on the planet. 

Kinetics, rates of 
reactions, and 
catalysts 

Stratospheric 
ozone depletion 

The steady state concentration of ozone in 
the stratosphere results from the 
Chapman cycle of reactions involving 
O atoms, O2 molecules, and O3. This 
equilibrium is perturbed by catalytic 
species such as chlorine and 
bromine atoms, and hydroxyl and nitric 
oxide radicals. A single free radical catalyst 
can destroy thousands of ozone 
molecules. 

6.3.2 Teaching Chemistry and Climate Science with the 
Planetary Boundaries Framework 

Practically, how might an educator teach chemistry in the context of the 
Planetary Boundaries framework  while also helping students understand 
key aspects of sustainability science? We provide three activity sets focused 
on the climate change Earth system process that offer an entry point to 
equip students to deal with perhaps the most pressing sustainability 
challenge our planet faces. Since the Industrial Revolution and accelerating 
in the 1950s through the transition from the stable 12 000-year Holocene to 
the proposed Anthropocene Epoch, Earth’s energy balance  has been  rapidly
altered by human activity that has increased atmospheric concentrations of 
both greenhouse gases and aerosols, driving rapid changes to Earth’s 
climate. 

The climate change Earth system process has been designated one of two 
“core” processes (along with biosphere integrity), based on their funda 
mental importance to the stability of the entire Earth system, and because 
each has the potential on its own to drive the Earth system into a new state 
should they continue to be transgressed.7 Each of the two alternative control 
variables for climate change in the Planetary Boundaries framework is 
relevant for chemistry educators – the concentration of carbon dioxide in the 
atmosphere, and the change since the Industrial Revolution in Earth’s 
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Table 6.2 Two alternative control variables for the climate change Earth system 
process in the Planetary Boundaries framework, and their planetary 
boundary and current values. Both of these control variables substan 
tially exceed their planetary boundaries and have passed into regions of 
“definitely high risk”. 

Climate change Earth system process in the Planetary Boundaries framework 

Control variable 
Planetary boundary value 
of the control variable 

Present value of the 
control variable 

Mean atmospheric CO2 
concentration (ppm) 

350 ppm CO2 424 ppm CO2 
(November 2024 avg)25 

Radiative forcing at top of 
the atmosphere relative to 
1750 (W m−2)  

+1.0 Wm−2 3.1 Wm−2 (2023)26

radiative forcing, the main driver for climate change. Both control variables 
have exceeded their planetary boundaries and are in regions of very high risk 
(Figure 6.1 and Table 6.2). 

6.3.3 Activities and Resources to Connect Chemistry 
Concepts to Climate Change Through the Planetary 
Boundaries Framework 

This section presents three activity sets for students and their instructors 
using open access interactive KCVS learning tools. All three connect foun 
dational chemistry concepts to the climate change Earth system process in 
the Planetary Boundaries framework. The first activity set introduces the 
concept of Earth’s energy balance and the term radiative forcing. The second 
progresses to examine the chemical substances that have caused the greatest 
positive and negative radiative forcing since the Industrial Revolution, and the 
third activity set explores what makes a chemical substance a significant 
greenhouse gas and positive radiative forcer. Each activity set is introduced 
with a set of learning outcomes and identifies the key chemistry and sustain-
ability concepts as well as connections to the Planetary Boundaries framework. 

6.3.3.1 What Factors Control Earth’s Energy Balance? 
Earth’s energy imbalance is the difference between the energy coming in 
from the sun, mostly in the visible and infrared regions of the electro 
magnetic spectrum, and the energy reflected back into space as visible light 
and emitted by the Earth in the form of infrared radiation. When incoming 
and outgoing energy are in balance, global temperature is relatively stable. 
Energy balance is crucial for sustaining conditions under which Earth’s in 
habitants can thrive. 
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The term radiative forcing refers to changes in the net flow of energy 
(the net radiative flux) since 1750, the time of the Industrial Revolution, 
due to the effects of external drivers such as greenhouse gases that warm 
our planet and changes to features of our planet such as aerosols and ice 
cover that reflect the sun’s incoming visible light, thus cooling our pla 
net. Positive radiative forcing that warms our planet has accelerated 
greatly since the 1950s due to the increasing scale and rate of human 
activities. 

You and your students can engage with this activity set to visualize 
the factors that regulate Earth’s radiative forcing, with a particular 
focus on the chemical substances produced by human activity that in 
crease and decrease the energy retained by Earth. You can then explore 
how the Planetary Boundaries framework provides a systems per 
spective on those changes to the climate change Earth system process, 
and how climate change interacts dynamically with other Earth system 
processes. 

Chemistry and sustainability connections: energy, electromagnetic 
spectrum, combustion reactions, aerosol formation, thermochemistry, 
reflection and absorption of light, phase changes of water, Earth’s energy
balance, climate change, Earth system interconnections, radiative forcing 
by greenhouse gases and aerosols and their effects on surface tempera 
ture, albedo of Earth’s surface (reflectivity), positive and negative 
feedbacks. 

Interactive learning tools: this activity set uses two interactive learning 
tools: 

KCVS Build a Planet Learning Tool: 
https://applets.kcvs.ca/BuildAPlanet/buildAPlanet.html 

https://applets.kcvs.ca/BuildAPlanet/buildAPlanet.html
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KCVS Planetary Boundaries Learning Tool: 
https://applets.kcvs.ca/PlanetaryBoundaries/ 

Planetary boundaries connections: 

● Climate Change Earth system process: Control Variable 2: Radiative
forcing relative to 1750.

● Atmospheric Aerosol Loading: Control variable: Aerosol optical depth
(AOD). Focus on the reflection of visible light from the sun back into
space (the effects of aerosols on albedo).

Box 6.1 provides learning outcomes for the following activities to identify 
factors controlling Earth’s energy balance. 

Box 6.1 Learning outcomes for activities to identify factors controlling 
Earth’s energy balance. 

● Identify the factors that regulate Earth’s energy balance.
● Define the term “radiative forcing” and illustrate, with examples,

what is meant by “positive” and “negative” radiative forcing.
● Describe the role greenhouse gases and Earth’s albedo each play in

regulating surface temperature.
● Identify the Earth system processes in the Planetary Boundaries

framework that help us understand climate change.
● Identify the control variables for the climate change Earth system

process. Explain to a friend the concept of the planetary boundary

https://applets.kcvs.ca/PlanetaryBoundaries/
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for that climate change Earth system process and identify its current 
level of risk. 

● Describe the most important connections between the climate
change Earth system process and each of the other Earth system
processes in the Planetary Boundaries framework.

Activities: 

a. Explore the simplified model of planet Earth’s energybalance in theKCVS
Build a Planet learning tool (https://applets.kcvs.ca/BuildAPlanet/
buildAPlanet.html) to identify the factors that determine the difference
between incoming solar energy and the energy Earth radiates back into
space. Which of the sliders cause more energy to be retained by Earth?
Which cause less energy to be retained?

b. In the same learning tool, set the greenhouse gas slider to zero
and set the albedo (reflectivity) to the value in the planetary data
table for Earth. Then adjust the average surface temperature slider
so as to bring the energy coming in from the sun and radiating out
from Earth to be about equal. What is the average surface tem 
perature? Would you care to live on Earth if it had no greenhouse
gases?

c. In the same learning tool, set the albedo (reflectivity) and the average
surface temperature to the values given in the planetary data table for
Earth. Adjust the amount of greenhouse gases until the energy balance
between incoming and outgoing energy is about equal. Now reduce
the albedo by 10%. What happens to Earth’s energy balance when the
albedo is lowered? Bring the planet back into balance by adjusting
the surface temperature. Did the Earth get cooler or warmer than the
temperature you started with? What kinds of human activity might
cause the albedo to go down?

d. In the same learning tool, reset the albedo and average surface
temperature for Earth to the values given in the planetary data table.
What happens to Earth’s energy balance if you now increase the
amount of greenhouse gases? Bring the planet back into balance by
adjusting the surface temperature. Did Earth get cooler or warmer?
What kinds of human activity might cause the amount of greenhouse
gases to go up?

e. Now open the KCVS Planetary Boundaries Learning Tool (https://
applets.kcvs.ca/PlanetaryBoundaries/). Click on the “show legend”
button. What do the colors of each wedge represent? Which of the
nine Earth system processes in the Planetary Boundaries frame 
work are most closely related to the adjustments to Earth’s energy
balance you made by changing Earth’s albedo and greenhouse gas

https://applets.kcvs.ca/BuildAPlanet/buildAPlanet.html
https://applets.kcvs.ca/BuildAPlanet/buildAPlanet.html
https://applets.kcvs.ca/PlanetaryBoundaries/
https://applets.kcvs.ca/PlanetaryBoundaries/
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concentrations? What is the level of risk for the Earth system pro 
cess(es) you identify? Use the play button on the time scale at the 
bottom to see how the level of risk for those Earth system processes 
has changed over the past 120 years. When did each reach its 
current level of risk? 

f. Now click on the climate change Earth system process. Note the two
alternative control variables that determine the level of risk for cli 
mate change – the concentration of carbon dioxide in the atmo 
sphere, and the radiative forcing at the top of Earth’s atmosphere
compared to 1750. What units are used for each? What chemical
substances do you think might influence the radiative forcing be 
sides carbon dioxide?

g. Finally, click on the connections tab at the top of the planetary
boundaries learning tool, then select the climate change Earth system
process. Write down what you consider to be the most important
connection between climate change and each of ocean acidification,
stratospheric ozone depletion, atmospheric aerosol loading, bio 
geochemical flows, novel entities, and biosphere integrity. Pick two of
these connections you consider to be most important and explain how
reducing the amount of carbon dioxide you produce each day might
improve the change to the control variable for each of those Earth
system processes.

6.3.3.2 What Chemical Substances in the Atmosphere Have 
Caused the Greatest Change to Radiative Forcing Since 
the Industrial Revolution? 

The activity set in Section 6.3.3.1 focused on Earth’s energy balance, the 
difference between energy coming in from the sun and the energy emitted by 
the Earth in the form of infrared radiation. Positive and negative radiative 
forcers were introduced – substances introduced into the atmosphere in 
greater amounts due to human activity that warm and cool our climate, 
respectively. In this second activity set you will explore the idea of radiative 
forcing more deeply, looking at data showing how radiative forcing has 
changed over time, and how much each of the key chemical substances in 
our atmosphere have contributed to increasing or decreasing radiative for 
cing since 1750. 

Chemistry and sustainability connections: electromagnetic spectrum, 
absorption of IR radiation by greenhouse gases, sulfate aerosols, molecular 
structure and bonding, descriptive chemistry of main group elements, climate 
change mitigation, the role of greenhouse gases as positive radiative forcers 
and sulfate aerosols as negative radiative forcers, the importance of systems 
thinking in understanding climate change. 
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Interactive learning tools: this activity set uses two interactive learning tools: 

KCVS Radiative Forcing Learning Tool: 
https://www.kcvs.ca/details.html?cardName=radiativeForcing 

KCVS Planetary Boundaries Learning Tool: 
https://applets.kcvs.ca/PlanetaryBoundaries/ 

Planetary boundaries connections: 

● Climate Change Earth system process: Control Variable 2: Radiative
forcing relative to 1750.

● Atmospheric Aerosol Loading: Control variable: Aerosol optical depth
(AOD). Focus on the reflection of visible light from the sun back into
space (albedo) by aerosols and other substances and phenomena.

https://www.kcvs.ca/details.html?cardName=radiativeForcing
https://applets.kcvs.ca/PlanetaryBoundaries/
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Box 6.2 provides learning outcomes for understanding what chemical 
substances in the atmosphere have caused the greatest change to radiative 
forcing since the Industrial Revolution. 

Box 6.2 Learning outcomes for understanding which chemical 
substances in the atmosphere have caused the greatest change 
to radiative forcing since the Industrial Revolution. 

● Identify the key substances that drive changes to Earth’s climate by
absorbing infrared radiation in the atmosphere (positive radiative
forcers) and by increasing Earth’s albedo by reflecting visible light
from the sun (negative radiative forcers).

● Evaluate the overall change-over-time behavior of radiative forcing
since 1750.

● Evaluate the change-over-time behavior of the key positive and
negative radiative forcers since 1750 and explain which substances
have made the largest contributions to warming and cooling.

● Give an example of how reduction of a serious air pollutant led to
unintended consequences for Earth’s climate.

● Assess the potential benefits, harms, and unintended consequences
of carrying out large-scale climate engineering by using sulfate
aerosols to cancel out warming by greenhouse gases.

● Describe the interplay between the climate change Earth system
process and the aerosol system in the Planetary Boundaries frame 
work in regulating Earth’s climate.

Activities: 

a. Open the KCVS Radiative Forcing Learning Tool (https://www.kcvs.ca/
details.html?cardName=radiativeForcing). After reading the overview,
explain to a classmate the connection between radiative forcing and
climate change.

b. In the same learning tool, using the slider under the graph, set
the time to 1750. What is the value of radiative forcing for each of the
substances shown? Why do you think the year 1750 was set as the
starting point in understanding how human activity has changed
radiative forcing?

c. Now “play” the radiative forcing of our planet from 1750 to 2023
by using the play button at the bottom of the radiative forcing
graph. What trend do you observe in the radiative forcing value
over time?

d. Look more closely at the change-over-time data. Write down the net
value of radiative forcing on 7 dates: 1750, 1900, 1950, 1980, 2000,
2010, and 2020. Using a spreadsheet create a table of these dates and

https://www.kcvs.ca/details.html?cardName=radiativeForcing
https://www.kcvs.ca/details.html?cardName=radiativeForcing
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their radiative forcing values. Then putting the dates on the x-axis and 
the radiative forcing values on the y-axis, create a scatter plot of yourdata. 
How would you describe the shape of the curve that results? In which 
decades do you see the slope of the radiative forcing values start to 
change most rapidly? Using an internet search engine, look up what is 
meantby the term “TheGreatAcceleration”.Does yourgraphsupport the 
time period for this acceleration given in the source you found? 

e. Work through the five scenarios in the learning tool, each focused on
one of the most important positive or negative radiative forcers. Can
you describe any findings that were surprising to you about the sub 
stances that are the main drivers of climate change? Have you learned
about their effects on radiative forcing in any of your chemistry classes?

f. Then open the KCVS Planetary Boundaries Learning Tool (https://
applets.kcvs.ca/PlanetaryBoundaries/) and click on the climate
change Earth system process. Consider each of the two control vari 
ables in turn. Why does the concentration of carbon dioxide in our
atmosphere not tell the whole story of what drives climate change?

g. The second control variable in the Planetary Boundaries Learning
Tool is radiative forcing (energy change per unit area of the globe
since 1750, measured in W m−2). Note the value of the control variable
at the planetary boundary – the transition from a low risk to high risk
level. When did that occur? How far above the safe conditions for
radiative forcing are we today?

h. Returning to the KCVS Radiative Forcing Learning Tool (https://
applets.kcvs.ca/RadiativeForcing/index.html), work through the case
study on aerosols and bunker fuel. Explain to a classmate how re 
ducing the amount of a serious pollutant in the atmosphere led to
unintended impacts on Earth’s climate.

i. In light of what you have learned about positive and negative radiative
forcers and the case study of sulfate aerosols, would you recommend
that humans explore further the use of sulfate aerosols to limit the
amount of warming by greenhouse gases? Write down the potential
benefits, harms, and unknown consequences that you think polit 
icians should consider.

6.3.3.3 What Makes a Chemical Substance an Important 
Greenhouse Gas? 

Having considered in Section 6.3.3.1 the factors that regulate Earth’s energy 
balance, and in Section 6.3.3.2, the substances that have caused the greatest 
change to radiative forcing since 1750, you can turn in this third activity set 
to looking more closely at what makes a substance a greenhouse gas. As 
illustrated with several of the most important greenhouse gases, the three 
factors to consider are (a) the atmospheric lifetime of a gas, (b) its concen 
tration in the atmosphere, and (c) its infrared spectrum. 

https://applets.kcvs.ca/PlanetaryBoundaries/
https://applets.kcvs.ca/PlanetaryBoundaries/
https://applets.kcvs.ca/RadiativeForcing/index.html
https://applets.kcvs.ca/RadiativeForcing/index.html
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Chemistry and sustainability connections: structure–activity relation 
ships, infrared spectroscopy, absorption of IR radiation by greenhouse 
gases, gas-phase reactions of pollutants in the troposphere, molecular 
structure and bonding, climate change mitigation, the role of greenhouse 
gases as positive radiative forcers, and atmospheric lifetime of gases. 

Interactive learning tools: This activity set uses two interactive learning 
tools: 

KCVS IR Windows for Greenhouse Gases Learning Tool: 
https://applets.kcvs.ca/IRWindows/IRWindows.html 

KCVS Planetary Boundaries Learning Tool: 
https://applets.kcvs.ca/PlanetaryBoundaries/ 

https://applets.kcvs.ca/IRWindows/IRWindows.html
https://applets.kcvs.ca/PlanetaryBoundaries/
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Planetary boundaries connections: 

● Climate Change Earth system process: Control Variable 2: Radiative
forcing relative to 1750.

Box 6.3 provides learning outcomes for understanding what makes a 
chemical substance an important greenhouse gas. 

Box 6.3 Learning outcomes for understanding what makes a chemical 
substance an important greenhouse gas. 

● Identify the three factors that determine whether a substance re 
leased into the atmosphere will be a significant greenhouse gas,
contributing to driving radiative forcing changes.

● Describe what is meant by the term “infrared spectral window”.
● Explain what molecular structure features of greenhouse gases

determine the atmospheric lifetime of a gas.

Activities: 

a. Open the KCVS Visualizing the Chemistry of Climate Change (https://
vc3chem.com/index.html) suite of interactive lessons and navigate to
the module on gases and Key Idea 5: Greenhouse Gases (https://
vc3chem.com/gases/G_5_1.html). List the three key factors that
determine what makes a substance a significant greenhouse gas. Then
identify the two most abundant gases in the Earth’s atmosphere. Are
they greenhouse gases? Why or why not?

b. Key Idea 5 describes the interaction between greenhouse gases and
electromagnetic radiation. What region of the electromagnetic spec 
trum is absorbed by greenhouse gases?

c. The concentration of a gas is the first factor important in determining
whether a substance will be an important greenhouse gas. Referring
back to the KCVS Radiative Forcing Learning Tool (https://applets.
kcvs.ca/RadiativeForcing/index.html) that you used in the last activity
set, what are the five most important greenhouse gases in changing
Earth’s radiative forcing?

d. Consider a puzzle. N2O has a radiative forcing of about half that of
CH4, despite the fact that the concentration of CH4 is 6 times greater
in the atmosphere. The primary reason is that CH4 molecules have
C–H bonds, and hydroxyl free radicals found in the atmosphere can
readily react with CH4, breaking down CH4 molecules into very reactive
free radical fragments. This gives CH4 a much shorter atmospheric
lifetime than N2O. N2O molecules last longer in the atmosphere and
can absorb more IR over their atmospheric lifetime than CH4 mol 
ecules can.

https://vc3chem.com/index.html
https://vc3chem.com/index.html
https://vc3chem.com/gases/G_5_1.html
https://vc3chem.com/gases/G_5_1.html
https://applets.kcvs.ca/RadiativeForcing/index.html
https://applets.kcvs.ca/RadiativeForcing/index.html
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e. Consider a second puzzle. Compare the radiative forcing of N2O to that
 of CO2 in the KCVS Radiative Forcing Learning Tool (https://applets.

kcvs.ca/RadiativeForcing/index.html). The atmospheric concentration
of CO2 is greater than that of N2O by a factor of ~1000, yet the ra 
diative forcing of N2O is about  25% that of CO2. The  most  important
factor in this case is the differences in the infrared spectra of these
two gases.

f. Explore this second puzzle by opening the IR Window for Greenhouse
Gases learning tool (https://applets.kcvs.ca/IRWindows/IRWindows.
html). Under the “Display Options” button, select “Blackbody
Curve”. The emission curve for Earth appears, showing you the
wavenumbers at which Earth emits infrared radiation. Next, click on
the image of a CO2 molecule. You will see that CO2 absorbs IR
strongly right at the peak of Earth’s emission curve. This makes CO2 
such an important greenhouse gas. A second greenhouse gas that has
been present in our atmosphere throughout the history of our planet
is water vapor, H2O. Click on the water molecule to display its IR
spectrum alongside that of CO2. You will see that while CO2 and H2O
absorb a substantial amount of the IR Earth is emitting, there are
some flat lines on the top of the spectrum where these two important
greenhouse gases do not absorb IR emitted by Earth. Click on N2O,
and its IR absorption spectrum appears – note that it absorbs in one
of these regions in the IR spectrum where Earth emits IR, but CO2

and H2O do not have absorption peaks. We call this region of the IR,
between about 700 and 1300 cm−1, a  “spectral window”. The  IR  that
Earth emits in this window would escape the Earth’s atmosphere,
cooling the planet, were it not for gases like N2O that absorb in the IR
spectral window region. As you saw earlier, the concentration of N2O
and other greenhouse gases that absorb in the IR spectral window
have increased substantially since the Industrial Revolution and now
trap increasing amounts of IR that would otherwise be escaping into
space.

g. Finally, open the KCVS Planetary Boundaries Learning Tool (https://
applets.kcvs.ca/PlanetaryBoundaries/). Return to the consideration
you gave in the activity in Section 6.3.3.2, part f, about why the second
control variable for climate change in the Planetary Boundaries
framework is important. If you want to predict whether a relatively new
gas introduced by human activity, such as nitrogen trifluoride, NF3,
used in the electronics industry, will contribute significantly to chan 
ging radiative forcing, what information would you need to know
about its structure and properties to make an educated prediction?

