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ABSTRACT

Soil plastics have emerged as a critical environmental issue due to their negative impact on soils and crops, making their
monitoring essential for evaluating the environmental impacts of plastics. However, no standardized method for analyzing
soil plastics has been established yet. Most studies employ chemical digestion to remove organic matter and density
separation to extract plastics from soil particles. However, the density separation is labor-intensive, time-consuming, and
incurs high costs. Moreover, it is not well-suited for handling large sample volumes, posing limitations on accurately
analyzing the actual amount of soil plastics that the entire soil sample represents. To overcome these limitations, we
developed a soil-plastic separation system utilizing microbubbles. This system aims to enhance the efficiency of soil plastic
analysis by reducing processing time and securing high recovery rates. The separation system demonstrated comparable recovery
rates to the density separation method, achieving over 90.44 + 1.59% for polyethylene (PE) fibers across three different soil types
and standard sand samples. Additionally, excluding the chemical digestion, the separation system significantly reduced
processing time per batch to approximately 12 hours. The developed system can be easily applied to domestic soil environments
and can be utilized as an efficient and sustainable processing method for soil plastic monitoring.

Key words : Plastic waste, Soil plastic monitoring, Agricultural soil, Sustainable waste management, Microbubble
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ZEEle] A7) AlF B S2E oPlsl e, 53] 5 mm
w|gke] ZEhg AR wAEER Y (microplastic, MP)
oM 9] A& EF AEiAl] vxe 2 wek
7Fsde =z Qe $-=7F AR Aot

B Fey 299 99l Tk, w4 Eokllxe
A ] AR, EekeY ZHREo] x3tE HIE 9
I 3l SEAY EY £9 To] YRl Hawa
ITH(Chang et al., 2024; Dogra et al., 2024; Heinze et al.,
2024; Liu et al., 2024a). T3+ 223 H7]1E A,
7] 4, 2 %5 5= 219 w2 Bl 7R
2l Eet2Y 2 H9E 7M1 4 AthBodor et al,
2024; Hu et al., 2024; Zhou et al., 2023).
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EF W e B 72, 35E, T 74
2Rl Y v R B ot dYE <ol |
S 2, ol s A=) Y At 2 F

TE iO]-/\V]E}(Chang et al., 2024; Han et al., 2024; M

et al., 2023). T3+ ZEfHe EY UolA 73] g8k
Az} A < LH]'XHE Z2h-g-ake] EF 2E(food
chainell 54 E25 FUAZ & AkSeo et al., 2024).
H A|ole} 2o B AEA} vEEE S HHT
Al A AE ] 9 ooluA] diAke) 2 AESH
71%°] ngtEa, A8l 2EYAE T ¢ e
AFAII}T AAE 7= A THJiang et al., 2023; Yang
et al., 2023).

o]9} o] EF HejAIS} A5 buol ZhjH o= mjF
S 93)\1:‘ o:]zﬂ:_sa _‘ﬂ_ﬁ?ﬂ- Lq] Eok lﬂ ._;q./\Fﬁ] [eXe: <N
RUEHse 32 FERH AF 2 374 99
shal, Eeky H7|1EY AETFsd de A —rau =

H % %’4 3l Fepzjolet. SR EoF SukiE

Frshe B4 e RAle s &
= AR golylen, o) A7AE 1He] J3d
A =55 01%74] sk Q9lo g F83lar JrH(Liu et
al., 2024b). A} ez o g AT JE EUS W ST}
28 BAHE {71ES AASH ] AAg 3keh2 el
(chemical digestion)Z} E2]Z21 EA4 Zolof| 7Wisl U
H-2]% (density separation)yS E‘GH Ty dAE F=
sh= Wkalo|t), 38k BEaHe 2 Bk A9 T
2E] R0l EAslE f71HES A she WHoE 42k
e, 4kt e, B4 e 55 ARSE ¢ Sl
gk o2 FepiEo &S ATV S8l Ee
2a) o] st} dx BeHe F2 Zepage F
Fol wlE} thE B gas Had 2 9o x4
(purified water, H,O, 1.0 g/em®), 948} o} (zinc chloride,
ZnCly, 1.5—1.7 g/em?), 93} A~F(sodium chloride, NaCl, 1.2
g/em?), 0}0] Q3} AF(sodium iodide, Nal, 1.6—1.8 g/em?)
55 AHEE 4 AtH(Imhof et al, 2012; Sa’adu and
Farsang, 2023). ©] %, Z2]993} H]'Y(polyvinyl chloride,
PVC, 135-145 g/cm3)<>]Ur Zalog Hg=

