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STEPS

and Technologies for Phosphorus Sustainability

STEPS is a Convergence Research Center with

Phosphorus Sustainability as the Vehicle
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The Wicked Problem of
Phosphorus Sustainability




All living things need phosphorus - it is an essential nutrient for
animals, plants, and microbes.

But society’s use of phosphorus is unsustainable and harmful to
humans and the environment.

P is mined from P is an essential nutrient Freshwater eutrophication
non-renewable in the food system, Only 20% of P enters and associated algal blooms
resources but also a pollutant the human diet and kills fish

Since 1950, society has increased global P mining dependence TENFOLD
from ~2 MT/yr to over 20 MT/yr and it continues to grow

! =]
7 M. Nelson, M. Cuchiara, C. Hendren, . L. Jones, A.-M. Marshall, "Hazardous Spills at Retired Fertilizer Manufacturing Plants Will Continue to Occur in the
Absence of Scientific Innovation and RegulatoryEnforcement EnwronmentaISCIence&Technology Vol o pp 1626? 16269{2021}
J. L. Jones, Phosphorus Sustainability Perspectives, fiips:/ 4/ " ph



SINGLE-USE, EXTRACTIVE PROCESS

MINE, USE, LOSE
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Some data from Rittmann, Mayer, Westerhoff, and Edwards, “Capturing the Lost Phosphorus,” Chemosphere, 84, 846-853(2011).
Flow diagram inspired by Cordell and White, Annu. Rev. Environ, Resour, 2014, 39:161-88.
MNumbers alongside arrows represent million matric tons of phosphorus per year.



PHOSPHORUS FOOTPRINTS

Vegetables

Fruits

Stimulants

Bovine Meat
Mutton & Goat Meat

upstream P FOOTPRINT

Pig Meat
Poultry Meat

Emi i 20121 4043 (H0pp) i 10, OISR 7403200 TIRM 2

The role of diet in phosphorus demand

Genevieve S Metson'. Elena M Bennett' ~ and James | Elser’

Departm esource Sciences. MeGill University. 21,111 Lukeshore Road. Sainte Anne de

34 University Street, Montreal, QC. Canada
5. Arieong State University, Tempe. AZ 85287-4501, USA

“About 72% of the global
average dietary P footprint
between 1961 and 2007 was due
to consumption of animal-based
food groups.”

Eggs
Milk

downstream P FOOTPRINT

BOP Puasing Euviron, Res. Lers. 13 12020) 1905022

Environmental Research Letters

@ e PAPER
Cromd

The U.S. consumer phosphorus footprint: where do nitrogen and
phosphorus diverge?

OPEN ACCESS

........

« Graham K MacDonald &, Allison M Leach &, Jana E Compton' 0,

..... 0@ and James N Galloway

“Moving toward more plant-based
diets would decrease demand for
mineral P fertilizer; however such diets
also increase losses to waterways

from human excreta...”
Y
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GLOBAL PROBLEM WITH GEOPOLITICAL AND
PUBLIC POLICY FACTORS

Throughout the world, anthropogenic (human-induced)
phosphorus loads in river basins is too much for the basin’s

Global distribution of >400 systems of waste assimilation capacity to take up the pollutant load’
eutrophication-associated coastal . 00-0.1 AT PP g
BNo.1-03 =S

dead zones? @ o03-05
Water 105-09
Pollution [ ]10.9-1.0

Level 10-15
(WPL) for =

p E15-20
i B 20-50
i X My M 50-10
el SN B - 10
] w20 g ﬁ
= 2030 3 ¥ o L L . 5 5. 4 . . .
= s “e e A WPL exceeding 1 indicates the violation of the water quality standards and that the basin’s waste
e : assimilation capacity is not big enough to take up the pollutant load (for time period 2002-2010).
F -9
B
'From M.M. Mekonnen, A.Y. Hoekstra, Water Resour. Res. 54, 345 (2018) L‘
? Diaz and Rosenberg, Science, 321, 926 (2008).
3 Beaulieu, DelSontro, and Downing, Nature Communications, 10, 1375 (2019). 10

Visualization of global methanein Jan. 26, 2018, from https://phys.org/news/2020-07-global-methane-emissions-soar-high.html



Phosphorus demand is projected to increase due to a
growing population - an additional two billion persons in
the world by 2050 - the risk-averse nature of producers,
and the rising affluence in certain parts of the world which
generally leads to increased meat consumption.

