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Abstract: The concentrations of total suspended particles (TSPs) on four buildings near a steel plant’s
bulk material storage site for iron ore, coal, limestone, and sinter were evaluated for summer and
winter, where the concentrations were 58 (17–55) µg m−3 and 125 (108–155) µg m−3, respectively. A
multivariate regression analysis of meteorological parameters with TSP concentrations indicates that
temperature, wind speed, and frequency of rainfall are potential predictors of TSP concentrations,
where the respective p values for the model are p = 0.005, p = 0.049, and p = 0.046. The strong
correlation between usual co-pollutants, CO, NO2, and NOX with TSP concentrations, as indicated
by the Pearson correlation values of 0.87, 0.86, and 0.77, respectively, implies substantial pollution
from mobile sources. The weak correlation of SO2 with TSP concentrations rules out a significant
pollution contribution from power plants. The speciation of TSPs in winter showed the percentage
proportions of water-soluble ions, metal elements, and carbon content in winter as 60%, 15%, and
25%, while in summer, they were 68%, 14%, and 18%, respectively. Water-soluble ions were the most
significant composition for both seasons, where the predominant species in summer and winter are
SO4

2− and NO3
−, respectively. In the TSP metal elements profile, the proportion of natural origin

ones exceeded those from anthropogenic sources. The health risk assessment indicates a significant
cancer risk posed by chromium, while that posed by other metal elements including Co, Ni, As, and
Pb are insignificant. Additionally, all metal elements’ chronic daily occupational exposure levels
were below the reference doses except for Cu and Zn. Insights from this investigation can inform
decisions on the design of the TSP-capturing mechanism. Specifically, water sprays to capture the
water-soluble portion would substantially reduce the amplified concentrations of TSPs, especially
in winter.

Keywords: season; TSP; resuspension; raw materials; steel plant; health risk assessment

1. Introduction

The World Health Organization (WHO) recommends tracking the levels of inhalable
dust near emission hotspots to maintain healthy working environments and protect the
health of neighboring residents. Inhalable dust refers to the portion of particulate matter
(PM) that can get into the nose and mouth during breathing. Usually referred to as total
suspended particles (TSPs), they are less than 100 µm and are a source of occupational and
residential nuisance. Furthermore, a subset of these respirable PM, usually less than 10 µm,
poses a more severe health threat due to its ability to penetrate through the lung filtration
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mechanisms and reach the gaseous exchange region. Chronic exposure to these is closely
linked to mortality and morbidity due to respiratory and cardiovascular complications [1].

TSP compositions include crust elements, metals, organic and elemental carbon, and
water-soluble ions [2]. In the earlier literature, dominant metal components in suspended
PM include Al, Ca, Fe, and K. Since TSPs have a low residence time in the atmosphere,
they cause adverse health effects and nuisance in the surroundings of their emission
sources [3,4]. The deposition of toxic TSP components through dry or wet depositions
threatens the ecosystem’s health through adsorption on organic matter and soils, uptake
by plants, and bio-accumulation up the food chains [5]. Although inhalable, the portion
of TSP with diameters exceeding 10 µm is primarily deposited in the upper sections of
the respiratory system characterized by turbulent flow [6]. Hydrophilic components in
TSP exceed those in PM10 and PM2.5 and have lower clearance levels from the respiratory
system, which may cause adverse health [7]. TSPs are cytotoxic, and exposure to them is
linked to adverse health effects such as inflammation, cancer, respiratory, CNS, circulatory
conditions, and congenital anomalies [8–10].

