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Abstract : In this study, we investigated physical and chemical properties such as grain size, heavy
metal pollution, magnetic properties, and their environmental impacts of road dusts (RD) collected
from 14 sampling points in Daebul industrial Complex. Heavy metal concentrations in RD were in
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the order of Fe>Zn>Cu>Pb>Cr>Ni>As>Cd>Hg, and this pollution pattern was related to major

industries and traffic activities in this area. The results of the correlation analysis between heavy

metal elements and particle size in RD showed that Fe and all of analyzed heavy metals had a

significant correlation with each other and metal concentrations had a significantly negative

correlation (p<0.05). However, due to the input of large metal particles some heavy metal

concentrations in the particle fraction of >1000 um were highest. Pollution load per unit area of

this fraction was the highest among the grain size fractions. Cr, Ni, Cu, Zn, Cd, Pb levels in RD
decreased and the levels of Cr, Ni, Cu, Zn, Cd, and Pb were reduced to 85 (As) -22 (Ni)% of the
whole after removal of MFs fraction from RD. The mean heavy metal levels in the study area did

not exceed the soil contamination guide value of Korea, indicating that heavy metal levels in RD

were not a concern. However, at some sampling points, Zn concentrations were exceeded the soil

contamination guide value for the 3rd areas of Korea and this result indicated that further studies of

the impact of RD on the surrounding environment through re-suspension or non-point pollution,

and of effective management methods are required.

Keywords: road dust (RD), heavy metals, shipbuilding industry, industrial activity, traffic activity

Jeong et al, 2019a; Lee et al, 2020a; Luo et al,
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al, 2010; Singh et al, 2011), E3F E2HA| o] &2
23 Cu, Zn, Fe, Ni, Cr 59 3249 542 <l

A A7 AT Aol 9l om(Kang et al. 2007;
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o|th(Evans and Heller, 2003), wj&o 2+ AzH
A8 27| 54 w4 0] B e HUEPES AT &
34 o g AMEY| & gl (Wang et al, 2019;
Zhang et al, 2006).

S-Euete] &5 2 Y2(KIET 2012)
FroflEd o TRt viEd o] vl SRRt fgolrt
(Kang et al, 2007; Kim 2013; Park 2016), £3] ¢
w2t Al e 2R Y HjEEE Fa5ol SrE ¢
AR QIR S e de AAHeRE & A7 HL
QITHOECD 2010; Alvarez—Vazquez et al, 2020).
HEAAEA = W 24 Y9 s T T th(Seo
2011; Park 2016). ZL&u} o] ZAAREA] ol
2o gt A= uf$- 22 (Lee and Kim
2003), thEAtdeAI QI ol that At thol 4
o] ity 53] tEatd e Als 4ol Faidd
I 3 km Sl Q1 159 1 o]AFe] A7 Qlo]
(Yeongam gun 2020) AFHe] =2 2] U] F5450]
Aul ikt vl o g Qs 1 =AY 7] ek o
ol L AE dod fe7E qlo] ofof ¥t At
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Figure 1. Map of sampling sites for road dust in Daebul industrial complex, Korea.

g E2HA Y] e YeE, EYalehy 54 2 &
A mtob o AlofES 9fel BAQl HEolT},
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ATFA G HEAIRHA = Hepde Fotoll 4
= A glew, 199739 24 e E o] A4
A 20,8874 m? F AFF A 10,7344 m?= A
Al HA F 48,5%7F AFA A o o] (Jeonnam
industrial complex Data management system
2020), FFAET(24.6%) 3} =A]79(20.2%) &
of Exo] &2 o] Alth, thEAdTAl W
E2%L 664 m, E2HALS WA 24 WA F oF
8.5%¢%1 1765+ 574 m?E 2}A|3}1 9) o v (Ministry

of Construction 1990), YE82t4 =E A o] ok
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304 mALERE HnA =271 & Ad|Eo] Qi)
2014\doll & 339719] GA7F AdF=ste] lgleH, 9
FAA Y e =24 % 33 3 25| 38.0%,
12 F45-2 239 2UF4 32.3%, HlE4 5.4%, 4
a1t 4.5 5ol 910k, oI AEYAS o 1071
AR TE JA oK (Park 2016), webA & A
TFollAE HEAAEA W) =2 o] EEjeieta &
At 2 AT wfersly] 9Ja)H ERuRE A5
Ak, ABYF AHL Figure 19 YeRTt, A2
oe) 54¢ 27 weda] Slstel 147 A 5
Aoz Jgsiglon], 22 AFedol e 98
834 2ok HlwE 9t A} X Qle] X
e g5 AdAskgl

2. E2HX| A|ZF
oA Behar &3t A4 AFHLAA

F—ﬁj‘(Dyson DC35, USA)—% g
Hshoict ANATH2NE B2 919 uy
le A21el7] Qe mokE NE A wE o=

