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‘CHNOPS’: the origin of waste…



‘CHNOPS’: the origin of waste…
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Radical Change is needed..



12 Guiding Principles to optimise linear processes12 Guiding Principles  



Circular technologies are urgently needed

closed-loop, 
waste-free

Waste 
= 

Resource

Product 
=

Resource
= 

Renewable



Circular technologies are urgently needed
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‘CHNOPS’: Phosphorus first, as it is life’s bottleneck 
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Circular
Chemistry

“for phosphorus there is neither substitute
nor replacement”

Isaac Asimov



‘CHNOPS’: circular technologies are urgently needed
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recovery & recycling of nutrients!
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The Paris AgreementP-resource efficient?

P Recovery and Recycling, Chem Soc. Rev. 2021, 50, 87



Circular Chemistry: waste = resource!
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• phosphate and ammonia
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• phosphate and ammonia

pure gold?



Circular Chemistry: waste = resource!

Recovery

• phosphate and ammonia

Recycling

monoammonium phosphate
WO2020/169708



Pilot plant SusPhos, 2021



Towards a Circular Phosphate Economy



‘CHNOPS’: circular technologies are urgently needed

CO2, CH4

PO4
3-

NH3, NOx, NO3
-

Persson, Environ. Sci. Technol. 2022, 56, 3, 1510

recovery & recycling of nutrients!

II

I

Slootweg, Curr. Opin. Green Sust. Chem. 2020, 23, 61



Safe and Sustainable by Design

23Hannah Flerlage, Steven Beijer, Anna Chernysheva   



Sustaining P Chemistry

24Hannah Flerlage, Steven Beijer, Anna Chernysheva   O. Gantner, W. Schipper, J.J. Weigand, Sustainable Phosphorus Management 2014, 237



Redox INefficient Phosphorus Chemistry

25Hannah Flerlage, Steven Beijer, Anna Chernysheva   M. B. Geeson, C. C. Cummins, ACS Cent. Sci. 2020, 6, 848–860.



‘CHNOPS’: the origin of life…

struvite



Organophosphate Flame Retardants

27Hannah Flerlage, Steven Beijer, Anna Chernysheva   

• frequently detected 

in the environment

• many show toxic effects



Safe and Sustainable by Design

28

combine Synthesis, Design 
& Environmental Impact

Societal Impact

Hannah Flerlage, Steven Beijer, Anna Chernysheva   



Computer-aided redesign framework

29Hannah Flerlage, Steven Beijer, Anna Chernysheva   van Dijk, Flerlage, Beijer, Slootweg, van Wezel, Chemosphere 2022, 296, 134050

Select 
chemical for 

redesign

Generate 
alternative 
structures

Predict and rank 
properties

Select target 
structure

Synthesize and test 
target molecule

Analyze results

Predictive models for
• Biodegradability
• Toxicity
• Environmental fate

• Synthesizability 

• Function
• Sustainable production



Current design: Substitute Cl with OH

30Hannah Flerlage, Steven Beijer, Anna Chernysheva   Hannah Flerlage, Steven Beijer, with EMPA and UvA FAME/ECT  

Ethylene glycol as starting material
• Potential for sustainable production

Phosphate
• Circular production from wastewater

Identified as hazardous 
structural fragment 

Hydroxy group 
• to increase 

biodegradation

Organophosphate
• Preservation of function as FR
• Benign by Design
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