Beyond these three activity sets, a comprehensive set of activities that 
connect climate change and the Planetary Boundaries framework to teach 
ing and learning of chemistry at the undergraduate level has recently been 
published.27

https://applets.kcvs.ca/RadiativeForcing/index.html
https://applets.kcvs.ca/IRWindows/IRWindows.html
https://applets.kcvs.ca/IRWindows/IRWindows.html
https://applets.kcvs.ca/PlanetaryBoundaries/
https://applets.kcvs.ca/PlanetaryBoundaries/
https://applets.kcvs.ca/RadiativeForcing/index.html
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6.4 Closing Thoughts 
Chemistry education, research, and practice need to consider the long-term, 
large-scale aspects of sustainability because chemical processes, both nat 
ural and human-caused, are fundamental to processes of Earth system 
change. Problems of unsustainability are increasingly recognized as urgent 
challenges, and calls are being made at the highest international levels for 
shifts in chemistry education so that learners are better equipped to respond 
to today’s challenges for people and the planet. 

This chapter has shown how the Planetary Boundaries framework can 
help to enrich curriculum development and place existing curriculum 
content in the context of today’s interconnected Earth and societal 
systems. To fully realize the power of using the Planetary Boundaries 
framework to link chemistry teaching and learning to sustainability, ex 
ploration needs to go beyond simply identifying connections between 
chemistry topics and individual Earth system processes in the framework. 
The tools of systems thinking are particularly helpful here, and the KCVS 
Planetary Boundary Learning Tool provides an effective way to visualize 
system effects. 

Climate change, the example used in Section 6.3, is a multi-faceted, 
complex system that is connected to each of the other eight biophysical 
Earth system processes in the Planetary Boundaries framework. This 
makes it a good starting point for bringing systems thinking into the 
learning process. As a “core” Earth system process in the Planetary 
Boundaries framework, if its control variables move substantially beyond 
their planetary boundaries, the climate change system has potential, on 
its own, and through coupled interactions with other Earth system pro 
cesses, to drive the entire Earth system into a new and uncertain state. 
The three sets of activities we have outlined above can help equip 
chemistry educators to emphasize the importance of considering system-
level properties of the entire Earth system. They can help students see how 
changes to a chemical parameter, like the concentration of CO2 in our 
atmosphere or changes to radiative forcing, disrupt not only the climate 
system but multiple other Earth system processes, and the Earth system 
as a whole. 
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7.1 Opening Thoughts 
In 2015, the United Nations (UN) set forth the Sustainable Development 
Goals (SDGs) as a pathway to a just, equitable, and sustainable future for 
people and the planet.1 These 17 Goals (Figure 7.1) provide a call to action 
for scientists to be globally aware of the challenges facing people, prosperity, 
and the planet now and, critically, for a sustainable future. Study of the 
UN SDGs affords students an understanding and appreciation for the world 
wide efforts in sustainable development and the essential role chemistry 
must play, in collaboration with other disciplines, to achieve these goals by 
the targeted year of 2030. This chapter explores how the UN SDGs provide 
chemistry educators with a wealth of teaching opportunities that can be 
scaffolded through all levels of curriculum with rich science and socio-sci 
entific content to inspire and prepare learners to themselves contribute to a 
sustainable future for generations to come. 

The importance of integrating the UN SDGs into the chemistry curriculum 
is summarized in the next three sections. Studies have shown that pre 
senting chemistry topics in the context of real-world problems facilitates 
interest and learning for students. As students connect chemistry principles 
with the ability to help solve the complex challenges delineated by the SDGs, 
this can reinforce their understanding of the molecular basis for sustain-
ability and build skills in systems thinking.2

As this chapter will illustrate, every sector of the chemical enterprise offers 
examples in which the UN SDGs and associated 169 targets are prominently 

Figure 7.1 The 17 United Nations Sustainable Development Goals (UN SDGs).1 

Reproduced from ref. 1 with permission from the United Nations. The 
content of this publication has not been approved by the United 
Nations and does not reflect the views of the United Nations or its 
officials or Member States. 
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portrayed as a roadmap for sustainability. Thus, students must be able to 
demonstrate knowledge and literacy about the SDGs as they apply for pos 
itions in academia, industry, the private sector, or government. 
Quality Education, SDG 4, speaks not only to quality and equitable edu 

cation for all children, adults, and teachers, but also to the need for all 
learners to have the knowledge and skills to promote sustainable develop 
ment through their careers, lifestyles, and actions. Education systems across 
the world increasingly are requiring and encouraging inclusion of the SDGs 
as a vital component of curricula.3,4

7.1.1 Placing Chemistry in the Context of Sustainable 
Development 

The Sustainable Development Goals place molecular-level science in the 
context of the broad picture of the needs of humanity and the environment. 
Studying individual SDGs can bring to light chemistry technologies neces 
sary to achieve each goal. The goals also highlight the interdisciplinary ef 
forts that will be required and encompass the social, economic, and 
environmental pillars of sustainability. 

For example, SDG 3, “Ensure healthy lives and promote well-being for all 
at all ages”, necessitates the collaboration of chemists, biologists, food sci 
entists, and health professionals to discover the essential nutrition and 
medicines needed to maintain good health, treat disease, and develop vac 
cines. Foundational courses are often comprised of students of these majors, 
especially pre-health professionals; therefore, discussions and/or assign 
ments that involve the basic sciences’ contributions to “good health and 
well-being” can afford rich cross-disciplinary discussions for learners. The 
use of relevancy and socio-scientific issues by chemistry educators has been 
shown to engage and motivate students in the classroom.5

Another important sustainability topic is SDG 6, “Ensure availability and 
sustainable management of water and sanitation for all”. One in ten people 
on the planet do not have access to clean water.6 Analytical chemists are 
working with environmental scientists and engineers to identify con 
taminants and improve water purification methods as well as desalination 
technologies. In the laboratory and classroom, educators can tie instru 
mental techniques and chemical analyses to quantification of pollutants in 
the environment.7 Additionally, common chemical products in students’ 
daily lives such as pharmaceuticals, pesticides, and personal care products 
are now categorized as “contaminants of emerging concern”8 and detected 
in soil and water. Incorporating lecture and laboratory content integrating 
these topics with course learning outcomes reinforces chemistry’s con 
nection to societal issues and the need for new strategies for pollution 
prevention. Media coverage on topics such as “forever chemicals” (see 
Chapter 3) and the Flint, Michigan water crisis are just two examples that 
present opportunities for learning chemistry within a context. 
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7.1.2 How Do the SDGs Help Prepare Students for Careers? 
The chemical enterprise, including industry, academia, government, pro 
fessional societies, non-profit organizations, and the public sector, is em 
bracing the UN SDGs as inspiration for its sustainability efforts. Students 
who understand chemistry’s role in achieving the SDGs will help all sectors 
of the chemical enterprise advance their sustainability objectives. 

7.1.2.1 Chemical Industry 
Many chemical companies promote their efforts toward achieving the 
UN SDGs through product development or initiatives within their com 
panies.9,10 For example, two of the top three global chemical companies,11 

Dow Chemical Company12 and BASF,13 define their sustainability efforts 
through association with the 2030 Goals. Both companies focus their sus 
tainability efforts on Affordable and Clean Energy (SDG 7), Responsible 
Consumption and Production (SDG 12), and Climate Action (SDG 13). Dow 
Chemical’s 2025 sustainability goals also include Good Health and Well-
Being (SDG 3) and Industry, Innovation, and Infrastructure (SDG 9). BASF 
focuses on Zero Hunger (SDG 2), Gender Equity (SDG 5), Clean Water and 
Sanitation (SDG 6), and Decent Work and Economic Growth (SDG 8). Stu 
dents familiar with the UN SDGs will be more apt to investigate a prospective 
employer’s sustainability initiatives and be prepared to connect their skill set 
with the company’s priorities and values. 

In 2018, the World Business Council for Sustainable Development 
(WBCSD) published a “Chemical Sector SDG Roadmap” that describes the 
chemical industry’s potential for contributing to the 2030 goals.14 The 
roadmap details the unique position of the chemical sector to advance 
technologies and address the goals in collaboration with other industrial 
sectors.  The interactive  website of the  WBCSD provides a wealth  of  infor 
mation on the chemical sector’s interactions with all seventeen goals, case 
studies, and the potential impact opportunities for the industry to achieve 
the goals by 2030.15

The UN Environment Programme (UNEP) 2019 Global Chemicals Outlook II 
publication provides a worldwide view of the chemical enterprise’s responsi 
bilities for chemicals and waste management towards the goals. As illustrated 
in the report (Table 7.1), specific SDG targets that will be discussed later in the 
chapter are associated with ways in which chemistry could be used to min 
imize harm and provide solutions that have economic benefits.16 This 
searchable document is an exemplary resource covering the economic, social, 
and environmental dimensions of the chemistry discipline for sustainability. 
Chemistry educators should connect the dots from their courses to the Sus 
tainable Development Goals to ensure that the next generation of chemical 
professionals acquires a sustainability mindset. Students with knowledge, 
understanding, and motivation towards these goals are likely to be attractive 
to the chemical industry as future employees. 
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Table 7.1 UNEP Table from the 2019 Global Chemicals Outlook II publication that 
connects various chemistry economic sectors to select UN SDG targets, 
demonstrating the breadth in opportunity for green and sustainable 
chemistry.15 Adapted from ref. 15 with permission from United Nations 
Environment Programme, 2019, per use for educational purposes. 

Sectors SDG targets 

Examples of 
opportunities for 
management and 
innovation 

Agriculture 
and food 

Target 2.4: 
sustainable food 
production 

Scale up Integrated Pest 
Management (IPM) 
and agroecological 
approaches, including 
development and use 
of non-chemical 
alternatives and other 
good agricultural 
practices 

Health Target 3.8: safe 
medicines and 
vaccines 

Sound management of 
pharmaceuticals and 
disinfectants that 
contribute to 
antimicrobial 
resistance 

Energy Target 7.a: clean 
energy research 
and technologies 

Improve technologies 
using resource-
efficient, sustainable 
materials when 
decarbonizing the 
energy sector 

Infrastructure Target 9.1: 
sustainable 
infrastructures 

Reduce raw material 
use and waste 
generation via 
advance materials 
without creating 
future legacies 

Industry Target 9.2: 
sustainable 
industrialization 

Ensure that chemical-
intensive industries 
rely on the best 
available techniques 
and best 
environmental 
practices 
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Table 7.1 (Continued) 

Sectors SDG targets 

Examples of 
opportunities for 
management and 
innovation 

Housing Target 11.1: safe 
housing 

Reduce indoor air 
pollution through 
safer insulation and 
replace building 
materials of concern 
(e.g. asbestos) 

Transport Target 11.2: 
sustainable 
transport systems 

Advance clean mobility, 
for example based on 
sustainable chemistry 
solutions for batteries 

Tourism Target 8.9: 
sustainable 
tourism 

Adopt practices to 
reduce the chemical 
footprint of tourism 
services 

Mining Target 12.2: 
sustainable use of 
natural resources 

Ensure environmentally 
sound management of 
tailings 

Labor Target 8.8: safe 
working 
environments 

Enhance risk 
assessment of 
chemicals of concern 
while promoting 
investment in green 
and sustainable 
chemistry to reduce 
hazardous 
occupational 
exposures 
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Table 7.1 (Continued) 

Chapter 7 

Sectors SDG targets 

Examples of 
opportunities for 
management and 
innovation 

Education Target 4.7: 
education for 
sustainable 
development 

Mainstream green and 
sustainable chemistry 
into relevant curricula 

Finance Target 17.3: 
financial 
resources from 
multiple sources 

Enhance use of green 
and sustainable 
chemistry metrics as 
criteria in investment 

7.1.2.2 Academia 
Colleges and universities across the world are placing a high priority on 
promoting their sustainability efforts through the SDGs. A recent analysis of 
peer-reviewed literature involving the integration of the UN SDGs into higher 
education from 2015 to 2021 reported an increase in publications since 
2018, with the SDGs most frequently integrated into bachelor-degree pro 
grams.3 High-income countries were represented to a greater extent than 
low- and middle-income countries, potentially due to a lack of funding or 
awareness. A categorization of publications by discipline showed engine 
ering/technology, humanities/social sciences, and business/administration/ 
economics as most active in integrating the SDGs, respectively. Although 
chemistry was not listed in the top three disciplines, integrating the 
SDGs into chemical education is commonly an extension of content or 
placed in the context of teaching green chemistry principles and/or systems 
thinking. These topics are increasingly present in chemistry education 
publications.17,18

As an example, consider The Association for the Advancement of Sus 
tainability in Higher Education (AASHE), which has over 900 higher edu 
cation institutions, businesses, and nonprofit members. AASHE uses the UN 
SDGs as part of its sustainability tracking, assessment, and rating system.19 

The European University Association also publishes its commitment to the 
goals through research and education.20 Additionally, higher education in 
stitutions are seeking the development of cross-disciplinary courses that 
address one or more of the goals through collaborative faculty efforts.21,22
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These types of initiatives allow chemistry students to see themselves as part 
of the equation for finding solutions. 

7.1.3 Education is Key to Achieving the Sustainable 
Development Goals23

Education is a central tenet of the Goals. Therefore, it is our responsibility as 
educators to “Ensure inclusive and equitable quality education and promote 
lifelong learning opportunities for all (SDG 4)”. This charge is further de 
tailed in Target 4.7 (Table 7.2).1

A publication of the United Nations Educational, Scientific and Cultural 
Organization (UNESCO), Education for Sustainable Development (ESD) is a valu 
able resource for educators.24 Though not specific to chemistry, the learning 
objectives it lays out can readily be adapted to chemistry and emphasize sys 
tems thinking as a core competency for achieving the goals. The document 
provides guidance to educators to empower their students to take personal 
action through participation and collaboration. Cognitive, socio-emotional, and 
behavioral learning objectives are defined for each of the seventeen goals along 
with suggestions for topics for classroom discussions and examples of in 
structional implementations. As illustrated in the next section, chemistry-
related themes are present throughout the SDGs in the form of developing 
technological solutions and prevention of human and environmental harm. 

Chemistry teachers need to help their students learn the skills needed to 
apply green chemistry principles and systems thinking practices to their 
areas of expertise in working towards the goals. From foundational courses 
to senior research projects, students can use the SDG framework to relate the 
basic sciences to environmental and health solutions. For example, nano 
technology advancements that address water purification or the design of 
biodegradable or compostable plastics to reduce plastics waste are topics 
primed for exploration in modern curricula. 
In summary, inclusion of the UN SDGs throughout the chemistry cur 

riculum will engage students, prepare them for a vast array of future careers, 
and contribute to advancing the sustainability goals. The remainder of this 
chapter focuses on additional resources available to teach the goals, various 

Table 7.2 Target 4.7 under SDG 4 calls for transformative education practices 
toward sustainable development. Icon reproduced from ref. 1 with 
permission from the United Nations. 

Target 4.7: By 2030, ensure that all learners acquire the 
knowledge and skills needed to promote sustainable 
development, including, among others, through education 
for sustainable development and sustainable lifestyles, 
human rights, gender equality, promotion of a culture of 
peace and non-violence, global citizenship, and 
appreciation of cultural diversity and of culture’s 
contribution to sustainable development 
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educational modalities for incorporation, and specific examples for use in 
the laboratory and classroom. 

7.2 Background 
7.2.1 Chemistry and the SDGs 
The UN SDG website1 is an outstanding resource for instructors and stu 
dents to collectively explore the 17 goals. Each goal has associated “targets” 
(169 total) with “indicators” (241) that define specific problems to address 
and metrics for evaluation of progress, respectively. 

Some of the 17 goals connect more closely to chemistry than others. The 
targets reveal where the connections to chemistry are most evident. For 
example, SDG 2 has the icon box title “No Hunger” and offers an expanded 
definition: “End hunger, achieve food security and improved nutrition and 
promote sustainable agriculture”. Eight targets are associated with the goal 
that, on the surface, may not appear to have a direct correlation to 
chemistry. However, Target 2.4 identifies contributions needed to meet 
this goal that are possible from chemists in the agricultural and en 
vironmental fields (see Table 7 .3). Likewise, targets  for SDGs 3, 6, 12,  and
13 indicate chemistry-related technologies capable of addressing the 
sustainable development needed. Select targets frequently highlighted by 
chemistry educators are illustrated in Table 7.3. 

7.2.2 Scaffolding the SDGs Across the Curriculum 
Incorporating the sustainable development goals into the curriculum has 
the advantage that each educator can select content in their field of specialty 
to build a lesson plan they feel confident in teaching. Whether it involves the 
carbon cycle (see Chapter 1) and climate change, sustainable energy pro 
duction, use of safe, renewable materials for health care products, de 
termination of groundwater contaminants, biocatalysis using enzymes, or 
plastics in the ocean, an SDG exists that can be partnered with the chemistry 
concepts and/or technologies taught in lecture or laboratory courses. 
Ideally,  the UN SDGs would  be  scaffolded across a chemistry depart 

ment’s courses to provide continuity and to emphasize their importance. 
This would require faculty coordination and buy-in. Table 7.4 lists com 
monly taught chemistry courses, a socio-environmental topic related to 
green/sustainable chemistry, and one (of many) SDGs that could be paired 
with the topic. This list is by no means exhaustive. For example, to high 
light the sustainable future envisioned by the United Nations for all people, 
SDG 5 (Gender Equality) and SDG 10 (Reduced Inequalities) could be 
paired with each of these topics. 

McNeil and co-authors verified the versatility of connecting the UN SDGs 
to the curriculum when they modified their entire first-year chemistry course 
with a UN SDG thematic framework.25 They utilized active-learning activities 
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and case studies to connect course concepts such as gas laws, Lewis struc 
tures, bond energies, equilibrium, spectroscopy, molecular structures, and 
acid–base reactions to ten UN SDGs. Student feedback indicated that the 
SDG framework aided their learning of the course materials. 

Table 7.3 Examples of SDG targets1 pointing to chemistry-related solutions. Icons 
reproduced from ref. 1 with permission from the United Nations. 

SDG goal Select SDG targets pertaining to chemistry-related solutions 
Target 2.4: By 2030, ensure sustainable food production 

systems and implement resilient agricultural practices that 
increase productivity and production, help maintain 
ecosystems, strengthen capacity for adaptation to climate 
change, extreme weather, drought, flooding, and other 
disasters and that progressively improve land and soil 
quality 

Target 3.9: By 2030, substantially reduce the number of 
deaths and illnesses from hazardous chemicals and air, 
water and soil pollution and contamination 

Target 3.3: By 2030, end the epidemics of AIDS, tuberculosis, 
malaria and neglected tropical diseases and combat 
hepatitis, water-borne diseases and other communicable 
diseases 

Target 6.3: By 2030, improve water quality by reducing 
pollution, eliminating dumping and minimizing release of 
hazardous chemicals and materials, halving the proportion 
of untreated wastewater and substantially increasing 
recycling and safe reuse globally 

Target 12.4: By 2020, achieve the environmentally sound 
management of chemicals and all wastes throughout their 
life cycle, in accordance with agreed international 
frameworks, and significantly reduce their release to air, 
water, and soil in order to minimize their adverse impacts 
on human health and the environment 

Target 12.5: By 2030, substantially reduce waste generation 
through prevention, reduction, recycling and reuse 

Target 13.3: Improve education, awareness-raising and 
human and institutional capacity on climate change 
mitigation, adaptation, impact reduction and early warning 
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Table 7.4 Sample socio-environmental and socio-scientific topics that overlap with 
course content and one (of many) possible related SDGs. 

Course Topic Associated SDG (SDG#) 
Foundational 
chemistry 

Climate change Climate Action (13) 

Organic 
chemistry 

Environmental impact of 
pharmaceutical production 

Responsible 
Consumption and 
Production (12) 

Analytical 
chemistry 

Ground water contaminants Clean Water and 
Sanitation (6) 

Biochemistry Biocatalysis with enzymes Good Health and 
Well-Being (3) 

Physical 
chemistry 

Sustainable energy Affordable and Clean 
Energy (7) 

Inorganic 
chemistry 

Earth-abundant/endangered metals Life on Land (15) 

Polymer science 
Environmental 
chemistry 

Polymers/plastics in the ocean 
Separation technologies to 
minimize hazardous waste 

Life Below Water (14) 
Industry, Innovation, 
and Infrastructure (9) 

7.2.3 Connecting Green Chemistry Principles, Systems 
Thinking, and the UN SDGs 

Since the publication of the 12 principles of green chemistry by Anastas and 
Warner,26 green chemistry educational materials have increased exponen 
tially in the literature.27 Although green chemistry and sustainable chemistry 
have differences,28 the overall themes of pollution prevention and 
minimizing harm to people and the environment are shared by both. 
Recently, the chemistry education community recognized systems thinking 
(Chapter 4) as an effective strategy to teaching a holistic approach to prac 
ticing chemistry and assuring a truly sustainable outcome. 

