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Abstract ond-order kinetic model than the pseudo-first-order ki-

netic model. The PCM sorption on LDPE was about
three times faster than that on PVC. Both microplastic
films released the sorbed PCM back to water, and more
PCM was released from PVC than LDPE, but the de-
sorption rate was faster with LDPE than PVC. Overall,
the results show that different microplastics have differ-
ent sorption characteristics for different chemicals. Also,

Microplastics are generated by the breakdown of plastic
wastes in agricultural soil and residual pesticides in agri-
cultural soil can adsorb on microplastics. In this study,
the sorption characteristics of procymidone (PCM) and
one of its metabolites, 3,5-dichloroaniline (DCA), on
low-density polyethylene (LDPE) and polyvinyl chlor-
ide (PVC) microplastics were investigated. The sorption the sorbed chemicals can be released back to environ-
and desorption tests were carried out for 72 h using
LDPE or PVC microplastic films to study the sorption
isotherms of PCM and DCA and kinetics for sorption
and desorption of PCM. The results show that the sorp-
tion data of PCM and DCA were better described by

. . 2_
the Freundlich isotherm model (R*=0.7568-0.9915) than Key words: Low-density polyethylene, Microplastic,

the Langmuir isotherm model (R*=0.0545-0.5889). The Polyvinyl chloride, Procymidone, 3,5-dichloroaniline
sorption potential of PVC for both PCM and DCA was

greater than that of LDPE. The sorption data of PCM ME
on PVC and LDPE were fitted better to the pseudo-sec-

ment suggesting the potential of contaminant spread by
microplastics. Thus, the management practices of mi-
croplastics in agricultural soil need to consider their in-
teraction with the chemical contaminants in soil.
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3 5o A Fall el gl EalEo], nAEekAE(<5
mm)S PFH2]. 53, B2 7= Aysol WY 48 T
nAlE A ] kel thell ®arskar $la13,4], mlAEERA
Elof| oJgt §4 g e el et ¥ A AA Frkska
AEH5-8]. =M & A Eelr] EejeldW(polyethy-
lene; PE), £2¢80]d(polyvinyl chloride; PVC), &2
233 (polypropylene; PP) ‘5 ThFet 572 mlAlEetAE
o] A& = A7 Bael vl SlHe].

FUE A= Tt woko] AREH L Qla, HAY W]
o ARECR vAIEEAE 0] A EAT
3 T TAcks g e9ude o
287 ATAES § 9y, eAEA] kA s o
= tH11]. AHEe] AtAlE ] ARSEE ZEAE(pro-
cymidone; PCM)[12]> 4 21E7} 5ol 54 932 7t
A31[13,14], =& A= WS Balete] 44 da
of = A4 7le Folls =8 5 AH15]. PCM2| S8
TelHER] 3,5-tho| 2 ZoPd7I(3,5-dichloroaniline; DCA)
< B rdE LA vt Vss A izivkar A
NTH16,17]. B3, 71E AtellA =gt ool vtk =4 o
o] PCMETE DCAY] 74 1 =Arhal Bargh vl SITi18].

&I vAlERAE FElR EAshs 598 PE 25

O A5 A ATALS B woks TAEE 2 o]r/].[lg]. e

Aol A PE 4l PP 9] vlAlZEkAEel dist soF Saks
Freundlich 5& £ »di3 {A} 2xHPseudo-second-
order; PSO) Dﬂa 5= A8sto] Argsili20]. wAlEERA
gof tist 5ok S22 QI el: mAlEE~E 54,
2d9Ed B, 84 =)l o JEFe s 4 3leH, 7
£ AT vMEEAE S A7)7F Al we) Feke
2 A7t SRl [20], PIMIEEAE Y T8 AR
Aol s FAH21]. mAlE g el st 5ok
zho] n M ETAE S FREG 295 ] EA(ol: SH
LA (log Kow))oll A S)&Estthar Bare vke gl
A 2= H]‘ﬂ*a]'}\‘goﬂ st Foko] Sz YIS
I 9)oH, 7% PE nHEEtAgl tigt 5ok a3k
pHO Ax9] FEs -2 4= qirH23]. vjAlEetAg e
9 ‘:]"\] e2sk 4= 9lt24].

