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Table S1. Persistent BCs in the effluents of wastewater·d^-1rinking water treatment 
	[bookmark: _Hlk157181507][bookmark: _Hlk157181526]Major type of BCs
	Dominant BCs

	Wastewater treatment effluent

	Potential human pathogenic bacteria  
[1-10]
[image: ]
	Phylum level
	Genus level

	
	Proteobacteria
	[bookmark: _Hlk134734820]Arcobacter, Acinetobacter, Shewanella, Serratia, Aeromonas, Pseudomonas, Haemophilus, Legionella, Vibrio, Campylobacter, Salmonella, Shigella, Yersinia, Roseomonas, Burkholderia, Escherichia, Plesiomonas, Klebsiella, Enterobacter, Enterococcus, Stenotrophomonas, Luteimonas, Pseudoxanthomonas, Coxiella, Piscirickettsia

	
	Bacteroidetes
	Flavobacterium, Chryseobacterium, Prevotella

	
	Actinobacteria
	Mycobacterium, Gordonia

	
	Spirochaetes
	Leptospira, Treponema

	
	Firmicutes
	Clostridium, Streptococcus, Blautia

	
	Synergistes
	Synergistaceae

	Waterborne human pathogenic virus [11-19]
[image: ]
	Family level
	Genus level (subgenus or species level)

	
	Adenoviridae
	Adenoviruses, astroviruses

	
	Caliciviridae
	Noroviridae (Norovirus GI, GII and GIV, sapovirus)

	
	Picornaviridae
	Enteroviruses (echoviruses, polioviruses, hepatitis A virus and coxsackieviruses), Kobuvirus (Aichi virus 1)

	
	Hepeviridae
	[bookmark: _Hlk132388238]Orthohepevirus (hepatitis E virus), Cytomegalovirus, Lymphocryptovirus (Epstein-Barr virus)

	
	Reoviridae
	Rotaviruses

	
	Coronaviridae
	Cosavirus (Human coronavirus), Betacoronavirus (SARS-CoV-2)

	Human pathogenic fungi [20, 21]
[image: ]
	Phylum level
	Genus level

	
	Zoopagomycota
	Olpidium, Mucor

	
	[bookmark: _Hlk135060483]Ascomycota
	[bookmark: _Hlk135063671]Paecilomyces, Aspergillus, Penicillium, Phyllosticta, Fusarium, Sporothrix

	
	[bookmark: _Hlk135060468]Basidiomycota
	[bookmark: _Hlk135063686]Rhodotorula, Candida, Cryptococcus

	
	Chytridiomycota
	Synchytrium

	Human pathogenic protozoa (genus level) [22-26]
[image: ]
	Acanthamoeba, Giardia, Cryptosporidium, Entamoeba, Blastocystis, Naegleria, Endolimax, Entamoeba, Enterobius, Iodamoeba

	ARGs 
[9, 27-32]
[image: ]
	Type
	Subtype

	
	MLS
	ereA, ereD, ermB, ermF, lnuD, lnuE, lnuG, lsaE, macB, mefA, mphB, mphD, mphE, mphF, mphG, mphN, msrB, msrE…

	
	Aminoglycoside
	aac(6')-Ib, aac(6')-Iia, aadA, aadA2, aadA5, aadA6, aadA13, aadA14, aadA16, aadS, ant(2'')-Ia, ant(3'')-IIa, ant(3'')-IIc, aph(3')-Ia, aph(3'')-Ib, aph(6)-Id…

	
	Sulfonamide 
	sul2, sul1, sul3, sul4…

	
	Tetracycline 
	tet35, tet39, tet36, tetA, tetA(P), tetC, tetE, tetG, tetH, tetL, tetM, tetO, tetQ, tetW…

	
	β-lactam 
	blaAER-1, blaBEL-2, blaCAU-1, blaCARB-12, blaCARB-16, cfxA2, cfxA3, cfxA3, cfxA6, class A beta-lactamase, blaGES-1, blaGES-2, blaGES-15, blaIMP-9, blaIMP-19, blaMCA, blaOXA-1, blaOXA-10, blaOXA-129, blaOXA-13, blaOXA-20, blaOXA-21, blaOXA-211, blaOXA-212, blaOXA-226, blaOXA-296, blaOXA-3, blaOXA-309, blaOXA-333, blaOXA-334, blaOXA-464, blaPAU-1, blaPER-1, blaPER-6, blaRCP-1, blaRCP-1, blaRSC1, blaTEM-1, blaVEB-3…

	
	Multidrug 
	aacA2, acr, adeB, adeG, adeJ, adeK, cpxR, crp, emrA, emrE, mexB, mexF, mexK, mexT, mdtB, mdtC, mdtK, multidrug efflux protein, multidrug transporter, msbA, muxB, oprM, qacEdelta1…

	
	Bacitracin 
	bacA, bcrB, bcrC, undecaprenol kinase, undecaprenyl-diphosphatase…

	
	Quinolone 
	abaQ, qnrA, qnrB, qnrS, qnrS2…

	MGEs 
[9, 27-32]
[image: ]
	Transposase 
	IS1, IS110, IS1182, IS1592, IS1595, IS1634, IS2, IS200/IS605, IS21, IS256, IS26, IS3, IS30, IS4, IS481, IS5, IS6, IS605, IS6100, IS630, IS66, IS91, IS982, ISBbi1, ISCR1, ISEnca1, ISKpn19, ISL3, ISPa14, ISPa25, ISSko1, IstB, ISUnCu17, ISVsa5, InsA, InsO, Tn3, TnAs1, TniA, TniB, TniC, TniQ, TnpA, TnpB, TnpR, TnpV, TnpW, TnsA, TnsD, TnsE, Tn1403, Mu transposase…

	
	Integrase 
	Integrase, IntI, IntI1, IntI2, phage integrase, site-specific integrase, YoeC…

	Intracellular pathogens and their parasite
(genus level) [33] 
[image: ]
	Legionella – Rhogostoma, Cochliopodium, Amoeba, Naegleria, Fisculla, Rhogostoma, Thecofilosea, Echinamoeba, ...
Pseudomonas – SBB
Aeromonas – Goniomonas, Cyclidium, Bodo, …
Arcobacter – Acanthamoeba, …
Flavobacterium – Sappinia, Ichthyophthirius, Alexandrium, Gyrodinium, ...
Hydrogenophaga – Paramecium, ...
Sphingomonas – Saccamoeba, ...
Pedobacter – Sappinia, ...
Acidovorax – Naegleria, ...
Rickettsiaceae – Nuclearia, Paramecium, Pseudomicrothorax, Spirostomum, Trachydiscus, Rhogostoma, Carteria, Pleodorina, Euplotes, Ichtyophthirius, Hydra, Euplotes, Spirostomum, Diophrys, Colpidium, Pleodorina, Carteria, Volvox, Mesostigma, Hyalodiscus, metazoans, Acanthamoeba, Eutreptiella, Peranema, Petalomonas, Stachyamoeba, Rhogostoma, Spirostomum, ...
Variovorax – Saccamoeba, ...
Microcystis – Penardochlamys, Ochromonas, ...
Synechococcus – Fursenkoina, Globigerina, Dictyocoryne, ...
Devosia – Euplotes, ...
Stenotrophomonas – Noctiluca, Acanthamoeba, Dictyostelium, Naegleria, …
Serratia – Ochromonas, Tetrahymena, Chilodonella, ...
Mycobacterium –Acanthamoeba, Echinamoeba, ...

	Drinking water treatment effluent or tap water

	[bookmark: _Hlk134732901]Potential human pathogenic bacteria [34-37]
	Phylum level
	Genus level

	
	Proteobacteria
	Acinetobacter, Escherichia, Legionella, Pseudomonas, Salmonella, Campylobacter, Francisella, Shigella, Vibrio, Burkholderia, Enterococcus

	
	Actinobacteria
	Mycobacterium

	
	Sphingobacteria
	Sphingomonas

	
	Bacteroidetes
	Chryseobacterium, unclassified (Bacteroidales-like HumM2, Bacteroidales-like Cow M3, Human Bacteroides HF183)

	Waterborne human pathogenic virus [38-43]
	Family level
	Genus level (subgenus or species level)

	
	Adenoviridae
	Adenoviruses (group A, C, D, F), astroviruses

	
	Caliciviridae
	Noroviridae (Norovirus GI, GII, sapovirus)

	
	Picornaviridae
	Enteroviruses (echoviruses, polioviruses, hepatitis A virus, Parechoviruses)

	
	Hepeviridae
	Orthohepevirus (hepatitis E virus)

	
	Reoviridae
	Rotaviruses

	Human pathogenic fungi [44-46]

	Phylum level
	Genus level

	
	Ascomycota
	Aspergillus, Fusarium, Sporothrix

	
	Basidiomycota
	Rhodotorula, Candida, Cryptococcus

	Human pathogenic protozoa (genus level)
[25, 38, 42, 47]
	Giardia, Cryptosporidium, Acanthamoeba, Entamoeba, Naegleria, Cyclospora

	ARGs 
[34, 48-50]

	Type
	Subtype

	
	MLS
	ereA, ereB, erm(38), erm(TR), ermA, ermB, ermF, ermG, ermX, lnuB, macA, macB, mefA, mphA, mphB, vatB, vatG…

	
	Aminoglycoside
	aac(2')-I, aac(3)-II, aac(6')-31, aac(6')-I, aac(6')-II, aad(6), aadA, aadB, aadE, ant(2'')-I, ant(3'')-Ih-aac(6')-IId, ant(9)-I, aph(2'')-Ie, aph(2'')-IV, aph(3')-I, aph(3'')-I, aph(3''')-III, aph(6)-I…

	
	Sulfonamide 
	sul1, sul2, sul3…

	
	Tetracycline 
	tet39, tetA, tetM, tetO, tetP, tetracycline resistance protein-encoding gene, tetX…

	
	β-lactam 
	class A beta-lactamase-encoding gene, class B beta-lactamase-encoding gene, class C beta-lactamase-encoding gene, metallo-beta-lactamase-encoding gene, blaFOX-5, blaOXA-12, blaOXA-21, blaOXA-247, blaOXA-3, blaOXA-54, blaVEB-1, blaVEB-3, blaOXA-163…

	
	Multidrug 
	acrA, acrB, acrF, adeB, adeC, adeJ, adeK, amrB, bcr, bpeF, ceoB, cmeB, emrA, emrB, EmrB-QacA family major facilitator transporter-encoding gene, emrD, emrE, MFS transporter-encoding gene, marR, mdfA, mdtA, mdtB, mdtC, mdtD, mdtE, mdtF, mdtG, mdtH, mdtK, mdtL, mdtM, mdtN, mdtO, mexA, mexB, mexC, mexD, mexE, mexF, mexI, mexT, mexW, mexX, mexY, ABC transporter-encoding gene, multidrug transporter-encoding gene, omp36, ompF, ompR, opmD, oprA, oprC, oprJ, oprM, oprN, pmrA, sdeY, smeB, smeE, tolC…

	MGEs
[34, 48-50]
	Bacitracin 
	bacA, bcrA...

	
	Transposase 
	TnpA-02, TnpA-03, TnpA-04, TnpA-05, IS613…

	
	Intergron 
	Integrase, IntI, IntI1, IntI2…

	Intracellular pathogens and their parasite
(genus level) [51-53]
	Legionella - Acanthamoeba, Hartmanella, Naegleria, Echinamoeba, Neoparamoeba, ...
Mycobacterium - Acanthamoeba, Vermamoeba, Phreatobacter, ...
Microbacterium -Acanthamoeba, Vermamoeba, Phreatobacter, ...
Escherichia - Acanthamoeba, Tetrahymena, ...
Enterobacter - Acanthamoeba, Tetrahymena, ...
Aureimonas - Acanthamoeba, Vermamoeba, Phreatobacter, ...
Rhizozobium - Acanthamoeba, Vermamoeba, Phreatobacter, ...
Pseudomonas - Acanthamoeba, ...
Francisella - Tetrahymena, ...


[bookmark: _Hlk135683117]


Table S2. The prevalence of VBNC in the wastewater drinking water treatment system
	
	Detection methods
	Bacterial concentration in the influent
	VBNC concentration in the effluent
	Treatment
	Dosage of the disinfectants
	Treatment time
	Enrichment factor 

	Ref. 

	Wastewater

	Bacillus atrophaeus endospores
	Cultivation method
	About 106 CFU·mL-1
	Not detected 
	Electrochemical oxidation 
(lab scale)
	Current density 10 mA·cm-2
	40 min
	---
	[54]

	E. coli HM016
	Flow cytometry
	3.60×107 CFU·mL-1
	4.53×101 CFU·mL-1
	NaClO
(full-scale)
	3-8 mg·L-1 residual chlorine
	60 min
	---
	[55]

	E. coli HM016
	Flow cytometry
	3.60×107 CFU·mL-1
	1.51×107-6.66 × 106 cells·mL-1
	UV irrdiation
(full-scale)
	30-40 mJ·cm-2
	---
	---
	[55]

	E. coli
	Cultivation method and qPCR
	5.26-5.57 log cells·mL-1
	3.97-5.25 log cells·mL-1
	Biological treatment  NaClO 
(full-scale)
	0.30-1.99 mg·L-1 residual chlorine
	--- 
	6.01-9.05 log in municipal pipe network/effluent
	[56]

	E. coli K12
	Propidium monoazide-qPCR
	1.05-3.06 log CFU/10 mL
	0-0.41 log CFU/10 mL
	Chlorine disinfection 
(full-scale)
	2 mg·L-1
	---
	---
	[57]

	E. coli K12
	LIVE/DEAD BacLight bacterial viability kit 
	6.9 log CFU·mL-1
	1.4 log CFU·mL-1
	Chlorine disinfection
(full-scale)
	0.5 mg·L-1
	30 min
	0.16% after 3d in the river water
	[58]

	E. coli
	Flow cytometry
	6.05 log cells·mL-1
	3.00 log cells·mL-1
	Fe (VI)
(lab scale)
	300 μM
	10 min
	---
	[59]

	Listeria monocytogenes
	Fluorescent in situ hybridization and PCR
	---
	>10 CFU·mL-1
	Secondary treatment and UV disinfection
(full-scale)
	---
	---
	---
	[60]

	P. aeruginosa
	Flow cytometry
	About 6 × 105 CFU·mL-1
	2.41 and 2.31 log cells·mL-1
	UV/H2O2 
UV/PS
(lab scale)
	[PS]0= [H2O2]0= 1 mM
	60 min
	OD600 0.6-0.9 (logarithmic phase) after 5 d in LB broth
	[61]

	E. coli
	PMA-qPCR
	108 cells·mL-1 
	104 and 106 cells·mL-1 
	Chlorine disinfection 
and
atmospheric-pressure plasma
(lab scale)
	Input power of 60 W and a gas flow rate of 10 L·min-1 
1 mg·L-1
	10 min and 30 min
	---
	[62]

	E. coli
	Flow cytometry
	108 cells·mL-1 
	103 - 104 cells·mL-1 
	Electrochemical treatment
(lab scale)
	Voltage: 3V
	150 min
	---
	[63]

	E. coli
	LIVE/DEAD BacLight bacterial viability kit 
	4×108 CFU·mL-1 
	8×107 CFU·mL-1 
	silver nanoparticles
(lab scale)
	80 mg·L-1
	90 min
	---
	[64]

	P. aeruginosa
	LIVE/DEAD BacLight bacterial viability kit 

	106-107 CFU·mL-1
	104 CFU·mL-1
	UV/Chlorine
(lab scale)
	UV irradiation (360 mJ·cm-2) and chlorination (1 mg·L-1) 
	10 min 
	---
	[65]

	Drinking water

	E. coli, E. faecalis, P. aeruginosa, Salmonella sp., and Shigella sp.
	Cultivation method and PMA-qPCR
	0-103 cells·100 mL-1
	0-102 cells·100 mL-1
	Chlorine and Sodium thiosulfate (full-scale) 
	---
	---
	---
	[66]

	E. coli, S. enterica, P. aeruginosa and V. cholerae
	PMA-qPCR, qPCR and heterotrophic plate count
	4.28-4.55, 3.43-3.49, 2.26-2.66 and 3.06-3.42 log cell equivalents·cm-2
	4.07 ± 0.02, 3.26 ± 0.01, 2.72 ± 0.05 and 4.91 ± 0.03 log cell equivalents·L-1
	Chlorine disinfection
	---
	---
	---
	[67]




[bookmark: _Hlk157195589]Table S3. Microbial inactivation efficiency and EEO values for the emerging and conventional antimicrobial strategies
	[bookmark: _Hlk157959350]
	Water type
(treatment scale)
	Sterilization techniques
	Dosage
	Treatment time
	Removal efficiency
	EEO
(×10-3 kWh·m-3)
	Ref.

