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IRARSR, T KA (6 32 NS0 3l B 0 1 7K 3, Ak
TR . WA MPs R T RE S 2. Dok,
BRVT KRR ZE T MM A5 30 X A 3 T B ) M Ps -2 = 5
Sh119860 items/m?®, 525 T 11 X 18148902 items/m?!"),
DU 3 7T 5 7K AT RESEER VLI TT BEK AR MPs i) £ 2R
P, TG K AR BT E R KSR K R85 T MINPs i) 8 220k
PRI MNPs )R BRECR 5 R IR K I8 P MNPs iy 3 i
SUIMIE. R, A T RIS KA EL TR BT MNPs 25
FREeAR, AR LERPLIEXT T 5K A B MNP ][]
TSR A rp B HE K 2 G T2
T5/KHMNPsE I 2L, I HIE AR AAMF. Gies
e NUSIFRgE s, A% 15 K 4 4R MNPs 5 A
MNPsH65.6%, ¥ IRMNPs528.1%. FfH g3 1
ZFERIMNPs, LG M (PE) . BAZE —HiR 2
TEBR(PET) . RN PP)AE. AELZU T, PETZS
BCET Y (N R FRET 24 () B B U, X BB 4 1A KA1
i B P RNBT A 1, B 2 N IR . R Y AE40.
A TR V5 K P PET 32 R IR T A & MNPs Y
B0 PEFIPPZ K [N APl o) A i ik
A, Talbys/K g T % WLAMNPsERIAL, R4 —Lt
ANHE WL MNP A B U0 TR I IS 28 20 TR O TR T
(ASA). 27K —H R )& ls(DAP)FIE C INER(PCL)
&, BOEHTXEREY EARE . B, mhmaEE
Sk, e Tl iz BT, S5k e MNPs 2k
TG K TV K A TG KA ), 5K AR B E
X AS [FIMNPs Ak 25 BH A DA i 5 BRASCR 2 e F B
A 15 7K FRMNPs 1 22 B A 2558 T2 B2 Bgh 15k
MNPsfZBRFEAR, FR X s L BRE AR I HL . fb2F
FAEITT 428, MR T RBRH AR PLs . 4R,
IXEEHFFE X T MNPs 2B H AR LB A 547 42 1 Hh
MEE AN, ARG K PMPSHY 2B AR E T T
FRIEHE, KT AHMERRTGKTPNPSHIHE AR THEAR .
P, AR SCHE LRSS T . Ahof R AR 4k b it g g
FRFAR T BB, FEXFEEFP T 5 FNPs RBR 1 1E
FAME AT T DT, AR Y1k Fi Wastewater . Micro-
plastics/Nanoplastics flIRemovalff ky F 58 17 /£ Web  of
Science M ¥l £ i B gk 2 A5 ) 11785 SCHR (8 222024
E12H31H). MR REE R T TR E0(20144F
1~12 7)) B SCERECR:, IR XA —AF 00 B SCRikA% RS
B SR AR T A R (B L(a). SRR
FEE Y Sk 1 VOSviewer K A4 M5 21175 7K HMNPs
FERAR SR SR AL B (B 1(b)). e AT, 340
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T5K I MNPs L BR R SE B ARG N, ZEMNPs(1) 431/
e, MNPsHb2 ik BIEGE )iz, YIREs:
FAE St s A 3D, B H AT TAEX T MNPs
2 A, AN E R — R4 FIMNPs 22 R
Ik, XTAEYRE R AR P BB, B OCH I SRy
Bras s, MRYEEA R A AT KB 5 7K HMNPs 2B 4
WE9E53 =38 (1) MNPsI IR/ 2= K BR; (2) MNPsH
EVERR; (3) AFEPEHMNPs L ER. B4R
FIRAEERIE B9 R/ IMRFFZ R 7] IR, BB UK,
Vi I 2 ] S B A AR T, “microplastics” H ER A
B 5 T “nanoplastics”, 7] LIA H H AT TI57K HMPs
FBRAHRE B T NPs. MNPsiy <@ B/ Ak 272 BR 250 h,
“adsorption” H B AR B 5y, Ui BTG K HMNPs & BRI
Vg, WHRER T . BT, AL
T 5K MNPs & R R BR D7, e A Tr
TR BRALEL, M o] LLskgh H RIAESE P X FNPs & R
TR VA SRR T 15 L BRHLBR T IS AN i (R, Sk 4y
i BRT5 /K P MNPs 25 T IR A ELEFE 5.

