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The most important technological
invention of the 2@ Century?
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Nitrogen and its Compounds

Nitrogen
78 %

Other gases
1%

What do students taking chemistry in your school/university leari
about nitrogen and its compounds? (Learning outcomes)
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Nitrogen and its Compounds

+3 +2 +1 0 -1/3 -2
Oxidation
+5 S —— -3

\ Reduction /

http://mwww.chem.tamu.edu/

What do students taking chemistry in your school/university lear
about nitrogen and its compounds? (Learning outcomes)



Nitrogen and its Compounds

NO2 levels over Europe - zoom for detall

What do students taking chemistry in your school/university lear
about nitrogen and its compounds? (Learning outcomes)



. Nitrogen and its Compounds

Applying Le Chatelier’s Principle

— The Haber Process
Ny g +3Hy = 2NH,, AH=-02K
Fritz Haber (1868-1934). Haber developed a (Pope )
method for combining nitrogen from the air Ep =P xH(EP ™ = 60x10° #29°C
with hydrogen to make ammonia, a valuable Hz 5

agricultural chemical. A biographer described
him as “verbally and action-oriented rather than
contemplative,” and a contemporary said that

i et o ey and ghar s eno-—— {NJSCCI)NSESSINIS () 2NH3(9)

What do students taking chemistry in your school/university learn
about nitrogen and its compounds? (Learning outcomes)




Systems thinking
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Whatis systems thinking?
What (on earth!) does it have to do with what

students learn about nitrogen?
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Working definitions

System: an interconnected set of elements that is
coherently organized in a way to achieve a function
Or purpose.

Systems thinking:Usingstrategiesto develop
understanding of thenterdependent components
within and among complex, dynamic systems

[
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Earth & Socletal Systems:
Pinch to Zoom Out




Earth & Socletal Systems:
Pinch to Zoom Out



Quality of life for many humans has been profoundly
Improved by the application afhemistry
Yetmultiple challenges for earth and its people are emerqgi




Quality of life for many humans has been profounc
Improved by the application of chemistry

Great Barrier Reef can no longer be
saved, Australian experts concede

'In our lifetime and on our watch, substantial areas of the Great Barrier Reef and the surroundi
ecosystems are experiencing major long-term damage'

O OE K (a1




The need for ST In chemistry

—

Chemistry roles
A Fundamental physical science
- atoms, molecules, their
behaviour & transformations
A Useful science
- valued processes and products
A Science for the benefit of society’

- helping tackle multiple emerging_
global challengesustainable
developmeniX
X . | tige central role for
chemistry in this is not
sufficiently clear or visible

= a new imperative for chemistry_’

*

Matlin, Mehta, Hopf & Krief
A Nature Chemistry 2015, 7, 941
A Nature Chemistry 2016, 8, 3%3

G

10CD

A Underpins many other sciences

- (e.g. physical, bia% nano) that depend on
understanding matter at molecular levels

A Regquiresseeing beyond the treeslooking at the
whole forestAND theenvironmentin which it is
situated:

- chemistry as a systegoherently organised to
understand & explain behaviour and
transformations

Value in teaching chemistry: interest througr
understanding beyond rote learning

- looking athow chemistry interacts
dynamically with other systents increase
understanding, provide useful applications
and help tackle global challenges

Value in relating chemistry to realorld
problems, their origins and solutions



The chemical sciences have been central to global progress and will be esser
meeting oncoming global challengesspecially sustainable development

commentary

One-world chemistry and
systems thinking

Stephen A. Matlin, Goverdhan Mehta, Henning Hopf and Alain Krief

The practice and overarching mission of chemistry need a major overhaul in order to be fit for purpose in the
twenty-first century and beyond. The concept of ‘one-world’ chemistry takes a systems approach that brings
together many factors, including ethics and sustainability, that are critical to the future role of chemistry.

