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Abstract

This paper reports the results of field evaluation to determine the levels of heavy metals in major industrial
complexes in Korea over a seven year period (2007~2013). The measurement of heavy metal was conducted using
quartz fiber filter sampling and ICP-AES analysis. In order to validate the analytical performance of these methods,
studies were also carried out to investigate data quality control (QC) parameters, such as the method detection limit
(MDL), repeatability, and recovery efficiencies. The average concentrations of total suspended particulates (TSP)
for the nine industrial complexes in Korea were 104~ 169 pg/m’, which was higher than other industrial complexes
and urban areas. The Sihwa and Banwol industrial complexes were shown to be the biggest contributing sources to
high TSP emission (159 pg/m® and 169 pg/m’, respectively). The concentrations of heavy metals in TSP were
higher in the order of Fe>Cu>Zn, Pb, Mn>Cr, Ni, As and Cd. It was observed that Fe was the highest in the
Gwangyang and Pohang steel industrial complexes. The concentrations of Zn and Pb were high in Onsan, Sihwa
and Banwol industrial complexes, and this was attributed to the emission from the nonferrous industry.
Additionally, Cr and Ni concentrations were high in the Sihwa and Banwol industrial complexes due to plating
industry. On the other hand, Ulsan and Onsan industrial complexes showed high Cr and Ni concentrations as a

response to the emission of metal industry related to automobile. The correlation analysis revealed the high
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correlation between Cr and Ni in plating industry from Sihwa and Banwol industrial complexes. Adding to this,

components related to coal combustion and road dust showed high correlation in Pohang and Gwangyang industrial

complexes. Then Onsan and Ulsan industrial complexes showed high correlation among components related to the

nonferrous metals.
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Fig. 1. Location of the sampling sites.
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Table 1. A classification list of emission companies for industrial complex. Classification is made based on a standard

industrial classification code.

Type of industry Banwol Sihwa Yeosu Gwangyang Ulsan Onsan Gumi Daesan Pohang
Food and beverage 89 56 2 - 8 - 3 - -
Textile, Apparel 341 146 - - 5 - 82 - -
Pulp, paper 241 258 2 - 16 3 48 - -
Petrochemicals 533 720 109 9 135 66 151 9 17
Non-metallic 29 38 11 13 31 8 54 1 13
Steel 182 705 1 16 16 21 22 - 36
Machine 2,207 5,528 74 28 231 71 563 3 11
Electric, Electronic 1919 1,407 3 - 99 6 427 - 5
Transportation Equipment 218 464 - - 138 67 19 - 1
Miscellaneous 95 121 3 - 29 6 53 - -
Non-Manufacturing 197 154 21 19 95 31 - 1 6
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Table 2. Ambient sampling periods for each industrial complex.

Sampling periods

Industrial complex
Ist

2nd 3rd 4th

2007 10.21~10.31
2008 5.20~5.30
2009 4.22~4.30

Banwol Sihwa
Yeosu Gwangyang
Ulsan Onsan

Gumi 2010 5.21~5.28
Daesan 2011 5.24~5.31
Pohang 2012 8.17~8.24

2008 1.20~1.30
2008 8.5~8.15
2009 7.8~7.16
2010 8.3~8.10
2011 8.9~8.16
2012 10.10~10.17

2008 4.21~5.1
2008 10.17~10.26
2009 10.15~10.23
2010 10.15~10.22
2011 11.18~11.25
2013 1.23~1.30

2008 6.17~6.27
2009 1.13~1.22
2009 12.9~12.17
2011 1.5~1.12
2011 12.9~12.16
20133.27~43

a5 ARAFE AlA L&F A=AF7] (high
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oForr}. A& 104~116 pg/m* o2 Uebgth 2 A1) AnE
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Table 3. MDL and recovery value (%) of standard refer- 7] 95t & 59 YEHQT. B AFoA 2AHE 2
ence materials (NIST SRM 1648) for heavy metal 74AFeITEA] ] TSP S5 X 50 Z) e AFdchAo]

analysis.
M =A - ~ 3 vl 7§ 2
c ‘ Method Detection Recovery (%) ‘] - °‘Q‘ TSP 5= 72~111 ug/m 2]- ]_u_o]-OE] = EH
omponen Limit (ng/m’) Mean +SD ARHoz =& £Fo|3 o (Song et al., 2015;