Boo] thao] ATAEo] B o]t
(Gunawardana et al, 2013; Hong et al, 2018; Lee
et al, 2020a; Mahbub et al. 2011), 5] T4 = A
A wAke A, v YRR FAlo] #A4dt HEs
A5 B Foll AHE= FEEAE &, HAE,
n A FE ) 2 "olA ARgsRGlon, H4x7]9
AN T2oe AHEEA T =29 A 4 =29
AT} o1& 15 emfl+= A =2 9] 80%, 1 m o+
0 2L 95%7} 2R =Tl B x| o] 9tk (Novotny
and Chesters 1981), whebA] & Aol = 2 A4
HE = 2614]9] 0,25 m? W o] A|RE 43] oA A7
se] BgsIAOR, ARAE 20134 129 Fof L
£ 24 A7+ 98] Aol o]2oizlet, A2 A
R 400 oBol 4 Az 5 Zehae v go} &
4 71 e nksier,
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3. RDS ALO|= 2 XpEEZ|

7 A ERAUA] AR F Q5 A 7S FHto Y
A= Ao} A= A2 7] (Analysette 3, Fritsch Co.
Germany)E ©]&3te] 6712 4AF=7]3H(>1000

um, 500—1000 uym, 250—500 um, 125—250 um,
63-125 um, <63 um)©.2 BE5to] HAZ =5}
Ach(Lee et al, 2020a). EEHA| A& F dBE

Al F8ke] 4000 gauss Al719] W & t& AFAE o1&
sto] 2K (magnetic fractions: MFs)¥} 5| &}
BB (non—magnetic fractions: NMFs) 0.2 £2]5}
ATHChoi et al, 2014; Jeong et al. 2019a).

= A =
4. 5345 55 Y Y= 24

A AR YA 9 AV S 7IREe & He
H =2HA| AlgE 27 A5 7] (Pulverisette 6,
Fritsch Co. Germany)= 24, #23}3t 3 B4 4
THA] AR A 1 E2]od= ol Hatkekgich, 24l e
A& oF 0.1 g5 HZE AA Y Ahtaf87]o] i 1
+& 9 TAHEAL FHAL, HA
AFELS]H (total digestion) o2 E8j3t 3 & =43}
Ze}An} AR A7) (ICP-MS; iCAP-Q, Thermo
Scientific Co,)& Z248 4351 tHJeong et al.
2016). ~2(Hg) w43} € A =S US EPA 7473
we o m}a} AE4 2B A 7] (Hydra—C, Teledyne
Leeman Labs,)& ©]-&3}o] EA33c), EA4H &
w54 ARE M F7Y ATEAE 2E:AR
(MESS—4, BCR—-667)& A= & A=t A3t 951
(Li)~103.8(Cu)%2] £ 3&S Yetilth 4=
2 mm UYAE A2 Z Afo|29] 5, AExZ

deuia = AAT 5 Y=
7]

fl

1%
rlo

Br)gaot §7128
(Mastersizer 2000, Malvern Instruments
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5. 53479 29 47t
E2UA Y EAskE 24 N FE4F 9

20 @ YEH7E §I5te] 5354 4 (enrichment

factor: EF)E Aol IL(Taylor 1964), AlATAE
&3 2t

(Metal / Li)backgrozA)ld

AAte]] AF-E vj A% = (background)= Rudnick
and Gao (2003) A 4HH5 =S AHE3HH T 7]
A (Metal/Li)sampie A F0| A 9] S5 (metal) 2} Li

EF =
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o] =% ] o], (Metal/Li)backgromna= 7] & 2510
A QA7 A7 REES] FEE Lie] vlgol
AAE gro] EF<2 o]¥ deficiency to minimal
enrichment, 2<EF<5 ©]H moderate enrichment,
5<EF<200]9 significant enrichment, 20<EF
<400| ¥ very high enrichment), EF> 400]
extremely high enrichment® & H7}stc},

E3t ERHA] Y A sk AA| ol tiet T
22l L AEE H7t floke] L HK51A] 4= (pollution
load index; PLDE AAF} © 1 (Tomlinson et al.
1980), A4S ThEak 2t

CF= Metalsample
Metalbackground

PLI=Y/CF, x CF,x CF; -+ x CF,

o714 CF#te 2 594y =9 Wi s
o] HE YEhH, Metalamie> Al29] G455,
Metalvackgromdt= B 735 = 9] #&5 ottt nd AAt
of 2281 Fa49 M5 Svigtet. PLI Alktoll ARE-
% vj7 %= (background) ¢IA] Rudnick and Gao
(2003)8] A2 Et-s=E AHE-8ISITE ALk PLIC]
Zrol, PLI=0°]®H background level, 0<PLI<1
o] Unpolluted, 1<PLI<20]™ Moderately to
unpolluted, 2<PLI< 30]H Moderately polluted,
3<PLI<40]™ Moderately to highly polluted,
4<PLI<50|®H Highly polluted, PLI>5¢]™ Very
highly polluted® E&E2] @ Jx 2 BHrlsic}

6. SHEN

EAEAL 95}o] Microsoft office 162] Excel}
PASW Statistics 18 2 130] AL&-E| ik Arkat
A A4S lsiA vle dlolB o] A4t #xE A%
stglom, A2 E 7H Hlo]El= Pearson g
A B4 (Pearson’s correlation analysis)<, A7+
237} ohd glo]El= Kendall®] taudH (Kendall's
tau b method)<& ©]-&-3t] AHAAE 4519,
AR Fo4E2 0.05018Hp<0.05)%1 ALo=2
kit