For foundational chemistry courses, the Haber–Bosch process has been 
used to illustrate the connections among chemistry concepts and the 2030 
Goals. Mahaffy et al. presented a dynamic systems thinking approach that 
connects the learning outcomes of ammonia synthesis to subsystems in 
cluding chemical inputs, energy and reaction requirements, the Ostwald 
process, intended uses, and environmental unintended consequences.2 Two 
different System-Oriented Concept Map Extension (SOCME) diagrams were 
modeled to visualize the connectivity of the subsystems. The study set the 
stage for linking the reactive nitrogen cycle to five UN SDGs directly, and less 
directly to five additional UN SDGs.29 Figure 7.2, similar to the graphic 
presented by Mahaffy et al.,  illustrates a classroom activity tasking stu 
dents to draw interconnections between the use and production of nitrogen 
fertilizers with SDGs, both in advancing and preventing achievement of the 
goals. These types of activities will give students an appreciation for the 
complexity of anthropogenic chemicals that both benefit society and cause 
harm to the environment. 

29
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Figure 7.2 Representation of interconnections between production and use of 
nitrogen fertilizers and UN SDGs. 

For upper-level courses in which students are beginning to identify their 
own areas of interest and expertise, a project-based learning opportunity may 
fit well. For example, students in an upper division green chemistry course at 
the University of Minnesota were required to select a current green-chemistry 
related sustainability topic of personal interest and write a term paper that 
reviewed state-of-the-art technologies in the field and innovations needed to 
address remaining challenges. Topics chosen by students included algae-
based fuels, solar panels from earth abundant metals, phthalates as endocrine 
disruptors, reprocessing and storage of high-level nuclear waste, biomimetic 
adhesives, and biocatalysis in the pharmaceutical industry. Though not re 
quired, many students placed the theme of their paper into the context of 
sustainable development and the UN SDGs.30 This assignment allowed stu 
dents to build skills in scientific literature searching, to explore a topic of 
interest, to demonstrate their chemistry knowledge, and to provide broader 
social, economic, and environmental perspectives. Peer reviews from class 
mates were instrumental in exposing students to a variety of socio-environ 
mental and socio-scientific challenges and opportunities for green and 
sustainable chemistry. Extensions to this assignment could include the re 
quired identification of specific UN SDGs targets and indicators, and mapping 
the connected UN SDGs, as illustrated in Figure 7.2. 

Table 7.5 offers driving questions for various levels of student exploration 
of the SDGs. The driving questions encourage problem-based learning 
through provocative, open-ended questions with multiple solutions.31

D’eon and Silverman provide an example of connecting green chemistry 
principles and the UN SDGs with a teaching module on stoichiometry for 
introductory chemistry.32 A backwards design of learning outcomes using a 
SOCME33 helped define system boundaries and objectives. The central topic 
of the module was the impacts of combustion. The authors connected 
reaction stoichiometry and efficiency with green chemistry principle 
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Table 7.5 Multi-level strategies for introducing the UN SDGs in curriculum 
through driving questions. 

Instruction level Driving question 
Depth of chemistry 
discussion 

1st year curriculum, 
non-science 
majors, or 
outreach 

How will chemistry/scientific 
disciplines be essential in 
achieving the SDGs? 

Broad, non-technical 

Foundational What SDGs connect with “X” 
chemistry concepts we are 
learning? 

General, technical 

2nd/3rd year 
curriculum 

Consider SDG “X” and propose 
how the chemistry and chemical 
technologies you are learning 
can contribute to this SDG – 
associate with specific targets 
and indicators. 

Applying technical skills 

3rd/4th year 
curriculum and 
research 

Describe the relationship between 
sustainability topic X, your 
researched technology, and 
connections to applicable SDGs. 
What further innovations are 
needed to accomplish the SDGs 
and what are the current 
scientific/social/economic 
barriers? 

Technical and knowledge 
of broader chemical 
enterprise initiatives 

#2 (atom economy), and the use of green metrics such as reaction mass 
efficiency. Students evaluated the efficiency of various combustion processes 
with SDG 7 (Clean Energy) and SDG 13 (Climate Action). 

Hurst and co-authors demonstrated the integration of green chemistry, 
the UN SDGs, and systems thinking in a laboratory experiment involving 
valorization of spent coffee grounds.34 Mitarlis, et al. sought to map the 
green chemistry principles taught in their basic science lecture and labora 
tory course with the SDGs.35 The environmental pillar of sustainable devel 
opment was identified as the connecting link between five green chemistry 
principles and addressing SDG 12 and SDG 13 objectives. 

7.2.4 Chemistry Societies and Web-based Resources 
Internationally, chemistry professional societies promote the SDGs and 
education towards the goals through their strategic initiatives and confer 
ences. For example, the Campaign for a Sustainable Future of the American 
Chemical Society (ACS) places the UN SDGs at the center of the chemical 
enterprise’s potential to contribute through new technologies and innov 
ations.36 The International Union for Pure and Applied Chemistry (IUPAC) 
promotes green chemistry for the goals through its Interdivisional Com 
mittee for Green Chemistry for Sustainable Development, their projects, and 
activities.37 During the IUPAC World Congress in July 2019, 16 leaders of 
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international chemical societies signed a Joint Framework that agreed to 
advance the SDGs through global partnerships. Since then, 24 additional 
chemical societies have become signatories. 

The ACS Green Chemistry Institute has partnered with chemistry edu 
cators from over 45 institutions to develop “Green Chemistry Learning 
Modules” for general and organic chemistry courses. Each module focuses 
on core chemistry concepts through the lens of a systems thinking approach 
and identifies overlapping green chemistry principles, sustainability topics, 
and associated UN SDGs.38 For example, one module introduces ideal gas 
laws in the context of the anthropogenic nitrogen cycle. Students construct 
SOCMEs to illustrate the nitrogen cycle as a system. SDGs that are relevant to 
the module are highlighted on the website.39
In summary, for educators who have already embraced the inclusion of 

green chemistry and/or sustainability into their curriculum, the UN SDG 
framework together with the Planetary Boundaries Framework (Chapter 6) 
offer a natural and important extension for students’ understanding of the 
broader implications of scientific advancements. 

7.3 Teaching & Learning the UN Sustainable 
Development Goals 

7.3.1 Polymers, Plastics, and the UN SDGs 
As illustrated in the previous section, an abundance of socio-environmental 
and socio-scientific topics can be explored in the context of the UN SDGs. This 
section features the topic of plastics, that is, synthetic organic polymers. Plastics 
both contribute to the quality of human life and cause harm to the planet and 
all living inhabitants. Their contributions are an undeniable success story of 
chemists and chemical engineers who can design a material to perform any 
function desired; however, microplastics now are so pervasive on earth that 
they are found in human blood.40 Clearly the production and use of polymeric 
materials and plastics at the current rate is not sustainable, with current data 
showing we have exceeded their planetary boundaries limits.41

The chemistry curriculum can be enriched by adding information about 
the urgent and real-world problem of plastics pollution. Every student has 
seen media reports of sea turtles trapped in a six-pack plastic ring, expired 
seabirds filled with plastic bottle caps, seals trapped in fishing nets, plastic 
garbage littering our highways, or the great garbage patches floating in our 
oceans. Plastics offer a platform for instructors to teach important chemical 
concepts together with the design of new materials without the unintended 
negative environmental consequences. 

7.3.2 Polymer Basics 
The instruction of polymer science in higher education varies around the 
world as to when and at what level it is taught. Presented here is one 



198 Chapter 7 

Figure 7.3 Different representations of the conversion of monomers to linear 
polymer chains: (a) symbolic representation, and (b) chemical structure 
representation. 

approach, primarily from the perspective of an organic chemist, rather than 
a comprehensive study of polymer science. In addition, additives such as 
plasticizers, colorants, and stabilizers are omitted for brevity. 

For foundational courses, polymers are often represented by symbol-based 
formulas (Figure 7.3a), and for organic chemistry courses and above, by full 
line angle formulas (Figure 7.3b). At all levels, the concept of covalently 
bonded repeating units and the large size (molecular mass) of the resulting 
polymer is important. The repeating units for the chemical representations 
are placed in brackets with “n” representing the number of repeating units. 
For example, a typical value of “n” for commercial polyvinyl chloride (PVC) is 
approximately 1300, giving a molecular mass of 80 000 g mol−1 or 80 kg mol−1 

(Figure 7.3b). 
Polymers can also have different architectures (Figure 7.4). Linear syn 

thetic polymers and copolymers (more than one type of polymer in the 
chain, for example block copolymers) are generally classified as thermo 
plastics and can be softened when heated and reshaped when cooled. These 
types of polymers are typically recyclable. In contrast, traditional cross 
linked polymers and networked polymers are difficult to melt, undergo a 
chemical change when heated, and cannot be reformed. These types of 
plastic materials are generally not recyclable.42

Polymers can be classified by their method of synthesis. Chain-growth 
(addition) polymers and step-growth (condensation) polymers are often 
taught in the context of a laboratory experiment or in studying atomic or 
molecular species or mechanisms. For example, most first-year and or 
ganic chemistry courses introduce free radicals and/or free radical 
mechanisms, which is an opportune time to connect to free radical 
polymerizations used for producing polyethylene and polystyrene. Poly 
merizations can also occur under cationic and anionic reaction 
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Figure 7.4 Different polymer architectures. 

conditions. Each instructor should consider the specific learning outcomes 
associated with their experiment or course content in deciding the breadth of 
polymer synthesis coverage. 

If time permits, presenting a brief history of the development of plastics 
emphasizes how rapidly chemists and chemical engineers produced plastics 
with almost any imaginable property, e.g., soft, flexible, absorbent, hard, 
durable, or resistant to corrosion. Large scale production of polyvinyl 
chloride began in 1927, and polystyrene was invented in 1930 and nylon in 
1938. The year 1950 saw the mass production of plastics reach 2 million 
metric tons and marked the start of the proposed Anthropocene geological 
age in which human activity gained dominance over Earth’s climate and 
environment changes.42 Excellent resources are available for sharing the 
exponential growth of the plastics industry and the urgent need to re 
consider society’s approach to use and production.43

7.3.3 Activity Set #1. The Benefits and Problems with Using 
Plastics 

Undoubtedly, connections exist among the benefits of polymers/plastics, the 
unintended negative environmental consequences of polymers/plastics, and the 
UN SDGs. Therefore, this first classroom activity (Box 7.1) asks students to 
identify the contributions of plastics to the quality and longevity of human life 
and then associate them with their ability to advance specific UN SDGs and 
SDG targets. This activity is appropriate for all levels and could augment a lec 
ture or laboratory module on polymer chemistry for more advanced students. 

The activity can be implemented as a “brain-storming session” or as one 
that requires student documentation of specific examples with/without ref 
erences. Student responses may include recognizing plastics as critical to 
medical care in providing life-saving health measures through the 
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Box 7.1 Classroom Activity #1: Recognizing the benefits and problems 
associated with plastics. 

Activity Set #1: 

a. What benefits do plastics provide to human life expectancy and
society?

b. What human health and environmental problems have developed
from their prolific use in society?

c. What UN SDGs (and targets) can be associated with each benefit
and problem listed?

prevention of infection and spread of disease (SDG 3). Students may also 
recognize that light-weight plastic materials contribute to affordable, clean 
wind and solar energy, as well as the design of energy efficient vehicles (SDG 7). 
Finally, students may note that plastic packaging is needed to keep perishable 
food freshduring delivery tonon-localmarkets andprevent foodborne illnesses 
and spoilage (SDG 2). 

The next step in the activity asks students to identify the unintended 
consequences of anthropogenic plastics to human health and the planet and 
again connect to individual SDGs and targets. Plastic debris in the oceans is 
specifically called out in SDG 14 where indicator 14.1.1b calls for reduction 
and monitoring of plastic debris in the ocean (Table 7.6).44

For reference, a recent review of the current use, production, con 
sumption, and management of microplastics and plastics identified specific 
challenges to achieving twelve of the UN SDGs.44 For example, the presence 
of microplastics in food (SDG 2) and drinking water45 (SDG 6) are of growing 
concern, and the release of greenhouse gases through the production cycle 
of plastics, recycling, and waste management, including incineration, con 
tribute to climate change46 (SDG 13). The upward trajectory of global plastic 
production is not sustainable and is not aligned with responsible con 
sumption and production (SDG 12). Single-use plastics, low recycling rates 
(less than ~10%), and a throw-away mentality place human behavior at the 
core of these challenges (Figure 7.5).43,47

Table 7.6 UN SDG Indicator 14.1.1b specifying the need to monitor plastic debris 
in the ocean. Icon reproduced from ref. 1 with permission from the 
United Nations. 

SDG 14: Conserve and sustainably use the oceans, seas and 
marine resources for sustainable development 

Target 14.1 By 2025, prevent and significantly reduce marine 
pollution of all kinds, in particular from land-based 
activities, including marine debris and nutrient pollution 

Indicator 14.1.1b plastic debris density 
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Figure 7.5 Plastic pollution on land and in water as a result of our throw-away 
society. Original photos by the author. 

Figure 7.6 Sustainable Polymer Framework (SPF) for the design of new environ 
mentally friendly polymeric materials.49 Reproduced from ref. 49 with 
permission from American Chemical Society, Copyright 2022. 

7.3.4 Activity Set #2. Designing More Sustainable Plastics for 
Meeting the SDGs 

From Activity #1, students will recognize the complexity of the plastics 
problem, opening the door for them to ask: How can scientists design new 
plastics that retain their benefits to society but minimize their harm? This 
question emphasizes the importance of a systems thinking approach to 
developing new technologies in contrast to traditional material design solely 
for function (reductionist approach) without consideration of the life cycle 
and economic circularity of polymers.48

What should a scientist consider when designing a new polymeric ma 
terial? Figure 7.6 models one approach used by researchers at the National 
Science Foundation Center for Sustainable Polymers, where the origin of the 
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feedstock, polymerization process, intended use, and end-of-use are all 
considered through the lens of sustainability and systems thinking.49,50 The 
Sustainable Polymer Framework (SPF) has both interconnections among the 
four pillars and external subsystems interactions. Interconnection examples 
include use of waste feedstock that could originate from a chemically recycled 
product or derived from waste/by-product of a process, promoting a circular 
economy model. External subsystem examples include evaluation of water, 
energy, and environmental impacts in using renewable biomass or in de 
veloping a new process applying green chemistry principles. One application 
of the graphic, as will be proposed in Activity Set #3, is to have students fill in 
the circles that apply to their sustainable polymer laboratory experiment or 
course assignment. 
The UN Environment Programme offers an alternative graphic that re 

inforces the circularity of design and a life-cycle approach to plastics pol 
lution (Figure 7.7).51 This type of graphic, of which there are many examples 
on the internet, is useful for discussing the unsustainable linear economy of 
plastics: make, use, and discard. Both Figure 7.6 and 7.7 provide students 
with an understanding of the holistic approach needed in developing a 
sustainable material and opportunities for innovative technologies needed 
to achieve the SDGs. 

Figure 7.7 UNEP representation of a life-cycle approach to address plastic pollution. 
Reproduced from ref. 51 with permission from the United Nations 
Environment Programme, 2019, for use for educational purposes. 
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Box 7.2 Classroom Activity #2: Understanding plastics design for material 
and economic circularity to address plastics pollution and the 
2030 goals. 

Activity Set #2: 

a. Why did plastic design only for function result in the current situ 
ation of plastics pollution?

b. What are the stages in the life cycle of a plastic to consider when
designing a more sustainable plastic?

c. What external systems connect to the life cycle of a plastic product
and how can a systems design improve sustainability?

Classroom activity #2 (Box 7.2) partners the concepts of lifecycle con 
siderations and systems interactions to identify points of pollution pre 
vention and where alternative approaches to standard practices could reduce 
the environmental impact of a plastic material. Additionally, evaluation of 
the interconnected subsystems for each step in design (from feedstock to 
end-of-life) can introduce points of discussion and comparisons for con 
trasting plastics. 

7.3.5 Activity Set #3. Single-use Packaging and the UN SDGs 
Through the lens of systems thinking and sustainability, this activity asks 
students to compare three contrasting (e.g., different feedstock, function 
ality, properties) commercial (bio)plastics. Students study their structure 
and properties, so they are knowledgeable and able to connect core chem 
istry principles to physical and mechanical properties. A single-use product 
or packaging, optionally made from one of the three studied plastics, is then 
chosen and its sustainability profile is assessed using the SPF graphic. 
Finally, social, economic, and environmental factors of the plastic product 
are related to the SDGs. An overview of learning goals for Activity Set #3 is 
given in Box 7.3. 

Most likely, students are first introduced to plastics through the plastic 
resin codes (Table 7.7)52 and the campaign to “reduce, reuse, and recycle”. 
These codes identify the type of resin (unprocessed bulk plastic) used to 
make packaging and products and are imprinted on a plastic commercial 
product. The public misconception may exist that a code indicates a product 
can be recycled because of the similarity between the triangular circling 
arrows and the universal recycling symbol that uses a Möbius loop of arrows 
(Figure 7.8).53 This is not necessarily true. Each municipality is responsible 
for informing its customers which plastic resin code materials will be col 
lected and industrially recycled. The numbering of the resin codes does, 
however, indicate the ease of recycling with “1” being easiest to recycle and 
“6” and “7” most difficult. Consumers are then responsible for recycling 
materials according to their recycling vendor’s specifications. 
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Box 7.3 Student Learning Outcomes for activity Set #3. 

● Learn the chemical structures of three contrasting plastic resins.
● Apply knowledge of molecular structure, chemical bond stability,

and functional group reactivity to understand resulting properties
related to applications and recyclability.

● Identify a single-use commercial packaging or product made from a
polymer/plastic resin.

● Use the Sustainable Polymer Framework to identify sustainability
attributes of the commercial application.

● Analyze potential pathways for the fate of the plastic and the impact
on achieving the SDGs.

Table 7.7 Plastic resin identification codes. 

Image 

Abbre-
viation 

PETE HDPE PVC LDPE PP PS Other 

Polymer 
name 

Poly-
ethylene 
tereph 
thalate 

High-
density 
poly-
ethylene 

Polyvinyl 
chloride 

Low-
density 
poly 
ethylene 

Polypropy-
lene 

Poly-
styrene 

Other 

Figure 7.8 Universal recycle symbol.53 Reproduced from ref. 53 with permission. 

The next student activity focuses on the most collected and recycled resin, 
poly(ethylene terephthalate) (PETE) (resin code 1); the less recycled polymer, 
low-density poly(ethylene) (LDPE) (resin code 4); and the bioplastic, 
poly(lactic acid) (PLA) (resin code 7). PETE and LDPE are derived from 
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Figure 7.9 Structures and end-of-life management codes for PETE, LDPE, and PLA, 
three contrasting plastics to explore in Activity #3. 

petroleum, an established, inexpensive, but depleting feedstock. PLA is de 
rived from bio-based carbohydrate feedstocks such as corn, wheat, or sugar 
beet (first generation) or agricultural waste such as corn stover, wheat straw, 
and food waste (second generation).54

An instructor could choose other petroleum-based plastics from the 
resin codes and/or alternative biobased plastics derived from starch, 
cellulose, lignin, algae, or chitosan.55 Additionally, wholly or partially bio 
based polymers such as PET (bio-PET) or polyethylene (bio-PE) could be 
explored. To place the lesson in context, consider using examples relevant 
to regional recycling practices, agriculture, and industry. As an illus 
tration, a country known for coffee production or large consumption of 
coffee could explore current efforts to valorize spent coffee grounds for 
biopolymers and composite production.34,56,57 The bio-based feedstocks 
may be particularly interesting for biochemistry curriculum when bio 
molecules are taught. 

Step-by-step implementation of Activity #3 is outlined in the text that 
follows. The exercise progresses from basic polymer concepts to consider 
ations of the life cycle of a commercial single-use plastic and culminates in 
making connections to specific SDGs. 

Instructor Introduction to the Activity: present three contrasting plastic 
resins as modeled in  at the level appropriate for the course. 
Groups can work cooperatively on all three plastic resins or be assigned 
different plastic resins to investigate and then share their data with the 
whole class. In this way, each student gains an understanding of the unique 
properties of three plastic resins. 

Figure 7.9

Student Task #1: find a representative molecular mass for each type 
of polymer and determine the number of repeating units, “n”. Report in 
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kgmol−1. Chemical catalogs or Safety Data Sheets are useful resources for 
these data using a CAS number. 

● Instructor Note: For upper-level courses, find literature melting and glass
transition temperatures for the polymers.

Student Task #2: what type of functional groups and bonds are present in 
each polymer? Based on functional groups, which polymer resin would be 
most resistant to aqueous acidic or basic hydrolysis? How might the 
branching of LDPE affect the crystallinity of the material? Provide a rationale 
for why PLA is more easily hydrolyzed than PETE. 

● Instructor Note: simple aqueous hydrolysis was used to consider degrad 
ability since different methods for recycling and composting quickly become
complex.

● Instructor Note: the main goal is for students to recognize that LDPE con 
tains unreactive, hydrophobic C–C bonds, whereas PLA and PETE contain
ester bonds that are more hydrolysable. The branching in LDPE prevents
ordered chains and van der Waals interactions, thus decreasing crystallinity
(this can be contrasted to high-density polyethylene). PETE is less reactive
than PLA under aqueous conditions due to the hydrophobicity of the aromatic
rings and steric effects. For advanced courses, a stronger argument is the
higher glass transition temperature of PETE than that of PLA.

Student Task #3: identify a single-use consumer packaging or product 
produced from each plastic resin and characterize its properties (e.g., hard, 
flexible, transparent, opaque, colored, soft, stretchy) 

● Instructor Note: have students pick a range of different packaging/products
(that is, not all beverage bottles).
○ PETE58 is used for plastic bottles, salad domes, peanut butter con 

tainers, mouthwash bottles, vegetable oil containers [generally
tough, durable, resistant to heat, solvents, and acids and bases, can
be microwaved, good oxygen barrier].