Wind action on bulk raw materials such as iron ore, limestone, sinter, coke, and recy-
cled steel resuspends loose particles which contribute to ambient air TSP. Meteorological
parameters and properties of the raw material piles, including particle size segregation and
PM chemical compositions, affect their resuspension. This leads to seasonal variations in
TSP concentrations and compositions in the surroundings of bulk material storage sites [11].
Prevalent temperatures facilitate evaporation from piles’ surfaces, while precipitation is
vital for wet deposition and primary dust minimization [12]. TSP emissions also occur
during material handling and combustion processes in steel plants. Air pollution control
devices (APCDs) such as bag filters, electrostatic precipitators, and scrubbers effectively
capture those emitted at the stack exhaust [13,14]. To lower ambient air TSP concentrations
from large scale emissions, dust screens and water spray techniques are applied [15].

Under sources of TSP, emissions from industrial processes and mechanical activities,
including construction, mining, and combustion processes, recieve the most attention [3].
However, resuspension from bulk material storage sites for industrial plants mostly gets
ignored. This investigation fills the knowledge gap by accurately quantifying the TSP
concentrations and their chemical compositions near a raw material storage site for a steel
plant. To estimate the synergistic effects of prevailing meteorological conditions on TSP
emissions, regression analyses were performed for routinely monitored parameters in two
ambient air monitoring stations near the raw material storage site and TSP concentrations.
Pearson correlation test was performed to estimate the likelihood of joint emission of
TSP with other co-pollutants. Mapping TSP concentration helps identify regions of high
ambiguity for collecting additional samples and strengthening TSP mitigation measures.
This detailed assessment of TSP aligns with the WHO’s efforts to reduce mortality from air
pollution and enhance the air quality in cities.

2. Methodology

The study site lies in the southeastern part of Taiwan, as seen in Figure 1a, where the
raw material storage site and a neighboring, densely populated residential area cover 1.35 sq
km and 1.24 sq km, respectively. The sampling locations include a densely populated region
on the south and southwestern side of the raw material storage site, an administration
building for the steel company on the northern side of the raw material piles, and a public
library on the southeastern side of the raw material storage site.
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Figure 1. Schematic representations of (a) a plan view of the four TSP sampling sites and the sur-
roundings of the raw material storage site and (b) wind rose maps for the TSP sample collection dates.
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2.1. Description of Parameters in the Study Location

The southwestern region of Taiwan has a tropical climate that receives rainfall in 5–9
months annually. During summer, warm and humid air masses blow mainly from the
south and southwestern sides, while in winter, low wind speeds blow primarily from the
northwestern side, as indicated in Figure 1b.

Seasonal data with a one-hour interval time resolution for summer and winter were
derived from the website (https://airtw.epa.gov.tw/ENG/default.aspx (accessed on 3
April 2022)). For summer, the data were gathered for the dates from 1 June to 31 August
2017, while for winter, the data were obtained for the dates from 1 December 2017 to 28
February 2018. The diurnal profiles for temperature, wind speed, rainfall frequency, and
concentrations of CO, NOX, NO2, and SO2 presented in Figure S1 are hourly averages of
the data sourced from Xiaogang and Daliao air quality monitoring stations. These stations
lie in the east side of the sampling locations and were selected due to their proximity to the
sampling locations.

2.2. Collection, Weighing and Conditioning of the Samples

TSP samples were collected from four locations for three days per season in summer
and winter. Specific sampling dates for summer were the 8, 10, and 23 of August 2017;
for winter, they were the 8, 14, and 26 of December 2017. Two points were near the raw
material storage site, including the steel plant’s administration building and elementary
school A. The other two points were far from the raw material storage site, corresponding
to elementary school B and a public library, as presented in Figure 1a. The sampling height
is 2–15 m above ground, and caution was exercised to avoid the obstruction of the sampler.

The filters were inspected to ensure they were free of oil or soot, which might obstruct
the airflow on the filter paper and cause an unstable extraction rate. The sampling time
had favorable weather conditions, including the absence of dense fog or high humidity,
which would otherwise dampen the filter paper and reduce the airflow.

Herein, the NIEA A102.12A method was applied for PM with diameters of less than
100 µm. Sampling was performed for 24 h using a high-volume sampler TISCH TE-5200
with an airflow rate of 1.1–1.7 m3 min−1. The high-volume air sampler comprises of an air
suction part, a filter paper holder, appropriate filter paper, a flow measurement device, and
a protector. The filter paper had a 99.95% collection efficiency for 0.3 µm particles according
to the DOP test.

