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Abstract

:

Pollution characteristics and ecological risks for metals in non-magnetic and magnetic road dust from steel industrial areas were investigated by applying a magnetic separation method. Metal (except for Al, Li, Ti, As, and Sb) concentrations in the magnetic road dust were 1.2 (Sn) to 7.8 (Fe) times higher than those in the non-magnetic road dust. For the magnetic road dust, the geo-accumulation index revealed a strongly to extremely polluted status for Cr, Zn, Cd, and Sb, a strongly polluted status for Mn, Cu, and Pb, and a moderately to strongly polluted status for Fe, Ni, Mo, and Hg. This result indicates that the dominant metal pollution sources of road dust in industrial areas were the traffic activities of heavy-duty vehicles. The mean content of magnetic particles accounted for 44.7% of the total road dust. The metal loadings in the magnetic road dust were 86% (Fe), 77% (Cr), 67% (Mn), 86% (Ni), 76% (Cu), 72% (Zn), 64% (Mo), and 62% (Cd), respectively. Removal of the magnetic fraction from road dust using magnetic separation techniques not only reduces metal contamination but can also improve effective road cleaning strategies or reduce waste generation.
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1. Introduction


Metal elements in soil and sediments are released into the environment by the weathering of bedrock and anthropogenic activities. These metals exist in various chemical forms, such as carbonate minerals and oxide minerals, and are adsorbed on the surface of particles and bound with organic matter. Magnetic properties are one of the major physical properties of rocks, soils, and sediments, and are widely used in geological and environmental studies, such as the determination of past climates and the origin of sediments [1,2,3]. Because some metal elements have a high correlation with magnetic susceptibility and behave with Fe–Mn oxides, these properties are actively used in environmental research, such as tracing the origin of metal contamination in the environment and the treatment of metal contamination in water and soil [4,5,6,7,8,9]. Magnetic separation is a technology that effectively separates magnetic particles. It is also used in the recycling of ferrous, non-ferrous, and rare metals from industrial wastes and slags generated from industrial activities such as mining, smelting, and steel manufacturing processes [10,11,12,13,14].



Road dust is an important reservoir of metals emitted in urban environments by traffic and industrial activities, and it is also a source of metal contamination to the surrounding water, soil, and atmospheric environments through stormwater runoff and fugitive dust [15,16,17,18,19]. Road dust contains Fe-rich particles derived from the wear/corrosion of engine and vehicle bodies, as well as tire and brake pad wear [20,21,22]. It has been reported that magnetic particles are strongly correlated with some metals [23,24,25,26]. The pollution status of metals in road dust depends on the particle size, with fine particles being more contaminated with metals [27]. Fine particles in road dust are easily resuspended into the atmospheric environment. Exposure to metals through the inhalation of fine particles with high metal concentrations can have a harmful effect on the human body and increase the metal concentration in the body [28,29,30,31,32]. Many studies have been conducted to assess the degree of metal contamination in road dust and to identify the contamination sources and harmful effects on human health [33,34,35,36,37,38,39]. Because road dust is one of the pollution hotspots of toxic metals in urban environments, it can lead to atmospheric pollution and have a harmful effect on human health.



Road cleaning can effectively remove road dust contaminated with metals; therefore, a variety of road sweepers are used in many countries to remove road dust [40,41,42,43,44,45,46,47,48,49]. Road dust removed from the road surface contains high concentrations of hazardous metals and is classified as waste; therefore, it causes another environmental issue by generating waste from a huge amount of road dust removed through road cleaning. However, the research on road dust and metal loading accumulated on the road surface is insufficient. Therefore, in the present study, the applicability of magnetic separation to reduce the metal contamination of road dust was investigated by evaluating the degree of contamination of 18 metals, the metal loadings on the road surface for each metal, and the relative contributions of metals in magnetic and non-magnetic road dust.