1. E2HX|Q S34F 5E2

to
o2
H1
=}
A

Table 10 & AtolA £A4H 22 a4+
29| 7|42 A 20K Table 1a)7} EFS} PLIS o] &
g A3 e de FrHAnE Yeblch(Table 1b),
S22 Y S350 Het 5= Feol 4,97%, Zn7t
1168 mg/kg o 2 7} &=9kom Cu (92 mg/kg) >
Pb (87 mg/kg) > Cr (85 mg/kg) > Ni (28 mg/kg) >
As (7.1 mg/kg) > Cd (0.6 mg/kg) > Hg (0.01 mg/
kg) =02 Ueylth B4 A3 54 s W
= A (coefficient of variation, CV)2 51.0(As)—
136(Zn)Ql A o2 UEtylth thEAMd A =2 HA]
W Sad B2 a5o] vh A5} AkfetA]of] Bl s]
90%~50%4 = 2k o m (Jeong et al. 2019a), 2
g Aoz HuE AW (Crosby et al. 2014), A3}o]
(Shi et al. 2010) =A19] =2 WAL} GAFSE £70]
ATk, AP =4 =2 A HlsiA = Znf] F=
= F%eU Ni, Cu, Pbe F=& tha &%
(Doung et al, 2011),

Ao BFFEY] B+o® & a5 A4 5
ZEE Zn>Cd>Pb>Cu>Cr>Ni>Hg o2
oA aL, Zn& very high enrichmentol sjg} o,
Cd, Pb, Cus significant enrichmento] sfg-3ict,
Cr, Ni, Hg2 A2 02 AA7| ¢ Ao =2 e
stk 949 2149 EFgEe 2folE HH, Zno 7
S 2 Ao A significant enrichment $2&¢]
50149 #h& Ko, QI91A 5Tt ANt o R =
gkth. Cd, Pb, Cu®] 9= EFgle] 55 de A0
79, 64, 43% Atk Cr R6 3t A Hof| ATt EFgLo]
5,302 Uehta, A9 BE Us) 8ol A2t
pzoz Yot 295 92 AL Yt Ni
& R6, R109] & A 30], Aso] - 971¢] Aol
moderate enrichment} ¢} minimal enrichment 4>
=91 o2 O REY Ao wlsl A YekstTh 2t
F49) A¥Y EFY CVEHE 48.2-127%%1 3, 7n,
Cu, Ni, Cr, Cd®] 4% th& 550 e Bdse
o] WzAol 2r A 7t A LF = Apo|7t &
Ao eyl 24 4k1o] 874 9 7133t

o
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Table 1. a) Summary statistics of heavy metal concentrations of RD from 14 stations in Daebul industrial complex and

b) EF and PLI value for heavy metals

a)
Fe Cr Ni Cu Zn As Cd Pb Hg
Unit. % mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg
Mean 497 85 28 92 1168 9.1 0.6 87 0.01
S.D. 4.45 85 36 76 1587 4.6 0.5 55 0.01
Max. 18.6 336 138 242 6359 21 1.9 227 0.02
Min. 1.76 17 6.2 18 224 39 0.2 30 0.002
CV% 89.5 99.6 128 82.9 136 51.0 79.2 634 52.0
S.D.: standard deviation, Max.: maimum, Min.: minimum, CV%: coefficient of variation
b)
Cr Ni Cu Zn As Cd Pb Hg PLI
R1 1.2 0.5 2.6 154 3.7 11.5 8.1 04 1.6
R2 1.2 0.6 7.1 32.8 6.7 10.1 11.3 0.5 2.4
R3 0.3 0.2 0.9 5.0 1.3 4.1 43 0.1 0.7
R4 0.4 0.3 1.4 6.5 1.9 6.2 3.6 0.2 0.9
R5 0.5 04 1.8 20.1 2.3 6.1 4.1 0.3 1.1
R6 5.3 43 12.0 3.0 30.7 19.4 0.5 4.9
R7 0.3 0.2 2.1 5.7 1.3 3.8 2.9 0.1 0.6
R8 0.6 0.3 1.4 15.1 1.8 3.8 3.9 0.1 0.8
R9 1.8 1.3 9.4 383 3.0 11.3 5.6 0.5 23
R10 3.1 2.5 6.8 33 22.1 10.8 0.5 3.0
R11 1.0 0.6 5.7 7.4 1.9 6.0 8.4 0.2 1.1
R12 22 0.9 14.7 20.5 43 14.5 13.7 04 24
R13 1.1 0.5 2.8 114 34 6.5 5.1 0.2 14
R14 1.4 0.6 4.8 154 4.1 8.2 12.6 0.4 1.8
Mean 1.5 0.9 5.3 26.9 3.0 10.3 8.1 0.3 1.8
SD 1.4 1.1 43 343 1.5 7.7 4.8 0.2 1.2
Max. 53 43 47 B o7 30.7 19.4 0.5 49
Min. 0.3 0.2 0.9 5.0 1.3 3.8 2.9 0.1 0.6
CV% 93.1 120 81.8 127 48.2 743 59.6 50.1 65.2

B EF > 40; Extremely high enrichment
2 < EF < 5; Moderate enrichment

Aol Bgt OECD(2010) Harxfe] oJatd Cd, Cr,
Cu, Pb, Ni, Zn2 A} 24)9] 7]2E4, Cu, Cd,
Cr, Pb, Zn Alute] Ho| 2ol= B4, As, Cd,
Cr, Pb, Ni 52 vl EetA® a7t F 7|doe=
2493} BE durzel o g -0 th(Alvares—
Vazquez et al, 2020). T3k U] A} 2] 4 012
2 AupaRgof ofaf Auf oA Hoid B <l
3l Cu, Znoll 2 A= o] lrkar ¥ v ek
(Choi et al, 2014). ¥Pd Zn, Cu, Pb2 =] =2H

20 < EF <40; Very high enrichment
[ EF < 2; Deficiency to minimal enrichment

5 <EF <20; Significant enrichment

A9 8 A FaE)7] % sFhLee et al. 2020a).