] Yol WA Zep g7} ko] dhr] &
A 74§ o]0l "Jiﬂ‘gjé & QAR o] olggt Afe A
o it AFE 53 Holrh wehA 2 AF = PCM
o]9] EaitERl DCAE UPIEAR slof, AdT Z2ldd
d(low-density polyethylene; LDPE) d& PVC 5]
st F2 4l g2k A4S dotry] & =Sk
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Aol AHge] S8 =uiels feEs Eeks

B 9=
% LDPE(SHs3}e), tishis) 253 PVC(EHIARY, dishu
=) 55 TE] <5 mm (7FE) x <5 mm (AZ)2] W

*% 7 E v EEAE FES FHIskITH25]. ulAlEEkAE

T arE AFE & dxste] A ARgEelth A
o /\}%ﬁ PCM 4 DCA &€& Sigma-AldrichAHw]=7)el
A gt PCM(=98.0%) 7 DCA(=98.0%)E *HIEUEY
(acetonitrile; ACN, 99.9%, +F<=ok tstil=r)e] o] Zt
7t 1.940.3 mg L' 9 72.743.1 mg L2 F4]3I3ith PCM
43} DCA €92] pHi= pH 7|E(Orion Star™ A329,
Thermo Scientific, 7|=N)Z S43I3 1, 2+2} 5.3+0.1 4 5.8
+0.10]3tt.

o|MIZ2tAElS| PCM & DCA s2 &% 48
T w4 APS f8 PCM 89S TRTE 348
0-1.9 mg L' Ad %%*—% A %3133, DCA §4 34

3t} 0-72.7 mg L] AF &S Alxsgiet f2 FH(50
mL)°ll LDPE %= PVC "|AEEkAE 50,5 g) 7 Alxs
PCM 5= DCA A3 €930 mL)& W& F, 21£1°ColA
72713 F<t 105 rpm &% WHKHSH30L, FinePCR, tshyl
)3tk 7241 F £91L 045 um BE(HAE Ae, &
defol oz, tET ofste 7, of7jol ] A PCM
+ DCA §%E YL C18-4D EEJ(4.6 mm x 150 mm, 5
um)o] A2 17435 NA F2wHETY ¥ (High-perform-
ance liquid chromatography;, HPLC, YL 9100 HPLC
system, Q1A ZmAE), dig=)e}l YL 9120 UV/Vis 4
2715 olgsto] 5‘@10}35\5}. BE FE AdS A iEeR
TR oM, B ARs 24 A7) 4°CellM Baskslc
=2 I:Y_;‘d— /éfﬂoﬂ/ﬂ o Au}= Langmuir S 3 ?YX]— 724

(2 )3} Freundlich 5 &z 2d(4] 2)o Z-g3lith
[25-27].
_ QNLKLQ’,
“= TR C 1)
g = K0 @

A7 Qp: WA Hdl F25(mg g), Ki: 2]
E E\i /\(mgl -1/n Ll/n g-l)l

AZte] wiE LDPE 3= PVCe| tigt PCMO] §2 58
stoi7] €18 PCM £9%(1.9 mg L™)ol LDPE = PVCE
10 g L'2 Y31, 72717 B¢t 52 598 A38e F3519
o). wHF7|(SH30L, FinePCR, tfghl=

oA 105 rpm o= mHkete] F3 A
At AEE AFSH] 045 pm 2

%OH ZHt PCM 55 4618l &3 598
AYS AP W o R Fsiglon], BE AlEE 4 A7HA
4°CoA RABIYT) T2 T8 AE AnS F4817] Y5
A+ 2K pseudo-first-order; PFO) X2(2] 3)7} A} o] 2}
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(pseudo-second-order; PSO) E2(24] 4)& ©]&-33{tH28]. PCM &% (mg g"), Com: B2 A3 A1Z A w4 Z2l1E
o %& PCM F%(mg gh)olth
In(q, —¢q,) =lng, —k;t (3)
O|MZ2tAE 2N
t_ 1.t @ v ZeAE o] PCM 3 A5 Fvo] Wi &
4% kG 4 7] Sl H= WA AR AR H(field-emission scan-

o714 g W g B 9 AT tellM F2E PCM T
(mg g"), ki PFO % =h?), k: PSO &5 A4
mg" h)eJrh