2. Materials and Methods


2.1. Sampling


Road dust samples were collected in December 2013 using a vacuum suction cleaner (DC-35; Dyson, Malmesbury, UK) at 19 sites within the Pohang industrial area (Figure 1). Road dust sampling sites were selected around the entrances and exits to major industrial facilities to evaluate metal contamination from industrial activity. In the Pohang industrial area, the largest domestic steel companies, such as POSCO and Hyundai steel plants exist, and 359 companies operate in five steel-related industrial complexes. There was a 9-day antecedent dry period before collecting the road dust samples, and careful attention was paid to securing the representativeness of each sample and preventing cross-contamination among samples. A 4000-gauss hand magnet was sealed in a propylene bag, and about 100 g of oven-dried samples were separated several times until no magnetic particles were attached to the magnet. After measuring the weight (g) of the separated magnetic and non-magnetic particles, the total mass of road dust (g/m2) in each fraction was calculated. The road dust samples separated into magnetic and non-magnetic particles were pulverized and homogenized with an automatic agate mortar (Pulverisette 6; Fritsch Co., Idar-Oberstein, Germany) and stored in an acid-cleaned polyethylene bottle prior to the metal analysis.




2.2. Metal Analysis


About 0.1 g of the homogenized road dust sample was placed in a Savillex Teflon digestion vessel. A mixture of high-purity acids (HF, HNO3, and HClO4) was added, and the sample was completely decomposed at 180℃ on a hot plate. Seventeen metal elements (Al, Fe, Li, Ti, V, Cr, Mn, Co, Ni, Cu, Zn, As, Mo, Cd, Sn, Sb, and Pb) were analyzed using inductively coupled plasma mass spectrometry (ICP-MS; iCAP-Q, Thermo Scientific Co., Bremen, Germany). An automated analyzer (Hydra-C; Teledyne Technology Co., Thousand Oaks, CA, USA) was used to analyze the Hg based on the US EPA 7473 method. To verify the accuracy of the metal analysis, the MESS-4, which has the largest number of certified values for metals, and the BCR-723 certified reference materials for road dust, were pre-treated and analyzed with the sample. The recoveries were 94.9–104.1% for MESS-4 and 98.0–103.7% for BCR-723.




2.3. Pollution and Ecological Risk Assessment


The geo-accumulation index (Igeo) was calculated to evaluate the individual contamination level of each metal using the following equation [50,51]:


   I  geo   =   log  2   (     C n    1.5 ×  B n     )   



(1)




where Cn and Bn represent the metal concentrations in road dust and the upper crust [52] respectively, and a factor of 1.5 was used to correct for the influence of a crustal origin. Igeo values fall into seven categories: Igeo > 5 (extremely polluted), 4 < Igeo < 5 (strongly to extremely polluted), 3 < Igeo < 4 (strongly polluted), 2 < Igeo < 3 (moderately to strongly polluted), 1 < Igeo < 2 (moderately polluted), 1 < Igeo < 2 (unpolluted to moderately polluted), and Igeo < 0 (uncontaminated).



The individual ecological risk degree (   E r i   ) and potential ecological risk index (PERI) for the 13 metal elements with toxic response factors were calculated using the following equations [53]:


   E r i  =  T r i  ×  (     C n     B n     )   



(2)






  PERI =   ∑  i n   E r i   



(3)




where Cn and Bn are equivalent to the Igeo calculation and    T r i    represents a toxic response factor (Hg = 40, Cd = 30, As = 10, Sb = 7, Co = Cu = Ni = Pb = 5, V = Cr = 2, Ti = Mn = Zn = 1) [53,54,55].



The    E r i    values were classified into five classes:    E r i    > 320 (extreme risk), 160 <    E r i    < 320 (high risk), 80 <    E r i    < 160 (considerable risk), 40 <    E r i    < 80 (moderate risk), and    E r i    < 40 (low risk). The PERI values were classified into four grades: PERI > 600 (high risk), 300 < PERI < 600 (considerable risk), 150 < PERI < 300 (moderate risk), and PERI < 150 (low risk).




2.4. Estimation of the Metal Loading in Magnetic and Non-Magnetic Road Dust


The relative mass loading percentage (Pi; %) for the magnetic and non-magnetic road dust was calculated using the following equation:


     Mass   loading     magnetic   road   dust       ( % )  =  [     W  MP      W  MP   +  W  NMP      ]  × 100  



(4)






     Mass   loading    non −  magnetic   road   dust       ( % )  = 100 −    Mass   loading       magnetic   road   dust     



(5)




where WMP and WNMP is the weight of the magnetic (MP) and non-magnetic particles (NMP) separated from each road dust sample.