HEAATA O] =229 Fot PLIGHS 1.8
(Moderately to unpolluted) 2 F2%5ol AzFsH
LA = oh Al w Yepton] Ad W54
& 65.2%34th PLIZ & A% 2957} 43} R6
(4.7)0] Highly polluted® 7} 295 Ao & YE}
wth o] A HS He, Ni, AsE A )3t 2E Y250
A2 5% H 0] Y A H(EF>5)0.2 Tl
A7 e, Ak A olE W AR E BAkst
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L F3Y, B4 B 2R 407 o] me]
S AHolgiek, B0 R @@EAH L R2, 9, 10,

12474 9] PLIZHS 3.0°2.% moderately pollutede]
s 29L&l o] AEL Cu, As, Pb, Cd
9] EF%}o] significant enrichment ~5° 2 e}
w3to2 ukg 500 m ool 241 A PAlEe] 20
ol o Sl Aol gl PLIgke] 2015tz 1t
B} 3124 @ 9 %7} moderately to unpolluted,
unpolluted®] 202 Uepd 232 8 77 500
m oJtjo]] Arte]ifo] f22], ok, FA ToE &
2ol Qlow Q1= AbdA| o] 7k A Aol i,

2 2] Qs A Y ERHA9 g5

o BA B o YAE] F2 AR 244

o iElo] glow], A 7 F40H) WAL A

A8 w2uA ARY FF4 290] 92 YA A

HH 4P AO2 wotEnt

2. ERBXIS| U= YW MOIX0| 2 FIEE
o8 54

ERWAY JEREe AAEEY LHEE
Figure 20l Yepich 2 ArofA] A3 =2 A
o] FHF = (Dv50)= 346 um(205—-562 um)o] it
FAZE250-500 um 31,1%%2 7P e BES 3}

AL 9lglem, 63 um HRHe] YA7L T 4%E A4A]

o 7H 2k AgE AR =40 =R o] 7
o A3 27191 150-250 umo] Aol 74 =
gl o }(Zhao et al. 2010), A eHA]
EARTE AR o R 2 QArt
Wty B g Qltk(Khademi et al, 2019; Lee et
al. 2020a). 225 670 A7 U2 AR
HEA(CV)L <63 um > 63-125 um > >1000
um> 125-250 um< 250—500 ym < 500—1000
ums= O 2 UERTE o] EA4l9] EEHA|OA Bl
S 371105450 pm)2] E2HA|Q] ¢
&= BE/go] I ool ofste] Y& WEAd
Hrp oo Ao yehd Aol fAsk o, 29
gk A7)0 HEAdol L ofstar] 9] YA EEH
A2 HEEE 2 deke & Aozt A

(Zhao et al, 2017),

o

E2RAY )R WY 2 FRERY BE
S Table 20] vhehlich, AR 1912 F3%
SEEE olely] skl 4 FE4Y YBEE

L Y55k = (PL)2F EFghE -8k 1th(Table 3).
PLI9] ¢, >1000 um+= 1.8, 500-1000 um+= 1.4,
250—500 pm+= 1.4, 125-250 um+= 1.9, 63125
um+= 3,0, <63 um+ 3,622 YERL}, >1000 um
£ AlQJstal m2HA] Ao A7)7F FolErE 2
HF57F woAl= A= YT, Zne >1000

120 6
- Mean mass
100 =—@— Cumulative weight 5
- = ® = Coefficient of variation
X PLI
-5 &0 4
o
@ P
qu: 60 27 3
O ot
$ 40 i = ?
- - - a» a» o= *‘ - -
20 ‘f— —"T i 1
l T T
0 0

>1000

500-1000 250-500

125-250 63-125 <63

Grain size fraction (um)

Figure 2. Grain size distribution, coefficient of variation and PLI of RD.
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Table 2. Mean concentrations (mg/kg) of heavy metal in each RD size fraction of this study and other literature values

of Korea
Size Fe Cr Ni Cu Zn As Cd Pb Hg
References
(nm) % mgke | mgkg | mgkg | mgke | mgkg | mgkg | mgkg | mgkg
>1000 7.3 132 43 115 2258 4.6 0.7 82 0.01
500-1000 | 5.6 81 18 69 576 9.7 0.4 66 0.01
250-500 43 70 16 51 651 8.3 0.4 70 0.01 This study
125250 | 49 95 28 95 1016 7.0 0.5 87 0.01 (industrial)
63-125 6.1 122 39 190 2046 6.9 0.9 125 0.02
<63 6.3 125 41 246 2236 7.9 1.1 117 0.04
>1000 154 35 120 633 8 0.5 130 0.02
500-1000 287 96 251 1797 20 0.8 283 0.02
250-500 539 145 484 1167 16 0.8 147 0.03 Shihwa
125250 476 162 1949 2573 16 13 484 0.06 (industrial)’
63-125 579 231 1997 3290 19 1.9 706 0.11
<63 769 312 1810 3605 24 3.5 1438 0.24
Total - 18 119 136 - 1.4 82 0.08 Ulsan (urban)”
Total - - 57 214 - - 52 - Daejeon (urban)*
<35 58 20 70 179 - 1.0 35 - Seoul (urban)?

