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A B S T R A C T

Filterable stack total suspended particle (TSP) samples emitted from electric arc furnace (EAF) steel manu-
facturing plants, coal-fired power plants (CPP), cement mills (CM), and petroleum refineries (PR), were iso-
kinetically collected using an in-stack PM device and analyzed for thirty-one targeted elements. The results
showed that metallic elements constituted a majority (43–61%) of stack TSP mass in EAF steel plants and CM
whereas contributed to a less fraction (11–27%) in CPP and PR. The coefficient of divergence (COD) values
varied from 0.58 to 0.81, indicating that the elemental profiles between each industrial source were very dis-
tinct. Geological elements such as Al, Fe, Ca, Na, Mg, and K were the dominant elements in all industrial sources
(50–96% of elemental mass). Besides, Zn was another dominant metal (22–40% of element mass) in addition to
Fe in EAF steel plants and Ni (~3.6%) was the most predominant metal in oil-refinery. Tracers in different
industrial sectors were also identified by source marker calculations. Moreover, the ratios of La/Ce (1.8) and La/
Nd (6.0) in fluidized bed catalytic cracking (FCC) were 20–30 times higher than those of other industrial sectors.
Utilizing both La/Ce and La/Nd ratios, the contribution of FCC PR to ambient primary TSP surrounding by the
petroleum refinery was estimated to be 0.6%, which was comparable to the Taiwan Emission Data (0.7%). This
highlighted that La/Ce and La/Nd ratios can be able to track the influence of petroleum refining sources on
airborne particles in an industrial urban area in Taiwan.

1. Introduction

Industrial emissions are major sources of airborne particulate matter
(PM) in many urban areas (Thurston et al., 1994; Tsuang et al., 2003;
Chan et al., 2008; Viana et al., 2008; Zhang et al., 2013). PM derived
from industries not only deteriorates air quality and atmospheric visi-
bility, but also exerts adverse effects on human health because it con-
tains many toxic elements such as As, Ni, Cr, Cd, Pb, and Co, which are
categorized into carcinogens or probably carcinogens to human by the
International Agency for Research on Cancer.

Numerous studies have established the elemental profiles of PM
emitted from industrial emissions (Olmez et al., 1988; Watson et al.,
2001; Chow et al., 2004; Machemer, 2004; Tsai et al., 2007; Cheng
et al., 2008; Yatkin and Bayram, 2008; Hleis et al., 2013; Patil et al.,
2013). These studies have suggested that the elemental compositions of
industry-emitted PM vary with sources, manufacturing processes, and

operating conditions. Consequently, some metals can be considered as
markers to track specific sources of airborne PM. For instance, Fe and
Mn concentrations are much higher in electric arc furnace (EAF) steel
manufacturing plants than in other emission sources; thus, both metals
are the preferred indicators of steel manufacturing plants (Sweet et al.,
1993; Patil et al., 2013). Coal-fired power plants (CPP) are character-
ized by high S, As and Se concentrations (Chow et al., 2004). Lan-
thanum (La) and other lanthanides are commonly used as markers of
fluidized bed catalytic cracking (FCC) in petroleum refineries (PR);
therefore, the ratios of La to other lanthanides are useful fingerprints for
petroleum refining (Kulkarni et al., 2006, 2007). The study has shown
that stack PM emitted from an oil-refinery is characterized by high
concentrations of V, Ni, La, and Sb (Chow et al., 2004).

Establishing elemental profiles for stack PM is necessary for several
reasons. First, elemental profiles of stack PM can enable to estimate
toxic and hazardous metal emissions that are useful to assess health
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risks caused by specific industrial sources (Chow et al., 2004). Second,
elemental profiles can be used to create speciated chemical emission
inventories (Pacyna and Pacyna, 2001; Bhanarkar et al., 2005). Finally,
elemental profiles can facilitate the verification of profiles derived from
ambient measurements by using the positive factorization matrix model
and factor analysis (Lee et al., 1999).