The relative metal loading percentage (%) for each metal in the magnetic and non-magnetic road dust was calculated using the following equation:


   Metal   loading     ( % )  =  [     C n  ×  P i     ∑  i = 1  2   C n  ×  P i     ]  × 100  



(6)




where Cn is the concentration of each metal in the magnetic and non-magnetic particles, and Pi is the mass percentage of two different portions of road dust. The sum of the metal loading percentage values for the magnetic and non-magnetic fractions is always 100%. The loading values of road dust and metals in the magnetic and non-magnetic portions were expressed as g/m2 and mg/m2, respectively, by dividing the total sampling area of road dust (m2).





3. Results and Discussion


3.1. Metal Concentrations in Magnetic and Non-Magnetic Road Dust


The average concentrations of the 18 metal elements in the magnetic road dust followed the descending order of Fe > Al > Mn > Cr > Ti > Zn > Cu > Pb > Ni > V > Co > Li > Mo > Sb > Sn > As > Cd > Hg (Table 1 and Figure 2). The values of the coefficient of variation (CV; %) of Co, As, Pb, and Hg in the magnetic road dust exceeded 100, indicating that the differences in the concentrations of these metals were largely dependent on the sampling site. However, the CV values of Al, Fe, Li, and Ti ranged from 12 to 24%, indicating that the differences in their concentrations in road dust were not significant.



The mean Fe concentration in the magnetic road dust was 32.5% (range: 22.9–44.3%) (Table 1). Fe was the dominant metal, accounting for 71–90% of the metal mass load. In urban environments, Fe-rich magnetic particles in road dust are emitted from vehicles through the wear and corrosion of vehicle engines and bodies as well as exhaust emissions [24,56]. In this study, the Fe concentration in the magnetic road dust was very high compared to road dust in urban areas [57,58]. Industrial facilities involved in steel smelting, production, and processing are concentrated around the study area. The main sources of Fe are because iron ore raw material storage sites and metal particles released from the processing inside industrial facilities are diffused into road dust by the wind. In steel production, compounds such as ferromanganese (FeMn) and ferrosilicon (FeSi) are added to remove excess oxygen [59]. The average Mn concentration in the magnetic road dust was 17,847 mg/kg, which is the third-highest concentration after Fe and Al.



The mean Cr and Ni concentrations were 4788 and 328 mg/kg. There is a good correlation between these two metals (r = 0.61), but there is no correlation with other metals (Table S1). The mean Zn, Cu, Pb, Sb, and Sb concentrations were 2885, 452, 371, 11.9, and 8.6 mg/kg, respectively. The Zn, Cu, and Pb concentrations in the magnetic road dust in this study were higher than those in urban road dust, but the Sb and Sn concentrations were relatively low compared to the reported urban road dust concentrations in Korea [18]. There are statistically significant correlations among these metals (Table S1), indicating that the contamination of Zn, Cu, Pb, Sb, and Sn was highly affected by traffic activities related to non-exhaust emissions, such as the wear of brake pads and tires [60].
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Table 1. Comparison of minimum, maximum, mean, and coefficient of variation (CV) values for 18 metal concentrations in the magnetic and non-magnetic road dust of this study.






Table 1. Comparison of minimum, maximum, mean, and coefficient of variation (CV) values for 18 metal concentrations in the magnetic and non-magnetic road dust of this study.





	

	
Al

	
Fe

	
Li

	
Ti

	
V

	
Cr

	
Mn

	
Co

	
Ni

	
Cu

	
Zn

	
As

	
Mo

	
Cd

	
Sn

	
Sb

	
Pb

	
Hg




	

