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Presentation Outline

• Introduction

• Recycling pathways

• New chemical pathways

– Covalent Adaptive Networks (CAN’s)

• Vitrimers

• Commercial materials

– Mallinda, Vitrimax (vitrimer composites)

– Recyclamine®
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Conventional View
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New Thinking on Thermoset End-of-Life

Recent advances have enabled the “deconstruction” of cured thermoset 

networks

• Vitrimers (covalent adaptive networks)

• Dynamic covalent bonds

• Cleavable linkages in hardeners
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Recycling Pathways

POLYMER REVIEWS 2020, VOL. 60, NO. 2, 359-388 https://doi.org/10.1080/15583724.2019.1673406 

Thermoset TOPCON 2024 5

https://doi.org/10.1080/15583724.2019.1673406


High Level Chemical Pathways

POLYMER REVIEWS 2020, VOL. 60, NO. 2, 359-388 https://doi.org/10.1080/15583724.2019.1673406 
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Molecular Mechanisms – Recyclable Thermosets

POLYMER REVIEWS 2020, VOL. 60, NO. 2, 359-388 https://doi.org/10.1080/15583724.2019.1673406 

Recyclamine

®

Vitrimers

Acetal Linkage
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New Nomenclature

• Covalent Adaptive Network (CAN)

• Dynamic Covalent Network (DCN)

• Reversible covalent bond containing polymers (RCBP)

• Vitrimers

– New term, Tv

• Tv is the topology freezing transition temperature 

(Liebler, 2011)

– Chosen as the point where the viscosity reaches 1012 Pa-s
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What is a Vitrimer?

• First discovered by Prof. Ludwik Leibler (Ecole Superieure de 
Physique et Chimie Industrielles, Paris France)

• First paper published in SCIENCE in November 2011

• Polymerized epoxy (DGEBA) with a mixture of dicarboxylic and 
tricarboxylic acids

• The free –OH group acted as a nucleophile for the 
transesterification reaction (covalent adaptable network linkage)

• Transesterification led to an unusual change in the viscoelastic 
response at elevated temperatures (Tv)

• At elevated temperatures the viscosity was like vitreous silica, 
hence he coined the term “vitrimer”

www.sciencemag.org SCIENCE vol 334 18 November 2011
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Vitrimer Approach

Common associative covalent adaptive networks 

(CAN)

• Transesterification (hydroxyl groups)

• Tranamination (amine groups)

• Disulfide exchange (sulfur groups)
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Covalent Adaptive Network (CAN)

• Two types of CAN’s
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Dissociative Covalent Adaptive Networks

Reversible Diels Alder

• After curing, the network is stable at lower temperatures, at higher 

temperatures the reverse (or retro) Diels Alder reaction can occur

• Very rapid drop in viscosity due to transition to smaller molecules 

• When the temperature is lowered, the Diels Alder cycloaddition 

reverts (mostly) to the structure on the right

Image source: Alabiso, W., and Schlogl, S., Polymers 2020, 12, 1660, http://dx.doi.org/10.3390/polym12081660
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Associative Covalent Adaptive Networks

• Vitrimers have associative CAN’s

• Transesterification reaction via –OH nucleophile

• Some systems require catalyst (zinc (AcAc)2), newer 
vitrimers are catalyst free

• Reversible with temperature allowing for processing 

Ester group

Hydroxyl group

Denissen,W.; Winne, J.M.; Du Prez, F.E. Vitrimers: Permanent 

organic networks with glass-like fluidity. Chem. Sci. 2016, 7, 30–38.

Thermoset TOPCON 2024 13



Vitrimer Processing for Re-use

www.sciencemag.org SCIENCE vol 334 18 November 2011

DGEBA/anhydride 

with 10 mole%  

Zn(AcAc)2

DGEBA/COOH with 5 

mole%  Zn(Ac)2
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Tg versus Tv - Elastomer
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Denissen,W.; Winne, J.M.; Du Prez, F.E. Vitrimers: Permanent organic networks 

with glass-like fluidity. Chem. Sci. 2016, 7, 30–38.
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Tg versus Tv – High Tg Thermoset

• Tv is the topology freezing transition temperature 

(Liebler, 2011)

– Chosen as the point where the viscosity reaches 1012 Pa-s

Denissen,W.; Winne, J.M.; Du Prez, F.E. Vitrimers: Permanent organic networks 

with glass-like fluidity. Chem. Sci. 2016, 7, 30–38.
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Viscosity Behavior Like Vitreous Silica
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Polystyrene 

(thermoplastic)

Vitrimers with 

associative CAN’s

Increasing temperature

Denissen,W.; Winne, J.M.; Du Prez, F.E. Vitrimers: Permanent organic networks with 

glass-like fluidity. Chem. Sci. 2016, 7, 30–38.



