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The future of plastics

High potential polyesters from biomass and CO2

gert-jan.gruter@avantium.com  
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A Fossil-Free World
For energy we have many alternatives 

but there are only three renewable 

carbon sources  available in this world…

…that enable a circular economy
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Accelerating the Transition



Where are we today ?
Some plastics facts & figures*

 2022 global plastics production: 400 Mt
 Excluding rubber (tyres), fibers (textiles, carpets), thermosets and recyclate

 5-6% of all oil → plastics

 2 Mt/yr bio-based (0.5%)

 8 Mt/year “leakage” of plastic waste into the environment

 3.5% averge demand growth per year

4GJ Gruter - Industrial Sustainable Chemistry

* https://ourworldindata.org/faq-on-plastics#how-much-plastic-and-waste-do-we-produce
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1 stadium fits 1 million 

ton plastic pellets
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From ~1.5 Gt CO2

5%
70%

2Gt

3Gt
7Gt

The carbon footprint 
of plastics

300
Coal 

plants

1500
Coal 

plants700
Coal 

plants

30%

70%
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Which molecules make (most) sense from Glucose and CO2 
(technologically and economically)
CF = ton glucose or CO2 per ton product @ 100% yield
*in some cases 2O from O2 is incorporated

glucose

CF =1.0 CF =1.2
CF = 2.1

CF =1.2

Bio: CF =3.2

CF =1.2CF =1.1CF =1.0

CF =1.0

CF =1.2

CF =1.6

CF =1.6

O=C=O

CO2: CF =3.7

Bio-pX: 4+4 CF=3.2; 6+2 CF=2.6
Bio-PTA 4+4 CF=2.2; 6+2 CF=1.6
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PET: Meeting the demand – The options 
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FDCA

C6-SugarsCrude oil

PTA bioMEGMEG

Today:
BioPET

20% Plants

Yesterday:
PET

100% Fossil

Tomorrow:
PEF

100% Plants

Bio-PTA



FDCA & PEF Resin
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Why PEF?
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100% 
Recyclable
Using same 
steps as PET

Shelf Life
Improvement 
Factor vs PET

Hot Fill / Hot Serve
12oC higher Tg 
than PET

GAS 
BARRIER

BIOBASED
RECYCLA-

BILITY

HEAT
RESISTANCE

MECHANICS

PEF

100% 
Biobased

Renewable 
material

Light-weighting
60% higher modulus and strength than PET

Trends in packaging:

• Sustainability

• Smaller servings

• Healthier drinks

• Cost reduction

O2 10x
CO2 6-10x 
H2O 3x< 300mL PEF bottles
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PEF as barrier layer in Carlsberg’s paper bottle

Making use of PEF barrier; Paper and PEF liner can both be recycled (no glue…); 
First commercial product launched @ events. 
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Feedstock - biorefining
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Biomass – Food, Materials & Energy

(Mixed sugars)

250 kg dry 

lignin per 

ton LC

480 kg glucose 

per ton LC

330 kg mixed 

sugars per 

ton LC

Pure Glucose is key starting point for most future 

monomers/polymers (>1Bnt/y)

50-70 kg 

extractables

Wood lignocellulose (LC):

https://www.google.nl/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0CAcQjRxqFQoTCIDzrpP42sgCFclZGgodvngB0w&url=https://public.ornl.gov/site/gallery/detail.cfm?id%3D265%26topic%3D53%26citation%3D%26general%3D%26restsection%3D&psig=AFQjCNGxIpV8TUiCCe4124JLBgZ2SEmfig&ust=1445770277218275


Bergius HCl – Leveraging 100 years of development

▪ 1916

Began development of industrial 

process of saccharification; Bergius 

process

▪ 1948-’59

Modified Rheinau process (with 

sugar fractionation) (12,000 ton/yr)

▪ 2013-today

Avantium develops Dawn Technology , and opens pilot 

biorefinery in the Netherlands (2018)

Commence Bergius Development

Technology needed in critical times

Leveraging technology development

Modern Deployment
Current critical times need modern technology deployment

Regensburg plant

Rheinau plant reactors

1900
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Cotton is also cellulose !
Can we recycle cotton or cotton/polyester blends ?
waste cotton/polyester police uniform polo’s
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TGA (A) and DTG (b) of blue postconsumer polycotton textile 
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Starting material analysis- TGA
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Experimental Data Model Cotton Polyester

Cotton/polyester

Label
63/38

NREL method
44/56

TGA
44/56
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PET

Cotton

Before hydrolysis After hydrolysis 
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Characterization PET after cotton hydrolysis

103 104 105
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 Before reaction

 After reaction

Differential molar mass distribution of PET fibers before and after acid 

hydrolysis.