	
%

	
mg/kg






	
Magnetic road dust




	
Min

	
2.8

	
22.9

	
16.4

	
1262

	
29

	
1963

	
9152

	
16.9

	
96

	
268

	
794

	
0.1

	
0.5

	
0.9

	
0.5

	
1.6

	
101

	
0.03




	
Max

	
6.2

	
44.3

	
25.0

	
4487

	
441

	
12,367

	
37,292

	
194

	
970

	
779

	
8269

	
34.1

	
59.4

	
19.7

	
23.4

	
34.3

	
1930

	
10.0




	
Mean

	
4.3

	
32.5

	
21.0

	
3143

	
194

	
4788

	
17,848

	
36.2

	
328

	
452

	
2885

	
8.6

	
15.8

	
4.5

	
8.6

	
11.9

	
371

	
1.1




	
St. Dev

	
0.8

	
6.6

	
2.6

	
764

	
103

	
2388

	
7005

	
38.6

	
214

	
151

	
1889

	
9.1

	
14.4

	
4.4

	
6.7

	
9.0

	
437

	
2.2




	
CV (%)

	
19

	
20

	
12

	
24

	
53

	
50

	
39

	
107

	
65

	
33

	
65

	
106

	
91

	
98

	
77

	
75

	
118

	
211




	
Non-magnetic road dust




	
Min

	
6.4

	
2.4

	
25.4

	
2529

	
56.3

	
289

	
1938

	
4.2

	
11.7

	
23.7

	
232

	
7.5

	
0.1

	
0.5

	
1.6

	
3.5

	
65.4

	
0.02




	
Max

	
8.1

	
8.8

	
55.2

	
4639

	
275

	
3919

	
22,500

	
16.3

	
614

	
672

	
1881

	
71.6

	
28.5

	
9.8

	
18.6

	
32.5

	
543

	
5.6




	
Mean

	
7.3

	
4.2

	
36.2

	
3237

	
98.7

	
1293

	
7965

	
8.7

	
59.5

	
156

	
855

	
19.2

	
6.4

	
2.2

	
7.4

	
14.1

	
226

	
0.5




	
St. dev

	
0.4

	
1.7

	
8.3

	
638

	
54.1

	
945

	
6119

	
3.1

	
135

	
180

	
410

	
14.5

	
7.4

	
2.2

	
4.7

	
9.0

	
144

	
1.3




	
CV (%)

	
6

	
41

	
23

	
20

	
55

	
73

	
77

	
36

	
227

	
116

	
48

	
76

	
116

	
99

	
63

	
64

	
64

	
247




	
Background [52] and soil quality guideline value of Korea [61].




	
Background

	
8.2

	
3.9

	
21

	
3840

	
97

	
92

	
774

	
17.3

	
47

	
28

	
67

	
4.8

	
1.1

	
0.09

	
2.1

	
0.4

	
17

	
0.05




	
Contamination Guide value

	

	

	

	

	

	
40

	

	

	
500

	
2000

	
2000

	
200

	

	

	

	

	
700

	
20




	
Contamination Clean-up value

	

	

	

	

	

	
120

	

	

	
1500

	
6000

	
5000

	
600

	

	

	

	

	
2100

	
60









The Cu, As, Cd, and Hg concentrations in the magnetic road dust were below the soil contamination guide values in Korea of 2000, 200, 60, and 20 mg/kg, respectively [61]. High Ni, Zn, and Pb concentrations that exceeded the soil contamination guide values of 500, 2000, and 700 mg/kg, respectively, were observed at three sites for Ni, 13 sites for Zn, and two sites for Pb among the 19 sampling sites. For Zn, one sampling site exceeded the soil contamination clean-up value (5000 mg/kg) by 1.6 times.