hemistry has achieved outstanding as an exciting scientific pursuit generating

suiccess over the past two centuries groundbreaking new discoveries in its own

in terms of advancing fundamental right is giving way to its portrayal as a ‘service
knowledge as well as its impact on science’ for other fields.
applications relating to human health, Attitudes of the general public, media and
wealth and well-being'. However, a number policy-makers towards chemistry and its

of observations suggest that chemistry is % practitioners are complex. They sometimes
facing an existential crisis of sorts, including & recognize chemistry’s pivotal utilitarian
reflections from the fields of education?, = role that impinges on every facet of life®
industry?, the environment* and the < while at other times they focus on negative
public arena®. If this is the case, there are _1’ aspects, such as its ability to cause harm
a number of likely contributory factors, 2 to people and the environment through
including (1) the discipline has not been = deliberate (for example, chemical warfare)
. . nventing itself or projecting = or accidental or unintended (chemical
* M atl N , M ehta’ H Opf & Kn ef ary advances on prominent ; spillages, disasters in chemical plants, toxic

yrms, (2) it is intrinsically o side effects of drugs and food additives,

A Nature Chemistry 2015, 7, 9481
A Nature Chemistry 2016, 8, 393




The chemical sciences have been central to global progress and will be esser
meeting oncoming global challengegspecially sustainable development

health

Aims to be:

A A science for the benefit of society N _ _
o Ethical practice /Impllcatlons for chemistry educatm
0 Systems thinking (ST)
o Crossdisciplinarity

Aldeaof chemistry
A Chemistry in the context of itspplications

Recognises: A Chemistry in the context of itsnpacts

A Earth is a single system in which the
health of human beings, animals
and the environment are all strongly
interconnected: all three must be

len into account in consideriy Qustalnablllty goals /

the impacts of chemistry

U Thinking about systenand how they
function and interact
U Connectingscience principles with




The chemical sciences have been central to global progress and will be esser

1972

1987

1992

2012

2009

2015

meeting oncoming global challengegspecially sustainable development

Milestones on the road to sustainable development

The Limits to Growth (Club of Rome)

Conceptofa sustainable’”™ world i n which we
the global systenas the consequence of interactions between the Earth's and humar
systems

Brundtland Report: UN World Commission on Sustainable Development
Development thatneets the needs of the present without compromising the ability of
future generationto meet their own needs

'h /2y FSNBYOS 2y 9YOBANRYYSYl I'yYR 5S@S
Earth Charter (Agenda 21): building of a just, sustainable, and peaceful global socie
21st Century

U "socially inclusive and environmentally sustainable economic growth"
''VAUSR blraA2ya [/ 2yFSNBYOS 2y {dz&adl Ayl
"The Fut url92 gokernméats renewed their political commitment to
sustainable development

- 2015: Planetary boundaries

Nine boundariesdentified and partly quantified

United Nations Agenda 2030

17 Sustainable Development Gaaslopted by all 193 Member States
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: Reduced inequalities

. Sustainable cities and communities

: Responsible consumption and productio 13 Kerow
. Climate action

. Life below water

. Life on land

. Peace, justice and strong institutions
. Partnerships for the Goals

The chemical sciences have been central to global progress and will be esser
meeting oncoming global challengesspecially sustainable development

17 Sustainable Development Goals (SD

NO ) IR0 GOOD HEALTH QUALITY GENDER
POVERTY & HUNGER AND WELL-BEING EDUCATION EQUALITY

No poverty s s o o
Zero hunger M0
Good health and welbeing

Quallty educatlon DECENT WORK AND 1 REDUCED

ECONOMIC GROWTH INEQUALITIES
Gender equality
Clean water and sanitation
Affordable and clean energy —
Decent work and economic growth 11 ocomunmes R\ | / SONSUNPTION
Industry, innovation and infrastructure H 4 e s HE GLOBAI. GOA'.S '

For Sustainable Development
7T\ \ ¢

CLIMATE | 1 LIFE BELOW 16 PEACE AND JUSTICE 17 PARTNERSHIPS

WATER STRONG INSTITUTIONS FOR THE GOALS

(1.4
-
-
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a Xt S @AW WSRKAYRE



The chemical sciences have been central to global progress and will be esser
meeting oncoming global challengegspecially sustainable development

9 Planetary boundaries

Nine Earth system processes which have boundaries

proposed in 2009 by a group of Earth system and Cimate
environmental scientists led by JohBockstronfrom change
the Stockholm Resilience Centre and Will Steffen fre
the Australian National University.
XRSTAYAYI | bal TS 2 LISNI