A microbalance was applied to determine the mass concentrations of TSP in twenty-
four filters. Before weighing, the integrity of the filter was ensured by inspection using
a lamp and a magnifying glass to confirm it was uncontaminated and free of physical
deformations such as breakages, indentations, dents, and scratches. The filter papers were
carefully unpackaged, weighed, conditioned for 12 h, and clipped before fine weighing.
Successive fine weighing exercises were performed until the variation in consecutive
measurements was less than 5 µg. The weight of the filter paper after sampling was the
average before and after conditioning.

TSP Concentration =
We − Wi

v
× 106 (1)

where the TSPconcentration is in µg m−3. Wi and We are masses of the filter paper in g
before and after sample collection, respectively. V is the total volume of air in m3.

2.3. Sample Pretreatment and Chemical Analysis

The prominence of specific chemical groups, including metals, water-soluble ions, and
carbon content, in TSP, was determined. The investigations for the metal composition in
TSP were carried out using half of the Teflon filter paper. Pretreatment was performed via a
microwave digestion procedure developed by the Environmental Protection Administration
(Taiwan EPA). Thirty-one metal and potentially toxic elements, including Li, Be, Na, Mg,

https://airtw.epa.gov.tw/ENG/default.aspx
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Al, K, Ca, Ti, V, Cr, Mn, Fe, Co, Cu, Zn, Ga, As, Se, Rb, Sr, Ag, Cd, In, Sn, Cs, Ba, Tl, Pb, U,
Ni, and Si were quantified using the HR-ICP-MS, Agilent 7500 A.

The other half of the Teflon filter was placed in 10 mL of deionized water and shaken
for 90 min using ultrasonic vibrations. Thereafter, it is poured into a syringe and filtered
with a 0.45 µm membrane to remove particles. The concentration of the water-soluble
anions was thereafter performed using an Ion Chromatograph (IC) (Dionex, Model DX-120)
series conductivity detector. An ASRS-ULTRA suppressor, Ion Pac AS4A-SC column, and
Na2CO3/NaHCO3 eluent were applied for the anions including SO4

2−, NO3
−, CI−, and

Fl−. On the other hand, cations such as Na +, K +, Ca 2+, Mg 2+, and NH4
2+ applied

a CSRS-ULTRA suppressor, an Ion Pac CS12 column, and 0.1 M of H2SO4 eluent. The
concentrations of ions in the blank samples fell below the limit of detection (LOD).

The elemental carbon (EC) and organic carbon (OC) are quantified using an elemental
analyzer (Elementar Vario MIRCO Cube) coupled with an AS 200 type Autosampler and DP
700 integrator. Carbon content analysis in TSP is performed using instantaneous dynamic
oxidation where their chemical bonds were broken in the quartz reaction tube before
undergoing rapid oxidation to CO2. Thereafter, it was reduced using Cu and then passed
through the column for separation detection by the thermal conductivity detector (TCD).
The concentration of OC was based on the difference between total carbon TC and EC.

Principles and specific details of the analytical procedures and QA/QC are indicated in
earlier works [14]. Five standard solutions are applied to produce a calibration curve, where
the relative error in the calibration line had a limit of 10%. A blank sample was prepared
and analyzed after every 10 samples, and care was taken to ensure its concentration was
less than double the MDL and the recovery rate ranged from 80 to 120%. The validity of
the analytical techniques was demonstrated by the reproducibility of the results obtained
here, where in every batch of 10 samples, a sample was selected and tested twice, and the
relative difference could not exceed 20%.