If we do nothing, our dependence on mined phosphate
and the loss of phosphorus to the environment will worsen
and the food system will become increasingly insecure.

POPULATION GROWTH IN
AFRICA IS CRITICAL TO
UNDERSTANDING LONG-
TERM IMPACTS OF
PHOSPHORUS
SUSTAINABILITY

Total population (billions)

Sub-Saharan Africa

Central and Southern Asia

T _ Eastern and South-Eastern Asia

Europe and Northern America

T / ...+~ Northern Africa and Western Asia

Latin America and the Caribbean

Australia/New Zealand

----------------------- Oceania®

1950

2000 2050 2100
Year

United Mations, Department of Economic and Social Affairs, Population Division (2019).
World Population Prospects 2019: Highlights (ST/ESA/SER A/423).



- DIVERSITY - CONVERGENCE

l l Shirley Malcom’s most recent public address at the
National Academies in October of 2022:

Many scholars are exploring the
relationship of diversity and

excellence, innovation  and NATIONAL

%, 5 i % ACADEMIES sedicine
productivity. We are beginning
to understand that our Division of Behavioral and
research and education Social Sciences and Education:
cannot be excellent unless Where Science and Society Meet
they are inclusive—that the Dr. Shirley Malcom, American Association
lenses that diverse people for the Advancement of Science
bring to scientific research and October 12,2022 | 5:00 PM ET
discovery improve the inputs NP #DmidLecture

and the outcomes. ,’

From testimony of Dr. Shirley Malcom, Senior Advisor and Director of SEA Change at AAAS to the Committee on Science, Space and Technology in the U.S. 12
House of Representatives, May 9, 2019; Full Malcom testimony available at https://science.house.gov/download/dr-malcolm-testimony
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INNOVATION - DIVERSITY - CONVERGENCE

The success of environmental justice programs
can only be achieved through the active
engagement of those who are most impacted
by these harms and inequalities. ... it is
incumbent upon scientific professionals to
develop a diverse workforce that reflects the
experiences of the affected communities. 17

“Some proposed aspects of university-industry
partnerships that can produce greater diversity include:
industry funded science programs aimed at students
from underrepresented groups;
formal mentorship programs;
formalized industry training in diversity, equity, and
inclusion and the
elimination of unpaid or underpaid internships and
entry-level positions.”

13 https://doi.org/10.3768/rtipress.2022.0p.0078.2209

RTI PI’ESS Occasional Paper

The Need for a Diverse
Environmental Justice
Workforce: Using Applied
Research to Understand
the Impacts of Harmful
Environmental Exposures in Vulnerable and
Underserved Communities

n, Stephanie Hawikins, Michelle Lang, Wanda M. Bodnar, Claudia Alberico,
(eith E. Levine, Reshan A, Fernando, Suryakant Niture, Tamara Terry, an

BRTI




Phosphorus sustainability is a “WICKED PROBLEM" that requires convergence
across 17 orders of magnitude in length scale.

MATERIALS SCALE HUMAN-TECHNOLOGY SCALE REGIONAL AND GLOBAL SCALE
10" 108 10 10* 102 10° 10? 10 10°
length scale (meters)
Materials Science & Engineering Environmental Engineering Systems Engineering
Chemical Engineering Biological & Agricultural Engineering Economics
Chemistry Forestry & Environmental Resources Public Policy
Physics Animal Sciences Sociology
Biological Sciences Crop and Soil Sciences Ecology
Y
Image is derivative of Jones, Yingling, Reaney, and Westerhoff, MRS Bulletin (2020), h1ttps://dolorg/ 101557/ mrs.2020.4 B
Papers Introducing "Wicked Problems”: il
Head, Wicked Problems in Public Policy, Public Policy 3, 2, 101-118 (2008).

Rittel and Webber, Dilemmas in a General Theory of Planning, Policy Sciences, 4, 155-169 (1973).