In the non-magnetic road dust, the mean concentration of metals followed the descending order of Al > Fe > Mn > Ti > Cr > Zn > Pb > Cu > V > Ni > Li > As > Sb > Co > Sn > Mo > Cd > Hg. The mean CV value of Al, an element strongly related to particle size, was 6%, indicating that most of the non-magnetic particles in road dust were uniformly affected by the surrounding soils. The CV values of Ni, Cu, Mo, and Hg were greater than 100, indicating that these metals were greatly affected by anthropogenic pollution around the sampling site. Of the 18 metals, Al had the highest concentrations in the non-magnetic road dust (Figure 2). The mean Fe concentration in the non-magnetic road dust was 4.17% (range: 2.38–8.88%), which was 13% of the concentration in the magnetic road dust. Among the 18 metals, the mean metal loading of Al was 58%, which was higher than that of the other metals. The mean metal loading of Fe in the road dust was 31%, which was significantly lower than that in the magnetic road dust (81%). There were higher mean Al, Li, As, and Sb concentrations in the non-magnetic road dust than in the magnetic road dust. Al and Li are affected by lithogenic and natural sources. Therefore, they may have different characteristics than other metals that are influenced by anthropogenic sources. The mean concentration of Sb was slightly higher in the non-magnetic fraction than the magnetic fraction, but they had almost similar values. A previous study reported that the As concentration in the non-magnetic fraction of road dust was higher than the magnetic fraction [26]. On the other hand, Jordanova et al. [62] reported that the As and Sb concentrations in the magnetic fraction of road dust were higher than in the non-magnetic fraction. There seems to be a difference in these metal concentrations depending on the study area. However, for most metal elements, the mean concentrations in the non-magnetic road dust were 13–61% of the concentrations in the magnetic road dust (Table 1). The metal concentrations at all sampling sites were below the soil contamination guide values in Korea.




3.2. Pollution and Ecological Risk Assessments


In the magnetic road dust, Cr had the highest mean Igeo value of 4.98. The Igeo values followed the descending order of Cr > Zn > Cu > Sb > Mn > Pb > Cu > Hg > Mo > Fe > Ni > Sn > V > Co > Li > As > Ti > Al. The mean Igeo values of Cr, Zn, and Cd exceeded 4, indicating a strongly to extremely polluted status (Table 2). Among the 19 sampling sites, Cr, Zn, and Cd had Igeo values exceeding 5 at seven, four, and seven sampling sites, respectively. The Igeo values of Mn, Cu, and Pb were between 3 and 4, indicating a strongly polluted status, while Pb had Igeo values exceeding 5 (extremely polluted) at sites R9 and R10. The mean Igeo values of Fe, Ni, Mo, and Hg were classified as moderately to strongly polluted.



In the non-magnetic road dust, Sb had the highest mean Igeo value of 4.28. The Igeo values followed the descending order of Sb > Cd > Zn > Cr > Pb > Mn > Cu > As > Hg > Mo > Sn > Li > Fe > V > Al > Ti > Ni > Co. The Igeo values for Sb and Cd indicated a strongly to extremely polluted and a strongly polluted status, respectively, and the Igeo value exceeded 5 at four and two sampling sites, respectively (Table 2). Cr, Mn, Zn, and Pb had strongly polluted statuses, although the pollution status was lower than that of the magnetic road dust. Meanwhile, Cu, As, Mo, Sn, and Hg were classified as moderately polluted. The mean Igeo values of Al, Li, Co, and Ti were less than 1 for both the magnetic and non-magnetic road dust, indicating no contamination from these metals.



Cr is emitted from furnaces during the steel manufacturing process, and austenite stainless steel contains 18% of Cr [63,64]. The high pollution status for Cr in the magnetic road dust was probably because metal particles from industrial activities, such as steel production and processing and the transportation process, accumulated on the road surface. The pollution levels of Zn, Cu, Pb, and Sb, which are highly related to traffic activities (e.g., the wear of brake pads and tires), were higher than the levels of other elements. In particular, Sb pollution was high in the non-magnetic road dust. The U.S. Environmental Protection Agency and the European Union were reported that Sb pollution is continuously increasing; Sb is designated as a class 1 carcinogen chemical and has a harmful effect on the environment and human health [65,66]. Brake pads contain about 1.5% of Sb, and it has been reported that a vehicle emits 44 g of Sb per year [67,68]. The Sb concentrations in brake pads of Korea are 819–16,500 mg/kg, which is higher than that of the imported products [60]. According to Fiala and Hwang [69], the brake wear coefficient was 12.5 mg/vehicle/km for a passenger car and 55 mg/vehicle/km for a heavy-duty vehicle, which showed an increase as the vehicle weight increased. Therefore, the metal contamination of road dust in this study is affected by steel manufacturing and processing as well as traffic activities by heavy-duty vehicles used for transporting raw materials and final products related to the steel industry.