Taiwan has been experiencing a severe PM problem for a long time.
Previous studies showed industrial emissions were one of the major
sources for airborne PM (Yuan et al., 2000; Tsuang et al., 2003; Chio
et al., 2004). These particles, containing a large quantity of toxic me-
tals, have adverse effects on human respiratory, cardiovascular, nerves
and digestion systems (Lin et al., 2016; Huang et al., 2018); therefore,
assessments of toxic element exposure of residents living in the neigh-
boring areas of specific industrial plants have become an important
issue in Taiwan. To achieve this goal, establishments of metal profiles in
stack PM are needed (Chio et al., 2014). So far, there are very few data
relevant to heavy metals emitted from industrial emissions in Taiwan.
Consequently, we collected filterable stack PM emitted from the four
integrated industrial emissions, including electrical arc furnace steel
manufacturing, coal-fired power plants, cement plants (CM) and pet-
roleum refineries, in order to characterize heavy metals derived from
various industries. Thirty-one metallic elements in each filterable stack
PM sample were analyzed through inductively coupled plasma mass
spectrometry (ICP-MS). In this study, we characterized the elemental
compositions and identified potential markers of filterable stack PM
produced from the various industries. Moreover, the fingerprinting ra-
tios of FCC petroleum refining were assessed and were subsequently
applied to qualitatively and quantitatively estimate the effects of a
petroleum refining source on ambient primary PM in an industrial
metropolitan area of northern Taiwan.

2. Methods

2.1. Stack TSP sampling

In this work, we collected filterable total suspended particulate
(TSP) samples in stack from four integrated industrial sources in
Taiwan, namely electrical arc furnace steel manufacturing plants, coal-
fired power plants, cement mills, and petroleum refineries. All filterable
TSP samples were collected using an in-stack device following the
USEPA Method 5 procedure (US EPA, 2001). A stack TSP system con-
sists of a commercial sampling nozzle (APEX, NG7-13AB), temperature
sensor, cylindrical filter holder, cooling device, and pump in addition to
a dry gas meter (DGM) to measure and control the sampling flow rate.
Before collection of the stack TSP samples, the temperature, pressure
and chemical compositions (CO, CO2 and O2) of stack gas were needed
to be measured. During sampling, the nozzle was placed into the stack
sampling position, and the TSP sampling was conducted under iso-
kinetic conditions by adjusting the suction orifice to achieve a sampling
velocity similar to that of the flue gas (see in supplementary S1). The
details of this method can be found elsewhere (US EPA, 2001).

During the sampling, the TSP sample of each stack was conducted
with triplicate measurements and each sample was collected for at least
1 h to obtain sufficient particle mass for further elemental analyses.
Quartz filter membranes (Pall, 7205, 82.6 mm in OD) were used to
collect the samples. Each filter was conditioned before and after sam-
pling for 48 h at 23 °C and 30% ± 5% relative humidity. Gravimetric
measurements were subsequently performed using a microbalance
(Mettler Toledo, MX5, AX205; precision, 1 μg) to measure the net mass
of the collected aerosol particles. This net mass was required to calcu-
late the mass concentrations of stack TSP (Cs, mg m−3) in dry basis
under standard conditions. Cs can be obtained by (US EPA, 2001):

=C M
Vs

s

s (1)

where Ms is the total amount of TSP collected (mg); Vs is the volume
(m3) of gas samples measured by the DGM, which is corrected to
standard conditions. The Vs can be calculated as:

=
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where Vm is the volume of gas sample measured by the DGM and Pbar is
barometric at the sampling site in mm Hg. ΔH is the average pressure
differential across the orifice meter with a unit in mm H2O. Tm is the
average temperature of DGM during the sampling period with a unit of
°K. K1 is a coefficient of 0.3858 K mm−1. More details can be seen in US
EPA (2001).

2.2. Chemical analysis

To analyze the concentrations of metals in stack TSP, two-thirds of
weighed TSP samples were subjected to acidic digestion by using an
ultrahigh throughput microwave digestion system (MARSXpress, CEM
Corporation, Matthews, NC, USA). Each sampled filter was put into the
vessel and digested in an acid mixture (4 mL of 60% HNO3 + 2 mL of
48% HF). The digestion process was performed in three steps: (1)
heating to 170 °C for 8 min and maintaining this temperature for
7 min at 1440 W, (2) heating to 200 °C for 7 min and maintaining this
temperature for 15 min at 1600 W, and (3) cooling for 60 min. After
digestion, the vessels were transferred to XpressVap™ accessory sets
(CEM Corporation) for the evaporation of the remaining acids until
nearly dry. Approximately 2 mL of concentrated HNO3 was added into
each vessel, followed by reheating. The resulting solution was subse-
quently diluted with Milli-Q water to a final volume of 50 mL before
injection into the ICP-MS system. The detailed digestion procedure can
be found elsewhere (Hsu et al., 2010).

