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Abstract Estimating the atmospheric concentrations of
PM, o-bounded selected metals in urban air is crucial for eval-
uating adverse health impacts. In the current study, a combi-
nation of measurements and multivariate statistical tools was
used to investigate the influence of anthropogenic activities on
variations in the contents of 18 metals (i.e., Al, Sc, V, Cr, Mn,
Fe, Co, Ni, Cu, Zn, As, Se, Cd, Sb, Ba, La, Ce and Pb) in
ambient air. The concentrations of PM; o-bounded metals were
measured simultaneously at eight air quality observatory sites
during a half-year period at heavily trafficked roads and in
urban residential zones in Bangkok, Thailand. Although the
daily average concentrations of Al, V, Cr, Mn and Fe were
almost equivalent to those of other urban cities around the
world, the contents of the majority of the selected metals were
much lower than the existing ambient air quality guidelines
and standard limit values. The sequence of average values of
selected metals followed the order of AI>Fe>Zn>Cu>Pb>
Mn>Ba>V>Sb>Ni>As>Cr>Cd>Se>Ce>La>Co>Sc.
The probability distribution function (PDF) plots showed
sharp symmetrical bell-shaped curves in V and Cr, indicating
that crustal emissions are the predominant sources of these
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two elements in PM;q. The comparatively low coefficients
of divergence (COD) that were found in the majority of sam-
ples highlight that site-specific effects are of minor impor-
tance. A principal component analysis (PCA) revealed that
37.74, 13.51 and 11.32 % of the total variances represent
crustal emissions, vehicular exhausts and the wear and tear
of brakes and tires, respectively.

Keywords Metals - PM - Multivariate statistics -
Enrichment factor - Bangkok

Introduction

During the past few years, there have been significant con-
cerns over various potential adverse health effects of enhanced
PM levels in the urban atmosphere, which are mainly asso-
ciated with anthropogenic activities. One of the many crucial
aspects of the PM;, study in ambient air is predominantly
related to its mutagenicity and carcinogenicity (Pongpiachan
2013a, b; Pongpiachan et al. 2013, 2015a, b). Another inter-
esting issue is deeply connected to the chemical compositions
of metals in PM,,. Previous studies have indicated that the
majority of metals favourably existed in finer particles be-
cause they possess lower densities and a larger surface area
per volume unit and organic matter content (Charlesworth
et al. 2003; Madrid et al. 2008; Yatkin and Bayram 2008a,
b). Several studies have highlighted the adverse health im-
pacts of exposure to ambient metals, such as lead (Rosen
1995). mercury (Ratcliffe et al. 1996). cadmium (Yang et al.
2014). chromium (Berardi et al. 2015). arsenic (Wang et al.
2014a, b) and vanadium (Zwolak 2014).

There is no current comprehensive study focusing on the
PM, g-bounded heavy metals or a calculation of the enrich-
ment factors in the urban atmosphere of Bangkok.
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Meanwhile, the majority of studies have highlighted the health
risk assessment of total suspended particles (TSP) collected
from a few air quality observatory sites in developed coun-
tries, but there is a lack of information on the metals in PM;,
collected simultaneously from multiple locations, particularly
in Southeast Asian countries, which poses a greater health risk
to residents. Consequently, it would be valuable to observe a
series of data sources on the representative urban emissions of
metals; this information would be crucial for the Pollution
Control Department (PCD) to develop relevant air quality
standards and for the scientific community to accumulate ad-
equate baseline data for worldwide cities.

The main purpose of this study was to assess both
the temporal and spatial distribution characteristics of
selected metals in PM;, collected from multiple PCD
air quality observatory sites to evaluate their behaviour
in Bangkok. In addition, the strength of crustal and non-
crustal sources was carefully evaluated by applying the
concept of enrichment factors coupled with statistical
methods based on Pearson correlation coefficients, hier-
archical cluster analysis (HCA) and principal component
analysis (PCA) for determining and distinguishing the
pollution sources and their contribution. Particulate
metals have both natural sources and anthropogenic
sources. Since the metal compositions of the two major
sources (i.e. anthropogenic and natural sources) overlap,
the impact of anthropogenic metals in the environment
must be both quantitatively and qualitatively evaluated
against a dynamic background of natural metals. This
can be conducted by using numerous combinations of
statistical techniques. For statistical treatment, multivar-
iate statistical methods such as HCA and PCA are
employed for the purpose of source apportionment. In
this study, HCA was conducted for the qualitative clas-
sification of sources with the agglomerative hierarchical
clustering method and the squared euclidean distance. In
addition, the standardisation was not conducted for this
study since standardisation is not always appropriate
prior to the clustering (Milligan and Cooper 1987).
PCA was performed with the Varimax rotation (only
factors with eigenvalues >1) to quantitatively categorise
a large number of emission sources into five principal
components (PCs).