○ LDPE is used for plastic bags, squeezable bottles, plastic gloves,
six-pack rings for soda cans, tubing [flexible, transparent, moisture
resistance – low glass transition temperature correlates with low
crystallinity and amorphous properties].

○ PLA is the most successful commercial bioplastic on the market.59 

Many university campuses and sports arenas use PLA cups, cutlery,
and food containers, which are designed to be collected and dis 
posed of in industrial composting facilities. PLA filament is now
popular for use with desktop 3D printing and PLA blends are used for
medical implants, sutures, drug delivery and automobile parts60 [PLA
is brittle and lacks “toughness” for applications where deformation
is required].
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Student Task #4: select one single-use plastic packaging or product from 
step 3 or as directed by your instructor to study. Consider, perhaps, the first 
discarded plastic you find outdoors, packaging found in an item delivered to 
your dwelling, or a new “sustainable product” from the internet, and have it 
approved by the instructor. 

Student Task #5: complete two versions of the SPF graphic to indicate: 
sustainable attributes of the plastic item at each life cycle stage, 

and (b) possible challenges that may exist when considering human 
behavior and interactions with subsystems connected to each life cycle 
stage. 

(a) 

Student Task #6: construct a table that connects the information on your 
graphic to four SDGs, explaining whether the single-use item is a challenge 
to or contributes to achieving each goal. 

● Instructor Note: unless the assignment is directly based on a laboratory
experiment or literature publication, the processing used to make the
packing/product can be difficult for students to find directly, and allowing
generalizations such as “established infrastructure”, “energy intensive”,
“drop-in replacement”, or other may be appropriate.

Two examples of graphics that students might produce related to a com 
mercially available PLA compostable fork are illustrated in Figures 7.10 
and 7.11 based on literature precedence.54,59–61 Figure 7.10 identifies charac 
teristics of the PLA fork that meet sustainable polymer criteria, whereas, 
Figure 7.11 presents potential challenges to meeting the criteria related to 
consideration of interactions with connected subsystems and human behavior. 
The exercise could be completed with other graphical tools33,62 or life-cycle 
graphics depending on the emphasis and depth of learning outcomes desired. 

A table connecting the life cycle of a PLA compostable fork with the 
UN SDGs is illustrated in Table 7.8. Again, graphical representations 
could also be used to represent t he interconnections, both direct and 
indirect. 

Figure 7.10 Sustainable polymer characteristics of a PLA compostable fork. 
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Figure 7.11 Subsystem connections and human behavior challenges to meeting 
sustainability criteria for a PLA compostable fork. 

Table 7.8 Sample connections of a PLA compostable fork and the UN SDGs. Icon 
reproduced from ref. 1 with permission from the United Nations. 

SDG goal Relationship to PLA plastic fork production, use, and disposal 
Both consumers and companies could consider choosing PLA 
(especially second-generation materials) for use. Consumers 
can frequent businesses that prioritize use of sustainable 
materials like PLA and participate in responsible collection 
for industrial composting. 

Though it can be controversial, much of the current research 
shows that the use of biomass such as that used for the PLA 
fork produces fewer greenhouse gases than petroleum-
based polymers. Of course, responsible composting is 
necessary and avoiding disposal of product in methane-
producing landfills is important. 

A PLA fork is only responsibly disposed of IF cities and 
communities make it a priority to have the appropriate 
infrastructure and facilities to collect PLA products and 
compost them. Some sports arenas use only PLA cups/ 
cutlery, which is a good model. 

The PLA fork is a safe, single-use plastic that, if disposed of 
appropriately, advances good health without detriment to 
the environment. However, if disposed of improperly and 
breaks down to microplastics, it may pose toxicity to 
organisms. 
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Box 7.4 Classroom Activity #3: Exploration of three plastic resins and a 
single-use consumer packaging/product for sustainability 
considerations and a broader UN SDG context. 

Activity Set #3: 

a. What are the polymeric structures of three contrasting plastics and
what role does structure play in their resulting properties and ap 
plications as well as end-of-life potential?

b. For a given single-use (bio)plastic, what sustainability criteria are
met assuming end-of-use design is followed?

c. For a given single-use (bio)plastic, what challenges are introduced
by consideration of connected subsystems, human behavior, or
government policies?

d. What positive and adverse impacts can the single-use plastic item
studied have on specific UN SDGs?

With the abundance of resources available on the topic of plastics, 
chemistry teachers have the opportunity to both teach chemistry concepts in 
the context of polymers at course appropriate levels and engage students 
with one of the greatest global sustainability challenges of modern society. 
A summary of Activity #3 (Box 7.4) illustrates these motivations that the 
author hopes instructors find compelling to adapt. 

7.4 Concluding Thoughts 
The UN Sustainable Development Goals are both simple and complex. 
Introducing a graphical representation of the 17 goals (Figure 7.1) in foun 
dational chemistry courses builds bridges between students of different 
majors and interests, especially if the SDGs have been introduced in non-
chemistry courses. The SDGs offer opportunities for conversation in the 
classroom and at the dinner table: “In chemistry class today we learned about 
the United Nation’s seventeen goals for a sustainable future. Clean water is one 
we discussed. . .” 

Connecting chemistry concepts to health and well-being (SDG 3), 
climate change (SDG 13), protection of the land (SDGs 2 and 15) and  water
(SDGs 6 and 14), affordable energy (SDG 7), and responsible industry and 
production (SDGs 9 and 12) provides context for solving problems that 
have local, regional, and world-wide implications. For chemistry edu 
cators, promoting and teaching the skills required for their students to 
contribute to sustainable development is concretely charged in SDG target 
4.7. It is both a privilege and responsibility to prepare chemistry students 
not only with the technical knowledge to benefit both society and the 
environment but also with a sense of purpose and pride in their chosen 
career. 
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Box 7.5 Summary of learning outcomes connecting chemistry curriculum 
to the UN SDGs. 

Students should be able to: 

a. Describe the overarching vision of the UN SDGs as providing a
framework to achieve prosperity, equity, and health for all people
and the planet.

b. Know that the 17 SDGs have defined targets.
c. Understand chemists’ roles and responsibility to apply their scien 

tific knowledge and skills to both prevent harm from chemical
substances and seek solutions to address select SDGs and targets.

d. Connect their chemistry knowledge to specific UN SDGs for both
potential benefit and/or avoiding negative consequences.

What expectations should a chemistry educator have with respect to 
student knowledge of the UN SDGs? Certainly not memorizing the 
seventeen goals. Rather, an understanding of their purpose as a call to 
action for all people of the world “to promote prosperity while protecting 
the planet”.63 Although the UN SDG targets encompass economic and 
social responsibilities of cities, regions, and countries, the charges for 
climate action and protection of the Earth’s environment can only be 
fully realized through scientific advances. Student recognition that 
chemistry has a critical role to play in achieving and monitoring progress 
towards the goals is of paramount importance regardless of the level of 
instruction. 

For chemistry majors, learning outcomes (Box 7.5) should include the 
ability to connect course specific chemistry concepts, green chemistry 
principles, analytical skills, and systems thinking strategies to the frame 
work provided through the 2030 Agenda for Sustainable Development.64 

Scaffolding of the UN SDGs throughout the curriculum will bring students 
with interests in all areas of chemistry into the fold of the interdisciplinary 
collaborative efforts needed for a sustainable future. 

Visibility of the UN Sustainable Development Goals continues to increase 
across all sectors of society along with the urgency to double efforts to ad 
vance them. The 2023 UN SDGs progress report presents a gloomy picture of 
unprecedented global warming and a concerning lack of progress towards 
these goals.65 As Meriadoc Brandybuck from the “Lord of the Rings: Two 
Towers” movie poses to Treebeard, “But you’re part of this world! Aren’t you?” 
Though not a direct quote from J. R. R. Tolkien’s book, it represents the 
warning Tolkien gave in the 1950s through his novels about the impending 
harm to the environment from the industrial revolution. We all are part of 
this world and as citizens and chemists we must act now for the universal 
good. Incorporating the UN SDGs across chemistry curricula to advance 
sustainability is one means to this end. 
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8.1 Opening Thoughts 
Sustainable development is one of the great challenges of the 21st century. 
In 1989, this concept was first widely introduced to the world through the 
report Our Common Future prepared by the World Commission on En 
vironment and Development.1 The authors offered what has become the 
best-known definition: “Sustainable development is development that meets 
the needs of the present without compromising the ability of future gener 
ations to meet their own needs”. The report also points out that this def 
inition includes two key concepts: (1) the needs of the poor around the world 
must be prioritized, and (2) there are limitations on how the environment 
can meet present and future needs. 

What contributions can chemistry make to meeting the needs of the 
world, particularly for those people most in need? Several thoughtful re 
flections have been published in recent years that outline the positive impact 
of chemistry in the past and its potential to continue doing so.2–7 Starting in 
2016, these and similar publications often make explicit connections to the 
United Nations (UN) Sustainable Development Goals (SDGs). The SDGs were 
adopted by the UN as a core part of the 2030 Agenda for Sustainable De 
velopment that seeks to achieve peace and prosperity for all people on Earth 
as well as the planet itself. The contributions of chemistry to accomplishing 
the SDGs, highlighted in other chapters in this book, reflect its unique 
combination of the ability to synthesize new materials with desired prop 
erties as well as the ability to measure and characterize a wide range of 
molecules. These same essays and reports also point out some of the 
problematic and negative impacts of chemistry, particularly regarding en 
vironmental degradation. 

Chemists, like other scientists, have become accustomed to confronting 
ethical questions involving issues of fabrication, falsification, plagiarism, 
negligence, or conflicts of interest. Under the overall heading of “responsible 
conduct of research”,8,9 examination of these issues has been part of 
graduate education for many years and has also become a widespread part of 
undergraduate education. The appropriate ethical standards are clear, and 
there is often a single best answer to any scenario. 

In contrast, decisions and actions related to using chemistry to achieve some 
component of the SDGs are more complicated and ambiguous. Jan Mehlich, 
the author of Good Chemistry: Methodological, Ethical, and Social Dimensions, 
has a Ph.D. in organic chemistry, an M.S. in applied ethics, and works at the 
Center for Life Science Ethics in Bonn. He comments: “what exactly is 
understood as a risk or benefit is the subject of endless debate and conflict”.10 

The initial response of some chemistry educators may be to say that these 
situations are too complex and that chemistry instructors do not have the 
expertise in ethics to incorporate these societal applications into chemistry 
courses. However, Mehlich continues “A good chemist is the one who 
doesn’t back  off from this perhaps more difficult question, but who engages 
with the multitude of stakeholders to figure it out by sharing the strengths of 
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chemistry – creating the material means to provide a higher life quality – and 
connecting it with the discourse on values, needs and demands”.10 To develop 
“good chemists” in the way Mehlich describes will require that we incorporate 
into our courses ethical aspects of chemistry applications related to sustain-
ability and the SDGs. The goals of this chapter are to offer thoughts and 
provide practical examples as to how chemistry educators might approach this 
challenge, as well as to point to some useful resources. 

8.2 Background 
This section presents information on professional ethics, describes ways 
sustainability can be used to bring professional ethics into the college 
chemistry curriculum, and concludes with a set of helpful resources for 
teaching. 

8.2.1 Professional Ethics 
In the context of connecting chemistry applications to sustainability, pro 
fessional ethics, in contrast to philosophical ethics, are relevant. Unlike 
ethical theories that form the heart of the philosophical field of ethics, 
professional ethics are a form of applied ethics that are not universal and 
thus can vary based on the occupation. 

The work of Gardner and Shulman helps us understand how chemistry 
functions as a profession. In their approach, a profession consists of a group 
of individuals that society grants “a certain amount of prestige and auton 
omy in return for performing for society a set of services in a disinterested 
way”.11 Members of a profession share “a commitment to serving others, 
either individual clients or society in general”. Gardner and Shulman point 
out that “The primary feature of any profession – the commitment to serve 
responsibly, selflessly, and wisely – sets the terms of the compact between 
the profession and the society”.11 They see this commitment as essential to 
defining the ethical relationship between members of a profession and the 
general society that the profession is part of and serves. The centrality of this 
commitment defines the inherently ethical relationship between the pro 
fessional and the general society. 

Gardner and Shulman outline a set of characteristics shared by members 
of the same profession that allow them to serve others:11

● a body of special knowledge that contains principles supportive of the
ongoing development of the profession,

● a specialized set of skills and practices that are unique to that
profession,

● the ability to render judgments characterized by integrity under con 
ditions characterized by uncertainty (either technical or ethical), and

● the ability to learn from experience (individually or collectively) so that
new knowledge is obtained in the context of professional practice.
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These characteristics clearly apply to chemistry. The special knowledge 
and skills that characterize the profession of chemistry include synthesis of 
molecules, characterization of their interactions with each other, and 
measurement of amounts. Gardner and Shulman identify one final charac 
teristic of a profession that applies to chemistry: a professional community 
provides oversight and monitoring of professional practice and education in 
the profession.11 It is the professional community that bears the primary 
responsibility for articulating and communicating the ethical framework 
that should characterize the work of members of the profession. 

Professional ethics are closely related to the unique responsibilities of 
each specific profession. Lawyers do not have the same knowledge and skills 
as doctors or chemists, and each group serves the larger society in very 
different ways. As a result, the codes of ethics developed and utilized by 
different professions may differ significantly. The relationships among these 
ethical codes and the legal systems in various countries can also vary sig 
nificantly. Ethical codes for chemists include those developed by pro 
fessional societies such as the American Chemical Society (ACS)12 and the 
Royal Society of Chemistry,13 as well as others such as the Hague Guide 
lines14 and the Global Chemists’ Code of Ethics15 that are written for an 
international audience. 

Professional ethics can be viewed as having two dimensions, one “in 
ternal” oriented towards other members of the same profession and one 
“external” oriented towards the larger society. Concerns addressed by the 
“internal” dimension include allocation of credit, research misconduct, and 
appropriate actions in professional venues for communicating experimental 
work (publications and presentations). The “external” dimension is repre 
sented by statements regarding the handling of chemical waste and con 
cerns for the public interest, including practicing chemistry in a way that 
benefits human health and the environment. Readers interested in ex 
ploring in more depth the internal and external aspects of chemistry’s pro 
fessional ethics are encouraged to read the work of Kovac16 and Mehlich.10 

Building on Gardner and Shulman’s description of professions, Sullivan 
and colleagues described three distinct dimensions that characterize 
professional education.17,18 The first is a cognitive dimension (“the head”) 
focused on mastering the content and cognitive skills (e.g., problem solving) 
that characterize how members of the profession think. The second is a 
skills dimension (“the hand”) focused on mastering the specific skills 
(e.g., using instrumentation, carrying out chemical reactions, calculation of 
reagent amounts) that members of the profession routinely use. The third is 
an ethical dimension (“the heart”) focused on helping an individual develop 
the appropriate understanding of the ethical responsibilities that accom 
pany membership in a particular profession. In the words of Colby and 
Sullivan, the ethical dimension of professional education serves to 
“. . .capture students’ induction into the field’s ethical standards and prac 
tices, professional sensibilities, appreciation for and commitment to the 
field’s essential social purposes, and sense of professional identity in which 
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those purposes and standards are experienced as core features of what it 
means to practice that profession”.18

8.2.2 Ways to Bring Professional Ethics into the Chemistry 
Curriculum 

Ethics is concerned with relationships and how we ought to see our con 
nections to the other parties (human and nonhuman) in those relation 
ships.19 In other words, incorporation of ethics into chemistry courses 
provides opportunities to have students think about the relationships con 
necting the chemistry being examined and the larger contexts in which the 
chemistry will be used. Incorporating ethics also engages students in 
thinking about the responsibilities they will have as chemists to help the 
larger chemistry community contribute to sustainable development. 

Incorporating ethics related to sustainability into chemistry courses can 
be accomplished in several ways. The next section describes two of these: 
(1) a sustainability-related context, and (2) a case study or module.

8.2.2.1 Contexts to Teach Ethics 
One way to engage students with ethical aspects of chemistry related to 
sustainable development is to design a course such that these issues are an 
integral part of the “narrative arc” of the course. This was the approach taken 
by SENCER, a systemic reform program launched in 2001 that was funded in 
part by the National Science Foundation.20 SENCER stands for Science 
Education for New Civic Engagements and Responsibilities. SENCER cour 
ses start with complex civic issues and engage students in learning science 
“through” these issues.21

A representation of this approach is shown in Figure 8.1. The innermost 
circle represents disciplinary knowledge, in this case, the topic of Lewis 
structures in the discipline of chemistry. In a chemistry course, one might 
expect the instructor to take a position at the center of the circle. From this 
instructional vantage point, the instructor would first focus on the topic of 
Lewis structures and then reach “out” from the center to a real-world ex 
ample or two. In contrast, the SENCER approach positions the instructor in a 
real-world issue at the edge of the circle. The instructor starts with the need 
for refrigerants to preserve food and, as chemical content is needed, reaches 
“into” the circle of foundational chemical concepts related to shapes of 
molecules and Lewis structures. Positioned at the edge of the circle, the 
instructor may reach into other circles as well, such as one for an ethical 
concept or one for the UN SDGs. The approach represented in Figure 8.1 will 
be presented in more detail in Section 8.3.2. 
Since the launch of SENCER in 2001, several courses in STEM disciplines 

have been recognized as SENCER model courses,22 and a closer examination 
of these can help interested instructors develop a better understanding of 
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Figure 8.1 A representation of how a real-world issue can lead to exploration and 
learning of chemistry concepts. The SENCER approach positions the 
instructor in this real-world issue at the edge of the circle. 

this approach. An example that connects aspects of the SDGs to upper-level 
biochemistry has been developed by this author and is described in more 
detail in other publications.23–26

Outside of SENCER, other examples of chemistry courses exist in which 
instructors have connected chemistry content to issues related to sustain-
ability and topics of the UN SDGs. Many of these involve an approach similar 
to the one described by Marks and Eilks,27 in which socio-scientific issues 
are incorporated into chemistry courses to create opportunities for dis 
cussion and individual reflection and decision making. 

For example, Caspers and Roberts-Kirchhoff describe a course they cre 
ated for biochemistry majors that centers on recent advances in bio 
chemistry and their relationship to social issues.28 Topics examined in the 
course included drugs of abuse and HIV therapy, both the focus of specific 
targets within SDG 3, “Ensure healthy lives and promote well-being for all at 
all ages”.29 Students presented papers to the entire class as a starting point 
for discussion that included ethical issues and societal concerns. At the end 
of the course, student teams presented a “dialogue paper” on a topic of their 
choosing that incorporated both scientific and ethical/social aspects. 

A second example can be found in the work of McClure and Lucius, who 
describe a one-semester course they developed at the University of Alabama 
at Birmingham focused on chemical ethics and civic responsibility.30 The 
class was offered as a chemistry elective that met once a week for two hours. 
Topics examined in the course included toxic waste sites such as Love Canal, 
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green chemistry, nanotechnology, and biodiesel/biofuels. Students in the 
course wrote a term paper on a scientific topic of public concern for which 
the paper included both a review of relevant scientific literature as well as a 
presentation of the student’s opinion on the topic. 

A third example is an interdisciplinary graduate course on solar energy 
described by Pullen and Brinkert.31 The course, taught in Sweden over a three-
week period, involved a combination of readings and lectures by invited ex 
perts from different universities, industry, and nongovernmental institutions. 
Lectures were followed by discussion sessions that incorporated small group 
problem-based discussion, short role plays, and a laboratory exercise. Module 
topics included international renewable energy policies, economical and 
ethical aspects of energy consumption, applied solar research (focused on 
solar cells), industrial aspects, and current research topics in solar energy. 

8.2.2.2 Case Studies and Modules to Teach Ethics 
Another way to incorporate connections between sustainability and ethics in 
a chemistry course is by using modules or case studies for a small number of 
class meetings. Modules are a set of linked activities that can be imple 
mented together within a course to accomplish one or more learning out 
comes. From this perspective, case studies are a type of module deeply 
grounded in a particular set of real-world experiences. Either one can serve 
as a useful way of incorporating an ethics component into a class without 
redesigning the entire course. 

Rowe describes an activity used in a nonscience majors course to introduce 
students to the basic science underlying the CRISPR technique for modifying 
nucleic acids, as well as social and ethical considerations related to the tech 
nology.32 Working in small groups, students research a particular topic related 
to CRISPR, with topics relating to various aspects of the technology (technical, 
social, ethical). Each group prepares short written and oral summaries that 
serve as the basis for a class discussion facilitated by the instructor. While 
CRISPR technology does not automatically connect to sustainability or the 
SDGs, Rowe’s work provides a template that chemistry educators could easily 
adapt to design similar activities focused on a sustainability related topic in 
either introductory or advanced undergraduate courses. 

Blonder et al. describe a module on the chemistry of lead developed for 
use with high school students in Israel.33 The module is part of a larger 
project on responsible use and innovation that created materials for use in 
several different countries. In this 4.5-hour module, students are engaged in 
a variety of activities, including: 

● introductory lectures on the characteristics of lead andahistory of its use;
● a video focused on Clair Patterson, a geochemist who fought against

lead as an additive in gasoline; and
● student discussions focused on dimensions of responsible research and

innovation and applying those dimensions to the story of lead.
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While the module as described is not explicitly focused on sustainability, 
it provides a template that chemistry educators can use to develop similar 
modules. 