2.4. Exposure and Risk Assessment

A health risk assessment was carried out to determine the nature and probability of
adverse health effects on humans due to inhalation of TSP with potentially toxic elements
(PTEs) such as Cr, Co, Ni, As, Pb, Mn, Cu, and Zn. Occupational exposure assessments
were carried out using standard inhalation flow rates for individuals whose physiological
status was rest condition for a chronic 70-year average and occupational exposure of eight
hours a day. The cancer slope factors (CSF) for PTEs were collected from the California
office of Environmental Health Hazard Assessment at https://oehha.ca.gov/ (accessed
on 28 October 2022) where for Cr, Co, Ni, As, and Pb, they were 5.1 × 102, 2.7 × 101,
6.6 × 10−3, 1.2 × 101, and 4.2 × 10−2. The reference doses for potentially toxic elements
were obtained from the integrated risk information system—USEPA [16].

3. Results and Discussion

The average seasonal, diurnal variations in temperature, wind speed, and the instances
of rain for the two seasons are seen in Figure S1a–c, where, overall, those of summer exceed
those of the winter season. In addition, the average seasonal, diurnal CO, NOx, NO2,
and SO2 concentrations for Xiaogang and Daliao monitoring stations are presented in
Figure S1d–g, where winter concentrations exceeded those of summer except for SO2. It
is worth noting that the average diurnal concentration of NO2 slightly exceeds the WHO
24 h air quality guideline of 25 µg m−3, as indicated in Figure S1f. For SO2, the average
concentrations in summer and winter were far below the 24 h mean of 40 µg m−3. This
shows that there are more significant sources of NO2 in the study site than SO2. Therefore,
the area’s dominant combustion sources of emissions are mobile sources rather than power
plants [17,18].

https://oehha.ca.gov/
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3.1. TSP Concentrations during Summer and Winter

In summer, the TSP concentrations in the four sampling locations ranged from 17 to
55 µg m−3, as indicated in Figure 2a. On 23 August, a combination of unusual meteorologi-
cal parameters and surface properties of the background soil and raw material piles at the
steel company’s administration building caused a TSP concentration of 315 µg m−3, which
was treated as an outlier. Consequently, median concentrations for all investigations were
adopted to represent the TSP concentrations. Overall, the steel company’s building had the
highest TSP concentrations on all sampling dates, and the public library had the lowest
TSP concentration of 17 µg m−3 on 23 August. Primarily low TSP concentrations were due
to the adequate mixing of ambient air in a high boundary layer caused by high ambient air
temperatures and solar radiation in summer.

Figure 2. The concentrations of TSP in the steel company’s administration building, elementary
school A, elementary school B, and the public library for (a) summer and (b) winter.
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During winter, the TSP concentrations in the four sampling locations ranged from
108 to 155 µg m−3, where elementary school B had the highest TSP concentration, as seen
in Table 1. This phenomenon can be attributed to the northerly and north-western winds
blowing from the raw material storage piles. The range of TSP concentrations in summer
was narrower than in winter due to the intensity of mixing in the atmosphere. The western,
southern, and southeastern sides of the bulk materials storage site had a dust screen. How-
ever, this significantly reduced the TSP concentrations in elementary schools A and B and
the public library in summer only, where the relative TSP reductions were 25.5% and 21.3%,
respectively. In winter, northerly winds dominated, causing higher TSP concentrations
in elementary schools A and B compared to the steel company’s administration building
because of high density and shorter diffusion distances from the zones of resuspension raw
material piles. Due to the change in the prevailing wind direction in winter, TSP mainly
accumulated on the south and southeast sides of the plant area.

Table 1. Median TSP concentrations at the four sampling points.

Sampling Point
Median TSP Concentration (µg m−3)

Summer Winter

Stee company’s
administration building 47 111

Elementary school A 35 120
Elementary school B 37 134
Public library 25 114

3.2. Model Predictions of TSP Concentrations

Prevailing meteorological conditions, including temperature, wind, and precipitation,
determine the fate of TSP, especially transport, dispersion, and removal. Temperature and
wind affect the height of the boundary layer, circulation, and the extent of TSP dilution [19].
Wind speed and dominant wind direction affect their resuspension, redistribution, and
consequently, their ambient air concentrations [3]. The wind rose maps in Figure 1b show a
predominant westerly wind blowing from the seaside in the summer, except for 23 August,
where high-speed southeasterly winds occurred. On the other hand, low-speed northerly
and north-westerly winds were dominant in winter, as indicated in Figure 1b.

