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Abstract

Microplastics (<5 mm diameter) in aquatic environments adsorb heavy metals, potentially exposing
humans to their toxic effects via food chains. We investigated factors influencing the adsorption of
heavy metals on microplastics in aquatic environments, examining their adsorption processes and
mechanisms. Adsorption characteristics vary with polymer type, crystallinity, particle size, and envi-
ronmental conditions (pH, temperature, weathering), and the adsorption capacity for heavy metals
increases with weathering and reduction in polymer particle size. However, correlations between
environment temperature, polymer crystallinity, and adsorption capacity for heavy metals could not
be confirmed. The adsorption behavior of heavy metals can be explained in terms of physicochemical
adsorption processes and evaluated through adsorption kinetics and isothermal studies, with multiple
mechanisms usually being involved. An understanding of the adsorption of heavy metals by micro-

plastics should aid evaluation of the potential risks of microplastics in aquatic environments.
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20218 715 A AJA| ST A7 RS F39] 9,070 E0.2 20101 7|<E ABAFER1 221 7,0007H = KT 44.7%
Z7¥etal o, AikE SeAE O] oF 60%7F EetAY H7E9 FHIE el FAEHi A AhGeyer et al.,
2017; Plastics Europe, 2022). 2Fg°] 4 S48 5 AAE7171 5 mm 0|9kl Z22kAES: nA| St E(Micropla-
stics)- .= 7 ©|5FH(Thompson et al., 2004), A% Llo]l whe} 13K (Primary) H|AE2E~E 3 22K Secondary) PIAIE
2tAEl o = B 4 Itk (Mei et al., 2020). 12 RAIERRAE2 A, 3P, 2]°F 52 Algel ARsH] 218l ©f
T2 02 2k QA = ARtE] o] el 213 uilEE] = ERtAEo|H, 23 nMEEAE S F Rte] EefAEol gt
7ol 5 & ot H FEolet Z2 S0 IS Bl A7 22hd E2RAElE ORIt GESAMP, 2016; Boucher
and Friot, 2017). PIAIEEtAE2 AFto] 2| e whe} wpfste]o] 448, B9, ti7]of FH9IsHA| st 713 3H
Sh= S22 7HA1AL Q7] whizell €73, AEiAL, QIE 73l STt 9198 02 o AX] 1L QITK Alimi et al., 2018; Truong et
al., 2021; Zhang et al., 2021; Lee et al. 2022) 5o, iiEH nMEE A2 Eopet ol ol A theo 2 AR <l
A W mMERtAY g2 A= FAIE UERAL QoK Tang et al., 2021b; Zarus et al., 2021).

AAIERtAERE A7|H 02 491 BH B4 0= lof Aol 47 ol 5 4= Ao & Bl ZHA T 7Yjt A
Jo 2 ol thalRt TRol L dEdES ST 4 7] whiwoll 771 2 7] L d=E o A7 o5 fIgt S et iy
A2 2FgS 4= QIti(Yu et al., 2019). A8 Ao M2 v]A|EekAE O] A FE<(Heavy metals), TH=21e3HE
(Per-and polyfluoroalkyl substances, PFAS), &2| 3|5 (Polychlorinated biphenyls, PCBs), TFeHIJFEENS =4
(Polyaromatic hydrocarbons, PAHs), Z&| 2535t #Hd || 2(Polybrominated diphenyl ethers, PBDEs)2} 22 @
=45 2ol Zl o2 B E It Llorca et al., 2018; Ateia et al., 2020; Singla et al., 2020; Serensen et al., 2020;
Atugoda et al., 2021; Pyl et al., 2021). 53] Sa%2] 75 ol A7 b 4= 9o, Aw6=12] &+ 851
ol dE2d= AE25AS 5ol F71A0l A2 545 Fdsk| vzl riMEetAg el 2k Sasel sl -+
217} 71|31 JtHGao et al., 2021b; Li et al., 2022).

T1of| whet, A 2H g o & Qlof nAlER A BT Faso] Ao ARge tigh 7t XA 0 2 FTtskal
UCH(Fig. 1), tEA o= EF, t)7], sidehgol Sas 28 miid=A nikEetAE /ol tiet A7 28