“Lee et al. 2020a, " Duong and Lee 2011, *Kim et al. 1998, “Seo 2010

Table 3. Results of mean EF values in particle size, magnetic fractions (MFs), non-magnetic fractions (NMFs) of RD in

the present study

Cr Ni Cu Zn As Cd Pb Hg
>1000 1.2 0.7 35 24.0 1.0 6.2 4.1 0.1
500-1000 1.0 0.4 2.8 95 22 44 43 0.1
RDS by size 250-500 1.0 0.5 24 12.2 22 5.1 53 0.2
(um) 125-250 12 0.7 4.0 17.7 1.7 6.7 6.0 0.2
63-125 13 0.8 6.6 30.5 13 10.2 72 0.4
<63 1.0 0.7 7.0 25.8 13 9.8 53 0.6
MFs 52 27 13.9 H 05 13.8 11.0 04

RDS by M.S
NMFs 0.0 0.2 24 10.7 1.8 3.8 4.6 0.2

B EF > 40; Extremely high enrichment
2 < EF < 5; Moderate enrichment

um, 125 um ©]3}9 4 very high enrichment, 14
A JAA 7)o A= significant enrichment®] <
HEHE F55 94 5 7MY LA9=7F =80T Cd,
Pb 500 um T|gH, Cus 125 um o]9ke] J&}o] A
significant enrichmentef sj&= %1t} Cr, Ni, Hg
& HE YAF A7]0A 2 o]8ke] EFFEE Hol LYk
7F gle ASE YEyt

TEHA Y et FEEFY FEo] Higt

5

&
=]
A BAAY AsE Al B faef w7

_|_4
o

f
hinss
o

20 < EF < 40; Very high enrichment
JEF <2; Deficiency to minimal enrichment

5 < EF < 20; Significant enrichment

oF f-oJet 2o ATAAE Ho(p<0.05, Kendall's
tau b method), QA= 7|7} Zlo} A2 24 e
7} F7FeHS BojFQith(Table 4), E2HA = 2
3 FHo| A EHo] m2o] fUH & xS
3y 5o =94 g 2 A T 3= AA o
] A717F ol 5L YAt LHEA0] HA
mfzofl YubA o ma WA o) JRpe] A7|7} AL
= YA Rl ko] AR {7 T 2
HEA 9] ghaFo] EolHTtHRoger et al, 1998; Zhao

ol
=
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Table 4. Kendall’ tau b correlation coefficients among the concentrations of metals in RD
Size IF@ Cr Ni Cu Zn As Cd Pb Hg

Size 1 S224%% | S336%F | - 448%F | - 433%* | _400%* | -.154 SA419%% | -396%*F | -.661%*
Fe 1 780%* .697** .694%* 616%* 2097%* S12%* S17H* ATTHRE
Cr 1 .800%* J30%k | 645+ 342%% | 570%* | 599%* .504+*
Ni 1 720 674%%* 279%* .606%* S70%* 582%*
Cu 1 .688%** 345%* .594%* L658** .602%*
Zn 1 337 J729%* .643%* 568%*
As 1 246%* 364%* 250%*
Cd 1 595%* 588%*
Pb 1 S558%*
Hg 1

*» % Correlation coefficients are significant at p <0.05 and p <0.01 (two-tailed), respectively.

et al, 2009; German and Svensson 2002; Viklander
1998). %-21€] 1000 umols}t =2 A 9| F54& Y
= AR ofof ZTh 2yt >1000 ume| 4%
Cr, Ni, Cu, Zn, Cd9] 2¥%7} 500—-1000 pme] H]
3 =0k, e Y= MEAE(CVe)= - Tk 1
% Cr, Ni, Zn®| 9= EFgho] A4 B+t L H=H
o 107-120% A Uttt 7H8 L A4=7t &2 28
2l <63 um= PLI®| 2149 Zpo]7} 231 Cu, Zn,
Cde] L F=7} EFgro] AA) B2t 129-139% +=
& Ao Ytk 2 4% >1000 um 9 <63
um 2719 E20] Qo] 7]4o] thesta,

O Ak TR e HofF .