1. Climate change: atmospheric CO2, radiative
forcing

Rate of biodiversity loss

Biogeochemical cycles: N, P

Stratospheric ozone depletion

Ocean acidification

Atmospheric aerosol loading

Global freshwater use

Change in land use: converted to cropland
Novel entities in environment: chemical pollutio

©CooNoOOhWDN

JohanRockstrom Will Steffen, et al.
Nature 2009, 461, 47275
Science 2015, 347, Issue 6223, 1259855



Applying ST In chemistry

Elements of ST are found in these approaches

A Life Cycle Analysis
A Green Chemistry
A Molecular Basis of Sustainability



Elements of ST are found in these approaches

A Life Cycle Analysis

Applying ST Iin chemistry

A

==

Life cycle of a chemical product

The global environment

including natural and
human systems

Raw Processes | | Product Useful By-products
materials applications and waste
A
Recycle as v
input material Recycle to
other

applications




Applying ST Iin chemistry

Elements of ST are found in these approaches
A Life Cycle Analysis

A Green Chemistry _ o
12 Green Chemistry Principles

reducing or eliminating the use or generation of hazardous substances in the design, manufactur:
application of chemical products

Waste & inefficiency

Reducing

Materials

Energy

Hazard processes

Risk & toxicity

Pollution & persistence

Cost

PaulAnastasand John Warner. Green Chemistry: Theory and Practice. New York, Oxford University Press: 199
Review: Green Chemistry 2018, DOI: 10.1039/c8gc00482j



Applying ST Iin chemistry

Elements of ST are found in these approaches
A Life Cycle Analysis

A Green Chemistry

A Molecular Basis of Sustainability

Thedesignand application of chemical products and processes that reduce or eliminate the use a
generation of hazardous substances
A Defining green chemistry through design declared a paradigm shift from when chemists could
ignorance of or ambivalence to the consequences of their science
A Chemists are the ones who possess the ultimate responsibility of putting forethought and
consideration of those consequences into the design.
A Consider the implications of the chemical bond. Example questions:
U What are the consequences of theHbond on our current energy system?
U What are the consequences of theFbond on stratospheric ozone?
U 2KFEO FNB OGUKS O2yaSljdsSyoSa 2F GKS [/ | o662y
U What are the consequences of the O=C=0 stretching energy on global climate change?

G . @nderstanding that many of our environmental concerns are derived from molecular
characteristicswe aschemistscanrealizethat many of the solutionsare, potentially, alsomoleculate

PaulAnastasand Julie B. Zimmerman. Thlecular Basis of Sustainability. Cell Press: Chem 201612, 10
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DECENTWORKAND | )
ECONOMICGROWTH | &3/

ol | o
"% THE GLOBAL GOALS

For Sustainable Development

4
CET o
Do

Climate

)

PEACE AND JUSTICE
STRONGINSTITUTIONS

4
W
4

PARTNERSHIPS
FOR THE GOALS

Net CO, emissions (Gt CO, yr™)

gy >1.000 ppm CO.eq
100 (172 scenarios, RCP8.5)
720-1,000 ppm
(148 scenarios, RCP6)
s80-720 pt
804 580-720 ppm

(144 scenarios, RCP4.5)

Relative to
1850 - 1900

480-580 ppm
(509 scenarios, no equivalent RCP)
60 _ 430-480 ppm
(116 scenarios, RCP2.6)

2014 estimate -

404 0

20-.;-“"‘,‘

Historical
emissions

Net-negative global emissions

—

2080 2100

20+ — — -
1980 2000 2020 2040 2060

NatureClimateChange 4, 85853 (2014) -

PNDLE
ANTIBIOTICS
HOW IT SPREADS o=
T os
- Be
'O i
e — m o
;a;,a%” Antibio e Animals develop drug-
@. [ given to food pr ing animals resistant bacteria in their gut
o and
S 1 1

ANTIBIOTIC RESISTANGE

(<)

r‘;‘] | Antibiotic resistance hanpens ]

Do students leave gateway science courses knov
how their knowledge helps to understand and me
multiple emerging global challenges?