T

ohI:I
P P

O_I./
2
=
nﬂi‘
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g0l
(polyethylene terephthalate, PET, 1.3 — 1.45 g/em®)9} 29|
vy Ee Wxel Fehay Relg 98, dnHos
ZnCLS} Nal 845 ARS-SH(Wang et al., 2018). SFARE,

ue 2y gle A W} a1, ZnCl, 89 B¢
A fraldk A= EdolH, 4 AeelA A3 =
A& YA ok Nal =3 2454 E2olH, EY A8

W 719 3ksH 28l Agolr T2 ARSE= Ikt
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S=2~(hydrogen Peroxide, H,0,) 847} 7¢+ 1h3-& Lo
ez, W vo) BRI 2749 Felt e,
1:1:3]_ j=il= l:lg] _Q_oﬂo H:]C_/] o:]J,]_J,]_zqo ﬂj]x] O}OD:]

gol 1) AFake nAZaEe] ZA2 8] ARLol
g Wil Ytk meEpd, dE Bepge mgow
RE ZeeaEe 3] A8 A 71RAR) wEold

u]- }\]7]— /\UX-]O]_L_ == @o]:;ﬂo]u:] 1 g O]}bl'“] 1

AlZ S 3t ‘3401] a7t ol ©ido] Stk
E‘r*‘ﬂ 0] &84, e, AR

e Haske 5 9,1\1_ 3_7"43 7|9
]‘:} Holl=
=i A=, Cﬁ]% 5o # ‘4’5%1}*— E EE]-_‘%M]
Tl 21717 4As Hogk § ol FEse A
2] WH(Grbic et al., 2019; Ramage et al., 2022)°]4},
slebe] FelHa de wes shte] ZEAAE B9
sh= HHAI(L et al, 2024)°] Atk o]#3t 7EE SolM=
53] vM7|3E 7]ES AF 0.1~100 ume] vAIgE 71 EE
ZeReE YAl F3fele] Hes ST, olF F3l
FEgS 38202 B & e }@O]E}(Wang
et al,, 2022). ©] 71&L F3jE] HopA] g B4 AA

o &8I glom, A &AL AT] & HollA
53} A2 Holal ltk(Sakr et al., 2022; Shen et al.,
2022; Zhao et al., 2024).

2 A= olyE wAlZIE 7
ol Agsle] N2 ] Al
2 QAke] £ 4‘76% ZHass)sial ‘%

s, O B EY AR
Alge] s 5‘:"]"‘]7]% RS Bx=Z 9 Ed

A|ZES o] 83t ME e EAS 7 Il TEA
Eobf]' TAF ARl E2] G (PE) WAVERE 3718l
358 ke dslal). 3 Ue —“%ﬂ‘%‘é#ﬁ ANE
Hlaaste] Ze] Al2=glo] a843 ZEAds 48k,
T F4A BN A8 TFsAe %‘7}0]'935}.
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2.1. O|M7|ZE 0| B¢t EY & Z2AE]| 22| A2

2 AFelA s EY T ety £ A2
(Fig. NS E% A8 F Zgkag I agzoz
e F AEE ATl ARKE trRS Farsted]
ATA8ATH Wenzel et al., 2022). Al2=5lo] A Fol=
oF 80 cm®Z, AH4A FE (bench scale)ol| A A& =
AEF AAEIA w8 8942 1.3 A 98
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Fig. 1. Picture of the microbubble soil-plastic separation system
(modified from Wenzel et al., 2022)

om, sk Mol AR oF 50 g o] EY AEE
A2 = AUtk EY A7 A12E] Hellx] 2-s] &%
2] a1 BAEAY HAo] EFo] AGEA] = A
At (dead space)’} AT 5= 3o, ol& HHSE 5
UEF AIFAR] RIS AT Al=Fo] Ajde
frejolm, =] A7 Al YA B3l 5 At

