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The Biogenic Elements ‘CHNOPS’

• They make up 97% of living matter on Earth!
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‘CHNOPS’: the origin of waste…
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Global ‘CHNOPS’ Waste Problems

Steffen, Rockström et al., Science 2015, 347, 736 4



Not something new …

Nature 1944, 154, 762−763. 5

https://paperspast.natlib.govt.nz/newspapers/rodney-and-
otamatea-times-waitemata-and-kaipara-gazette/1912/8/14/7 



Radical Change is needed..
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Chemistry to enable a         Circular Economy

Circular Chemistry

Waste = resource is key for circularity

7with Tom Keijer, Vincent Bakker, Nature Chemistry, 2019, 11, 190



12 Guiding Principles?

8



Just a Different Feedstock…

• Biomass for C chemistry (next to oil & CO2)
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Bio-based Plastic Soup?
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Bio-degradability? (not related to biobased..)

x

√

Bio-degradability?
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Bio-degradability?

• avoid persistence in the environment and breakdown 
into harmful products

• Recycling vs degradation

• Development of short (reuse, recycle; retain value) 
and long cycles (PLA → CO2)

• Waste = resource
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12 Guiding Principles → Sustainable?
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phase-transfer cat.
Green H2O2

Green YES

H2O as byproduct

Avoids nitric acid oxidation and

& nitrous oxide (N2O) byproduct 

Sustainable NO

Cyclohexene no bulk chemical 

H2O2 is more expensive than product

• Violating the value chain

Science 1998, 281, 1646

in H2O 
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The drivers/hurdles of green chemistry
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Not an accounting tool…

TBL’s goal was system change
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12 Guiding Principles for linear processes
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enables a closed-loop, 
waste-free chemical industry 

Waste 
= 

Resource

Product 
=

Resource
= 

Renewable18with Tom Keijer, Vincent Bakker, Nature Chemistry, 2019, 11, 190



making molecules and materials: 
green chemistry

molecules and materials: 
function and properties

REmaking molecules and materials: 
circular chemistry

safe by design: no persistent, bioaccumulative, and toxic compounds

Circular Chemistry

combine Synthesis, Design 
& Environmental Impact
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Chemicals for a non-toxic circular economy 

Design products not suitable for capture 

and recycling for complete fast 

mineralization at the end of their lives 

(e.g., pharmaceuticals, pesticides, 

personal care and cleaning products).”

EU Green Deal:
Non-toxic environment 
Circular economy

“Design products for recycling, including   

all additives and other components of the  

product. (…)

Circular economy

Circular chemistry:
waste as 
a resource

Biodegradability

(mineralization)
versus

Kümmerer, Science 2020, 367 (6476), 369 20Slootweg, Nature Chemistry, 2019, 11, 190



Chemistry2.0: Renewables & Zero emissions! 



‘CHNOPS’ Waste: need for Innovation?

Slootweg, Curr. Opin. Green Sust. Chem. 2020, 23, 61 22



‘CHNOPS’ Waste: need for Innovation

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

Can we recover and recycle ammonia/phosphate?

Can we convert CO2 and CH4

into value-added compounds?
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Can we produce circular, zero 
emission energy carriers?



Hennig Brandt – 1669
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P-resource efficient?
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P Recovery and Recycling, Chem Soc. Rev. 2021, 50, 87

P-resource efficient?



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

Circular Chemistry: waste = resource!

• Recovery of P & N

Recovery

magnesium

chloride



Renewable (crystals of) MAP
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magnesium

chloride

Recovery Recycling

monoammonium phosphate

WO2020/169708



Renewable (crystals of) MAP
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6

monoammonium phosphate

magnesium

chloride

Recovery Recycling

WO2020/169708



Circular Use of Phosphorus? 
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Circular Chemistry!

No waste

High value

Renewable

Urban mining

M.A. de Boer, J.C. Slootweg, Environ. Sci. Technol. 2018, 52, 14564; Angew. Chem. Int. Ed. 2018, 57, 6386

Benign by design





Chemistry to enable a Circular Economy
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Life cycle thinking
will reinvent chemistry 