Table 3 shows the Eir values for 13 elements. In the magnetic road dust, the Eir decreased in the order of Cd > Hg > Sb > Pb > Cr > Cu > Zn > Ni > Mn > As > Co > V > Ti. In particular, Cd and Hg pose an extreme risk, and Sb poses a high risk in both the magnetic and non-magnetic road dust. Our results indicate a considerable risk for Cr and Pb and a moderate risk for Cu and Zn. The mean PERI values in the magnetic and non-magnetic road dust were 2975 and 1576, respectively. The magnetic road dust fell into the extreme ecological risk category (PERI > 600) at all sampling sites. Road dust for both magnetic and non-magnetic particles deposited on the road surface is resuspended by runoff and can accumulate in rivers and the marine environment, adversely affecting aquatic ecosystems. Therefore, a scientific approach is needed to reduce the metal pollution level of road dust and the adverse ecological risk.




3.3. Metal Loading in Magnetic and Non-Magnetic Road Dust from Steel Industrial Regions


The total loading of the magnetic road dust was 298 g/m2 (range: 79–805 g/m2) Even within an industrial area, the amount of road dust deposited on the road varied substantially among the sampling sites. The amount of road dust was affected by whether or not the road was cleaned and the effectiveness of the road cleaning. In Korea, unlike in residential areas, it is difficult to operate a road sweeper in an industrial area because there is insufficient parking space inside facilities, and illegal parking on the side of the road is commonplace. The mean total metal loading in the magnetic particles was 119 g/m2 (range: 32–307 g/m2). Fe accounted for about 81% on average, followed by Al > Mn > Cr > Ti > Zn > Cu > Pb > Ni > V > Co > Li > Mo > As > Sb > Sn > Cd > Hg (Figure 3).



The total loading of the non-magnetic road dust was 410 g/m2 (140–1114 g/m2) and was 1.4 times higher than that of the magnetic road dust on average. The total mean metal loading in the non-magnetic road dust was 50 g/m2 (range: 15–190 g/m2), which was 42% of the loading in the magnetic road dust. Al accounted for 58% of the metal loading in the total road dust. Fe accounted for 81% of the metal loading in the magnetic road dust, but in the non-magnetic road dust, the corresponding value was only 31%.



Figure 3 shows the relative contribution of the metal loading (mg/m2) between the magnetic and non-magnetic road dust. There was a greater accumulation of Fe, V, Cr, Mn, Co, Ni, Cu, Zn, Mo, Cd, Pb, and Hg in the magnetic road dust than in the non-magnetic road dust, while there was a greater accumulation of Al, Li, Ti, As, Sn, and Sb in the non-magnetic road dust. The magnetic road dust accounted for 44.7% of the total road dust. The relative contributions of the metal loading in the magnetic fraction were 86% for Fe, 77% for Cr, 67% for Mn, 86% for Ni, 76% for Cu, 73% for Co, 72% for Zn, 67% for Hg, 64% for Mo, 62% for Cd, and 60% for V.



Road dust is widely known to cause various diseases through exposure to atmospheric environments and the human body [70,71,72,73,74]. Because road cleaning is the most effective way to remove road dust polluted with various chemicals, many countries have introduced various types of road sweepers, such as road water spraying, mechanical brooms, vacuum systems, and regenerative air sweepers [24,75,76]. Metal contamination of road dust in industrial areas is largely influenced by industrial and traffic activities. Therefore, it is very difficult to trace and control the exact cause of metal contamination. Increasing the frequency of road cleaning will be the most effective way to reduce metal contamination from road dust and manage the environmental problems caused by contaminated road dust. However, due to the huge amounts of road dust removed from road surfaces, disposal can cause other environmental problems.



Heavy metals, which are non-degradable and persistent pollutants, accumulate in soil, sediment, and road dust and contaminate many surrounding environments and organisms. Therefore, many remediation processes, such as chemical, physical, and biological treatments, are being used to improve metal contamination levels below regulatory and permissible limits by removing metal contamination from soils and sediments [77,78]. These processes can remove metal contamination, but problems such as efficiency and cost still exist when processing a large number of environmental samples.



