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1.1 Additional data for the main text
Supplementary Table S1 Timeline of PFAS regulations and adsorbent development
	Year/Interval
	Timeline event
	What happened (Summary)
	Ref.

	1938–1945 
	Commercial applications: Teflon
	Roy J. Plunkett at DuPont discovered PTFE in 1938; later commercialized under the Teflon™ brand.
	[1,2]

	1956
	Scotchgard
	3M introduced Scotchgard™ fabric protector to the textile market.
	[3]

	1960s (1966 patent)
	AFFF foam
	U.S. Naval Research Lab (with 3M) developed PFAS-based aqueous film-forming foams; 1966 patent and rapid adoption.
	[4]

	2000
	Phase-out of PFOS products
	EPA and 3M announced a voluntary phase-out of PFOS-related chemicals and products.
	[3,5]

	~early 2000s
	GAC for PFAS removal
	Early studies showed granular activated carbon effectively removes PFOS/PFOA and became a leading drinking-water technology.
	[6]

	~2008 onward
	Cation/Anion Exchange Resins (IX)
	Full-scale and column studies demonstrated strong PFAS removal by AER/IX, often complementing GAC.
	[7]

	2016
	Drinking-water health advisories (70 ng/L)
	EPA issued lifetime HAs for PFOA and PFOS (combined 70 ppt) for risk management by states and utilities.
	[8]

	2017
	β-Cyclodextrin polymer (CDP)
	Dichtel group reported β-CD polymer networks that efficiently sequester multiple anionic PFAS from water.
	[9]

	2016–2018
	Molecularly Imprinted Polymers (MIP)
	MIP templated with PFOA/PFOS showed selective removal performance in water.
	[10]

	2019–2020
	Hydrogels / Ionic fluorogels
	Fluorophilic–ionic porous hydrogel resins (“ionic fluorogels”) achieved high selectivity and throughput for mixed PFAS.
	[11,12]

	2019
	EPA PFAS Action Plan
	EPA released the PFAS Action Plan outlining monitoring, treatment, and regulatory pathways.
	[13]

	2020–2025
	Pretreatment + GAC/IX + high-end membranes/mixed bed
	ITRC/EPA guidance recommends source-dependent pretreatment and treatment trains (e.g., GAC/IX with NF/RO) for robust removal and cost control.
	[14,15]

	2020–2025
	Conductive/redox polymers
	Emerging electrochemical systems (e.g., redox-electrodialysis, electro-adsorption) target ultra-short to long-chain PFAS.
	[16]

	2022
	Updated health advisories for four PFAS
	EPA issued extremely low interim HAs for PFOA/PFOS (0.004/0.02 ppt) and final HAs for GenX/PFBS (10/2000 ppt).
	[8]

	2023
	Proposed NPDWR (six PFAS)
	EPA proposed national primary drinking-water rule: MCLs of 4 ppt for PFOA/PFOS; hazard-index approach for PFNA, PFHxS, GenX, PFBS.
	[17]





Supplementary Table S2 Comparison of PFOA adsorption performance in the reported literature (n = x)
	Adsorbent
	C0 (mM)
	qm(mmol g−1)
	teq (h)
	qdym(mmol g−1 h−1)
	Ref.

	Carbon
	GAC
	0.12
	0.39
	144
	2.7×10−1
	Yu et al.[18]

	
	
	0.29
	1
	36
	2.7×10−2
	Du et al.[19]

	
	PAC
	0.12
	0.67
	2
	0.34
	Yu et al.[18]

	
	
	1.69
	1.17
	3
	0.39
	Li et al.[20]

	
	CNT
	0.2
	0.006
	8
	8.1×10−4
	Li et al.[21]

	
	
	0.12
	0.32
	10
	3.2×10−2
	Li et al.[22]

	β-CD
	Crosslinked β-CD 
	0.03
	0.082
	13.5
	6×10−3
	Xiao et al.[23]

	
	TFH-β-CD
	2.41
	0.24
	0.5
	0.48
	klemes et al[24]

	
	NH2-β-CD
	0.48
	1.1
	48
	2.3×10−2
	Yang et al[25]

	
	β-CD-MIP
	1.2
	2.6
	3
	0.86
	Karoyo et al[26]

	
	Porous β-CD
	2.41
	0.002
	48
	5.1×10−5
	Wang et al[27]

	MIP
	Binary functional MIP
	0.014
	0.015
	30
	5.0×10−4
	Cao et al.[28]

	
	CMS-MIP
	0.08
	0.19
	1
	0.19
	Guo et al.[29]

	Hydrogel
	fluorinated hydrogels
	0.09
	0.23
	5
	0.046
	Huang et al. [30]