A total of 31 target metals/elements in the filterable stack PM
samples were analyzed through ICP-MS (Elan 6100, Perkin ElmerTM
SCIEX, USA). A multi-element standard, prepared from stock (Merck)
composed of 2% HNO3 solution, was used for calibration of seven di-
luted concentrations. Typically, the calibration ranges for Al, Fe, Na,
Mg, K, Ca, and P were 0.1–1000 ppb, whereas those for Sr, Ba, Ti, Mn,
Co, Ni, Cu, Zn, Cd, Sn, Sb, Tl, Pb, V, Cr, As, Se, Ge, Rb, Cs, and Ga were
in the ranges of 0.01–100 ppb. For rare earth elements (REEs), in-
cluding La, Ce, and Nd, the calibration ranges were 0.01–1 ppb.
Because of high PM loading in the sampling filters, some samples re-
quired dilution with Milli-Q water by a factor of 5–20. Table S1 lists the
operating conditions for ICP-MS. To reduce the isobaric interference
and formation of doubly charged ions and oxides, some operating
parameters were adjusted. For example, the nebulizer gas flow rate was
set at 0.85 L min−1. The CeO/Ce and Ba++/Ba ratios were lower than
the recommended values of 0.020 and 0.012, respectively. However,
10 ng mL−1 concentration of indium (In) was added to the digests as an
internal standard to correct instrumental drift. In each run, a blank
reagent and three filter membrane blanks were subjected to the pro-
cedure same as that used for the samples. Accuracy and precision were
calculated by replicate analyses (N = 7) of the standard reference
material NIST SRM 1648, following total digestion. Table S2 lists the
recovery and accuracy for each analyzed element. The recoveries of
most elements were 90–110%. The precision for most elements was less
than 5%. The average ratio of each elemental concentration in blank to
real stack PM samples (B/S) was 2.5% (from 0.9% for Mn to 4.8% for
Ni), indicating that the concentrations of elements in stack PM samples
exceeded that in blank by factors of 20–100 and therefore the data was
reliable for further scientific discussion.

3. Results and discussion

Fig. 1 illustrates the average concentrations of elements in filterable
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stack TSP emitted from various industrial emissions. The abundance of
each metal was calculated by subtracting the blank level and subse-
quently dividing them by the TSP mass concentration. The average
concentrations of heavy metals in each filterable stack TSP sample are
listed in Table S3. The details of the elemental compositions of the stack
PM samples are discussed in the following sections.

3.1. Concentrations of heavy metals in different industrial sectors

3.1.1. EAF steel manufacturing plants
In the EAF steel industry sector, the samples were collected from

two steel manufacturing plants. Briefly, scrap steel is used as feedstock
in both plants, and the output rates of iron-related products composed
mainly of billet or liquid steel (see in Table 1). The baghouse (BH)

Fig. 1. The average elemental compositions of stack TSP emitted from industry emission sources: (a) EAF steel manufacturing plants; (b) CPP; (c) CM; (d) FCC
petroleum refinery and (e) oil-refinery. The solid line in this figure represent standard deviations.
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equipment is used to reduce PM pollution in both plants. Fig. 1(a) plots
the average abundances of heavy metals in stack TSP emitted from two
EAF steel manufacturing plants. The concentrations of elements in stack
TSP in each EAF steel plant are listed in Table S3. In FCC steel plants, Fe
(21% for stack TSP mass) was the predominant species, followed by Zn
(17%), Ca (5.5%), Na (2.7%), K (2.6%), Pb (1.4%), Al (1.4%), Mg
(1.3%) and Mn (1.0%). The rest of other elements accounted for 1% of
the stack PM mass.

Compared to other industrial sources (the abundances of Fe varied
from 0.7% for FCC refining to 4% for cement mills), the concentration
of Fe in steel manufacturing plants was considerably higher. The high
concentration of Fe in electrical arc furnace steel manufacturing plants
was attributed to scrap steel, which is a raw material in the steel in-
dustry. On the other hand, the concentrations of Zn, Mn and Pb in the
EAF steel plants were 1–2 orders of magnitude higher than those of
other industrial sectors, suggesting that enriched-Zn, -Mn and -Pb
particles were found and these elements might be considered important
markers of electrical arc furnace steel manufacturing plants in addition
to Fe.

