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Our group develops green processes and products from biology and chemistry

3

Enzymes for biofuels production Upcycling plastics to enable 
the Circular Economy

Green 
processes for 
bio-based 
carbon fiber

Image: CNN


Image: D. Kunkel


Biological Valorization 
of Lignin to Chemicals

Biomass

Lignin 
Deconstruction

Microbial  
Conversion

Separations Catalysis & 
Polymerization

Image: M. Sandgren Image: S. Cragg

G.T. Beckham et al., Curr. Opin. Biotech. 2016

New biology and 
chemistry to 
convert lignin to 
chemicals

Karp et al., Science 2017
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Plastics are ubiquitous in modern society
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~300 MM tonnes per year produced worldwide

Ellen MacArthur Foundation, 2016



Plastics are creating an environmental catastrophe 
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Huffington Post

Fortune

Ellen MacArthur Foundation, 2016 
Jambeck et al., Science 2015

~8 MM tonnes per year of 
plastics enter the ocean



Recycling rates remain low and most recycling is “down-cycling”
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Recycling can save between 40-90% of embedded energy in plastics
Geyer, Jambeck, Law, Science Adv. 2017 
Rahimi and Garcia, Nature Rev. Chem. 2017

Units in MM metric tons



Challenge 1: What do we do with the plastics we make now?
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Options for recycling and upcycling of plastics
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Van Geem et al. 2017

Mechanical recycling
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Pyrolysis (and refinery integration)
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Mitsubishi 

Plastics News Europe 
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Van Geem et al. 2017

Mechanical recycling

Pyrolysis (and refinery integration)

Gasification

Mitsubishi 

Plastics News Europe 

Disadvantages for pyrolysis & gasification: 
- Low selectivity to products 
- Tar, char production  
- Contaminants 
- Feeding of solid plastics at high pressure 
- Little economic and energy incentive relative 

to mechanical recycling or virgin polymer 
production



Biological (or selective) recycling is another option
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Microbes can selectively “funnel” 
multiple substrates to a single product

Concept demonstrated for lignin, 
wastewater, and mixed nylon/PET waste
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Microbes can selectively “funnel” 
multiple substrates to a single product

Concept demonstrated for lignin, 
wastewater, and mixed nylon/PET waste

Advantages for biological recycling: 
- Selective for heterogeneous inputs 

including contaminants from food 
- Low T, P, and energy 
- Sorting is not a problem 
- Upstream (catalytic, mechanical, 

thermal) processes do not need to 
be selective 

- Can harness existing/similar 
infrastructure to anaerobic digestion



What can we make from biological recycling and upcycling?
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Today: methane from anaerobic 
digestion of compostable plastics

NPRADBA
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Today: methane from anaerobic 
digestion of compostable plastics

NPRADBA

SY Lee et al, Nature 
Catalysis 2018

Tomorrow: anything you can make 
from synthetic biology!



Product options from biological recycling and upcycling
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Direct replacements are 
compounds that are chemically 
identical to today’s petroleum-
based chemicals



Product options from biological recycling and upcycling
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Direct replacements are 
compounds that are chemically 
identical to today’s petroleum-
based chemicals

Performance-advantaged 
bioproducts are bio-based 
molecules that do not resemble 
petroleum-derived molecules, but 
offer a performance advantage 
over today’s products
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A brief aside to plants…

12Bidlack, Oklahoma Academy of Science, 1993

Biomass “recalcitrance” is all about unlocking polymers in a heterogeneous material



Cellulose is a VERY recalcitrant material
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t1/2 ~ 5 million years



Cellulose (wood) degradation in the environment

S. Cragg
14



The Gribble

15
S. Cragg



The Gribble

15
S. Cragg



How do Gribbles break down cellulose polymers?
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How do Gribbles break down cellulose polymers?

17M. Kern, J. McGeehan et al. PNAS 2013

Microbes have had millions of years to evolve to breakdown cellulose polymers –
can we accelerate this process for synthetic plastics with biology and chemistry?



Where we started in terms of plastics?
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Status quo for recycling of PET
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Plastics recycling is mostly mechanical today, which is down-cycling…



Yoshida et al., Science 2016 
Austin et al., PNAS 2018

Designing enzymes 
for plastics upcycling
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What does PETase look like at the molecular level?

21Austin, Allen, Donohoe, Rorrer, Kearns et al., PNAS 2018



How does the PET polymer bind to PETase?

