7387 ZARA A24d (7135) 133~148, 2021
Journal of Environmental Analysis, Health and Toxicology
DOL https:/doi.org/10.36278/jeaht.24.3.133

F

2[M3} - &M

4o
¢ ON
ofn
02
>
02
Ho
1=
9’)
0
o
x
(=)
:|0
ro
]

Evaluation of Health Risk from Concentrations of Heavy Metal in PM-10
and PM-2.5 particles at Sasang Industrial Complex of Busan, Korea
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We investigated the distribution of hazardous heavy metals (As, Cr", Ni, Cd, Pb, and Mn) and estimated
the health risk related to the heavy metals in fine dust (PM-10 and PM-2.5) of Sasang industrial complex,
Busan, Korea. The concentration of fine dust in the industrial complex was 1.2 times higher than in a res-
idential area, while harmful heavy metals showed a difference of at least 1.3 times (Cd) and up to 6.5 times
(Ni). The concentration of fine dust and carcinogenic heavy metals in the industrial complex increased sig-
nificantly compared to the residential area in spring (March to May) and winter (December to February)
months. A risk assessment was performed using Monte-Carlo simulations containing a four-step procedure.
During hazard identification, As, Cr®" Ni, Cd, and Pb were categorized as human carcinogens and probable
human carcinogens and evaluated for their levels of excess cancer risk. For concentrations of over 90% Cr®"
and As, the excess cancer risk was over 10” (1 person per 100,000). The non-cancer hazard index of As, Cr®",
Cd, and Mn was below the limit value of 1.

Key words: PM-10, PM-2.5, risk assessment, human carcinogen, heavy metal, industrial area
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Fig. 1. Map of the Sasang industrial complex, Busan, and its surrounding area.
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nternational Agency for Research on Cancer, "United State Environment Protection Agency
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Table 2. Toxicity information of carcinogenic and non-carcinogenic heavy metals for risk assessment

Classification

Cancer assessment

Noncancer assessment

Tumor type i it risk® b c Reference
US-EPA  IARC ui typ Inhalation u3mf risk’ RfC \ RfD
(1g/m’y (mg/m’) (mg/kg.day)
US-EPA IRIS®
As A 1 Lung cancer 4.3E-03 1.5E-05 3.4E-04 Korea MOE(2008)24)
US-EPA IRIS7)
6+
Cr A Lung cancer 1.2E-02 1.0E-04 3.0E-03 Korea MOE(20 08)24)
(RI\B)e A 1 Lung cancer 2.4E-04 NA¢ NA US-EPA IRIS®
cd BI Lung, trachea, 1.8E-03 NA 5.0E-04 US-EPA IRIS®)
bronchus cancer
US EPA IRIS?
Pb B2 2A - 1.2E-05 NA NA Korea MOE(2005)20
Mn D - - NA 5.0E-05 1.4E-01 US-EPA IRIS?

Excess lifetime cancer risk associated with breathing 1 g of a chemical per 1 m* of air over a 70-year life span for a 70 kg

human, IRIS, EPA

PReference concentration for inhalation exposure
“Reference dose

4Not Assessed

“Refinery dust
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Table 3. Exposure factor of this study for risk assessment
Variable Unit Distribution Type Factors Source
Concentration of air pollutants  ng/m?3 Gamma Gamma distribution estimates
based on actual results
Body weight kg Lognormal Mean=62 (S.D.=8.8)
Maximum=14
Inhalation rate m’/day Triangle Minmum=12
Likeliest=13 o9
Lifetime ear Point Carcinogenic = 70
Y Non-carcinogenic = 75
Exposure frequency day Point 365
Exposure period year Point 25
Bk B ol APEARBWgle) Ast wmE Sl 9] ST COFEE F Cr R §%e] BEE Uast]

NEF 7oA F2 AMESR= HarH 75L:](u oL H 7} 70
e 7152 A3t =ER = (Bxposure frequency)
{‘_— 3654, ==717(Exposure period) O@X]Oj"] A7
5} o] 22 73"?“ = O]:rL-rTE/H AF717E e sk
95% AZ|F7F ekl 2538 7Y sl 7(—1%0}93\‘:}.22)
GEE EE7E Qs iﬂ%‘% 2715 (normal
distribution)E 7}% é
ok o] 749 Wetol) v gERe 2 Qg A
2 7Hsiaon, 7Itrg S ARg-ate] BAL LA
S(LADD, Lifetime Average Daily DoseyS th-2]
(g o183t ARISAAL, A =2 % 2 100%
7 FETaL 7R ekt

]_oﬂq_ 9,10)