Materials and methods

Description of the air quality observatory sites and PM;,
sample collection

In this study, eight air quality observatory sites, namely

Klongchan National Housing Authority (KHA; 13° 49’
11.761" N 100° 34’ 33.190" E), Nonsreewitayakom High
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School (NWS; 13° 42’ 28.937” N 100° 32’ 50.443" E),
Singharaj Pitayakhom High School (SPS), Huakwang
National Housing Authority (HHA; 13° 46’ 41.720" N 100°
34" 06.760" E), Thonburi Power Substation (TPS; 13° 43’
39.205” N 100° 29’ 11.776" E), Chokchai 4 Police Box
(CPB; 13° 47’ 33.474" N 100° 35’ 45.879" E), Dindang
National Housing Authority (DHA; 13° 46’ 59.544" N 100°
32'25.618" E) and Badindecha High School (BHS; 13° 46
10.745" N 100° 36’ 52.433" E), were carefully chosen for the
investigation of selected metals in PM;, (see Fig. 1). It is
notable and should be underlined that CPB, DHA and TPS
were positioned near traffic routes, while KHA, NWS, HHA,
SPS and BHS were located at the residential zones. Therefore,
CPB, DHA, TPS and KHA, as well as NWS, HHA, SPS and
BHS can be considered representatives of “vehicular ex-
hausts” and “urban residential background”, respectively.
Air sampling was conducted in 24-h periods at all air quality
sites simultaneously once every month from January to June
2008 constructing a database of 48 individual air samples (i.e.
6x8=48). Graseby-Anderson high-volume air samplers TE-
6001 were used to achieve unmanned 24-h samplings for
PMj,. A total of 48 air samples were acquired using high-
volume-yielding sample volumes of approximately 1632 m’
for each 24-h sample. PM;, were collected on 20x25-cm
Whatman glass fibre filters (GFFs) at a flow rate of approxi-
mately 1.133 m® min~' (i.e. 40 cfi). A more comprehensive
explanation of the air sampling method was given in
“Compendium Method 10-2.2. Sampling of ambient air for
PM, o using an Andersen Dichotomous Sampler”. In addition,
all of the information of 11 meteorological parameters was
provided by PCD, and the abbreviations, namely Rain, CO,
WS, SO,, O3, NO,, T, RH, Rad, WD and P, represent preci-
pitation, carbon monoxide, wind speed, sulphur dioxide,
ozone, nitrogen dioxide, ambient temperature, relative humi-
dity, solar radiation, wind direction and atmospheric pressure,
respectively.

Analysis of selected metals

Sample preparation and analytical procedure were described
in detail in the previous studies (lijima et al. 2009, 2010).
Briefly, sample-loaded filters were placed into PTFE vessels
and digested in a mixture of 2 mL of hydrofluoric acid (50 %
atomic absorption spectrometry grade; Kanto Chemical Co.
Inc.), 3 mL of nitric acid (60 % electronic laboratory grade;
Kanto Chemical Co. Inc.) and 1 mL of hydrogen peroxide
(30 % atomic absorption spectrometry grade; Kanto
Chemical Co. Inc.) in a microwave digestion system
(Multiwave; Anton Parr GmbH). The microwave oven was
operated under the condition of 700 W for 10 min and 1000 W
for a further 10 min. Hydrofluoric acid was evaporated by
heating the sample solutions at 200 °C on a hot plate. The
digested solutions were further diluted with 0.1 mol L™" nitric
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Fig. 1 A map of eight air quality observatory sites in Bangkok

acid (prepared from 60 % nitric acid) and added to obtain a
50-mL sample. The concentrations of Al, Sc, V, Cr, Mn, Co,
Ni, Cu, Zn, As, Se, Cd, Sb, Ba, La, Ce and Pb were deter-
mined by inductively coupled plasma mass spectrometry
(Agilent 7500cx, Agilent Technologies Inc.). All the analyti-
cal procedures were validated by using the standard reference
material (SRM) 1648 (urban particulate matter) that was pre-
pared by the US National Institute of Standard and
Technology (NIST). The analytical results were in good
agreement with the certified or reference values.