	I. Nanotechnology

	E. coli 
	Sterile saline (Lab-scale)
	BiOCl nanoparticles
	1 mM
	4 h
	5.4 log
	47.7424
	[68]

	E. coli
	Sterile saline (Lab-scale)
	Polydopamine-coated magnetic cellulose nanofiber-loaded silver nanoparticles
	99 mg·L-1
	16.5 h
	0.295 log (cell grow reduced)
	/
	[69]

	RP4-E. coli DH5α and HLS-6 
	Sterile saline (Lab-scale)
	Zerovalent iron nanoparticles
	1120 mg·L-1
	1 h
	3.36 ± 0.38 log,
3.66 ± 0.06 log
	17.0024
	[70]

	Multidrug-resistant B. subtilis, S. aureus, and E. coli 
	Kitchen wastewater (Lab-scale)
	Cu/Zn nanoparticles
	15 mg·L-1
	100 min
	5.1 log, 5.4 log and 5.7 log
	0.0697
	[71]

	E. coli, S. aureus and B. subtilis
	Sterile saline (Lab-scale)
	Ag@Wood
	One piece (3 mm × 4 mm × 2 mm)·mL-1
	2 h
	3.52 log, 3.70 log and 3.70 log
	895.1912
	[72]

	B. subtilis and E. coli
	Tris-HCl solution
 (Lab-scale)
	ZnO nanoparticles
	10 mg·L-1
	15 min
	1.5-3.5 log
1.9-4.2 log
	0.05035
	[73]

	E. coli and S. aureus 
	Isotonic saline solution
 (Lab-scale)
	Fe3O4@SiO2/GO/CS/MPTS
	75 mg·L-1
	2 h
	Up to 8 log
	28.196
	[74]

	B. subtilis and E. coli
	LB-agar 
(Lab-scale)
	Oxidized viscose fiber modified with ε-polylysine
	250 mg·L-1
	24 h
	0.9 log and 1.13 log (cell grow reduced)
	[bookmark: _Hlk139559134]/
	[75]

	E. coli, S. enterica and P. aeruginosa
	Nile water, the raw wastewater, or synthetic contaminated water samples (Lab-scale)
	Co2O3/Cu2O3: Al2O3: SiO2
	50 mg·L-1
	15 min
	>3.6 log
	404.86
	[76]

	E. coli and S. aureus
	LB-agar
 (Lab-scale)
	M-NP@Zn-BIF
	50 mg·L-1
	24 h
	About 3 log 
	[bookmark: _Hlk139559146]/
	[77]

	E. coli and S. aureus
	Sterile saline (Lab-scale)
	MgO microspheres
	1000 mg·L-1
	12 h
	Both 2.0 log
	/
	[78]

	E. coli, S. aureus and 
A. flavus
	Sterile saline (Lab-scale)
	Chitosan/Ag/Cu/carbon nanocomposites
	2%
	30 min
	5.4 log, 6.5 log and 5.5 log
	390.28
	[79]

	R. solanacearum
	Sterile saline and PBS
 (Lab-scale)
	Carbon nanomaterials (CNMs)
	250 mg·L-1 
	720min
	Inhibiting bacterial growth
	4147.83
	[80]

	Candida albicans
	YPL broth (Lab-scale)
	Ag@ Pleurotus sajor-caju
	250 mg·L-1
	48 h
	5.4 log
	/
	[81]

	Human adenovirus
	LB-agar 
(Lab-scale)
	Polylactide and silver nanoparticles
	--
	1 h
	0.46 log
	/
	[82]

	Herpes simplex virus 
	LB-agar 
(Lab-scale)
	Polylactide and silver nanoparticles
	--
	1 h
	3.44 log
	/
	[83]

	II. Biological treatment

	Biological treatment- bacteriophages

	E. coli and Salmonella typhi
	Disinfected sewage
(Pilot scale)
	E. coli specific bacteriophages
	3×104 PFU·mL-1
	14 h
	4.0 log (cell grow reduced)
	[bookmark: _Hlk139559579]/
	[84]

	Salmonella typhi
	Wastewater
(Pilot scale)
	Salmonella typhi specific bacteriophages
	105 PFU·mL-1
	2 h
	2.75 log
	0.00255
	[85]

	E. coli biofilm
	PBS
(Lab-scale)
	Indigenous Prophage Activation Using Low-Intensity Cold Atmospheric Plasma
	peak-to-peak voltage: 12 kV
	10 min
	0.29 log
	/
	[86]

	P. aeruginosa
	Sterile saline (Lab-scale)
	P. aeruginosa specific bacteriophages isolated from hospital wastewater
	MOI=1000
	24 h
	5.1 log
	0.001374
	[87]

	A. hydrophila Ah-138 biofilm
	LB broth 
(Lab-scale)
	Phage cocktail isolated from a sewer system
	107 PFU·mL-1
	6 h
	Up to 0.57 log
	0.0122
	[88]

	Dual-species biofilm (P. aeruginosa PAO1 and E. coli NDM-1)
	PBS 
(Lab-scale)
	Polyvalent Phages Delivered by Peptide-Modified M13 Coliphages 
	1010 PFU·mL-1 
	30 min
	0.80 log
	0.88
	[89]

	Pseudomonas aeruginosa PAO1 
	PBS 
(Lab-scale)
	Encapsulating specific bacteriophages isolated from wastewater
	107 PFU·mL-1
	30 d
	1.17±0.01 log
 
	0.00597
	[90]

	Biological treatment- TA systems

	Elizabethkingia meningosepticum
	Sterile saline (Lab-scale)
	Plasmid PNJR6, Graphene Oxide and biological flocculant
	Unknown
	72 h
	0.67 log
	/
	[91]

	Influenza-virus
	River water (Lab-scale)
	Living Engineered Biofilm Materials (E. coli biofilm matrix protein CsgA) and quorum sensing-enabled suicide gene
	1.86 mg CsgA-C5 biofilms
	-
	>7 log
	/
	[92]

	Biological treatment- microalgae

	Total coliform, fecal coliform, E. coli, somatic coliphages, human adenovirus, Cryptosporidium spp. and Giardia intestinalis
	Wastewater
(Pilot scale)
	A facultative pond (FP), a high-rate algal pond (HRAP), and a rock filter (RF)
	Cchlorophyll a= 9.16 mg·L-1
	5 d
	5.67 log, 5.62 log, 5.69 log, 0.88 log, 1.65 log, 0.52 log and 2.42 log
	[bookmark: _Hlk138405632]0.0000564
	[93]

	C. perfringens and Staphylococcus sp.
	Wastewater
(Pilot scale)
	Inoculate Chlorella sp. 
	0.15 g TSS·L-1
	3 d
	2.5-3.2 log and 1.8-2.0 log
	[bookmark: _Hlk138405643]0.0000674
	[94]

	E. coli
	Wastewater
(Pilot scale)
	Microalgae treatment for anaerobically-digested black water 
	0.7±0.3 g·L-1
	7 d
	2.73 log
	[bookmark: _Hlk138405661]0.000164
	[95]

	Biological treatment- Vermifiltration

	E. coli
	Swine wastewater (Pilot scale)
	Vermifiltration
	10 to 12 g·dm-3
	10.4 d
	0.34 log
	[bookmark: _Hlk138412376]1239.91
	[96]

	E. coli and Salmonella
	Clinical laboratory wastewater (Pilot scale)
	Vermifiltration
	10000 worms·m-3
	7-8 h
	2.0 log and 2.0 log
	[bookmark: _Hlk138412382]6.2778
	[97]

	Total bacteria, Total fungi and actinomyces
	Wastewater
(Pilot scale)
	Vermifiltration
	10000 worms·m-2
	6 h
	1.91-3.35 log
	[bookmark: _Hlk138412388]/
	[98]

	III. Advanced oxidation process (AOP)

	[bookmark: _Hlk132705350]Electrochemical process

	Bacteriophage MS2
	Synthetic wastewater 
(Pilot scale)
	Electrooxidation
Anode: Si| boron-doped diamond (BDD)
Cathode: AISI 304 stainless-steel plate
	Voltage 12V
	10 min
	8 log
	/
	[99]

	E. coli
	Sterile distilled water 
(Pilot scale)
	Electro-oxidation reactor with 6 graphite electrodes 

	Voltage 0-30 V
Current 0-10 A
	2 min
	3.70 log
	0.0003
	[100]

	RP4-E. coli K-12 
	PBS 
(Lab scale)
	Electrochemical disinfection
Anode: platinum sheet
Cathode: PVDF-based carbon catalysts
reference electrode: Ag/AgCl
	Current density 2.25 mA·cm-2
	40 min
	5.0 log 
	0.000337
	[101]

	Psychrophilic and mesophilic bacteria
	Landfill leachate 
(Lab-scale)

	Electrooxidation
Anode: BDD
Cathode: stainless-steel plates
	Current density 25-100 mA· cm-2
	120 min
	2.7 log and 1.12 log
	0.0665
	[102]

	E. coli 
	Sterile saline (Lab-scale)
	Electrochemical disinfection
Anode & Cathode: Mo2C
	5.86 mA·cm-2
	15 min
	>5.0 log
	0.16
	[103]

	E. coli
	Physiological solution 
(Lab-scale)
	Electrooxidation
Anode: BDD
	10 mA·cm-2
	10.4±7.1 min in PBS 
	>16 log
	0.0000194
	[104]

	E. coli
	25 mM Na2SO4 
(Lab-scale)
	Electrooxidation
Anode: Ti/Sb–SnO2/PbO2 
Cathode: Stainless steel
	30 mA·cm-2
	75 min
	>7.0 log
	0.00643
	[105]

	Non-Thermal Plasma

	E. coli K-12, P. aeruginosa and S. aureus
	DI water
(Lab-scale)
	Microwave plasma system 
working gases: oxygen- and nitrogen-swirl 
	1000 µM (NO)
	12 h
	1.5, 0.9, and 1 log (cell grow reduced)
	/
	[106]

	E. coli
	DI water
(Lab-scale)
	working gases: helium (He) or argon (Ar)
	Flow rate: 2.0 standard L· min-1 
	3 min
	About 5 log
	0.0025
	[107]

	Multidrug-resistant E. coli 
	Sterile saline (Lab-scale)
	Multiple pin HV electrode
	High voltage pulses of magnitude 15 kV
	30 min
	9.05 log
	1.455
	[108]

	S. aureus
	Sterile saline (Lab-scale)
	Surface dielectric barrier discharge
	High-voltage with a frequency of 20 kHz 
	5 min
	> 6 log
	0.006944
	[109]

	E. coli TISTR 527
	Sterile saline (Lab-scale)
	Pinhole plasma jet discharge system 
working gases: Ar and O2
	Flow rate: 10 L·min-1
	60 min
	1.18 log
	1.059
	[110]

	Yeast S. cerevisiae BY4741 
	Sterile saline (Lab-scale)
	Cold atmospheric plasma
working gases: pure He
	Voltage 12 kV
Frequency 100 kHz
	5 min
	2.40 log
	/
	[111]

	T4 bacteriophage
	Sterile saline (Lab-scale)
	Cold atmospheric plasma
working gases: artificial air
	Discharge power density 0.2 W·cm-2
	80 s
	8.34 log
	/
	[112]

	Acanthamoeba sp.
	Sterile distilled water 
(Lab-scale)
	Cold atmospheric plasma

	Voltage 9 kV
Current 350 μA
	40 min
	6 log
	/
	[113]

	E. coli and S. aureus
	PBS 
(Lab-scale)
	High-Voltage Atmospheric Cold Plasma

	High voltage level of 80 kV
	5min
	≥6 log for E. coli and ≥8 log for S. aureus
	0.00141
	[114]

	E. coli ATCC 25922
	DI water
 (Lab-scale)
	Cold atmospheric plasma

	High voltage level of 10 kV
	30s
	4 log
	0.0083
	[115]

	Photodynamic reaction

	S. aureus
	Sterile saline (Lab-scale)
	Curcumin was combined with a hydrophilic extract (olive leaf extract) using a biphasic system
	curcumin concentration 3.19 mg·mL-1
	5 min
	about 5 log 
	/
	[116]

	V. campbellii, V. cholerae and V. harveyi 
	PBS 
(Lab-scale)
	Curcumin 
	5 μM & LED
	30 min irradiation
	About 0.46 log, 2.00 log and 2.00 log
	/
	[117]

	E. coli ART-2 and S. aureus P03616
	LB-agar 
(Lab-scale)
	1,2,3-benzenetriol, C6H3(OH)3 & LED
	0.156 mg·mL-1 and 0.078 mg·mL-1 
	80 min
	Both 6.55 log
	/
	[118]

	Staphylococcus saprophyticus subsp. bovis
	Mueller Hinton broth 
(Lab-scale)
	Hypericin β-cyclodextrin complex (Hyp-βCD) were encapsulated in thermosensitive liposomes irradiated by the Weberneedle Endo Laser
	0.5 mg·mL-1
	100 min
	>4.2 log
	/
	[119]

	C. albicans and A. nidulans
	PBS 
(Lab-scale)
	Thiopyridinium phthalocyanine & LED
	5 μM
	30 min
	About 5 log and 2 log
	/
	[120]

	T4-like bacteriophage
	Wastewater
(Lab-scale)
	Mixture of five cationic meso-tetraarylporphyrins & artificial white light

	10 μM
	30 min
	About 5 log
	/
	[121]

	VI. Integrated techniques

	E. coli 
	Sterile saline (Lab-scale)
	BiOCl nanoparticles
	1 mM
	4 h
	5.4 log
	47.7424
	[68]

	E. coli
	Sterile saline (Lab-scale)
	Fe3O4@MnO2 nanoparticles & photocatalysis
	500 mg·L-1
	90 min
	>7 log
	/
	[122]

	E. coli and S. aureus 
	PBS 
(Lab-scale)
	CdO nanoparticles & photocatalysis
	100 mg·L-1
	20 min
	Both 6.55 log
	1.127
	[123]

	Bacteriophage MS2
	Saline solution (Lab-scale)
	Graphene–WO3 film & photocatalysis
	-
	3 h
	5 log
	/
	[124]

	E. coli
	LB broth (Lab-scale)
	Ag@SiO2 & photocatalysis
	666.67 mg·L-1
	20 min
	>10 log in actual tannery wastewater
	/
	[125]

	E. asburiae, E. tabaci, and K. quasipneumoniae
	Wastewater (Lab-scale)
	5-bromoindole-capped zinc nanoparticles & photocatalysis
	50 mg·L-1
	37 h
	0.66 log, 1.30 log, and 1.52 log (cell grow reduced)
	/
	[126]

	RP4-E. coli
	PBS 
(Lab-scale)
	ZnO@Al2O3 & photocatalysis
	50 mg·L-1
	2 min
	>6 log
	/
	[127]

	E. coli
	Sterile saline (Lab-scale)
	Ch.@FeO@BiOCl & photocatalysis
	1000 mg·L-1
	30 min
	4.4 log
	/
	[128]

	E. coli K-12
	Sterile saline (Lab-scale)
	MoS/BiOBr & photocatalysis
	600 mg·L-1
	3 h
	6.5 log
	/
	[129]

	E. coli
	Sterile saline (Lab-scale)
	Al2O3@v-MoS2 & photocatalysis
	18 mg·L-1
	120 min
	About 6 log
	/
	[130]

	E. coli
	Sterile saline (Lab-scale)
	(Al2O3@v-MoS2)/Cu/Fe3O4  & photocatalysis
	18 mg·L-1
	1 min
	About 6 log
	/
	[130]

	E. coli, Fusarium graminearum, Colletotrichum gloeosporioides, Botryosphaeria dothidea, Fusarium moniliforme, and Fusarium oxysporum f. sp.
	PBS 
(Lab-scale)
	TiO co-modified with carbon dots & photocatalysis
	1 g·L-1
	30 min
60 min
	7 log
1.99 log, 2.00 log, 5.00 log, 3.15 log and 2.95 log
	/
	[131]

	Extended-spectrum β-lactamase E. coli and P. aeruginosa 
	PBS 
(Lab-scale)
	Prepared electrolytic CuSe (E-CuSe) nanosheets at the cathode
	1 μg·mL-1 CuSe
	30 min
	>3 log
	/
	[132]