3. E2HX[Q| xp7|1EH

thofst A E Bl B, HAE, =2HA] A
o] A7) EAL o]83t 99 HUE YT (Gautam et
al. 2005; Zhang et al. 2006; Wang et al. 2005)

£ o83t &4 AF7]so] apAoln A
Holo] H 1% Qth(Yang et al. 2007; Wang
2006; Choi et al, 2014), & o4 =
ek AR eA] QI =2 A9 27| EA
I FEE FE4Y BAE Totstr] sl A4
(magnetic fractions: MFs)¥ A2} B} &4 (non—
magnetic fractions: NMFs)9] $5<4 S5 v
3to] Table 5o Uetal, RAH =2H2] W S5
&5 w9 JuuA E4EIE Table 69 EA|S}
ek,
MFsoAE Zn® HitsT7} Fe th2 0 & 2395
mg/kgl &2 7HY &=9ko ] NMFse B8] Cr 18.8H).
Ni 17,78, Cu 5.64), Zn 3,74}, Cd 3.6}, Pb 2.3
i 527t = 23S UElth, MFset NMFs W
Fed HisEE 27} 20.8%2 1.7%= MFs7} 124)
E4E Holt diEAd TR B2 WA W MFs
TaE e BAIX o] Hsl Cr 6,34, Ni 4,24,

o]

Table 5. Heavy metal concentrations (mg/kg) in magnetic separations (MFs) and non-magnetic fractions (NMFs) in RD of

this study and other literature values

M.S. Cr Ni Cu Zn As Cd Pb Hg References
441 112 330 | 2395 25 1.1 160 | 0.02 This study (industrial)
MFs 2709 | 890 | 4095 | 6319 | 13.6 | 3.8 | 1205 | 0.24 Shihwa (industrial, Jeong et al. 2019a)
64.1 | 258 | 584 | 314 - - 85.5 - Wuhan, China (urban park, Yang et al. 2011)
753 | 277 | 62.1 224 - - 103 Wuhan, China (urban, Yang et al. 2010)
234 63 | 594 | 656 78 | 03 69 | 0.01 This study (industrial)
NMFs 78 28 756 | 1443 | 16.7 1.0 526 | 0.05 Shihwa (industrial, Jeong et al. 2019a)
335 114 268 - - - — | Xuanwei and Fuyuan, China (Urban, Tan et al. 2018)
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Table 6. Kendall’ tau b correlation coefficients among the concentrations of metals a) in MFs of RD, b) NMFs in RD

a)
Fe Cr Ni Cu Zn As Cd Pb Hg

Fe 1.000 641%* 597** .884x* .530%* -.528%* 354 552 321
Cr 1.000 .560%* 092%* .560%* -268%* S582%* .648%* A05%*
Ni 1.000 .648%* S16%* -313%* 538%* .648%* A20%*
Cu 1.000 .560** - 514%%* 363%* .648** 282%%*
Zn 1.000 -223%* 670%* .560%* .503%*
As 1.000 .022%%* - 402%* -.075
Cd 1.000 538%* 552%*
Pb 1.000 A54%*
Hg 1.000

* ** Correlation coefficients are significant at p < 0.05 and p < 0.01 (two-tailed), respectively.

b)

Fe Cr Ni Cu Zn As Cd Pb Hg

Fe 1.000 495%* .593* S541* S518%* 311 433%* 403 222
Cr 1.000 .633* S516%* .604* A20%* .603* S16%* 127
Ni 1.000 522% .589% A33%* A52%* AT78%* 357
Cu 1.000 S16%* 385 536% 385 A466%*
Zn 1.000 429 .693* AT73%* 212
As 1.000 A92%* .692% A95%*
Cd 1.000 .626* 287
Pb 1.000 297
Hg 1.000

*, ** Correlation coefficients are significant at p <0.05 and p <0.01 (two-tailed), respectively.

Cu 5,54, Zn 8,94 =& AE B o4 AJsAkY
A B W2 E2S B tH(Table 5). =2WA]|
HIYA} f BE YA Fest fofeh A7} 9l

L A0 Z eI (Table 4), MFse] %% Fe, Cr,
Ni, Cu, Zn, Cd, Pbo] A& p<0.01 $=2=0]lA] %2l
FBHAZY = AR e, A4S 7= ¢
5L Fel} Cr, Ni, Cu, Zn, Cd, Pb 37 92 Y
EA5= FFIEHAS BT, o] thEA
NMFs@zFol| Al Pas2] AHA= Cu, Zn, Cd}
2 p<0.01, NiZh= p<0.05 20 A Fel} f-2l3t
AIEAIE 7HAH, A Al MFsel vlg)] W
o 7o 3 LR}

Fe B, ¥, g7 o8 thFsHA 7H5s =
gomz Aul 71741, A&5E 5ol FoAEZE FH
%’48}741 A}ﬁﬂhtﬂ Fed] Ut WA, 7=kt

Afoto] TRt HldEES ©l

|31 ghao|U(Grachev et al. 2020; Kainuma et
al. 2019) WA 7]&S AMH-SHCH(Krishna et al,
2019), E3] Auk2 98t 24 7Hshipbuilding steel)
o= 54|, A4, dE 55 flEliAl C, Siol¢]
o= Cu, Ni, Fr, Al, Mn59] S5 4&0] A7t
E}(Cenk et al. 2019; Darch et al, 2013). o}A=+