&Itk Brennecke et al., 2016; Chen et al., 2020; Khalid et al., 2021). 12|} v]A|ZetAE O] theFAd ) n| M| St Bl 2}
Furs 1O Ao Ao B o = QIof -8l Ui Sa<ol thet DVﬂEE}iE]Q 527 % ui] AU Z gt HE =
- A|RFAo |t Gao et al., 2021b). = 2jol|A= RIAIERA B} Sa<5 34 T A 58S AlXlohe =0l
S 521 O L(Brennecke et al., 2016; Fu et al., 2021; Gao et al., 2021b; Liu et al., 2022), ———L.LW of|A= oF2] g Ho F-J
F|4] A FaFel tigk ofsirt F=Rt /‘]ZJO]E} wbA] 2 2lRof| A= 201985 E 2023 52t = H APA+E 7|9
o= nqERAEN S —“4 2y 9 vAY S v 2= vkt QQls rAERAE Y] B - 3ok E4, gk
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Fig. 1. Number of publications related to microplastics and heavy metals, 2015~2023.
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SR TR A, W, AV 50 3R o= ARgEofet 4-qof whet theket e - o2 At &7
ol (Polyethylene, PE), &&= 2™ (Polypropylene, PP), =& €3] (Polyvinyl chloride, PVC), Z&|AE][#
(Polystyrene, PS), &2]-¢2|€(Polyurethane, PU), Z&]| |2 2H|# Z2|o]| E(Polyethylene terephthalate, PET), &
o] =(Polyamide, PA), 12|11 ofa 2 o] EL - HEFT Nl - AEto]l(Acrylonitrile Butadiene Styrene, ABS)7} -2
87le] 9 ZetAE F771 12F ZekaE AAERO] 95%5 AFAIRHH Geyer et al., 2017). SetAE Q] F7= Z2H
(Polymer) ] ARzl whet EefA|m, E2|m= T 4 e-91Q] B - (Monomer) ] %2 Al o] whet Sk~
gl o] EAo] tieFsA| LFEFdthTable 1). H|AIEEtAE o] FFof wh2 Ba| - s}l EAJ(F4, Mol BAAKS vl g, &
|71 4 AL 512 T35 T2 520l FFE v|Zth Zhao et al., 2022).

Table 1. Physical characteristics of the six major plastic types based on their production ratio, specific gravity and melting
temperature (KPRC, 2015; Plastics Europe, 2022)

Type of plastic Production ratio (%) Specific gravity Melting temperature (°C)
Polypropylene (PP) 19.3 0.902~0.906 137
Low-density polyethylene (LDPE) 14.4 0.910~0.925 112
Polyvinyl chloride (PVC) 12.9 1.16~1.45 212
High-density polyethylene (HDPE) 12.5 0.941~0.965 133
Polyethylene terephthalate (PET) 6.2 1.34 260

Polystyrene (PS) 53 1.04~1.07 176
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Zejoli 2o A et 2 FEE, Zejo] 2AAs0) 2710k B0 olo) 24
T HIAA O] Fbol YRIRPFEAAY FHIE 1)rE’r”e* %E](Tourlnho etal., 2019). ZHE7} &2 G0l = A=Y
T2 AR lel @ FEAS 2ok Hl 2 oflUAIF Eash Hh, v FEois YxbEe] A 221Y
T o] edE4ol o A S2H 4= ek A FE2 fredol 2ol whet R g Eieh el dEl = WA =, AL
JEi= A A R} o 2 2R oF -4 W o] 35S 2=t o]of w2t Menéndez-Pedriza and Jaumot(2020)-2
1A EYH(PE, PP)7tHREE EEH(PS, PVO)HTH 555 S2t0] B £ ¥ & okl AA[skgink 12,
Guo et al.(2020)2] AT Aol frld E2H 9] Cd* 2 F2o] = e 2™, Zou et al.(2020) 9] -2}

oM Cu™, Cd*', Pb* O] F2Fgo] B[R LPERTH 271 HPECIA B A Yehgthal B arE et o]eh e A
AT Q5] Liu et al.(2022)> AH RS B = nNEetA B} T:L—" =4 4 2ol 5 Argstr] o, E2]H 9]
AR AIEEAE o] Fa St YRS HIAlE 72 881o] obd 4 A5 AAISHITE whebA Tkt Al St
28 799 AR E o e Fa5 2 Atolof tiet 7t A7t %35}3}.
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nAEEAE Y] YT 7= Fas F2el v|A= &l thet 583t Ha Z shfolth. =717 2245 v EH
o] AAR|H FEL0| &L= HE o] Z715IR R SR G2 £ of] 99k u] 4= QIth Dong et al.(2020)-2 PS

e

A 7HA] 4241371(0.1~1, 1~10, 10~100 pm) = 2575} As3+9’r %—&Eﬂq% SRl YA 7t 225 niA|
2tAE o] v EH A o] Z7T5l3] 0 PSoll thgh As™ O] SIS oF F2FFo] F7 13Tk Nguyen et al.(2022) HAlE=F
2E9] 41T 717hPb O] g2t mI A= RS ZAGE ] $16l148, 125, 500 pm 710 PEE t0 & A5 4343t
Pb* 2] T2 500 um (0.146 pmol/g) <125 pm (0.193 pmol/g) <48 pm (0.38 pmol/g) <=0 2 AR} 7|7} 22
L7 YRS Wang et al.(2019)-2 A171(100~154, 600~1,000, 1,000~1,200 pm)oll T2 HDPEQ} Cd** 0] S2HEA]
S AL nNEEEAE o] Cd* SRR 100~154 pm T7]0|A] 7P 128 S2RRS Ko om, H| B o] Yo