1 /KT MNPsR Tk

157K FIMNPs P P SR G o u ik . B
TFIEEE | IREEERIRG B, 157K PMNPsHYSBE 2L bR
Ik REEERSIh. 58X p ks k(s A b
FAR) S A Yk A b, Wy B 3 X MINPs R T4 5 40
Z I BFERE 2 BEMNPs. i 5 AN A MNPs ) fb 24Pk
I BREERE, AN P2 A BTG d ), XS AChY, A
FITF 5 SN MNPs ) [ SRR BRI e ah, Wk
FHR R 238 5 1R T 5, BRAS AR AR, fEist Tt fe v
AT R R TR SR, B I Rk (LAY
R MNPsHE RS 5 R sEid b, BEICH: BTS2,
AT RERAL EAS Y5 | K s el

1.1 ok

Tt el A D T 2 e A R B B s Ak rp
MNPs, dlit-RA . gL sl 5 AR A7 =
BIE DI R AR B2 (112()).  E AT HeeH DA 3 g
PG EE I . mbuk . I ESE. Talvitie: APOH
AT BTG K AR B AN [ A Ak R A ([ 9 D
e AP AP IR AR ) 22 bR I5 K MPs, I IR 40 g ik
75 7K AL 38T MPsf R BRALZE AT 1598.5%; A1 H P
UEARAY TG K AL H ) MPs Y 22 BRACK T 3597%. ShAS AR+
AR BT MPsI 2255 24 v, I B 2 3 35 7K o iy ke
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Figure 1 (Color online) Number of studies and keyword co-occurrence network related to MNPs removal technologies in wastewater. (a) The number
of studies related to removal technologies of MNPs in wastewater. (b) Keywords co-occurrence network on removal technologies of MNPs in

wastewater based on the papers published in the past ten years

15 Y I SCPE R TRDE R G 8 2 (Bh A5 o 25 bk
MPs, SZPEBERT LUR LRSS A ) ZFLI, Had
TERH Ty A I S A, A g R AT AR T
Bt Lide \PURI R sh S AR L BRI K IMPs, 1
UE20 mini5, HKMUEREMR T99.5%, I shZSRE AT L

B LTS HIMPs. Wang25 A P22 A 1y A= 1)
R EHE BN E R Gk L BRMPs, Z5%H, A9
PRI VEART ELAR 10 pmAIMPs KBRACR = T95%. H
YEHIALEE R A 5 LB MPsHEA T 43 . i3k
FgEge, HARUNT, 4MPsfi R R FFLERR SR, siss
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Figure 2 (Color online) Mechanisms of physical removal technologies of MNPs in wastewater. (a) Filtration method: including seizure, entanglement
and van der Waals forces; (b) adsorption method: including n-w interactions, electrostatic interactions, hydrophobic interactions and hydrogen bonds; (c)
flotation; (d) coagulation method: including adsorption and charge neutralization, net capture and sweeping, and compressed bimolecular layers; (e)