In 2018, Growing Convergence Research
became an NSF “Big Idea”

NSF’'S 10 BIG IDEAS

The grand challenges of today—protecting human health; understanding the food, energy, water
nexus; exploring the universe at all scales -- will not be solved by one discipline alone. They
require convergence: the merging of ideas, approaches and technologies
from widely diverse fields of knowledge to stimulate innovation and discovery. I

-\

From https://www.nsf.gov/news/special_reports/big_ideas/convergent.jsp 16



STEPS Convergence

Research Center




NSF Science and
Technology Center
(STC) Competition

Most prestigious Centers awarded by the National Science Foundation,
cutting across all areas of science & engineering that NSF supports

Large awards of $5M/yr up to $50 million over 10 years
Highest level of competition

Over the past 10 years, 10 awards have been made, meaning that, on
average, NSF supports about one new Center per year

Each university can submit only 3 preliminary proposals
NSF receives about 250 preliminary proposals in each cycle

6 or fewer are eventually awarded across all of NSF after a two year STEPS was
review process conceived in 2017

STCs are driven by notion of “CONVERGENCE RESEARCH" - they support and awarded
highly interdisciplinary work on very specific problems Oct. 1, 2021



STEPS Center is headquartered in the new Plant Sciences

Building at the lead institution, NC State

Science and Technologies for Phosphorus Sustainability
Joint School of Nanoscience
4 " : and Nanoengineering
Marquette University :
University of lllinois
at Urbana-Champaign
Appalachian State University 1}%&, D D
i Arizona State University {? W
University of Florida {r ;
iR Ncmh Carolina State University D
D "Rl International >
Ctemson
University ¥r STEPS Institutions D,

NSF Science and Technology Centers (STCs)
are highly competitive and prestigious; over the
past 10 yrs, NSF has awarded 10 new STCs

STEPS started 1 Oct. 2021

$25M USD over 5 years with
expectation for 5-year renewal

~40 senior investigators & ~40 graduate
students/postdocs, ~12 undergraduates, and 15
summer REU students per year

NC STATE FBSU

U N |VEH S ITY Arizona STATE

LINIVERSITY

UF

FLORIDA

X
ILLINOIS MARQUEITE

UNIVERSITY

FRTI

INTERNATIONAL

E Joint School of

Nanoscience and Nanocngineering

§ Appalachian CLEMS#&N

STATE UNIVERSITY.



25-IN-25
T H E ST E P s Facilitate a 25% reduction in human dependence on mined

phosphates and a 25% reduction in losses of point and non-point

VI s I o N sources of phosphorus to soils and water resources within 25 years,
leading to enhanced resilience of food systems and reduced

environmental damage.

P
The 25-in-25 vision is aligned with the 2020 USDA Innovation Initiative to reduce nutrient loss by 30% nationally by 2050 20
with supporting data from the EPA, e.g. https://www.epa.gov/national-aquatic-resource-surveys/nla



Sustainable P measures

Efficiency: agriculture
y:ag9 Demand

Phosphorus (Mt/a P)

Reuse: food/other wasje

Reuse: crop residues

Reuse: manure 'g measures

0
1950 1960 1970 1980 1990 2000 2010 2020 2030 2040 2050 2060 2070

Year = STEPS AMBITIONS

Phosphorus demand is projected to increase due to a growing population - an additional two billion
persons in the world by 2050 - the risk-averse nature of producers, and the rising affluence in
certain parts of the world which generally leads to increased meat consumption.

If we do nothing, our dependence on mined phosphate and the loss of phosphorus to the
environment will worsen and the food system will become increasingly insecure.

It is not enough to act. We need to act now, before we inevitably reach crisis mode.

[ A:_'-
)

Graph from Cordell and White, Annu. Rev. Environ. Resour. 2014. 39:161-88 21



MODELS INFORM PRIORITIES

-environmental pressures

Year 2050 “do
1.6 + nothing” scenario

14—+

Year
1.2 2010
reference

Relative Environmental Impacts
o
00
|

Improve
Influence Reduce food  technologies &
individuals’ diets  |oss & waste management

~ ]

Convergence
of solutions

@)

o

Replotted using data fram Springmann et al., Nature, 562, 519 (2018).
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SOIL-BOUND-
PHOSPHORUS
Materials, crops, and
processes to make soil-
bound phosphorus
bioavailable to crops

