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• The addition of soluble elements enables
PMF to identify fresh and aged dust.

• Fly ash and aged pollutants from indus-
trial sources could be distinguished by
PMF involving soluble elements.

• The optimized PMF results will not signif-
icantly affect the factors analyzed by pre-
vious data sets.
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Source apportionments of urban aerosols identifiedwith positive matrix factorization (PMF) are sensitive to input var-
iables. So far, total elements were frequently included as effective factors in PMF-based source apportionment. We in-
vestigated the advances to involve soluble parts of elements in the source apportionment with four data sets of PM2.5

composition observed at a coastal city (Qingdao) in northern China: water-soluble ions plus organic and elemental car-
bon (IC set), the IC set plus total elements (ICTE set), the IC set plus soluble elements (ICSE set), and the IC set plus both
total elements and soluble elements (ICAE set). The apportionments of six sources, including secondary sulfate, second-
ary nitrate, secondary oxalate, sea salt, biomass burning and dust, were identified with the IC set. In comparison, pol-
lutants from vehicle + coal combustion, ship emissions, waste incineration and industrial activities were also
identified with the ICTE, ICSE, or ICAE sets. We found that the PMF solutions of the ICAE set could distinguish aged
and fresh dust, and identify fly ash and aged pollutants from industrial sources. The profiles and corresponding time
series of vehicle+ coal combustion, secondary aerosols, ship emissions, sea salt, and biomass burning emissions iden-
tifiedwith the four data sets were very similar, while discrepancies were encountered for waste incineration, dust, and
industrial sources. These results indicate the benefits and potentials with total and soluble elements involved in PMF-
based source apportionments.
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1. Introduction
Particulate air pollution, especially fine particulate matter (i.e., PM2.5)
pollution, poses an enormous challenge due to its profound impacts on pub-
lic health and the ecological environment (Brunekreef and Holgate, 2002;
Lippmann and Chen, 2009). Identifying aerosol sources and determining
the corresponding quantitative apportionment of PM2.5 are fundamental as-
pects of studying the atmospheric environment. Receptor models (Chan
et al., 2011), such as positive matrix factorization (PMF), are extensively
used in the source apportionment of atmospheric particles (Bove et al.,
2018; Lee et al., 2008; Manousakas et al., 2017).

Researchers always face a salient task to access the optimal PMF solu-
tion that determines which chemical species should be added as the input
data. To date, various data sets of chemical species have been reported in
PMF studies. The most commonly used data set comprises water-soluble
ions (WSIs), elements, elemental carbon (EC), organic carbon (OC) and,
sometimes, detailed organic tracers because these are themain components
of aerosols and are representative of typical pollution sources (Bressi et al.,
2014; Cesari et al., 2016; Dai et al., 2020; Lee et al., 2008; Uranishi et al.,
2017). Other data sets, such as WSIs + elements (Duan et al., 2014; Lim
et al., 2010; Tan et al., 2014), elements + black carbon (BC) (Cohen
et al., 2010; Manousakas et al., 2017), and even elements only (Chang
et al., 2018; Dall'Osto et al., 2013; Tian et al., 2018), have also been used
to retrieve aerosol sources. In contrast, soluble elements have rarely been
used in PMF studies owing to their relatively minor contributions
(∼4.8 % in this study) to the total element content. However, soluble ele-
ments can trace some specific pollution sources.

The sources of the soluble and insoluble fractions of a given element
may differ. For instance, iron (Fe) is a crucial element in regulating oceanic
primary productivity. Although the iron solubility in fresh mineral dust is
usually comparatively low (Shi et al., 2012), it could be significantly
enhanced after exposure to specific atmospheric processes (e.g., cloud pro-
cess) (Hettiarachchi et al., 2019; Shi et al., 2015; Takahashi et al., 2011).
Thus, soluble elements may be used to retrieve unique sources that are dif-
ficult to determine by using the total elements. However, few researchers
have used soluble elements in PMF studies (Xie et al., 2012), and it remains
unclear whether soluble elements can be successfully used in PMF-based
source apportionment. Hence, in this work, we performed four PMF runs
with different chemical species as the input data to study the potential
role played by soluble elements in PMF-based source apportionment. We
compared the PMF solutions of each chemical data set and considered the
implications of using soluble elements in PMF-based source apportionment.