Fe 10.652 81.0+60~857+1.8 Yoon et al., 1998), AFATA] A YA FAX Y
Cd 0.110 82.8+£5.7~96.5+3.1 o] =rx 2o B EAX G ZAE 69~113.6
Cr 0.128 222+13~248+18 , e A i
Cu 0.230 802£19~92.6+17 pg/m’ol] H|wetS o thEAQl AL&S A9t A
Mn 0273 827+18~920+1.7 Aoz =2 z+e Uehflth(Lee and Bae, 2014;
Ni 0.163 83.5+5.6~1093+4.7 )
Pb 2168 8884 17~1193+53 Kim et al., 2012; Hwang et al., 2008). £]=+9] AFATHR]
Zn 1.483 784+1.6~836+13 o] =xr9} v|w3lH of=3 e} La Plata 36~162
As 0372 81.8+72~1004+5.7

pg/m? (Colombo et al., 1999), o]&&]o}2] Potenza 60

Table 4. Summary of TSP and heavy metal concentrations measured in various industrial complexes and residential

areas.
Concentration (ng/m*) (mean + SD)
Locations

Fe Cd Cr Cu Mn Ni Pb Zn As TSPV
Sihwa Ind. 35501515 6+4 64+38 306197 138+70 33+£19 358+£297 790+579 17x16 159+72
Res. 2,285+930 5+3 177 198+ 105 77+34 135 180£123  548+294 13+£12 165%57
Banwol Ind. 3429+1,586 9+9 137+£236 549353 133471 85+142 206+111 887+432 12+12 169+55
*" Res. 2243+£1,023 443 13+£7 166 £67 74+£37 126 125+£80 342+ 181 13+14 168+59
Yeosu Ind. 1,700%+994 1+1 15+12 637482 48+24 14+£10 2115 13270  5+£3 104+ 37

Res. 1,160 %865 1+1 13+13  1,080+£517 36£22  9%9 24+19 124+102 5+4 84129

Gwang- Ind. 4892+4517 11 17+13 618+417 117+74 18%+23  30x19 242+168 4+3 111+£38

yang  Res. 192621428 1£1 85  613+272 56434 8+9 24420  153£137 543 99433
Oncay N0 38061985 1614 3528  753£381 154497 30447 554%352 11124815 86126 14247
Res. 223444222 2+2 16+14 157041728 51437 644  51+66  164+110 949 108439

ul Ind. 321242600 3+3 43448 4234226 1854170 42460 81465 3214233 16415 108+43
S0 Res. 13174772 241 10413 907+498 53431 6+4 45439 1924117 8+8 103424
Gupi I 12182686 2+1 74 12554984 40%21  Ox4 46133 184x125 11xT 10936

Res.  769+487 2+1 4+3 659 +575 26+16 4+2 32426 121£73  9%6 90+ 30

b Ind. 101541017 1+1  7+8 5864459 32430 8+10 34435 1094105 3+5 116+52
4SSN Res. 5294355 040 342 4434291 19+11 443 27430 51440 346 109+42

Ind. 4,620£2,150 2+1 115£117 1,107£1,739 564366 26+14  84+45 369+£451 12+9  115%48

Pohang - e 251741590 141 25422 2984336 124488 1148 53220 1574202 9+7 100440

Dpg/m’

J. Korean Soc. Atmos. Environ., Vol. 34, No. 2,2018



274 S QNA WA - AGE - o8 - PFE - T - WA
Table 5. Heavy metal and TSP concentration of different regions.
Concentration (ng/m®)
Locations