EG Ul S 28 AlZEe 1) rATIE LAY
(microbubble sparger) 2) A& FU5-(sample inlet) B &
S (circulation column) 3) STh~E  E 2] F(plastic
separation column) 4) 37| HZ(air pump) & 37| T
THair inlet) 5) SER~E YA A7 (plastic filtration)=
T/3=e] At

A7 BT A Al2H] A4 aag, Ae
0.1 —100 pm2] PIMZ|EE AL vM7| s Sk

28 QAL FelEe el A Bodste] Beld

VLS I & AFlM vAZIE 2A7= 7S

1 =
AE BT E e AE Y EG AR FY 2
AEHQ SRS T B R} vAZIE 3] Gt
&S YA F AES FAH AT B AEF
a5 PAZIE BY7) BEoE WolARE A
OJFAL oH, YR AR SRR o)Fsle gk

kY el AlE A 133

IJeES =Y F A=F AABKIH

ey FElEe B e viArIEt deeshe
FZtolth =S Bl WojAle B AR} vA7)E
Y 7IeA HEEE 7|37 Whesle], ZEkaY YAE
FSARI el R FEkE ke Y] 58S
wet E7 At Eekd 9RF AR o)FsH
e}, FekeE Pl e e FeE 7R 9o,
ZefE AE iR Hell @ElEe Ag- ol8 Ao
We 5 Ja, vAI7IE S B3 3719 ShEe] aia
g 5 J== S5t

371 B= 8 3] T vAZIES A8shs )
2 Alojste, Bt Al=E WE
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(pressurized pump connector)S E&33L

4y 2= gy o] Bolsles SzE 1y Y
7t golst=s AAsllth. dH = rAESaES
AR 5 e UAE, F A A, 25, AEE,
EZ-E(poly tetra fluoro ethylene, PTFE), &FH|1} HE
&<l (aluminum oxide membrane filters, AMF)s TF3H
NS A 5 ok

A4 i EY 2 AIZE Yol ARS8
5740l w2t 37 g 2 AE] ARES 24T 5 sleH

= ,
B Ao wA71E YA F7] F5E 7-100 L,
A& 38 2% F7] F3 240 - 600 L/h, AlFE *E]

|
|

>

He 2 AlE" 30 - 60502 AAsle] st

22. EY A E #MF ¥ 77IE MHA

EY U ZTkaY 28 AlREe] 3s 3 2 U
eI HluE ff8) EY AR 33# EFAKSNL
inc., France) 15& o|83l5th. EY A5 A= AEE
ZaiA] s 2742](35°14'24.4"N, 128°58'44.4"E), B
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XA WFEEE-(37°3934.20"N, 127°01'18.84"E), C=
T AT (37°34'56"N, 127°14'04"E)ll Y13 EE
ARSI B AR A3 Alddle 94 1o = AjH
A& AAsta, BEY 1HY o|EH@E 7, &,
)& AAT F HA ARE 018314 0-20 em Zlo)=
EY AEE AFEAH. A5 AH Al FEaEHoRE
? WAE7] flal el Al Radks
3 AEE HIATE. AFHAT ES A5 Al
7004 S8l g2 AlAT ¥, 2 mm A (10 mesh)S
AREEl Aldste] 38 Al A3 == sk
o} Tk, B e 38 o7t HAE A 7St
o, 7t B AlRe] BEAS TP o2 SASIATH Table 1a)
(Gee and Bauder, 2020).

ST ==l
RTARE

kS

[e)
=

871
[e]
[¢]

9 X3} 7|7 (european committee for
standardization, CEN) % -3 ¥ (european norm, EN)
o] 196-1 TFASE, AMES] USAE B IFT] FA]

A Ao 2 AN 2 0] BohE A8 T

Table 1. Characteristics of the samples used in the recovery test
(a) Composition ratio and texture of the soil samples

- BAN - 3

/\[jo‘j .2 QA

=1 O 1

0!