2 ) Zepaelo] Fa4 E2ero] H ke HalelT 271o} QA3 Brennecke et al., 2016).
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ek © & 2]514=0] pH= 5~9 Ate] 9] I f]of| e R TRt FEjo] @ o & Qlsff pH7F B2l Msd &
Ao, pHO| H3h= Vﬂ—a’r*‘ﬂ 250l 2 9 v]3tk(Stapleton et al., 2023). AHATES tifo 7 F3%
O] Z|of) g&Fgo] Uehd pHke EetA 8 FFoll wet mASIthFig. 2). a2 Xt g2go] Yehd pH %H%D
AlEetaga 32 S ZEOH ot ohEA LR Cu®', Ni*', Zn®', Pb*', Cd*" -2 pH7F &5 (pH > 6
o] Z7toh= S BLo, BHE As™ @ Cr* ol Ali= pH7F4 ofotd ] S2teFo] 7k

Wang et al.(2019) 2] F-of A= -819] pH7} } Loﬂ w2} HDPES] thgt Cd** F&=go] IA| 7151327 pH7H10
o o] FHEL pH7F 2 WETE 48] S FHERS BT s Aol pHY S S0l mixlBetaE
o] SFASIE /| Elo] cd* ol A7) A gF aﬂﬂ_& oI5| Z2to| A4S 4~ ikl =519t} 1214 Dong et al.
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Fig. 2. pH of heavy metal solutions for maximum adsorption capacity on microplastics (fromWang et al., 2019, 2020, 2023;
Dong etal., 2020; Tang et al., 2020, 2021a; Fuet al., 2021; Liet al., 2022; Nguyen et al., 2022).
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AR 02 257 ol Stk i) teol A B2 Lo} B2kefo] 2718 4 9lrk. Wang et al.2020)2] 7
o= PETe] Tiigt Cu?* o} zn* o] F2edo] 2w Ao wa} 7] 2716190 m], P o} zn? o] Hr] FHeke 23 2
591318 Kol A] AT, T2iUbLi etal.2022)2] A70IAHE PESFPS ] i B2tk ol A 24219 iz o] Al wh
o} B2 M} ZAFIC), o]o} 7o ATR= O A0 2 olgh Balgt HAh 5.0 FAekS 2717 4 glon),
BAzre] 9 I G fkslo] (% o] SEepo] 44T 4 QITkl B sl Wang et al. 2022)& Al 717] L5
(288,298, 308 K)IIA PSS PET ] Cu* o] Tiigt 2+ oo} A2 Sealigic), A2, Cu* o] FRTgol A L7} 4
2ol w2 o 2| 4G) Fho] AASHE TS B 0B ol delsl ZHoA 257} 271l ket ulASats
S5} ] $20] oAl 91 Afat), AT AT, ulSarAes) 524 F10] tet L50] e 2
o 497} F240] ZRd] vt e
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BTS2 A4, 2 T THR 74 9] JFoz whARith FelapgelA
functional groups)= BIAIERAES] T EAS S 37Xt Liu et al., 2020). 53t
2-go] nNEetAE o] Fa< 2t nlX|= P E1lst] flolf A3 O EetAE B9 A - S0 s
S2FE Aeloto] T7He-S Fig. 30l TAISIt EtAE SRe TAIRle] Tas AR ot nAlERtAE oA
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7] b on], el Esptgo] npEetagle] e HAES 2] 74% Z7H e 28 Shlsict

Li et al(2022)] G204 PE, PS, PAC] g Cr*' €] G2go] 48141 3t 7t 2]l 3} Fol 5 271 2
S1o1glon], 53] pSo] % Fetel o B 4k 9% 28717 BEISl] kel PES}PARE Cr o] 2o 7]
UrE}Ur 7o E_LQ It Wang et al.(2020)2 PETS tiA}0 & ZFQ)A LA 7ho]| W Cu? 9} Zn? 2] Z2tekS H]
s W10 9} 2 0] FHFS A B A1) Aol 2SR S BT, 54, Aol
o 500AI7J i@l 11 735 Cu* oF Zn?" o] FAE&o] Ao 1.54) 71k