Mn 

(kDa)

Mw 

(kDa)

PDI

Starting material 28.9 48.3 1.7

End material 22.3 41.7 1.9

GPC of PET from waste textile. 

• GPC: Minimal degradation of polyester after acid hydrolysis
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Glycolysis:

▪ catalyst

▪ 200°C, 4h

Recycling PET to BHET

After hydrolysis, before glycolysis
(PET)

After glycolysis
(BHET)
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Textile hydrolysis in Pilot Plant !

10mL → 1L (lab) → 200L (PP)

https://avantium-my.sharepoint.com/:v:/r/personal/matthijs_puijk_avantium_com/Documents/Videos/Clipchamp/Video%20Project/Exports/Textile%20reactor%20filling.mp4?csf=1&web=1&e=5mH2gY&nav=eyJwbGF5YmFja09wdGlvbnMiOnt9LCJyZWZlcnJhbEluZm8iOnsicmVmZXJyYWxBcHAiOiJTdHJlYW1XZWJBcHAiLCJyZWZlcnJhbFZpZXciOiJwb3N0cm9sbC1jb3B5bGluay0yIn19
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Avantium Volta Technology 
Combining cutting-edge technology with versatility

3 electrochemical development lines: CO2 to CO, formic acid, oxalic acid

Downstream products

Development

Deployment

Experimental 
Methods

Reactor 
Design

Chemical 
Process 

Optimization

Electrodes & 
Catalysts

+ H2 = Syngas

e-Fuels

Chemicals

Polymers

Ethylene

glycol

Hardware Electro-chemical 

conversions

fermentation

Proteins
Fatty acids
Lactic acid, ethanol
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• CO2 is well defined vs biomass feed stockDefined
• Multiple sources are possible- Biogenic and DAC are preferred 

for the long termAgnostic

• No competition with food/land use/deforestationCompetitive

• Electrons as a reagent; very high selectivityClean

• Technology allows “peak-shaving”Flexible
• One of the few technologies to turn CO2 into valuable products 

with the potential to enable carbon negative materialsValuable
• Scaling out electrochemical cell stacks dramatically reduces 

the risk of scale-upDe-risked
• Ability to address large markets (proteins, ethanol, chemicals, 

polymers and fuels)Potential

Benefits of 
CO2 
Reduction
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✓ CO2 to oxalic acid [HOOC-COOH]: 4 MWh/ ton oxalic acid. (€180/ton; electricity @ €0.05/kWh & 3V)

✓ CO2 to glycolic acid (w. green H2): [HOOC-CH2OH]: 9.5 MWh/ ton glycolic acid (€470/ton; electricity @ €0.05/kWh & 3V)

✓ CO2 to ethylene [C2H4]: 38 MWh/ ton ethylene. (€1720/ton; electricity @ €0.05/kWh & 3V)

         (producing 1 ton of H2 requires ~80MWh)

4e- (direct)
1 ton from 1 ton of CO2 @ 100% yield

H2C=CH2

8e- (direct) 
1 ton from 1.2 ton of CO2 @ 100% yield

1 ton from 3.7 ton 
of CO2 @ 100% yield

+2H+

+2H+

+2H2

direct

2-step

Which monomers from CO2 will be winning ?

+2H2

ethylene glycol

+2H2
synthetic 

biology

Monomers; proteins, etc

12 e-
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Demonstration at TRL5/6

Oxalic acid Glyoxylic acid

Formate

Ocean testing campaign 2022:
>1000 hours of operation at 
TRL6
First of a kind 1m high GDE 
electrochemical cell
34.6 kg of CO2 were converted 

• 20 ft containers
• 0.25 – 0.5 kg/h
• Cell size 0.2 m2

Titan Cement Greece

RWE Power
Niederaußem
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Bio-based polyesters
PLGA with high GA

Oxalic acid

30

glucose CO2

2H2

-H2O

Maria A. 
Murcia
Valderrama



90% GA potentially

90% CO2-based

Film thickness = 0.17 mm; 

Increased barrier to O2

and water vapor with 
increasing GA content   
(50, 60, 70, 80, 90%)

31

Murcia Valderrama, M.A. et al. 
ACS Appl. Polym. Mater 2020, 2, 2707-2718.    

Oxygen permeability (OP) and Water permeability (WP) for 
PLGA copolymers at 70% RH and 30 °C

50% GA + 50% LA

50/50 10/90
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GJ Gruter - Industrial Sustainable Chemistry

Biodegradability of PLGA

PLGA biodegradability in soil was determined under ambient conditions (25 °C)
Yue Wang

Working principle
Unit for high throughput biodegradability studies

Y. Wang et al., Polymers 2022, 14, 15
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PLGA Market Potential
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For PLGA: 
main target = PE replacement

Applications

▪ Packaging Film (barrier) – PE replacement (single-use)

▪ (paper) coating; replacing (multi-layer) PE film – with fantastic moisture/O2/odor barrier the 
PLGA layer can be very thin, (much) thinner than PE layer, ~0.15 mm

▪ Pill (barrier) bottles (discussions with Pfizer). Oxygen and moisture barrier critical. High prices 
can more easily be absorbed in high end drug packaging. Plastic use is becoming major concern 
for pharmaceutical companies. 