=
S on, G AR ol Fo] £

AREE|IL QITH(Chot et al, 2014), AEA| Holl= At
o FHEEH ARAAG B, 3D 5 RS A=
she AAIE0] T EAI5H o E A

oy o
>
ofo
1o

b
2
=

FFo R thEAAHA W Zn =7t
off =tth T3t A=A g A7t Tﬁo}ﬂl EAY 3=
R2, 6, 9, 100X s=7} Aoz b A3
Hrh =9 th(Table 1b). o] 9ol Cd, Pb A A8t

o] Hof 2ol EZlo]u(Rossmann and Barres,

L O
Il

|

e
~
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1992), As, Cd, Cr, Pb, Ni 52 Alg} 9] gk~
g )29 (blasting, blast cleaning)(OECD 2010),
Ni, Cr& &7 =2 98l @ AH|Uo]E A (austenite)
72} AEZo(Li et al. 2018)4 7]Q18k 24 At
PR =L o]t FEHoR Qg 2 ¢lo] 2
SA7} €)1 Qe £3] Fe, Cr, Ni, Pb, Cd, As= &
Aol +=31(Choi et al., 1998; Lee and Chon 2005;
Norton et al, 2014), Cd, Pb, As, Ni& @& =2
o] Qlof w7 Fasitt, URbA o & Al Phb,
Zn, Cu, HgZr2 o5 Hlda&2 My o e &
A& A AU oFstA ApAof whdkstn, Cre A
2ol A WA O] B= 3t w0l ey o
0] A PFor EAsks B A et te
oheket FEj 9] A7) S4& verlin, Add) E‘Eﬁoﬂfﬂ
el A}, E2HA|, Ay EA] EGFY]
T WA T Aol R o] Q5= E:r"é}
A7) 24424 7PATHChoi et al, 2014), ol= EY
Aol 2Rk Aol Apglkeof 7191 4= 31| uf
Folth(Deering et al, 1999).

Figure 3= A =2WA] £ MFs2} NMFs2] A+
A HlE&S UEhd Zloj, EHE"}%*EJZ] A =2
HA| F MFs 2hx]8k= A& Ql B]&2 Cr 80.1%,
Ni 77.1%, Cu 52.5%, Zn 50,0%, Cd 45.9%, P
33.5%% Ueht, =2 Aol MFsS 52 %‘

oﬁ
s

o

E

75 &2 NMFs &9 Cr, Ni, Cu, Zn, Cd, Pbe]
FEaEo] HA 9] 85(As)—22(Ni) Y2 HoiF=3L
(Figure 3). MFsx= Cr, Cu, Cd, Pb7} significant
enrichment, Zn+ extremely high enrichment
2 7P vAlRE A7 RO e & BF g2 B
Atk NMFso %= Cu, Zn, Cd, Pbe] F&947}
moderately©]| 4] significant enrichment®] 2 &4+
EHE MFSEE}% ;}%OL]_ /L]-Mx]od_,] EH o7 o]
sto] o5 @Y7t & Hollth, MFs2t NMFs
O] PLI®] B2 77+ 3,59 1,028 Sl 29

=9 %% NMFs7} MFsof H]sto] woprl Aoz v
Ebste.

& A ANE fEAYEA Y] m2UA W S5
S50] o Ay A% FEE A g,
&7 =2 9AFE0] 400 Gauss Al719] AFA
°2 Bel7k 7hsste, MRsIARE 2eld 49 e

UA=2] Cr, Ni, Cu, Zn, Cd, Pbe] sZ=430]
23] 7] M2t 85(As)—22(Ni)%7HA] ZHAag 4=
© AoR ey,

;3 M rf

Hg
Pb
Cd
As
Zn
Cu
Ni
Cr

0% 20% 40%

m MFs

60% 80% 100%
@ NMs

Figure 3. Histogram of relative metals percentage (%) in magnetic fractions (MFs) and non-
magnetic fractions (NMFs) of RD from Daebul industrial complex.
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Table 7. Korea soil quality standard of heavy metals for the 3rd area (unit. mg/kg)

Cd Cu As Hg Pb Zn Ni

Soil contamination guide value 60 2000 200 20 700 2000 500

Soil contamination clean-up value 180 6000 600 60 2100 5000 1500
£ 53l di7)et 2t & FHe ol e HY 2 & ol digt G2 Tefstr] lstol, E2wA Y $5
R A o ek KPE}(Brown and Peake 2006: & FES E%Vjé 1%4 Bl sk, ERo] A
Jeong et al, 2019b; Lee et al, 2020b; Sansalone 3A| o] &5} 7% A HF 9 =459 &

and Buchberger 1997; Sansalone and Ying 2008).

T BB 7SS ES A RAH(ESSHEA
§ AR (A3 2019, 12, 20, 779 A|833%,
2019, 12, 20, EPEAR)e] wrel Aleke] 7174k AL,

sEL AEY As A & o7 e BEY
of tfste] Al -8 7]15(Soil contamination guide
value)¥} o 2 7] & (Soil contamination clean—up

value)o| Qitt, Z2HA| Y 54502 st 1 3t

a7P¢71ﬂ£ﬂ%§%Taue147h4
AR ERHA A HEEH R S

o s BEGSA7IE 3A9Y e
A ko, thEAMATHA Y] m2 o ¢S ARtA o g &
HﬂﬁoiLﬁﬁﬁkJHwZn
EE7F 3R A9 9-2)7]E ol
lﬁ%Puiiggmngﬂ
Flf A& 7HE =od Aol ot

oo AP~

W

ﬂ
=
=
>
SN
flo

O

100
B >1000 um
< 0 500-1000 pm
) SN 250-500 um
E B 125-250 pm
s " E= 63-125 um
® E <63 um
.‘é’
5 0.1
(7]
Q.
7]
& 0.01
£
0.001
10000
E
(=) 1000 A
E
©
o
©
- 100
[
=
= .
o =
@ 10 g
@ £
£ g
- g