Statistical analysis

In an attempt to evaluate the fate of trace metals as measured
in PM;, an analysis of variance (ANOVA), hierarchical clus-
ter analysis (HCA) and principal component analysis (PCA)
with Varimax rotation (v. 13.0 SPSS Inc., Chicago, IL, USA)
were performed on the dataset. PCA has been used extensive-
ly in receptor modelling to classify the main potential source
categories influencing a provided receptor site. This statistical
analysis functions on sample-to-sample variations of the nor-
malised atmospheric concentrations. PCA does not straight-
forwardly gain concentrations of selected metals from numer-
ous potential sources but ascertains a minimum number of
common factors whose variance often explains most of the
variance in the species.

Results and discussion

Comparison of PM,;,-bounded selected metal
concentrations

The 24-h concentrations of particulate Al, Sc, V, Cr, Mn, Fe,
Co, Ni, Cu, Zn, As, Se, Cd, Sb, Ba, La, Ce and Pb are listed in
Table 1. In general, all of the concentrations of selected metals
were above the detection limit. Atmospheric Al had the
highest daily average concentration of 1047+785 ng m >,
with concentrations ranging between 193 and 2946 ng m >,
Fe was the second most abundant species in the atmosphere,
with a daily average concentration of 951+572 ng m . The
atmospheric concentrations of Zn ranged between 39 and
930 ng m . Cu, Pb and Mn also had comparatively high
concentrations in the atmosphere, with daily average levels
0f98.6+57.8, 53.5+50.8 and 35.3+£26.0 ng m °, respectively.
The maximum concentration that was recorded for Cu was
295 ng m >, while Pb had a maximum level of 253 ng m ™",
Sc presented the lowest atmospheric concentrations, reaching
an average concentration that was 5817 times lower than that
of Al and 5283 times lower than that of Fe. Co presented
similarly low concentrations. To globally evaluate the PM -
bounded selected metal concentrations as measured in
Bangkok, the statistical descriptions of the 18 selected metals
of the present study were compared with a selection of previ-
ous studies in similar environments (see Table 1). Despite
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Table 1  Statistical description of PMjo-bound heavy metals (ng m )

Annual standard limit This study Spain® Korea® China® Brazil? Ttaly® Denmark” Sweden®
Zaragoza Rl R2 R3 Baoshan Putuo Bonsucesso  Botafogo BD ID GG DB Odense Tange Stockholm
Aver Stdev.  Aver Stdev Aver Aver Aver Aver Stdev Aver Stdev Aver Stdev Aver Stdev Aver Aver Aver Aver Aver  Aver Aver Stdev
Al 1047 785 2690 3180 N.A. N.A. N.A. 3712 2315 3115 3232 N.A. NA. NA. NA. 1132 757 455 940 N.A. NA. NA. NA
Sc 0.180  0.159 N.A. N.A. NA NA. NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA
vV 1000 7.09 314 656 9.17 NA. N.A. NA. NA. NA. NA NA. 587 004 150 0.01 10 22 17 22 50 2.8 1.6 1.6
Cr 25x10™ 5.73 327 770 494 141 49 101 56 0.044 22 0015 241 02 048 0.01 31 39 49 93 44 0.5 23 21
Mn 150" 353 260 247 164 86.0 36.1 522 189 0.140 92  0.058 37.7 0.1 124 02 6.6 93 81 18 198 5.4 55 4.0
Fe 951 572 666 396 2574 755 1235 6827 3.910 2660 3.49 2363 29 115 10 298 299 328 827 640 140  N.A. NA.
Co 0.406  0.454 0.128 0331 N.A. N.A. N.A. NAA. NA. NA. NA. 040 0.02 0.091 0002 02 03 02 03 NA. NA 015 0.11
Ni 20" 6.46 6.01 0833 122 166 6.8 113 32 0.029 11  0.012 356 007 035 002 46 37 43 8 2.7 12 23 19
Cu 98.6 57.8 228 106 205 125 226 41 0.024 22 0011 576 02 106 04 99 24 34 83 204 1.8 77 69
Zn 236 144 212 220 N.A. N.A. N.A. 590 0415 303 0.177 115 1 46 2 17 35 45 60 474 160 17 15
As 6" 6.12 459 NA. NA. NA NA NA NA NA NA NA NA NA NA NA 18 18 13 14 12 0.9 0.88 0.92
Se 2.66 271 N.A. NA. NA. NA NA NA NA NA NA NA NA NA NA NA NA NA NA 07 0.5 N.A. NA.
cd st 416 198 NA. NA. 46 12 55 3 0.003 2 0.001 0.54 0.02 0.10 0.05 N.A. NA. NA. NA. 0.6 0.3 0.11 0.09
Sb 6.73 6.14 N.A. NA NA. NA NA NA NA NA NA NA NA NA NA 33 67 74 19 56 0.7 22 1.7
Ba 34.6 272 33.1 388 NA. NA NA NA NA NA NA NA NA NA NA 23 22 25 43 NA. NA NA NA
La 0.683  0.522 N.A. N.A. NA NA. NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA
Ce 1.37 .12 N.A. N.A. NA. NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA
Pb 500%“‘k 53.5 508 187 256 110 47.1 593 137 0.117 71 0069 188 02 205 009 98 20 18 17 157 7.6 34 31
150