	E. coli K-12 
	Electrolyte (Lab-scale)
	Electrolysis & UVA-LEDs
Anode: BDD
Cathode: reticulated vitreous carbon 
	UV optical power 1.2 W
Current 10 mA
	80 min
	>6.3 log
	/
	[133]

	E. coli 
	Sterile saline (Lab-scale)
	Self-powered triboelectric nanogenerator & electrochemical disinfection
Working electrode: Co (OH)2/Pt nanosheetsCounter electrode: Pt wire
Reference electrode: saturated calomel

	50 μg·mL-1
	30 min
	>2 log
	/
	[134]

	Staphylococcus aureus 
	Sterile distilled water 
(Lab-scale)
	Electrolysis 
Working electrodes: Glassy carbon modified with β-cyclodextrin and copper nanoparticle and copper-β-cyclodextrin-graphene oxide nanocomposite 
	1.93 μg·mL-1 and 7.4 μg·mL-1
	18 h
	7.0 log (cell grow reduced)
	/
	[135]

	E. coli
	DI water 
(Lab-scale)
	Locally enhanced electric field treatment
Gold nanowedges modified electrodes
	Pulses at 40 kV cm−1
	20 ns
	1.31 log
	[bookmark: _Hlk139554710]/
	[136]

	E. coli ATCC 25922
	Sterile saline (Lab-scale)
	Encapsulation of Zn/Co nanocrystals into sponge‐like 3D porous carbon & ultrasound
	40 mg·L-1
	40 min
	1.02 log
	/
	[137]

	S. aureus
	Sterile saline (Lab-scale)
	Atmospheric pressure plasma jet & electrochemical disinfection
	Flow rate: 0.2 L·min-1
	5 min
	>7 log
	/
	[138]

	ɸX174 bacteriophages, rotavirus (Rov) and adenovirus (AdV) 
	Sterile saline (Lab-scale)
	Cold plasma & Ag/TiO2-rGO nanoparticles
	0.1 % Ag/TiO2-rGO
	2 min
	5.5 log, 0.8 log and >4.7 log
	/
	[139]

	E. coli ATCC 25922
	Ringer’s solution 
(Lab-scale)
	Ag- and Cu-functionalized UF membrane 
	0.05 MPa pressure
	-
	6.02±0.99 log
	/
	[140]

	E. coli ATCC 25922
	PBS 
(Lab-scale)
	N-Fe(III)@PCN-222/PDA/PVDF composite membrane & photocatalysis
	Membrane: 1 cm2
	20 min
	About 6.0 log
	/
	[141]

	E. coli ATCC 25922 and B. subtilis CMCC (B) 63501
	Sterile saline (Lab-scale)
	Molybdenum disulfide - copper modification of NF membrane
	Membrane: 9 cm2
MoS2: Cu 1:1
	120 min
	About 5.0 log
	/
	[142]

	E. coli and S. aureus
	PBS 
(Lab-scale)
	PCN-224 Nanoparticle/Polyacrylonitrile Nanofiber Membrane & Xe lamp
	0.6%
	45 min
	3.00 log and 4.70 log
	/
	[143]

	E. coli, P. aeruginosa and S. aureus
	PBS 
(Lab-scale)
	AgNP@SiO2 particles decorated on polyamide thin film
	Membrane: 4 cm2
	120 min
	1.14±0.01 log,  2.30±0.001 log and 0.57±0.01 log
	/
	[144]

	P. aeruginosa and E. coli form the mixed biofilm
	PBS 
(Lab-scale)
	Polyvalent phages conjugated with magnetic colloidal nanoparticle clusters
	4×105 PFU·mL-1
	6 h
	0.95±0.01 log
	0.00795
	[145]

	E. coli
	Sterile saline 
(Lab-scale)
	A new carbon-based nanomaterial composed of single-walled carbon nanotubes (SWCNTs) and iron oxides
	500 mg·L-1
	2 min
	1.13 log
	140
	[146]

	E. coli
	PBS 
(Lab-scale)
	Caged Iodine-modified ZnO (I-ZnO-n) catalyst with nano-structure and surface oxygen vacancy
	1 g·L-1
	240 min
	About 2.0 log
	47.5
	[147]

	E. coli
	Lake water (Lab-scale)
	Silver nanoparticles
	80 mg·L-1
	90 min
	1.15 log
	4147.83
	[148]

	E. coli
	Sterile saline 
 (Lab-scale)
	GO suspensions of average sheet area ranging from 0.01 to 0.65 μm2
	200 mg·L-1
	180 min
	1.98 log
	312.04
	[149]

	E. coli, S. aureus
	Sterile saline 
 (Lab-scale)
	Cu2WS4 nanocrystals (CWS NCs)
	2 mg·L-1
	120 min
	0.96 log
	6.095
	[150]

	E. coli, S. aureus
	PBS 
(Lab-scale)
	Ag-CoFe2O4-graphene oxide (Ag-CoFe2O4-GO) nanocomposite
	0.625 mg·L-1
	120 min
	1.92 log
	0.3125
	[151]

	E. coli, S. aureus
	Sterile saline (Lab-scale)
	GO–Ag nanocomposites with different AgNPs to GO ratios
	10 mg·L-1
	150 min
	0.097 log
	21.77
	[152]

	E. coli
	River water (Lab-scale)
	Plasma treatment
	58.67 W
	6 min
	1 log
	113.7
	[153]

	E. coli
	Sterile saline (Lab-scale)
	Plasma Treated Sodium Chloride Solution
	---
	15 min
	≥7 log
	0.0117
	[154]

	E. coli, S. aureus
	Sterile saline (Lab-scale)
	High-Voltage Atmospheric Cold Plasma Differ
	---
	5 min
	1 log
	0.00141
	[155]

	Vibrio (V.) cholerae, V. harveyi, and V. campbellii 
	PBS 
(Lab-scale)
	Photoactivation of curcumin
	---
	30 min
	1 log
	39.78
	[156]

	E. coli, S. aureus
	Sterile saline (Lab-scale)
	Photodynamic treatment with green phytochemicals
	17 mW·cm-2
	80 min
	1 log
	53.15
	[157]

	Staphylococcus saprophyticus
	Liposomes (Lab-scale)
	near-infrared (NIR)-activated thermosensitive liposomes (TSL)
	65 μM, NIR (λ = 785 nm, 500 mW)
	30 min
	＞4 log
	204762.5
	[158]

	E. coli
	Sterile saline (Lab-scale)
	Nontoxic bismuth oxychloride (BiOCl) photocatalysts with different nanoscale thicknesses
	500 mg·L-1
	240 min
	5.4 log
	47.7424
	[159]

	E. coli and Salmonella ebony
	Sterile saline (Lab-scale)
	Fe3O4@MnO2 nanocomposite
	500 mg·L-1
	90 min
	7.02 log
	7.0232
	[160]

	E. coli and S. aureus
	PBS 
(Lab-scale)
	Unique CdO nanoparticles (NPs)
	100 mg·L-1
	20 min
	4.03 log
	1.127
	[161]

	E. coli
	Sterile saline (Lab-scale)
	Collagen-Supported Amino-Functionalized Ag@SiO2 Core–Shell Nanoparticles
	666.7 mg·L-1
	20 min
	About 7.0 log
	1083.56
	[162]

	E. coli
	PBS 
(Lab-scale)
	Heterogeneous UV disinfection aided by ZnO/Al2O3 composites
	50 mg·L-1
	2 min
	5.72 log
	0.152
	[163]

	E. coli
	Sterile saline (Lab-scale)
	A novel ternary biohybrid photocatalytic microrobot based on Chlorella (Ch.) cells
	1 g·L-1
	30 min
	2.20 log
	22.386
	[164]

	Escherichia coli (E.coli, ATCC25922)
	Sterile saline (Lab-scale)
	MoS2/Bi4O5Br2 heterojunction
	600 mg·L-1
	180 min
	7 log
	12.077
	[129]

	E. coli
	Sterile saline (Lab-scale)
	Encapsulation of Zn/Co nanocrystals into sponge‐like 3D porous carbon
	40 mg·L-1
	40 min
	1.02 log
	58.19
	[165]

	MDR Escherichia coli , MDR Staphylococcus aureus
	Sterile saline (Lab-scale)
	A new near-infrared II (NIR-II) light responsive nanozyme (Cu2MoS4 nanoplates, CMS NPs)
	40 mg·L-1
	10 min
	8 log for MDR E. coli, 6 log for MDR S. aureus
	0.076
	[166]

	E. coli and S. aureus
	Sterile saline (Lab-scale)
	Antibacterial nanorobots by loading super small gold nanorods (sAuNR) onto the surface of MXene nanosheets (MXene@sAuNR)
	5 mg·L-1
	30 min
	3.70 log of E. coli and 1.73 log of S. aureus
	4.257
	[167]

	S. aureus
	PBS 
(Lab-scale)
	Rational design of multifunctional nitrogen-rich carbon-coated bismuth/cobalt nanoparticles
	200 mg·L-1
	20 min
	5 log 
	18.15
	[168]

	Staphylococcus aureus (MRSA)
	Sterile saline 
(Lab-scale)
	NIR-responsive MoS2–Cu2WS4 nanosheets

	80 mg·L-1
	120 min
	4.4 log
	0.631
	[169]

	E. coli, Enterococcus faecalis
	 DI water (Lab-scale)
	Vertically aligned MoS2 nanofilms and visible light
	1.6 mg·L-1
	20 min
	5 log
	0.0657
	[170]

	ARB
	Sterile saline (Lab-scale)
	A novel AOP catalyst, Ag/TiO2/graphene oxide (GO)
	100 mg·L-1
	30 min
	About 7.0 log
	7.232
	[171]

	E. coli
	Sterile saline (Lab-scale)
	A novel photoelectrochemical three-dimensional reactor
	100 g·L-1
	120 min
	＞2.0 log
	2926.7
	[172]

	E. coli and S. aureus
	Sterile saline (Lab-scale)
	ZnO materials with different morphologies
	20 mg·L-1
	20 min
	3.3 log
	0.232
	[173]

	E. coli
	Sterile saline (Lab-scale)
	An electrocatalytic system using Ni-Fe/Fe3O4 nanocomposite
	0.111 kWh·m-3
	60 min
	About 5.0 log
	0.099
	[174]

	E. hormaechei, E. durans, and B. subtilis in deionized water and for E. coli in lake water
	Sterile saline (Lab-scale)
	A new Cu3P nanowire-assisted copper mesh (Cu3PNW–Cu) electrode
	---
	0.0036 min
	6 log
	12.77
	[175]

	E. coli, Salmonella, and Pseudomonas aeruginosa
	Sterile distilled water 
(Lab-scale)
	A high-throughput, flow-through silver-magnetite (Ag-Fe3O4)-modified electrochemical system
	0.75 mg·L-1
	1 min
	5.71 log
	0.058
	[176]

	Escherichia coli K12 strain (CECT 4624, corresponding to ATCC 23631)
	Sterile saline (Lab-scale)
	A novel photoelectrochemical three-dimensional reactor (photoelectrocatalytic inactivation)
	0.014 kWh m−3 
	120 min
	2 log
	3643.75
	[172]

	E. coli
	Sterile saline (Lab-scale)
	High-efficient Co(OH)2/Pt electrocatalyst

	50 mg·L-1
	30 min
	2.01 log
	3.871
	[177]

	P. aeruginosa and E. coli
	Sterile saline (Lab-scale)
	Polyvalent (broad host-range) phages attached to magnetic colloidal nanoparticle clusters (CNCs) 
	2.5 mg·L-1
	720 min
	0.9432 log
	21.15
	[178]

	E. coli and S. aureus
	Sterile saline (Lab-scale)
	MoS2 nanocomposite & photothermal
	40mg·L-1
	10min
	About 7.0 log for E. coli and 0.67 log for S. aureus
	0.767
	[179]

	Deincocccus soli strain
	Wastewater (Lab-scale)
	UV disinfection
	40mJ·cm-2
	---
	＜1 log
	21.68
	[180]

	E. coli O157:H7 (CECT 4972)
	Wastewater (Lab-scale)
	UV disinfection
	0.03 kJ·L-1
	15min
	4 log
	0.25
	[181]

	E. coli K12 (ATCC 29425)
	PBS 
(Lab-scale)
	UV disinfection
	11 mJ·cm-2
	---
	5.1 log
	0.04
	[182]

	Heterotrophic plate count bacteria
	Drinking water (Pilot scale)
	Chlorine disinfection
	0.45mg·L-1
	30min
	4.6 log
	0.000074
	[183]

	Coliform bacteria
	Wastewater (Pilot scale)
	Ozonation
	0.3mg·min-1
	---
	2.0 log
	0.1485152
	[184]

	HPC bacteria
	Bore well water 
(Pilot scale)
	Ozonation
	4mg·L-1
	15min
	1.15 log
	0.014
	[185]

	Burkholderia agricolaris B1qs70 in amoeba spores
	KK2 buffer
(Lab-scale)
	Chlorine disinfection
	5 mg·L-1
	6 min
	2.1 log
	/
	[186]

	E. coli, Citrobacter freundii, E.agglomerans, E.cloacae, K.oxytoca and K. Pneumoniae in T. pyriformis and A.castellanii
	Chlorine-demand-free buffer
(Lab-scale)
	Chlorine disinfection
	0.5-10mg·L-1
	56.3±15.9 min
58.6±29.2 min
46.9±17.3 min
100.8±35.6 min
32.3±5.4 min
58.5±23.6 min
58.7±38.7 min
89.1±39.4 min
77.6±44.7 min
79.4±44.8 min
86.1±36.1 min
118.2±1.9 min
	4.0 log
	/
	[53]

	Burkholderia agricolaris B1qs70 in amoeba spores
	KK2 buffer
(Lab-scale)
	UV disinfection



	100 mJ·cm-2
	---
	3.0 log
	/
	[186]

	Burkholderia agricolaris B1qs70 in amoeba spores
	KK2 buffer
(Lab-scale)
	Chlorine dioxide
	5 mg·L-1
	7 min
	1.8 log
	/
	[186]


[bookmark: _Hlk157959391]PBS: Sterile phosphate buffer solution; Lab-scale: laboratory scale; DI: deionized.