2. Materials and methods

2.1. Ambient sample collection

Qingdao is a coastal city located in northern China. It is a crucial moni-
toring site on the outlet transport route of Asian dust and heavily polluted
air masses from the Beijing–Tianjin–Hebei (BTH) region to the Yellow
Sea and the northwest Pacific Ocean. The sources of air pollution in spring
are relatively complex, including both mineral dust sources and anthropo-
genic emissions. For studying the aging process of dust plumes during the
long-range transport, aerosol observationwas conducted at Baguanshan At-
mospheric Research Observatory (BARO, 36°03′ N, 120°20′ E, ∼76 m
above sea level) in Qingdao during the periods April 24 to May 26 in
2017, March 28 to April 30 in 2018 and May 22 to May 28 in 2018.
PM2.5 samples were collected in the daytime (N = 70) and nighttime
(N = 70). Sample collection time was 2.5–6 h, adjusted according to the
weather conditions, e.g., sandstorms and haze conditions (Table S1). All
the average results in this study are the time-weighted average. Two
high-volume (∼1.06m3/min) PM2.5 samplers were utilized synchronously.
One sampler used Quartzmicrofiber filters (QM-A, PALL) to detect the con-
centrations of WSIs (including K+, Na+, Mg2+, Ca2+, NH4

+, Cl−, SO4
2−,

NO3
−, and C2O4

2−) and carbonaceous matter (OC and EC). The other
sampler used Whatman® 41 filters to obtain samples for analyzing
2

elements (Mg, Al, V, Cr, Mn, Fe, Ni, Cu, Zn, As, Se, Rb, Sr, Cd, Ba, and
Pb). More details on measuring chemical species are provided in the Sup-
plementary Material (Text S1).

2.2. Positive matrix factorization (PMF) and general input settings

The EPA PMF 5.0 model of the United States Environmental Protection
Agency (EPA) was used to identify the primary sources of air pollutants.
This is a receptor model for quantifying the contributions of different pollu-
tion sources based on the composition or fingerprints of the sources. To ac-
quire robust results, we considered two uncertainty methods, which have
been commonly used in previous research (Anttila et al., 1995; Polissar
et al., 1998). Details are provided in Text S2. The results showed that the
factor profiles of the PMF runs based on different uncertainty methods
were very similar. Thus, the factor profile with a slightly smaller Q value
(∼8 %) was selected for discussion.

We compared the PMF results of four species data sets to investigate the
impact of soluble elements on source apportionment. As shown in Table 1,
thefirst data set (labeled “IC”) only containedWSIs, OC and EC. The second
data set (labeled “ICTE”) comprised the IC set plus total elements. The third
data set (labeled “ICSE”) comprised the IC set plus soluble elements. The
fourth data set (labeled “ICAE”) combined the IC setwith both total and sol-
uble elements. The second, third, and fourth chemical data setswere collec-
tively noted as the “CE” data sets as they all contained elements. We also
considered replacing total elements with insoluble elements for the ICAE
set. But total elements have more significant physical interpretability than
insoluble elements, and there is no appropriate method to assess the uncer-
tainties of insoluble elements directly. The factor number is another key as-
pect determining the optimal PMF solution. In this study, 3–8 factors were
tested for the IC set, whereas 4–12 factors were tested for the CE sets. To
certify the robustness of the statistics, 100 runs were performed for each
calculation.

In addition, multiple F-peak values (between−1 and+1 in increments
of 0.2) were explored to diminish the rotational ambiguity, thus obtaining
more physically realistic solutions. Generally, the factor profile of the
rotated results becomes more similar to the original factor profile as the
F-peak value decreases. The solutionswith F-peak values of−0.2were cho-
sen for all data sets by considering the lowest dQ values (within 0.7%of the
base run value) and the reasonability of factor profiles. The results of the
PMF-based source apportionment for each data set are summarized in
Table 1. More details about the PMF settings and outputs of the four data
sets can be found in Texts S2–S3 and Tables S2–S6, respectively.