The multivariate regression analysis for temperature, wind speed, and rainfall fre-
quency with TSP are presented in Figure 3, where their respective p values are p = 0.005,
p = 0.049, and p = 0.046. This implies that the three independent variables can effectively
predict the concentrations of TSP. Vertical mixing is a function of thermal turbulence and
the depth of the surface mixing layer. Approximations of the mixing boundary layer using
routinely measured parameters such as temperature, wind direction, and wind speed
indicate a lower and more stable mixing height in winter than in summer [20,21]. This
implies that the clearance of high- and ground-level TSP concentrations are most effective in
summer and least effective in winter. Furthermore, summer has more robust and frequent
deposition mechanisms such as precipitation and winds to wash out or disperse TSPs,
as seen in Figure S1b,c. The dispersion of TSP to higher heights due to mixing lowers
their concentrations on the breathable and ground level. Predictions from the multivariate
analysis are supported by the TSP concentrations observed for this investigation, as seen
in Figure 3. However, in the presence of TSP sources upstream, intense winds can cause
resuspension and dispersion to downwind regions, just like the case of the outlier found in
this investigation.



Atmosphere 2022, 13, 1937 8 of 15

Figure 3. Regression curves for (a) temperature and wind speed, (b) frequency of rainfall occurrence.
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3.3. Relationship between TSP Concentrations and Those of Other Co-Pollutants

Among the usual co-pollutants, CO, NO2, and NOX had a strong correlation with
TSP concentration, as indicated by the Pearson correlation values of 0.87, 0.86, and 0.77,
respectively, presented in Figure 4a,c,d. The weak relationship between SO2 and TSP
concentrations, represented by the Pearson correlation value of 0.2 seen in Figure 4b, rules
out their co-emission from primary sources, including burning fossil fuels and smelting
sulfur-containing iron. This implies that the CO, NOX, and TSP are co-pollutants from
specific emission sources in the study area. The regression of the TSP and NOx family,
herein including NO, N2O, N2O2, N2O3, N2O4, and N2O5 had a Pearson r value of 0.77
as seen in Figure 4d. In the atmosphere, NO2 and the rest of the NOx undergo similar
atmospheric conversions involving dissolution in atmospheric water and decomposition
to form nitric and nitrous acids [22]. Nitrite and nitrate salts, essential components of
atmospheric PM, are formed after these acids’ neutralization. Since NO2 is the most
significant proportion of NOx in the atmosphere, it is the primary source of nitrates in TSP,
and their correlation indicates their joint emissions from primary combustion processes.

Figure 4. Pearson correlation values for (a) CO, (b) SO2, (c) NO2, and (d) NOX concentrations with
the average TSP concentrations.

In scenarios where combustion processes are the primary emission sources for TSP,
all Pearson correlations of SO2, NO2, and CO concentrations with TSP concentration
are usually strong, for instance, in the case of Erzurum Turkey [12]. Therefore, the weak
correlation of SO2 with TSP concentrations seen in Figure 4b rules out combustion processes
in power plants as the dominant sources of TSP in the study area. However, the strong
correlation between CO, NO2, and NOX with TSP concentrations indicate that the region is
characterized by substantial pollution from mobile sources [23,24].
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3.4. Chemical Compositions of TSP

The mass concentrations of different water-soluble ions are the most critical compo-
nent for TSP, while the concentrations of metals were the most trivial for all seasons, as
summarized in Table 2. Specifically, the major components of TSP are SO4