3.1.2. Coal-fired power plants
Coal combustion in Taiwan is mainly used for power generation,

with 1.33 M tons of coal consumption in 2014. In addition to secondary
aerosols, primary PM from coal-fired power plants severely deteriorates
air quality in neighboring areas (Tsuang et al., 2003; Malm et al.,
2004). In the current work, the elemental compositions of stack PM
were investigated in samples collected from two coal-fired power
plants. Both plants use bituminous coal from India and Australia as
feedstock, and the electrostatic precipitator (ESP) is used to reduce PM
emissions from stack. As seen in Fig. 1(b), the dominant elements of
stack PM of coal-fired power plants were Al (5.2%), Mg (4.7%), Ca
(4.6%) and Fe (4.0%), indicating that crustal materials dominated
elemental compositions in CPP. Previously, numerous studies have
characterized stack PM from coal-fired power plant and have suggested
that CPP-derived PM contains certain trace metals, such as As, Se and
Hg; As and Se are often used as specific markers for this industrial
sector (Song et al., 2001; Watson et al., 2001; Chow et al., 2004; Ge
et al., 2004). As seen in Fig. 1(b), Se and As concentrations were 419
and 88 μg g−1, respectively. The Se concentrations in CPP were much
higher than those emitted from other industrial sectors (ranging from
4.4 μg g−1 for cement plants to 80 μg g−1 for petroleum refinery),
suggesting that Se was an unique element released from coal-fired
power plant in this study.

3.1.3. Cement mills
Fig. 1(c) plots the average concentrations of elements in stack TSP

samples collected from cement plants. Both plants used limestone as the
raw material for cement production and were equipped with ESP to
reduce PM emissions (see in Table 1). Calcium (Ca) was the dominant
metal in cement plants, which accounted 35% for total stack TSP mass.
Ca concentrations in cement plants exceeded the concentrations in
other sectors by factors of 3–30. The enriched-Ca particles in cement
plants might be due to the use of limestone, composed mainly of CaO,
as a raw material of cement production. In addition to Ca, Fe (4.0%), Al
(2.5%) and Mg (1.0%) concentrations were also high in CM. The con-
centrations of other crustal elements, such as K, Ti and Na were lower
than 1% (ranging from 0.2% for Na to 0.8% for K). It is noted that the
concentrations of Tl, a toxic element, were extremely high in cement
plants, which were two orders of magnitude higher than those in other
industries. The high concentration of Tl in cement plants might be
because of pyrite or troilite minerals, which are raw materials in cement
production in addition to limestone and clay (Xiao et al., 2012). Be-
cause of its high concentration, Tl has been used as a specific marker for
CM emissions in previous studies (Santacatalina et al., 2010; Lin et al.,
2016). Besides, enriched-Cs particles were also found; exceeded those
of other sectors by factors of 8–66. As results, cement plants are aTa
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crucial source of airborne particulate Cs in addition to soil, particularly
in large particles.

3.1.4. Petroleum refining
Figs. 1(d) and (e) show the elemental profiles obtained from two

different petroleum refineries: one is a fluidized bed catalytic cracking
petroleum refining and another one is an oil-refinery. In terms of FCC
petroleum refinery, Al (6.3%) dominated the stack TSP, followed by Mg
(1.3%), Ca (0.8%), and Fe (0.8%). The concentrations of La, Ni, Ti, and
V were 0.3–0.4% and those of Ce, Na, and K were 0.1–0.2%. The
concentrations of La (0.4%), Ce (0.2%), and Nd (0.06%) in this sector
were higher than those of other industries by one to two orders of
magnitude. The high concentrations of these REEs indicated that en-
riched-REE particles were released into the atmosphere during catalyst
PR operation; thereby, La, Ce and Nd were appropriate tracers to track
petroleum refinery emissions for airborne PM (Kulkanri et al., 2006；,
2007). The relevant application will be discussed in section 3.5.

In oil-refinery, Ni was the most predominant species (3.6%), fol-
lowed by Al (2%), Fe (1.3%), and Ca (1.1%), and then followed by Na
(0.9%), V (0.7%), and Zn (0.5%). The concentrations of Ni and V in this
source were two orders of magnitude higher than those in other in-
dustries. The high concentrations of Ni and V were attributed to oil-
fired processes because both species are markers for oil-fired boiler
(OFB) emissions (Olmez et al., 1988; Querol et al., 2007; Cheng et al.,
2008).