3. Results and discussion

As shown in Table 1, 6–10 factors were retrieved using PMF for the
four data sets. The factor profiles of the CE and IC sets are shown in
Figs. 1 and S1, respectively. The time series of factor concentrations
for the CE sets are shown in Fig. S8. The factor contributions of ICTE
and ICAE sets were shown in Fig. 2. The ICTE solution attributed more
particle mass to biomass burning (BB) (20.0 %) and ship emissions
(6.2 %), but less to secondary aerosols (10.9 %), compared with the re-
sults of the ICAE set (Fig. 2). It was mainly caused by the different con-
tributions of dominant species in factors to the factor mass between the
ICTE and ICAE sets (Fig. 1), which may result from the discrepancy of
factor number, chemical species and rotational ambiguity during PMF
calculation (Paatero et al., 2014). The factor contributions of the ICTE
and ICAE sets were similar holistically (P > 0.05, variance analysis), in-
dicating the robustness of the PMF results for these two data sets.

To examine the similarities of congeneric factors between different
data sets, Pearson's correlation plots (Fig. 3) and PSCF (potential source
contribution function) were implemented (Fig. S9). In general, many
congeneric factors of the CE sets exhibited significant similarities with
each other, including vehicle + coal combustion (VCC), secondary
aerosols, sea salt (SS) and ship emissions. In contrast, considerable



Table 1
Summary of PMF solutions for each chemical data set (n = 140).

Data set IC ICTE ICSE ICAE

Input data WSIsa + OCECb WSIs + OCEC + TEc WSIs + OCEC + SEd WSIs + OCEC + TE + SE
No. of input species 11 23 23 35
No. of factors 6 9 9 10
Factor 1 Secondary sulfate Vehicle + coal combustione Vehicle + coal combustion Vehicle + coal combustion
Factor 2 Secondary nitrate Secondary aerosolsf Secondary aerosols Secondary aerosols
Factor 3 Secondary oxalate Ship emissions Ship emissions Ship emissions
Factor 4 Biomass burning Biomass burning Biomass burning Biomass burning
Factor 5 Sea salt Sea salt Sea salt Sea salt
Factor 6 General dustg General dust General dust Fresh dust
Factor 7 Fresh dusth Aged dusti Aged dust
Factor 8 Waste incineration Waste incineration Waste incineration
Factor 9 Industry Industry Aged industrial sourcesj

Factor 10 Fly ash

a Water-soluble ions.
b Carbonaceous matter (OC and EC).
c Total elements.
d Soluble elements.
e The factor is dominated by NO3

−, SO4
2−, NH4

+ and some anthropogenic elements.
f The factor is dominated by C2O4

2−, SO4
2− and NH4

+.
g The general dust factor is characterized by high abundances of K+, Ca2+, Mg2+, and Cl−.
h The fresh dust factor is characterized by high abundances of Ca2+, total Al, Mn, Fe, Ba, Ni, Cu, As, and Cr.
i The aged dust factor is characterized by high abundances of soluble Al, Mn, Fe, and Ba.
j Aged pollutants from industrial sources: aged industrial sources (AIS).
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discrepancies were observed for BB, dust, industrial sources and waste
incineration.

3.1. Vehicle, coal combustion and secondary aerosols

For the 6-factor PMF results of the IC set, three factors were related
to secondary aerosols (Fig. S1): secondary nitrate (SNT), secondary sul-
fate (SSF), and secondary oxalate (SOL), which are characterized by the
prominence of nitrate, sulfate, and oxalate, respectively. For the CE sets,
two factors were related to secondary aerosols, i.e., the VCC and the sec-
ondary aerosols (Fig. 1a and b). The VCC factors, were identified by the
prominence of sulfate, nitrate, and ammonia (collectively referred to as
“SNA”), as well as the noticeable contributions to Cu, As, Cd and Pb.
Similar results have been obtained in previous studies, whereby sulfate
and nitrate could undergo secondary formation in similar processes
(Lim et al., 2010; Liu et al., 2016; Liu et al., 2014; Tan et al., 2014;
Tian et al., 2020). Sulfate and nitrate are usually formed via the oxida-
tion of SO2 and NOx, which are typically emitted by coal combustion
and vehicle (Huang et al., 2014; Liu et al., 2020; Wang et al., 2020). Be-
cause of the presence of Cu, As, Cd and Pb, we attribute this factor as
“vehicle + coal combustion” (Chang et al., 2018; Johansson et al.,
2009; Peña-Fernández et al., 2015; Tian et al., 2015). There were prob-
ably some primary sulfate from coal combustion (Dai et al., 2019; Ding
et al., 2021). Unfortunately, it is impossible to distinguish primary and
secondary sulfate even with the latest PMF models. Extra indexes are
necessary.