2−, NO3
−, NH4

−,
NaCl, black carbon, mineral dust, and water. The seasonal speciation of TSP at the four sites
are presented in Table 3, and Figures 5 and 6, where the concentrations of TSP elements
during winter exceed those of summer for all sampling locations. The metal composition
indicates the contribution of the bulk material storage piles and the effect of wind and
other meteorological factors on resuspension. The water-soluble ions had the largest mass;
the averages in summer and winter were 23.28 ± 6 µg m−3 and 42.58 ± 4.41 µg m−3, re-
spectively. The concentrations of individual water-soluble ions are presented in Figure 5,
where the most critical components during summer and winter are SO4

2− and NO3
−,

respectively. In summer, the concentration for SO4
2− exceeded 10.5 µg m−3 in all sampling

locations except the public library, while in winter, it fell below 10.2 µg m−3 for all sampling
locations. Among the water-soluble ions, the seasonal variations in NO3

−, are the most out-
standing due to its role in atmospheric conversions of other atmospheric species. Among
all water-soluble ions, SO4

2−, NO3
−, NH4

+, Na+, Cl−, and Ca2+ had the most significant
contribution in the total mass concentrations, as seen in Figure 5. The concentration of
NH4

+ in winter exceeded that of summer for all sites. This is contrary to the phenomenon
of PM2.5 reported by Mutuku, Lee [14]. The predominance of SO4

2− and NO3
− implies

that a greater mass of TSP has an anthropogenic origin.

Table 2. Seasonal concentrations of metal elements, water soluble ions, and total carbon content.

Mass Concentrations of Chemical Groups (µg m−3)

Metal Elements Water Soluble Ions Total Carbon Content

Summer Winter Summer Winter Summer Winter

Steel company’s Admin. building 6.66 10.36 29.80 41.40 5.85 19.28
Elementary school A 3.55 11.31 22.21 40.43 6.22 16.54
Elementary school B 6.01 12.67 25.53 49.07 6.17 16.82
Public library 3.10 8.86 15.60 39.40 6.89 16.99
Mean 4.83 10.80 23.28 42.58 6.28 17.41
Std dev. 1.77 0.80 5.99 4.41 0.44 1.26

Note: Admin. represents administration. Std dev. represents standard deviation.

Metal elements in summer and winter had an average of 4.83 ± 1.77 µg m−3 and
10.80 ± 1.61 µg m−3. The metal elements of natural origin, including Na, Mg, Al, Si, K, Ca,
and Fe dominated the profile, as seen in Table S1. TSP lacked Na content for summer. A
similar finding was reported in a study by Hueglin, Gehrig [25], where the concentrations in
summer were the least. There were significant differences in the profile for metal emissions
from natural sources; in summer, Mg had the highest concentration, while in winter, Na
and Fe had the highest concentrations due to sea salt droplets and resuspension from
the surface of iron piles. Among the metal elements of anthropogenic origin, Mn, Cu,
Zn, and Pb had the highest concentrations for all investigated sites. The steel company’s
administration building had the highest Pb content in summer, as indicated in Table S1, due
to emissions from mobile sources and a nearby refinery [26]. This is critical since dermal
and inhalation exposure to Pb poses a carcinogenic risk. The concentration of the rest of
the metal elements with anthropogenic origins was insignificant for both seasons, as seen
in Table S1. Overall, the total concentrations of metal elements in summer exceeded winter
due to lower dilution rates of pollutants in the ambient air. The ferromanganese (Fe-Mn),
ferrosilicon (Fe-Si), and aluminum applied in the manufacture of steel and the Si-, K-, Mn-,
and Mg-rich crust surrounding the steel plant cause high concentrations of these metal
elements in TSP. Zn, a dominant metal of anthropogenic origin is emitted by mobile sources.
Previous investigations indicate that the bioaccessibility of Zn, Mn, and Pb exceeds that of
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other metalloids [27]. Therefore, mitigation measures for lowering the emission of these
dangerous pollutants are necessary.