▪ Scrubs (biodegradability required)

▪ 3D printing

▪ Agro foils (biodegradability required)

▪ Disposable apparel 

▪ Medical textiles (single use, discussion w. AMC)

▪ ….
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Thesis Dolmans ITA, RWTH 2013

Re-use target thermal properties

120 140

ABS replacement target

NWO TA project with LEGO and Avantium – Rigid copolyesters for high performance applications (5 PhD’s)

https://www.google.nl/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=2ahUKEwj6rM2-k8bZAhVFZ1AKHfz-Dy0QjRx6BAgAEAY&url=https://g1000.nu/nwo-logo/&psig=AOvVaw2s0LwIMvoX2LglaSHlaogC&ust=1519822851753421
https://www.google.nl/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwiLx7mtsY3UAhXMa1AKHcszDJMQjRwIBw&url=https://www.festisite.nl/logo/lego/&psig=AFQjCNEVoKDC4c9IQeZVDL2WFKflC_JZRQ&ust=1495882120313299
http://www.google.nl/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=2ahUKEwjrmPOLlMbZAhWGZlAKHfHjDXoQjRx6BAgAEAY&url=http://www.uva.nl/profiel/h/e/s.f.j.heijboer/s.f.j.heijboer.html&psig=AOvVaw0PPmEnwTZQuYps8hUhmqrG&ust=1519823003457521
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Polymer Mn [kg/mol]
Tg 

[°C]
Polymer Mn [kg/mol] Tg [°C]

Poly(isosorbide glutarate)

41.0 (16.0)
52.4 

(28)

Poly(isomannide succinate)

28.3 (29.0) 82.3 (82)

Poly(isosorbide adipate)

29.4 (10.1)
34.6 

(20)

Poly(isomannide glutarate)

40.1 (11.0) 50.9 (37)

Poly(isosorbide-1,4-

cyclohexanedicarboxylate)

40.1 (18.3)
133.4(

128)

Poly(isomannide adipate)

30.2 (20.0) 35.3 (28)

Poly(isosorbide diglycolate)

22.3 (/) 83.0

Poly(isomannide-1,4-

cyclohexanedicarboxylate) 

32.6 (/) 133.5 

Poly(isosorbide thiodiglycolate)

16.9 (/) 57.0

Poly(isomannide diglycolate)

20.4 (/) 79.8

Easy one pot synthesis

Higher molecular weights than previous works (indicated in (brackets))



PET upcycling to PEIT:
Targeting Tg > 100 °C



38

)                           

38



Acknowledgements


	Slide 1
	Slide 2
	Slide 3
	Slide 4: Where are we today ? Some plastics facts & figures*
	Slide 5
	Slide 6
	Slide 7: Which molecules make (most) sense from Glucose and CO2  (technologically and economically) CF = ton glucose or CO2 per ton product @ 100% yield *in some cases 2O from O2 is incorporated
	Slide 8: Novel, sustainable polyesters
	Slide 9: PET: Meeting the demand – The options 
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14: Why PEF?
	Slide 15: PEF as barrier layer in Carlsberg’s paper bottle
	Slide 16: Feedstock - biorefining
	Slide 17
	Slide 18: Bergius HCl – Leveraging 100 years of development
	Slide 19: Cotton is also cellulose ! Can we recycle cotton or cotton/polyester blends ? waste cotton/polyester police uniform polo’s
	Slide 20: Starting material analysis- TGA
	Slide 21: TEM of polyester/cotton blends before and after cotton hydrolysis
	Slide 22: Characterization PET after cotton hydrolysis
	Slide 23: Recycling PET to BHET
	Slide 24: Textile hydrolysis in Pilot Plant !
	Slide 25: Feedstock – CO2
	Slide 26: Avantium Volta Technology 
	Slide 27: Benefits of CO2 Reduction
	Slide 28: Which monomers from CO2 will be winning ?
	Slide 29: Demonstration at TRL5/6
	Slide 30: Bio-based polyesters PLGA with high GA
	Slide 31
	Slide 32: Biodegradability of PLGA
	Slide 33: PLGA Market Potential
	Slide 34
	Slide 35
	Slide 36: Scope
	Slide 37
	Slide 38
	Slide 39: Acknowledgements