3.2. Coefficient of divergence (COD) analysis

To evaluate the differences and similarities among our profiles,
coefficient of divergence (COD) was used. It can be calculated as (Bano
et al., 2018; Matawle et al., 2015):

=
+=

COD
p

X X
X X

1
jk

i

p
ij ik

ij ik1

2

(3)

where j and k are different elemental profiles. p denotes the number of
investigated elements; Xij and Xik represent the mean concentrations of
element i in profile j and k. If the COD value is close to zero, two ele-
mental profiles are similar. If the COD value approaches to 1, significant
discrepancy is found between the two profiles.

Table 2 lists the results of COD in the different emission sources. The
COD values ranged from 0.58 to 0.81, with a highest value between
steel industry and FCC-refinery, and a lowest value between steel in-
dustry and coal-fired power plant. Wongphatarakul et al. (1998) sug-
gested that the COD value should be less than 0.269 if two profiles were
similar. Based on our results, all the COD values were higher than
0.269, reflecting the significant discrepancies of elemental profiles were
found among all industrial sectors.

3.3. Source markers

In this section, we identified source markers for different industrial
sectors as (Bano et al., 2018; Kong et al., 2011; Yang et al., 2002):

=R
X X

X X
( / )

( / )j i
i j

i
,

min (4)

where Xi is the concentration of ith element and (Χi/ΣX)j is the quotient
of the concentration of ith element divided by the sum of 31 species
concentrations in emission source j. (Χi/ΣX)min is the minimum quotient
of the concentration of ith element divided by the sum of 31 species
concentrations. In this equation, a normalize procedure was needed.
Normalized value of ith element was calculated by ith elemental con-
centration dividing by the sum of ith elemental concentrations in all
sources (Bano et al., 2018; Kong et al., 2011). Without analyzing water-
soluble ions and carbon contents, we selected the five highest Rji values
as potential markers for specific emissions sources. In supplementary S2,
we give an example to explain details of this concept.

Table 3 lists the potential markers for various industrial emissions
calculated by Eq. (4). The source markers obtained from other studies
are also listed in this table. Zinc (Zn), Pb, Cr, Mn and Fe could be used
as indicators for electric arc furnace steel industries. These source
markers were in line with those reported by Querol et al. (2007). For
coal-fired power plant, As and Se were commonly considered as mar-
kers (Bano et al., 2018; Chow et al., 2004; Xie et al., 2006; Matawle
et al., 2014). In fact, the element enriched in coal is dependent on the
source of coal. In this study, we found that enriched Cd, Ge and Sr in
CPP emissions, suggesting that these elements might be potential source
markers other than As and Se in coal-fired power plants.

In case of cement plants, Tl, Cs, Rb and Ca were regarded as re-
presentative species, especially for Tl, whose concentrations in cement
emissions were two orders of magnitude higher than those derived from
other industries, could be used as a good marker for CM emissions in

Table 2
Coefficient of divergence (COD) for filterable stack TSP in different industrial
sectors.

EAF CPP CM FCC-PR Oil-refinery

EAF 0.00
CPP 0.58 0.00
CM 0.69 0.61 0.00
FCC-PR 0.81 0.78 0.69 0.00
Oil-refinery 0.71 0.62 0.70 0.64 0.00

Table 3
Identified potentially elemental markers of stack PM for different industrial
emissions in this work and other studies.

Industrial sectors/stack
PM sizes

Source markers References

EAF steel industry
TSP Zn, Pb, Cr, Mn and Fe this work
TSP Fe, Zn, Cr, Cu, Mn, Ni

and Pb
Chow (1995)

PM2.5-10 Cr, K, Mg, Mn and Pb Bano et al. (2018)
PM2.5 Fe, Zn, Pb, Mn and Cr Ouerol et al. (2007)

Coal-fired power plant
TSP Se, Cd, Ge, Sr and As this work
TSP As and Se Hien et al. (2001)
TSP S, As, Sb, Se and Hg Chow (1995)
PM10 As, Sb, Se, Sn Pb and

Zn
Xie et al. (2006)

PM2.5-10 As and S Bano et al. (2018)
PM2.5 S, As and Se Chow et al. (2004)
PM2.5 As, Cr, S and Al Matawle et al. (2014)

Cement plants
TSP Tl, Cs, Rb Ca, and Sr this work
PM2.5-10 Al, Ca, Cu and Mg Bano et al. (2018)
PM10 Tl, Ti, Cs and Rb Santacatalina et al. (2010)
PM2.5 S, Cr, Cu, Al, Mo and

Mg
Matawle et al. (2014)