Figure 5. Percentage of water-soluble ions in TSP for winter and summer and at the steel company’s
administration building, elementary school A, elementary school B, and public library.

Carbonaceous aerosols form an essential portion of ambient air PM and play a critical
role in atmospheric chemistry and respiratory health. The average total carbon concentra-
tions in summer and winter were 6.28 ± 0.44 µg m−3 and 17.40 ± 16.9 µg m−3, respectively.
The average mass concentrations of EC and OC in the atmospheric TSP for the summer and
winter seasons are 5.34 µg m−3 and 0.95 µg m−3, while those for winter are 10.22 µg m−3

and 7.18 µg m−3, respectively. The range of TC for winter exceeded that for summer due
to the varying emission sources in the two seasons. EC results from the incomplete com-
bustion of fuels, while the degradation of carbonaceous materials forms OC. Since OC is
the dominant portion of TC, it implies the dominance of degradation of carbon-containing
materials in the surrounding steel plant as the primary sources of carbon-based aerosols.
This is contrary to the findings in research involving PM2.5, where EC was dominant [14].
The mass of organic carbon exceeded that of elemental carbon for all samples, as seen in
Figure 6. Subsequently, the median of the OC

EC ratio for TSP is 6.9 in summer and 1.4 in
winter, indicating a high secondary organic aersosl (SOA) formation potential for both
seasons; this is contrary to a previous study on TSP emissions from wood combustion,
where the OC/EC ratio was about 0.31 [28]. The OC

EC is peculiarly high for the elementary
schools, indicating that the degradation of carbon-containing materials in the school is
the main source of carbon in summer. There are significant positive correlations between
TSP concentrations and the four compositions. Specifically, the Pearson correlations and
p-values for metal elements, water-soluble ions, elemental carbon, and organic carbon
are (r = 0.95, p < 0.001), (r =0.96, p < 0.001), (r = 0.95, p < 0.001), and (r = 0.8, p = 0.02),
respectively, as indicated in Table S3. The lower r value of TSP vs. organic carbon indicates
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less TSP emissions from the combustion of organic material, evaporation of fuels, and pr
natural emission of VOCs [29].

Figure 6. Mass of elemental and organic carbon in TSP and the ratios of OC/EC at the steel company
administration building, elementary school A, elementary school B and public library during summer
and winter.

3.5. Health Risk Assessment of the Potentially Toxic Elements in TSP

The health hazards due to occupational exposure to potentially toxic metal elements
(PTEs) in TSP are evaluated, where the reference doses (RfD), cancer slope factors (CSF),
and incremental lifetime cancer risk (ILCR) are presented in Table 3. The ILCR posed by
chromium exceeds 1 × 10−4 and, therefore, is significant and calls for control measures.
On the other hand, an insignificant cancer risk is posed by Co, Ni, As, and Pb, where the
ILCR is mostly below 1 × 10−6. All metal elements’ chronic daily occupational exposure
levels were below the reference doses except for Cu and Zn. Since these metal elements
are associated with combustion processes during road transport, incineration, and metal
smelting, proper air pollution control applications could control their emissions. Other
potential risk management options include setting up outdoor screens around the raw
material storage site, installing wetting mechanisms to suppress TSP resuspension, and
applying protective wear, such as surgical face masks.
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Table 3. Incremental lifetime cancer risk (ILCR) and reference doses for chronic (70-year average)
daily intake.