Cr Cu

Zn Pb
Figure 4. Mass per unit area (mg/m?) for heavy metals in each particle size of RD in this study.
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2 AAoll Ha o]l AR AFAA e =4
AA7} 71 Eol ofofl &Jgt Zn®) =2 fQlo] W
Aoz mpoty 2|4jolnh, LB FHO| 29
< agfsto] A FHO =2 WA 9] e 2=
71&d st ol

ERHA 9 wjET Ao B anbAQl edue] A
2 e AeiAe, dAY 2 =2HA < S5
%, skl ek A=A W7k Aotk (Zhao
et al. 2017). wetA 2 Z2HZ] AR A Eegt
e A HAY E2HA|(g/m?)9] el
49| 5% (mg/kg)E woto] 24t 249 YAw
HeIH A ol (mg/m?)& ALtstalen of
£ Figure 49 Yerich =2 AR A4
w49 §5H% (mg/m?) Zno| YA 7]l o
168~2574 mg/m’& th& Ao vlg) EFow,
>1000 pmofl A oA Ql ool & AvE 2
SAcHFigure 4), W55 H4ol4 >1000 um2] Y=
o] e AT L ARSI} ol =R A|o 23kE
Z&01xto] ofEke g7 vk Q)88 o 4= Qloit)
WS AFEollA BAIY =2AAY 9 <250 um
o] 2k AApe] FEE Fatgro] 70% oldelH, 63
um o} 2k iAol @ A5 o] Fatafo] wol mlA|
AR} ej7h E3] Fasirhar HarE ek (Lee et
al, 2020a; Zhao et al, 2010), L&t} & 12|
o] - olet & >1000 um?| #e|7t o a3 A
O YEhgT

T2 9] 7]¥e Hofstr] flste] Zn/CuHls
= E2HA 9 AR o] &3t Znét Cus
W o s aHA oA AHEFe E}O]C’W} Heo|2
e SorfE WEEo 54 T8 HUaR
(Grigoratos and Martini, 2015; Hwang et al, 2016;
Mckenzie et al, 2009) =£29] Zn/Cu?] sLH=
ApgFe] grojoj o} Ho]2.0) e HA] 7]ofa5 LE
Wrh(Hwang et al, 2016), Ag2-go] W AlA 5
8 Z=A E2HAA Zn/Cuf] FEHl= v]=

3-(HAE AQ) At 4 |zt 2.6~5.1(Hwang
et al. 2016) B2 Yepdon, o= dAdoA=
3.4(Crosby et al. 2014), = &Ako|A] 1.1(Duong
and Lee 2011), AlZ}of| A= 1.80]%tHJeong et al.

> il
o

J

P

0:1-‘ g m:lo -li
L‘i oN B & ot me

ﬂll

9019a), 7127 AuAQl £A] ERWA| % <63 um
QA tlAIgAre] A SFol A= 5.5(Ho 1990)-7.5
(Tanner et al, 2008), Efo]¢tof|A] 9.8(Chang et al.
2009), A-&ol|A 2.6(Seo 2010)2.2 YFERTE 18]
L 29|91} tigholA] Zn Al- A7} §A]5tH 25§ o]
Qo] =8 47| o] EAetE A =2
219] Zn/Cu sE8)= Z+7F 26.7(Ordonez et al,
2003)1}+ 9.8(Chang et al. 2009) 2 x}F-g-3§0] W&
TA]O) R Ao H]3f AJTs] w=okTt 2 AtollA
E2HA Y] YAEE E Zn/Cu w58 BAAL
2 >1000 um®] 19,3, 500—1000 um®] 12,5, 250—
500 um®] 12.4, 125-250 um®] 11,2, 63—125 um
0] 10,7, <63 um®] 10.80]3loH, AdjHg oz 2 9]
Ao Al o] F L7 E EAS B, YA &
OALE EROA Bk vlEo 7R

o] Ait= tEAFITHA Y A & Alo]2Y =2
HA YAl = 2%, 554, Az 59 A
ol 71918k A=Y HlEo| A 7| HET W
ou QJAe] =277} Ao g AR A =
oSS HAFATH S ARG Aol =8 7]HQl
Aoz Hol= >1000 um8| @ @F-shgo] =of, A
A 1] =20 $£905 7Y BaVt Qe
Aoz eyttt slollA= A nlAHA] 5 g2
RS Z}Z]*}i EH]*}‘?*_ZI Aas oA AeE

250 meE} 2 ?jx}q AL oJubA o] &g A AHl
= @ 3}# o] (Calabro 2010; Jeong
2 AATe] oot =R A4 g% % %8]1 2}
g 2 5o E9A e Ade 1Y
9l Aow rolr},

e>7n>Cu>Pb>Cr>Ni>
As>Cd>Hg §11, EF2 2 2194 5= &= Zn>
Cd>Pb>Cu>Cr>Ni>Hg =22 YEel} A%
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A =2UA F A or 227t 7hs et MFs &
of -5 H]&©] Cr 80.1%, Ni 77.1%, Cu 52.5%,
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AA oA MFsE 22T 49§ NMFs &9
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Ae A2 eyt =294 | 54529
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