#Lopez et al. (2005)

Lee et al. (2006) (RI Seoul, Incheon, Suwon, R2 Deajon, Jeonju, Kwangju, R3 Deagu, Ulsan, Pusan)
¢ Wang et al. (2013)

9Silva et al. (2015)

¢ Dongarra et al. (2007) (BD Boccadifalco, ID Indipendenza, GC Giulio Cesare, DB Di Blasi)
TKemp (2002)

¢ Johansson et al. (2009)

" European Commission Air Quality Standards

'WHO air quality guidelines for Europe

I National Ambient Air Quality Standards of the US Environmental Protection Agency
¥National Air Quality Act of the South African Department of Environmental Affairs
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some discrepancies with the PM;, monitoring periods and
frequencies, it appears reasonable to contextualise the selected
metal concentrations as measured at PCD air quality observa-
tory sites in Bangkok. As indicated in Table 1, the daily aver-
age concentrations of Al, V, Cr, Mn and Fe were comparable
with those of Boccadifalco (Dongarra et al. 2007). Zaragoza
(Lopez et al. 2005). Odense (Kemp 2002). Deajon, Jeonju and
Kwangju (Lee et al. 2006). and Di Blasi (Dongarra et al.
2007). respectively. In addition, the daily average concentra-
tions of V, Cr, Mn, Ni and Pb were much lower than the
existing ambient air quality guidelines and standard limit
values for trace metal species (the WHO air quality guidelines
for Europe, the European Commission Air Quality Standards,
the National Ambient Air Quality Standards of the US EPA
and the National Air Quality Act of the South African
Department of Environmental Affairs) European Commission
Air Quality Standards (2012).

Pearson correlation analysis

The average values of the selected trace elements analysed
followed the order Al>Fe>Zn>Cu>Pb>Mn>Ba>V>Sb>
Ni>As>Cr>Cd>Se>Ce>La>Co>Sc. The three maximum
concentrations that were obtained from this study (i.e. Al, Fe
and Zn) were similar to those of Zaragoza (Lopez et al. 2005).
Boccadifalco, Indipendenza, Giulio Cesare and Di Blasi
(Dongarra et al. 2007) but different from those of Baoshan
(Wang et al. 2013). Several trace elements that were obtained
from this study were primarily associated with the unique geo-
graphic location of Bangkok specifically and to the Chao Phraya
Delta in general. While Al, Sc, V, Mn, Fe, As and Ba are plau-
sibly from the impact of the closeness of the Asian continent and
the crustal elements, Cr, Co, Ni, Cu, Zn and Cd are believed to
be from anthropogenic inputs, mainly vehicular exhausts. This
data interpretation is based on a detailed investigation of air-
borne trace metals and their potential major sources at Lhasa,
the largest city in the Tibetan Plateau (Cong et al. 2011).
Selected elements in the studied area followed a decreasing
order of Fe>Zn>Cu>Cd, which was also consistent with a
previous study of surface dust samples that were collected from
the walls of residential buildings in Phitsanulok, Thailand
(Srithawirat and Latif 2015). highlighting the fact that these four
elements were predominantly associated with elemental crust.
In general, a high correlation coefficient between Fe and Zn
indicates pollution emissions associated with human activi-
ties, incineration, imperfect combustion of hydrocarbon fuels
or merely from natural sources (Gao et al. 2002). Because the
correlation coefficient of these two elements was comparative-
ly low (R=0.20), it appears reasonable to consider geograph-
ical input as a major source of Fe and Zn (Table 2). This
interpretation agrees well with the relatively high positive cor-
relation coefficients of Fe—Al (R=0.95), Fe—Sc (R=0.95), Fe—
Cr (R=0.81), Fe-As (R=0.91), Fe-Ba (R=0.71) and Fe-Mn

(R=0.97), indicating the predominance of crustal emissions
on these elements over other sources (Table 2). In addition,
the weak correlation coefficients of Ni-Pb (R=-0.08), Ni-Cr
(R=-0.03) and Ni-Fe (R=-0.23) indicate that industrial ac-
tivities are of minor importance because these metals are
chemical markers of industrial emissions (Begum et al.
2004; Song et al. 2006; Yatkin and Bayram 2008a, b).