Ryno and Cottine describe a two-week team-taught interdisciplinary 
module that was used simultaneously in both an advanced biochemistry and 
an environmental ethics course.34 The module focuses on the mechanism of 
pesticides and the ethics of using them domestically and in agriculture to 
explore the question of how understanding the chemistry of various pesti 
cides and their impact on biological systems might shape preservation and 
conservation practices. Students are asked to complete a research paper on a 
pesticide of their choice to demonstrate their knowledge of the pesticide’s 
mechanism of action and the ethics of using it. 

Buckley and Fahrenkrug describe a case study on the water crisis in Flint, 
Michigan that they developed for an analytical chemistry course.35 The case 
study consists of six complementary modules: (1) an introductory guided 
discussion of water, power, and privilege in Flint, (2) an in-class guided 
inquiry exercise designed to introduce the chemical concepts important to 
understanding the water crisis, (3) a laboratory analysis of real Flint water 
samples, (4) an exercise focused on statistical data validation, (5) software-
based chemical equilibrium modeling, and (6) communication of scientific 
work and recommendations to non-scientists. 

Finally, Van Heuvelen et al. describe how a series of modules, each com 
bining chemistry content and societal impact, were combined to reinvigorate 
a general chemistry sequence at Harvey Mudd College.36 Examples of societal 
impacts related to SDGs include the Haber–Bosch process in the context of 
synthetic fertilizers, chemical weapons, water purification systems, ozone 
(both smog formation and stratospheric ozone depletion), metal-free cata 
lysts, affordable and clean energy, and powering the car of the future. In some 
ways, the work described by Van Heuvelen et al. brings together the two ap 
proaches described in this chapter of overall course redesign (e.g., SENCER) 
and more focused learning activities (e.g., a module or case study). 

Many of the case studies and modules described to this point do not, in 
their original presentation, contain explicit connections to sustainability 
and the SDGs. But these connections would be straightforward for an in 
structor to make. The module developed by Ryno and Cottine on pesticides 
has a strong connection to sustainability, as well as to SDGs 2 (Zero Hunger), 
3 (Good Health and Well-being), 6 (Clean Water and Sanitation), 14 (Life 
Below Water), and 15 (Life on Land). A chemistry instructor using this 
module could have students explore the ethics of using pesticides and fer 
tilizers to feed the world’s population. The module on the Flint water crisis 
would lend itself to making connections with SDGs 6 (Clean Water and 
Sanitation) and 10 (Reduced Inequalities). 

The ACS Green Chemistry Institute has been coordinating the develop 
ment of a series of modules whose topics are taken from the standard cur 
ricula for general and organic chemistry.37 Sustainability, UN SDGs relevant 
to the module topic, and green chemistry concepts are incorporated 
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throughout each module. The topics of these modules include Stereo 
chemistry: Introduction to Chirality (linked to compounds designated as 
essential medicines), Ideal Gases and the Nitrogen Cycle, Thermochemistry 
and Energy Use, and Refrigerants and Lewis Structures. As of August 2025, 
13 modules are available, with more to be released in the near future. 

8.2.3 Resources for Connecting Chemistry to Ethics 
8.2.3.1 Books 
Mentioned earlier in the chapter, the books by Kovac and Mehlich include 
many cases for student discussion. In his book, The Ethical Chemist, Kovac 
includes 79 short cases (each less than a page in length); however, few of 
these deal with situations focused on “outward facing” professional ethics.16 

Mehlich’s book, Good Chemistry: Methodological, Ethical, and Social Dimen 
sions, contains several cases for discussion at the beginning of each chap 
ter.10 With five chapters in the section titled “Chemistry and Society”, this 
results in significantly more cases in this book related to the impact of 
chemistry on society. 

Another book to consider is Ethics of Chemistry: From Poison Gas to Climate 
Engineering.38 This volume, edited by Schummer and Borsen, is a compil 
ation of 19 articles originally published in “Hyle: International Journal for 
Philosophy of Chemistry”. The chapter authors, evenly divided between the 
US and European countries, provide a more international perspective. Al 
though unlikely to serve as a textbook in an undergraduate course, this book 
nonetheless is a useful resource for instructors wishing to learn more before 
starting to design activities for students. 

8.2.3.2 Websites 
Immensely valuable to engaging students with real-world issues within 
chemistry courses is the website Our World in Data.39 Max Roser, an 
economist at the University of Oxford, began the project in 2011, and Our 
World in Data has evolved to the point where it is now produced as a col 
laborative effort between researchers at the University of Oxford and the non 
profit organization Global Change Data Lab. As of 2025, the site provides 
over 14 000 interactive charts, and individual entries are gathered into ten 
topics. All material on the site is freely available to the public under a 
Creative Commons license. 

For example, consider the Energy and Environment topic. It contains 23 
subtopics (Box 8.1), includingaccess to energy, renewable energy, various forms 
of pollution, cleanwater and sanitation, fossil fuels, greenhouse gas emissions, 
and climate change. Within each topic are visualizations as well as summaries 
of key points. Some visualizations present the data over time and allow users to 
focus on a particular year. Other visualizations provide the option for changing 
fromagraph to amapor changing the axes on aparticular graph. Images canbe 
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Box 8.1 Topics available (partial list) in the Energy and Environment 
section of Our World in Data.39  

Climate change CO 
2 
and greenhouse gas 

emissions 
Air pollution 

Outdoor air pollution Indoor air pollution Ozone layer 
Energy Access to energy Fossil fuels 
Renewable energy Nuclear energy Metals and minerals
Natural disasters Biodiversity Fish and overfishing 
Land use Water use and stress Wildfires 
Animal welfare Forests and deforestation Plastic pollution 

 

downloadedasPNG (PortableNetworkGraphic) files for use in presentations or 
other documents. Data from a particular visualization can be downloaded as a 
CSV (comma separated values) file that can be opened in excel. Data sources, 
e.g., United Nations agencies, the World Bank, the World Health Organization, 
and academic sites, are clearly identified. 

8.3 Teaching and Learning a Chemistry Topic with 
an Explicit Ethical Dimension 

This section presents two examples of how ethical dimensions can be in 
corporated into chemistry topics that utilize some of the resources described 
in earlier sections of this chapter. The first example, refrigerants (a context 
for learning how to draw Lewis structures and identify shapes of molecules), 
works well in entry-level courses. The second example, the chemical mech 
anisms of enzymes important in the lifecycle of the HIV virus that causes 
AIDs, illustrates how this approach can be used in an upper-level course 
such as biochemistry. 

8.3.1 Student Learning Outcomes 
Explicitly connecting chemical concepts to issues of sustainability or the UN 
SDGs does not change the student learning outcomes for chemical concepts. 
Rather, what changes is that the instructor is also concerned with helping 
students develop habits of mind related to integrative learning, i.e., making 
connections between chemistry and the ethical dimensions related to sus 
tainability. Box 8.2 provides two general learning outcomes that can be 
useful in any course that connects chemistry topics with professional ethics. 

More specific objectives may be appropriate for courses like physical 
chemistry, inorganic chemistry, or biochemistry, but these will vary. The 
learning outcomes in Box 8.2 are about developing habits of mind and 
consequently will require multiple opportunities over time (either in 
the same course or across courses) for students to develop. The two sections 
that follow offer readers a better sense of how they might bring together 
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Box 8.2 Student learning outcomes for ethical questions and issues in 
chemistry courses. 

1. Choose an application of chemistry to sustainability and describe
some of the ethical questions/concerns relevant to that application.

2. Evaluate ethical aspects and implications of an application of
chemistry to sustainability and provide reasons for a particular
choice.

chemistry, sustainability, and ethical dimensions in both a foundational 
course (general chemistry) and an upper-level course (biochemistry). 

8.3.2 General Chemistry – Refrigerants, Lewis Structures, 
and Shapes of Molecules 

8.3.2.1 The Cold Chain and Sustainability 
Refrigeration has been called one of the great engineering achievements of 
the 20th century.40 It has helped reduce spoilage of food, is required for the 
stability of vaccines and other medical supplies, and has reduced the health 
impacts of extreme heat in multiple regions of the globe. Anthropogenic 
global warming linked to human activity has made it even more imperative 
that a functional and sustainable temperature-controlled supply chain (often 
referred to as a “cold chain”) be available to people around the globe, as the 
need for refrigeration and cooling technology will increase significantly. 
While new technologies for cooling are likely to be developed in the near 
future, refrigeration will still remain an important way to control and 
maintain desired temperatures. 

Vapor-compression refrigeration is the technology most familiar to people.41 

In this process, a chemical substance (refrigerant) absorbs heat under low 
pressure and passes from the liquid to the vapor phase. The refrigerant is then 
compressed under pressure back to the liquid phase, releasing heat into the 
surroundings. The nature of this cyclic process requires that refrigerants be 
volatile fluids, typically small molecules with boiling points in the range of 
50 °C to  30 °C− + .
A refrigerant has numerous desirable/required characteristics: chemical

stability, low toxicity, minimal or no flammability, maximum energy effi 
ciency, minimal environmental impact in terms of both global warming 
potential and ozone depletion potential, thermodynamic properties that 
match the system and application requirements, long operational life, and 
compatibility with other materials used in refrigeration equipment.41 As 
McLinden et al. state, “There exists, however, no single ideal refrigerant. The 
desired properties of the refrigerant depend on the type of equipment and 
the operating conditions (primarily heat sink and source temperatures)”.41 

Finding ways to expand access to refrigeration and cold chain storage that 
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are more efficient and less damaging to the environment is an area of active 
research and development.42

8.3.2.2 Refrigerants and Teaching Lewis Structures and Shapes 
of Molecules 

Lewis structures and molecular shapes are important topics in first-year 
chemistry. A quick examination of the list of pure-fluid refrigerants provided 
as supplemental information to McLinden and Huber’s review41 shows 
dozens of compounds that are suitable for teaching students how to draw 
valid Lewis structures. Appropriate choices include CFCs (chlorofluoro 
carbon compounds), HCFCs (hydrochlorofluorocarbon compounds), HFCs 
(hydrofluorocarbon compounds), and HFOs (hydrofluoroolefin com 
pounds). These compounds vary significantly in their flammability, toxicity, 
and environmental impact. 

A chemistry instructor interested in using refrigerants as the context for 
learning Lewis structures can start by taking a few minutes to introduce the 
current and future importance of refrigeration.43 This can be followed by 
guiding students through the process of drawing Lewis structures for various 
refrigerant compounds. McLinden and Huber41 identify three different 
phases in the search for new refrigerants, and their approach can be used as 
a guide to organize refrigerants into different groups. Refrigerants in the 
first group include NH3, S 2O , and C3H8 (propane). After drawing Lewis 
structures for these compounds, an instructor can use information from 
PubChem,44,45 a large free database with information on many substances, 
to examine their toxicity (Box 8.3). By pointing out the toxicity and flam 
mability concerns with the first generation of refrigerants, the instructor can 
help students understand the motivation for developing new refrigerants 
that are nontoxic and non-flammable. 

Second generation refrigerants are CFCs, the chlorofluorocarbon com 
pounds. Unlike first generation refrigerants, CFCs are nontoxic and non-

Box 8.3 Information (partial list) for substances found in PubChem.44 

● Structures
● Names and Identifiers
● Chemical & Physical Properties
● Pharmacology & Biochemistry
● Use & Manufacturing
● Safety & Hazards
● Toxicity
● Associated Disorders and Diseases
● Literature
● Patents
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flammable. These compounds can provide students with more practice in 
drawing Lewis structures. At the same time, the instructor can introduce 
how CFCs catalyze stratospheric ozone depletion and why that is problem 
atic. The 1987 Montreal Protocol on Substances that Deplete the Ozone 
Layer46 can be highlighted as an example of a successful international 
partnership related to sustainability. 
In response to the environmental problems created by CFCs, third 

generation refrigerants such as HCFCs and HFCs were developed. Like 
CFCs, these compounds are also nontoxic and non-flammable but have 
little or no ability to deplete stratospheric ozone. However, they also 
function as greenhouse gases, and so chemists have developed a new 
generation of refrigerants, such as R-1234yf (C3H2F4). Instructors can 
use specific examples of HCFCs  and HFCs as well as compounds
like R-1234yf for students to practice drawing Lewis structures. Possible 
out-of-class activities to complement the in-class work are shown 
in Box 8.4. 

Finally, the compounds used to help students learn to draw Lewis struc 
tures can serve as examples for learning other topics typically found in first-
year chemistry. For example, predicting the shapes of molecules is often 
taught immediately after Lewis structures, and many of the refrigerant 
compounds also work well for learning Valence Shell Electron Pair Re 
pulsion (VSEPR) rules for predicting geometry and shape around a central 
atom. The same compounds can also be used for identifying the hybrid 
ization of a particular atom. Using refrigerant compounds as illustrative 
examples and practice when teaching several different chemistry topics can 
provide additional opportunities to engage students with the process of 
thinking how to balance characteristics such as safety, toxicity, and en 
vironmental impact. 

Box 8.4 Out-of-class activities relating to refrigeration. 

#1 Choose three refrigerants, draw their Lewis structures, examine 
their atmospheric lifetimes, and report safety and hazard information 
using information from PubChem. 

#2 Read the article, “Africa’s Cold Rush and the Promise of Refriger 
ation” (Nicola Twilley, The New Yorker, August 15, 2022). What are some 
of the challenges described in the article to providing sustainable cooling 
and cold chains to regions in Africa? What role might chemistry play in 
meeting those challenges? 

#3 What is the connection between refrigeration and greenhouse gas 
emissions? Visit this website on the Global Cooling Pledge, https:// 
coolcoalition.org/. 

Depending on class size and instructor preference, the out-of-class 
work on selected refrigerants or the Twilley article can also serve as the 
starting point for group discussions during class. 

https://coolcoalition.org/
https://coolcoalition.org/
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8.3.3 Biochemistry – HIV/AIDS, HIV Protease, and Enzyme 
Catalysis 

SDG 3 states “Ensure healthy lives and promote well-being for all at all ages”. 
The 13 targets within the goal focus on a wide range of health issues, including 
HIV/AIDS, tuberculosis, malaria, maternal and infant deaths, noncommunic 
able diseases, addiction, environmental health issues, and development/ 
availability of vaccines and drugs.29 More specifically, Target 3.3 is to end the 
epidemics of AIDS, tuberculosis, malaria, and other communicable diseases. 

The first AIDS cases were reported in the early 1980s. By 2024, the Joint 
United Nations Programme on HIV/AIDS (UNAIDS) reported an estimated 
88.4 million people had been infected with the HIV virus and 42.3 million 
people had died from AIDS-related illnesses since the start of the epidemic.47 

In 2023, 39.9 million people globally were estimated to be living with HIV, 
with only 77% having access to antiretroviral therapy. Approximately 630 000 
people died in 2023 from AIDS-related illnesses. While the number of people 
with access to antiretroviral therapy and the number of AIDS-related deaths 
in 2023 reflect real progress compared to the early years of the 21st century, 
the global community is falling significantly short of ending the epidemic. 
As Alan Whitesides wrote in HIV/AIDS: A Very Short Introduction, “Preventing 
HIV transmission and successfully treating patients needed more than la 
boratory work. The epidemic is lodged in parts of the world where poverty 
and inequity are rampant. The gendered nature of transmission and its lo 
cation among marginal populations is critical. Dealing with this disease 
means understanding the science, and then looking beyond it”.48

Viral life cycles are at the heart of how HIV or SARS-CoV-2 infect cells. 
Completion of these life cycles absolutely depends on the proper functioning 
of many proteins that serve as enzymes catalyzing various steps in the life 
cycle, such as nucleic acid synthesis or cleavage of larger proteins into smaller 
functional forms. These enzymes are commonly the target of antiviral drugs, 
and knowledge of the structure and catalytic mechanism of key viral enzymes 
can make major contributions to the rational design of new antiviral drugs. 

For decades, the function of enzymes as catalysts at a molecular level has 
been an important topic in undergraduate biochemistry courses. All enzymes 
share common principles for how they function as biological catalysts. They 
have evolved to have optimal favorable noncovalent interactions with the 
transition state(s) of the reaction catalyzed, lowering the activation energy 
barrier and accelerating the reaction rate by as much as a million-fold in some 
cases. In addition, enzymes can utilize several general catalytic strategies. 
These include bringing two substrates into close proximity and the correct 
orientation (which reduces the entropic barrier to the reaction), acid–base 
chemistry, and covalent catalysis that involves the temporary formation of 
covalent bonds with one or more reaction intermediates. Small molecules can 
inhibit the function of enzymes, either through competing with the normal 
substrates for binding to the enzyme active site or through binding to other 
sites on the enzyme and altering the protein’s conformation. 
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The classic example used to teach these concepts is the digestive enzyme 
chymotrypsin. But these concepts can also be illustrated using two key en 
zymes that are part of the lifecycle of the HIV virus, the causative agent of 
AIDS. The first, reverse transcriptase, is involved in the early stages of viral 
infection of a cell and catalyzes the synthesis of a double-stranded DNA 
molecule from the single-stranded RNA genome of the virus. The double-
stranded DNA is key to the virus’s ability to integrate into the host cell 
genome and go undetected for years. The second, HIV protease, catalyzes the 
cleavage of a larger protein into smaller functional proteins as part of the 
viral maturation process. Immature virus particles are unable to infect cells, 
and so blocking the maturation process through inhibition of HIV protease 
prevents new cells from being infected. 

In addition, HIV protease is a good example of enzymes having optimal 
favorable noncovalent interactions with the transition state as well as il 
lustrating the importance of acid–base chemistry and proximity/orientation. 
Protease inhibitors used in antiretroviral therapy also serve as a good ex 
ample of using knowledge of an enzyme’s catalytic mechanism to design a 
long-lasting inhibitor that mimics features of the transition state for the 
enzyme catalyzed reaction. For reverse transcriptase, non-nucleoside in 
hibitors block enzyme function by binding to a site on the protein distinct 
from the active site and altering the enzyme’s conformation. They can be 
used as an example of allosteric inhibition of enzyme function, an important 
regulatory mechanism for enzyme activity. 

Incorporating the mechanism of HIV protease into undergraduate bio 
chemistry courses in place of the mechanism of chymotrypsin also creates 
opportunities to have students engage with other aspects of the AIDS pan 
demic. Articles from publications such as The New Yorker, op-ed/commen 
tary essays from journals like Science or Nature, or selections from the wide 
range of literary works centered on HIV/AIDS (such as Stephanie Nolen’s 
28: Stories of AIDS in Africa49) can be provided to students as short comple 
mentary readings. Information on the incidence/prevalence of HIV 
infections in different regions of the world or age groups, changes in AIDS-
related mortality, or changes in the number of HIV positive individuals re 
ceiving antiretroviral drugs can be easily incorporated using graphics freely 
available from Our World in Data or UNAIDS. Questions related to access to 
medications and intellectual property rights for biomedical research related 
to new treatments for HIV infection can be raised with students. 

8.3.4 Assessment 
For students to develop the habits of mind involved in describing and 
evaluating ethical aspects of applying chemistry to meet challenges related 
to sustainability and the SDGs, they must be provided with opportunities to 
do this. The instructor must do more than simply introduce these aspects in 
a course; rather, students have to do things that will require using these 
habits of mind. Two ways for chemistry instructors to provide these 
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opportunities are discussion and writing. Regardless of which approach an 
instructor chooses to use in a particular class, students can be asked to 
identify, describe, or evaluate ethical aspects of an application of chemistry. 
Student work can be based on examples the instructor has incorporated into 
the class or can draw from other materials (such as websites or articles) that 
students read outside of class. 

8.3.4.1 Discussion 
Barkley and Major summarize many of the benefits of effective class dis 
cussions, describing different ways to categorize discussions and the im 
portant characteristics of each category.50 For the focus of this chapter, 
perhaps the two most important categories are: 

● spontaneous vs. planned, and
● in-person vs. online.

Spontaneous discussions are unplanned and allowed to develop in a 
natural way. While they require less preparation on the part of the instructor, 
they do not necessarily result in the depth of exploration that a planned 
discussion can provide. However, effective planned discussions require a lot 
of preparation on the part of the instructor. Anyone interested in learning 
more about how to plan effective discussions should consult the chapter on 
facilitating discussions in Barkley and Major.50

Online discussions provide a nice option for instructors who are con 
cerned about having enough class time for effective discussions. Discussion 
forums and chat rooms are examples of the environments that can support 
online discussion. Online discussions offer additional flexibility in that they 
can be done either synchronously (everyone participating at the same time) 
or asynchronously (individual students participate at different times as their 
schedules allow). 

8.3.4.2 Writing 
Bean and Melzer summarize the research about the relationship between 
writing and critical thinking.51 The form of writing most relevant to the focus 
of this chapter is what Bean and Melzer call “informal exploratory writing”, 
i.e., writing “to discover, develop, and clarify our own ideas”.51 Chemistry
instructors not familiar with this approach to writing may have concerns
about the time it might take to incorporate this into a course, the student
response to these assignments, and/or the potential grading load. Bean and
Melzer provide suggestions that address these concerns and make a strong
argument for incorporating informal writing in courses in which instructors
want students to connect chemistry applications and ethical considerations.