magnetic separation method

BRAEFLBA, MO SEI LBR. Beak, AW A+
& [ W 25 R R R IR AR, MPs T L5 A= W e R i otk
WO & AEJETEAEA AR, [EMPsZSEAE 7 RISk I,
T SEEEMPs Y [ 5 FN 2B, TR U8 A A B R AR EE
LR SR MNP U2 AR, R, X Tkifead /v
NP A RO 2E. MAE R PGS g T2, B gk
B YR AN AT LB MPs, 1 HZENPs A 2Bk ipth &
PEE B KA @t g ik, RFK/NIMNPs
A DL AN R A LAR T 40 2%, TSl 2510,
UEEI T R B e RE, RS KAbELE R, ERE
B T L = 35K 43 B A T LT3 R R R 40 LA
B INE T UR E TRR 22 oy s HOR PO ikt
T8I W Sk £ B9 K HAYNPs.  Zhang®: A P81,
0.7 umf LA A I JE AERINPS Y 22 R AT 1584%. 454
Kbt LUESE—FPRRM 2 BRI, Ch 5 KAk
PR Rz O (B A A — sk, T
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SEY) B 1977 AR 2 ERMNPs, X TREARL /MY NPs
MR EE, IF BRER BT, EErFREH
MNPsTEJE AT B L AR O a FIIE RS 28,
RIFEAE T IERCR, I, 988 AR 20 W
i ZEP A R

1.2 WERRHd:

IR o A TR o 790 P DR e e i ARURT 3 e B9 LS
ey, e e B B O ) 7 ek R FRE A .
Bk L BRMINPs# I 09 AR BAT ) 2 2 A i - LA
FI AR . BAAR GRS E2(b)).
R T W BEMINPs (4 10 BE A L 2 24 A o L 1k
B, BIRANVEIARIAE, XEERPEXTMNPs HA TR
MZEAT), REMEAT RO HAAR A L bR, oy, AR
NG EsR Z i AR HE IR Y el s iR be . ik
PRI S5 45 T, SRR V2. SunE AP
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JUT RV A B d il 8 T — ol %[5 17 e e 114 Vg 4
Xof = For 2 TG A5 AS [ i frf B MPs (SR 2K 24 (PS) . R34k
R L5(PS-COOH) M T R IK 27 (PS-NH,)) T J#
W RFHIF S, HREZR % =R MPs Y I FfF 5 4351 ] 35 89.8%
72.4%F188.9%, Lk — R W P - W AIE A 5 A TH REDRAR
. SORMF, A SRR Y-COOHMIPS-NH,
FET Y -NH, T DLUE AR S A BAE R, LT B im -
NH, FIPS-COOH Z [fii 1] -COOH 1] LA % £ i AH H.4E
H, [FIEHLT Brelof S54RI & 5 REH] 5 PS-NH,
FETH 1-NH, 5 PS-COOH 2 [fif ) -COOH 1] LU ;= A= A .
HAMPS . PS-COOHFIPS-NH, 2514 AEAE 5 AR, A LA
5 80 2 0 & n-n AN AR IR BE AT 0 H
MPs 2Bk, XINPsA —E I ZBRAES). Zhouds AP
LK BITE A T WA & ik 2 A M RN Cu-Nifi b L,
M Cu-Nif R EN0.3 g/LEE, PS NPs(10 mg/L)I)
EFRFRA1599.18%. i HpH 4t EERRAF R, X
J&H FpH 4RI PS NPsly 1F H,, Cu-Nifiseh by i i, —
0T LA I S S |V PSS E B, Zhao®5 AP UHRSY
TIKAEEPERAZIEPVC) MNPsTEAALE: YR F
PEREMERTE LS. PFE R, TR KRSFMPVC
MPs(>1 um) Ho/NRSFIPVC MPs(0.6~1 pm) EA H £
)5 B AR B B 5 (1) BN RRSFRYPVC MPs2
5 2 1)-OHMIC-CIi#, AR TAEMPsHIE L Z
)T BB pd R B (2) RRSFPVC MPsii 2 Hf 5
BN, TSRS B R A, KR SEW
PVC MPsTEAALER [ R SR e 134 Lt/ NS
[IPVC MPsHE . 534k, RIGHFRYPVC MPs 5 & ki
[ AR S R, AR SE T RKRSFPVC MPsTES
bk RIS, I, ZEMNPsAEAbME BT 58 4 — 30
TEBLT, W Bk 6 R R S MPs R BRSCR i T X8 /NS
NPsi) LBRECR. 25 1, WA EA BRAERM PO . g
A, RORE . B AT SO A B2 (R
Pt B — 2l Bl H AR MINPs 22 bR g AT
HEM AR ZE, BRTTLGES A SynbY
FTEG L1550 ST MNPs A B3] BB R, (H X
SNBSS A T2, ME LA R T AR S BRIV TS K Ak
H