Qa9

s
=rat A

LDPE = PVC ZE9] PCM2 72A13F Bk 2471
s HE oHstal nAlEekAE FENE Fejste] g3 A
& F3eint 23 LDPE &+ PVC FE2 SH(res-
1st1v1ty 18.2 MQ cm™)ell 211 48A17F E<F wHK21+1°C,
105 rpm)sto] B2 AS T3tk Alztel| wet A5 E
AF st E2E PCM s SAsISItE B2 A3 Akt
Bog Fiaglon, e L‘%-t— A A7HA] 4eCellA B
I3t ﬂl*ﬂ—a}”%ﬂ 2 PCME] E2HE- (4] 5)°l
uje} Ak tH29]. 3k PCMo] E2k9 v)A|ZefAE ol
PCMO] &2 £5 Antsl] gl PFO 22 3)= &4

-

1

ko3
<
3]

=

3940, o] w] PFO F99] A<= k2 PCMO] g2 &5 4
F(helck

VD_ C:]es

0D= 5> 100 )

sorb

714 %D: B WR-E(%), Cres: oI ARFel B2

ning electron microscope; FE-SEM, MERLIN Compact,
ZEISS, Germany)< AHE-sFITH30].

Zo w o

LDPE ¥ PVC ZE0 oISt PCM E& EY
Fig. 1= LDPE Z& 4 PVC 259

A% 39S HolFth 33 4 LDPE 5 HuA A %
HE 7P QAL #F WROR Aol Sl TEE FUT 5 9
UHFig. 1(a)). PCM £ 5 A5 3]l 22 A7} F-44]
of Sl 2& AT = SUth(Fig. 1(b). "R7HA= 53 4
PVC Z5 F92 minele & 5 Sla(Fig. 1(d)), PCM &
Z 3 el A2 qiakse] FEHC = Ae & o
(Fig. 1(e)).

Fig. 2= LDPE % PVC Z5o| tigt PCMe] 53 A3=
HojF} LDPE 4 PVC 2 25 52 A3lo] A3t PCM
9 27] w7t S7Hkel wek POMO] 3 At SRk
1 5= Qlti(Fig. 2(a)-2(b)). ©]%} Tr’\]'O]Jﬂ 7] AtellA
FoRdE JPICH, TeleTuE, CERNEE, wekele
vAEEAY dEel FE6IE W %‘—’H =V o
7hgtel whet FAFo] Frkeks S Haratgiti19].

71 AellA LDPE®] thgh soF 84 Ao Bt &3
£0] 45% 0]’2}0]3}3’_ gk vl 9lel33]. o2 FoF § I

mlo

mlo I-l'I P

Fig. 1. Field-emission scanning electron microscope (FE-SEM) images (magnification = 20K X) of (a) low-density polyethy-
lene (LDPE) film before sorption, (b) LDPE film after procymidone (PCM) sorption, (c) LDPE film after 3,5-dichloroaniline
(DCA) sorption, (d) polyvinyl chloride (PVC) film before sorption, (e) PVC after PCM sorption, and (f) PVC film after
DCA sorption.