FCC-refinery
TSP La, Sb, Ce, Ni, and Nd this work
TSP La, Ce, Nd and Sm Bozlaker et al. (2013)
PM2.5 La, Nd, Pr and Sm Kulkarni et al. (2006, 2007)

Oil-refinery
TSP Ni, Sb, La, Co and V this work
TSPa Ni, V Chow (1995)
PM10

a Ni and V Cheng et al. (2008)
PM2.5 V, Ni, La and Sb Chow et al. (2004)
PM2.5

a V and Ni Watson et al. (2008)

a The source profiles were established for heavy-oil boiler.
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this work. Nevertheless, in Texas, Chow et al. (2004) found that the
concentration of Tl (~2400 μg g−1) in stack PM of cement industry was
similar to that (2500 μg g−1) of coal-fired power plant and even lower
than that (~3900 μg g−1) of catalytic cracker refinery, suggesting that
Tl might not be an marker of cement industry in Texas. This indicated
that consideration of Tl as a marker of CM was regional differences.
Lanthanum (La), Ce and Nd were found to be good markers for FCC
petroleum refining. This was in agreement with those reported by
Kulkarni et al. (2006, 2007). Abundant La, Sb, V and Ni were found in
oil-refinery, suggesting these elements were good indicators for this
industrial sector.

3.4. Inter-elemental ratios for FCC-refinery

Numerous studies have suggested that the inter-elemental ratios of
stack PM, including V/Ni, As/Se, Sb/Cu and Tl/Ca, can be used as
potential fingerprints to track specific emission sources for airborne PM
(Kavouras et al., 2001; Arditsoglou and Samara, 2005; Mazzei et al.,
2008; Hsu et al., 2010; Lin et al., 2016). Ratios of La to other lantha-
nides have been successfully employed to differentiate dust from FCC
catalyst petroleum refining emissions (Kulkarni et al., 2006, 2007).
Rare earth elements are commonly associated with crustal materials. In
addition to natural dust, anthropogenic emissions can be sources of
airborne REEs (Olmez and Gordon, 1985). For instance, La, Ce, and Nd
were synchronously used as catalysts in the fluidized bed catalytic
cracking petroleum refinery, and Ce was used as an additive in motor
engines. Even in oil-refinery emissions, enriched La was also detected in
stack PM (Chow et al., 2004).

In the current work, the elemental ratios of La to Ce and La to Nd of
various industrial sectors are shown in Fig. 2. The La/Ce and La/Nd
ratios in crust, traffic emissions and FCC petroleum refinery in Houston
are also plotted here for comparisons (Taylor, 1964; Kulkarni et al.,
2006; Lin et al., 2015). Note that the Y-axis is presented in log scale. In
FCC refining, the ratios of La/Ce and La/Nd were 1.8 and 6.0, respec-
tively. The ratio of La/Ce in this study was slightly lower than the
average value (4.3) for the FCC petroleum refinery in Houston
(Kulkarni et al., 2006, see in Fig. 2); the La/Nd ratio was nearly the
same as that in Houston (6.4). However, both ratios in FCC petroleum
refinery were higher than those in other anthropogenic emissions and
natural crustal materials. For the oil refinery, La/Ce (13.9) and La/Nd
(44.7) ratios were high, and both ratios were 20–30 times higher than
those for other emissions. The findings did claim that higher La/Ce and
La/Nd ratios for both catalytic and oil refineries; thus, these ratios can
be used as efficient tools to diagnose whether ambient PM is con-
taminated by refining emissions, as will be discussed in section 3.5.

3.5. Tracking petroleum sources by REEs

As mentioned above, La/Ce and La/Nd ratios can be considered as
potential markers for petroleum sources; in the section, we attempted to
apply both ratios to estimate the influence of a FCC petroleum refining
(PR1) on ambient PM in an industrialized city in northern Taiwan. The
ambient TSP samples were synchronously collected using high-volume
aerosol samplers at four sampling sites encompassing the FCC petro-
leum refinery (PR1) in Taoyuan City in northern Taiwan (as shown in
Fig. 3) from August 19 to 22 2014. The sampling sites A and B are
located in the suburban areas of Taoyuan City and are approximately
5 km west to the FCC petroleum refinery. Site C, situated at Waishe hill
(approximately 150 m above sea level), is a lightly populated area. Site
D is located in the downtown of Guishan District and thereby is char-
acterized by relatively high traffic emissions compared with the other
sites. Each aerosol sample was collected over a period of 12 h, either
from 8 a.m. to 8 p.m. or from 8 p.m. to 8 a.m. After sampling, the
aerosol samples were analyzed 31 target elements through ICP-MS,
following the same procedure as that used for stack PM samples. The
wind profiles for this region were obtained from the various monitoring

stations, namely Linkou (W1), Taoyuan (W2), Luzhu (W3), Chungli
(W4), and Pushin (W5) (Fig. 3), operated by the Central Weather Bu-
reau (CWB) of Taiwan.