Table S4. Main characteristics of antimicrobial nanomaterials 
	Core materials
	Shapes
	Antimicrobial mechanisms
	Advantages (√) & Disadvantages (×)
	Reference 

	Ag



	Nano sphere, nanosheet, nanorod, triangular, hexagonal, enneahedral plates, nanocube, polyhedrons…
	i) Kill by the released Ag+ ions
ii) Cause membrane dysfunction and nanoparticles internalization, reacting with the thiol groups in proteins (enzymes)
iv) Increase endogenous ROS induction
	(√) Highly efficient, broad-spectrum and persist inactivation effects 
(×) Cytotoxicity, biotoxicity, instability (easy to agglomerate), HGT facilitation and newly developing resistance to nano-sliver
	[187, 188]

	Cu


	Nano sphere, nanosheet, nanocube, raspberry-like particles and cages, brick, cylinder, plates…
	i) Kill by the released Cu2+ ions
ii) Cause membrane dysfunction and nanoparticles internalization
ii) Increase endogenous ROS induction
	(√) Efficient, broad-spectrum and persist inactivation effects
(×) Cytotoxicity, biotoxicity and instability (rapid air oxidation)
	[189-191]

	Au
	Nano sphere, triangular nanoprisms, hexagonal, nanocube, elliptical, nanorod…
	Cause membrane dysfunction and nanoparticles internalization, inhibiting of tRNA binding to ribosome
	(√) Good biocompatibility, polyvalent effects, photothermal properties; nontoxicity
(×) Low antibacterial efficiency
	[192-194]

	Ni
	Nano sphere, ellipsoidal, cylindrical, hexagonal, polyhedral…
	i) Kill by the released Ni+ ions
ii) Cause membrane dysfunction and nanoparticles internalization, disrupting DNA replication and protein formation
iii) Increase endogenous ROS induction
	(√) Magnetic, easy to separate and recycle; relatively efficient and persist inactivation effects
(×) Cytotoxicity and biotoxicity
	[195, 196]

	Fe
	Nano sphere, elliptical, nanorod, plates, needle-like, amorphous…
	i) Released Fe ions participate in Fenton system and induce external ROS
ii) Cause membrane dysfunction and nanoparticles internalization
	(√) Good biocompatibility; magnetism; easily to combine with coagulation
(×) Less effective
	[197, 198]

	Pd
	Nano sphere, icosahedral, dodecahedral, cuboctahedral, triangular shaped…
	i) Kill by the released Pd2+ ions
ii) Catalytic killing
	(√) Highly efficient, broad-spectrum and persist inactivation effects; low costs
(×) Cytotoxicity and biotoxicity
	[199, 200]

	Ag2O
	Nano sphere, octahedron, truncated octahedron, nanocube, truncated cubes, concave rhombic dodecahedra, and rhombic dodecahedra, coating…
	i) Cause membrane dysfunction and nanoparticles internalization
ii) Inhibit of DNA replication and arrest cell cycle in G2/ M phase
iii) Increase endogenous ROS induction
	(√) Highly efficient, broad-spectrum and persist inactivation effects; relatively controllable release of Ag+
(×) Cytotoxicity and biotoxicity
	[199, 201]

	ZnO
	Nano sphere, nanosheets, nanorods, nanowires, crystalline, flower-shaped, hexagonal, spiny-shaped, coating, amorphous, quantum dots…
	i) Produce H2O2
ii) Kill by the released Zn2+ ions
iii) Cause membrane dysfunction and nanoparticles internalization, disrupting DNA replication and protein formation
iv) Increase endogenous ROS induction
	(√) Good biocompatibility; Highly efficient, broad-spectrum and persist inactivation effects; low costs; certain photoactivity
(×) Instability (easy to agglomerate) and HGT facilitation
	[202-204]



	CuO
	Nano sphere, irregular nanoparticles, nanobelts, plates, flower-shaped, star-shaped, heterogeneous…
	i) Kill by the released Cu2+ ions
ii) Cause membrane dysfunction and nanoparticles internalization
iii) Increase endogenous ROS induction
	(√) Highly efficient and persist inactivation effects; low costs; weak magnetism and photoactivity
(×) Cytotoxicity, biotoxicity and HGT facilitation
	[199, 205]

	NiO
	Nano sphere, nanosheet, nanocube, diamond, coating…
	i) Kill by the released Ni+ ions
ii) Cause membrane dysfunction and nanoparticles internalization, disrupting DNA replication and protein formation
iii) Increase endogenous ROS induction
	(√) Relatively efficient and persist inactivation effects; low cost; photoactivity
(×) Cytotoxicity and biotoxicity
	[206]

	MgO
	Halite or cubic structure, coating…
	i) Hydrate to induce external ROS and increase surrounding pH
ii) Cause membrane dysfunction
	(√) Good biocompatibility; relatively efficient and persist inactivation effects; chemical stability
(×) Instability (easy to agglomerate)
	[199, 207, 208]

	Gd2O3
	Nano sphere, plates, curved rods, coating…
	i) Kill by the released Gd2+ ions
ii) Cause membrane dysfunction 
iii) Increase endogenous ROS induction
	(√) Magnetism; relatively efficient and persist inactivation effects; chemical stability
(×) Unknown 
	[209, 210]

	SnO2
	Coating, nanocube, needle-like, nanorod, hexagonal…
	i) Kill by the released Sn2+ ions
ii) Cause membrane dysfunction and nanoparticles internalization, disrupting DNA replication
iii) Increase endogenous ROS induction
	(√) Relatively efficient and persist inactivation effects; photoactivity; chemical stability; low cost
(×) Potential cytotoxicity and biotoxicity
	[211]

	Fe2O3/ Fe3O4
	Nano sphere, coating, nanorod, nanocube, hexagonal microdisks, drum-like, spindles, amorphous…
	i) Cause membrane dysfunction and nanoparticles internalization, disrupting DNA replication
ii) Released Fe ions participate in Fenton system and induce external ROS
iii) Increase endogenous ROS induction
	(√) Great biocompatibility; magnetism; chemical stability
(×) Less effective and HGT facilitation
	[212, 213]

	CeO2
	Nanocubes, nanorods, octahedrons, truncated octahedral, coating…
	i) Kill by the released Ce3+ ions
ii) Cause membrane dysfunction and nanoparticles internalization
iii) Participate in the redox reaction and induce external ROS
iv) Increase endogenous ROS induction
	(√) Highly efficient, broad-spectrum and persist inactivation effects; photoactivity;
(×) Potential cytotoxicity, biotoxicity and HGT facilitation
	[199, 214]

	Al2O3
	Nano sphere, coating, nanorod, nanosheet, brick…
	i) Cause membrane dysfunction and nanoparticles internalization
ii) Increase endogenous ROS induction
	(√) Good biocompatibility; low costs and strong specificity
(×) Less effective (only exhibit antimicrobial effects at high loads) and HGT facilitation

	[199, 215]

	Bi2O3
	Irregular granular shape, spherical-like shape…
	i) Increase ionic strength and build alkaline centers
ii) Cause membrane dysfunction and nanoparticles internalization
	(√) Low cytotoxicity; photoactivity 
(×) Less effective (only exhibit antimicrobial effects at high loads)
	[216-218]

	MoS2
	Plates, quantum dots, flower-shaped, chain, triangular, hexagonal, coating…
	i) Cause membrane dysfunction and nanoparticles internalization
ii) Increase endogenous ROS induction
	(√) Good biocompatibility; relatively efficient and persist inactivation effects; photoactivity; easy to modify
(×) Relatively high cost
	[219]

	CdS
	Quantum dot, nano sphere, nanoplate, nanorod, nanobelt, coating…
	i) Kill by the released Cd2+ ions
i) Cause membrane dysfunction and nanoparticles internalization
ii) Increase endogenous ROS induction
iv) Disrupt cell division
	(√) Relatively efficient and persist inactivation effects; photoactivity
(×) Severe cytotoxicity and biotoxicity
	[220, 221]

	CuS
	Trigonal, hexagonal, micro-flower, intersect-hexagonal, ball-flowers, coating…
	i) Kill by the released Cu2+ ions
ii) Cause membrane dysfunction and nanoparticles internalization
ii) Increase endogenous ROS induction
	(√) Highly efficient and persist inactivation effects; low costs; photoactivity
(×) Cytotoxicity and biotoxicity 
	[222]

	Graphene and its derivatives
	Coating, thin films, quantum dot, nanosheets (single or multiple layers) …
	i) Cause membrane dysfunction and disrupt electron transport
ii) Increase endogenous ROS induction
	(√) Good biocompatibility; broad-spectrum and persist inactivation effects; photoactivity; easy to modify
(×) Less effective for single graphene
	[223]

	Cadmium
dots

	Quasi spherical
	i) Cause membrane dysfunction and nanoparticles internalization, disrupting DNA replication and protein formation
ii) Increase endogenous ROS induction
	(√) Good chemical stability; high water solubility; low toxicity; excellent biocompatibility
(×) Complex and energy-consuming preparation methodology
	[224, 225]

	Chitosan
	Coating, thin films, nano sphere, droplet like, irregualar…
	Cause membrane dysfunction and nanoparticles internalization, disrupting DNA replication and electron transport

	(√) Good biocompatibility; green and renewable; low cost
(×) Difficult to control molecular weight and purity, less effective (resulting from its hydrophobicity)
	[226]

	Cellulose
	Coating, thin films, tunicin whiskers…
	Cause membrane dysfunction
	(√) Good biocompatibility; green and renewable; low cost; easy to modify
(×) Poor self-antibacterial ability, requiring the combination of efficient antibacterial materials
	[227]

	Metal-organic frameworks (MOFs)
	Granules, pellets, thin films, foams, gels, paper sheets, hollow structures, coating…
	Combined mechanisms of corresponding metallic nanomaterials and further optimized by modifying organic linkers
	(√) Highly efficient and persist inactivation effects; relatively controllable release of metal ions; easy to modify; photothermal properties
(×) High cost
	[228, 229]

	MXene materials
	2D ultra-thin nanosheets
	Cause membrane dysfunction and nanoparticles internalization, disrupting DNA replication and metabolic process
	(√) Highly efficient and persist inactivation effects; easy to modify; photoactivity
(×) Complex material preparation and high cost
	[167, 230]



Table S5. Common photosensitizers and their absorption wavelength
	
	Photosensitizer type
	Wavelength (nm)

	Natural photosensitizer
	Chlorophyll a
	600-700

	
	Bacteriochlorophyll a
	500-850

	
	Curcumin
	350-550

	
	Riboflavin
	460

	
	Aloe-emodin
	400-780

	
	Hypericin
	590-660

	
	Berberine
	200-600

	
	Coumarin
	200-400

	
	Flavone
	300-400

	Artificial photosensitizer
	Methylene blue
	400-700

	
	Rose bengal
	500-600

	
	Cationic porphyrin
	UV-vis

	
	Phthalocyanines
	650-800

	
	Indocyanine green
	750-800

	
	Phenazine
	300-600

	
	Aggregation-induced emission substances 
	200-600






[bookmark: _Hlk157281379]Table S6. The ARGs removal of conventional disinfection, AOP and integrated techniques
	[bookmark: _Hlk147442637]ARGs subtypes
	Wastewater treatment
	Dosage of the oxidants
	Treatment time
	Removal efficiency
	Ref.

	Conventional disinfection

	291 subtypes
	O3
	About 0.4 mg·L-1

	---
	-52%
	[231]

	sul1, sul2, ermB, qnrD, qnrS, tetM, tetO, and intI
	O3
	1.5 mg·L-1

	---
	-0.07-0.59 log
	[232]

	sul1, sul2, ermA, qnrD, qnrS, tetM, tetO, tetW and intI
	Chlorine
	---
	---
	-1.3-1.57 log
	[233]

	intI1, sul1, tetM, qnrS and blaTEM
	Chlorine
	10 mg·L-1

	180 min
	32% for intI1, 8% for sul1, tetM, qnrS and 4% for blaTEM
	[234]

	sul1, sul2, ermB, ampC, tetA, vanA and 16S rRNA
	O3
	1 mg·L-1
	5 min
	>4.3 log
	[233]

	sul1, sul2, ermB, ampC, tetA, vanA and 16S rRNA
	Chlorine 
	0-1.5 mg·L-1
	30 min
	0.8-0.9 log
	[233]

	sul1, sul2, ermB, ampC, tetA, vanA and 16S rRNA[233]
	UV
	600 mJ·cm-2
	---
	0.33 log
	[233]

	16S rRNA, intI1, qnrS, blaCTX-M, sul1, blaTEM and vanA
	Solar- H2O2
	[H2O2]: 20 mg·L-1
	300 min
	1-3 log
	[235]

	intI1, sul1, tetM, qnrS and blaTEM
	Solar- H2O2
	Neutral pH, [Fe2+]: 0.1 mM, [H2O2]: 1.47 mM

	180 min
	23% for intI1, 26% for sul1, 0% for tetM and qnrS, 2% for blaTEM

	[234]

	Advanced oxidation process

	Plasmid-encoded tetA and blaTEM-1
	Photo-Fenton process
	Visible LED light (425–525 nm, light intensity 2 W/ m2), [Fe2+]: 20 mM; [H2O2]: 400 mM
	60 min
	7.85-8.67 log, 8.12-8.86 log
	[236]

	tetA and ampC
	Electro-Fenton
	Current density: 21.42 mA·cm-2, Fe2+: 1.0 mM/
	120 min
	3.8-4.1 log
	[237]

	ermB, ermC, ermG
	Microbial electro-Fenton, Anodes: carbon cloth, Cathode:  stainless steel
	Effective filter area: 28.26 cm2, Voltage: -1.2-0.2 V
	---
	1.96, 0.65 and 0.44 log
	[238]

	tetQ，tetW，tetX，tetM，tetA，tetC and tetO
	UV/NH2Cl
	UV intensity: 50 μW∙cm−2, [NH2Cl]0 =5 mg∙L−1
	5 min
	57.71 % (total 7 ARGs)
	[239]

	pUC19 extracellular DNA
	Solar/free chlorine
	Solar irradiation intensity: 700 W·m-2
	15 min
	~5 log 
	[237]

	16S rRNA, intI1 sul1, sul2, tetQ，tetW and tetO
	KMnO4 & Synthesized hydrated manganese oxide (HMO)
	[KMnO4]: 10 mg·L-1, [HMO]: 10 mg·L-1
	60 min
	2.46-4.23 log
	[240]

	tetA-02，aac480-lb，strA，acrB，tetA-2，sulI and mexF
	Pre-acidied, Zero-valent iron/ H2O2, Zero-valent iron/peroxydisulfate (PDS)
	pH: 2.5, [Zero-valent]: 0.1 g·L-1, [H2O2]: 2.0 mM
	120 min
	2.48-2.97 log
	[241]

	18 ARGs, 16S rRNA, intI1 and intI2
	Magnetic resin-mediated UV-Fenton process
	Catalyst: 0.2 g·L-1, H2O2: 15 mM, UV intensity:  46.4 W·m-2
	120 min
	1.63-3.58 log
	[242]

	Plasmid-encoded blaTEM and tet
	Non-thermal atmospheric pressure plasma
	Plasma dose: 1.41 kJ·cm-2, 
	8 min
	>1 log
	[243]

	tetA, tetR, aphA and tnpA
	Glow discharge plasma
	Voltage: 500 V, Current: 100 mA
	30 min
	5.8, 5.4, 5.3, and 5.5 log
	[244]

	tetC, TetW, blaTEM-1, aac(3)-I, 
and intI1
	Mesoporous plasma
	Voltage: 9 kV
	10 min
	>95%, up to 3.34 log
	[245]

	Integrated techniques

	sul1, sul2 and intI1
	N-Doped carbon quantum dots modified TiO2 Nanospheres & Photocatalysis, 
	N-SCQDs@TiO2: 0.1 g·L-1, UV265 lamp: 20W
	120 min
	52.91-83.52%·L-1og, 32.10-68.23%·L-1og and 46.29-76.55%·L-1og
	[246]

	NPTII
	Post-pyrolysis bio-hybridcarbon /peroxymonosulfate (PMS)
	Default material dosage: 10 mg·L-1
	4 min
	4.48 log
	[247]

	 sul1, intI1, and 16SrRNA of Pseudomonas sp. HLS-6,  tetA, intI1, and 16SrRNA of E. coli TOP10F
	Electrified carbon nanotube membrane-NaClO system
	Effective filter area: 20 cm2, Current of 2.5 mA·cm-2
	30 min
	3.5, 4.1, and 2.6 log, 1.7, 4.7, and 3.68 log
	[248]

	floR、tetC、sul1 and intI1
	TiO2-incorporated PVDF membrane
	Effective filter area: 4.1 cm2, 
UV intensity:12 μW·cm-2
	---
	93.07%, 15.06%, 99.29% and 88.86%
	[249]

	mecA and ampC
	TiO2-thin films
	UV254 intensity: 20 mJ·cm-2 H2O2: 0.1 M
	---
	4.4-5.2 log
	[250]

	Plasmid-encoded tetA and ampC
	Ag/TiO2/rGO
	Xenon lamp irradiation
	60 min
	5.39-5.51 log
	[251]

	16S rRNA, intI1, qnrS, blaCTX-M, sul1, blaTEM and vanA
	TiO2 and GO-TiO2
	Catalyst load: 200 mg L−1 
	300 min
	1-3 log
	[235]

	cat
	Photo-electrocatalytic, Anode: TNTs-Ag/SnO2-Sb, Cathode: Ti-Pd/SnO2-Sb
	Effective surface area: 6 cm2, 250 W xenon lamp
	30 min
	2.74 log
	[252]