Spatial and temporal distribution of selected metals

To evaluate the spatial and temporal distribution of selected
metals, the probability distribution function (PDF) was ap-
plied to all samples collected from the eight air quality obser-
vatory sites from January to June 2008, as previously men-
tioned in “Description of the air quality observatory sites and
PM, o sample collection”. The PDF is a function that describes
the relative probability of this random variable taking on a
provided value. The probability of a random variable falling
within a particular region is given by the Gaussian distribu-
tion, which can be described as follows:

r o 127rexp< (201;) ) (1)

where y, o, o’ , v and x represent the PDF, standard deviation,
variance, average and atmospheric concentration of each se-
lected metal, respectively. As a part of the analysis of random
phenomena, skewness was used to measure the asymmetry of
the probability distribution of selected metals in PM . In the
case of unimodal distribution, negative skew suggests that the
tail on the left site of the PDF is longer than the right side
indicating that the mass of the distribution is concentrated on
the right of the figure. If the mean of the selected metal con-
centrations is greater than the middle, the graph will be nega-
tive skew. This can be explained by several reasons such as
unusually high level of selected metals from long-range trans-
portation or accidental explosions (i.e. only few samples with
unexpectedly high concentrations). On the contrary, positive
skew underlines that the tail on the right side is longer than the
left side. In other words, the mass of the distribution is con-
centrated on the left of the figure. This will happen when the
mean of the selected metal concentrations is less than its own
middle. A temporary low level of selected metals may respon-
sible for this phenomena. If the mean is in the middle, it
appears more likely to have a figure of symmetrical
Gaussian distribution. This represents a conventional normal
distribution without any interruptions from other extreme
events (e.g. accidental explosions or long-range
transportation).

As clearly illustrated in Fig. 3, some characteristic features
can be extracted directly from the original images. First, a
sharp symmetrical bell-shaped curve was detected for V and
Cr. Because the observed values of the parameter are more
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Fig. 2 Statistical descriptions of 18 selected metals collected from eight air quality observatory sites in Bangkok from January to June 2008
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Fig. 3 Probability distribution function of 18 selected metals collected from eight air quality observatory sites in Bangkok from January to June 2008
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Table 3 COD values between individual pairs of sampling sites computed individually for each element employing the entire data set for monthly

concentrations

Al Sc \% Cr Mn Fe Co Ni

Cu Zn As Se Cd Sb Ba La Ce Pb

BHS-KHA  0.16 020 0.19 034 0.06 0.09 064 059
BHS-HHA 021 027 021 027 014 016 0.66 046
BHS-NWS 031 036 030 033 022 026 067 049
BHS-SPS 015 029 039 040 036 021 054 055
BHS-TPS 044 049 037 045 038 042 073 054
BHS-DHA 039 045 021 041 034 041 063 0.52
BHS-CPB 027 028 028 025 020 028 051 046
KHA-HHA 0.13 0.18 021 040 0.11 011 0.70 0.61
KHA-NWS 024 035 035 042 022 023 075 059
KHA-SPS 017 033 036 048 038 021 076 0.62
KHA-TPS 042 050 040 055 038 042 081 0.67
KHA-DHA 034 046 025 048 033 039 070 0.62
KHA-CPB 022 027 029 037 0.9 026 074 0.71
HHA-NWS 021 029 023 0.18 0.19 022 052 0.20
HHA-SPS 013 028 029 021 035 016 053 022
HHA-TPS 041 050 026 039 036 038 048 024
HHA-DHA 034 045 0.16 041 031 037 055 047
HHA-CPB 021 023 026 027 0.15 024 047 047
NWS-SPS 024 042 031 024 035 018 061 023
NWS-TPS 036 045 022 037 029 028 064 025
NWS-DHA 025 035 021 031 026 021 056 046
NWS-CPB  0.13 0.16 030 028 0.18 0.11 053 053
SPS-TPS 042 059 035 044 044 035 064 028
SPS-DHA 038 052 024 047 037 034 0.64 049
SPS-CPB 024 036 045 032 029 017 044 052
TPS-DHA 024 033 024 033 0.19 020 054 047
TPS-CPB 042 049 027 040 034 031 054 045
DHA-CPB 032 038 028 034 023 024 042 0.56
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0.29
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0.51
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0.44
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0.31
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0.48
0.42
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0.47
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0.36
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0.31
0.24
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0.39
0.57
0.25
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0.37
0.56
0.22
0.12
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0.61
0.47
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0.60
0.29

concentrated in the middle than in the tails, it seems rationale
to assume a considerably strong homogeneous distribution of
V and Cr in PM;,, which were much less affected by the
human activities. This result can also be inferred as a conse-
quence of the fairly convincing crustal emissions of these two
metals.