Definition of Vitrimer

• Organic network of covalently bound chains with potential for 

high Tg’s

• Thermally-induced topology rearrangement via associative 

exchange reactions (dynamic covalent network)

• At high temperatures (above Tv), the viscosity is controlled by 

the kinetics of the associative chemical exchange reactions

–  Viscosity decrease follows the Arrhenius law 

– Typically observed in vitreous silica

• Permanent networks with insolubility and cross-link density is 

constant at all temperatures up to degradation

Denissen,W.; Winne, J.M.; Du Prez, F.E. Vitrimers: Permanent organic networks 

with glass-like fluidity. Chem. Sci. 2016, 7, 30–38.
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Vitrimer Processing Example

Fully cured vitrimer 

network/composite

Process above Tv 
to enable 
associative CAN’s

Mold time 

depends on the 

viscosity profile 

due to the  

associative CAN’s

Process image from www.mallinda.com 
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Mallinda Composites

Chemistry reference: Taynton, et. al., Adv. Materials, 2014, p.1  https://doi.org/10.1002/adma.201400317 

Images from:  https://mallinda.com/wp-content/uploads/2021/10/what-are-vitrimers-presentation-

2021.pdf 

VITRIMAX  represents a new platform chemistry based on dynamically 

exchangeable imine-linked polymer networks.
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Mallinda Vitrimax Resin Systems

https://mallinda.com/wp-content/uploads/2021/10/what-are-vitrimers-presentation-2021.pdf 

• Crosslinked vitrimer 

composites have similar 

properties to 

conventional 

thermosets

• Vitrimer composites can 

be reprocessed after 

cure

• Cured Mallinda vitrimer 

resin can be 

depolymerized using 

chemical precursors to 

the base resin

• Allows re-use of both 

resin and fiber
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Incorporation of Chemically Degradable 

Linkage

POLYMER REVIEWS 2020, VOL. 60, NO. 2, 359-388 https://doi.org/10.1080/15583724.2019.1673406
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Recyclamine Schematic

Source: www.recyclamine.com/recyclamine-technology 
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Recyclamine® Chemistry Examples

Dubey et. al., Recyclamine® – Novel Amine Building Blocks for a Sustainable 

World, SAMPE neXus Proceedings. Virtual Event, June 29 – July 1, 2021. Society 

for the Advancement of Material and Process Engineering – North America. 

Degradable Acetal Linkage
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Recyclamine Examples

Dubey et. al., Recyclamine® – Novel Amine Building Blocks for a Sustainable World, SAMPE 

neXus Proceedings. Virtual Event, June 29 – July 1, 2021. Society for the Advancement of 

Material and Process Engineering – North America. 
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Recyclamine Examples

Dubey et. al., Recyclamine® – Novel Amine Building Blocks for a 

Sustainable World, SAMPE neXus Proceedings. Virtual Event, June 29 – 

July 1, 2021. Society for the Advancement of Material and Process 

Engineering – North America. 
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Recycling Process

Dubey et. al., Recyclamine® – Novel Amine Building Blocks for a Sustainable World, SAMPE 

neXus Proceedings. Virtual Event, June 29 – July 1, 2021. Society for the Advancement of 

Material and Process Engineering – North America. 

• Composite immersed in acidic solution for 2 hours at 80-90°C

• Degrade the acetal linkage in the hardener

• Recover both resin and fiber
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Recycling Process
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Dubey et. al., Recyclamine® – Novel Amine Building Blocks for a Sustainable World, SAMPE 

neXus Proceedings. Virtual Event, June 29 – July 1, 2021. Society for the Advancement of 

Material and Process Engineering – North America. 

Molded from recovered thermoplastic



Carbon Fiber Reinforced Composite

Rahman et al., Cell Reports Physical Science 4, 101695 December 20, 2023. 

https://doi.org/10.1016/j.xcrp.2023.101695 
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Thermoset End-of-Life: Summary

• Several options emerging

• Vitrimers allow for re-use

– Fully crosslinked with tailorable mechanical and cured properties

– Grind cured resin and re-mold

– Reprocess FRP composites

– Some vitrimer chemistries allow for dissolution and recovery of 

starting resin

• Resin systems incorporating cleavable linkages allow for 

recovery of resin and reinforcements

– Recyclamine®

– Vitrimax

• Active R&D programs ongoing, expect further innovations
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Contact Info

Dr. Jeff Gotro

InnoCentrix, LLC

22431 Antonio Parkway

Suite B160-515

Rancho Santa Margarita, CA 92688

949-635-6916 (office)

jgotro@innocentrix.com

www.innocentrix.com

www.polymerinnovationblog.com 
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