Fig. S1 shows the time series of hourly wind speed (WS) and wind
direction (WD) from August 19 to 22 in Taoyuan City. Sea–land breeze
was apparent only at the Luzhu coastal station, resulting in prevailing
north and northwesterly wind at daytime and prevalent southwesterly
flow at nighttime. Nevertheless, at the other CWB stations, the WS was
frequently lower than 1 m s−1. During the sampling period, the TSP
mass concentrations were, on average, 24, 25, 21, and 27 μg m−3 at
sites A, B, C, and D, respectively. The TSP mass concentration at site C
was significantly lower (p < 0.05) than that at other sites. This might
be because hilly areas, which was less impact of anthropogenic emis-
sions. Fig. 4 shows the average concentrations of heavy metals in TSP
samples at the sampling stations. On average, the analyzed metallic
elements accounted for approximately 8.6–9.2% of the ambient TSP
mass at each station. Sodium (Na) was the most predominant species at
the all stations, accounting for approximately 2% of the TSP mass. In
addition to Fe (1.5–1.8% at each station), Al, Ca, and K (up to 1%) were
the major elements, followed by Zn (0.25–0.42%), Mg (0.27–0.34%),
and Ti (0.09–0.11%). The concentrations of the remaining elements
were lower than 0.1%. Different sites showed fairly similar elemental
patterns in TSP samples; however, similar to the TSP mass,

Fig. 2. Ratios of La/Ce and La/Nd in filterable stack PM emitted from various
sectors. The same ratios of traffic emissions (Lin et al., 2016), natural crust
(Taylor, 1964) and FCC refinery in Houston (Kulkarni et al., 2006) are also
shown in this figure.
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concentrations of elements were always lower at site C. The levels of
Zn, Pb, and Mo were clearly higher at site D, suggesting more con-
tributions of vehicle emissions (Lin et al., 2015). The average con-
centration of La, a marker for FCC refining, was 0.5–0.9 ng m−3 with a
maximum and minimum value at sites A and C, respectively.

Fig. 5 presents the scatter plots of La against Nd and La against Ce at
the four sampling sites. It is found that La correlated moderately with
Ce and Nd, suggesting that the origins of airborne La, Ce and Nd were
different in part. Fig. S2 plots the enrichment factor (EF) values of
elements in each sampling site. The details of EF analysis are written in
supplementary S3. Here, Al was used as a reference element (Taylor,

1964). Lanthanum (La) exhibited an EF value of approximately 10 at
each sampling site, suggesting that anthropogenic emissions were a
major source. Cerium (Ce) and Nd had an EF value of approximately 3,
reflecting a mixed source of soil dust and anthropogenic emissions. The
La/Ce ratio was 1.5–1.9, and the La/Nd ratio was 3.3–3.8 (see in Fig. 5).
Both the La/Ce and La/Nd ratios were markedly higher than those of
EAF steel manufacturing plants, coal-fired power plant, cement mills,
and vehicle emissions together with natural soil emissions, but were in
concordance with those of local FCC petroleum emissions (Fig. 2). In
addition, the La/Ce and La/Nd ratios were markedly higher than those
(La/Ce, approximately 0.62 and La/Nd, approximately 1.06, both ratios

Fig. 3. Relative locations of four airborne TSP sampling sites (A, B, C, and D) and a FCC petroleum refinery in Taoyuan City of northern Taiwan. The white squares
(W1, W2, W3, W4 and W5) are the Taiwan CWB monitoring stations.

Fig. 4. The average concentrations of elements in TSP samples at the all stations during the sampling period.
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were close to natural dust) at the Zhudong sampling site, which is lo-
cated 20 km southwest to the FCC refinery and is isolated from FCC
contamination (Chou et al., 2014). Consequently, the high La/Ce and
La/Nd ratios in Taoyuan City were considered to be influenced by an-
thropogenic emissions, and the FCC refinery was a candidate.