[bookmark: _Hlk157953150]Text S1. Antimicrobial mechanisms of the emerging technologies
[bookmark: _Hlk157952123]1. Nanotechnology 
[bookmark: _Hlk157263740]Nanotechnology is attracting much attention in terms of antimicrobial practice [253, 254]. The most studied nanomaterials, are mainly classified as metallic based (metal, metal oxide and metal sulfide), carbon-based and their integrated treatment. NPs can inactivate BCs via direct physical damages, indirect ions releasing, NPs internalization and subsequent chemical reactions. (1) Physical antimicrobial effects. NPs, with sharp edges, large specific surface and positive charges, can aggregate and adsorb the microbial cells through electrostatic forces, causing shading effects and contact injuries [203]. The physical effects minimally induce the generation of new heritable NPs resistance or co-selective antibiotic resistance [255], which are typically highlighted in carbon-based nanomaterials for the growth inhibition capacity with limited ecotoxicity. For instance, the reduction of fungal hyphae and the reproductive inhibition by graphene oxide (GO) are attributed to physical contact effects [256]. (2) Ions releasing. For metallic based nanomaterials, the released metal ions significantly contribute to the antimicrobial efficacy, though with controversy regarding their status compared to the nano-scale effects [257]. Evidence suggests that the release of Ag+ plays an important role in the inactivation of BCs [258, 259], depending on the bioaccessibility [260]. Ag constituents react with thiol groups in key enzymes and proteins [261, 262], damaging the cell membrane with wide spectra. The partial contributions of copper and zinc ions have also been demonstrated [263]. (3) NPs internalization. NPs with sizes smaller than 6 nm are capable of completely penetrating into the cell membranes [264]. Subsequently, they may react with surrounding H2O, O2, H2O2, and membrane components (e.g., lipids, proteins, etc.), generating exogenous ROS and enhancing membrane permeability. Typical examples reported include Ag and Au NPs [265]. (4) Chemical damages. Zero-valent iron is commonly used to enhance Fenton-like systems, producing ·OH to attack cellular components [257].
The nanomaterial-induced damages vary among different pathogenic microorganisms. The pathways for bacterial disrupting include: 1) Cell membrane dysfunction; 2) intracellular biomaterials oxidation (e.g., electron transport chain blockade, damage of key enzymes and DNA); 3) cell division inhibition and 4) induction of endogenous ROS (Fig. S1). It is still controversial which mechanism plays the more dominant role in the BCs inactivation. It should be noted that ARGs degradation was seldomly reported and only ARGs interception/adsorption mechanisms were highlighted for carbon-based NPs [266]. Fungi are mainly inactivated via cell membrane damage. Viruses lost the infection capacity due to blocking of the attachment to host surfaces. Certain metal oxides (such as MgO and Bi2O3 in Table S4) increase the surrounding aqueous pH, making it not fit for microbial living (especially for fungi) [216-218]. This is because these NPs have functional groups (e.g., ·OH groups) on the surfaces [267], which inherently consume H+. Nanomaterials interact with the larger protists through physical contact, internalization, and releasing toxic ions, disrupting the physiology processes such as DNA replication, proliferation, and metabolism in these protists.
2. AOPs
[bookmark: _Hlk146742330]Essentially, the produced ROS (including ·OH, HO2·, SO4-· and 1O2) attack cells through a mode of “layer by layer”: Firstly, severe membrane damage is considered a primary cause for the inactivation of bacteria [268], fungi [269], and protozoa [270], identified by the collapse of the cell surface and leakage of cellular contents (DNA, proteins and ATP). The oxidative stress defense of cells is upregulated, leading to an increase in endogenous ROS. Then the residual oxidants can internalize and react with the intracellular or leakage biomolecules. Protein damage is recognized as the major mechanism for the inactivation of viruses, potentially involving the degradation of N-terminal amino acids and the free amine, aromatic, and/or organic sulfur side chains of amino acids including cysteine, histidine, lysine, methionine, tryptophan and tyrosine [271]. It may inhibit the viruses to bind on the host cells or delay the lysis cycle.
Though being non-selective for broad-spectrum BCs, ·OH exhibits confined and highly dose-dependent antimicrobial effects due to the short half-life (<1 μs) and sufficient pre-scavenging [272]. Previous mechanistic studies have questioned the capacity of ·OH to approach and degrade iARGs within acceptable concentrations [273]. Alternative radicals such as reactive chlorine species (RCS, including Cl·, Cl2·–, and ClO·) and SO4-·are selective oxidants that preferentially react with electron-rich moieties such as phosphate groups, amino acids and DNA bases [274]. SO4· can cause more severe DNA chain breakage compared to  ·OH with longer lifespan (30-40 ms) [275]. But studies on the antimicrobial effects and mechanisms of RCS are still in the initial stage and controversy exists over whether RCS can overperform the contribution of ·OH.
[bookmark: OLE_LINK1]2.1 Electrochemical oxidation
The most frequently utilized oxidants in electrochemical system are RCS (Eq. 1-3), as they have the uniquely present chlorine precursors in water environments with lower redox potentials (-1.40 V) [276]. Compared to conventional chlorine disinfection, electrogenerated RCS exhibit higher antimicrobial capacity. The electrolysis of water molecules can also generate free ROS, including ·OH, O3, and H2O2 (Eq. 4). The active anodes form an adsorbed oxidation surface with ·OH, directly contacting and damaging BCs [277]. ROS-mediated electrooxidation requires higher energy consumption compared to that of RCS due to the confined oxidation and lower charge efficiency [276]. 




[bookmark: _Hlk135727495]2.2 Non-thermal plasma
[bookmark: _Hlk157270148]Plasma is the fourth state of matter, ionizing into the non-equilibrium active atoms, molecules, and free electrons under high-energy excitation [278]. Compared to thermal plasma, non-thermal plasma dissociates the working gases (air, He, Ar, and H2) at lower power inputs under atmospheric pressure [279]. Non-thermal plasma undergoes complex interactions at the air-water interface, such as ion-molecule collisions and ion-ion neutralization [280], generating various reactive species and releasing ultraviolet radiation. Initially formed short-lived species (e.g., ·OH, 1O2, O and N atoms) can further evolve into longer-lived secondary or tertiary species (e.g., H2O2, O3, NO3-, and NO2-) in the aqueous matrix. Among them, H2O2 and NO3- are keystone substances for antimicrobial effects due to their longer lifespan and formation of inorganic acids (HNO3 and HNO2) [281]. When the treated water is directly exposed to discharge region, roles of ROS and reactive nitrogen species (RNS) are highlighted [282], while the contribution of incidental UV is always negligible.
2.3 Photodynamic reaction
ROS are the core substances for photodynamic therapy, with photosensitizers serving as the inducing agent. Photosensitizers absorb light energy to the first exited singlet state (summarized in Table S5), converting to the long-lived triplet states afterwards and reacting with oxygen in water through Type-I (electron transfer) or Type-II (energy transfer) mechanisms to form ROS (1O2, O2.− and ·OH). The heat dissipated from photodynamic reaction may synergistically shocks the bacteria, increasing their susceptibility to other antimicrobial agents [283]. 
3. Biological control process
[bookmark: _Hlk135727607]3.1 Phage-based antimicrobial process
Phages present a highly selective antimicrobial method at the strain-level [284]. They are capable of precisely splitting the target host cells via natural parasitic process, without significantly affecting other bacteria, viruses, fungi and protozoa, even counteractive towards ARGs [285].
[bookmark: _Hlk135727622]3.2 Genetic engineering based antimicrobial process
(1) Toxin–antitoxin (TA) systems
TA loci are widely naturally contained inside the free-living bacterium while rarely presented in eukaryotic systems [286]. The toxic protein is stable, while the antitoxin is unstable within cells and easy to be degraded upon plasmid loss, resulting in the toxin-mediated death [287]. Identification of the bacterial toxin proteins has inspired the development and design of antimicrobial peptides. Toxins can target various cellular components, including the extracellular space, imbalanced cell membrane potential, DNA or RNA structures to impair the replication and translation, respectively, and induce metabolic stress [287, 288]. The toxin-mediated bacterial inactivation is a conserved mechanism that is not prone to inducing bacterial resistance, unless more than three mutations happen individually. Stress-induced upregulation of toxin factors has been harnessed to induce a "suicidal effect" for antibacterial purposes [289].
(2) CRISPR/Cas systems
The CRISPR systems serve as natural defense barriers developed by bacteria in their evolutionary competition with phages. CRISPR consists of repetitive and spacer DNA sequences, recording the previously infected phage genomes. Subsequently formed CRISPR-Cas complex endows the specific recognition and cleavage of recorded foreign genetic materials [290, 291]. Artificially replacing the target sequences in CRISPR spacers facilitates the gene-level targeting of pathogens (including the antibacterial [290, 291], anti-viral [292], anti-fungal [293] and anti-protozoa [294] practice), as well as the intracellular ARGs [295].
[bookmark: _Hlk138352423][bookmark: _Hlk135727633][bookmark: _Hlk146811313]3.3 Biological intervention based on macroscopical ecology
(1) Microalgae
The microalgae culture and mixed consortium of microalgae, bacteria, and other microorganisms are not designed for pathogen removal, but concomitantly creating the micro-environment that unfavorable for pathogen survival [296]. Microalgae occasionally prey on the tiny viruses and bacteria, also competing with the heterotrophic bacteria and protozoa for carbon source. The close interactions make them to form the denser cell agglomeration, whereby accelerating the settlement of pathogens [297]. Algal secondary metabolites (such as fatty acids, glycolipids, phenols, terpenes, β-diketones, and indole alkaloids) also exhibit antibiotic-like effects [298]. Algal-bacterial consortium significantly reduce the exogenous ARGs, which is attributed to the ARGs capture by EPS and the intracellular transcription interference via certain DNA self-protection mechanisms [299]. Moreover, the increasing pH and dissolved oxygen promote the photosensitive effects of intracellular endogenous photosensitizers, intensify the injure of DNA and membrane structure [300]. Synergistical BCs removal can be improved by rationally adjusting the culture parameters without compromising the functionality of microalgae.
(2) Earthworm filter
Earthworms exhibit cross-linked ecological relationships mainly with protozoa and bacteria (natural predation, parasitism and symbiosis), partially eliminating the pathogenic bacteria, fungi, protozoa and ARGs [97]. Earthworms form dense biofilms in the gut, selectively preserving the microbial constitutes that significantly distinct from environmental flora [301]. Coelomic fluid of earthworms contains complex immune substances, such as lectins, phenoloxidase, cecropins, and lumbricins [302], which can effectively combat the pathogens.
4. Integrated techniques
4.1 Photo-, sono- and electro-catalysis nanomaterials
Light-driven nanotechnology presents green and energy-efficient options that can be combined via flexible settings. Essentially, electrons are excited by light absorption and from the valence band to the conduction band, leaving holes as reactive centers for rapid ROS initiation. Under the treatment of ultrasound (20 kHz-3 MHz), sonosensitive nanomaterials can be well pre-dispersed in aqueous matrix, primarily absorbing the vibrational energy and the dissipated energy from cavitation to induce ROS (assisted by piezoelectric effects) [303]. Generally, prevalent semiconductors are also endowed with sonosensitive properties [304]. Semiconductor-like nanomaterials are also used as electrodes in the forms of coating, nanosheet and nanowires. Dense networks composed of metal-based nanowires (e.g., Ag, Co3O4, CuO, and ZnO) and carbon-based nanomaterials (e.g., graphene) are known as highly efficient electrode morphologies, and harnessed in antimicrobial processes dominated by electrocatalytic trapping, electrooxidation and electroporation mechanisms [305]. These ROS-based integrations have advantages of broad-spectrum and highly effective inactivation.
[bookmark: _Hlk135727723]4.2 Hybrid membrane process
[bookmark: _Hlk147414694]Nanomaterials [306], photosensitizers [307] and strong oxidants such as persulfate and peracetic acid [308] are immobilized on membrane to enhance the ROS production, indiscriminately removing the BCs and other membrane fouling substances. The condensed biofilms on membrane construct a favorable microenvironment for phages, omitting some survival cost due to the easier adsorption [309]. Highly concentrated phage solutions efficiently mitigate the biofouling for ultrafiltration [310] and membrane bioreactors [311].
[bookmark: _Hlk135727737]4.3 Phage-based combined process
Synergism exists between the sequential combination of phages and conventional disinfection (solar, chlorine and UV) [311-313]. Mono-phage treatment down-regulate the bacterial defense system (including cell wall protecting, ROS scavenging and DNA repair genes), thereby decreasing the bacterial resistance to conventional disinfectants [312]. On the other hand, studies have immobilized the phages onto carriers to create confined higher phage-host ratios and facilitate the phagelysis process [314], to tackle the limitations of low bacterial loads.



Text S2. Electrical energy per order (EEO) calculation of the emerging technologies
If the collected literature includes the calculation of EEO, it will be directly compiled. EEO of the conventional disinfection (chlorine, UV and ozonation) are all directly compiled. In cases where the literature does not provide the EEO calculation, it will be estimated as outlined below based on experimental materials and procedures.
(1) Nanotechnology
For mono-nanomaterials, energy consumption primarily arises from the indirect energy usage associated with material synthesis rather than direct electrical consumption. Consequently, their cost is converted to EEO as Eq. 1.

where EEO is the required electrical energy to inactivate the pathogens by 1 log, kWh·m-3; Cost is the estimated cost of nanomaterial synthesis, USD, inquiring at the website: https://inscx.com/shop/; 0.04 is the electrical charges, USD·kWh-1, V is the treated water volume, m3; C0 is the initial pathogen concentration; and Ct is the pathogen concentration at treatment time t.

(2) AOP
For electrooxidation and non-thermal plasma, energy consumption primarily arises from direct electrical consumption as calculated by the average current and voltage (Eq. 2). 

where U is average voltage, V; I is average current, A; t is the treatment time, h.

For the processes driven by light (UV-based and photodynamic reaction), energy consumption arises from direct electrical consumption and indirect energy usage associated with photocatalyst (if any), as calculated by Eq. 3.

where P is the light power, kW; Cost is the price of photocatalyst, USD, inquiring at the website: https://www.sigmaaldrich.com/ 

(3) Biological control process
For phage-based treatment, energy consumption is estimated by the average operating consumption of 70085.6 kWh/1000 m3 based on previous records [315], for the initial phage concentration of 108 PFU·mL-1 (Eq. 4).

where Cp is the initial phage concentration in different cases.

For microalgae cultivation, energy consumption is estimated by the average operating consumption of 0.64 kWh·m-3 water, for 10 days (Eq. 5) [316].

where Tm is the operating time of microalgae reactors in different cases.

For earthworm filter, energy consumption is estimated by the average operating consumption of 4520 MJ (1255.56 kWh)/0.125 m3 for operating 6 h (Eq. 6), according previous reports [317].

where Tm is the operating time of earthworm filter in different cases.

(4) Integrated techniques
Energy consumption arises from direct electrical consumption and indirect energy usage associated with the synthesis of chemical or biological agents, based on the above calculation (Eq. 7).

where P1, P2, … are the electric power for light, ultrasonic and electrooxidation, kW; Cost1, Cost2… are the price of chemicals or nanomaterials, USD, inquiring at the website: https://www.sigmaaldrich.com/ for oxidants or https://inscx.com/shop/ for nanomaterials.



[bookmark: _Hlk156989489][bookmark: _Hlk156904053]Text S3. Collection and Calculation of the indices in the semi-quantitative framework
(1) Basic information
[bookmark: _Hlk156984255]Taget: disinfection unit (from influent to effluent)
[bookmark: _Hlk163382381]Water treatment scale: lab-scale or pilot scale (adopting 1000 m3·d-1 for the calculation for operating cost and LCA).
[bookmark: _Hlk156984142]Basic parameters and data for calculation are summarized below.

Table S3-1. Basic parameters for cost and LCA estimation 
	[bookmark: _Hlk156983999]
	Dose of disinfectants
	Treatment time 
	Waste output
	References
(Pilot to full-scale)

	Zn/Cu nanocomposite
	115.7 mg·L-1
	28 min
	Cu foam 28408 kg
	[318]

	
	34.3 mg·L-1
	27 min
	Cu nanoparticles 312.99 kg
	[319]

	Non-thermal plasma
	-
	90 min
	NO3- 15 mg·L-1; NO2- 0.05 mg·L-1
	[115, 320]

	
	-
	6 min
	NO3- 3 mg·L-1; NO2- 0.01 mg·L-1
	[153, 320]

	Phage-based treatment
	5.1×106 PFU·mL-1
	1 h
	CO2 (microbial respiration) 1228.9 kg
	[321, 322]

	
	2.7×107 PFU·mL-1
	24 h
	CO2 (microbial respiration) 6505.78 kg
	[321, 322]

	Photocatalytic nanocomposites (Ag/TiO2/ graphene oxide)
	100 mg·L-1
	30 min
	Ag/TiO2/graphene oxide 30.42 kg (reuse 1200 times) 
	[251]

	
	100 mg·L-1
	30 min
	Ag/TiO2/graphene oxide 30.42 kg (reuse 1200 times) 
	[251]

	Chlorine
	3.8 mg·L-1
	9 min
	Residual chlorine 0.33 mg·L-1 (undergoing the dichlorination); trichlormethane 50 μg·L-1
	[323, 324]

	
	1 mg·L-1
	0.6 min
	Residual chlorine 0.5 mg·L-1; trichlormethane 2.5 μg·L-1
	[325, 326]

	UV
	80 mJ·cm-2
	13.3 min
	-
	[327]

	
	10 mJ·cm-2
	1.66 min
	-
	[328]

	[bookmark: _Hlk164263360]Ozonation
	3 mg·L-1
	15 min
	Residual ozone 0.2 mg·L-1
Bromate 20 μg·L-1
	[329-331]

	
	0.8 mg·L-1
	7.4 min
	Residual ozone 0.3 mg·L-1
Bromate 8 μg·L-1
	[332-334]


Notes: data that bottomed gray are for wastewater treatment and data unmarked are for drinking water treatment.

