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I nt ro d u Ct I O n Fluoropolymers (FPs) are indispensable industries due to their chemical resistance,
thermal stability, and durability but this same persistence turns into a major liability Fluorspar
once these materials reach their end of life:
* Only 0.81 kt of the 23.5 kt of FP waste collected was actually recycled; majority is lost 19 F =
* Landfilling and incineration fail to fully control fluorinated degradation products, may W 9 g—'
: : : o
actively promote PFAS formation, and permanently waste material (OECD report) = 3
. : o : )
S * Because fluorine chemistry depends on CaF, this is not simply a waste- © 2
management challenge; it is a feedstock security issue for a critical raw material =8 Tribolysis |zl
L _ _ —3
| (CRM) as fluoropolymers are produced from the CRM CaF, F-circularity by &=
\ * Hence, In TriFluorium we close this gap using tribochemical recycling technologies urban mining
@ t _ _ _ make use of
But how to quantify that those technologies are sustainable?
\_ /
M th d l Process Inputs Scenarios Considered
e O 0 O g y ° FluoropOlymer wa.:\s.te, fluoride A1) 100% yield, direct CO2 emission, with solvent, with washing;
Green Metrics scavenger, electricity for A2) no solvent; A3) no washing
: : ' A) Yield & process
Process performance evaluation using mass- and energy-based irlloEIEEEe, NZ'_HZO boundary P A4) no direct emissions, 3 kWh/kg electricity, no nitrogen (optimal)
indicators, using foreground experimental and stoichiometric data. (solvent & cleaning) A5) 50% yield, direct CO, emission, remainder treated as waste
Life Cycle Assessment (LCA) * Dual trapping agent: assumed (realistic)
« LCA framework: 1SO 14040/44; Su_|table for 1000 runs (n = 1000) B) Material B1) tribo setup 1, n = 1; B2) tribo setup 2, n =1; B3) tribo setup 2, n
 Functional unit: 1 kg of waste treated; Boundary: Gate-to-gate °T.r|bf)meter parts — assumed lifetime =10; B4) quench, n =100
* Included: Material & energy inputs, reactor operation, emissions, lifetime n =100 C) 100% yield; formation and substitution for ‘carbonated’ by-
C) By-product '
waste treatment, and product recovery products
* BaCkground data/LCIA: ecoinvent 3'"/ EF 3.1 PFOCGSS OUtpUtS D) Carbon black D) Substitution for carbon black
- - - ElIRenewable E) Usage of renewable ener
Products: inorganic fluoride, energy J gy
Iron scrap, carbon black Criticalit
. . Fiticall
Waste: municipal solid waste; y
wastewater average from In the assessment two methods were used to assess criticality
- - « CRM and SRM flows absolute masses tracked in across the life cycle of the process
Recycables reaction effluent and cleaning * Criticality weighting (developed in EU funded SH2E) was applied according to supply risk
Direct emissions: fossil CO2 and (SR;) , European consumption (c;), import reliance (IR;) and end-of-life recycling rates
evaporated water; potentially (EoLgr).
HFC gases —_ . . SR;
weighting value "A’ for aresourcei = X (1= IR, X (1 = EoLnn) /
4 N
Case Al AZ A3 AL A5 ; Opt. >cenarios A A2 ak s A5 il 82 83 84 ¢ D £ Criticality assessment - absolute mass per kg of PTFE treated
Full as before, CO2 Assnaz;lal, Reagents 0.4% | 0.4% | 0.4% |20.6% | 0.4% | 0.2% | 0.2% | 0.4% | 0.4% | 0.8% | 0.4% | 12% 100% ___
Description Rgg[\‘éi":;(i?’t?c;n nAossboelt,oer:t, Al;ili,s;c;;e' 1CE\I;VtIl:;Ifgd', CEQ::;:itoon' Best Case Unit Solvent 0.0% | 0.0% | 0.0% | 00% | 0.0% | 0.0% | 0.0% | 0.0% | 00% | 0.0% | 0.0% | 0.1% .
no nitrogen Waste Electricity 7.6% 45.8% 49.4%
Yield UL LIy L Lt 20 L % Tribo 1.1% 1.1% 1.1% 61.7% 1.1% 53.7% — 9.1% 1.1% 1.2% 1.2% 3.7% -
Fluoride recovery 100% 100% 100% 100% 50% 100% 7 ' ' ' ' ' ' ' ' ' ' ' 40%
Carbon Efficiency 0% 0% 0% 100% 0.00 100% 9 Trapping Agents | 0.3% | 0.3% | 0.3% |[18.0% | 0.3% | 02% | 02% | 03% | 3.2% | 0.3% | 0.3% | 0.4%
Atom E?nomy 67% 67% 67% 100% 33 100% o Waste 0.0% | 0.0% | 00% | 0.0% | 0.4% | 0.0% | 0.0% | 0.0% | 0.0% | 0.0% | 0.0% | 0.1% ZO%
Mole effi M i ] ) ) i i ] Direct Emissions | 0.5% | 0.5% | 0.5% | 0.0% | 05% | 0.2% | 03% | 05% | 05% | 0.0% | 0.0% | 13.6% o . e 81 o . .
oee E)Cency( 1% 67% 67% 100% 0% 100% % B .