	
	NH2-PEGDA
	0.25
	0.11
	6
	0.009
	Huang et al.[31]

	
	F-PEGDA
	0.25
	0.02
	6
	0.001
	Huang et al.[31]

	
	F and NH2-PEGDA
	0.25
	0.11
	6
	0.009
	Huang et al.[31]

	
	carbon hydrogel
	2.4×10−4
	4.6×10−4
	24
	1.9×10−5
	Klaus et al. [32]

	Redox polymers
	P(TMPMA-co-TMA)
	0.86
	2.34
	5
	0.47
	Kim et al[33]

	
	PFMMA
	0.42
	0.84
	5
	0.17
	Medina[34]

	
	PFPMAm
	
	0.76
	
	0.15
	

	
	PVF
	
	0.56
	
	0.11
	

	
	PFcMA
	
	0.2
	
	0.04
	

	
	PMAECoPF6
	
	0.65
	
	0.13
	

	
	P(TMPMA-co-TMA)-g-CNT
	0.14
	1.75
	4
	0.43
	Yang et al. [35]


In this table, C0 refers to the initial concentration (mM); qm refers to the maximum adsorption amount (mmol g−1); teq refers to the equilibrium time (h); qdyn refers to the dynamic adsorption capacity (mmol g−1 h−1); qdyn = qm/teq; GAC refers to the granular activated carbon; PAC refers to the powdered activated carbon; CNT refers to the carbon nanotubes.


Supplementary Table S3 Comparison of Gen X adsorption performance in the reported literature (n = x)
	Adsorbent
	C0 (mM)
	qm (mmol g−1)
	teq (h)
	qdym  (mmol g−1 h−1)
	Ref.

	Carbonaceous sorbents
	GAC
	6.1×10−4
	3.27×10−3
	12
	2.72×10−4
	Tan et al.[36]

	
	
	0.152
	0.79
	20
	0.04
	Wang et al.[37]

	
	PAC
	6.1×10−4
	4.57×10−3
	1
	4.57×10−3
	Tan et al.[36]

	
	
	0.152
	0.79
	20
	0.04
	Wang et al.[37]

	β-CD
	Crosslinked β-CD
	3×10−3
	0.015
	2
	7.5×10−3
	Yang et al.[25]

	
	NH2-β-CD
	0.66
	0.73
	2
	0.37
	

	Hydrogel
	Ionic fluorogels
	0.144
	0.8
	21
	0.038
	Kumarasamy et al. [38] 

	
	Ionic fluorogels
	0.144
	0.81
	21
	0.038
	Manning [39]

	
	NH2-PEGDA
	0.183
	0.087
	6
	0.0145
	Huang et al.[31]

	
	F and NH2-PEGDA
	0.183
	0.099
	6
	0.0165
	Huang et al.[31]

	Redox polymers
	P(TMPMA-co-TMA)
	0.75
	1.43
	0.5
	2.86
	Medina et al.[40]


[bookmark: _Hlk210741444]In this table, C0 refers to the initial concentration (mM); qm refers to the maximum adsorption amount (mmol g−1); teq refers to the equilibrium time (h); qdyn refers to the dynamic adsorption capacity (mmol g−1 h−1); qdyn = qm/teq; GAC refers to the granular activated carbon; PAC refers to the powdered activated carbon; CNT refers to the carbon nanotube



Supplementary Table S4 Comparison of short-chain PFAS adsorption performance in the reported literature (n = x)
	Adsorbent
	C0 (mM)
	PFAS 
(C num.)
	Removal 
(%)
	teq 
(h)
	Basic quality characteristics of water
	Ref.

	Carbonaceous sorbents
	CNT
	1.6×10−6
	PFBA (C4)
	80
	N.A.
	pH = 7.1; COD = 5.24 mg L−1; DOC = 1.82 mg L−1; TN = 1.56 mg L−1 (drinking water plant water)
	Shi et al.[41]

	
	
	1.2×10−6
	PFBS (C4)
	80
	N.A.
	
	

	
	
	1.1×10−6
	PFHxA (C4)
	90
	N.A.
	
	

	
	
	9.6×10−7
	PFHxS (C6)
	90
	N.A.
	