To quantitatively estimate the contribution of the FCC refinery to
airborne TSP in Taoyuan City, the La/Ce and La/Nd ratios were used.
Assuming that the La/Ce ratio at the Zhudong station was a background
ratio, we can define excessive-La (LaEX) that are additional quantities
relative to what the soil dust could contribute, as follow:

= ×La La Ce[La] [ ] [ ]
[Ce]

[ ]
bk

ambEX amb
(5)

where [La]amb and [Ce]amb are La and Ce concentrations, respectively,
in ambient TSP. ([La]/[Ce])bk is a mass ratio of La to Ce in ambient TSP
at the Zhudong sampling site. Consequently, the atmospheric TSP
concentrations (C) from the FCC refinery can be directly calculated
using the following equation (Lin et al., 2016):

= ×C (µg m ) [La] (ng m )/[ Abu] (µg g ) 10003
EX

3
PR

1 (6)

where [Abu]PR represents the concentration of La (in μg g−1) from a
FCC PR-derived particles; this value was 3815 μg g−1 in the current
study (PR1 in Table S3). Finally, we estimated that approximately
0.13 μg m−3 (from 0.10 μg m−3 at site C to 0.16 μg m−3 at site A) of
TSP was directly contributed by the FCC petroleum refinery during the
sampling period. Assuming that the ambient primary TSP were summed
as metallic elements and primary carbon (19% of the ambient TSP
mass) (Chou et al., 2010), we subsequently estimated that the average
contribution of the FCC refinery to ambient primary TSP in Taoyuan
City was 0.6% (from 0.4% for site C to 0.7% for site A). Furthermore,
we used the same approach involving the La/Nd ratio for the estima-
tions. The results revealed that approximately 0.7% of the ambient
primary TSP was contributed by the PR plant. This value was in
agreement with that of Taiwan emission data systems (TEDs, 8.1),
which suggested that approximately 0.7% of ambient primary TSP was
released from PR emissions in Taoyuan City. In spite of existence of
uncertainty for the estimations, the inter-elemental ratios of La/Ce and
La/Nd can provide us a direct evidence to track a FCC source con-
tributing to ambient particulates.

4. Conclusion

In this study, we characterized the elemental profiles of filterable
stack TSP emitted from integrated industrial emission sources in
Taiwan, namely EAF steel manufacturing plants, CPP, CM, and PR. The
elemental profile of stack TSP in each industrial sector showed very
different based on COD analysis. Geological elements including Al, Fe,
Ca, Na, K and Mg were the dominant species in coal-fired power plants,
cement mills and FCC petroleum refining. However, Zn was a dominant
element in addition to Fe in EAF steel plants and Ni constituted a major
fraction in oil-refinery. Furthermore, we identified source markers of
different emissions by source marker calculations. The results suggested
that Zn, Pb, Cr, Mn and Fe were appropriate indicators for EAF steel
industry. As, Se, Cd and Ge were markers for coal-fired power plants. Tl,
Cs, Rb and Ca were signatures for cement mills while La, Sb, Ce and Nd
were strong indicators for FCC refining emissions. Finally, Ni, Sb, La, Co
and V were selected as tracers for oil-refinery. The mass ratios of La/Ce
(1.8) and La/Nd (6.0) were fingerprinting ratios of FCC petroleum re-
finery. We employed the identified La/Ce and La/Nd ratios to assess the
effects of an FCC PR on the ambient TSP, and approximately 0.6% of
the ambient primary TSP was contributed by FCC petroleum emissions
during the summertime in an industrial urban area of northern Taiwan.

In this study, we built elemental profiles and source markers of
filterable stack TSP from various industrial emissions. The similar stu-
dies have been done in other regions over the last two decades (Chow,
1995, Chow et al.,2004; Watson et al., 2001; Xie et al., 2006; Bano
et al., 2018). Indeed, the elemental concentrations of stack PM in the
same industrial sectors would be different via the different feedstock,
raw materials, operating conditions and air pollutant control devices
(Chow et al., 2004). Thus, the elemental profiles built in this work
might be only applicable in Taiwan. On the contrary, the markers of
EAF steel manufacturing, coal combustion and FCC-petroleum refinery
along with oil-refinery in different studies were much similar, sug-
gesting that source marker established in this work can be used in other
places in the world.

Fig. 5. Scatter plots of La against Ce and La against Nd in ambient TSP samples
observed at the sampling sites in Taoyuan City from August 19 to 22, 2014. The
grey dash lines denote the slopes of La/Ce and La/Nd at the Zhudong back-
ground site.
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