Soybean plants at
Tidewater Research Station, NC

ANIMAL MANURE
Phosphorus capture
from animal manure for

reuse as fertilizers @

Swine-waste lagoon at

SURFACE WATER
Crops and materials to
trap dilute phosphorus
to prevent

eutrophication

Algal bloom in FL
Everglades

HUMAN URINE
Materials and processes
to capture phosphorus
from concentrated
solutions

Waterless urinal
experiments at ASU

g Tidewater Research Station, NC
I—a I
=] ’



STEPS SUPPORTS USE-INSPIRED BASIC RESEARCH

FUNDAMENTAL SCIENCE
PHENOMENA

e.g. sorption, chemical precipitation,
physical and electrochemical
separation, microbial bio-
transformation, genomics

Considerations
about use?

ADOPTION

e.g., by farmers, growers,
municipal wastewater
treatment facilities,
mines, fertilizer
companies.

TECHNOLOGIES NO YES
e.g., packed-bed
adsorbent filters, Use-inspired :I;Pl;\lf(a:;g,?g:r
B e PUre: basis . - tr-ei-a'tment plants, in situ
ﬁ?“c' based research (Bohr) research |® corbent inurine.
ilters, .
functionalized Search for (Pasteur) collection systems or
' fundamental agricultural drainage
Co.atlngls o gel_s, HHCSE g sgstems phosphorgus
gqr:genzae;;g{.gamc Pure applied sensors, next-generation
organic- research (Edison) plant-responsive
framework fertilizers
particles and bulk
materials >
P,
Use-inspired basic research is the Pasteur quadrant of the Stokes research classification. 24



STEPS IS A CONVERGENCE RESEARCH CENTER

« STEPS draws from fields of Science of Team Science
as well as Integration and Implementation Science

« Dedicated STEPS Integration Director,
Christine Hendren

« STEPS develops what we call Convergence
Informatics, or integrating data across highly
disparate disciplines and using informatics to guide
research directions

« STEPS Stakeholder Groups guide research and allow
for rapid and broad dissemination and adoption of
products

« STEPS utilizes Convergence Boundary Objects as
tangible or conceptual connection points, e.g. P-flow
diagrams, Triple-Bottom-Line (TBL) scenario sites




e Specific locations with well-defined geographical footprints

o Well-defined inputs and outputs, system constraints, existing data, and
stakeholder narratives to study triple-bottom-line factors to sustainability

TRI PL E'BOTTO M-L I N E (economic, environmental, and social)
' | field ites fi ials, ; T
(TBL) SCENARIO SITES © e, e o e mevenas processes pactces n

e TBL Sites are locations of student immersion activities, e.g. for research and
annual meetings

RURAL FARMLAND URBAN ECOSYSTEM AQUATIC ECOSYSTEM

Tidewater Research Station Central Arizona-Phoenix Long-Term Lake Okeechobee, Everglades Agricultural Area,
Plymouth, NC Ecological Research and Everg|ade5 National Park
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STEPS Research Integrates Students, Investigators, P
and Stakeholders across 17 Orders of Magnitude in Length Scale

MATERIALS SCALE HUMAN-TECHNOLOGY SCALE REGIONAL AND GLOBAL SCALE
10 10° 10° 10  length scale (meters) 10° 102 10 10°

RESEARCH THEME 1 RESEARCH THEME 2 RESEARCH THEME 3
discovers and develops new inorganic, evaluates the viability of technologies for uses a systems-level approach to evaluate how
organic, and bio-inspired materials to recovering phosphorus from complex waste human intervention, policy intervention,

selectively, effectively, and efficiently streams, optimization of soil properties, and and technology adoption could affect
liberate, capture, and recover processes to improve bio-accessibility of phosphorus sustainability at different scales
phosphorus and phosphorus-containing recovered phosphate and reuse of under various alternative socio-economic,
species from liquids and solids recovered phosphorus as a crop nutrient policy, and environmental change scenarios

Cross-cutting areas include, e.g., Convergence Informatics, Education Research, Pre-
college Outreach, Research on convergence research, and STEPS REU/REF



STEPS RESEARCH

Integrates Students, Investigators, and Stakeholders across 17 Orders of Magnitude in Length Scale