FAF A9 U= E¥XE 25 2 mm ©JWZ(Table 1b),
HEo] AES FaslA] 9dar ARSI

3 A A, ES W G &5 f71E0]
n|A|71328} ¥k 7hs S HAstelal, Agsh Sy
YAkl HEE Q8 st Ao R fU1ES AlAs)
Atk kA e A, ddEl, Akst 2 34
B3l 5 AREEE al &9 FFd wet ERE
(Table 2), ¥ A= 30% H,0x(Duksan General
Science Co., Ltd.)2 A&t B A8 7+ 5 g
oo ¥ AR FHIste] v Eal, 10 mLe] H,0.5
A7¥gE 5 50°CoNA 2447 FF 7HEE frleS
2] Alz=Hel
Tt A2 & 348 78S APt

[o:

2

a3
T

2.3. 478 PE MZE A
B AgME MP H7)2] A48 PEE AM8dle] B
Al=de] B85 ST Il 83t F3

Composition ratio (%)

Soil sample

- Sand Silt Cla Soil texture

(location) y
(2-0.05 mm) (0.05—0.002 mm) (<0.002 mm)
Sample A .
(Gimhae-si, Gyeongsangnam-do) 22.7 54.9 224 Silt loam
Sample B
(Banghak dong, Seoul) 50.1 39.3 10.6 Loam

Sample C 742 20.9 49 Loamy sand

(Namyangju, Gyeonggi-do)

(b) Composition of the standard sand sample

Sieve size (mm)

Cumulative residue on sieve (%)

0.08 99 + 1
0.03 87 £ 5
0.50 67 5
1.00 33+£5
1.60 7+5
2.00 0
Table 2. Chemical digestion techniques for soil sample treatment
Chemical digestion method Digestion solution References

Acid digestion

Alkaline digestion hydroxide (KOH)

Oxidizing digestion Hydrogen peroxide (H,0O,)

Enzymatic digestion Protease, Lipase, Cellulase

Hydrochloric acid (HCI), Nitric acid (HNO;)
Sodium hydroxide (NaOH), Potassium

(Fan et al., 2023; Pfeiffer and Fischer, 2020)

(Patrucco et al., 2024; Prosenc et al., 2021; Xiong et al.,
2012)

(Hurley et al., 2018; Okoffo et al., 2021; Radford et al.,
2021)

(Fan et al., 2023; Moller et al., 2022)
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Al PE 22X AE(Rope & WireyS> 5 mm "9 Z7|2
Haste] 453 PE YA AlFeislth. AltE PE Ak
= 005 g Al NE ST F, H71E s
Pe7] ofdoll 2 EF Algel H7tetaint.

358 S-S 98l A3 PEE ARESE o= thet
2ok A, 71E ES AR EFAM oln EAE 4
U= FERE dARel s Asl Higk o 2.%0]
sle Zs Adelsidt. v E9F 9 53AYel o]n] PE
APt EAlEIE RS, £ AN ARSgE A afgh A
23 FeE 7L o] dA A S Al EF 7
HasleE 4 Aslth. A, PEE IRISKFEAE )&
71 3l PN E Ao E2)ZQ1 ] W)
glo] P E FAEUE. HEgh PE YR EY A9
TS 8olst] Aggt A} ¢ EAo] ThsEkit

EY W STy w2 Al=Hle] sls S et
2ol st WA, EF AlEE <ls wA7]E 1Y
710 32 (fouling)o] LAY BE= vlg] dojPzE
7Feet & E2 A]2" el 1.3 LY A 4(Human
corporation, Republic of Korea)S H7}8}dth 1 & &
7] FUF=E 7] HEE 7Fs3l AAGTE A2 s
T8 F EE slal, Sekay YA el 45 pm
ZH|?)2]2 E|(Korea institute of analytical science and
technology, Republic of Korea)S &3}t <=3k310]
2] A] FEE AlE TRl EY AR 5 g %] F
AsPHA, AE7F AT 555 wet AHs 8ol
o]FR= AL FRISIT). o] wf, FYF HA] Gt
B2 AR BATE A2 W vre] st AlFEE
WAl 28] 9] 5, 30 - 6027 A2 s xlss}
Atk 1 F IRHEEE TFsATI AL, AR EY SRTE
AlE TR st Fekey Eejdel 239 &2t
2y QA 77 E5S B 28 EAE S (over
flow) 3to] Fekg YA} oJFRZE o]FAFAT A
ZEE YARs 50°C LEOA GAIRE AES F 3)E
EekE 7 S ST