LADD(mg/kg/day) =
C mg/m’ x IR m*/day x EF day/year x EP year
BW kgx LT day

LADD: lifetime average daily doses

C: contaminant concentration in inhaled air
IR: inhalation rate(m’/day)

EF: expose frequency(day/year)

EP: expose period(year)

BW: body weight(kg)

LT: lifetime(day)
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= 95% UCL(upper confidence level) Q] RME(reasonable
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Z°)aL, RME % eZ 750 43S veple 3
7F ot} BEE A Qs 71E SlsiME Crystall
ball(Clorado, Denver, USA, ver 11.1.2.1)& &3}
Monte-carlo simulation- A A3} T} Monte-carlo simu-
lationg: 53l &% A F=ARE W= 10,0004
o] Wk AHFS Fefato] flEie M Llet WSS o
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Excess Cancer risk = LADD x CPF )

LADD : Lifetime average daily dose (mg/kg/day)

CPF : Cancer potency factor(mg/kg/day)’

CPF (mg/kg/day)’ = )

Inhalation Unit Risk(xg/m®)"'~ 70kg BW
20 m’/d

1000 pg/mg

2442 ¥ H7HE 918 sl

HREE7 e 918t Slel= 5
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HQ =LADD/R{D “
LADD : Lifetime average daily dose (mg/kg/day)
RfD : Reference dose (mg/kg/day)

HI=YHQs (%)

RfC mg/m®x 20 m*/d ©)
70 kg BW
RfC : reference concentration for inhalation exposure (mg/m’)

RiD(mg/kg/day) =

3.1. Py s=5Y

3LL WAEA B TS S B

kel tiiE FAAI P A FAAS
(@AF5 )R] T55 TE X 5L k] fsl viAl
WA (PM-10, PM-2.5) E= 2 vjAHxe] 23k f3l5
FE(As, Cr*, Ni, Cd, Pb, Mn)2] CTE(=50% W¥-917),
RME(=95% W-$1%), Mean(%8¢t) ¥ S.D.GEFHAD,
Fro1d A7 (p-value) 55 Table 40 AE]siict. &
AR FAA AT FAAAHE] T 2pol& I8t
7] STl ttests Bl FroldS A At 7 AL ]
2(As) FE(@>0.05F AQstaze vAHA(PM-10,
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= AY 7+ F=xF A9 glvkal g A dAgke 2
I3t

FAA 2] PM-10 2 PM-2.5 Bt 5= FAA
of vlal 1.4 = =20 Wl 2L e FESe
FAR G| 8] 1.3~6.59] A% =& $502 Yepto
o, Ni(2.891~6.541) > Mn(3.9~4.49) > Cr®'(1.6~2.14¥)

o 12
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Table 4. Concentrations of PM-10, PM-2.5 and their heavy metals in each industrial and residential area (unit: ng/Sm?)

Industrial area Residential area

. d . p-value®
CTE®* RME® Mean S.D. N CTE RME Mean S.D. N
PM-10? 47.0 85.0 49.0 20.0 360 39.0 77.0 41.7 17.7 339 0.000
As 34 15.7 4.9 5.7 360 3.0 15.2 4.6 6.0 339 0.286
Cr%* (Crx8%) 1.3 3.0 1.5 0.9 360 0.1 0.4 0.7 0.1 339 0.000
PM-10 Ni 12.4 38.1 15.5 12.6 360 1.7 6.5 2.4 2.1 339 0.000
Cd 0.6 2.3 0.8 1.2 360 0.3 1.8 0.6 0.8 339 0.000
Pb 25.9 61.1 29.6 17.6 360 14.0 39.7 17.3 13.1 339  0.000
Mn 66.5 1919 83.1 61.9 360 18.6 49.2 21.2 14.3 339  0.000
PM-2.5% 30.0 65.0 324 15.7 300 23.7 53.5 27.1 14.6 269  0.000
As 0.9 15.3 3.4 5.5 300 0.2 14.1 2.9 5.1 269  0.156
Cr® (Crx8%) 1.0 4.7 1.6 2.2 300 0.1 1.1 0.0 0.7 269  0.000
PM-2.5 Ni 7.8 355 12.2 15.2 300 1.5 11.9 43 12.6 269  0.000
Cd 0.5 22 0.7 1.2 300 0.3 1.6 0.4 0.7 269  0.001
Pb 18.1 65.7 243 21.7 300 9.5 40.2 12.9 13.1 269  0.000
Mn 482 1778  65.8 62.7 300 9.4 38.6 14.9 21.8 269  0.000

4ynit: ug/m>,Pp < 0.05, “Central tendency exposure, 50% percentile, ‘Reasonable maximum exposure, 95% percentile, “Standard
deviation