Forms of exploratory writing can include notebooks, reading logs, jour 
nals, or even letters to the editor. Written posts in a discussion forum can 
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also function as a form of informal writing. Templates to structure informal 
writing can be found in several publications.52–54 The books by Barkley and 
Major and by Angelo and Zakrajsek are compilations of 50 or more techni 
ques that can be used to engage students, provide formative feedback, or 
assess accomplishment of learning outcomes. For each technique, the au 
thors provide an overview, directions for using the technique, examples from 
specific courses, and suggestions for how faculty can evaluate student work 
for more insight. 

The Contemporary Issues Journal is an example of a technique that would 
be well suited for use in chemistry courses in which instructors are in 
corporating sustainability and the SDGs. Students are asked to look for re 
cent events or developments that connect to chemistry and sustainability, 
then create journal entries where they analyze what they found for con 
nections to course concepts. The journals can be collected at various points 
during the course or at the end. 

Another assessment technique is The Ethical Dilemma, where students 
are presented with a vignette that poses an ethical problem related to the 
application of chemistry to sustainability or to the SDGs. After reading the 
scenario, students write a brief response to the situations. Student responses 
can also serve as the starting point for in-class discussions. 

Chemistry instructors interested in the possibility of using some different 
structures for informal writing may find Jessica Singer Early’s Next Gener 
ation Genres: Teaching Writing for Civic and Academic Engagement55 a helpful 
resource. Early focuses on different writing genres that offer new ways to 
engage students with how course concepts connect to the real world. Genres 
in her book that seem particularly well suited to exploring the ethical aspects 
of chemistry applications to sustainability include the public service an 
nouncement, infographic, and op-ed. Each of these genres is the focus of a 
separate chapter in which Early provides more detailed guidance on how to 
create assignments. 

With the recent availability of generative AI programs like ChatGPT, 
chemistry instructors are exploring how these tools might be effectively 
and appropriately used in chemistry courses. In the context of con 
necting chemistry applications related to sustainability and the SDGs to 
ethical aspects, an approach described by Pence et al.56 may be a useful 
starting point. The authors describe how ChatGPT was used as a com 
ponent of several assignments in an upper-level inorganic chemistry 
course focused on critical thinking. One assignment had students select 
an article from the ACS weekly periodical, Chemical & Engineering 
News,57 and then use ChatGPT to generate a summary. Students then 
responded to a series of questions (adapted from a critical thinking 
rubric) that required them to analyze what ChatGPT generated. In a sec 
ond assignment, students were individually assigned primary research 
literature questions from a problem set and asked to evaluate how well the 
generative AI program could find answers to the same questions. While 
the work described by Pence et al. was not connected to sustainability 



232 Chapter 8 

and the SDGs, their approach could easily be adapted for the examples 
described in this chapter. 

8.4 Closing Thoughts 
Bringing ethical and societal considerations into a chemistry course is not 
about finding a single solution or the best solution. As Mehlich has written, 
“. . .ethical reflection allows one to refract the variety of views, identify 
overlaps and differences, or systematize and categorize types of arguments 
and their underlying worldviews”.10 Gardner and Shulman describe the 
concept of good work, which “. . .consists of three facets: excellence in 
practice of the profession; an enduring concern with the social and ethical 
implications of one’s work; and a feeling on the part of the practitioner that 
he or she is engaged in work that matters and that feels good”.11
If the next generation of chemists are to have an “enduring concern with 

the social and ethical implications” of their work, this will only come about if 
our students today are challenged to think about those implications as part 
of their educational experience. Bringing ethical and societal considerations 
of how chemistry is applied to meet the challenges of achieving sustain-
ability and meeting the SDGs has the potential to be a powerful way to en 
gage students in this aspect of becoming a chemical professional. 
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9.1 Opening Thoughts 
In 2015, all United Nations (UN) member states adopted the 2030 Agenda for 
Sustainable Development. The aim was to create a sustainable, equitable 
world that enhances the quality of life for everyone. It is based on 17 Sus 
tainable Development Goals (SDGs) that provide countries with a framework 
for uniting in a common cause. These SDGs emphasize the need to combat 
poverty, improve health and education, reduce inequality, foster economic 
growth, and address climate change,1 as described in Chapter 7. 

Education stands as the cornerstone in the pursuit of sustainable devel 
opment, responding to the need for an innovative educational paradigm — 
Education for Sustainable Development (ESD).2 This distinctive approach is 
designed to equip students with the knowledge, skills, and values essential 
for grappling with the challenges of our era. Dedicated to instilling a pro 
found comprehension of sustainability principles, ESD encompasses en 
vironmental stewardship, social equity, and economic viability. Through 
fundamental principles such as these, ESD aims to empower students to 
address the complexities of the modern world, thus fostering a generation 
capable of contributing to a more sustainable future.3 In shaping upcoming 
generations, ESD plays a crucial role by nurturing responsible citizens and 
future scientists.4,5

How can chemistry instructors develop the agency of their learners to 
achieve the goals of the SDGs and ESD? This important question will be ad 
dressed in this chapter. Designing educational programs that develop student 
agency to promote a sustainable change in their environment is needed if 
change is to occur. The term agency, as the next section will explain, refers 
generally to the sense of control people have in taking actions. Ultimately, this 
chapter addresses how chemistry teachers and educators can act to support 
the development of student agency with respect to sustainability in their de 
partment, their institution, or more widely in their society. 

9.2 Background 
This section provides additional information about Education for Sustain 
able Development, including a discussion of the research findings. The 
findings point to the need for education that includes suggestions for be 
havioral change. Research also highlights the positive correlation between 
environmental knowledge and environmental behaviors. After providing a 
more detailed explanation of the term agency, the section concludes with a 
framework for student agency in sustainability, including a discussion of 
agency-centered sustainability education. 

9.2.1 Education for Sustainable Development 
Education for Sustainable Development provides students with the appro 
priate tools to make informed choices and participate in initiatives that 
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preserve the environment while also advancing economic prosperity and 
social equality for current and future generations.6,7 Additionally, ESD is 
essential for fostering collaboration and encouraging interdisciplinary ap 
proaches, which are fundamental prerequisites for effectively addressing the 
challenges of sustainability and their global nature.8

Mamlok-Naaman and Mandler conducted a study about education for 
sustainable development in high school through an inquiry-type chemistry 
laboratory program. One of their findings was that global climate change 
couples chemistry with fields such as economics, politics, domestic policy, 
and foreign affairs.9 In addition, the authors concluded that learning about 
the SDG for climate action and the other SDGs provides an excellent context 
for socio-scientific education. These conclusions are aligned with the en 
vironmental literacy report of the National Environmental Education and 
Training Foundation, which recommended that people should receive con 
crete suggestions on how to change their behavior.10

This environmental literacy report also noted a positive correlation be 
tween environmental knowledge and environmental behaviors. Therefore, 
one of the roles of chemistry education should be to help citizens react to 
sustainability and environmental issues by providing data and theories that 
define the problems, as well as the skills needed to address and cope with 
these problems. Chemistry teachers can support the development of 
chemical knowledge and critical thinking skills in their students. This 
knowledge and these skills can serve as lenses for interpreting the data, as 
suggested by Rap et al.11
Sustainability education develops awareness and inspires proactive en 

gagement in initiatives geared towards sustainable transformations. Within 
the perspective “Think globally, act locally”,12 these transformations en 
compass societal changes with the overarching goal of safeguarding the well 
being of both humans and the broader natural environment, while also 
promoting just and peaceful societies within the constraints of planetary 
boundaries.13 The societal changes are influenced by the culture of each 
society. We suggest that to enact these changes, teachers and students must 
become “agents of change”. 

9.2.2 Agency 
Agency encompasses an individual’s inherent capacity to engage in actions, 
make decisions, and assert his or her own intentions. The essence of agency 
is encapsulated in the subjective experience of having influence and mastery 
over one’s actions and the ensuing consequences.14

As a concept, agency connects to questions of world-wide importance. For 
example, the member countries of the Organisation for Economic Co-oper 
ation and Development (OECD) work together on challenges in our world 
today, including those relating to education. The OECD has tackled the same 
question that underlies the chapters in this book: How can we better prepare 
students today for the challenges they will encounter tomorrow? In response to 
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this question, the OECD published the “Learning Compass 2030”.15 This 
report is a dynamic learning framework that outlines a visionary path for the 
future of education. It offers guidance towards a desired future characterized 
by both individual and collective well-being. The concept of a Learning 
Compass is employed to underscore the importance of students mastering 
the ability to navigate autonomously through unfamiliar situations and 
environments.15

In the OECD report, agency is the fusion of purpose and responsibility. 
With this definition, agency can serve as both a goal for educational systems 
and a defining characteristic of effective learning. As a goal for educational 
systems, agency means a student exercising his or her sense of purpose and 
responsibility while learning to influence the people, events, and circum 
stances around him/her for the better. As a defining characteristic of effec 
tive learning, agency encourages students to actively set goals, to engage in 
reflective practices, and to responsibly and positively influence their 
environment. 

Agency lies at the core of the OECD’s educational vision for 2030. This 
transformative concept embodies the proactive role of learners in shaping 
their educational journey. The OECD Future of Education and Skills 2030 
initiative,15 which includes the Learning Compass, aims to cultivate a shared 
comprehension of the knowledge, skills, attitudes, and values essential for 
students in the 21st century. These learning and teaching frameworks are 
collaboratively developed by policymakers, researchers, school leaders, 
teachers, and students globally.3

The OECD envisions an educational landscape where students and edu 
cators work together, foster motivation, and define clear learning objectives 
and essential lifelong skills. Ultimately, this approach seeks to empower 
individuals not just with knowledge but also with the ability to navigate a 
dynamic world proactively and informedly.15

9.2.3 A Framework for Student Agency in Sustainability 
By linking the principles of education for sustainability and student agency, 
we introduce a framework for student agency in sustainability.13 The 
framework is designed to serve as a guide for designing programs for sus 
tainable education. 

Guerra et al.16 proposed a conceptual framework for student agency for 
sustainability, based on Bandura.17 They claim that sustainability education 
encompasses instructional approaches that inspire proactive engagement in 
transformative initiatives for sustainability. Guerra et al.16 suggest a sys 
tematic integration of agency-centered sustainability education, which takes 
into account the psychological, social, and contextual factors in formal and 
informal learning settings. Their perspective on agency is based on the social 
cognitive tradition, where agency is regarded as a dynamic attribute that can 
materialize in diverse forms of actions due to interactions between various 
actors, environments, and cultural contexts. 
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Building on Guerra et al.,16 Koskela and Paloniemi developed a theoretical 
framework for agency-centered sustainability education,13 including six steps 
for designing agency-centered sustainability education in formal and in 
formal learning settings. The six steps aim to strengthen learners’ agency in 
sustainability education: 

1. Deal with issues that the learners find valuable.
2. Enable learners to gradually develop competencies and strengthen

their efficacy.
3. Include strategic contemplation of the most effective ways of acting.
4. Reflect on what has been done and how to deal with possible setbacks.
5. Frame sustainability in ways that maintain a vision of a desirable future.
6. Enable learners to experience the joy of doing meaningful things

together.

In the next section, we present two different case studies that aim to 
promote awareness of the UN SDGs and advocate for proactive engagement. 
One case study is at the institutional level; the other is at the level of a 
chemistry class. In both case studies, the chemistry teacher plays a leading 
role in the design and implementation of the initiative. Utilizing the lens of 
an agency-centered educational framework, we aim to contribute insights 
about programs that address sustainable development goals and that sup 
port a culture of change. 

9.3 Two Case Studies 
9.3.1 Methodology 
In each case study, we interviewed the chemistry educators who led the 
program at their institutions. Table 9.1 presents interview questions that 
were based on the six steps of agency-centered sustainability.13

The interviews were analyzed according to the framework of agency-centered 
sustainability education13 to identify how the six steps needed for agency-cen 
tered sustainability education are manifested in the two case studies. 

In the sections that follow, we describe the case studies and their analysis; 
then we discuss the components that promoted students’ agency and that can 
be adopted by chemistry educators. We highlight the role of the chemistry 
educator in promoting students’ agency and discuss the challenges of the 
interdisciplinary nature of the SDGs and the continuation of the project. 

9.3.2 Case Study #1: A Campus Sustainability Map 
This case study is from the University of Wisconsin–Madison, USA, and is 
based on an interview with two of the individuals who created a campus 
sustainability map organized by the UN SDGs.18 The map highlights sus 
tainability features at UW–Madison that contribute to campus and regional 
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Table 9.1 Interview questions. 

Six design steps for agency-centered 
sustainability education Interview question 
The program should create diverse 
experiences that: 

(1) Deal with issues that the learners find
valuable.

How did the program address student 
needs and interests and deal with 
issues that the learners found valuable 
and important? 

(2) Enable learners to gradually develop
competencies and strengthen their
efficacy.

What kind of knowledge and competencies 
did the students develop while studying 
these activities? Did they develop self-
efficacy to act? What is the evidence? 

(3) Include strategic contemplation of
the most effective ways of acting.

What were your considerations while 
choosing your way of acting and the 
specific participants involved? 

(4) Reflect on what has been done and
how to deal with possible setbacks.

What obstacles did you face while trying 
to advance your message? How did you 
cope with these obstacles while trying 
to advance your message? 

(5) Frame sustainability in ways that
maintain a vision of a desirable
future.

Do you think that you managed to develop 
a program that will create hope with the 
learners? If so, how did you do it? 

(6) Enable learners to experience the joy
of doing meaningful things together.

Do you believe that the learners enjoyed 
your program? If so, how did you assess 
it? What did you do to support 
students’ enjoyment? 

sustainability. Users can select views of the map that correspond to the 
different SDGs (Figure 9.1). The map aims to (1) provide a user-friendly 
visual representation of campus sustainability, (2) share campus sustain-
ability knowledge, (3) increase current sustainability efforts, and (4) high 
light areas that could be improved. 
The Campus Sustainability Map enables users to discover and explore 

campus sustainability components, for example, solar panels, certified 
Green Offices, and cultural centers. The map is geared towards a wide 
audience of students, staff, and faculty. The map is currently utilized in 
courses as a teaching tool and more widely as a campus orientation tool, 
both for those new to campus and for those seeking to learn more about 
campus sustainability. It provides real-world examples of environmental, 
economic, and social sustainability. 

The map  was launched in  spring 2021, is updated  regularly,  and is fea 
tured on the UW–Madison Office of Sustainability website.19 As of spring 
2024, it had received over 17 000 views. In addition, the map was shared 
through a wide variety of publicity channels, including through an article 
published in the monthly campus sustainability newsletter and later 
shared by campus departments and units.20 The map was also shared on 
social media and at local, regional, and national conferences. 
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Audrey Stanton led the project, in conjunction with her colleagues at the 
UW–Madison Office of Sustainability including undergraduate student 
Mackenzie Thelen. This project formed the basis of Stanton’s master’s 
thesis, under Professor Cathy Middlecamp’s direction. Both Stanton and 
Middlecamp have taught undergraduate sustainability science courses at the 
university, including writing learning objectives and designing lab activities. 
In addition, both have held positions at the university-wide Office of Sus 
tainability. Their ability to function in these roles has come from working 
with real-world campus examples.21,22

The campus sustainability map uses the SDGs as an organizing principle: 

“The SDGs provided a rationale by which to include or exclude campus 
features in our visual representation of campus sustainability. Further 
more, the SDGs have international standing and are well-vetted”. 

– Audrey Stanton

When asked about their role as educators in promoting the SDGs, they 
commented: 

“As university instructors, we see our role as multifaceted. Our activities 
included (but were not limited to) offering information that is clear, useful, 
thoughtful, and accessible, and finding ways to inspire and to motivate 
students to learn this information. Furthermore, we strive to make concepts 
relevant to students with varying perspectives. For example, if the environ 
mental case for a sustainability choice does not interest a student, perhaps 
the social or economic case might. Additionally, we enjoy sharing examples 
of local, regional, national, and international sustainability policies and 
initiatives with students. This can be used to demonstrate how the SDGs can 
be scaled up or down”. 

– Audrey Stanton, Cathy Middlecamp

The most challenging part of making a digital map is ensuring that it stays 
updated. To maintain the campus sustainability map, Stanton compiles an 
ongoing list of new campus initiatives and program updates. This list is 
cross-referenced with the SDGs to determine whether the potential features 
meet the criteria, and if so, how they should be organized on the map. The 
authors see the need for resources to keep maintaining the map: 

“Without continuous updating, our map will slowly decline in its relevance. 
The issue of aging websites is by no means unique to our project, and the 
cultural shift we hope for is one in which resources will continue to be 
allocated to campus sustainability”. 

– Audrey Stanton, Cathy Middlecamp
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In 2024, the Chancellor of the University of Wisconsin-Madison launched 
an ambitious environmental sustainability initiative. This effort is designed 
to reduce the campus’ environmental footprint, cultivate a culture of sus 
tainability, build climate resilience, and foster innovation.23

9.3.3 Case Study #2: “Speak to Me in Numbers” 
This second case study is from the Weizmann Institute of Science, Israel and 
is based on an interview with a science teacher who was part of the devel 
opment team of the program “Speak to Me in Numbers”.24 This curriculum 
for ninth grade students, available in both Hebrew and Arabic, introduces 
students to some of the Sustainable Development Goals of the United Na 
tions. Five units of this curriculum are currently available and are based on 
SDGs 3, 6, 7, 13, and 14, as shown in Figure 9.2. 
The project was funded in 2020 by the Eddie and Jules Trump Family 

Foundation, “as part of the foundation’s focus on promoting excellence in 
middle school science and technology education”. In 2020, this program was 
launched with local middle school students who were enrolled in a high 
achievement science track. These students studied the program two add 
itional hours per week throughout the year, in addition to their regular 
science studies in school. 

In “Speak to Me in Numbers”, students analyze an issue related to one of 
the SDGs. By utilizing mathematical skills, they search for data-based solu 
tions. After drawing conclusions based on the analysis of their data, the 
students suggest ways to actively influence their local environment. At the 
end of each unit, the students implement an activity that they designed. In 
this way, using data as well as their own calculations and data analysis, they 
act as change agents. 

For example, consider this student-designed activity from SDG #13, Cli 
mate Action. The students proposed replacing all the school’s light bulbs 
with LED ones. Using data and calculations, they demonstrated the feasi 
bility in terms of CO2 emissions. But the students did not stop there; they 
also decided to examine the economic aspect, calculating how long it would 
take for the replacement cost to pay off. By taking action at the school level, 
they discovered through their calculations that the initiative was viable. The 

Figure 9.2 Five of the 17 United Nations SDGs, currently part of the “Speak to Me 
in Numbers” program.24 Reproduced from ref. 24 with permission from 
Weizmann Institute of Science. 
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school management replaced all the bulbs on the school campus. Then, the 
students approached the municipality, urging them to consider replacing 
the bulbs in all schools citywide. They wrote a well-reasoned, data-driven 
letter to advocate for this change in their city. 

As another example, a group of students calculated the CO2 emissions 
produced during the manufacture of disposable cups to quantify the re 
duction in CO2 emissions when they stopped using these cups. Figure 9.3 
shows students working at computers to analyze their data during the pro 
ject. Other students convinced younger students at their school to ride their 
bikes to school, in order to reduce CO2 emissions. 

The science teacher interviewed for this case study, Ayshi Sindiani-Bsoul, 
has nine years of teaching experience. She joined the development team of 
the program “Speak to Me in Numbers”, on which she is conducting her 
doctoral research in the Department of Science Teaching, under the men 
torship of Drs. Blonder and Rap. In her current research, she attempts to 
evaluate the implementation of the program in schools in Israel, shifting the 
discussion of sustainability challenges from emotional aspects towards real 
data analysis. She noted that through data it is easier to convince others and 
implement changes in a wider social and community environment. 

Sindiani-Bsoul feels a personal responsibility to participate in activities 
that promote raising awareness of the SDGs and making an impact. She is 
convinced that this is the basis for convincing others to make changes in 
their environment. She mentioned the importance of the SDGs’ values of 
equality and supporting others. In addition, she has contributed to en 
vironmental efforts within her household, and believes that everyone can 
strive for some kind of change. She believes that this change depends only 
on the goodwill and understanding of the individual students. 

Figure 9.3 As part of the “Speak to Me in Numbers” program, students work at 
computers to analyze data. 
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Sindiani-Bsoul said that during the science and chemistry classes she 
exposes the students to environmental problems, as well as to content 
knowledge. She claims that “this will lead them to increase their motivation to 
make some kind of change”. She also added that 

“Thinking is very significant in our program, in order to influence students’ 
agenda. . .  if they change their way of thinking they have the ability to 
define a goal, then act upon that goal to implement it”. 

Sindiani-Bsoul’s main goal is that the students will implement it in their 
environment, and then transfer it to future generations. She said that in 
deed, there is evidence of the program’s impact beyond her students. One of 
the participants told her that she would teach her sister and brothers to 
achieve an understanding that would lead to sustainability, e.g., to recycle 
their waste or turn off the lights in their home. In addition, Sindiani-Bsoul 
observed that in the schools there were many collaborations, e.g., the com 
puter personnel and the computer teacher discussed the issue of replacing 
the computers with mobile or stationary ones. The language teacher also 
participated by delivering a lesson centered on sustainability. Each teacher 
contributed differently. Furthermore, parents experienced a tangible impact 
and demonstrated an awareness of effective strategies to support their 
children’s educational journey. 

In addition to spearheading the initiative within her own school, Sindiani-
Bsoul assumes a leadership role in a professional development program. 
This program extends beyond her school and involves guiding teachers from 
other schools and providing support as they implement the curriculum. 

