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IUPAC’s World in 1919 



IUPAC’s World in 1919 

Versailles/Paris Peace Treaty marking end of “The Chemist’s War.”
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IUPAC Mission/Vision 
(2019)

Å…Application and communication of chemical 
knowledge for the benefit of humankind and 
the world.
ÅFostering sustainable development, providing a 

common language for chemistry, and 
advocating the free exchange of scientific 
information.
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Why Systems Thinking in Chemistry Education?

Complexity requires specialization in the pursuit of 
discovery as we deepen our understanding of the 
modern world and create the knowledge needed to 
resolve current dilemmas and improve the quality of life. 

In this process, we continually fractionate knowledge, 
analyzing the pieces in greater and greater depth. We 
have trained our 20th century professional quite well in 
this task— it’s a global strength we must sustain— but 
what additional skill will be demanded of 21st century 
leaders?     

Joseph Bordogna in PKAL, What Works, Vol. I, 1991



Systems Thinking

ÅSystems Thinking*:  Use tools, strategies, and cognitive 
frameworksto:

ïVisualize interconnections and relationships among 
components of complex, dynamic systems.

ïExamine how behavior of the system changes over time.

ïUnderstand how systems-level phenomena emerge from 
interactions among the system parts.

*Orgill, M.K.; York, S.; Mackellar, J. An introduction to systems thinking for the chemistry education community,J 

Chem. Educ. ASAP - 2019,Special Issue on Systems Thinking and Green & Sustainable Chemistry. 



Systems Thinking in Chemistry Education (STICE)
An IUPAC Project  

How might systems thinking apply to Chem Ed, and how can that 
help the next generation address emerging global challenges?

Systems thinking in 
Chemistry Education
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Framework for 
Systems Thinking in 
Chemistry Education

Mahaffy, Matlin, Krief, Hopf, 
Meta, “Reorienting Chemistry 
Education through Systems 
Thinking”
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Tom Holme
Associate Editor
J. Chem. Educ.



Systems Thinking in Chemistry 
Education (STICE) Progress to Date

ÅSTICE - Definition, purpose, preliminary framework 

ÅReview of ST in other STEM fields

ÅChallenges of dealing with complexity

ÅST skills and competencies

ÅST tools and visualizations

ÅST to address global challenges –the molecular 
basis of sustainability

ÅLearning frameworks to guide use of STICE

ÅST and educational standards related to chemistry
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** Orgill, M.K.; York, S.; Mackellar, J. An introduction to systems thinking for the chemistry education community,J 

Chem. Educ. ASAP - 2019,Special Issue on Systems Thinking and Green & Sustainable Chemistry. 

ST Skills and 
Competencies
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Earth and Societal Systems 

Node ïSteering Group

Å Tom Holme, Iowa State 

University

Å Jennifer MacKellar and David 

Constable, Green Chemistry 

Institute, ACS

Å Peter Mahaffy, Kingôs University

Å Stephen Matlin, Imperial College



The molecular basis of sustainability  

Anastas, P. T., Zimmerman, J. B. The molecular basis of 

sustainability. Chem2016,1, 10ï12

Many environmental issues have molecular considerations



ÅThe flow of material and energy is integral to all aspects of 
society and the environment.

ÅChemistry understands and controlsmatter through 
activities to analyze, synthesize, and transform substances. 

ÅChemistry and chemistry education have a special 
responsibility to address the sustainability of earth and 
societal systems. 

ÅMolecular basis of sustainability: “The ways in which 
the material basis of society and economy underlie 
considerations of how present and future generations 
can live within the limits of the natural world.”

ÅMBOS:  Crucial, but largely invisible aspect of sustainability 
agendas

The molecular basis of sustainability  

Mahaffy, Matlin, Holme, MacKellar, “Systems Thinking for 
Education about the Molecular Basis 
of Sustainability,” (2019),  2, 362–370.  

Anastas, P. T., Zimmerman, J. B. The molecular basis of 

sustainability. Chem2016,1, 10ï12

Matlin, Mehta, Hopf, Krief,  “One-world chemistry and 
systems thinking,” (2016), 8, 393-398.  