>Pb(1.7HH~1.9HH)>Cd(l 3~1.800) o& YeRdth ot = S UER 23 Blaeid, 39AY 4 54
MIAETA] AHFEF Aol hxA ol sl Cr3.6 o WE TEEH TERE AolE IRIT F Ak E A
Hl) > Mn(2.19]) > Cd(1.94H), Ni (1.94])>Pb(1.44) & Tl theg o Apdade] 7249 &4 2 =a33d
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Fig. 2. Boxplots of PM-10, PM-2.5, and the heavy metals present in (a) industrial area and (b) residential area. The central
horizontal bars are median values. The lower and upper limits of the box are the first and third quartiles, respectively.
Black dots represent 5th and 95th percentile values.
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Table 5. Correlation coefficients between the measured heavy metal concentrations in PM-10 and PM-2.5 in the industrial area

. PM-10
Industrial PM-10 As s Ni cd Pb Mn
PM-10 1.000
As 0.170 1.000
cré 0.497 -0.061 1.000
Ni 0.524 -0.024 0.914 1.000
cd 0.142 0.464 0.032 0.014 1.000
Pb 0.365 0.330 0.397 0.349 0.500 1.000
Mn 0.650 -0.015 0.734 0.726 0.029 0.350 1.000
i PM-2.5
Industrial -
PM-2.5 As Cré6+ Ni Cd Pb Mn
PM-2.5 1.000
As 0.119 1.000
cré 0.197 0.008 1.000
Ni 0.257 0.017 0.703 1.000
cd 0.073 0.360 0.059 0.055 1.000
Pb 0.310 0.204 0.270 0.292 0.429 1.000
Mn 0.240 -0.025 0.636 0.681 0.112 0.390 1.000

*Correlation is significant at the 0.01 level

Table 6. Correlation coefficients between the measured heavy metal concentrations in PM-10 and PM-2.5 in the residential area

o PM-10
Residential o -
PM-10 As Cr Ni Cd Pb Mn
PM-10 1.000
As 0.115 1.000
Cr* 0.482 0.111 1.000
Ni 0.493 0.078 0.669 1.000
cd 0.100 0.641 0.001 0.099 1.000
Pb 0.412 0.543 0.225 0.233 0.722 1.000
Mn 0.626 0.289 0.737 0.590 0.104 0.307 1.000
Residential PM-2.5
PM-2.5 As Cré* Ni cd Pb Mn
PM-2.5 1.000
As 0.121 1.000
o -0.002 0.179 1.000
Ni 0.150 0.215 0.051 1.000
cd 0.098 0.454 0.133 0.050 1.000
Pb 0.301 0.374 0.081 0.100 0.555 1.000
Mn 0.117 -0.030 0.340 0.198 0.105 0.238 1.000

*Correlation is significant at the 0.01 level
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Table 7. Excess cancer risk estimates calculated using fixed-point (CTE, RME, mean) and Monte-Carlo simulations of
carcinogenic heavy metals in PM-10

Excess Cancer risk

Fixed point Monter Carlo

Percentiles
25 50 70 90 95 100
Industrial ~ 3.8E-6 1.8E-5 5.5E-6 1.7E-6 4.3E-6 6.9E-6 1.2E-5 1.5E-05  4.4E-5
Residential ~3.4E-6 1.7E-5 5.2E-6 1.3E-6 4.0E-6 6.7E-6 1.2E-5 1.5E-5 4.3E-5
o Industrial ~ 4.0E-6 9.3E-6 4.6E-6 2.5E-6 4.1E-6 5.7E-6 8.7E-6 1.1E-5 2.4E-5
Residential ~ 3.8E-7 1.2E-6 4.9E-7 2.2E-7 3.9E-7 5.9E-7 1.0E-6 1.3E-6 6.8E-6
Industrial ~ 7.8E-7 2.4E-6 9.8E-7 4.3E-7 8.0E-7 1.2E-6 2.0E-6 2.6E-6 8.7E-6

CTE? RMEP Mean

Ni Residential ~1.1E-7 4.1E-7 1.5E-7 4.5E-8 1.2E-7 2.0E-7 3.6E-7 4.4E-7 1.0E-6
Industrial ~ 2.8E-7 1.1E-6 4.0E-7 1.4E-7 3.2E-7 4.9E-7 8.2E-7 1.0E-6 2.5E-6

cd Residential ~1.4E-7 8.5E-7 2.7E-7 7.2E-8 2.0E-7 3.3E-7 5.7E-7 7.3E-7 1.9E-6
Pb Industrial ~ 8.1E-8 1.9E-7 9.3E-8 5.3E-8 8.3E-8 1.2E-7 1.7E-7 2.0E-7 5.3E-7
Residential 4.4E-8 1.2E-7 5.4E-8 2.8E-8 4.6E-8 6.6E-8 1.1E-7 1.4E-7 5.0E-7