Second, Al, Sc, Mn and Fe showed noticeably broad peaks
with flat tops of right skewedness distributions, emphasising
the higher degree of means than modes. These positive
skewedness curves are consistent with the temporal distribu-
tion patterns of these four metals, as illustrated in Fig. 2, indi-
cating the common sources of natural emissions, which are
mainly associated with the geographic location of Bangkok.
Third, Ba, Sb and Se demonstrated sharp positive skewedness
curves, indicating that the bulk of metal concentrations were
to the left of the mean. The similarities of the asymmetrical
distribution curves of Ba, Sb and Se agree well with its own
temporal distribution patterns and thus underline the

importance of anthropogenic activities on these three metals
(see Figs. 2 and 3). It is also important to mention that the
concentrations of these three metals are high in January and
March. Several reasons are responsible for this trend. Since
January and March are generally defined as cold period, a
low-level atmospheric temperature inversion can be easily oc-
curred and thus can lead to pollution such as smog and other
metals being trapped close to the ground, with possible ad-
verse effects on health. On the contrary, a comparatively high
temperature in April is due to thermal expansion and subse-
quently dilutes the metal concentrations in Summer.
Precipitations in May and June are also responsible for the
reduction of selected metals during the rainy season.
Previous studies also highlight the tyre and brake wear as a
major source of Fe, Ba, Cu, Sn and Zn in PM,, while plastic
incineration and brake pad wears of automobiles were
suspected as main contributors of Sb (Alves et al. 2015;
Furuta et al. 2005). In addition, an unexpectedly high levels
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Fig. 4 A dendrogram derived
from hierarchical cluster analysis
of selected metals and other

meteorological parameters CASE
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of Ba, Sb and Se can be ascribed as a consequence of traffic
congestion in the middle of new year celebration activities in
the first week of January.

Intersite comparison-coefficient of divergence

One of the most difficult tasks in the data evaluation was
merely the large number of selected metals coupled with its
comparatively high deviations of PM;y-bounded chemical
component concentrations. Furthermore, it appears problem-
atic to evaluate the local and regional impacts on emission
source strengths of selected metals. To assess the similarities
or differences in the temporal distribution patterns of selected
metals of the eight air quality observatory sites, the computa-
tion of coefficients of divergence (CODj;) is suggested
(Limbeck et al. 2009; Wilson et al. 2005). which can be de-
scribed as follows:

n

1 Xii—Xik 2
CODy =, |— L/ inell o
g n ,2; (x,»_,- + ik

(2)
where x;; denotes the atmospheric concentration of the select-
ed metal on sampling event i at air quality observatory site ,
x; is the atmospheric concentration of this element for the
identical event i at air quality observatory site &, and 7 is the

@ Springer

number of total sampling events. It is important to mention
that both short- and long-term measurements can be applied to
the concept of using COD due to its self-normalising process
(Wongphatarakul et al. 1998). When the COD value ap-
proaches zero, this trend can be interpreted as a strong simi-
larity of emission sources between the two sites. In contrast, a
COD value close to one indicates the dissimilarity of the two
assessed air quality observatory sites.

As illustrated in Table 3, the majority of selected metals
demonstrated comparatively low COD values (<0.30), indi-
cating that the PM;q-bounded Al, Sc, V, Cr, Mn, Fe, Zn, As,
Se, La and Ce levels of all eight sites were predominantly
affected by comparable sources (e.g. regional crustal emis-
sions or long-range transport) during the monitoring period
and only to a minor magnitude by site-specific local emis-
sions, which were expected to be accountable for the discrep-
ancies between the individual air quality observatory sites.
Relatively low COD average values (n=28) were observed
for Fe (0.26+0.10), Mn (0.27£0.10), As (0.27+0.10), Zn
(0.28+0.11), V (0.28+0.07) and Al (0.28+0.10), suggesting
that emission sources are either spatially homogeneously dis-
persed or that there are no crucial specific emission sources
and that the PMy-bounded concentration of these metals
might be occupied by regional crustal emissions and/or
long-range transport. Because a previous study conducted in
Vienna highlighted the re-suspension of road dust, the
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weathering of facades and construction activities as three main
sources of Al, Mn and Sb (Limbeck et al. 2009). it is logical to
interpret the comparatively low COD values of these three
elements as a consequence of a homogeneous mixture of air
mass from road dust re-suspension coupled with construction
activities in Bangkok. In addition, the comparatively low
COD values that were observed for Ba (0.38+0.15), Fe
(0.26+0.10) and Cu (0.33+0.10) reflect the uniformity of
emissions inside the city, such as brake abrasion of motor
vehicles, which implies ubiquitous sources for these elements
releasing uninterruptedly independent from seasonal or mete-
orological fluctuations (Lough et al. 2005; Handler et al.
2008).