	

	β-CD
	COFs-β-CD
	5.9×10−6
	PFBS (C4)
	37
	2
	TOC = 38.6 mg L−1; Cl− = 850 mg L−1; SO42− = 10100 mg L−1; Na+ = 5740 mg L−1; Ca2+ = 0.765 mg L−1; Total Cr = 0.755 mg L−1 (chrome plating wastewater)
	Wang et al.[42]

	
	
	2.3×10−5
	PFHxS (C6)
	55
	2
	
	

	Hydrogel
	Ionic fluorogels
	5.1×10−7
	PFHxA (C6)
	40
	48
	TOC = 3.4 mg L−1; Cl− = 56.47 mg L−1; SO42− = 101.10 mg L−1; NO3− = 4.23 mg L−1; Na+ = 50.33 mg L−1; Ca2+ = 36.61 mg L−1; Mg2+ = 8.9 mg L−1 (tap water)
	Huang et al.[30]

	
	
	
	PFHxA (C6)
	55
	48
	
	

	
	Ionic fluorogels
	4.6×10−6
	PFBA (C4)
	60
	2
	pH = 6.2; TOC = 1.3 mg L−1 (treatment plan effluent water)
	Kumarasamyet al.[38]

	
	
	3.8×10−6
	PFPeA (C5)
	87
	2
	
	

	
	
	3.2×10−6
	PFHxA (C6)
	90
	2
	
	

	
	Ionic fluorogels

	4.7×10−6
	PFBA (C4)
	58
	24
	pH = 5.34; TOC ≤ 0.5 mg L−1; conductivity = 180 uS cm−1 (filtered settled conventional water)
	Manning et al. [39]

	
	
	3.8×10−6
	PFPeA(C5)
	85
	24
	
	

	
	
	3.8×10−6
	PFHxA (C6)
	90
	24
	
	

	Redox polymers
	P(TMA-co-TMPMA-co-METAC)
	0.01
	PFPrA (C3)
	84
	24
	Cl− = 16.85 mM; SO42− = 6.82 mM; NO3− = 1.75 mM; HPO42− = 0.965 mM (secondary wastewater)
	Kim et al.[43]

	
	
	0.01
	TFA (C2)
	82
	24
	
	

	
	P(TMPMA-co-TMA)
	3×10−5
	PFHxA (C6)
	70
	6
	CBOD = 5.0 mg L−1; TSS− = 6.82 mg L−1; NO3−-N = 13 mg L−1; Phos-P = 0.6 mg L−1 (secondary wastewater)
	Santiago et al.[44]


In this table, TOC, total organic carbon; DOC, dissolved organic carbon; COD, chemical oxygen demand; TN, total nitrogen; CBOD, carbonaceous biochemical oxygen demand; TSS, total suspended solids;
2 LCA data
2.1 Synthesis of the polymer 
Firstly, 2,2,6,6-tetramethylpiperidin-4-ylmethacrylate (TMPMA, 4.69 g, 20.82 mmol), and 2,2'-Azobis(2-methylpropionitrile) (AIBN, 51.18 mg, 0.31 mmol) were dissolved in 1,4-Dioxane (50 mL) within a 250 mL of Schlenk flask. Then, the solution was degassed by the freeze-pump-thaw method for three cycles and sonicated for 30 minutes to disperse the solute evenly. Subsequently, the solution was heated at 65°C for 20 hours under N2 flow. The resulting substance was precipitated in hexane (300 mL) and centrifugated at 10,000 rpm for 30 min.
Electroactive polymers P(TMPMA-co-TMA) were synthesized via partial oxidation of PTMPMA to poly(4-methacryloyloxy-2,2,6,6-tetramethylpiperidin-1-oxyl) (PTMA) by using Hydrogen peroxide (H2O2). PTMPMA (weight of 63.40 mg, 0.28 mmol) was dissolved in THF (30 mL) and cooled in an ice bath, and then a solution of Hydrogen peroxide in THF (15 mL) was added slowly and stirred for 1 h. Finally, P(TMPMA-co-TMA) was obtained after being dried under reduced pressure. 
2.2 Substitution of TEMPMA-class monomer
2.2.1 Purpose and scope	Comment by 晨曦: 无2.2.2，此编号无必要
For life-cycle modeling of the polymerizable hindered-amine monomer, the foreground inventory for commercially referenced TEMPMA-class methacrylates is substituted with an explicitly specified route to 4-(methacryloyloxy)-2,2,6,6-tetramethylpiperidine (abbrev. 4-MO-TMP). The substitution targets the monomer production stage while preserving downstream polymerization and use-phase assumptions.[45] This choice ensures transparent stoichiometry, controllable unit-process boundaries, and consistent data quality for sensitivity analysis in the absence of uniform supplier LCIs for TEMPMA variants. The synthesis of TEMPMA Unit processes (U) included the following processes[46–54]: 
(1) U1. Synthesis of 2,2,6,6-tetramethylpiperidin-4-one (TMP).
Overall: . Inputs: acetone, ammonia, base (cat.), solvent (Org-1). Outputs: TMP, aqueous salts, Org-1 losses, process water.
(2) U2. Selective reduction to 4-hydroxy-TMP (4-HO-TMP).
Carbonyl reduction (e.g., NaBH₄ or catalytic hydrogenation) affords a secondary alcohol. Inputs: TMP, reductant or H2 + catalyst, solvent (Prot-1), quench water. Outputs: 4-HO-TMP, inorganic residues (e.g., borates), or spent catalyst, Prot-1 losses.
(3) U3. Preparation of methacryloyl chloride (or use of methacrylic anhydride, scenario S-Anh).
Route A: (cat. DMF, inhibitor present). Inputs: methacrylic acid, thionyl chloride, DMF (cat.), inhibitor (MEHQ), solvent (Org-2). Outputs: methacryloyl chloride (MAC), SO2/HCl off-gas (scrubbed), Org-2 losses. Route B (S-Anh): methacrylic anhydride used directly; no SO2/HCl formation.
(4) U4. O-acylation to 4-(methacryloyloxy)-TMP (4-MO-TMP). 
Schotten–Baumann-type esterification of 4-HO-TMP with MAC (or anhydride) under basic conditions (e.g., TEA or pyridine) with an inhibitor present. Inputs: 4-HO-TMP, MAC (or anhydride), base, solvent (Org-3), inhibitor. Outputs: 4-MO-TMP, Base·HCl salt (or carboxylate), aqueous washings, Org-3 losses.

