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Background — Epoxy thermosets and EolL treatment

t’; One type of plastic knowing for

its versatility and recyclability
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Weaken adhesive
bonds

Low melting point
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THERMOSETTING PLASTICS

A type of plastic which cannot be
remolded or recycled due to its
composite chemical structure
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- Know as a thermoset @ :ko%:{.

- polymer consisting of cross-linked
structure or heavily branched molecules.
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Strengths Heat resistance Hard and Rigid

— The compounds used
_,L in thermosets are

Lowinitial  reactive systems
viscosity

https://packagingeurope.com/features/how-new-solutions-for-recycling-thermoset-materials-are-providing-fresh-opportunities/8129.article
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Thermoplastics are considered to be a
favorable substitute for steel piping
- Insulating electrical cable (Low-pressure PE)

it can be used manufactured in a mold.
wide range of industries used and application
for automotive, appliance, electrical, lighting,

- Ropes and belts (Polyamide) gbp ::f::;,"c':’ and energy markets

- Electrical equipment (High-pressure PE)
Classified according to the Qy " " . —
"Resin Identification Code" (RIC) system Eé‘ﬁi No "Recycling Identification
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‘Global thermoset production in 2020: 42 million tonnes™®’
* much based on Epoxy resins
* most recycled thermoset, polyurethane (2 million tonnes annually) V-

"
https://packagingeurope.com/features/how-new-solutions-for-recycling-thermoset-materials-
are-providing-fresh-opportunities/8129.article O O
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Based on Product*

. Primary Recycling: reprocessing to same/similar products

*  Secondary Recycling: reprocessing to products with lower technical properties
*  Tertiary Recycling: recovery of chemicals

*  Quaternary Recycling: recovery of energy

Thermoplasts

Thermosets
*  Mechanically recovereable after * Pyrolysis to fuels and
careful sorting, hydrocarbon feedstock
* Polyester, polyamides and * Grind tofillers

polyureathane or depolymerized,
* Remaining polymers require harsh
uneconomical conditions

*Advanced Industrial and Engineering Polymer Research 4 (2021) 133-150
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Based on Process**

Mechanical Recycling

Gasification

=0 ./
Pyrolysis Solvent-based process

i T Y

Depolymerisation

**Companies are placing big bets on plastics recycling. Are the odds in
their favor? (acs.org)



https://cen.acs.org/environment/sustainability/Companies-placing-big-bets-plastics/98/i39
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“Fixed” polymer network MHojjo jﬁ v Applications of epoxy thermoset
 Epoxy cured with amine hardener N K(NOH 0 _ _ o
e  C-C/C-N/C-O bonds bu% * Transportation: train, aviation,
OH H .
f (roAN " automotive ...
0 ° * Electric Vehicles
Thermoset: Ly « Construction
low cost, * Electronics

good mechanical properties,
high specific strength,

super adhesiveness, Both the thermoset
good heat and solvent matrix and its
resistance . . .
application - facing
Non- increasing recycling
recyclable/reprocessable, demand and strict B
Flammable
’ ;i Aerospace standard CS 25.853 & FAR
Toxic smoke after ignition safety regulations P

25.853
Rail standard EN 45545
Electric vehicles UL2596 & UL94

W. Wu Klingler, A. Bifulco, C. Polisi, Z. Huang, S. Gaan, Composites Part B: Engineering (2023) 110667.

Shieh, P.; Zhang, W.; Husted, K. E. L.; Kristufek, S. L.; Xiong, B.; Lundberg, D. J.; Lem, J.; Veysset, D.; Sun, Y.; Nelson,

Ost Coffee Lecture - Wenyu Wu Klingler K. A.; et al. Nature 2020, 583 (7817), 542-547. 5



Introduction of “weak” bonds (CANs) with functionality - Phosphonated thermosets ‘ Empa
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Reprocessability of the Phosphonated thermosets
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Ost Coffee Lecture - Wenyu Wu Klingler Chemical Engineering Journal 466 (2023) 143051.