Learning Objectives and Strategies for Infusin
Systems Thinking into (Posiecondary General
Chemistry Education

International Union of Pure

and Applied Chemistry | U PAC P rOJ ect # 20-1)2'_0—1-050

A Help students move from fragmented knowledge of
chemical reactions and processes to a more holistic view,
equipping them to better address emerging global
challenges through chemistry education

A Develop learning objectives, and perhaps a tool kit, to help
educators infuse systemhBinking into (general) chemistry
courses

A Identify barriers and develop strategies to guide the use of
learningobjectivesbased on ST ithe design of curriculum
and selection of engaging pedagogies

A Disseminate@utcomes for both the chemistry education and
broader science communities



Features of
learning processes
applied to the
unique challenges

of learning
chemistry
Chemistry
teaching
and
learning — >
Wy
Earth and
societal
systems
Fram ework for Elements that orient

chemistry education
toward meeting

SyStemS Th I N kl ng In _societal and
C h em |Stry Ed U Catl on environmental needs

Theoretical
frameworks of
learning, learning
progressions and
the social
contexts for
learning

Learner
systems

Mahaffy, Matlin, Krief, Hopf,
Meta,” Reor i ent i
Education through Systems
Thinking”

RGN cucmsrer |
PYAYAIRYAY CHEMISTRY

(2018)VOLUME 2 | ARTICLE NUMBER 0126 |



STICE Project Progress to Date

A ICCE and CONASTA 2018 Conference (Syriwegishop,
symposium, project meeting
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Systems thinking
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Theoretical
frameworks of
learning, learning
progressions and

Features of
learning processes
applied to the
unique challenges

of learning the social
chemistry contexts for
learning
Chemistry
teaching Learner
and systems
learning — >
Wy
: I'In < s \
Earth and Societal Systems
Node Earth and 3
societal =""% THEGLOBALGOALS
— L DGR
A Tom Holme, lowa State
UniverSity Elements that orient
A Jennifer MacKellar, Green chemistry education
. . oward meetin

APeter Mahaffy,| |Kilreygdmstaredsj|ver si
| A Stephen Matlin, Imperial College




Education about Molecular Basis of Sustainabilr

" Thematerial basis of fPracticechgmistr_y with

society is a core element, > more con5|derat|orior |
in addressing the moltequlaljr_ll?ta3|s of

sustainability challenges. sustainabiiity.

C YO \. Y

I ﬂ
_J

/ A systemghinking \ - ~ . )\
frameworkto connect societal Reorientchemistry

education about the Systems education to address
molecular world to the % the sustainability of
sustainability of earth ?d earth and societal

\societal systems. \_ systems )




The most important technological
invention of the 2@ Century?




The most important technological
invention of the 2@ Century?

2NH3(g)

N>(g) + 3H5(g)
HaberBosch Process




The most important technological
invention of the 2@ Century?

a 2 K Soyitravel in Hunanor Jiangsuthroughthe Nile Deltaor
the manicuredlandscape®f Javarememberthat the children
running around or leadingdocile water buffalo got their body
proteinsviathe ureatheir parentsspreadon the fields,from the
HabeigBoschsynthesisof ammonia Without this, almost two-
fifths of the g 2 NXpépQ@ation would not be here - and our
dependencewill only increaseas the global count movesfrom
SiXto nineor ten billion peoplet

VaclavSmil
University of Manitoba

N2(9) + 3Hx(g) =—— 2NH3(9)

V Smil Nature 1999, 400, 41



Yet, a Failure of Systems Thinking in Che

N»(g) +3Hy(g) =—— 2NHj;3(g)

N fertilizer N fertilizer \ \\ \
produced applled in crop harvested infood consumed
@
vegetarian
diet
- 47 - 16 - - 12
N fertilizer N fertilizer \ \ N
produced appll ed in crop in feed instore  consumed
I I I | ‘ | ‘ carmvorouc
- 47 - 16 .

Mahaffy, Bucat, Tasker, et. &hemistry: Human Activity, Chemical Reactiiglson/Cengage, 2015,

adapted fromJ. N. Galloway & E. B. Cowling,Ahbig March2002



And a Failure of Systems Thinking in Chem Ed’

A Texts show ammonia synthesis in equilibrium chapter,
often with a (sanitized) sidebar on Haber, Nobel laure:

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

A No connection usually made between this chemical
NEIFOGAZ2Y FTYR SAGKSNI 0KS
human beings or the threat to our planetary boundarie
of our massive fixed nitrogen footprint.