1.3 {Fikik

TFIEER R ARIE . IMAEERSE, WA iR
NI A VS T Y 4 B ( MINPs | V7 KA 358053 5
FEHOMNPs ) 2 (F2(c)). &5 TFHARTE L BRMPs

7RI BAFAYRCRES. Zhang®: ABBFSE R, 1E
5.4 mL/minfBES & T, RERPGE M L FR100%APET
MPsHIPS MPs. [HJ& 5 ML IEEARNINPs 1 BRECHE
JLT- A Wi, A3 TS AIMNPs ) 2
TR . X AP s s A BHES 73R A 7e bk,
3 3 U S 94 2 T ) PR R R 5 R R FH el
1. S55RM, BN nl A 80k & <IEXTPS
NPsHJEBRE, M3.1%32 5 5196.7%. BH TR
£ NaCl, Nal. NaBrfilZnBr,*". DrisZ A\M*UVEH, £
TP RERAN S, BTG KA % 7K H11000~5000 mm
RHE I MPSEFAESEAI 2, FBHT5 /K AL BT 1 ik
S AR REA ROR A MPsHERL. SR, AN TFAIRE, N
N 3 79 AR R TR T fEMINPs_E 37 14 7 Xt i5 7K ep
NPs(1) RBRERA 2. TRk B o . 2tk
B, S TS K ALK AR A ELA A O
PE, BEAENINAN R AL BRTT K, 5 A5 A e AL 3
MPsH AR, AR KR SCBR N F v, (R
TR T AR = 138 B AR
1.4 [REEE

TR VBRI 2 5 e i+ A Sk 22 K Hp A N R
W7k, FESCIE R, 6 ey A MINPs B TR EE 7 17K
=R AL, N TREAMNPsIZ IR AR e v, dEim 2B
15K MNPs™L RS S PRI ZAHLHI(1K12(d)), F2
A AT (1) WA HL R AR 2R T 38 5 A PR AT (A
), P HER TR . TREET (ndhdh . k)
KA I A R B S (AN A B Fe®), 126 fHES T
e R 1T, R AIECERL AT, FRARAIORE R A HER 715 (2)
FEGRRUF )2 IR ] Bl A7 A XU 2454, Bl Stern
JZRYBUZ, X )2GEH FBOER Z AR R R 2
1] 7K A S 0 E A B AR e 7 P I AP B Fe®), 1
MASIE R Pl #e 5 f ik AR ok e im, &
JEAAEAE T Wb 1 AN IE B 7, IE B T4 s
b UH 2 ) S AR, 0k 22 18] R HE R AR LR
EATREHERAE; (3) MHEE™: A a) IR
BF, STE KR 4R S S DIE(ANAI(OH); 5 Fe
(OH)3), XELYTIEY)FEIE WAt 7 b 28 ) — R BT
RN AR B HE 2, JEIDIYE Tk, X FPALHIZE
TPy 2R A0 IR, 38 T A AR R 22 A kAl
HAGTYW). WS R A AR BN i, T AR
KARDUEREDLT, 1 HT P AL o 22 A 3 k8
R
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W R TCHLIRBEERA FeCL MBS A AL (PAC), B
HLIRBE A B NI ke (PAM) %, Zhous A\ PO J]
PACHIFeClyTREER, 38 IR e A b %) i RN SR 25
FRPSHIPE MPs, A5 PFIMPsH) 2 i Zetard (i Y2 5
I T0, FKPIPAC-MPsik R FlIFeCl,-MPsihk &35 &k A=
T AIVER. ZhangZE N\ HIPAC, PAM., 3
PR A RIS AL REBR SR TRBER, 18 R4 X T E ML 25
FRPET MPs, flifi1A92L[1E AT LABE SR8 LBRPET
MPsIIRICR, 24AUAFAEPACE R EERIF I R AR, &
AW T J2 IMPs B LG, TEG S AP
FHZFh R A RAREER, 18 WA R 2B R
FENIRE TR WS (PMMA)MPs, 4458860 B 19 519 el
9:4[F, BAHIREERI N PMMA Y 2 5 3 1] 1£83.7%.
[FIRE, (2 IRA FR BRI BE R T 25 B% T PS NPs. 25
TR, TREEF AR S R, XFPS NPsfY 22 R Rl
U, I HBREEEIREEXPS NPsi 2Bl LA H
FER A . SO UE, A TMPsKUL, 1REEEXTNPs
22 Rt e 221000, IR 5 HA R R AR ZS & rT LA
PERINPSHY L BRACE. FEUH/KAL B, RREEE S
TLUETEARSS A, USINMPACIREER KPS NPsflyE 2
Bk M 88. 1% 41 1 51]99.4%, X & i1 TPACHI N AL
PS NPsZ i s HE R JIREAS, fRiE TR R EEMK
AR, R, TREES SR TPS NP2, 1R%E
EAREFENL . BEMI R RRUE R . RN A
P AL, HpHXHZ s e K, FIREE M AT RES |
RIS, 2 A7 v X LA s i 431,