(2) Overall inactivation rate
Point estimation of the immediate inactivation efficiency towards indicator bacteria in the wastewater or drinking water, calculated by Eq. 8 or directly implied from the literature.


where t is the treatment time; C0 is the initial pathogen concentration and Ct is the pathogen concentration at treatment time t.
(3) Growth inhibition
Point estimation of the long-term (at least for one growth cycle) inactivation efficiency towards indicator bacteria in the culture media, calculated by Eq. 9 or directly implied from the literature.

where Ct1 is the pathogen concentration at t without treatment.
(4) ARGs removal rate
Point estimation of the immediate ARGs removal efficiency in the wastewater or drinking water, calculated by Eq. 10 or directly implied from the literature.



where N0 is the initial ARGs concentration and Nt is the ARGs concentration at treatment time t.
(5) Operating cost
[bookmark: _Hlk163293859][bookmark: _Hlk164436604]Annual operating cost =Annual chemical cost+ Water cost + labor cost + operation and maintenance cost+ electricity cost referred from [335]
Water cost is unified into 600 USD calculated based on the treatment scale (1000 m3·d-1); 
Labor costs is unified into 30000 USD for 3 workers
Operation and maintenance cost= Fixed asset investment×3%
Electricity cost= 0.04 USD·kW·h-1×energy consumption
Operating cost of the emerging technologies are estimated by the existing EEO values.
1) Immobilized Cu nanocomposites 
a. Wastewater treatment
Cost of material (Cu foam) =260.78/30/618.75 USD/g×1160 g×106×365 L/14904L= 399157.33 USD
[bookmark: _Hlk164259622]Electricity cost=0.0054 kWh·m-3 [336]×1000 m3·d-1 ×365 d ×0.04 USD·kW·h-1=78.8 USD
Operating cost=399157.33+600+30000+3%×67600 [336]+78.8=431861.13 USD
b. Drinking water treatment
Cost of raw material=1.06 USD/g×0.0686 g×106×365 L/80L= 331766.75 USD
Electricity cost=0.0054 kWh·m-3 [336]×1000 m3·d-1×365 d ×0.04 USD·kW·h-1=78.8 USD
Operating cost=331766.75+600+30000+3%×67600 [336]+78.8=362445.55 USD
2) Non-thermal plasma
a. Wastewater treatment
[bookmark: _Hlk164261019]Energy consumption=2.2 kWh·m-3 [337]× 1000 m3·d-1 ×365 d =803000 kWh
[bookmark: _Hlk164622260]Electricity cost=803000 kWh×0.04 USD·kW·h-1=32120 USD
[bookmark: _Hlk163383050]Operating cost=600 + 30000+3%× (106 + 106.5) [338]+3212=155468.33 USD
b. Drinking water treatment
Energy consumption=7 kWh·m-3 [153]× 1000 m3·d-1 ×365 d =2555000  kWh
Electricity cost=2555000 kWh×0.04 USD·kW·h-1=102200 USD
Operating cost=600 + 30000+3%× (106 + 106.5) [338]+102200=257668.33 USD
3) Phage-based treatment 
a. Wastewater treatment
Dosage of phage: 5.1×106 PFU·mL-1; Dosage of phage mother liquor: 1010 PFU·mL-1; Volume of bioreactor/culture medium: 50 L
[bookmark: _Hlk164261766]Electricity cost+ material cost=3.843 ×10-14 USD/PFU [339] ×5.1 ×106 ×109 mL ×365 d=71537.445 USD
Water, labor and maintenance costs = 600 + 30000 + (33599×50 L) USD [340] ×0.03 = 80998.5 USD
[bookmark: _Hlk163238703]Operating cost=71537.445+80998.5=152535.95 USD
c. Drinking water treatment
Dosage of phage: 2.7×107 PFU·mL-1; Dosage of phage mother liquor: 1010 PFU·mL-1; Volume of bioreactor/culture medium: 50 L
Electricity cost+ material cost=3.843 ×10-14 USD/PFU [339] ×2.7 ×107 ×109 mL ×365 d=378727.65 USD
Water, labor and maintenance costs = 600 + 30000 + (33599×50 L) USD [340] ×0.03 = 80998.5 USD
Operating cost=378727.65+80998.5=459726.15 USD
4) Photocatalytic nanocomposites (wastewater & drinking water treatment)
Dosage of Ag/TiO2/graphene oxide material: 100 mg·L-1.
[bookmark: _Hlk164261981][bookmark: _Hlk163382866]As recorded by [251], catalyst cost is 14.25 USD/g. The catalytic materials are potentially long-term effective.
To achieve a treatment capacity of 1000m3·d-1, now hypothesis that: 1) 5 batch reactors are used, each treat 5 m3 for a cycle and total treatment time is 15 h (30 cycles·d-1); 2) catalyst in each reactor is changed every 30 days.
Electricity cost=0.0054 kWh·m-3 [336]×1000 m3·d-1 ×365 d×0.04 USD·kW·h-1=78.8 USD
Water cost + labor cost + operation and maintenance cost = 600 + 30000 + 3%×67600 [336] (same as [335])= 32628 USD
Catalyst cost: 14.25×100 mg·L-1×106L·d-1×10-3/900×365=433437.5 USD
Operating cost=78.8 + 32628 + 433437.5= 466144.3 USD 
5) Chlorine
a. Wastewater treatment
Chemical cost (NaClO, 10% wt): 3.8×10-3 kg ·m-3×1000m3·d-1×365d×0.733 USD·kg-1 =802.635 USD
Water cost + labor cost + operation and maintenance cost = 600 + 30000 + Fixed asset investment×3%= 600 + 30000 + 922000 USD×1000m3·d-1 /390L·s-1×3% [341] = 31464.94 USD
Operating cost=31464.94+802.635 =32267.58 USD
b. Drinking water treatment
On-site sodium hypochlorite generation.
Chemical cost (NaClO, 10% wt): 1×10-3 kg ·m-3×1000m3·d-1×365d×0.733 USD/kg=267.55 USD
Water cost + labor cost + operation and maintenance cost = 600 + 30000 + Fixed asset investment×3%= 600 + 30000 +488300 USD×1000m3·d-1 /20×106 gal·d-1×3% [341]=30793.49 USD
Operating cost=30793.49+267.55=31061.04 USD
d. UV
a. Wastewater treatment
[bookmark: _Hlk164262910]Energy consumption: 0.00039 kWh/(mJ·cm-2) [182] ×80 mJ·cm-2 ×1000 m3×365d=11388 kWh
[bookmark: _Hlk164262988]Water cost + labor cost + operation and maintenance cost = 600 + 30000 + Fixed asset investment×3%= 600 + 30000 +161700 USD [342]×0.03=35451 USD
Operating cost=35451+11388 kWh×0.04 USD·kWh-1 =35906.52 USD
b. Drinking water treatment
Energy consumption: 0.00039 kWh/(mJ·cm-2) [182] ×10 mJ·cm-2 ×1000 m3×365d=1423.5 kWh
Water cost + labor cost + operation and maintenance cost = 600 + 30000 + Fixed asset investment×3%= 600 + 30000 +161700 USD [342]×0.03=35451 USD
Operating cost=35451+1423.5 kWh×0.04 USD·kWh-1 =35507.94 USD
e. Ozonation
a. Wastewater treatment
Energy consumption: 0.00011 kWh/mg [182]×3 mg·L-1×106 L·d-1×365d=120450 kW·h
[bookmark: _Hlk164263421]Water cost + labor cost + operation and maintenance cost = 600 + 30000 + Fixed asset investment×3%= 600 + 30000 +2000000 [343] USD×3%=90600 USD
Operating cost=90600+120450 kWh×0.04 USD·kWh-1 =95418 USD
b. Drinking water treatment
Energy consumption: 0.00011 kWh/mg [182]×0.8 mg·L-1×106 L·d-1×365d=32120 kW·h
Water cost + labor cost + operation and maintenance cost = 600 + 30000 + Fixed asset investment×3%= 600 + 30000 +2000000 [343] USD×3%=90600 USD
Operating cost=90600+32120 kWh×0.04 USD·kWh-1 =91884.8 USD

(6) Human health, global warming and freshwater ecotoxicity
Following the EPA 600/R-14/377, the three indices are calculated by LCA system, using the Simapro 9.0.0.4.8 based on Ecoinvent 3 database and TRACI 2.1. Input and output of the raw materials acquisition, production and waste treatment are listed below.


	Table S3-2. Detailed input data for LCA estimation

	Scheme 1: Immobilized Cu nanocomposites

	Raw materials acquisition

	Stage
	Name
	Material quality
	Number
	Unit
	Transportation distance
	Modes of transport

	Input
	Copper sheets
	Metal salt
	28408
	kg
	1 km
	Lorry 

	Input
	Copper, cathode
	Metal salt
	312.99
	kg
	1 km
	Lorry 

	Production

	Input
	Electricity
	Medium Voltage
	1970
	kWh
	-
	-

	
	Water
	Tap water 
	60000
	m3
	-
	-

	Input
	Electricity
	Medium Voltage
	1970
	kWh
	-
	-

	
	Water
	Tap water 
	60000
	m3
	-
	-

	Waste treatment

	Landfill
	Copper
	nanomaterials
	28408
	kg
	-
	-

	Landfill
	Copper
	nanomaterials
	312.99
	kg
	-
	-

	
	
	
	
	
	
	

	Scheme 2: non-thermal plasma

	Raw materials acquisition

	Stage
	Name
	Material quality
	Number
	Unit
	Transportation distance
	Modes of transport

	Input
	Air
	Natural gas
	2.1×1010
	kg
	
	

	
	Air
	Natural gas
	1.4×109
	kg
	
	

	Production

	Input
	Electricity
	Medium Voltage
	803000
	kWh
	-
	-

	
	Water
	Tap water 
	60000
	m3
	-
	-

	Input
	Electricity
	Medium Voltage
	2555000
	kWh
	-
	

	
	Water
	Tap water 
	60000
	m3
	-
	

	Output
	NO3-
	Nitrogen oxide
	5475
	kg
	
	2555

	
	NO2-
	Nitrogen oxide
	18.25
	kg
	
	7.3

	Output
	NO3-
	Nitrogen oxide
	1095
	kg
	
	

	
	NO2-
	Nitrogen oxide
	3.65
	kg
	
	

	
	
	
	
	
	
	

	Scheme 3: phage-based therapy

	Raw materials acquisition

	Stage
	Name
	Material quality
	Number
	Unit
	Transportation distance
	Modes of transport

	Input
	Protein feed
	Organic composite
	735
	kg
	1 km
	Lorry 

	
	Sodium chloride (bacterial inoculum)
	Metal salt
	500
	kg
	1 km
	Lorry 

	Input
	Protein feed
	Organic composite
	3900
	kg
	1 km
	Lorry 

	
	Sodium chloride (bacterial inoculum)
	Metal salt
	2650
	kg
	1 km
	Lorry 

	Production

	Input
	Electricity
	Medium Voltage
	3574.47
	kWh
	-
	-

	
	Water
	Tap water 
	60500
	m3
	-
	-

	Output
	CO2 (Bacterial respiration)
	Gas
	1228.9
	kg
	-
	-

	Input
	Electricity
	Medium Voltage
	18923.1
	kWh
	-
	-

	
	Water
	Tap water 
	63000
	m3
	-
	-

	Output
	CO2 (Bacterial respiration)
	Gas
	6505.78
	kg
	-
	-

	
	
	
	
	
	
	

	Scheme 4: Ag/TiO2/graphene oxide nanocomposite

	Raw materials acquisition

	Stage
	Name
	Material quality
	Number
	Unit
	Transportation distance
	Modes of transport

	Input
	AgNO3
	Metal salt
	13.04
	kg
	1 km
	Lorry 

	
	TiO2
	Metal oxide
	34.76
	kg
	1 km
	Lorry 

	
	Graphene oxide
	nanomaterials
	8.69
	kg
	1 km
	Lorry 

	Production

	Input
	Electricity
	Medium Voltage
	1970
	kWh
	-
	-

	
	Water
	Tap water 
	60000
	m3
	-
	-

	Waste treatment

	Landfill
	Ag/TiO2/graphene oxide nanocomposite
	nanomaterials
	30.4177
	kg
	-
	-

	
	
	
	
	
	
	

	Scheme 5: Chlorine disinfection

	Raw materials acquisition

	Stage
	Name
	Material quality
	Number
	Unit
	Transportation distance
	Modes of transport

	Input
	Sodium chloride
	Metal salt
	1387
	kg
	1 km
	Lorry 

	
	Sodium chloride
	Metal salt
	365
	kg
	1 km
	Lorry 

	Production

	Output
	Residual Chlorine 
	Inorganic substance
	120.45
	kg
	-
	-

	
	Trichlormethane
	Organic byproducts
	18.25
	kg
	-
	-

	
	Residual Chlorine 
	Inorganic substance
	182.5
	kg
	-
	-

	
	Trichlormethane
	Organic byproducts
	0.9125
	kg
	-
	

	
	
	
	
	
	
	

	Scheme 6: UV disinfection

	Raw materials acquisition

	Stage
	Name
	Material quality
	Number
	Unit
	Transportation distance
	Modes of transport

	Input
	none
	
	
	
	
	

	Production

	Input
	Electricity
	Medium Voltage
	11388
	kWh
	-
	-

	
	Water
	Tap water 
	60000
	m3
	-
	-

	Input
	Electricity
	Medium Voltage
	1423.5
	kWh
	-
	-

	
	Water
	Tap water 
	60000
	m3
	-
	-

	
	
	
	
	
	
	

	Scheme 7 Ozonation

	Raw materials acquisition

	Stage
	Name
	Material quality
	Number
	Unit
	Transportation distance
	Modes of transport

	Input
	Oxygen 
	Liquid
	1642.5
	kg
	1 km
	Lorry 

	
	Oxygen
	Liquid
	438
	kg
	1 km
	Lorry 

	Production

	Input
	Electricity
	Medium Voltage
	120450
	kWh
	-
	-

	
	Water
	Tap water 
	60000
	m3
	-
	-

	Input
	Electricity
	Medium Voltage
	32120
	kWh
	-
	-

	
	Water
	Tap water 
	60000
	m3
	-
	-

	Output
	Residual ozone 
	Inorganic substance
	73
	kg
	-
	-

	
	Bromate
	Organic byproducts
	7.3
	kg
	-
	-

	Output
	Residual ozone 
	Inorganic substance
	109.5
	kg
	-
	-

	
	Bromate
	Organic byproducts
	2.92
	kg
	-
	-

	Notes: data that bottomed gray are for wastewater treatment and data unmarked are for drinking water treatment.