Potential source contributions of selected metals

HCA was performed to identify the homogeneous group of
individual selected metals in PM; o samples that were collected
from eight PCD air quality observatory sites. The results in the
dendrogram (Fig. 4) distinguish the 18 individual metals
coupled with 11 meteorological parameters into two major
clusters. The first major cluster (n=26) consists of Sc, Rain,
Co, La, CO, WS, Cd, Ce, Se, SO,, As, Sb, Cr, V, Ni, O3, NO,,
T, Mn, Ba, Pb, RH, Cu, Rad, Zn and WD, as illustrated in
Fig. 4. The first cluster shows fairy strong affinities of Co, La,
Cd, Ce, Se, As, Sb, Cr, Vand Ni with CO, SO,, O and NO,,
which are mainly produced by traffic emissions, underlining
the importance of vehicular exhausts on these ten metals.
Because Cu and Zn are highly associated with RH, Rad and
WD in the first cluster, it appears reasonable to interpret this
fact as a consequence of predominant geographical sources
over these two metals. These findings are also consistent with
those of the Pearson correlation analysis and PDF patterns as
previously mentioned in “Pearson correlation analysis” and
“Spatial and temporal distribution of selected metals”, respec-
tively. The second sub-cluster contains Al, Fe and P. This
result can be ascribed to the overwhelming influence of crustal
emissions on these two metals, which agrees well with previ-
ous discussions comparing the PM;y-bounded selected metal
concentrations in “Comparison of PM;y-bounded selected
metal concentrations”.

Table 4 displays the principal component patterns for the
Varimax-rotated components of the selected metal dataset
coupled with meteorological parameters. To enable the further
interpretation of potential selected metal sources, a PCA mod-
el with five significant PCs, each representing 37.74, 13.51,
11.32, 8.67 and 6.68 % of the variance, thus accounting for
77.92 % of the total variation in the data, was calculated. The
first component (PC1) shows the high loading on crustal
metals (i.e. Al, Fe and Mn), with no observed significant cor-
relations in any trace gaseous species. Furthermore, the nega-
tive correlation of SO, (—0.51) in PC1 indicates that imperfect
combustion of fossil fuels (e.g. coal) plays a minor role in this

Table4 Principal component analysis of 18 selected metals with trace
gaseous coupled with meteorological parameters

Principal component (PC)

PC1 PC2 PC3 PC4 PC5

Al 0.98

Sc 0.98

v 0.61

Cr 0.74

Mn 0.97

Fe 0.97

Co 0.59

Ni 0.79

Cu 0.59

Zn 0.74

As 0.89

Se 0.79

Cd 0.53

Sb 0.82

Ba 0.62 0.60

La 0.97

Ce 0.98

Pb 0.81

CO 0.63

05 -0.71

NO, 0.80

SO, —0.51

Rad 0.92

P 0.59
Rain 0.72

RH 0.83
T 0.59

WD

WS 0.86

% of total variance 34.74 13.51 11.32 8.67 6.68

component. It is therefore logical to note that the crustal emis-
sions contribute 34.7 %. The second component (PC2) has
higher loadings for V, Co, Cu, Pb, Se and Zn. Previous studies
have highlighted the importance of Se and Zn as elemental
markers of coal combustion (Almeida et al. 2006; Hien et al.
2001; Lee et al. 2008). It is also important to note that Pb as
well as V, Co and Zn are the most commonly used tracer
element for identifying vehicular emissions. Despite the intro-
duction of unleaded petrol in Thailand in 1992, lead is still
used as an elementary marker because of its comparatively
high persistence in road dust particles (Banerjee 2003).
Therefore, PC2 can be considered representative of traffic
emissions, explaining 13.5 % of the total PM .