When interviewed, Sindiani-Bsoul expressed surprise that not all students 
were aware of climate change issues, despite the Ministry of Education in 
cluding it in the curriculum. However, her school did not cover climate 
change or the SDGs. Concerned about this gap, Sindiani-Bsoul introduced 
the “Speak to Me in Numbers” program to her outstanding 9th graders. She 
said the program encourages students to integrate math and science and 
think differently to promote change in their learning. It fosters self-directed 
learning and out-of-the-box thinking, helping students become independent 
learners. They explored new information to address environmental issues, 
such as interpreting graphs differently from typical science lessons. 
Sindiani-Bsoul acknowledged that not every student can easily combine 
math and science but encouraged them to tackle challenges independently. 
Sindiani-Bsoul mentioned the technical problems that she faced: 

“There are always technical obstacles at my school, and at other schools as 
well. Therefore, I do not teach every lesson in the computer room. We have 
in each classroom a projector and a computer, and together with my cel 
lular phone, it makes it a little easier for me to solve these obstacles. We 
screen the questions and discuss the issues, explain the problems, and the 
students continue the work at home”. 
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Sindiani-Bsoul expressed disappointment with the teachers who do not 
teach the program due to the curriculum load. She believes in the project’s 
merits, and teaches it especially to the exceptionally talented students, who 
will later transfer its principles to other students. As a teacher, she plans to 
continue leading the program every year with new students. In addition, she 
plans to keep in touch with students from the previous course, who now 
study in high school. 

Here is how Sindiani-Bsoul describes the enthusiasm of her students: 

“The students had a lot of fun, and it is not just because they were doing 
something different, but also because they became independent learners. 
They studied, read, and analyzed on their own. I gave them only the basic 
background, and they did all the rest by themselves – they looked for in 
formation, discussed questions with each other, and drew conclusions. 
Based on their learning, the students considered several activism projects 
and after a class discussion, they chose the best ones to focus on. They 
designed an activity and conducted it. . .I saw how enthusiastic they were”. 

From Sindiani-Bsoul’s point of view, for the educational activity to con 
tinue, there is a need for a professional person, who really “has their hand on 
the pulse of the schools”. This person should visit schools, check the cur 
riculum taught by teachers, and be aware of their challenges. 

9.3.4 Discussion 
The two programs presented in the previous section reflect the six design 
principles of agency-centered sustainability education that can support the 
development of students’ agency for sustainability.13 The “Campus Map” is a 
campus-level project that can be executed in a school, college, or university; 
in contrast, the second project, “Speak to Me in Numbers”, is at the middle 
school classroom level. These two case studies demonstrate that chemistry 
teachers and educators play an important role in developing student agency. 
Understanding this role in promoting the six steps of developing students’ 
agency-centered sustainability education (Section 9.2.3) could guide future 
chemistry teachers who aspire to develop student agency. 

Design Step #1: Deal with issues that the learners find valuable. The first step 
aims to adapt the program to the unique environmental issues that the 
learners find valuable. The “Campus Map” was created in the context of the 
campus environment and is therefore relevant to the university as a whole. 
Adopting this approach, a chemistry teacher can map the school environ 
ment with her/his students to create the school’s SDGs map. After promoting 
awareness of the SDGs, the chemistry teacher can then lead a discussion on 
how to address the unique needs of the school. For example, in the first case 
study, the instructors who created the “Campus Map” integrated it in their 
chemistry course. By connecting the map to an academic course, the in 
structors emphasized the importance of chemistry knowledge in 
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sustainability issues and provided a systematic academic approach to 
knowledge development. 

Design Step #2: Enable learners to gradually develop competencies and 
strengthen their efficacy. In the “Speak to Me in Numbers” program, students 
plan their own activities after they learn and gather data about a specific 
SDG. Giving students an opportunity based on their knowledge and interest 
engages them and develops their agency. The role of the teacher is to allow 
students to choose the subject for their activism and to guide them to apply 
their scientific knowledge and skills while they access new information and 
data. In this way, the teacher supports the learners as they gradually develop 
their competencies and knowledge of issues and strengthen their sense of 
efficacy. 

Design Step #3: Include strategic contemplation of the most effective ways of 
acting. In the “Speak to Me in Numbers” program, the teacher guided her 
students to consider different activities and to choose the one they would 
like to lead, based on their data analysis. Sindiani-Bsoul mentioned that her 
students developed several activities that would have the most impact on 
different communities. They chose to communicate the activities to the 
other students in school, teachers, and parents. 

Design Step #4: Reflect on what has been done and how to deal with possible 
setbacks. When students are engaged in their activism, they tend to not stop 
to think about what they have done, what they have learned, and what 
should be done differently. The chemistry teacher can guide them through 
the process to support this reflective habit of mind that supports student 
agency. For example, the instructor who helped to create the campus sus 
tainability map recognized that a possible setback would be the lack of re 
sources to keep the map current and relevant. Accordingly, she guided the 
students to reflect on this and to figure out how to deal with it. 

Design Step #5: Frame sustainability in ways that maintain a vision of a de 
sirable future. It is desirable for students to have a realistic view about the 
general state of the environment while developing their agency, starting in 
their immediate environment. In this way, their agency will be a vehicle for 
offsetting their ecological anxiety by propagating hope, understood as “the 
belief in the possibility of a better future”.26 Note that environmental hope is 
linked to agency thinking.27 Rap et al. showed that the curriculum as well as 
the teacher in the “Speak to Me in Numbers” program have contributed to 
the development of environmental hope.25 Environmental hope is also re 
flected in the “Campus Map” project as students and university staff send 
suggestions for what should be added to the map. This reflects their belief 
that the map can promote environmental change as well as indicates that 
they developed their activism. 

Design Step #6: Enable learners to experience the joy of doing meaningful 
things together. The last step for agency-centered sustainability education 
emphasizes the joy of doing meaningful things together. Using the “Campus 
Map”, the students who explored social sustainability frequently noted that 
they were excited to know that this resource exists and remarked on what 
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they learned about campus. Similar sentiments were shared by those who 
utilized the map during campus orientation. In “Speak to Me in Numbers”, 
the teacher provided the opportunity to study differently, enabling self-
learning that is interest-driven and supports the joy of the students during 
the learning process. 

Thus, in these  two case studies, we were able to identify the  com 
ponents that promoted students’ agency according to agency-centered 
sustainability education. The pivotal role of education, with a central 
focus on promoting personal sense of agency, agentic behavior, and 
interaction with the environment, is crucial for the attainment of the SDG 
global objectives. Teachers play a crucial role in embarking on these 
educational programs, initiating agency among their students to achieve 
sustainable goals. 

9.4 Closing Thoughts 
Education for Sustainable Development in chemistry curricula requires re 
shaping science education goals towards a vision of environmental lit 
eracy.28 It necessitates multiple approaches that integrate social, economic, 
and environmental aspects of science and technology.6,7

Socio-scientific issues that are dealt with in the framework of ESD can 
neither be taught nor learned solely in a chemistry lesson. Aspects of a wide 
variety of other subjects, including physics, biology, and earth sciences, 
should be integrated in these lessons. For example, discussing the topic of 
climate change in the “Speak to Me in Numbers” program requires know 
ledge in chemistry, mathematics, technology, economics, and the environ 
ment. Its implementation requires interdisciplinary connections that are 
often absent in exclusively science-based curricula,29 and these inter 
disciplinary connections will demand much of teachers.30 They will need to 
learn the knowledge, skills, attitudes, and teaching strategies to teach these 
interdisciplinary topics.31

This chapter presents teachers as “agents of change” who can carry out the 
reform needed in the chemistry classroom. The beliefs of teachers must not 
be ignored.32 Therefore, we suggest that teachers who implement a new 
curriculum, especially an interdisciplinary program, should receive sus 
tained support in order to gain interdisciplinary knowledge as well as as 
sessment skills. 

We may conclude that successful implementation of ESD programs may 
significantly enhance student agency across three interconnected dimensions: 

1. Personal sense of agency: ESD programs can improve students’ sub 
jective beliefs about their ability to initiate and control their behaviors
in learning settings related to sustainability.

2. Agentic behavior: These programs provide opportunities for students to
actively exercise agency through participation in real-world sustain-
ability projects and initiatives.
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3. Interaction with the environment: ESD approaches, especially those in 
volving hands-on experiences like exploring campus sustainability
features or executing an initiative that fosters activism, allow students
to directly interact with their environment in meaningful ways.

By fostering these dimensions of agency, ESD programs empower students 
to become active participants in sustainability efforts, rather than passive 
recipients of information. This approach not only enhances their learning 
but also prepares them to be engaged, informed citizens capable of contrib 
uting to sustainable development in their future personal and professional 
lives. It is therefore highly important to engage dedicated individuals in on 
going efforts to maintain and update the initiatives that go beyond the design 
stage. 
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10.1 Envisioning the Future: Learning and Teaching 
in 25 Years 

As chemistry educators, we must recognize the complexity of future chal 
lenges so that we can adequately prepare the next generation to deal with 
them. A paradigm shift is necessary to move away from the assumption that 
Earth’s resources are infinite and capable of absorbing our waste without 
consequences. To make this shift, educators must consider the needs of 
students, local communities, and all forms of life on Earth. Additionally, we 
can grow in our awareness and place focus on future innovation to drive the 
evolution of chemistry education toward sustainability. 

The future is uncertain and ever-changing, but one constant is the process 
of learning. While we have a good understanding of how learning occurs, we 
must consider what students need to learn to build chemistry knowledge that 
will be valuable in their careers and prepare them for an interconnected and 
changing world. Critical reflection on our current teaching practices is ne 
cessary to explore strategies that can re-direct the future of chemistry edu 
cation as the molecular basis of sustainability.1 In addition, the emergence of 
new educational technologies has repeatedly influenced the trajectory of 
educational innovation. These technologies will shape the imagination ne 
cessary for envisioning the future of chemistry education 25 years from now. 

10.1.1 Questions About Learning 
Our desire to investigate new things drives our learning and development. The 
process of learning will always play a role in our future world. A key premise of 
this chapter is that to consider what students may be asked to learn in 
25 years, one must first address what is known now about how people learn. 

10.1.1.1 How Does Learning Occur? 
A great deal about this topic has appeared over the past 25 years, including 
seminal work from the U.S. National Research Council in the book How 
People Learn.2 In this book, the authors outline three key findings supported 
by research and influenced by teaching. First, students have preconceptions 
about how the world works and may fail to grasp new concepts if their prior 
understanding is not engaged. Second, for effective learning to occur, stu 
dents need sound prior factual knowledge along with coherent and accurate 
ways to organize their ability to recall the facts and frameworks. Third, 
students must monitor and control their ways of thinking when engaging in 
learning, a cognitive skill called metacognition. 

Flavell developed a framework that helps understand how metacognitive 
processes happen for learners and describes how actions related to meta 
cognition help achieve learning goals. These actions include students using 
metacognitive strategies to judge their learning progress.3 A focus on how 
students learn can inform teaching practices that help them engage with 
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meaningful problem-solving activities and also help students develop the 
necessary skills to organize their factual knowledge. When related to sus 
tainability challenges, these skills should help them understand why, when, 
and how knowledge and skills gained are relevant.2

10.1.1.2 What Should be Learned? 
The relevance of topics to learners’ interests meshes well with assertions that 
science generally, and chemistry in particular, will need to engage with is 
sues of sustainability over the next 25 years. This book provides activities to 
engage students in meaningful learning about chemistry and its role in 
sustainability. These activities integrate orientations of chemistry such as 
green chemistry, sustainable chemistry, systems thinking, and circular 
chemistry; connecting chemistry to sustainability frameworks such as the 
UNSDGs and Planetary Boundaries frameworks; embedding ethical con 
siderations in teaching and learning of chemistry; and using tools such as 
systems thinking and artificial intelligence (AI). As emphasized in Chapter 2, 
students require background knowledge of the accelerating changes being 
made to the planet due to the scale of human activities, the demand for 
energy, and the transformation of nutrients and biomass. 

Twoapproaches to learning chemistry are possible: a zoomed-in approach, in 
which students examine chemicals and processes at various scales (atomic, 
molecular, particulate, and macroscopic), and a zoomed-out approach, in 
which they explore the interactions between chemical processes and broader 
systems (which include subsystems). As discussed in Chapter 4, these sub 
systems can explore mass/chemical input, energy requirements and reaction 
conditions,wasteorby-products, intendeduses, unintended impacts,planetary 
systems, and connections to socio-economic or industrial processes or impacts. 

Together with developing foundational knowledge about the role of chem 
istry in socio-scientific issues, it is also critical for the next generation to deal 
with complex systems involved in sustainability challenges. Systems thinking 
(Chapter 4) is one skill that could help students understand and interpret 
complex systems through visualizing and examining the parts of a system, its 
interconnected relationships, its changing behavior over time, and emergent 
properties. Systems thinking capabilities also promote critical reasoning about 
scientific phenomenaandprofessional skills, suchas collaboration todealwith 
real-world issues and develop a desire to take action (Chapters 4 and 9). 

In promoting the kinds of educational innovation that may shape the 
classrooms of 2050, the complexity of real-world contexts emerges as a 
challenge. For example, the contexts of air or water quality are likely to in 
volve many parameters, some of which interact with each other. As a result, 
students may need to tap into new or different resources to propose a course 
of action. Although they might want to propose an easy fix, more likely than 
not, only a compromise will be possible. Realities such as these certainly will 
influence what our students learn, how they learn, and their understanding 
of the complex relationships in the natural world. 
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10.1.2 Questions About Teaching 
Given the trajectory of understandings developed in cognitive science, future 
educators and researchers certainly will know much more about the process 
of learning. In turn, this enhanced knowledge will aid them in identifying how 
specific pedagogies can offer better prospects for student success. Even today, 
several of the core concepts of human learning can help guide instructors to 
envision the future of chemistry education. These include identifying student 
misconceptions, teaching in interdisciplinary contexts, creating opportunities 
for collaborative learning, leveraging artificial intelligence, and fostering 
student agency and stewardship. Each of these will now be examined in turn. 

10.1.2.1 Identifying Student Misconceptions 
It is well-established that students arrive in educational settings with pre 
conceptions that they use to frame any new pedagogical experience in ways 
that may either help or hinder their learning. Student prior conceptions, often 
defined in terms of misconceptions, have been studied repeatedly in both 
chemistry education4–7 and environmental education.8 Identifying the state of 
misconceptions as content moves toward interdisciplinary topics9 may be an 
important component in determining what and how sustainability-related 
content will be taught in chemistry classrooms in 2050. When teaching green 
chemistry concepts, for example, students might have misconceptions about 
terms like “natural” or “renewable” and think that all-natural products are 
inherently safe due to their prior knowledge of eco-labels on consumer 
products. Thus, to avoid misconceptions, students need to be asked to elab 
orate on these terms to diagnose common misunderstandings.10

10.1.2.2 Teaching in Interdisciplinary Contexts 
Interdisciplinary contexts and teaching methods from different disciplines 
may allow students to obtain a broad general knowledge base that enables 
them to be more capable of adapting to change.11 Understanding socio 
scientific issues, in addition to core chemistry concepts, requires knowledge 
from fields such as economics, ethics, geopolitics, and other social sciences. 

Like all instructors, those teaching chemistry courses must make de 
cisions about which topics they will teach and at what depth. Such decisions 
can be difficult, because the addition of information in one place may mean 
content deletion in another. Furthermore, chemical scenarios situated in 
interdisciplinary contexts often change over time, thus requiring that in 
structors periodically update their materials. Instructors who today engage 
their students in learning interdisciplinary issues will be preparing the next 
generation of teachers to do the same. Students, their communities, and 
their future employers all can reap the benefits of a broader education with 
sustainability-related content. In the short term, however, chemistry in 
structors may lack the confidence to stretch beyond core chemistry content 
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and will have an increased workload as they strive to master content that 
they themselves have never been taught. 

For sustainability and interdisciplinary content to be incorporated into 
chemistry courses, frameworks for innovation will need to be devised and re 
sources created to support student learning. As noted in Chapter 1, instructors 
cannot simply “add sustainability and stir”. Rather, this addition requires the 
integration of diverse perspectives, new contexts, new tools or frameworks, and 
societal interaction to deal with socio-scientific issues. It has already been ar 
gued that socio-scientific issues are best understood in this light.12 Notably, 
the connections between chemistry and sustainability are often cast in terms 
related to socio-scientific issues. Because the interests of students vary greatly, 
the responsibility for choosing which socio-scientific issues to teach rests 
primarily in the hands of instructors. They will need opportunities to explore 
connections and assess the accuracy of the underlying science of these issues. 

10.1.2.3 Creating Opportunities for Collaborative Learning 
Collaborative learning has been the subject of scholarly studies for many 
years13,14 and teachers in science and math have often implemented strat 
egies to encourage collaboration among their students.15 Given this robust 
history, the prospect for continued value of a focus on collaboration in 
teaching and learning is among the more predictable of future scenarios. In 
addition, the previous observations related to the increase in complexity of 
content that has significant interdisciplinary components bolsters the utility 
of collaborative efforts in the classroom. Studies have found that among the 
characteristics that influence learning within a group, task complexity is 
important.16,17 The advantage of group work over individual efforts tends to 
scale with the level of complexity of the assigned task. 

The increase in interdisciplinary components that will need to be incorpor 
ated in the chemistry classroom of 2050 is the type of curricular change that 
ramps up complexity. There have been several educational activity resources 
described in this book. When these activities increase the challenges students 
face in learning the content, the incorporation of collaborative learning strat 
egies may play a decisive role in creating successful learning outcomes. 

10.1.2.4 Leveraging Artificial Intelligence 
Artificial Intelligence (AI) will play an important role in future educational 
approaches to integrate sustainability into the chemistry curriculum. AI 
products and tools provide access to vast quantities of information that may, 
in principle, help to identify solutions to complex tasks. To the extent that AI 
systems will advance but remain constrained by the size and quality of 
training databases, classroom activities will be needed that ask students to 
apply critical thinking as they evaluate connections made by AI between 
chemistry and sustainability. Furthermore, as discussed in Chapter 1, gen 
erative AI can advance sustainability through catalyzing innovation, 
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identifying risks and investment opportunities, enhancing accountability 
and transparency and reshaping how society views sustainability. The 
meaningful development of AI and technology in chemistry education must 
enable students, for example, to view chemistry and chemical processes by 
zooming in and out of different scales, and to view chemical processes and 
their interactions in different science/Earth contexts. 

A challenge for educators is how to help students discern the key aspects 
of both chemistry and sustainability, as generative AI tools make wording/ 
writing tasks easier to accomplish. This likely future will create a need for 
educators to engage students with critical thinking about the outputs they 
receive from AI queries. This type of critical thinking is arguably custom 
made to foster student metacognitive awareness because they will need to 
monitor their thoughts of how they are approaching the vast capabilities of 
generative AI. Teachers will need to be able to step in when students become 
over reliant on the content delivered by the AI tools that will exist in the 
future. There will be a need to help students see how information about 
various context-rich examples and case studies can enhance their under 
standing of both factual content and the implications of that content for 
sustainability. As such, the examples of these types of real-world issues 
presented throughout this book could be used with generative AI tools to 
build experiences that enhance the ability of students to gain awareness of 
their intellectual approaches to issues of significant societal concern. 

10.1.2.5 Fostering Student Agency and Stewardship 
Additional guideposts for future predictions have arisen in the context of en 
vironmental education18 and the awareness of sustainability associated with the 
United Nations’ decade of Education for Sustainable Development from 2005– 
2014.19 Societal transformations to address sustainability challenges will 
require novel approaches and instructors who can inspire a sense of agency for 
sustainability among students.20 Enhancing the systems thinking capacity of 
students  can have an important  effect on their beliefs about global challenges.21 

Chapter 9 emphasizes that integrating sustainable development into 
chemistry is valuable to drive student agency. This approach can help stu 
dents set goals, use reflective practices, and act responsibly to influence 
societal and personal actions related to the environment. With these in 
mind, students can frame sustainability in such a way as to maintain their 
vision of a desirable future. Environmental stewardship and an emerging 
comprehension of sustainability principles, social equity, and economic 
viability are core to education for sustainable development. 

10.2 Navigating Complexity: Visualizing the 
Teaching of Sustainability in Chemistry 

To predict the changes likely to occur when incorporating sustainability into 
chemistry teaching, both science and learning theory need to be addressed. 
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Equally important is to recognize and understand how different educational 
drivers interact. If a broad interest in sustainability-infused chemistry edu 
cation is to emerge, the connections between components need to be ex 
plored. From here on forward, these components are referred to as 
subsystems that contribute to the larger complex system of factors that can 
influence chemistry education 25 years from now. A key visualization tool for 
understanding complex systems comprised of subsystems, called a System-
Oriented Concept Map Extension (SOCME), was described in Chapter 4 and 
here we discuss how one such SOCME might be constructed to summarize 
some of the factors that contribute to imagining the future of chemistry 
education. 

10.2.1 Possible Subsystems 
The chemistry education system we are considering for this discussion 
contains seven subsystems: Chemistry Foundation, Complexity, Cognitive 
Competencies, Technology and Society, Societal Characteristics, Sustain-
ability Frameworks, and Convergence of scientific approaches to earth and 
societal challenges. Segmenting the factors that influence the trajectory from 
2025 to 2050 in chemistry education into these definable subsystems offers a 
way to start building the complex picture shown in Figure 10.1. 