1.5 ®syresisk

T 0 8 i AR 3 3 1) MINPs AR 28 P 8 i 2 490 K
BiF, SMNPs#EfFRETERME, FETREMEM RS HER
Y Z [ g S A, [ MNPsAE DL L BRI T
PO 2( ). WA RS R T R TR AR
PERR SMNPs 25 G30%. Tang®: AP LIBRY K
(CNTs)- 5 4kEh 52 0 il 2w MERR 94 K (M-CNTs), FIH
HREE N IK IR P> B PE . PETHIER Wik (PA) = Fh
MPs. 4M-CNTsHJ#E HS g/LIt, JIAS g/L MPs, 7E
300 minPN AT DASEERSE 4 25 fR. M-CNTs ] LI 5 PEFIPET
MPs % B B KA EAE A fn-nAH BEAEH, [#iMPsIZ M-
CNTs, M EARENE. P MPs/M-CNTs& 51 RHET I
Phid ok % AR 2y M DOK S b o g i k. (S 1)
M-CNTs 7] LAif i 600°C [ # AL B[N, - [l M-
CNTsA e B 5 AR M-C N TsAH 24 (19 14 P AT X MNPs

6

MABREES), JFH AT ZREE M, IR T A,
Martin% A POV FH A [R16 7K 14 2 (4 S8 A Bk 9 K Sk
AENPs, 38 11 3 25 K Hh 428 . e AL BRNPs. #E53
BT LS MPs FINPs Y 25 4. 5164 R0 0845 )7
AR, 050 B H AR REAS A K A ] Py S X MINPs o HR
AP (ERE S B R R T IR R A A
IYERRF, T B R RA R AR 9 AR R P kg
AR, R A R B R R S A SRR AT
Bk, ANE R E 2 B R R FMNPs Y 2 3 &
[;/%[52].

2 i5/KPMNPsitfb2A 2R i:

2 3 B Al SN 2 B S Y )  —Fp
2B 5K P MNPs Ak 2 25 bRk S B R AL O
A TR K= W A7 SAREC S I % /137 SRl £1 14
BHPT AR ISR g R A T TR R
o, Ak JFESEE . R E AR RE
Ak HAE AR BRERE . SRR Ak
L HIG AR E S, o, e bR R B A ATk
TE R BRMNPsHIBIEST Hh R e 12, T ATEAR SC 4
S IX PR EE AT E R, V5K P MINPs Ak 2E B
RREETERS2H. AL FIE 2R D SR L AR ik
/N, HHARXTF B UL, bk RORE = L T5 Y
YIREFR R, i, f2E R FEMNPs AN ] B R )
ARG AR AT B B A& AR, 75
BRI AT AN T A
2.1 ESSEAR:

FEAE A AR ) ' BB A Ak ) = AR ik 4R A
PEWI I, B 5 7K HHMNPs/3-ifk Sk IG5 ) 5 4 7K A B AR
SRR EEART, ML FRANTIO, . ZnO
G532 BIRE I K T4 T HAS S8 (E=E) WG R B 25
FEAHLAT AN, LT T () B R B S, [H)
BB B IE 25 70 (h )P 2 24 5 R 36 1 W B 45 H, 0
OH ™ IO, i, XEeW) i 4 e  Fh" S i A L M 4
(ROS), A=k [ 3 OH) A A [ 1 3E(-0,7)4.
XU [ LG A MNPsREfE, FEMNPsEE 1) W 541
SEWAPY(#3(a)). Ti. Zn. Sn. BifICult4E b4/
WAL )12 T K MNP A7 1 6 A 4k 7 100610,
TiO, &5 LA, ot H T M MNPs (1)
etz —*) Tio e i A 5 52 HOE
SMEE AYSEIE, Dominguez-Jaimes%: A 2% FH FHAR
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Plastics play a vital role in daily life owing to their excellent properties. However, inadequate plastic waste management
has caused severe environmental contamination, thereby making plastic pollution a pressing global challenge. Plastics
degrade via physical wear as well as through chemical and biological mechanisms, eventually forming micro—nanoplastics
(MNPs, <5 mm). As a type of contaminant of emerging concerns, MNPs are widely distributed in aquatic environments
and can be ingested by aquatic organisms, even transfer along the food chain and food web, causing severe ecological and
health risks. Wastewater treatment plants are the major sources of MNPs in natural aquatic environments and have a crucial
impact on the efficiency of MNP removal from wastewater. Therefore, the MNP removal mechanism must be elucidated to
enhance the efficiency of MNP removal from wastewater. This paper comprehensively summarized the removal
mechanisms of MNPs from wastewater in wastewater treatment plants using physical, chemical, and biological methods.
Physical removal methods include filtration, adsorption, extraction, coagulation, and magnetic separation. Among these,
filtration uses devices or equipment containing filters to intercept MNPs in wastewater. Adsorption and magnetic
separation leverage the large specific surface area of adsorbents and magnetic interactions between a magnetic material and
MNPs for MNP removal. Flotation agents are added to float MNPs and thus separate them from wastewater via flotation
during extraction, while coagulants are added to wastewater to separate MNPs via coagulation. Chemical removal methods
include advanced oxidation technologies, such as photocatalytic degradation, electrooxidation, electroflocculation,
electrosorption, and electroreduction. These technologies predominantly rely on light energy, electrical energy, and
catalysts to generate free radicals for MNP degradation. Photocatalytic degradation involves irradiating semiconductors,
such as TiO, and ZnO, with light for generating hydroxyl radicals and superoxide radicals to degrade MNPs.
Electrocoagulation, electroadsorption, electrooxidation, and electroreduction employ electrochemical methods to remove
MNPs. Biological removal methods include microbial degradation that uses bacteria, fungi, and microbial colonies;
membrane bioreactors; and microalgae adsorption. In microbial degradation, microorganisms are attached to the MNP
surfaces; these microorganisms then form a biofilm and produce extracellular enzymes that facilitate MNP removal, which
ultimately degrade MNPs to produce carbon dioxide and water. Membrane bioreactors use microbial degradation and
membrane filtration for decomposing and efficiently removing MNPs from wastewater. Microalgae adsorption leverages
the large specific surface area of algae and extracellular polymers secreted by them to adsorb and then remove MNPs. The
advantages and disadvantages of the aforementioned methods were comprehensively summarized. For instance, physical
methods do not produce new pollutants and are environmentally friendly. Meanwhile, chemical methods efficiently remove
MNPs but generate other byproducts during treatment processes. Biological methods are environmentally friendly, but
organisms employed in the processes have very strict process condition requirements in terms of pH, nutrients, etc. and
exhibit low degradation efficiency for MNPs. Finally, future prospects based on existing studies of MNP removal from
wastewater were discussed. In summary, this review provides valuable insights into the effective removal of MNPs from
wastewater, with the aim of promoting the further development of MNP removal methods used in wastewater treatment
processes.
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