10 10° 106 10* length scale (meters) 10Q° 102 10° 10°

Paul Westerhoff and Ross Sozani
Co-Deputy Directors

Yara Yingling Jan Genzer Owen
Duckworth

Cross-cutting areas include, e.g.,
Convergence Informatics, Education
Research, Pre-college Outreach, Research on
convergence research, and STEPS REU/REF

y - . Y ' _. .. k- F ) . y
Yara Yingling  Rada Chirkova  cranos Williams Gail Jones L‘_{
Conv. Informatics Conv. Informatics  Conv. Informatics ~ Education Research



YEAR 1
RESEARCH
PORTFOLIO

Each project led by a
Research Theme PI
and required to be
collaborative across
Research Themes and
institutions

#

Project PI

Project Name

1.1 Brooke Mayer Chemical and biological transformations of non-reactive phosphorus

1.2 Paul Westerhoff Standardizing & advancing phosphorus analytics

1.3 Brooke Mayer Bio-inspired phosphorus removal and recovery

14 Jan Genzer High-throughput screening of phosphate adsorption in polymer brushes

15 Chris Muhich Metal cations for phosphorus recovery

1.6 Wei Gao Biomimetic phosphate sorbents via chemical modification of 2D materials

2.1 Treavor Boyer Human urine as boundary object for advancing phosphorus recovery

22 Bruce Rittmann Characterizing phosphorus after anaerobic treatment of high-strength organic waste streams

2.3 Owen Duckworth Developing phosphite as a sustainable, next-generation fertilizer

24 Rubén Rellan-Alvarez| Understanding of the genetic mechanisms involved in the regulation of plant phasphorus use efficiency
2.5 Luke Gatiboni Controlling and utilizing legacy phosphorus in soils

26 Eric McLamore Exploring stimulus-response nanobrush materials for phosphorus sensing

31 Daniel Obenour National phosphorus budget and mapping - Phase |

32 Natalie Nelson Establishing baseline data and tools for simulating phosphorus flows at the TBLs

33 Khara Grieger Evaluating stakeholder perceptions, needs, and networks in STEPS research

34 Anna-Maria Marshall | Adoption and diffusion of innovation: case studies of STEPS technologies

3.5 Justin Baker Systems modeling, decision support, and roadmapping to achieve 25-in-25

4.1 Yaroslava Yingling Convergence informatics |: gathering and fusing data

4.2 Gail Jones Convergence science education research

4.3 John Classen Developing technical and convergence educational resources

4.4 Gail Jones Precollege STEPS education

4.5 Maude Cuchiara Research experience for undergraduates

4.6 Christine Hendren Appalachian State collaborative research: P flow mass balance in a rural mountain agricultural system
47 Gliisting Handren Convergence research: developing, applying and studying transdisciplinary team interventions for

enabling convergence




Recent Output Highlights

M&MM}; oo E?&T‘ Water

pubsacsorgiest

Hazardous Spills at Retired Fertilizer Manufacturing Plants Will
Continue to Occur in the Absence of Scientific Innovation and
Regulatory Enforcement

Recovery of Urea from Human Urine Using Nanofiltration and
Reverse Osmosis

Lucas Crane,” Hannah Ray, Frangois Perrcault, and Treavor H. Boyer®

Natalie G. Nelson,* Maude L. Cuchiara, Christine Ogilvie Hendren, Jacob L. Jones, o~
and Anna-Maria Marshall N @
Acid 1
i |1 inhitit urea hydrolysis -
. L} &
since e
publication :

in Nov. 2021

The Challenge of Non-Reactive Phosphorus: Mechanisms
PNAS s s i Rl s of Treatment and Improved Recoverability Using
. . . . . Electrooxidation
An adaptive teosinte mexicana introgression modulates
phosphatidylcholine levels and is associated with maize PEpe SRR

flowe Synthia Mallick

Marquette University

Mohammad Shakhawat Hossain

University of South Florida

Tomorrom s Research Today

Arash Takshi

University of South Florida

Douglas F. Call

Morth Carolina State University - Department of Civil, Construction, and Environmental Engineering

Brooke K. Mayer

Marquette Uiniversity




STEPS HEADQUARTERS

ESTABLISHED IN NEW
INTERDISCIPLINARY PLANT SCIENCES
BUILDING (PSB)

novozymes

Agribusiness in NC is an $85 billion industry (2017 data)
NC Plant Sciences Initiative (PSI) forms and enables
interdisciplinary teams and collaborations with NC
stakeholders

Plant Sciences Building (PSB), a 185,000 ft.2 world-class
facility with Makerspaces, ThinkTanks, core labs,
greenhouses, etc.