The secondary aerosols factors of the CE sets were characterized by
significant contributions to C2O4

2− and high loadings of SO4
2− and

NH4
+. Oxalate can be primarily emitted by BB and secondarily produced

through liquid-phase reactions (Meng et al., 2013; Yamasoe et al.,
2000). Similar to previous studies, we found significant correlations be-
tween oxalate and sulfate (Fig. S6c), indicating a similar formation
pathway (Carlton et al., 2007; Martinelango et al., 2007; Yao et al.,
2002). Thus, this factor was also noted as a multiphase processes factor.

For different CE sets, the factor profiles and PSCF results of the VCC
factors and the secondary aerosols factors were very similar (Figs. 1a, b,
S9a3–S9a5 and S9b2–S9b4). Significant correlations (r = 0.70–0.97,
Fig. 3a and b) and highly similar PSCF results (Fig. S9a1–S9b4) indi-
cated that the different chemical data sets could identify the VCC and
secondary aerosols well. The PSCF patterns indicate that their sources
were mainly at the southwest or south of Qingdao in east China.
3

3.2. Sea salt and ship emissions

Ship emissions and SS are two marine source factors. As shown in
Figs. 1c, d, and S1, the SS factor was identified by high loadings of Na+,
Cl−, and Mg2+ (Nguyen et al., 2013). The ship emission factor made
high contributions to V andNi andwas characterized by high SO4

2− concen-
trations (Fridell et al., 2008). The diagnostic V/Ni (total state)mass ratios of
the ICTE and ICAE sets were 3.08 and 3.05, respectively, which are similar
to the results obtained in previous studies (Wang et al., 2019; Zhao et al.,
2013). In contrast, the soluble V/Ni ratios of the ICSE and ICAE sets were
5.34 and 5.56, respectively. Significant correlations were observed for the
time series of SS and ship emission factors between the PMF results of dif-
ferent data sets (r > 0.90, Figs. 3c, d, and S10), indicating the ability and
consistency of different data sets to retrieve these two factors.
3.3. Biomass burning and dust

The BB factor contributed significantly to OC, EC, and K+ (Figs. 1e and
S1). However, few Cl− was accounted for by the BB factor. We attributed
the low Cl− to the aging process of BB aerosols during transport when
most Cl− in biomass burning pollutants was titrated by HNO3(g) and
H2SO4(g) (Li et al., 2003; Zauscher et al., 2013). Significant correlations
were found between the BB factors of the IC, ICTE, and ICSE sets (r =
0.81–0.93, Figs. 3e and S10). However, the mineral species Mg2+ and
Ca2+ merged with the BB factor in the ICAE set (Fig. 1e) so that the corre-
lations of the BB factor between the ICAE set and other data sets were much
lower (r = 0.37–0.75).

The dust factor of the IC set was identified by the prominence of Mg2+

and Ca2+ and moderate loadings of K+ and Cl−. The CE sets obtained two
dust factors for each data set, and three categories of dust factors could be
classified (Table 2). The first category of the dust factor was characterized
by the highest loadings of Mg2+ and Ca2+ (Fig. 1f), which were named
“General Dust” in the ICTE and ICSE sets, resembling the dust factor of
the IC set (r = 0.96–0.99). In contrast, the analogous dust factor merged
with the BB factor in the ICAE set and had high factor loading values for
Mg2+ and Ca2+. Therefore, the BB factor PSCF result of the ICAE set resem-
bled the PSCF results of the general dust factors, which mainly came from
north China (Fig. S9e4, S9g1–S9g3). In this study, dust events were usually
captured with the observations of fire spots on the transport pathways of
dust plumes (Fig. S11). Therefore, K+, OC and EC were highly correlated



Fig. 1. PMF factor profiles of the ICAE, ICTE, and ICSE sets. The concentration bar corresponds to the left y-axis, which is a logarithmic scale. The percentages of species
correspond to the right y-axis. The letters “T” and “S” in the brackets behind element names refer to total and soluble elements, respectively.
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withMg2+ and Ca2+ during the dust period (r= 0.77–0.94). The PSCF re-
sults also suggested similar sources of these four compounds (Fig. S12), and
the sources of the BB factors are mainly distributed on the pathways of dust
plumes in north China.
4