2.3 LCA inventory

Supplementary Table S5 The amount of adsorbent required to treat 1m3 of water
	
	AC
	AER
	Polymer
	Ref.

	Adsorbent (kg)
	0.189
	1.647
	0.12
	[30,38,39,41,44,55]

	PFAS species
	PFOA/PFOS
	PFOA/PFOS
	PFHxA PFBS
	



Supplementary Table S6 Inventory data of raw materials and energy required for polymer synthesis
	Step
	Flow
	Flow category
	Role
	Unit
	Min
	Max
	Notes

	S1 Polymerization
	TMPMA
	Material
	Monomer
	g
	170
	170
	Batch-defining input; equals monomer charge

	
	AIBN
	Material
	Initiator
	g
	0.9
	0.9
	N/A.

	
	1,4-Dioxane
	Material
	Solvent
	g
	100
	300
	Specify solvent recovery fraction (e.g., 0.8–0.95)

	
	Liquid nitrogen (purge/inert)
	Utility
	Inerting
	L
	1
	1.8
	Optional purge; density-based mass conversion if needed

	
	Electricity (thermal/hydrothermal)
	Energy
	Electricity
	kWh
	0.6
	1.2
	Agitation/heating/cooling as applicable

	S2 Oxidation
	Tetrahydrofuran (THF)
	Material
	Solvent
	g
	100
	162
	Specify solvent recovery fraction (e.g., 0.8–0.95)

	
	Hydrogen peroxide (H2O2)
	Material
	Oxidant
	g
	5.91
	33.49
	Assume concentration (e.g., 30 wt%) 



[bookmark: _GoBack]Supplementary Table S7 Midpoint impact categories and related indicators
	Midpoint impact category
	Characterization factors
	Unit

	Global warming
	Global warming potential (GWP)
	kg CO2 eq

	Stratospheric ozone depletion
	Ozone depletion potential (ODP)
	kg CFC11 eq

	Ionizing radiation
	Ionising radiation potential (IRP)
	kBq Co-60

	Ozone formation, Human health
	Ozone formation potential: humans (HOFP)
	kg NOx eq

	Fine particulate matter formation
	Particulate matter formation potential (PMFP)
	kg PM2.5 eq

	Ozone formation, Terrestrial ecosystems
	Ozone formation potential: ecosystems (EOFP)
	kg NOx eq

	Terrestrial acidification
	Terrestrial acidification potential (TAP)
	kg SO2 eq

	Freshwater eutrophication
	Freshwater eutrophication potential (FEP)
	kg P eq

	Marine eutrophication
	Marine eutrophication potential (MEP)
	kg N eq

	Terrestrial ecotoxicity
	Terrestrial ecotoxicity potential (TETP)
	kg 1,4-DCB

	Freshwater ecotoxicity
	Freshwater ecotoxicity potential (FETP)
	kg 1,4-DCB

	Marine ecotoxicity
	Marine ecotoxicity potential (METP)
	kg 1,4-DCB

	Human carcinogenic toxicity
	Human toxicity potential (HTPc)
	kg 1,4-DCB

	Human non-carcinogenic toxicity
	Human toxicity potential (HTPnc)
	kg 1,4-DCB

	Land use
	Agricultural land occupation potential (LOP)
	m2a crop eq
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