-~

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

\_




‘ Applying STICE Framework to
- N and its Compounds

N2(9) + 3Hx(g) =—— 2NH3(9)



Building asystemigram
Choosing the system
boundaries to extend the
picture to the level desired

(Prof. Tom Holme ta)k

Core Reaction
Subsystem




Building asystemigram
Choosing the system
boundaries to extend the
picture to the level desired

(Prof. Tom Holme ta)k

Core Reaction
Subsystem

Fe-based
Catalyst

reaction
requires

Temperature

Reaction
Conditions
Subsystem




Building asystemigram
Choosing the system
boundaries to extend the
picture to the level desired

(Prof. Tom Holme ta)k

Chemical Eatbon
Inputs
Subsystem

Dioxide
{co,)

Methane

produces as a
Dbyproduct

isthe
source of

Core Reaction

Subsystem
Nitrogen
(N,)

reaction
requires

Reaction
Conditions
Subsystem



Building asystemigram
Choosing the system
boundaries to extend the
picture to the level desired

(Prof. Tom Holme ta)k

Chemical Carbon

Inputs Dioxide
Subsystem (o)
2

Methane
CH,)

produces as a
byproduct

is the
source of

Core Reaction

Subsystem
Nitrogen
(N,

produces
the required

Fe-based
Catalyst

reaction
requires

produces l
the required

High
Temperature

towards

Equilibrium

Reaction
Conditions
Subsystem

Oswald
Process

(HNQ)

Subsystem



Building asystemigram
Choosing the system
boundaries to extend the
picture to the level desired

(Prof. Tom Holme ta)k

Chemical

Carbon

Inputs Dioxide
Subsystem (CO)
2

Waste Heat
Boiler

Methane
(CH,)

produces as a
byproduct

isthe
source of
Core Reaction
Subsystem

reaction
requires

High
Temperature

Reaction
Conditions
Subsystem

feaction tends

Nitrogen
towards

Monoxide

Nitrogen
Dioxide

Nitric

Oswald Process
Subsystem

Q
2
N§ \;o"*



Chemical aioan

Inputs Dioxide
Subsystem (o)

Methane
(CH,)

produces as a
byproduct

is used
to produce

isthe
source of

Core Reaction
Subsystem

Building asystemigram
Choosing the system
boundaries to extend the
picture to the level desired o

7 Ammonia
‘ (NH)

Teaction tends
towards

(Prof. Tom Holme ta)k

Nitrogen
Monoxide

Nitrogen
Dioxide

Nitric
Acid

Reaction
Conditions

Oswald Process
Subsystem



Building asystemigram
Choosing the system
boundaries to extend the
picture to the level desired

(Prof. Tom Holme ta)k

Chemical

Energy Carbon

Input Inpsits Dioxide
Subsystem Subsystem (o))
Methane
CH
i produces as 2 Air
byproduct

is used
to produce is the
source of
Core Reaction

Subsystem

Fe-based
Catalyst

reaction
requires

Teaction tends
towards

Oxygen
0,
Nitrogen

Monoxide

Nitrogen
Dioxide

Nitric
Acid
(HNO,)

Reaction
Conditions
Subsystem

Oswald Process

Unintended
Subsystem

Consequences
Subsystem

Environmental
Nitrates

Drinking
Water Systems

Tequires care
~, toaveid

) suchas




Planetary Climate
A boundary

Response variable

—e——e—eeee——- Threshold

Control variable

Safe operating space

JohanRockstrom Will Steffen, et al.
Nature 2009, 461, 4%275

. Dangerous level: High risk of serious impacts Science 2015, 347, Issue 6223, 1259855

Zone of uncertainty: Increasing risk of impacts




. Nitrogen and its Compounds

Control
variable(s)

Planetary boundary
(zone of uncertainty)

Current value of
control variable

N Global: Industrial
and intentional
biological fixation
of N

62 TgNyr” (62-82 Tg Nyr ).
Boundary acts as a global
‘valve limiting introduction of

new reactive N to Earth System,

but regional distribution of
fertilizer N is critical for
impacts.