Total Industrial ~ 8.9E-6 3.1E-5 1.2E-5 4.8E-6 9.6E-6 1.4E-5 2.4E-5 3.0E-5 8.0E-5

Residential  4.1E-6 2.0E-5 6.2E-6 1.7E-6 4.8E-6 7.9E-6 1.4E-5 1.8E-5 5.3E-5
Central tendency exposure, 50% percentile, "Reasonable maximum exposure, 95% percentile
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Table 8. Excess cancer risk estimates calculated using fixed-point (CTE, RME, mean) and Monte-Carlo simulations of
carcinogenic heavy metals in PM-2.5.

Excess Cancer risk

Fixed point

Monter Carlo

Percentiles

CTE? RMEP Mean
25 50 70 90 95 100
Industrial  1.0E-6  1.7E-5 38E-6 -18E-7 9.7E-7 39E-6 13E-5 18E-5 4.6E-5
Residential 23E-7  1.6E-5  33E-6 -25B-7 68E-7 33E-6 11E-5 16E-5  4.6E-5
o+ Industrial  3.3E-6  1.5E-5  52E-6 1.7E-6  42E-6  6.5E-6 1.1E-5 14E-5  3.9E-5
Residential 3.3E-7  3.4E-6  9.1E-7 1.6E-8 1.1E-7  48E-7  36E-6  93E-6  12E-5
. Industrial 4.9E-7  22E-6  7.7E-7  25E-7  6.0E-7  9.5E-7 1.6E-6  2.0E-6  5.9E-6
Ni Residential 9.4E-8  7.5E-7  27E-7  3.6E-8 1.8E-7  32E-7  6.0E-7  76E-7  23E-6
Industrial ~ 2.4E-7 1.0E-6  34E-7  9.1E-8 26E-7 42E7 73E7  9.0E-7  3.6E-6
cd Residential 14E-7  74E-7  2.1E-7  52E-8 1.6E-7  27E-7  48E-7  6.0E-7  23E-6
) Industrial  5.7E-8  2.1E-7  7.6E-8  3.1E-8  59E-8  9.lE-8 1.6E-7  22E-7 1.1E-6
P Residential ~ 3.0E-8 13E-7  4.1E-8 1.5E-8  3.4E-8  5.1E-8 8.4E-8 1.1E-7  3.0E-7
Total Industrial  5.1E-6  3.5E-5  1.0E-5 1.9E-6  6.1E-6 12E-5 2.6E-5 3.5E5 9.6E-5
Residential 82E-7  2.1E-5  47E-6  -13E-7 12E-6 44E6 16E-5 27E-5 6.3E-5

Central tendency exposure, 50% percentile,

PReasonable maximum exposure, 95% percentile
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Table 9. Non-carcinogenic health risk(HQ) using fixed-point(CTE, RME, Mean) estimates on As, Cr®,Cd and Mn in PM-10

and PM-2.5
HQ?
PM-10 PM-2.5
CTE RME Mean CTE RME Mean
Industrial 7.0E-4 3.2E-3 1.0E-3 1.9E-4 3.2E-3 7.0E-4
As Residential 6.2E-4 3.1E-3 9.5E-4 4.1E-5 2.9E-3 6.0E-4
6+ Industrial 2.9E-5 6.9E-5 3.4E-5 2.4E-5 1.1E-4 3.8E-5
cr Residential 2.8E-6 9.2E-6 3.7E-6 2.4E-6 2.5E-5 6.8E-6
Industrial 8.4E-5 3.2E-4 1.2E-4 7.0E-5 3.1E-4 1.0E-4
cd Residential 4.2E-5 2.5E-4 8.0E-5 4.2E-5 2.2E-4 6.3E-5
Mn Industrial 3.3E-5 9.6E-5 4.1E-5 2.4E-5 8.9E-5 3.3E-5
Residential 9.3E-6 2.5E-5 1.1E-5 4.7E-6 1.9E-5 7.4E-6
HI® Industrial 1.9E-2 3.7E-3 1.2E-3 3.0E4 3.7E-3 8.7E-4
(ZHQ) Residential 6.7E-4 3.4E-3 1.0E-3 9.0E-5 3.2E-3 6.8E-4

®Hazard Quotient reveals thenon-carcinogenic health risk. Potential non-carcinogenic effect would occur when HQ>1.
PHI represents the sum HQ value of four heavy metals.
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