(a) Three-points bending, (b) FTIR, and (c) TGA results of the original and recycled EP-
TDPSD-6P samples, in addition to (d) the UV—-Vis light transmittance spectra of the

visually transparent plates
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Reprocessability of the Phosphonated thermosets

Rheological stress relaxation
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Chemical recycling work Undergoing

Transesterification induced network re-arrangement

N

Transesterification
Induced network
rearrangement

- —

Chemical Engineering Journal 466 (2023) 143051.
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Flame retardancy of the Phosphonated thermosets Fi
ire-safety

UL94 vertical burning test Heat release rate reduction Smoke release reduction
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Introduction of “weak” bonds (CANs) with functionality — simpler phosphonated thermosets

Flame retardant

moieties
1 HO o
o\

Covalent adaptable

g_Ep bonds

HO
,ofN—%
-EP

7\ VL’L"" *

Epoxy [ O//\O o o Hardener .

moieties moieties

§ : thermoset

Non-hydrolysable matrix

bonds

Flame retardant
moieties

Certain drawbacks of the bis H-phosphite system:
« difficult to synthesize,
*  60% yield,

* using solvent,

* not stable monomer

.

matrix

Epoxy
moieties
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§ : thermoset

easier chemistry,
more tunability,
higher yield,

Ideally neat reaction

O < Target to improve:
fo J—/ Hardener .
HO P X P /

o

Non-
hydrolysable
bonds
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Covalent adaptable
bonds

Hardener
moieties
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Simpler phosphite ‘ Empa
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One step synthesis using commercially available phosphite

Flame retardant

ot
moieties \ bonds
g 0/

0 _ o0 N—
O&R/A\D + HN._ NH, + H-P-0 ‘U .therr!loset HO
R o —> matrix \
DGEBA resin
or Hardener \,( Ao \ 7 Amine
Other epoxy resin ) Epoxy AL Hardener
Phosphites moieties Non-

hydrolysable

bonds Grinding
Flame retardancy 190 °C - 200 Reprocessing via
20 mins compresion molding
IPDA cured-3P DDM cured-3P

UL94 vo uL94 vo
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Unpublished work



Application on flax fiber reinforced vitrimer composite (FRPC)

Combining Flame retardancy and Reprocessability
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Unpublished work
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Compression molding

Recycled part
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Carboxylic ester based FR recyclable thermosets ‘ Empa

Synthesis pathway: O > Y W ‘; -
ﬁ\/o (t): ch Acetate
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Overall performance:

OH
Reprocessable Covalent E/\[O . i
g Epoxy adaptable bonds I g Flame-retardant
moieties HoUpIES
~ Y
/\/\ 3 \(\ ’\ Repairable
\.

7 ©/ © Citric acid

Flame retardant Hardener
moieties

Young's Modulus (GPa)

0- L
Blank EV ~ EVIADPPO  EVIADPPO
3p 3P
15 recycled

Mechanically Robust

Ost Coffee Lecture - Wenyu Wu Klingler Journal of Materials Science & Technology 196 (2024) 224-236

FR Vitrimer




Summary - Recydable / Flame retardant Covalent adaptable a%?;':slte o
F|a me reta rda nt m0|et|es bonds Epoxy bonds Lﬁ/\[
moieties
Epoxy Thermosets \ j\
and their application - t ¢
. ermose g
in FRPCs matrix /\(\ )\leﬁY \C
(0]
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ylic
Ep'oxy Non. Hardener / acid/anhydride
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Sustainable and

High functional ' } Material End

fire-safe _

3 i : Material in Use | of Life (Eol)
3 Fiber reinforced

- @ vitrimer

[ o )

3 g Reprocessable composites

§ < thermosets

=~ o

P hRepair ing I Mechanical

5 5 cycling

Zm 2
lll (@)

o

Thermochemical
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Conventional fiber
reinforced polymer
composite
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Thank you for your attention!