The second category of dust factors made distinguishable contributions
to water-soluble Ca2+ and total mineral elements (i.e., Al, Mn, Fe, and Ba,
Fig. 1g) with low factor loadings for sulfate/nitrate and soluble metals, in-
dicating a “fresh dust” factor for the ICTE and ICAE sets (Table 2). In



Fig. 2. Average of PM2.5 contributions by each factor for the (a) ICTE and (b) ICAE sets.
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comparison, the third category of dust factors was characterized by a high
abundance of soluble mineral elements and some sulfate and nitrate
(Fig. 1h and Table 2). Thus, it was termed the “aged dust” factor
(Arimoto et al., 2004; Geng et al., 2014). In contrast to the fresh dust factor
of the ICAE set, the aged dust factor contained a low percentage of total
mineral elements but explained the conspicuous fractions of soluble
Fig. 3. Pearson's correlation coefficients between the s

5

elements. For the fresh dust factor, a significant correlation was observed
between the ICTE and ICAE sets (r = 0.96). In contrast, for the aged dust
factor, a significant correlation was observed between the ICSE and ICAE
sets (r=0.86).Moreover, themaximum concentration of the aged dust fac-
tor lagged that of the fresh dust factor during the dust event with a long du-
ration (Fig. S13), indicating a reasonable dust aging process.
ame factors resulted from different PMF data sets.



Table 2
Summary of three categories of dust factors.

Category I Category II Category III

Dominant species K+, Ca2+, Mg2+, and Cl− Ca2+, total Al, Mn, Fe, Ba, Ni, Cu, As, and Cr Soluble Al, Mn, Fe, and Ba
Factor General dust (IC, ICTE, and ICSE sets) Fresh dust (ICTE and ICAE sets) Aged dust (ICSE and ICAE sets)
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Positive correlations (r = 0.42–0.70) were also observed between the
fresh dust (category II) and aged dust factors (category III), and the general
dust factor (category I) wasmore strongly correlatedwith the fresh dust fac-
tor than the aged dust factor (Figs. 3g and S10). Nevertheless, we assumed
that the fresh dust factor retrieved by the ICAE set was more reasonable be-
cause much more typical crustal tracers (i.e., Al, Mn, Fe, and Ba) were con-
sidered in the ICAE set. Details of the outputs of the two dust factors in the
ICTE and ICSE sets were unclear, possibly due to the different analysis tech-
niques used for WSIs and elemental species.

3.4. Industrial factors

Two categories of the industrial source factor were identified. One cat-
egory had remarkable contributions to total anthropogenic elements
(i.e., Cu, Zn, Cd, and Pb, see Fig. 1i), including the industry factor of the
ICTE set and the fly ash factor of the ICAE set. The correlation between
these contributions was 0.75 (Fig. 3h). The other category had significant
contributions to soluble anthropogenic elements (Fig. 1j), including the in-
dustry factor of the ICSE set and the aged industrial sources factor of the
ICAE set with a significant correlation (r = 0.90) and a high similarity of
PSCF results between them (Figs. 3h, S9h2 and S9h4). Considering the in-
terpretability of the industrial factors, we named the fly ash and aged indus-
trial sources in the ICAE set.

Total Al and total Fe were the major chemical constituents of the fly ash
factor (Deonarine et al., 2015; Belviso et al., 2015). The distinctive charac-
teristic of fly ash is that the solubilities of its anthropogenic components
(Ni, Cu, Zn, Cd, Pb, and Cr), defined as the ratios of their soluble contents
to total contents, were very low (0–8.1 %, Table S7) (Belviso et al., 2015;
Deonarine et al., 2015; Markowski and Filby, 1985). The fly ash factor
had a distinctive PSCF pattern (Fig. S9h3) compared with the industry fac-
tors of the ICTE and ICSE sets (Fig. S9h1 and S9h2), indicating the limita-
tion of PMF source apportionment with only total or soluble elements.
Thefly ashmainly originated from the northeast and southwest of Qingdao.
In contrast, the dominant species in the aged industrial source factors of the
ICAE set were soluble anthropogenic elements. Industrial pollutants can ef-
ficiently produce large amounts of soluble anthropogenic elements via at-
mospheric processing (Liu et al., 2022). This understanding is also
supported by the fact that the correlations between total anthropogenic el-
ements and SNA (r = 0.00–0.60, Fig. S14) were lower than those between
soluble anthropogenic elements and SNA (r = 0.20–0.77, Fig. S15).
Fig. S9h shows that industrial sources are mainly distributed in the south
of Qingdao in East China, whose air pollutants likely underwent a remark-
able aging process during the transport, considering that its similar PSCF
pattern with that of the secondary aerosols' factors (Fig. S9a and S9b).