Bayer, BASF, SAS, and Novozymes were the first
industries to take up residence in the building




Opportunities for Industry to Engage with STEPS

Participate in a Technical Working Group through
STEPS Knowledge Transfer component

Provide input to STEPS faculty leading projects
and proposing new projects

Support new research project(s) to amplify or
leverage the STEPS research portfolio and
STEPS expertise

Provide a gift to help STEPS advance its mission
and vision in ways that complement the NSF
support (e.g., for graduate student
fellowships, event sponsorship)

P

33



Roadmapping

Process




THE STEPS
VISION

25-IN-25

Facilitate a 25% reduction in human
dependence on mined phosphates
and a 25% reduction in |osses of
point and non-point sources of

phosphorus to soils and water

resources within 25 years, leading to

enhanced resilience of food systems

and reduced environmental damage.

Phosphorus (Mt/a P)

70

60

0
1950

Business as usual

Sustainable P measures

Efficiency: mining and fertilizers El

Efficiency: agriculture
Demaﬂ d
measures

Business as usual

Efficiency: food chain

Changing diets
Reuse: food/other waste

Reuse: crop residues

Supply

Reuse: manure mEﬂf:UTES

Phosphate rock Y

1960 1970 1980 1990 2000 2010 2020 2030 2040 2050 2060 2070
Year

Graph from Cordell and White, Annu. Rev. Environ. Resour. 2014. 39:161-88



THE STEPS
VISION

25-IN-25

Facilitate a 25% reduction in human
dependence on mined phosphates
and a 25% reduction in losses of
point and non-point sources of
phosphorus to soils and water
resources within 25 years, leading to

enhanced resilience of food systems

and reduced environmental damage.

Business as usual

Phosphate Industrial Natural
Rock ™ Uses Vegetation
' 18 1 L GLOBAL FOOD
SYSTEM
Fertilizer .
15
l ?
—_— + >
165 T AGRICULTURE | Food
Processing #
> 95 ;35 48 4
Urban Humans
Systems : 35
Human 1.3
Excreta
Surface
Waters

Some data from Rittmann, Mayer, Westerhoff, and Edwards, “Capturing the Lost Phasphorus,” Chemosphere, 84, 846-853 (2011).
Flow diagram Inspired by Cordell and White, Annu. Rev. Environ, Resour. 2014. 39:161-88.
Mumbers alongside arrows represent million matric tons of phosphorus per year.



Business as usual

Mining & Animal Natural Human-
Fertilizer & Crop Centric

Production / Production : Consumption,

Phosphate Rock Manure

Fertilizer Human Excreta
Industrial Uses Landfill

® ] 4
Agriculture: Natural Vegetation ~ Food Processing
Soil Natural Ecosystems Human Consumption
Crops Urban Systems
Livestock  Surface Waters



THE STEPS The 25-in-25 Vision
VISION N

Fertilizer
Production
25-IN-25
Facilitate a 25% reduction in human
: Human-
dependence on mined phosphates e Animal
and a 25% reduction in |osses of onsumption

point and non-point sources of

phosphorus to soils and water

Natural

resources within 25 years, leading to Resource
Mgmt.

enhanced resilience of food systems

and reduced environmental damage.



Consensus

STEPS

Timefrano Qﬁlkeholders







We choose to do convergence
research for phosphorus
sustainability, not because it
is easy, but because it is hard.
Because the 25-in-25 mission will
serve to organize and measure
the best of our energies and skills,
because the challenges are those
that we are willing to accept, ones
we are unwilling to postpone, and

ones which we intend to win.

Inspired by quotation from John F. Kennedy
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and Technologias for Phosphorus Sustai

Naot pictured: Ashley Tan, Sergei Rigin, Anne Fanatico
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