Many environmental issues have molecular considerations
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WELCOME TO THE 

ANTHROPOCENE
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ñWe donôt know a planet like this.ò

Eric Holthaus



WELCOME TO THE 

ANTHROPOCENE
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467 traceable pathways for impacts on human health, water, food,

economy, infrastructure and security by multiple climate hazards



The molecular basis of sustainability
Two global sustainability agendas  

169 targets require strategies based on consideration of systems rooted 

in the flow of materials and energy:  Fundamental chemistry at the heart



Planetary boundaries
Guiding human development on a changing planet

Steffen et. al. Science, Jan 16, 2015

Two core boundariesð

climate change and 

biosphere integrityð

have been identified, 

each of which has the 

potential on its own to 

drive the Earth System 

into a new state should 

they be substantially and 

persistently 

transgressed.



Recognizethe material basis of 
society as a core element in 

sustainability challenges.  

Shapethe practice of chemistry 
by sustainability science

Reorientchemistry education 

to address the sustainability of 
earth and societal systems

Educateabout the *molecular 
basis of sustainability using 
systems thinking

*The ways in which the material basis of our 
society and economy underlie considerations of 
how present and future generations can live 
within the limits of the natural world 

Mahaffy, Matlin, Holme, MacKellar, “Systems Thinking for 
Education about the Molecular Basis 
of Sustainability,” (2019),  2, 362–370.  
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Haber-Bosch Process 

The most important technological 
invention of the 20th Century?

N2(g) + 3H2(g) 2NH3(g)



The most important technological 
invention of the 20th Century?

“Whenyou travel in Hunanor Jiangsu,throughthe NileDeltaor
the manicuredlandscapesof Java,rememberthat the children
running around or leadingdocile water buffalo got their body
proteinsviathe ureatheir parentsspreadon the fields,from the
Haber–Boschsynthesisof ammonia. Without this, almost two-
fifths of the world’spopulation would not be here - and our
dependencewill only increaseas the globalcount movesfrom
sixto nineor ten billion people.”

Vaclav Smil 
University of Manitoba

V Smil, Nature 1999, 400, 415

N2(g) + 3H2(g) 2NH3(g)



Yet, a Failure of Systems Thinking in Chem?

Mahaffy, Bucat, Tasker, et. al, Chemistry:  Human Activity, Chemical Reactivity, Nelson/Cengage, 2015, 
adapted from J. N. Galloway & E. B. Cowling, 31, Ambio, March 2002 

carnivorous

diet

vegetarian

diet



ÅTexts show ammonia synthesis in equilibrium chapter, 
often with a (sanitized) sidebar on Haber, Nobel laureate

ÅClassroom treatment and assessment focuses on 
mathematical calculations related to changing 
concentrations and pressures (ICE tables?)

ÅNo connection usually made between this chemical 
reaction and either the survival of 40% of our planet’s 
human beings or the threat to our planetary boundaries 
of our massive fixed nitrogen footprint.

P. Mahaffy, 2011, The Human Element : Chemistry Educationõs Contribution to our Global Future, in 
The Chemical Element: Chemistryõs Contribution to Our Global Future,  Wiley-VCH 

Fritz Haber was a German chemist who received the 
Nobel Prize in Chemistry in 1918 for his invention of the 
Haber-Bosch process, the method used in industry to 
synthesize ammonia from nitrogen and hydrogen 
gases.

And a Failure of Systems Thinking in Chem Ed?



How might this change with a systems 
thinking framework?

N2(g) + 3H2(g) 2NH3(g)



Systems-Oriented Concept Map Extensions 
(SOCMEs)

ÅTools to visualize the interconnections among system 
components

ÅSet boundaries of focus, based on Learning 
Outcomes (LO) for a topic, course or program

ÅCan facilitate seeing emergent behavior and change 
over time and cause-effect relationships

SOCME
Tom Holme 
Iowa State



System-Oriented Concept Map 
Extension (SOCME): 
Choosing the system boundaries 
to extend the picture to the level 
desired

Kinetics:  Requires a 

catalyst and T above 

350 oC to form NH 3 at a 

practical rate. 