	
	Ozone depletion
	Global warming
	Smog
	Acidification
	Eutrophication
	Carcinogenics
	Non carcinogenics
	Respiratory effects
	Ecotoxicity
	Fossil fuel depletion
	Human health (carcinogenic toxicity+ non-carcinogenic toxicity)

	unit
	kg CFC-11 eq
	[bookmark: OLE_LINK9]kg CO2 eq
	kg O3 eq
	kg SO2 eq
	kg N eq
	CTUh
	CTUh
	kg PM2.5 eq
	CTUe
	MJ surplus
	CTUh

	Scheme 1
	0.006150492
	31813.778
	2788.0796
	492.68461
	773.35409
	0.016772294
	0.20245852
	75.512999
	833600650
	36089.363
	0.219230814

	Scheme 1
	0.002618183
	15701.181
	1278.0208
	168.38431
	233.06638
	0.011708029
	0.060357919
	29.851332
	10418470
	16897.071
	0.072065948

	Scheme 2
	0.04733636
	211675.56
	5401.6467
	354.15572
	1419.382
	0.013062863
	0.025693539
	50.900792
	515033.84
	525542
	0.038756402

	Scheme 2
	0.14765683
	645905.23
	15277.809
	995.62101
	564.57634
	0.019833281
	0.05634708
	125.29645
	1105551.7
	1647451.4
	0.076180361

	Scheme 3
	0.001585022
	15015.364
	912.91951
	62.808955
	41.611223
	0.010072578
	0.011919455
	17.29362
	250235.65
	13844.54
	0.021992033

	Scheme 3 
	0.002575887
	25231.942
	1080.6601
	74.582733
	48.512481
	0.010615735
	0.01317147
	19.501397
	276833.78
	24694.269
	0.023787205

	Scheme 4
	0.00234122
	18484.406
	1885.048
	116.04455
	206.77123
	0.011525082
	0.051604236
	25.879604
	2709616.6
	18384.495
	0.063129318

	Scheme 4
	0.00234122
	18484.406
	1885.048
	116.04455
	206.77123
	0.011525082
	0.051604236
	25.879604
	2709616.6
	18384.495
	0.063129318

	Scheme 5
	0.015589454
	39570.558
	2395.9386
	194.35907
	155.1764
	0.011915638
	0.023880978
	53.844192
	515922.88
	31658.362
	0.035796616

	Scheme 5
	0.005101744
	19737.02
	1275.2995
	95.468697
	70.35383
	0.010472947
	0.014859711
	26.550504
	315678.51
	16682.163
	0.025332658

	Scheme 6
	0.002008226
	15476.123
	939.26721
	64.320313
	41.242737
	0.010003763
	0.011843248
	17.286353
	248218.21
	18625.944
	0.021847011

	Scheme 6
	0.001437653
	13006.441
	883.09653
	60.67198
	40.207951
	0.009965256
	0.011668906
	16.863228
	244859.64
	12245.084
	0.021634162

	Scheme 7
	0.008352027
	44365.359
	1657.2454
	112.40507
	59.808576
	0.010528557
	0.014135098
	25.001599
	296947.52
	89794.802
	0.024663655

	Scheme 7
	0.003221712
	21110.091
	1083.6517
	74.085264
	45.326378
	0.010111436
	0.012308293
	18.989133
	258397.89
	32256.538
	0.022419729


Table S3-3. Output data for LCA estimation
Notes: data that bottomed gray are for wastewater treatment and data unmarked are for drinking water treatment.


Table S3-4. Summary of all the indices
	[bookmark: _Hlk156906658]
	Overall inactivation rate
(min-1)
	Growth inhibition
(h-1)
	ARG removal rate
(min-1)
	Human health**
[bookmark: _Hlk156943921](CTUh)
	Global warming** 
(kg CO2/year)
	Operating cost
($/year)
	[bookmark: _Hlk157112553]Freshwater ecotoxicity**
(CTUe)

	Scheme 1
	0.0998 [318]
	0.292 [344]
	0.00162 [345]
	0.219230814
	31813.778
	431861.13
	833600650

	
	0.159 [319]
	0.083 [344]
	[bookmark: _Hlk157098058]0.00072 [346],a
	0.072065948
	15701.181
	331766.75
	

	Scheme 2
	0.4 [115]
	1.54 [347]
	0.112 [348]
	0.038756402
	211675.56
	155468.33
	515033.84

	
	1.67 [153]
	0.54 [349]
	0.42 [245]
	0.076180361
	645905.23
	257668.33
	

	Scheme 3
	0.00594 [321]
	1.94 [350]
	10-9 (≈0) b
	0.021992033
	15015.364
	152535.95
	250235.65

	
	0.000116 [321]
	1.94 [350]
	10-9 (≈0) b
	0.023787205
	25231.942
	459726.15
	

	Scheme 4
	0.2 [251]
	2.04 [351]
	0.055 [251]
	0.067171067
	45859.216
	492616.3
	3666824.4

	
	0.537[251]
	2.04 [351]
	0.124 [251]
	0.067171067
	45859.216
	492616.3
	

	Scheme 5
	0.332 [323]
	1.885 [352]
	0.0112 [353]
	0.035796616
	39570.558
	32267.58
	515922.88

	
	8.33 [326]
	0.03 [352]
	0.17 [233]
	0.025332658
	19737.02
	31061.04
	

	Scheme 6
	0.338 [327]
	1.83 [354]
	0.0544 [353]
	0.021847011
	15476.123
	35906.52
	248218.21

	
	2.406 [328]
	0.802 [355]
	0.033 [233]
	0.021634162
	13006.441
	35507.94
	

	Scheme 7
	0.2 [329]
	0.0296 [356]
	0.0257 [353]
	0.024663655
	44365.359
	95418
	296947.52

	
	0.534 [332]
	0.0079 [356]
	0.8 [233]
	0.022419729
	21110.091
	91884.8
	


a: Replacing with the ARGs removal of Fe-NPs.
b: Phages almost do not remove ARGs.
Data that bottomed gray are for wastewater treatment and data unmarked are for drinking water treatment.

Text S4. AHP method and expert scoring to determine weights
(1) Determination of index weights
The goal is to obtain the relative importance ranking of the indices at the scenarios of wastewater and drinking water treatment. It was carried out by survey, which included anonymous experts from several Chinese countries that dedicated to environmental engineering design or research. The pairwise comparisons of indices were conducted by 15 experts to form the judgment matrix A, respectively (Eq. 15, as ruled in the classic AHP 1-9 scale[357]). 
 [image: ]                     

Among them, yij=
1: Elements i and j are equally important
2-3: i is slightly more important than j
5-6: i is moderately more important than j
7-8: i is strongly more important than j
9: i is extremely more important than j
1/3-1/2: i is slightly less important than j
1/6-1/5: i is moderately less important than j
1/8-1/7: i is strongly less important than j
1/9: i is extremely less important than j 

Feature vectors are extracted as follow, and all integrated to one matrix for calculating the ultimate average weights.

Since the judgment matrix A is assigned subjectively, a one-time test is needed to evaluate the reliability of the judgment matrix. The reliability of the judgment matrix is judged by the consistency ratio CR (Eq. 17-19). After calculation, we acquired 10 judgment matrix A has passed the consistency test.
   [image: ]                  
Among them,
[image: ]                     
[image: ]                         

(2) AHP Expert Scoring Survey
Dear Expert xx,
Greetings. This questionnaire is designed to assess the disinfection effectiveness of wastewater and drinking water treatment by categorizing and summarizing the indicators based on their interrelationships and performing pairwise comparisons. You are invited to score the weight coefficients for each pair of indicators according to their importance based on your expertise. The outcomes of this survey will serve as a crucial foundation for constructing the judgment matrix in the AHP. You should score the relative importance of each indicator at the scenarios of wastewater treatment and drinking water treatment, respectively, using a nine-point scale. Below is the evaluation system of indicators for this research study:

[image: ]

Scoring standard:
1. Elements i and j are equally important: 1
2. i is slightly more important than j: 3
3. i is moderately more important than j: 5
4. i is strongly more important than j: 7
5. i is extremely more important than j: 9
6. i is slightly less important than j: 1/3
7. i is moderately less important than j: 1/5
8. i is strongly less important than j: 1/7
9. i is extremely less important than j: 1/9
Scoring Requirements: 
1. The scoring must satisfy the principle of consistency among the same level of factors.
For example, if A > B and B > C, then A > C must hold; otherwise, the survey is invalid. (Important!!!) 
2. This questionnaire is single-choice.

A. Wastewater treatment (21 questions)
In your opinion, regarding the seven indicators for disinfection effectiveness in wastewater, what is the relative importance of the seven indicators? (The options closer to the left indicate that the left indicator is more important than the right, and the options closer to the right indicate that the right indicator is more important than the left.) (The explanations for each indicator are provided in parentheses below the indicators.)

1. Overall inactivation rate vs microbial growth inhibition 
[image: ]
2. Overall inactivation rate vs ARGs removal rate
[image: ]
3. Overall inactivation rate vs human health
[image: ]
4. Overall inactivation rate vs global warming
[image: ]
5. Overall inactivation rate vs operating cost
[image: ]


6. Overall inactivation rate vs freshwater ecotoxicity
[image: ]
7. Growth inhibition vs ARGs removal rate
[image: ]
8. Growth inhibition vs human health
[image: ]
9. Growth inhibition vs global warming
[image: ]
10. Growth inhibition vs operating cost
[image: ]
11. Growth inhibition vs freshwater ecotoxicity
[image: ]


12. ARGs removal rate vs human health
[image: ]
13. ARGs removal rate vs global warming
[image: ]
14. ARGs removal rate vs operating cost
[image: ]
15. ARGs removal rate vs freshwater ecotoxicity
[image: ]
16. Human health vs global warming
[image: ]
17. Human health vs operating cost
[image: ]


18. Human health vs freshwater ecotoxicity
[image: ]
19. Global warming vs operating cost
[image: ]
20. Global warming vs freshwater ecotoxicity
[image: ]
21. Operating cost vs freshwater ecotoxicity
[image: ]

B. Drinking water treatment (15 questions)
In your opinion, regarding the six indicators for disinfection effectiveness in drinking water treatment, what is the relative importance of the seven indicators? (The options closer to the left indicate that the left indicator is more important than the right, and the options closer to the right indicate that the right indicator is more important than the left.) (The explanations for each indicator are provided in parentheses below the indicators.)

1. Overall inactivation rate vs microbial growth inhibition 
[image: ]
2. Overall inactivation rate vs ARGs removal rate
[image: ]
3. Overall inactivation rate vs human health
[image: ]
4. Overall inactivation rate vs global warming
[image: ]
5. Overall inactivation rate vs operating cost
[image: ]
6. Growth inhibition vs ARGs removal rate
[image: ]
7. Growth inhibition vs human health
[image: ]


8. Growth inhibition vs global warming
[image: ]
9. Growth inhibition vs operating cost
[image: ]
10. ARGs removal rate vs human health
[image: ]
11. ARGs removal rate vs global warming
[image: ]
12. ARGs removal rate vs operating cost
[image: ]
13. Human health vs global warming
[image: ]


14. Human health vs operating cost
[image: ]
15. Global warming vs operating cost
[image: ]


(3) AHP Expert Scoring results 

Table S2-1. Expert Scoring Matrix: Wastewater treatment
	Expert 1: Scoring Matrix and Calculation Results
	
	
	

	Index 1
	Index 2
	Index 3
	Index 4
	Index 5
	Index 6
	Index 7
	Weights
	
	
	

	1    
	6    
	9    
	5    
	5    
	5    
	9    
	0.4508
	
	
	

	 1/6
	1    
	6    
	 1/2
	 1/2
	 1/2
	6    
	0.0897
	
	
	

	 1/9
	 1/6
	1    
	 1/6
	 1/6
	 1/6
	1    
	0.0245
	
	
	

	 1/5
	2    
	6    
	1    
	1    
	1    
	6    
	0.1368
	
	
	

	 1/5
	2    
	6    
	1    
	1    
	1    
	6    
	0.1368
	
	
	

	 1/5
	2    
	6    
	1    
	1    
	1    
	6    
	0.1368
	λmax
	CI
	CR

	 1/9
	 1/6
	1    
	 1/6
	 1/6
	 1/6
	1    
	0.0245
	7.3398
	0.05663
	0.0416

	Expert 2: Scoring Matrix and Calculation Results
	
	
	

	Index 1
	Index 2
	Index 3
	Index 4
	Index 5
	Index 6
	Index 7
	Weights
	
	
	

	1    
	6    
	9    
	4    
	4    
	4    
	9    
	0.4267
	
	
	

	 1/6
	1    
	8    
	 1/2
	 1/2
	 1/2
	8    
	0.1014
	
	
	

	 1/9
	 1/8
	1    
	 1/5
	 1/5
	 1/5
	1    
	0.0265
	
	
	

	 1/4
	2    
	5    
	1    
	1    
	1    
	5    
	0.1396
	
	
	

	 1/4
	2    
	5    
	1    
	1    
	1    
	5    
	0.1396
	
	
	

	 1/4
	2    
	5    
	1    
	1    
	1    
	5    
	0.1396
	λmax
	CI
	CR

	 1/9
	 1/8
	1    
	 1/5
	 1/5
	 1/5
	1    
	0.0265
	7.3742
	0.06236
	0.0459

	Expert 3: Scoring Matrix and Calculation Results
	
	
	

	Index 1
	Index 2
	Index 3
	Index 4
	Index 5
	Index 6
	Index 7
	Weights
	
	
	

	1    
	5    
	5    
	6    
	1    
	1    
	2    
	0.2396
	
	
	

	 1/5
	1    
	1    
	9    
	 1/5
	 1/5
	 1/3
	0.0623
	
	
	

	 1/5
	1    
	1    
	9    
	 1/5
	 1/5
	 1/3
	0.0623
	
	
	

	 1/6
	 1/9
	 1/9
	1    
	 1/6
	 1/6
	 1/5
	0.0209
	
	
	

	1    
	5    
	5    
	6    
	1    
	1    
	2    
	0.2396
	
	
	

	1    
	5    
	5    
	6    
	1    
	1    
	2    
	0.2396
	λmax
	CI
	CR

	 1/2
	3    
	3    
	5    
	 1/2
	 1/2
	1    
	0.1358
	7.6772
	0.11287
	0.083

	Expert 4: Scoring Matrix and Calculation Results
	
	
	

	Index 1
	Index 2
	Index 3
	Index 4
	Index 5
	Index 6
	Index 7
	Weights
	
	
	

	1    
	8    
	5    
	8    
	2    
	1    
	3    
	0.292
	
	
	

	 1/8
	1    
	 1/4
	1    
	 1/6
	 1/8
	 1/5
	0.0276
	
	
	

	 1/5
	4    
	1    
	8    
	 1/3
	 1/4
	 1/2
	0.0821
	
	
	

	 1/8
	1    
	 1/8
	1    
	 1/5
	 1/6
	 1/4
	0.0276
	
	
	

	 1/2
	6    
	3    
	5    
	1    
	 1/2
	3    
	0.181
	
	
	

	1    
	8    
	4    
	6    
	2    
	1    
	5    
	0.292
	λmax
	CI
	CR

	 1/3
	5    
	2    
	4    
	 1/3
	 1/5
	1    
	0.0975
	7.4337
	0.07228
	0.0532

	Expert 5: Scoring Matrix and Calculation Results

	Index 1
	Index 2
	Index 3
	Index 4
	Index 5
	Index 6
	Index 7
	Weights
	
	
	

	1    
	5    
	5    
	7    
	1    
	1    
	2    
	0.2422
	
	
	

	 1/5
	1    
	1    
	5    
	 1/5
	 1/5
	 1/3
	0.0566
	
	
	

	 1/5
	1    
	1    
	5    
	 1/5
	 1/5
	 1/3
	0.0566
	
	
	

	 1/7
	 1/5
	 1/5
	1    
	 1/7
	 1/7
	 1/6
	0.0223
	
	
	

	1    
	5    
	5    
	7    
	1    
	1    
	2    
	0.2422
	
	
	

	1    
	5    
	5    
	7    
	1    
	1    
	2    
	0.2422
	λmax
	CI
	CR

	 1/2
	3    
	3    
	6    
	 1/2
	 1/2
	1    
	0.1378
	7.2611
	0.04351
	0.032

	Expert 6: Scoring Matrix and Calculation Results
	
	
	

	Index 1
	Index 2
	Index 3
	Index 4
	Index 5
	Index 6
	Index 7
	Weights
	
	
	

	1    
	5    
	5    
	9    
	1    
	1    
	2    
	0.2484
	
	
	

	 1/5
	1    
	1    
	3    
	 1/5
	 1/5
	 1/4
	0.05
	
	
	

	 1/5
	1    
	1    
	3    
	 1/5
	 1/5
	 1/4
	0.05
	
	
	

	 1/9
	 1/3
	 1/3
	1    
	 1/6
	 1/6
	 1/5
	0.0264
	
	
	

	1    
	5    
	5    
	6    
	1    
	1    
	3    
	0.2484
	
	
	

	1    
	5    
	5    
	6    
	1    
	1    
	3    
	0.2484
	λmax
	CI
	CR

	 1/2
	4    
	4    
	5    
	 1/3
	 1/3
	1    
	0.1284
	7.2338
	0.03897
	0.0287

	Expert 7: Scoring Matrix and Calculation Results
	
	
	

	Index 1
	Index 2
	Index 3
	Index 4
	Index 5
	Index 6
	Index 7
	Weights
	
	
	

	1    
	6    
	6    
	7    
	1    
	1    
	2    
	0.2461
	
	
	

	 1/6
	1    
	1    
	4    
	 1/6
	 1/6
	 1/4
	0.0469
	
	
	

	 1/6
	1    
	1    
	5    
	 1/6
	 1/6
	 1/5
	0.0469
	
	
	

	 1/7
	 1/4
	 1/5
	1    
	 1/7
	 1/7
	 1/5
	0.0228
	
	
	

	1    
	6    
	6    
	7    
	1    
	1    
	2    
	0.2461
	
	
	