PCM and DCA Sorption on Microplastics 187

0.20 0.25

@ (b)
L ]
015 0201
‘o @ 0.15-
£ 0.10 . g
P S 0101
0.051 0.05-
0.00 T T T T 0.00+ T T T T T
0.00 025 050 075 1.00 1.25 0.00 0.05 0.10 0.15 0.20 0.25
c® (mgL™) c®(mg L")
1078 © 25]e ()
[
7 e
8 e 2098 |
= = ] ‘.—.—-—‘———"_L_______'
> "
S Gas * ¥ o
[ ]
e
1.0
T T T T T T T T T
0.00 025 050 075 1.00 1.25 0.00 0.05 0.10 0.15 0.20 0.25
a 1
C“[mgL1] C" (mglL™)
0 -0.5
)
) 1.0
g L4 g
g ] g1
2
-2.0-]
1 L ]
-3 T T — T -2.5 T T T T
20 45 10 05 0.0 2.0 A5 1.0 0.5
Log C. Log C,

Fig. 2. (a) Adsorption isotherm of procymidone (PCM) adsorbed on low-density polyethylene (LDPE) film, (b) adsorption
isotherm of PCM adsorbed on polyvinyl chloride (PVC) film, (c) Langmuir isotherm of PCM adsorbed on LDPE film, (d)
Langmuir isotherm of PCM adsorbed on PVC film, (e) Freundlich isotherm of PCM adsorbed on LDPE film, and (f)
Freundlich isotherm of PCM adsorbed on PVC film. All experiments were repeated three times.

2y, SAIEFe 2 9 Hrto|wgd-e 80% ©]42 2(c)-2(d) ¥ Table 1), Freundlich 5& &2 242 #-8-3}
S FHES /R A, ERe9FE, BvE, 2E9R A W= PCMO] F2 54 2 AUE F AtHR=
nfo] =, A9l D, A9l A, EFoRE, ofrbiEl 1l of 0.9882-0.9915) (Fig. 2(e)-2(f) & Table 1). ©]3= A&l A}
mlE=gtd e 40% olske] FAES 7L, 53, olvtE R &3 n I EekaE FEel PCMO F3o] @Fo] ofd T
zeE, QIEAPHE, FRYFRIE, AlEAobd Bl wWERjol o2 dofdth= Z& oJu]Et{27,31]. Freundlich 52
A3t FFo] A WSk okEthal Balskirh3s]. oW < 2t BElS o] g3 &g vz ghs wwsiEd, PVC 2
Tl PCM®] LDPE] tfeh S3EE 34.9%500, 71E 7 89§36 w4 39Ky ol LDPE A52] Kp aHrt of
oA Hargh iAol F2EI} Rt Eolglom, PVCell  44d) 2 21L& & 5 9l o= PVC B59 PCM £35°]
e F2E 863% % Bt FAERL =2 FEOITH38]. Hl 2 AS st Table 1). 3 % ¥ d5(ns) #°

F v ZelaEe] gg PCME 22 Langmuir 5 7% LDPE IE3 PVC #F BF 180 2A8Lov(n=
2 mdlR = Ay 5 9l oK (R*=0.1774-0.5889) (Fig. 0.9183-0.9671), °l:= =2]4 SR TR= 31814 F3o] dolut

Table 1. Parameters of adsorption isotherm models for procymidone (PCM) and 3,5-dichloroaniline (DCA) on low density
polyethylene (LDPE) and polyvinyl chloride (PVC)

Adsorption isotherm LDPE film PVC film
Parameter
model PCM DCA PCM DCA
On (mg g7 -0.7758 -0.1700 -0.3575 -120.0048
Langmuir K; (L mg™) -0.1767 -0.0223 -0.1344 -0.0016
R? 0.1774 0.3586 0.5889 0.0545
Kr (mg"V/m LV o) 0.1566 0.0001 0.6965 0.1707
Freundlich nr 0.9671 0.4000 0.9183 0.9416