Metal
Elements

CSF (mg
kg-day−1)−1

RfD (mg
kg-day−1)−1

Incremental Lifetime Cancer Risk (ILCR)

Summer Winter

Site 1 Site 2 Site 3 Site 4 Average
for Summer Site 1 Site 2 Site 3 Site 4 Average

for Winter

Cr 5.10 × 102 3.00 × 10−5 6.01 × 10−4 1.68 × 10−4 1.91 × 10−4 1.79 × 10−4 2.85 × 10−4 6.93 × 10−4 6.51 × 10−4 7.89 × 10−4 7.09 × 10−4 7.11 × 10−4

Co 2.70 × 101 5.70 × 10−6 3.61 × 10−7 5.02 × 10−7 4.55 × 10−7 3.72 × 10−7 4.22 × 10−7 4.34 × 10−6 3.97 × 10−6 3.89 × 10−6 3.92 × 10−6 4.03 × 10−6

Ni 6.60 × 10−3 9.80 × 10−2 6.14 × 10−9 3.37 × 10−9 2.72 × 10−9 2.39 × 10−9 3.65 × 10−9 1.34 × 10−8 1.87 × 10−8 1.45 × 10−8 9.22 × 10−9 1.39 × 10−8

As 1.20 × 101 3.30 × 10−2 1.74 × 10−6 7.62 × 10−7 4.81 × 10−7 4.67 × 10−7 8.64 × 10−7 3.89 × 10−6 3.98 × 10−6 3.78 × 10−6 4.25 × 10−6 3.98 × 10−6

Pb 4.20 × 10−2 5.60 × 10−2 1.22 × 10−7 2.09 × 10−8 1.92 × 10−8 2.22 × 10−8 4.60 × 10−8 1.81 × 10−7 1.64 × 10−7 1.98 × 10−7 2.67 × 10−7 2.03 × 10−7

Mn - 1.43 × 10−5

Cu - 1.95 × 10−7

Zn - 2.40 × 10−8

Note: Site 1 refers to the steel company’s administration building. Site 2 refers to elementary school A. Site 3
refers to elementary school B. Site 4 refers to the public library.

4. Conclusions

Field measurements and laboratory investigations for TSP concentrations and their
compositions were conducted for emissions near a steel plant’s raw material storage site
during summer and winter. Thereafter, a TSP prediction model was built based on the
prevailing meteorological conditions, including ambient air temperature, wind speed,
and rainfall frequency. p values from the model indicated acceptable levels of accuracy.
Overall, winter had the highest concentrations because of stable meteorological parameters
for surface growth, coagulation, and the low redistribution of PM in the atmosphere.
Furthermore, the Pearson correlation was developed between TSP concentrations and
other primary pollutants, where a strong correlation between CO, NO2, and NOX with TSP
suggests that the region is characterized by substantial pollution from mobile sources. On
the other hand, the weak correlation of SO2 with TSP concentrations rules out combustion
processes in power plants as dominant sources of TSP in the study area. Overall chemical
compositions suggest that the bulk material storage site is the chief source of TSP. Among
the TSP composition, the abundance of SO4

2− and NO3
− ions implies the dominance of

anthropogenic sources. Although metal elements of natural origin dominated the profile for
metal elements, the presence of Mn, Cu, Zn, and Pb indicated the influence of anthropogenic
activities. In the total carbon content, OC was the main component, demonstrating the
impact of the degradation of carbon-containing materials in the steel plant’s surroundings.
From the health risk assessment, a significant cancer risk is posed by chromium, while that
of other metal elements, including Co, Ni, As, and Pb, are insignificant. Additionally, all
metal elements’ chronic daily occupational exposure levels were below the reference daily
doses, except for Cu and Zn.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/atmos13111937/s1, Figure S1: Diurnal variations in (a) temperature,
(b) wind speed, (c) rainfal occurrence frequency, and concentrations of (d) CO, (e) NOx, (f) NO2,
and SO2 for summer and winter for Xiaogang and Daliao meteorological and air quality monitoring
stations; Table S1: Metal composition in suspended TSP at the steel company’s administration
building, elementary school A, elementary school B, and public library in summer and winter;
Table S2: Chronic Daily Occupational Exposure to Potentially toxic elements contained in TSP at
the steel company’s administration building, elementary school A, elementary school B, and public
library in summer and winter; and Table S3: Pearson r correlation values between Average TSP
concentrations and the metal elements, water-soluble ions, elemental and organic carbon.
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