-150 Tg Ny™
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Learning abouthe N (" ceamresof /" Theoretical

frameworks of

. learning processes i '
system and its zpplied o the rogressions and
. unique challenges the social
emergent properties of learning contexts for

Informedby Insights " \_ leaming

from Learner Systems |
_ Chemistry h
and Chem IStry teaching Learner
and systems

Teaching & Learning learning e
| S

Nodes J )
A

Biogeochemical Earth and
Flow of societal
Nitrogen systems

Elements that orient
chemistry education
toward meeting
societal and

Nz(g) + 3H 2(9) SSo—— 2N H3(g) kenvironmental needsj




Learning Outcomes: Nitrogen and its Compounds

A What should the system boundaries be? What should
audstyua alyz2eoz R2Y YR OF
coverage of nitrogen and its compounds?

A Do student STEM learning outcomes about nitrogen
compounds reflect 3D learning (NGS&ractices,
Crosscutting Concepts, and Disciplinary Core ldeas).

A Do student STEM learning outcomes include a systems
perspective on nitrogen compounds and their importance
to the lives of students and to the planet (molecular basis
of sustainability)?

A Can students clearly articulate their own learning
outcomes and do they see them reflected in assessments

— >
N SUSTAINABLE .-*"‘
\‘f@j& DEVELOPMENT ALS K{jl

\i“‘s//\\” 17 GOALS TO TRANSFORM OUR WORLD

* Definition of student learning outcomes
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Kinetics of earth systems

All this has happened so rapidly,
we have not yet had time to.be
astonished.
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Kinetics of earth systems

Nitrogen Fixation
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Kinetics of earth systems

Species Extinctions
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Kinetics of earth systems

May 2017 L-OTI(°C) Anomaly vs 1951-1980 0.88
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This May was the second-hottest May on record.
Credit: NASA GISS
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Systems thinking in chemistry (<>
education: Barriers to change

A Overcrowded curriculum
A Student expectations

A Student readiness for higher order learning L,
tasks

Potential for cognitive overload
—aculty knowledge base

—aculty inertia

Developing appropriate assessments
A Accreditation standards

o oo To T

= Resistance to curriculum and pedagogy change!



You are already likely using ST -
strategies and tools

A Understand learners and learning needs!

Al ST LI fSIFNYSNAE adthdiscoier they |
forest while amidst the trees

A Learning from rich contexts

A Casebased learning

A Problembased learning

A Tri-partite learning outcomes

A NGSS 3D learning (core disciplinary concepts, cfoss
cutting concepts, and science practices)

A Chemical thinking learning progressions
A Life cycle analysis



Other STICE Talks/Workshops at ICCE

SYSTEMIGRAMS AS TOOLS FOR MODELING APPROACHES TO
SYSTEMS THINKING IN CHEMISTRY EDUCATION

Holme, T.A.?, Apotheker, J.H.°, Ho, F.5, Lavi, R.°

A PROGRESS REPORT ON A ROADMAP FOR GREEN CHEMISTRY
EDUCATION®

MacKellar, J.M.2, Holme, T.A °, Hutchison, J.E.°

ADDING SYSTEMS THINKING TO THE ANCHORING CONCEPTS
CONTENT MAP

Holme, T.A.2, Murphy, K.L.®, Raker, J.R.©

Constructing opportunities for systems thinking within
traditional general chemistry content.

Thomas Holme, lowa State University (USA)
Peter Mahaffy, Kings University (Canada)



Other STICE Talks/Workshops at ICCE

CONSIDERING EARTH AND SOCIETAL SYSTEMS AS WAYS TO
INFUSE SYSTEMS THINKING IN CHEMISTRY EDUCATION

Holme, T.A.?, Mahaffy, PG.°, Matlin, S.A.c, MacKeller, J.°

PROMOTING SYSTEMS THINKING IN CHEMISTRY EDUCATION
—RELEVANT ASPECTS OF CHEMISTRY TEACHING AND
LEARNING

Ho, F.M.2, Boniface, S.°, Chiu, M.-H.¢, Holmes, T.A.%, MacKellar, J., Towns, M.H.

SYSTEMS THINKING IN CHEMISTRY EDUCATION: THE LEARNING
CHEMISTRY NODE

Apotheker, J.H
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