	1    
	6    
	6    
	7    
	1    
	1    
	2    
	0.2461
	λmax
	CI
	CR

	 1/2
	4    
	5    
	5    
	 1/2
	 1/2
	1    
	0.1451
	7.3459
	0.05764
	0.0424

	Expert 8: Scoring Matrix and Calculation Results
	
	
	

	Index 1
	Index 2
	Index 3
	Index 4
	Index 5
	Index 6
	Index 7
	Weights
	
	
	

	1    
	5    
	5    
	6    
	1    
	1    
	3    
	0.2493
	
	
	

	 1/5
	1    
	1    
	4    
	 1/5
	 1/5
	 1/4
	0.0523
	
	
	

	 1/5
	1    
	1    
	4    
	 1/5
	 1/5
	 1/4
	0.0523
	
	
	

	 1/6
	 1/4
	 1/4
	1    
	 1/6
	 1/6
	 1/5
	0.0258
	
	
	

	1    
	5    
	5    
	6    
	1    
	1    
	3    
	0.2493
	
	
	

	1    
	5    
	5    
	6    
	1    
	1    
	3    
	0.2493
	λmax
	CI
	CR

	 1/3
	4    
	4    
	5    
	 1/3
	 1/3
	1    
	0.1217
	7.3879
	0.06464
	0.0475

	Expert 9: Scoring Matrix and Calculation Results
	
	
	

	Index 1
	Index 2
	Index 3
	Index 4
	Index 5
	Index 6
	Index 7
	Weights
	
	
	

	1    
	5    
	5    
	7    
	1    
	1    
	2    
	0.2401
	
	
	

	 1/5
	1    
	1    
	6    
	 1/5
	 1/5
	 1/4
	0.0553
	
	
	

	 1/5
	1    
	1    
	6    
	 1/5
	 1/5
	 1/4
	0.0553
	
	
	

	 1/7
	 1/6
	 1/6
	1    
	 1/7
	 1/7
	 1/6
	0.021
	
	
	

	1    
	5    
	5    
	7    
	1    
	1    
	2    
	0.2401
	
	
	

	1    
	5    
	5    
	7    
	1    
	1    
	2    
	0.2401
	λmax
	CI
	CR

	 1/2
	4    
	4    
	6    
	 1/2
	 1/2
	1    
	0.1483
	7.3966
	0.06609
	0.0486

	Expert 10: Scoring Matrix and Calculation Results
	
	
	

	Index 1
	Index 2
	Index 3
	Index 4
	Index 5
	Index 6
	Index 7
	Weights
	
	
	

	1    
	8    
	6    
	8    
	4    
	1    
	5    
	0.3278
	
	
	

	 1/8
	1    
	 1/4
	1    
	 1/6
	 1/8
	 1/5
	0.0254
	
	
	

	 1/6
	4    
	1    
	5    
	 1/5
	 1/6
	 1/4
	0.0547
	
	
	

	 1/8
	1    
	 1/5
	1    
	 1/6
	 1/8
	 1/4
	0.0254
	
	
	

	 1/4
	6    
	5    
	6    
	1    
	 1/5
	2    
	0.138
	
	
	

	1    
	8    
	6    
	8    
	5    
	1    
	4    
	0.3278
	λmax
	CI
	CR

	 1/5
	5    
	4    
	4    
	 1/2
	 1/4
	1    
	0.1008
	7.6437
	0.10729
	0.0789

	Integrated Weight Matrix
	
	
	

	Expert
	Index 1
	Index 2
	Index 3
	Index 4
	Index 5
	Index 6
	Index 7
	
	
	

	1
	0.4508
	0.0897
	0.0245
	0.1368
	0.1368
	0.1368
	0.0245
	
	
	

	2
	0.4267
	0.1014
	0.0265
	0.1396
	0.1396
	0.1396
	0.0265
	
	
	

	3
	0.2396
	0.0623
	0.0623
	0.0209
	0.2396
	0.2396
	0.1358
	
	
	

	4
	0.292
	0.0276
	0.0821
	0.0276
	0.181
	0.292
	0.0975
	
	
	

	5
	0.2422
	0.0566
	0.0566
	0.0223
	0.2422
	0.2422
	0.1378
	
	
	

	6
	0.2484
	0.05
	0.05
	0.0264
	0.2484
	0.2484
	0.1284
	
	
	

	7
	0.2461
	0.0469
	0.0469
	0.0228
	0.2461
	0.2461
	0.1451
	
	
	

	8
	0.2493
	0.0523
	0.0523
	0.0258
	0.2493
	0.2493
	0.1217
	
	
	

	9
	0.2401
	0.0553
	0.0553
	0.021
	0.2401
	0.2401
	0.1483
	
	
	

	10
	0.3278
	0.0254
	0.0547
	0.0254
	0.138
	0.3278
	0.1008
	
	
	

	Integrated Weights
	
	
	
	

	Index 1
	Index 2
	Index 3
	Index 4
	Index 5
	Index 6
	Index 7
	
	
	
	

	0.2963
	0.0568
	0.0511
	0.0469
	0.2061
	0.2362
	0.1066
	
	
	
	



Table S2-2. Expert Scoring Matrix: Drinking water treatment
	Expert 1: Scoring Matrix and Calculation Results
	
	
	

	Index 1
	Index 2
	Index 3
	Index 4
	Index 5
	Index 6
	Weights
	
	
	

	1    
	6    
	5    
	3    
	3    
	1    
	0.3226
	
	
	

	 1/6
	1    
	 1/2
	 1/3
	 1/3
	 1/6
	0.0431
	
	
	

	 1/5
	2    
	1    
	 1/3
	 1/3
	 1/5
	0.0578
	
	
	

	 1/3
	3    
	3    
	1    
	1    
	 1/3
	0.1269
	
	
	

	 1/3
	3    
	3    
	1    
	1    
	 1/3
	0.1269
	λmax
	CI
	CR

	1    
	6    
	5    
	3    
	3    
	1    
	0.3226
	6.0986
	0.01972
	0.0156

	Expert 2: Scoring Matrix and Calculation Results
	
	
	

	Index 1
	Index 2
	Index 3
	Index 4
	Index 5
	Index 6
	Weights
	
	
	

	1    
	6    
	5    
	4    
	4    
	1    
	0.3433
	
	
	

	 1/6
	1    
	 1/2
	 1/3
	 1/3
	 1/5
	0.043
	
	
	

	 1/5
	2    
	1    
	 1/2
	 1/2
	 1/6
	0.062
	
	
	

	 1/4
	3    
	2    
	1    
	1    
	 1/4
	0.1042
	
	
	

	 1/4
	3    
	2    
	1    
	1    
	 1/4
	0.1042
	λmax
	CI
	CR

	1    
	5    
	6    
	4    
	4    
	1    
	0.3433
	6.1222
	0.02444
	0.0194

	Expert 3: Scoring Matrix and Calculation Results
	
	
	

	Index 1
	Index 2
	Index 3
	Index 4
	Index 5
	Index 6
	Weights
	
	
	

	1    
	6    
	7    
	3    
	5    
	3    
	 3/7
	
	
	

	 1/6
	1    
	3    
	 1/5
	 1/3
	 1/5
	0    
	
	
	

	 1/7
	 1/3
	1    
	 1/4
	 1/3
	 1/4
	0    
	
	
	

	 1/3
	5    
	4    
	1    
	2    
	1    
	 1/5
	
	
	

	 1/5
	3    
	3    
	 1/2
	1    
	 1/2
	 1/9
	λmax
	CI
	CR

	 1/3
	5    
	4    
	1    
	2    
	1    
	 1/5
	6.2774
	0.05549
	0.044

	Expert 4: Scoring Matrix and Calculation Results
	
	
	

	Index 1
	Index 2
	Index 3
	Index 4
	Index 5
	Index 6
	Weights
	
	
	

	1    
	6    
	7    
	4    
	5    
	4    
	0.4622
	
	
	

	 1/6
	1    
	5    
	 1/4
	 1/3
	 1/4
	0.0608
	
	
	

	 1/7
	 1/5
	1    
	 1/4
	 1/3
	 1/4
	0.0346
	
	
	

	 1/4
	4    
	4    
	1    
	2    
	1    
	0.1689
	
	
	

	 1/5
	3    
	3    
	 1/2
	1    
	 1/2
	0.1046
	λmax
	CI
	CR

	 1/4
	4    
	4    
	1    
	2    
	1    
	0.1689
	6.4584
	0.09168
	0.0728

	Expert 5: Scoring Matrix and Calculation Results
	
	
	

	Index 1
	Index 2
	Index 3
	Index 4
	Index 5
	Index 6
	Weights
	
	
	

	1    
	4    
	4    
	2    
	1    
	1    
	0.2475
	
	
	

	 1/4
	1    
	1    
	 1/3
	 1/4
	 1/4
	0.0578
	
	
	

	 1/4
	1    
	1    
	 1/3
	 1/4
	 1/4
	0.0578
	
	
	

	 1/2
	3    
	3    
	1    
	 1/2
	 1/2
	0.1417
	
	
	

	1    
	4    
	4    
	2    
	1    
	1    
	0.2475
	λmax
	CI
	CR

	1    
	4    
	4    
	2    
	1    
	1    
	0.2475
	6.0275
	0.00549
	0.0044

	Expert 6: Scoring Matrix and Calculation Results
	
	
	

	Index 1
	Index 2
	Index 3
	Index 4
	Index 5
	Index 6
	Weights
	
	
	

	1    
	4    
	4    
	2    
	1    
	1    
	0.2475
	
	
	

	 1/4
	1    
	1    
	 1/3
	 1/4
	 1/4
	0.0578
	
	
	

	 1/4
	1    
	1    
	 1/3
	 1/4
	 1/4
	0.0578
	
	
	

	 1/2
	3    
	3    
	1    
	 1/2
	 1/2
	0.1417
	
	
	

	1    
	4    
	4    
	2    
	1    
	1    
	0.2475
	λmax
	CI
	CR

	1    
	4    
	4    
	2    
	1    
	1    
	0.2475
	6.0275
	0.00549
	0.0044

	Expert 7: Scoring Matrix and Calculation Results
	
	
	

	Index 1
	Index 2
	Index 3
	Index 4
	Index 5
	Index 6
	Weights
	
	
	

	1    
	5    
	5    
	2    
	1    
	1    
	0.2551
	
	
	

	 1/5
	1    
	1    
	 1/3
	 1/5
	 1/5
	0.0495
	
	
	

	 1/5
	1    
	1    
	 1/3
	 1/5
	 1/5
	0.0495
	
	
	

	 1/2
	3    
	3    
	1    
	 1/2
	 1/2
	0.1356
	
	
	

	1    
	5    
	5    
	2    
	1    
	1    
	0.2551
	λmax
	CI
	CR

	1    
	5    
	5    
	2    
	1    
	1    
	0.2551
	6.0055
	0.00111
	0.0009

	Expert 8: Scoring Matrix and Calculation Results
	
	
	

	Index 1
	Index 2
	Index 3
	Index 4
	Index 5
	Index 6
	Weights
	
	
	

	1    
	5    
	5    
	2    
	1    
	1    
	0.2551
	
	
	

	 1/5
	1    
	1    
	 1/3
	 1/5
	 1/5
	0.0495
	
	
	

	 1/5
	1    
	1    
	 1/3
	 1/5
	 1/5
	0.0495
	
	
	

	 1/2
	3    
	3    
	1    
	 1/2
	 1/2
	0.1356
	
	
	

	1    
	5    
	5    
	2    
	1    
	1    
	0.2551
	λmax
	CI
	CR

	1    
	5    
	5    
	2    
	1    
	1    
	0.2551
	6.0055
	0.00111
	0.0009

	Expert 9: Scoring Matrix and Calculation Results
	
	
	

	Index 1
	Index 2
	Index 3
	Index 4
	Index 5
	Index 6
	Weights
	
	
	

	1    
	5    
	5    
	2    
	1    
	1    
	0.2551
	
	
	

	 1/5
	1    
	1    
	 1/3
	 1/5
	 1/5
	0.0495
	
	
	

	 1/5
	1    
	1    
	 1/3
	 1/5
	 1/5
	0.0495
	
	
	

	 1/2
	3    
	3    
	1    
	 1/2
	 1/2
	0.1356
	
	
	

	1    
	5    
	5    
	2    
	1    
	1    
	0.2551
	λmax
	CI
	CR

	1    
	5    
	5    
	2    
	1    
	1    
	0.2551
	6.0055
	0.00111
	0.0009

	Expert 10: Scoring Matrix and Calculation Results
	
	
	

	Index 1
	Index 2
	Index 3
	Index 4
	Index 5
	Index 6
	Weights
	
	
	

	1    
	5    
	5    
	2    
	1    
	1    
	0.2529
	
	
	

	 1/5
	1    
	1    
	 1/4
	 1/5
	 1/5
	0.0468
	
	
	

	 1/5
	1    
	1    
	 1/4
	 1/5
	 1/5
	0.0468
	
	
	

	 1/2
	4    
	4    
	1    
	 1/2
	 1/2
	0.1479
	
	
	

	1    
	5    
	5    
	2    
	1    
	1    
	0.2529
	λmax
	CI
	CR

	1    
	5    
	5    
	2    
	1    
	1    
	0.2529
	6.0369
	0.00739
	0.0059

	Integrated Weight Matrix
	
	
	

	Expert
	Index 1
	Index 2
	Index 3
	Index 4
	Index 5
	Index 6
	
	
	

	1
	0.3226
	0.0431
	0.0578
	0.1269
	0.1269
	0.3226
	
	
	

	2
	0.3433
	0.043
	0.062
	0.1042
	0.1042
	0.3433
	
	
	

	3
	0.4277
	0.0528
	0.0384
	0.1873
	0.1065
	0.1873
	
	
	

	4
	0.4622
	0.0608
	0.0346
	0.1689
	0.1046
	0.1689
	
	
	

	5
	0.2475
	0.0578
	0.0578
	0.1417
	0.2475
	0.2475
	
	
	

	6
	0.2475
	0.0578
	0.0578
	0.1417
	0.2475
	0.2475
	
	
	

	7
	0.2551
	0.0495
	0.0495
	0.1356
	0.2551
	0.2551
	
	
	

	8
	0.2551
	0.0495
	0.0495
	0.1356
	0.2551
	0.2551
	
	
	

	9
	0.2551
	0.0495
	0.0495
	0.1356
	0.2551
	0.2551
	
	
	

	10
	0.2529
	0.0468
	0.0468
	0.1479
	0.2529
	0.2529
	
	
	

	Integrated Weights
	
	
	
	

	Index 1
	Index 2
	Index 3
	Index 4
	Index 5
	Index 6
	
	
	
	

	0.3069
	0.0511
	0.0504
	0.1425
	0.1955
	0.2535
	
	
	
	




(4) Collect data
In this study, index (1), (2), (3), and (6) are derived from the latest literature and preliminary estimates (Table S5). For real-world application, they can be replaced with the measured data considering distinct water quality conditions. Index (4), (5), and (7) are obtained by inputting the collected raw materials, electricity input, pollutant emissions values in each technique into the SimaPro software for life cycle assessment (LCA).
(5) Determine the judgment matrix B
Similar to the determine of judgment matrix A, the judgment matrix B reflects the relative importance at scheme level. Elements in matrix B for efficacy indexes and cost indexes are normalized as Yi/Yj and Yj/Yi, respectively, which are calculated based on the collected data (Table S7).
(6) Calculate the comparative weights of the output schemes
The single sequence weight vector of all levels can be obtained, and the total sequence weight vector (WB) can be calculated by Eq. 14.
[image: ]                            
where W is the total sequence weight vector of the hierarchy. The larger the W value, the higher the applicability of its corresponding scheme in this scenario
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Fig. S1. Antibacterial mechanisms of nanomaterials
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Fig. S2. Various obstacles presented in the phage-host interactions
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Fig. S3. Inactivation rate constants based on Chick model of (a) bacteria;(b) viruses; (c) fungi and (d) protozoa during emerging and conventional disinfection process (data sourced from Table S3). *p<0.05.
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Fig. S4. Comparison of EEO and overall inactivation rate among different disinfection technologies for wastewater system. The culture media and synthetic wastewater are integrated due to the enrichment of organics. The EEO data were estimated according to the previous literature as displayed in Table S3 (detailed methods recorded in Text S2). The deep blue area in the graphs represents the economically competitive range of technologies with low EEO (1-100 kWh·m-3) and high inactivation rates (>0.1 min-1), where solid dots indicating the competitive solutions. 
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