3.5. Waste incineration

As shown in Fig. 1k, the waste incineration factor usually contrib-
uted highly to Zn, Cu, and Cl− (Font et al., 2015; Hu et al., 2003;
Setyan et al., 2017; Wang et al., 2017). However, the waste incineration
factor of the ICSE set contributed less to Cl− than the corresponding fac-
tors of the ICTE and ICAE sets, and showed moderate correlations with
those of the ICAE set (r = 0.77) and the ICTE set (r = 0.31), suggesting
that the waste incineration factors retrieved by different data sets varied
remarkably. Unfortunately, we do not have enough data for a proper
evaluation of the stability of waste incineration factors because munic-
ipal wastes can vary temporally and spatially (Font et al., 2015; Hu
et al., 2003; Wang et al., 2017). The low Cl− in the ICSE set suggests a
more aged state of waste incineration emissions, as the fresh one usually
6

with abundant Cl− and the aging of Cl−-containing aerosols caused by
sulfate and nitrate formation usually results in the Cl− depletion (Liu
et al., 2018; Setyan et al., 2017). The ICTE set, as a classic chemical spe-
cies data set, had a similar PSCF result and similar contributions of
waste incineration to PM2.5 as the ICAE set (Figs. 2, S9f1 and S9f3), sug-
gesting that the waste incineration factors of the ICTE and ICAE sets
were relatively reliable in terms of physical interpretability. In contrast,
the PSCF result of the waste incineration factor with the ICSE set shows
a distinctive pattern, revealing the deficiency of using soluble elements
only in PMF-based anthropogenic source apportionment.

4. Conclusion

In this work, four PMF solutions were compared with the data sets
of ions + OCEC (IC), ions + OCEC + total elements (ICTE), ions +
OCEC + soluble elements (ICSE), and ions + OCEC + total elements +
soluble elements (ICAE). All data sets can retrieve secondary aerosols,
sea salt, dust and biomass burning. The data sets with elements (CE sets)
additionally identified ship emission, waste incineration and industrial
sources.

Our results demonstrated the robustness of the IC set in retrieving gen-
eral air pollution sources. Compared with the IC set, the CE sets have the
advantage of retrieving anthropogenic sources for more chemical species,
because these added elements are more specific and stable tracers than
water-soluble ions. For the ICAE set, more specific factors (i.e., fresh dust,
aged dust, fly ash and aged industrial sources) were figured out with the
input of both total and soluble elements. Therefore, more details of the po-
tential sources and formation mechanisms of soluble elements and the
aging process in dust plumes can be explored, which is essential to recog-
nize the influence of dust transport on the marine ecosystem.

Our work shows the merits in the source apportionment of aerosols by
inputting both total and soluble elements into the PMF model. To improve
the accuracy in further studies, the influence of the discrepancy in analysis
techniques used for water-soluble ions, total and soluble elements needs to
be addressed. The limited ability of PMF to distinguish specific sources of
air pollutants should also be carefully considered.
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Appendix A. Supplementary data

Detection information of chemical species (Text S1); PMF operation re-
lated materials (Texts S2–S3); Table S1 showed the sampling duration de-
tails; Tables S2–S6 were used to illustrate the rationality of the PMF
solutions; Factor profiles of the IC and CE sets (Figs. S1–S4) and time series
of the normalized concentrations of PMF factors (Fig. S8); Pearson correla-
tions between same type factors of different chemical data sets (Fig. S10);
Texts S4–S5 and Figs. S5–S7 and S9 discussed the potential sources of
chemical species; Time series of PM10, normalized concentrations of fresh
dust factors and aged dust factors during two dust events in 2017 and
2018 (Fig. S13); Correlations between elements (Cu, Zn, Cd, As, Pb, Cr)
and SNA (sulfate, nitrate and ammonium) (Figs. S14–S15); Elements solu-
bility of the aged industrial sources (AIS) factor and the fly ash factor of
the ICAE set (Table S7). Supplementary data to this article can be found on-
line at https://doi.org/10.1016/j.scitotenv.2022.159948.
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