This figure represents a high-level view of these subsystems, all of which 
can be expected to contribute to future efforts to merge sustainability con 
cepts with chemistry content for teaching and learning. Other subsystems 
could certainly be proposed, but this set will serve as an organizational 
scaffold for the discussion here. The placement of convergence at the center 
is noteworthy because it explicitly emphasizes that the integration of 
knowledge and ways of thinking (multidisciplinary approaches) are needed 
to deal with complex challenges and to propose innovative solutions. 

A 2014 report by the USNational Academy of Sciences described convergence 
as an expanded form of interdisciplinary research, noting that “physical and 
biological sciences can each benefit from being more fully integrated into the 
intellectual milieu of the other”.22 Although the report’s title singles out STEM 
disciplines, the authors also expand their discussion into other spheres of 
human endeavor needed to build a convergence approach, including “eco 
nomic, social, and behavioral sciences, arts and humanities disciplines”. 

10.2.1.1 The Science-centered Set of Subsystems 
Various connections are possible for any and all of the subsystems noted in 
the overall high-level view. However, when zooming into a subsystem, we can 
consider science concepts that are important when connecting chemistry 
and sustainability instruction. When considering the future role of chem 
istry in addressing sustainability issues, students must have an adequate 
chemistry foundation and knowledge about core chemistry ideas to evaluate 
the risks and benefits of chemicals and their role in socio-scientific issues. 
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Figure 10.1 A SOCME showing high-level relationships among selected subsys 
tems likely to influence the educational landscape in 2050. 

These connections are mapped out in the Chemistry Foundation SOCME 
subsystem, as shown in Figure 10.2. The more detailed connections and 
propositions within the subsystems are representative but not exhaustive of 
ideas that can inform future innovation in teaching and learning. 

The complexity subsystem is important to include in this grouping be 
cause incorporating sustainability will certainly increase the number of 
complex and uncertain examples for applying conceptual models from 
chemistry. Thus, the need for chemistry to provide the molecular basis of 
sustainability1,23 is strongly coupled with the complexity of sustainability 
challenges. To help address complex challenges, foundational knowledge in 
chemistry will need to include concepts not typically found in curriculum or 
textbook materials. Even though student understanding of risks and bene 
fits has been studied,24 it is not a particularly common feature in intro 
ductory-level textbooks. 

The foundational chemistry subsystem highlights this content among 
many possible choices precisely because it represents a tweak in emphasis 
that nonetheless retains core chemistry-related skills for using quantitative 
information in sense-making about the field. Thinking about quantity in 
chemistry can be achieved with mass-based metrics, which often lack 
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Figure 10.2 A more granular look at subsystems related to teaching and learning 
about complex topics as component subsystems. 

interpretation or reasoning about the harm of certain chemicals. A shift in 
the ‘quality over quantity’ mindset is needed to address this, as discussed in 
Chapter 5. This approach can be attempted by using impact-based metrics 
and incorporating Life Cycle Assessments, which add value to learning 
chemistry. 

Connections to sustainability frameworks and planetary boundaries25–27 

included among science-centered subsystems also highlight the need for 
students to obtain and use foundational chemistry knowledge in their ap 
proaches to understanding sustainability challenges. Several planetary 
boundaries have used chemical and physical data to suggest that worrisome 
tipping points have been breached.26 The connections highlighted here are 
representative of the types of challenges for which the boundaries can help 
serve in key organizing and scaffolding roles for pedagogical efforts to 
connect chemistry and sustainability challenges. 

10.2.1.2 The Cognition Set of Subsystems 
Another critical aspect of complex challenges lies in the level of cognitive 
processing learners must engage in to gain an understanding. Growing 
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Figure 10.3 A visual exploration of various cognitive challenges for learners that 
arise when content domain complexity is prominent. 

cognitive competencies will be an integral part of humanity’s future con 
tribution to dealing with sustainability challenges. Some of these com 
petencies and skills connected to convergence can have significant value in 
chemistry education. These are organized as a separate subsystem, shown in 
the Cognitive Competencies SOCME subsystem in Figure 10.3. 

Several key components in this example of cognitive processes may be 
brought to bear in dealing with complex challenges. Relative to discussions 
in prior chapters of this book, for example, several authors have noted the 
role of enhancing systems thinking skills as a key component of their dis 
course. Systems models make direct connections to the type of approaches 
needed for convergence in problem-solving strategies. Chapter 4 thoroughly 
discusses the pertinent skills for systems thinking approaches, including the 
importance of factors such as temporal thinking. This higher-order cognitive 
skill involves thinking about how past actions affect current system be 
haviors and how current actions might influence future behavior.28,29

Additional cognitive components that seem likely to be important areas of 
development over the next 25 years are creative and social intelligence. Cre 
ative intelligence involves critical thinking approaches (problem-finding, 
ideation, and evaluation) to deal with important challenges.30 These abilities, 
which are also tied to metacognition, are needed to decide on creative prob 
lem-solving efforts and to judge their outcomes with the appropriate level of 
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accuracy. Sustainability solutions will need to be sensitive to populations that 
are most vulnerable to the impacts of the sustainability challenges that have 
emerged over the past few decades. An important consideration for including 
sustainability education within the chemistry curriculum lies in how con 
vergent interdisciplinary actions can be integrated with chemical concepts. To 
what extent can students in 2050 be guided to understand the role of chem 
istry in convergent responses to sustainability challenges? 

Chemistry education researchers and practitioners will need to develop 
the expertise to answer the above key question to move forward. It is here 
where social intelligence (perceptiveness, for example) is required to nego 
tiate for multidisciplinary problem-solving approaches.30 This also ties into 
the proposed inter- and intra-personal professional competencies as part of 
Redman and Wiek’s framework to undertake collaborative planning and 
implementation for sustainability.20 We must leverage chemistry to improve 
the quality of life not only through material means, but also in our discourse 
on our society’s values, needs, and demands, as emphasized in Chapter 8. 
The importance of chemists and chemistry working within society to address 
societal issues will influence how progress toward sustainability plays out. 

10.2.1.3 The Societal Set of Subsystems 
The final subset of this SOCME diagram to help organize the future pre 
diction includes the aspects that are more directly associated with societal 
issues and opportunities. As noted in the 2014 National Academies Report,22 

such components, often outside of traditional scientific content, also have 
important roles to play in developing responses to sustainability challenges. 
Although there are many potential subsystems to consider when incorpor 
ating areas beyond formal science, the inclusion of social, political, and 
widespread technological factors are key concerns, as illustrated in the So 
cietal Characteristics SOCME subsystem in Figure 10.4. 
Technology opportunities could certainly occupy a larger and broader 

place within the overall concept illustrated by a SOCME diagram such as this 
one. The motivation for a more modest incorporation of this aspect is that 
predicting technology advances over such a sizeable timeframe is particu 
larly susceptible to inaccuracy or an incomplete picture. Still, entirely new 
and possibly disruptive technologies have emerged relatively frequently over 
the past 25 years; suggesting what they will look like in 25 years is predict 
ably unpredictable. Similar unpredictability arises when considering the 
array of possible societal factors that may emerge, but having some level of 
incorporation of ideas related to such trends is important to include in this 
system map for the sake of some level of completeness. 

10.2.2 The Bigger Picture 
Having considered components of the larger system initially illustrated in 
Figure 10.1, it is possible to put together a more detailed SOCME showing 
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Figure 10.4 Examples of societal and technological traits that affect the teaching 
and learning around earth and societal sustainability. 

the broad levels of connectivity at play in trying to identify a future set of 
possible trajectories for incorporating sustainability in chemistry teaching 
and learning. This overall and expanded SOCME diagram is provided in 
Figure 10.5. The complexity of this visualization is such that some aspects of 
the content in the smaller subsets have been removed to facilitate seeing the 
entire system. 

The primary goal of including this complex diagram is to support two key 
ideas. First, relative to Figure 10.1, this picture has zoomed in on the content 
to be considered in fostering predictions of future educational innovation 
related to sustainability. Second, as diagrams such as SOCMEs include more 
components, the inherent complexity of the topic is visually striking, in 
addition to the specific textual characteristics of the content. 

Overall, the subsystems shown in this SOCME explore the types of activ 
ities needed if sustainability issues are to be more thoroughly considered in 
transitioning to teach chemistry and other science topics by 2050. The 
choices of subsystems to include in Figure 10.5 are also meant to emphasize 
how some perspectives will emerge that influence curricular innovation. As 
2050 approaches, featured subsystems may differ from the ones shown in 
the current SOCME, but a systems thinking approach will be able to identify 
sets of useful subsystems to include in organizing ways to contemplate 
creating convergent efforts for sustainability actions. Work amidst and 
among these subsystems points towards an interface of increasingly 
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Figure 10.5 A SOCME diagram that blends the features of the previous four figures 
and expands on Figure 10.1 to illustrate the mixture of higher-level 
and more granular components of the overall system for teaching and 
learning complex issues, such as chemistry education contributions to 
understanding sustainability. 

intertwined societal challenges and the ability to address them via core 
science understandings such as those presented through the study of 
chemistry. 

Given the overarching analysis of how people learn and what conceptual 
knowledge will influence future developments, we have identified that 
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convergence and artificial intelligence will play an ever-increasing role in the 
future trajectory of chemistry education. 

10.3 The Role of Artificial Intelligence 
Some form of artificial intelligence (AI) will be involved in advancing in 
novation in education. Although the timing and pace of change induced by 
AI is uncertain, assuredly there will be barriers.31 In the context of chemistry 
education, what are these barriers? Those listed in Box 10.1 are likely to 
influence future accomplishments of Generative Artificial Intelligence 
(Gen-AI). 

Although it is reasonable to expect that research will improve the technical 
aspects of Gen-AI models, these tools will have multiple possible mech 
anisms for incorporating scientific ideas into the models. Model-building 
involving Large Language Models (LLMs) should be large, accurate, and 
robust for the relevant content. How might this requirement for model 
training resources be influenced by intentional efforts to support the con 
nections between chemistry and sustainability? Is it desirable, or even pos 
sible, to work towards custom LLMs with enough education-oriented 

Box 10.1 Barriers emerging for Generative Artificial Intelligence 
(Gen-AI). 

1. Lack of AI expertise. Although there are many novice users of Gen-
AI, the number of users who are unleashing the full capabilities of
the technology, including within education, is more limited.

2. Computational power and resources. As training sets become larger,
the need for much larger computational resources becomes more
acute.

3. Explainability and interpretability. The level of complication asso 
ciated with generative AI algorithms present challenges for users to
trust results from codes they do not understand.

4. Ethical concerns. Worries about biased results or the generation of
realistic but fake materials could lead to barriers for use of Gen-AI.

5. Attacks by adversaries. For large language model generative AI, it is
possible for adversaries to manipulate the databases used for
training that could lead to undesirable results.

6. Legal and regulatory concerns. The ability for legal systems to keep
up with the rapid changes inherent in Gen-AI may lead to oppor 
tunities for those who intend harm from malicious manipulation of
Gen-AI models.

7. Transferability and generalization. Gen-AI models tend to train on
specific domains and porting results from that domain to others can
present challenges.
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narratives to support the model with viable exemplars using robust science 
and pedagogies? 
Important chemistry topics have been helpfully connected to societal 

challenges and offer promising possibilities for fruitful application of cus 
tom LLMs. Acid–base chemistry and combustion, and the ways they have 
been connected to issues related to sustainability over the past several years, 
provide illustrative information. Ocean acidification has been the subject of 
numerous educational innovations in teaching chemistry and even a small 
sample of articles32–38 reveals the variety of publication venues to be sub 
stantially interdisciplinary. The increased frequency and destructive poten 
tial of wildfires connects to combustion, though with far fewer detailed 
studies in the literature.39–41 The connections between combustion and 
sustainability are occasionally made, but they tend towards engineering 
human use of combustion in the burning of fossil fuels. Developing these 
and other examples show how the promise and challenge of resource gen 
eration for sustainability teaching in chemistry may produce benefits in the 
classroom and contribute to the future refinement of LLM models about the 
topic. 

Large Language Models for Generative AI such as ChatGPT have shown 
rapid improvement and are predicated on training with large databases. 
This approach creates a chatbot experience that leverages the speed with 
which information can now be accessed and algorithmically distilled by the 
AI software. As such, the premise for model building is one that requires vast 
databases and computer resources. It is worth noting that chatbot technol 
ogy more broadly speaking has been in use for many years before the 
emergence of generative AI chatbots more recently. These older chatbot tools 
incorporate machine learning within content that has been chosen for a 
more narrowly defined purpose and information sources curated by content 
experts who are responsible for their creation. 

Curated chatbots are built initially using “decision trees” that organize the 
content and connections among sub-domains important for understanding 
them.42 This approach provides opportunities to create a well-designed 
automated system where resources are organized into sections. These clev 
erly created frameworks are useful for organizing societal sustainability 
challenges that students can engage with. Chatbots have been developed 
and tested to enhance student understanding of the connections between 
chemistry and sustainability.42,43 Chatbots can support writing assignments 
requiring students to make connections between general chemistry and 
metrics, socio-scientific issues and sustainability frameworks, including the 
United Nations (UN) Sustainable Development Goals (SDGs) and the Plan 
etary Boundaries. 

An extensive web of connections between general chemistry topics and the 
Planetary Boundaries has been created.27 These efforts are noted in 
Chapter 6, along with examples of how eight core chemistry topics can be 
mapped onto Earth system processes, which can be used to teach chemistry 
and climate science with the Planetary Boundaries framework. This framework 
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embedded in the curated chatbot could help instructors identify relevant 
connections by bringing a local content example into the larger picture. For 
example, if an instructor wants to develop material related to nitrate loading in 
watersheds, the connection within the Planetary Boundaries framework could 
be made to biogeochemical flows. All connections to biogeochemical flows in 
the machine learning system can be leveraged. 

The seventeen SDGs could be explored as a framework to engage mo 
lecular-level learning in socio-environmental problems. As discussed in 
Chapter 7, using SDGs and the topic of plastics during instruction can link to 
systems thinking, green chemistry, and sustainable chemistry with a central 
learning outcome emphasizing the critical role of chemistry technology in 
making progress towards the SDGs. Apart from these sustainability goals, 
these connection-building tools can be imagined for additional frameworks 
that emerge over the next two decades. Although not currently available, 
imagine an open-source resource where educators interact with these 
frameworks by noting specific connections. Chatbots as a style of machine 
learning could be valuable to mesh chemistry and sustainability in edu 
cational settings by 2050. 

Rapid advances in large language models may well outpace other machine 
learning technologies and thereby play a larger role in directing the future of 
artificial intelligence. Chemistry content knowledge specialists and edu 
cators who can provide high-quality textual resources will be required as 
efforts to apply generative AI in complex systems with needs for convergent 
approaches are considered. This need can help direct student engagement 
with AI to support sustainability incorporation in science classrooms. One 
trajectory to imagine the future of chemistry and sustainability education in 
2050 is to contemplate the best ways to build collaborations between 
chemistry educators and scientists from a broad range of sustainability-re 
lated fields. This, again, emphasizes the important role of working together 
for future decision-making in a convergent society. 

10.4 The Role of Convergence 
In simple terms, convergence is an approach to problem-solving that inte 
grates knowledge, tools, and ways of thinking across disciplinary bound 
aries.22 It aims to converge expertise necessary to address a set of problems 
and to form a web of relationships to support scientific exploration and 
advance innovation. In this context, convergence as an approach can help 
deal with the accelerating changes to the planet. To illustrate this, changes 
due to growing energy demands and increasing human activities require 
chemistry solutions and multidisciplinary efforts. Chapter 2 discussed the 
Terawatt Challenge and the role of chemistry, along with other societal and 
political stakeholders, in the process of capturing, transporting, optimizing, 
and storing energy. 

Other examples in Chapter 2 and from the lithium-ion battery industry 
(Chapter 4) highlight the need for chemists to embrace systems thinking and 
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cross-disciplinary working skills to consider the sustainability of material 
supplies, the energy costs associated with production, the environmental 
footprint, the material circularity, and the socio-economic challenges asso 
ciated with material stewardship. 

In chemistry, an integrated curriculum that includes project-based 
learning with interdisciplinary real-world inquiry could enable students to 
apply concepts and creative big-picture thinking.11 Multidisciplinary, inter 
disciplinary, and transdisciplinary teaching (MITT) activities in higher 
education not only help students integrate knowledge from various discip 
lines but also foster metacognitive awareness, assisting the learning pro 
cess.11 This approach could inspire a sense of agency as students apply 
critical thinking and develop foresight to recognize ethical challenges and 
potential consequences of chemistry. 

Convergence is more than a multidisciplinary collaboration; it demands 
all relevant areas of human and machine capability that can answer ques 
tions to solve societal issues that isolated competencies, knowledge, and 
technologies cannot solve.44 Successful convergence has the following 
essential cultural and structural elements:22

i. Leaders who build strong foundations of expertise and are committed
to communicating across a breadth of areas.

ii. Organizations with appropriate structures at the frontiers of know 
ledge that are willing to take risks and learn from failures.

iii. A culture that welcomes a diversity of perspectives and that supports
mutual respect across disciplines.

iv. An ecosystem that includes dynamic interactions with multiple part 
ners within and across institutions.

A key prediction for imagining the connections between chemistry and 
sustainability for students is that success in this arena will be preceded by 
success connecting chemistry teachers at many levels with front-line scien 
tists seeking solutions to societal-level challenges. Today’s society needs 
teachers willing to deepen their foundational knowledge but who can engage 
students in broad topics, who are willing to take risks to incorporate sus 
tainability and who can utilize pedagogical tools and artificial intelligence in 
their chemistry classrooms to drive future innovation. What small or large 
steps can you take as an educator in 2025 to help your students develop into 
leaders within a converging ecosystem, shaping the future of chemistry 
25 years from now? 

10.5 Influencing an Unpredictable Future 
In the end, the ability to predict the shape of chemistry education in 2050 is, 
more likely than not, a fool’s errand. Nonetheless, the potential associated 
with imagining chemistry classrooms in 25 years merits serious and rea 
soned investigation. Based on the modest level of impact of current efforts to 
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address key issues such as climate change or the integrity of the biosphere 
and its inhabitants, there is a need to regularly reassess the extent to which 
educational innovations are responding to Earth and societal challenges. 
Such innovations will require teams of scientists, engineers, and other ex 
perts to develop convergent solutions to large and complex problems. What 
then is the educational system that is needed to produce the personnel who 
can operate efficiently within this demanding environment? 

This framing question helps point towards learning approaches that will 
enable chemistry students to contribute to convergent science teams. 
Pedagogical approaches, such as inquiry-based projects, problem-based 
learning, design-based thinking, and hands-on experience with real-world 
issues have been implemented in STEM disciplines to inspire discovery-
inclined mindsets and problem-solving skills.45 In chemistry, problem-
and-research-based approaches have been used to teach students about the 
inter-disciplinary real-world applications of chemistry. For example, students 
can consider the pharmaceutical industry and the development of natural or 
synthetic drugs and their medical applications (pharmaceutical formulation, 
diagnosis, and therapy). System-oriented concept mapping activities (build 
ing SOCMEs) could be implemented to guide student exploration of the life 
cycle of pharmaceuticals. In one such activity, students investigated the drug 
Cytarabine and its core chemistry, biochemistry, side effects, discovery, eco 
nomics, and ethics.46 Using this connection-building tool enabled students to 
visualize the connections to topics from various disciplines that incorporate 
rich contexts, which further cultivates peer discussions. 
System mapping activities and project- or lab-based experiences can ac 

tively engage students in learning about the chemicals most commonly used 
today. Students can investigate commonly used surfactants in laundry-
detergent,47 nitrogenous compounds derived from ammonia used in pro 
ducing fertilizers,48 and plastics and polymers, including polystyrene and 
bioplastics.49–51 There are numerous resources available for implementing 
systems thinking, including design activities, computer simulations, sys 
tems modeling, chemistry experiments, workshops, and games, all of which 
help students make connections, particularly to green chemistry and sus 
tainable development.50 Future pedagogical efforts must consider the rise in 
contaminants of emerging concern (CEC) such as forever chemicals (PFAS, 
see Chapter 3), micro-and-nanoplastics, pharmaceuticals and personal care 
products (PPCP), and endocrine-disrupting chemicals (EDCs). The IUPAC 
Systems Thinking in Chemistry for Sustainability (STCS-2030+) project has 
created a website, Sustainability and Systems Thinking in Chemistry Edu 
cation (SaSTICE) to provide resources and tools, as well as an educational 
framework with examples, to help the chemistry education community in 
corporate systems thinking and sustainability into teaching and learning.52 

These ideas will need continuous refreshing by 2050 and it is vital that 
new approaches emerge over the next two decades. Educators will need 
persistence and a sense of risk/reward thinking. The question being asked is 
not “Will there be life on Earth in 2050, or 5050 for that matter?”, as the 
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answer given the evolutionary record of the planet is quite likely “yes”. 
The question that needs consideration is “What must humanity do to sus 
tain the life-giving resources of Planet Earth?” 

Even when societal impressions of science and the conclusions it reaches 
are unflattering, chemistry educators must focus on multidisciplinary so 
lutions to address the most pressing sustainability needs. The details of 
what students in a chemistry classroom in 2050 will see beyond core con 
cepts such as chemical bonding, reactions, energetics, and kinetics will gain 
new and increasing importance. We predict that the role of connecting 
chemistry, its sister sciences, and the role of sustainability will become a 
motivating goal for the inhabitants of this precious planet. 

The time to begin is now. 
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