Lang et al.(2020)2 SAPAAFAT]7(Scanning Electron Microscope, SEM) 2412 59| n|A| St g o] Zabof ut
gt 4telikgo] ZS71shH THo At do] P4 wh= Ae SR, Fok&.0 & Qlsf nlAlEetAE o] A o] F7}
Sl S2HS 9Rt 2ol B R S7el | whizol g ol EAlsls ISR A2 A2 e U AZVIE
Uom, Q=AY sFA WHRE nAESAER 6] ¥ B2 FasS S25kE B3] AUth(Holmes et al,

2012; Yuetal., 2016; Wang et al., 2017, 2019). whehA] E3}E Vﬂ%a} v S350 Ao ARg-L 7T | HHE
/Jo] JaFe Hrom, Fake nlA|EetAE | thet A7t A& oY ]ojof gitt.

mlo

=
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Fig. 3. Trends in the adsorption capacities of heavy metals on microplastics before and after weathering (from Gao et al.,
2021a; Linetal., 2021; Liet al., 2022).

E3 598 Adsorption kinetics)
o]

5} Fojste Aztel mE SIS ARshet] A EIT 2] 82 S, B2 ARk} E2eF Aolo] S 2%
1, Wkl Eeh %2 A S ARl A KL el 2021, 9§74 7ol S

T2 &5 2 of|=5]r] 8] thokst Rdlo] AtE|l 0w G} 12} ¥S-R E(Pseudo-first-order, PFO)T} -G-AF 22} H1-S-
Ld(Pseudo-second-order, PSO)©] 73 UHEA © 2 AL THTan and Hameed, 2017). S2F 558k #421) o
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of| ko] ghito & QIgt AAS T4k, 2) YA -2
2020)(Fig. 4).

\_,'|"

K1, 3) 3§24 A 712 T2 A E 4 9Jrk(Wang and Guo,

Adsorbate . ®

Mass transfer steps

1: External diffusion

2: Internal diffusion

3: Adsorption on active sites

B iRt =2 miziHS TS 5A5te] Table 201] UrE‘rlH"q o}, A% ‘H?LOHH AR 12 EES E‘%‘Eﬂr FAF
2% 98 oo & EA UePt om Al 22} HES Wl A eEold 2ol g2k
Agzto] FAGIAT Table 2). Wb FAF 22 RS R EE 5ol Sa50] A St ZARE BESaldE A5
4= AqoH, A EEAET FEE0] SR StelA A oalgo] 2HAQl 2 SRIsHITE Pb, Cu*', Cd* Tt 1]
A|ZetAE|(PE, PS, PP, PVC) 2] Z& 14l 35}74]4 S A TEE R o, 27] 6~8A XAl 1HAIR 5353
nAE E}*EU tR15ko] FA S7kole] S2 £rt WEA Yehdt). 719, 8-24 A Ft 2| = Hagof o] 2

71742 3 —19]- A} =2 A 0™ 24-48 A7t 5ol S2PE R of] TmE ST Guo et al., 2020; Nguyen et al., 2022; Sun
etal., 2022; Wang et al., 2023). o[22t @/=2 F2to] zIajd o wpz} F2to] AT 4= Q= $1A7F At Eol o] vA|
EAEHN S5 o]Ro] oAt cl= o] ARttt & S5 4 Ath(Wang et al., 2023).

Dong et al.(2020) TH)st 3712] PSof| thet As®* 52t 55t A& S=alfst9irt. As’ = A2 7]ol w328 3

of| =Esh= ARl 2ol & Bl o1t 2047 0] A\ Fof] B ool g om, F2F 2712004 B9 =1 SE S
7} = K Fig. 5). o= PS7F A4 0] S5 714 Qlo] F2&F 270 R ASe] A AR 7 diee s
FES Al oH, ERtaE Eew el tet S a5 SOl thE 4 la-& ERISHITE Guo et al.(2020)-2> 4
7HA Vﬂ—a}*ﬂ(Pvc PS, PP, PE)7} Cd* 2] 452414 v|AUZS Hrlslolet. dig ATolil= cd> 3} npZata
g o] g2t o] wpeh 3tAl R Asltt. S2F 1T A= 6 AI7EA] #E S2hS L™, 28 A= 6~24 417 Alo] L=
S, 3PAIE 2443 F 2T ol ok BAIR WLt Cd*of] thet §2 £ &=PVC>PS > PP >PE =
Oz wston, 7t nqIERtAE O] HIEHA L FUSH A= TAE| QI o= nA|EtAE o] B B H AW 52 K57}
o] S-S AR
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Fig. 5. As*" adsorption kinetics on polystyrene particles of various size (modified from Dong et al., 2020).
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Fig. 6. Monolayer and multilayer adsorption mechanisms (modified from Wang and Guo, 2020).
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