R? 0.9882 0.7568 0.9915 0.9691
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55 ofmeitl25,27]. 71E AT FEAR] HEA] F
gpiEeo] gk F2elA ngk(n=0.724-0.788)°] 15t} 23k
TH32]. 3t LDPES} PVC A ZetAE 3} EolEA] At
Ao &2 Aol Freundlich FES 243 dltoa Egjo]
oft|HES] A9, F3s ¥ d(Kp #he] LDPES} PVC

ol thall 212} 0.0949} 0.105 mg'™/™ L™ g H]Sallon,
Oo=suE2] 49, Ketel LDPESH PVCel sl 242t
14713} 0.134 mg™/~ LV/" gli & AelE BolTh34]. £
A A M-S PCM 2] Z-9-= LDPE®| Hlsl PVCe| gt
Kiko] 4.49) =3t Table 1). o] 5F S40| uj2} LDPE
o} PVCel tigt Fabso] thErhs A& HolErh

|

LDPE % PVC EE'%OH EI%.J
PCM} ERE7EX
o] DCA7} &2%]7
A5 (Fig. 1(a))3} ©
UAPE F-2E o] 9l A(Flg 1(c))
Az F2 4 PVC 25 X¥(Fig. 1

2 5 o] 22 rpgo] #at
T ek

PCM3} A1 LDPE Bl PVC 5 27 ;Z}
A& DCAS] 27] 51k

] r?
L o
FH
r&

pad
~
i
=3

aQ

—_
~
C’)
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4 SAtKFig. 3(a)-3(b)). LDPEC]

3 DCAY EAE2 66.6% = 71% A7ol4 B% LDPES}
Ef soF 2 el Fat FAES) 45%01 vlel] vlad s

Teol ATH33]. 7 wAlE A el gk DCAS] 22 Lang-
muir & &2 pdg= HAud 4 ¢ 0t R?*=0.0545-
0.3586) (Fig. 3(c)-3(d) ¥ Table 1), Freundlich 5+ &2
2as A8sIsle Wi DCAS] &2 545 vl & Agd
AANTHR?=0.7568-0.9691) (Fig. 3(e)-3(f) 4l Table 1). ©]
Aol ARg-EE vAZekay FFol sk DCA &3] ¢
20] ol o7 ojuti= AL on 6P\“4{27 31]. Freund-

e 3

lich & 5% Rdg o] &8 &3 v/iis ke vlus)r
W, 53 s 3 d(np #9 4 LDPE 253 PVC
D O = \:/] A

7 ™(1=0.4000-0.9416), °]=
FTAETR gl FFo] dojwtas ov|dtHTable 1).
o] F&ol 79 PVCERY &% # el Keak
(Kr=0.1707)°] LDPE #52] Kr #{(Kr=0.0001):.r} °F 1,700
vl A% 7131, o= PVCe DCA 25| LDPE] Hlal] &
A8 =g stk
O|MEZ2tAE ZE st PCMe| &
Fig. 4= LDPE 353 PVC &l tf
8t A9 A3E ®Bolsth LDPE 259
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Fig. 3. (a) Adsorption isotherm of 3,5-dichloroaniline (DCA) adsorbed on low-density polyethylene (LDPE) film, (b) adsorp-
tion isotherm of DCA adsorbed on polyvinyl chloride (PVC) film, (c) Langmuir isotherm of DCA adsorbed on LDPE film,
(d) Langmuir isotherm of DCA adsorbed on PVC film, (e) Freundlich isotherm of DCA adsorbed on LDPE film, and (f)
Freundlich isotherm of DCA adsorbed on PVC film. All experiments were repeated three times.
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Fig. 4. (a) Sorption kinetics for procymidone (PCM) sorption on low-density polyethylene (LDPE) film, (b) pseudo-first-
order (PFO) kinetics for PCM sorption on LDPE film, (c) pseudo-second-order (PSO) kinetics for PCM sorption on LDPE
film, (d) sorption kinetics for PCM sorption on polyvinyl chloride (PVC) film, (e) PFO kinetics for PCM sorption on PVC
film, and (f) PSO kinetics for PCM sorption on PVC film. All the experiments were repeated 3 times.