22Austin, Allen, Donohoe, Rorrer, Kearns et al., PNAS 2018



How does the PET polymer bind to PETase?

22Austin, Allen, Donohoe, Rorrer, Kearns et al., PNAS 2018



PETase assays on solid polymers

23Austin, Allen, Donohoe, Rorrer, Kearns et al., PNAS 2018



PETase assays on solid polymers

23Austin, Allen, Donohoe, Rorrer, Kearns et al., PNAS 2018



PETase does not digest PLA or PBS

24Austin, Allen, Donohoe, Rorrer, Kearns et al., PNAS 2018

Polybutylene 
succinate (as-
synthesized, 
buffer control, 
with PETase) 

Polylactic acid 
(as-synthesized, 
buffer control, 
with PETase) 



Bio-based semi-aromatic polyester

25

C&EN, 2016

Austin, Allen, Donohoe, Rorrer, Kearns et al., PNAS 2018



PETase digests PEF as well

26Austin, Allen, Donohoe, Rorrer, Kearns et al., PNAS 2018

Control PEF coupon PEF coupon treated w/ 
PETase!

PEF coupon treated w/ 
double mutant PETase!



What’s next for PET bioconversion?

27

Directed evolution of PETase enzymes

Bloom and Arnold, PNAS 2009
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Bloom and Arnold, PNAS 2009

Prospecting for hyperthermophilic PETases
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Designing microbes 
for plastics upcycling



Microbial PET degradation is within sight now

29

LJ041

KT2440



Microbial PET degradation is within sight now
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LJ041

KT2440



Hybrid chemical and 
biological processing



Using chemistry to breakdown PET faster
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Collaboration with Greg 
Breyta and Bob Allen, IBM

“give biology a hand”

O

O
O

O

N HO
R
OH+

Gas Liquid

O

O
R
OH

O

O
R

HO + OH
HO + N HO

R
OH+



Now the PET breakdown product is the biological substrate

32



Challenge 2: What do we do with the breakdown products of plastics?

33

Concept of 
plastics upcycling



Exemplary upcycled products – high-strength composites

34

rPET + bio-based monomers enable 57% reduction in supply chain energy, 40% GHG 
emissions reduction for composites manufacturing and a ~5x value addition to rPET

Image from the Guardian



What else can we do with the depolymerization product?

35Rorrer et al. in preparation

Biological 
Conversion 

Catalytic  
Transformation 

Polymerizations 

PET 
Monomers 

O

O

O

O

PET 
Oligomers HO

O

O

O

O
R
OH

O

O
O

O

Composite Precursors 

OH

O
HO

R
OH

Amine Precursors 
NH2

H2N

N
N

Diol Precursor 

HO
OH

Commodity Precursors 

O

O
O

O
O

O
O

OR

R
R

R

R

R

UPE and VE  
Composites 

O

OO
O

O

O
O

O

O

O

Biodegradable PET 
Alternative 

O

O

O

N
H H

N

Kevlar Like Material  Polycarbonate Alternative 
 or Other Precursors 

O
O

O

O O

PBKAT 



Challenge 3: Can we make plastics recyclable-by-design?
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Co-design for material performance and end-of-life catalytic processing



Poly(butylene β-ketoadipate-co-terephthalate), PßKAT
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PßKAT predicted to last ~6 y in the environment relative to 450 y for PET 
PßKAT is likely more inherently chemically recyclable — ongoing work



Comparison to existing biodegradable plastic
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Comparison to existing biodegradable plastic
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PßKAT has similar properties to PET even at 10% ßKA loading

39Rorrer et al., in preparation 



PßKAT is more amenable to hydrolysis than PET
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Challenges and opportunities in the Circular Plastics Economy
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Recyclable-by-design
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– Nexus of synthesis science, catalysis 
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What plastics are the most energy and greenhouse gas intensive?
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The bioeconomy can let us rethink plastics from the bottom up



We can hunt for new biocatalysts…
Work from Rita Clare
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And new chemical catalysts too!
Work from Lucas Ellis



• Yuriy Román-Leshkov, MIT  
• Bob Allen, IBM  
• Billy Hart-Cooper, USDA 
• Adam Guss, ORNL 
• Bob Hettich, ORNL 
• Jen Dubois, MSU 
• Eugene Chen, CSU 
• Ken Houk, UCLA

Acknowledgements 

46



Let’s discuss!