Fe Ccd Cr Cu Mn Ni Pb Zn As TSPV
Daejeon® Ind. - 14 327 66.3 720 - 333.8 258.2 - 111
Seoul® Res 2,397 3.1 150 208 79.7 19 77 - - -
Daegu® Res 1,245 23 52 - 52.1 64 513 - - 79
Seoul* Res 2412 2.68 13.6 574 67.6 8.24 70.5 237.2 7.27 113.6
Daejeon® Res - - - - - - - - - 98.3
Wonju' Ind. 2,129 19 46.2 335 266 83 73.8 7.8 116
Daegu® Ind. - - - - - - - - - 72~80
La Plata" (Argentina) Ind. 1,596 0.49 395 9.14 17.0 1.11 40.5 286 - 36~162
Potenza' (Ttaly) Ind. 521 2 13 58 27 5 60 304 - 60

ug/m’

“Yoon et al., 1998; °Choi and Kim, 2003; ‘Hwang et al., 2008; ‘Kim et al., 2012; “Lee and Bae, 2014; 'Shin et al., 2014; £Song et al., 2015; "Colombo et

al., 1999; 'Ragosta et al., 2002
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Fig. 2. Average concentrations of industrial and residential areas for TSP in various industrial complexes.
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Table 6. Correlation coefficients among TSP and hazardous heavy metals.
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Sihwa Fe Cd Cr Cu Mn Ni Pb Zn As TSP

Fe 1.00

Cd 0.58 1.00

Cr 0.65 0.52 1.00

Cu 045 0.87 0.62 1.00

Mn 0.88 0.75 0.74 0.69 1.00

Ni 0.76* 0.69* 0.88* 0.70* 0.86* 1.00

Pb 041 048 0.26 0.32 041 0.45* 1.00

Zn 042 0.85 0.47 0.86 0.64 0.56* 0.33 1.00

As 0.52 0.54 0.30 0.32 0.57 0.54* 0.69 0.26 1.00

TSP 0.72 0.58 0.31 0.34 0.65 048 0.39 0.45 0.38 1.00
Banwol Fe Cd Cr Cu Mn Ni Pb Zn As TSP

Fe 1.00

Cd -0.15 1.00

Cr 0.76%* -0.23 1.00

Cu -0.17 0.58** -0.29 1.00

Mn 0.73%* -0.11 0.46%* -0.12 1.00

Ni 0.75%* -0.22 0.99%* -0.29 0.47%* 1.00

Pb -0.07 0.58%* -0.35% 0.66%* 0.02 -0.35% 1.00

Zn -0.09 0.56%* -0.38%* 0.79%* -0.03 -0.38* 0.827%* 1.00

As -0.04 0.05 -0.30 0.24 0.12 -0.29 0.46%* 0.43%* 1.00

TSP -0.07 0.18 —0.47%* 0.32% -0.03 -047* 0.58** 0.50%** 0.30 1.00
Ulsan Fe Cd Cr Cu Mn Ni Pb Zn As TSP

Fe 1.00

Cd 0.06 1.00

Cr 0.71%* 0.01 1.00

Cu 0.52%* -0.16 0.30 1.00

Mn 0.95%* 0.18 0.79%* 0.46%* 1.00

Ni 0.80%* 0.06 0.85%* 0.44%* 0.82%* 1.00

Pb 0.14 0.56%** 0.14 -0.10 0.20 0.12 1.00

Zn 0.68%** 0.65%* 0.53%:* 0.34 0.73%* 0.67%* 0.53%* 1.00

As -0.09 0.93** -0.09 -0.25 0.03 -0.01 0.50* 0.51* 1.00

TSP 0.70%* 0.04 0.22 0.38* 0.59%* 0.40* 0.22 0.52%* -0.24 1.00

*Correlation is significant at p<0.05 level; **correlation is significant at p<0.01
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Fig. 5. Scatter plot of heavy metal in Sihwa industry.
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