tRRe] E2bo] o]Foix| 3 A7 THE|= F2koko]| W37} PVC &% PFO EY(R*=0.8625)Hr} PSO FE(R*=0.9824)
Sl 2le & 7 SIthFig. 4(a)). 71= ArellA thekst wlA) o] PCM &2 w982 o & A9altiFig. 4(e)-4(f) %
ZAE(PE, PVC, PP, PS, &) Kpolylactic acid; PLA), Table 2). ¢]&{3t A¥k= PVC 51} LDPE Fgof vig
e IMAYI0] E(polybutylene succinate; PBS) 14}l PCM9] &3 &5t 9 W2t 1S HojFal, O] PSO
gk vz d o a—ﬂ BE2 48A17F ool =eiilal, 5 2ee &% (k) #oELE gR1E 4 QltKTable 2

3], PLAS} PBSS] 79 12417k ojuell &2 e =23}l LDPE Z&ol tfgt PCM &&o] PVC ZEo tidt &2 %
tH35]. 3 EgolEA 4htAl(triadimenol, myclobutanil, TRUE oF 3144 Wit A, LDPE = 11.2003 ¢ mg™ h7,

hexaconazole) 9} P|H|E2}AE PSS S&ANME 7] 6417+ k, PVC=3.5575 g mg" h™) (Table 2). ¥ A Ze} g
7 FAE F2F S71E 1, oF 24417 Ul S& 38 o] Exgl PCMS] %S LDPE 2o vl PVC HEo| ok
of =238l3lrH3e]. 1524 %34tH g, LDPE=0.0512 mg g’, g, PVC=0.0782

LDPE #53 PVC A5l tigk PCM9] 52> PFO & mg g") (Table 2). oli= G2 F2 RdefA =% PVC 4
9(R*=0.5479) H.tH= PSO H9(R*=0.9898)0] &2 sk 59 2% ¥ A5(K)7F LDPE ZEHU  Hoes A
o] Z Al th(Fig. 4(b)-4(c) % Table 2). PVC IE2 g 4= QItTable 1). "EIAZ 71E AolMx Ego}
749 12417 ofdje]l tiF-2] PCM &2o] o]Fof%lal o] % =7 *—J'ﬂu LDPE 4! PVC vAlZetAgol gk S22
2% & W3t §ISIKFig. 4(d)). LDPE 253} vi7bA®2,  PFO E¥WUH= PSO RHlw AwWsiairh34].

OE D

Table 2. Parameters of adsorption kinetic models for procymidone (PCM) on low density polyethylene (LDPE) and poly-
vinyl chloride (PVC)

Plastic type Pseudo-first-order kinetic model Pseudo-second-order kinetic model %sorbed
! sorbe
(film) &k (b ge (mg g R* k(g mg'h?) ¢ (mgg?) R’ ’
LDPE 0.0776 0.0183 0.5479 11.2003 0.0512 0.9898 34.89

pPvVC 0.0694 0.0441 0.8625 3.5576 0.0782 0.9824 86.33
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Fig. 5. Variation of procymidone concentration with desorption time onto (a) low density polyethylene (LDPE), (b) poly-
vinyl chloride (PVC) and all experiments were repeated 3 times.

Table 3. Desorption of procymidone (PCM) from low-density polyethylene (LDPE) and polyvinyl chloride (PVC)

Desorption parameter

. Sorbed PCM concentration,
Plastic type

Desorbed PCM concentration,

Desorption rate, Desorption rate

Coon (mg g™ Cies (mg g") %D (%) constant, Kz (h™)
LDPE 0.0725 0.0573 79.02 0.0711
PVC 0.1857 0.0078 421 0.0675
O|MZ2tAE TLECZEE PCMe| EH:F EN Note
Fig. 5& LDPE 4% ¥ PVC H5ol| F2% PCM2] A
7l W g3 A= F HojFth LDPE 2§ 49 PVC 5 The authors declare no conflict of interest.

'

l

F2 PCM 9| k2 77t 00725 mg g ¥ 0.1857 mg g’
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