Of course, it is also possible to selectively collect/remove magnetic road dust highly contaminated with toxic metals during road cleaning by developing a magnetic system with the road sweeper. Before sending the road dust periodically collected through the operation of a road sweeper to a waste treatment facility, using magnetic separation to send only magnetic road dust with high metal contamination to waste facilities can reduce the amount of waste and treatment costs and manage future environmental issues related to road cleaning strategy. Non-magnetic road dust, which accounts for about half of the total road dust, has a low level of metal contamination below the soil quality guideline values of Korea, so it will be possible to use it to create road infrastructures, including road pavement and rainwater drainage constructions.



The results of this study show that the metal pollution levels and loadings of the magnetic road dust were higher than in the non-magnetic road dust, and suggest that magnetic separation can reduce the amount of road dust as well as the levels of highly toxic metals. Therefore, it is necessary to determine how to effectively remove toxic metals during road cleaning and/or waste treatment after road cleaning.





4. Conclusions


In this study, most metals had higher concentrations in the magnetic fraction of road dust than in the non-magnetic fraction. As a result of the Igeo, both the magnetic and non-magnetic fractions were strongly to extremely polluted with Sb. Regardless of magnetic separation, the ecological risk degrees (   E r i   ) of Sb, Cd, and Hg were higher than the high risk. The magnetic fraction of road dust was in the extreme ecological risk category (PERI > 600) at all sampling sites. The accumulation of twelve metals (Fe, V, Cr, Mn, Co, Ni, Cu, Zn, Mo, Cd, Pb, and Hg) was higher in the magnetic fraction of road dust than in the non-magnetic fraction. The metal load in the magnetic fraction of road dust accounted for up to 86% (Fe), and Cr, Mn, Ni, Cu, Co, Zn, Hg, Mo, Cd, and V accounted for more than 60%. This study suggests that the application of magnetic separation in road dust can reduce metal contamination levels. Road dust removed from road surfaces contains high concentrations of hazardous metals and is classified as waste, so there is a high risk of becoming another environmental issue. Magnetic separation technology to remove the magnetic fraction from road dust could be an effective road cleaning strategy to reduce waste generation.
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Figure 1. Sampling sites for road dust (RD) from the Pohang steel Industrial regions, South Korea (base map from Google Earth). 
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Figure 2. Comparison of mean concentrations of 18 metals in magnetic (a), and non-magnetic (b) road dust from steel industrial region of Korea. 
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Figure 3. Comparison of mean metal loading (mg/m2) in magnetic and non-magnetic road dust (a) and relative contribution (%) for 18 metals in magnetic and non-magnetic road dust (b) from steel industrial region of Korea. 
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Table 2. Comparison of mean Igeo values for 18 metals in magnetic and non-magnetic road dust from steel industrial areas.
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	Types
	Igeo < 0
	0 < Igeo < 1
	1 < Igeo < 2
	2 < Igeo < 3
	3 < Igeo < 4
	4 < Igeo < 5





	Class
	Unpolluted
	Unpolluted to moderately polluted
	Moderately polluted
	Moderately to strongly polluted
	Strongly polluted
	Strongly to extremely polluted



	Magnetic road dust
	Al, Li, Ti, As
	V, Co, Sn
	
	Fe, Ni, Mo, Hg
	Mn, Cu, Pb
	Cr, Zn, Cd, Sb



	Non-magnetic road dust
	Al, Fe, Ti, V, Co, Ni
	Li
	Cu, As, Mo, Sn, Hg
	Cr, Mn, Zn, Pb
	Cd
	Sb
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Table 3. Comparison of mean    E r i    (ecological risk degree) values for 13 metals of this study.
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	Types
	      E   r   i     <   40    
	    40   <     E   r   i     <   80    
	    80   <     E   r   i     <   160    
	    160   <     E   r   i     <   320    
	      E   r   i     >   320    





	Class
	Low risk
	Moderate risk
	Considerable risk
	High risk
	Extreme risk



	Magnetic road dust
	Ti, V, Mn, Co, Ni, As
	Cu, As
	Cr, Pb
	Sb
	Cd, Hg



	Non-magneticroad dust
	Ti, V, Cr, Mn, Co, Ni, Cu, Zn, As
	Pb
	
	Sb
	Cd, Hg
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