B2 7 BESF AlR9] A A 3 25-9] PE A}
NE= 2ol 2 4MEst9int. PE 4R} 7S 24 Alell= PES}
v o] B2l tiul7E veld ¢ xS I38 I
HeFdAlell WA 358 PE YAES 124 | H, =ald
7171 32 HAE 7HHekE o] 85t ARRlES ettt &
S AR on|A] FdE FE3F 5 Image] S ES|]
o]83l YAt 7 BAS KISt o] W, H71st PE
AR} 2Jel] T YAt 2ol ASE Bedlle PR
ol AAT = A YA JiGE A=

ox

5

=z u=
aux\":

3
=
=
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AAE 2.2 oA

om, 2= 9
E9k 60% Nal £ 2
L2314 180 r/minolA] 14]

=1 st
=3

2] QA ieE 24

1 =}
ES

3. g3 o &

al ol
= =21

3.1. EQF LY Z2IAE| 22| A|AEIo| 5|48 T}
=o|Hate| vl

Mg 2 Al=EY Sa-S W1 A EY AR
A, B, C} IEFAT A8 T3] ZH2F 90.4 + 1.59%, 97.39
£1.79%, 9738+ 1.68%, 96.98 +2.56% 2.2 A TN oH,
BE BEY AR FFAIA 90% ol sa-&-S 2/dsiaitt.
HEK 0 2 wlM|7]E= A|E°] 0.1~100 pm?] 7|EZ,
4 E4E 7 FollA 9 oldR7E B]tb
S FA3HZhou et al., 2022). 3HH, PES ¥
o 7-E0] SeE2 A4 (hydrophobic) 5735 A
Aol Ee] AR Haslelee APl o,
& ARG 3719k AeAe-S et oleist 54
o2 Q8| FEReY YA THL vA727)F FEE]T] 4
$H, ol Al=El Yol A 2 AUAIE 741713
YA MPEE Feke HHoRE AHE & Utk
(Fujii, 2024; Liu et al., 2024c). =54 v]A| 7|37}
ZEkey A} ZRIAIA, T 4R Afolel] gk A
o] FAAG, AFAd Lol o3| o] AH vk
Al gholA| 1 BERPgsiAH, A= sla]€r). o]2 <l
vA71E7}F kg YA; Edel AR FEeA Ha,
Fatg w7 E2 Q18] FehE YRbe] WA Fud
HI3| D7}t wopx] Feo] FrlehHA ARE F3s
FTH(Swart et al., 2022). & A79] 3|8 H7RIA 90%
AL ] Al2E el oleigh

1A

Ao

it

o

] =

T
=
=

1=}

AL

T oo o R
rok

R

oV Free BH
ulal7|Es} Sekerl Qi Ale]] W82 30 - 60% ol
2 385 2YND 5 UeS rlat,

HITE 98] 71 A Bepie ol8d S4e e
21 A}, B AR A, B, CoF EFA ARl i8] 42
97.43 £1.49%, 98.47 £ 0.63%, 94.91 = 1.32%, 98.03 £ 0.93%%]
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136 PS5 - T - AT
Aoz Vi), BE 2T PPN RE AlRdA
90% oV FTES BoH, HIE A8 A9 H¢ 2%
ol oF 7% U =& 35E5 Hou, daoRe

T B 22 9] 31588 BYtHFig. 2).

AE A9 555 AHESEE W, T EY AlEe
EA S42470A HlaE e EY AlRRT mjALet
HES o] =& Ao® YEPHTHTable la). o]2|ghH
540 Ql8ll, &8 Al=s Wollx PE Ak} miAll7)E
o] A5 2R8- FAA A mAL Z7] o)Ehe] e Bk Q]
2A7F =2 el 8AaR ARERS 7hsAdol ok BEg
HESH raL 2k oA gA SEe A3l Slo,

HA7137} PE 42 tiAl HE B paL dzjel] F3te=
ffﬂ*lol WS 4= Qlet. o2 QIS PE YA SR

gHapA| Zalf 3ol AAas AR AtE

3.2. EQF L] ECIAE! 22| A|ABIo] SEM T}

2 ATolxe EY U SekY e A2Ele] aeAs

7150 2 Y A 22 ARRE Hlaste] 37kst
ATHTable 3). WA, ESF N8 A%, AL, 181
718 3l HES gsshe bl oF 3do] A8 o]

777] Microbubble separation

| | Density separation

100

w
=]
1

Recovery rate (%)

-
o
1

Standard sand
Samples

Fig. 2. Recovery test results of the microbubble separation
system and density separation.