E_Factor EF 2141 0.00 0.00 0.00 43.37 0.00 g/g Products -01% | -01% | -01% | -7.9% | -01% | -0.1% | -0.1% | -0.1% | -0.1% | -0.6% | -0.5% | -0.5% 20%
= . . . . . . M Coke B Manganese M Others W Nagative criticality (fluorspar as well as other supply chain CRMs)
Reaction Mass —
Intensity RMI 26.70 100 100 100 33.40 100 9/9 Criticality assessment - SH2E weighting
Reaction M 0 0 0 0 0 0 0 o 100%
Ef(faiiicelr(\)cny Rﬁ; 100% 100% 100% 100% 50% 100% % N o
P M 60%
Ir:'t":ne:itsy Pahjls 26.70 1.00 1.00 1.00 53.40 1.00 g/9 , -
P M 0 0 0 0 5 0 0 — 20% N I
Ef;i‘lic:::y paJE 4% 100% 100% 100% 2% 100% % 02 » - - ] - L
Mass Intensity M 1.00 1.00 1.00 0.00 2.00 1.00 o/g 0,015 = 2o
Solvent Intensity 25.70 0.00 0.00 0.00 51.39 0.00 a/g o -
e 25.70 0.00 0.00 0.00 51.39 0.00 o/g = oo
W t W t [ B Coke  HW Manganese m Nickel ®Others B Negative criticality (flruorspar direct and upstream
Intzzs?ty \7V\7Vr| 128.48 107.07 0.00 0.00 256.96 0.00 g/g n....-rﬂ""“'N'H_,__,_x,n-"-""Hﬁ...-v.-’t""v _:\bp_‘mnl.._‘: _f..;.'-n_““gf_ln -7 ;_-r-r-':‘"\'l'-Oth:. :._V_,ﬂ.e-'-'-o'u o | |
Waste Intensity 0.80 0.00 0.00 0.00 0.81 0.00 g /g — . —_ — — - Criticality assessment using and absolute values (top) amd SHZE method for treatment of PTFE (below)
Al . ' ' ' . ' Relative Cliamte Change 8table) and Single scores (bar chart) using normalization and weighting from
Process Energy the EF 3.1 LCIA method and ecoinvent 3.11
Intensity PEI P P oe 260 e o e « Coking coal showed highest criticality through
 Green metrics enable rapid process assessment, while LCA * LCA provides an overall picture, especially when steel, electricity and compressed-air supply
provides the full environmental picture and identifies the true comparlng_synthe5|s with emerging tech|_10log|es such chains o
impact drivers before Scale_up as tr|b0|.y5|$ (by—prOdUCtS, wear of materlalS) e CRM use exceeded recovery, giving a net mass
. - ", : : » Reagents contribute to 21% in most beneficial scenario result of 23.1 kg per kg fluoropolymer treated
GM is very sensitive to solvent and water intensity - Weighting contributions were 61% coking coal,
» Usage of tribopair and auxiliaries is not assessed (see LCA) * Main reduction potentials for tribolysis: lowering 30.2% manganese and 7% nickel
| | energy demand and extending equipment lifetime, not < | onger component lifetimes, lower electricity
 Takeaway for process design: mass an_dlenergy metrics _alone tell reagents or solvents demand and lower-criticality steel sourcing
yOU a process Is efficient, not whether it's actually sustainable . E[ectricity dominates impacts across most scenarios offer the greatest improvement potential
N\ J
: Green Metrics vs. LCA Method Realistic values: 500 kWh/kg Planetary Mill, i =
C O n C l u S I 0 n S 34 kWh/kg Twin Screw; 8-16 kWh/t Grinding gl oo [N o0
 Green Metrics are a fast screening tool: they provide rapid, intuitive feedback Sz ors [ o o] o
on process efficiency and help identify optimization opportunities without the complexity of a full LCA "o o (R f0% [658] foas
Design freedom Knowledge  LCA adds the system perspective: it revealed that electricity demand, largely overlooked as a single w012 (Y
process metric, dominates the environmental impact of tribolysis followed by the equipment itself st .
Sustainability of Tribolysis Process - e m.
01 Electricity is the main impact driver 03 Renewable energy alone is not enough
— Reducing energy demand is most relevant — Switching to renewables shifts impacts : e . DR
02 Equipment lifetime matters 04 Criticality comes from the tribometer setup
. — Short tribometer lifetimes increase impacts — Metals contribute to criticality burden v [ o ov 8
early stage final stage 021 020 M
Ti me— Minerals and \ 2R
Conversion for Pro Kunstoff (2020); OECD (2024); Yang et al., Nature (2025), 640, 100-106; Hattori et al., Nature Communications (2026), 669; Cunningham et al., Green Chemistry (2002), 4, 521-527; Cristobal-Garcia et al. (2016), JRC; Sala et al. ristals - A R

(2018), JRC; Bloomer et al. (2024); Arvidsson et al. (2024); Lucas et al., Green Chemistry (2024), 26, 9300-9309; Gehrmann et al., Chemosphere (2024), 365, 143403; SH2E project (2021), D3.1 Material Criticality Indicator. SPea""a"'sRa"k°°"e'a"°5°°°f'”'°ie";g;s) /

N = 711 chemical production proc
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