System-Oriented Concept Map 
Extension (SOCME): 
Choosing the system boundaries 
to extend the picture to the level 
desired



H2  starts from CH4 (steam 
reforming/ water-gas shift)
To produce 1 kg NH3
Å 3 kg CH4 is consumed 
Å 3.5 kg CO2 is formed

80% of the cost of NH3 is the 
cost of natural gas

Haber-Bosch Process uses ~ 2% 
of total annual energy supply

Marc Whalen
Dalhousie Univ., Canada



Food and Energy Systems:  Natural Gas, Fertilizer 
and Food Prices are Connected

37

ÅNitrogen fertilizers are the 
highest single operating cost 
for U.S. farmers 

ÅU.S. produced 40% of the 
world’s corn in 2008. 

price spikes 2008 & 2011

H. Gnutzmannet al. SSRN Electronic Journal (September 
2016). 

W. Huang, USDA 2007.www.ers.usda.gov/publications/wrs0702/

S. Mueller et al. Biomass and Bioenergy 2011, 35, 1623-32.



Food Security and Political Unrest:  
2008 and 2011 price spikes (red)

38

http://www.fao.org/worldfoodsituation/foodpricesindex/en/M. Lagi, et al. SSRN, 2011. 

ά!Ǌŀō 
{ǇǊƛƴƎέ



Oswald 
Process 
(HNO3) 
Subsystem

System-Oriented Concept Map 
Extension (SOCME): 
Choosing the system boundaries 
to extend the picture to the level 
desired



System-Oriented Concept Map 
Extension (SOCME): 
Choosing the system boundaries 
to extend the picture to the level 
desired



180 million tons NH3 produced globally in 2018

41

80% ammonia, urea, 
ammonium nitrate for 

agriculture

20%
other

Industrial fertilizers to increase 
crop yields for globally traded food 
commodities (corn, rice, wheat).   

Food and Agriculture Organisation of the United Nations (FAO), 2019.  
http://www.fao.org/3/a-i4324e.pdf  

Uses



System-Oriented Concept Map 
Extension (SOCME): 
Choosing the system boundaries 
to extend the picture to the level 
desired



System-Oriented Concept Map 
Extension (SOCME): 
Choosing the system boundaries 
to extend the picture to the level 
desired

NASA satellite image



Sub-system connections



Emergent phenomena



Nitrogen and its Compounds 



Biogeochemical 
Flow of 

Nitrogen
Nitrogen

Fertilizers

Mahaffy, Matlin, Holme, MacKellar, “Systems Thinking for 
Education about the Molecular Basis 
of Sustainability,” (2019),  2, 362–370.  
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STICE Future Directions

ÅResourcing chemistry educators and students
ïLearning theories perspective
ïConnection to curriculum and program standards
ïDefine & explore STICE-related learning outcomes (LO)
ïDevelop activities and assessments aligned with STICE LO
ïDevelop, pilot, implement, and sustainably scale educator 

training opportunities.
ïOpen access virtual user community

ÅChemistry Education research related to STICE
ïCognitive, affective aspects, assessment

ÅExamining who stands to benefit from a STICE 
approach



Follow-on IUPAC STICE Project

ÅConsensus of project committee - we should propose to 
IUPAC a STICE V2.0

ÅIUPAC is the right framework to bring a global group of 
chemistry education thought leaders together.

ÅOther partners will be needed to resource the project 
(IOCD, UNESCO, European framework, etc.) 

ÅSome members of the project group will provide 
continuity, new members from within and outside of 
IUPAC CCE will be sought.

ÅPlease let us know if you have an interest in participating.  
Peter.Mahaffy@kingsu.ca, Stephen.matlin@gmail.com

mailto:Peter.Mahaffy@kingsu.ca
mailto:Stephen.matlin@gmail.com
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