U Ry A9, U ®e 897 B9 A]Er
Eqete] amleke o oF 1ARTe] A HH, S5 AR
12A3F 59F AXNA BY kel Sekeg] At Ta
HEE it} o]F AFEds FE3l sl s4d
ZelrE YRS Axshe ) o 6rlzle] kR des)
ot webA, AE R 18] Aol of 1921%10] e
gt 2eu BEge] EelE SA4od {718 o 5
ugl #e] &) deid 5 dovw, IiE I5ES
SHsl7] 98 FAF HHE Ha 33] o wHshe
Aol dutolt}, o]H g Wiy A& Q) A Az

AREE A 45ARHA] S71E 4= Tk

uhdol, EoF U] ZElsE He] A|~HLe B g9
9, ollojze] 3 x4, I8 A& 59 £H o
oF Ol‘i—ol 2990} B AIREE EQI3 & A|4HS
7Fsslo] 2R A EEfshe vl 30-6080] Zasi,
TElE EekE YRS AFsiar Az H oF xRt
o] FIE sedn. wEA £ AlXEE o83 13
AA7He oF 7.54)7 Aotk Alge] EAjo| ulg}
a3 A5 o] HgS A 351 s 227} 7hssi,
o] Afol= A X AR 9-10.5/702, U%
wE] el Hlsl ##13] .

ha 2, DAL S ] A Tk W )
Hell sl He] Akl 2l BHBE AT 4 AT,

13] 2] 7IEo 2 oF 12817F o de] ARt Axte] hs
sk, WHE A2] Aldl= A 2] Alzto] oF 35A1E o

DS ofeh ARRE W5 tlFe] Bk AR E X2
01: sk A7u BUEY Z2 a3l wlg- 23 o)
o= 283, E8A4 T WY ople} 18 2 A<
Zok o WE dloly] FRE 7Vs3H gt &3, 2
AlZ=Ee g Hell o] B ] AEE AT 5 o,
EG AFS] U39S ol 84 Auje] A1F)S A
2 4 dok webA, At B Aagle 71Ee] Un
ol vls] Z8-40] Hojur, EY ) ZE~E o

Table 3. Comparison of processing time between the microbubble soil-plastic separation system and the density separation method

Processing time for 1 cycle (per sample)

Analytical
procedure Microbubble soil-plastic separation system Density separation
. Preparing the separation system 0.5 hr Mixing the density separation solution with soil 1 hr
sz;erz;tciZln Operating the system 0.5—1 hr Standing the sample after mixing 12 hr
Drying the sample 6 hr Filtering and drying the sample 6 hr
Total 7-7.5 hr 19 hr

J. Soil Groundwater Environ. Vol. 29(6), p. 131~140, 2024



33. £ 5 BatAg £22| AlAmo| HXst U HEY
B}
B Aollx] AR Fe) Alzse ek B9 3
90% ode] B8-S Bsle] 1 B8 S
sk, Tt 2 B9k, 58 viAlel HE ol
EQrks o1 Ee} Felw] rjel Aazgol
Asislo] l5-go] thas Solale Aol Aick. ol
A% =S B58S S 93 1R ek wy
3 et gk
A, BabAle] 8- 1T 5 ok B EY
Yt 7be] S ARl Bk iAot Fekew] Qe

A

—_

hins
o ofX

Hir

o ¢

=
Zog AWMgAY dFog LA HEI FA
FES BT 7HAAL Qlof, ZekE YA e Bk
739 ZEkayg ®He A5 2 F94Z F 2
n|A| 71322k zislEo] haE ThsAdo]l Utk whebA,
iAol FRst FYEke Eoko] EXo) wle} H23ly
ofof ap, 373 XISHAR] EZS AREShe Alo| ultIs|t)

A4, W AP =YS B I58S =Y & A
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