PC3 indicates considerably strong positive correlations of
Ba, CO and NO, coupled with a negative correlation of Os.
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Unlike those of trace gaseous CO and NO,, the correlation
coefficient of O3 was negatively correlated with the others,
highlighting the mechanism of O3 formation from NO,.
Because Ba has been widely employed as an elementary
marker for brake and tyre wear emissions (Lough et al.
2005; Gietl et al. 2010). it seems plausible to consider particle
emissions from idling in traffic and frequent acceleration and
braking as the main contributors of this PC, which is respon-
sible for 11.3 % of the total variance. One of the main con-
cerns when performing any source apportionment study
employing multivariate methods is to confirm a high ratio
between the number of samples collected and the number of
variables being analysed, and if that ratio is extremely low, the
data interpretations can be misleading (Pant and Harrison
2012). For instance, in this study, data from 48 samples were
analysed for 29 variables. Additionally, the results from the
HCA and PCA in many cases did not agree well with each
other. For instance, while the HCA results indicated the strong
affinity of Co, La, Cd, Ce, Se, As, Sb, Cr, V and Ni with trace
gaseous species, reflecting vehicular emission as a major
source of these elements, the results from the PCA showed
only Ba to have good positive correlations with CO and NO,
(Table 4).

Enrichment factors of the selected metals

The concept of the enrichment factor (EF) has been widely
used to evaluate the contribution of vehicular exhaust (Zhang
et al. 2015). industrial emissions (Li et al. 2012) and mining
coupled with ore processing (Wang et al. 2014a, b) to atmo-
spheric elemental contents. Although there is no specific rule
for selecting the reference element, Si, Al and Fe are frequent-
ly used for the computations of EF (Lopez et al. 2005). For
individual selected metals, Fe was used as a reference assum-
ing minor contributions of the pollutant Fe and the upper
continental crustal composition given by Rudnick (2003).
The EF of an element E in a PM, o sample can be described as

LN )

(/) o

where R is a reference element. If EF approaches one, the
crustal can be considered the predominant emission source.
The analytical results are displayed in Fig. 5, and the sequence
of EF in Bangkok was Cd>Sb>Ba>Se>La>Ce>Cu>Zn>
Pb>As>Ni>V>Cr>Mn>Co>Fe>Sc>Al. Additionally, the
results can be categorised as follows (arbitrary scale)
(Karageorgis et al. 2009). (i) Ni, V, Cr, Mn, Co, Fe, Sc and
Al are not enriched (less than Log (EF)=1); (ii) Cu, Zn, Pb and
As are slightly enriched (Log (EF) ranges from 1 to 3); (iii) Ba,
Se, La and Ce are moderately enriched (Log (EF) ranges from
3 to 4); and (4) Cd and Sb are extremely strongly enriched
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(Log (EF) is greater than 4). These results indicate that geo-
graphical sources, such as crustal emissions, the re-suspension
of urban soils/road dusts, and maritime aerosols, are conceiv-
ably the prevailing sources for these selected metals.
Comparable interpretations were also proposed by Wu et al.
(1994). who reported that the majority of the atmospheric Al
over Chesapeake Bay was derived from soil. The extremely
low Log (EF) value of Al (—0.44) that was obtained in the
current study is consistent with that of Wu et al. (1994). In
contrast, the extremely high Log (EF) values (>4) that were
obtained for Cd and Sb underline the strong influences of
anthropogenic emissions on these two elements, plausibly ve-
hicular emissions, which agrees well with previous studies
(Lough et al. 2005; Almeida et al. 2006; Crawford et al.
2007; Begum et al. 2011). In addition, the comparatively high
Log (EF) values of Ba and Se are consistent with those results
of the PCA as previously discussed in “Potential source con-
tributions of selected metals”, suggesting that traffic emissions
are the main contributors of these two metals.

Conclusions

Apart from several limitations of the current study, including
an inadequate number of samples (i.e. n<100), the use of
unweighted models such as PCA, difficulties in most cases
to distinguish vehicle exhaust from non-exhaust vehicle emis-
sions, a comparatively low number of sampling sites and in-
sufficient use of other organic markers, the Bangkok air qual-
ity can be categorised as relatively polluted with PM¢-bound-
ed metals under the current international air quality guidelines.
The application of multivariate statistical tools was also useful
for characterising the crustal emissions as well as the influence
of vehicular exhaust and industrial release. The extremely
high Log (EF) values of Cd and Sb coupled with the moder-
ately high Log (EF) values of Ba, Se, La and Ce indicate that



Environ Sci Pollut Res

these metals are not crustal derived and thus encourage
policymakers to consider the full range of regulations includ-
ing trace elements.
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