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Abstract: We report comprehensive elemental composition studies on the average urban airborne
particulate matters (PMs) collected in the Greater Seoul area, Korea, in 2019 to identify regional and
chronological characteristics of the sample as a candidate for certified reference material (CRM),
using kp-based single comparator instrumental neutron activation analysis (ko-INAA). The method
was successfully validated by comparing the analysis result of a similar matrix CRM (SRM 1648a
urban particulate matter) of National Institute of Standards and Technology, USA, with corresponding
certified values. The same methodology was applied to determine various elements in candidate
environmental materials for future CRM development, including the urban PMs and incineration
ashes, to investigate the possibility of using ko-INAA for certification of relevant reference materials.
In total, 46 elements in the urban PM sample were analyzed and their concentration levels were
compared with the urban PMs collected in the 1970s in St. Louis, USA. Urban PMs of Korea Research
Institute of Standards and Science in 2019 contain significantly lower levels of hazardous elements,
such as As, Cd, Cr, Hg, and Pb, as compared to those of the 1970s, which can be attributed to the
reduced air pollution by environmental regulation and technological innovation. The potential major
source of urban airborne PMs was also discussed.

Keywords: urban airborne particulates; ko-INAA validation; certified reference material; hazardous
elements; source identification

1. Introduction

Particulate matter (PM) is one of the major air pollutants that poses a threat to human health
when harmful substances (i.e., toxic elements) are present in the PM and total mass are increased [1-3].
As the frequency and intensity of air pollution caused by PM increase in many parts of the world,
including South Korea [4,5], internationally coordinated urgent action is needed to reduce the airborne
particulate pollution level. Several countries, such as the United States and Japan, as well as those
belonging to the European Union (EU), are pursuing research on measurement standards for the
control and regulation of airborne particulate levels based on accurate measurements [6-8]. In the EU,
the AEROMET (Aerosol Metrology for Atmospheric Science and Air Quality) project is ongoing as
one of the EMPIR (European Metrology Programme for Innovation and Research) projects aimed at
supporting the fundamental research on air quality regulations and the influence of climate change
on human health [9]. The South Korean government is also establishing emergency preparedness for
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air pollution to identify the major sources of airborne particulates and to evaluate their individual
contributions, along with strategic and technical development to reduce anthropogenic emissions [5,10].

Airborne PM is composed of a complex mixture of inorganic and organic substances of natural
and anthropogenic origins. The high variability of contributions from local and region-wide sources,
depending on the meteorological conditions, makes it even more difficult to accurately evaluate
major sources and their contributions [1,5]. Several studies on PM pollution regarding environmental
monitoring, source identification, and health effects have been reported based on the determination of
the concentration and chemical composition of PMs, but the quality issue of the measurement data
has not been sufficiently accessed, raising concern about their reliability [5]. The quality control of
measurement data and the establishment of measurement standards to support it are essential to solving
the problems of airborne particulate pollution based on robust scientific evidence. It is also important
to establish the equivalence of the measurement standards of different countries, considering that
airborne particulates are significantly influenced by neighboring countries across borders [11]. In line
with this need, several national metrology institutes (NMIs), such as the National Institute of Standards
and Technology (NIST, US) and National Metrology Institute of Japan (NMIJ, JP), as well as European
Commission Joint Research Centre (JRC, EU), have developed airborne PM certified reference materials
(CRMs). These CRMs are disseminated to environmental laboratories, research institutes, and industries
to verify their analytical procedure using CRMs [6-8]. The Korea Research Institute of Standards and
Science (KRISS, KR) has also launched a project called “Establishing National Metrology Infrastructure
for Reliable Measurement of Particulate” and is also developing CRMs for airborne PM from different
origins that reflect the current air quality in South Korea.

For the characterization of CRMs, NMIs typically use robust analytical methods with less uncertainty
and negligible bias, even sacrificing the cost and sample throughput. Isotope dilution-inductively coupled
plasma mass spectrometry (ID-ICP/MS) and standard comparator-instrumental neutron activation
analysis (SC-INAA) methods are the most widely used methods for certifying elemental content in various
matrices [12-14]. KRISS has established an ID-ICP/MS method to certify mass fractions of inorganic
elements in matrix CRMs and has maintained international equivalence of the measurement through
international comparisons [15-18]. However, it cannot be applied to mono-isotopic elements and requires
wet-chemistry-based sample pre-treatments to dissolve the sample matrix, while it is often a difficult
challenge to completely dissolve the environmental sample matrix including PMs [19-22]. INAA is a
nondestructive, multi-elemental analysis method based on nuclear properties regardless of the chemical
state of elements [19,23-25]. It is possible to quantify mono-isotopic elements that cannot be accessed with
ID-ICP/MS. The chemical pre-treatment for dissolution of the sample and the potential risk of contamination
during the process can be avoided [12,19]. Therefore, the INAA method is the most appropriate and
widely used method for elemental quantification of airborne particulates [8,23,24,26-28]. In particular,
the SC-INAA method is another primary ratio method, complementary to the ID-ICP/MS, which has
been used mainly in NMIs, including KRISS, for complicated matrix analysis, such as environmental
samples [12]. The SC-INAA method has the advantage of high accuracy and low uncertainty of analysis
because it can offset the complicated parameters of the analysis by irradiating and measuring the standard
with the sample under the same conditions [12]. However, in SC-INAA, all standards for the elements
of interest must be prepared, and the reliability of measurement might be low if the differences in the
elemental compositions, shapes, and concentration ranges of the standard and sample matrices are
large [12]. In the case of the analysis of airborne PM, Sl-traceable pure elemental standard solutions [29]
for preparing working standards in the labs are sometimes not available for certain elements of interest.
If the sample contains high amounts of aluminum (Al) and uranium (U), the SC-INAA method is likely to
cause bias due to isotope interference and nuclear fission reaction [19,30,31]. Therefore, in measuring
various elements in a complicated matrix, such as airborne PMs, more accurate results may be obtained
when the kyp-based INAA (kyp-INAA) method is applied, than when the SC-INAA method is adopted [24].

As is well known, the kp-standardization method of INAA uses gold (Au) as a standard,
and composite nuclear constants (molar mass, isotopic abundance, cross-section, and absolute
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gamma-intensity) for nuclides are normalized to Au nuclear data (i.e., kg factors), which were
experimentally determined. The overall uncertainty of the kp-INAA method is relatively large
compared to the SC-INAA method because several individual uncertainty factors, such as neutron flux
and detector efficiency, must be considered, which are negligible in SC-INAA [24,32-34]. Typically,
the combined standard uncertainty of the kp-INAA is conservatively 3.5% (k = 1). Nevertheless,
the kp-INAA method is suitable for analyzing a sample when it is not easy to make the standard of the
same or similar matrix. The method is also capable of analyzing multiple elements simultaneously
without the need to prepare specific standards. Therefore, it is the most suitable elemental analysis
method for preliminary quantification of elements in the early stages of the development of CRM.

This work is a preliminary study for the development and certification of KRISS urban PM CRM.
As a part of the process of developing KRISS urban dust CRM, 46 elements were analyzed using the
ko-INAA method. The analysis was validated using NIST Standard Reference Material® (SRM) 1648a
urban PM. Another sample with a similar matrix—that is, the KRISS ash CRM candidate—was also
analyzed. Some of the elements that are difficult to analyze with the ko-INAA method were analyzed
using wavelength dispersive X-ray fluorescence (WD-XRF). The major source of the KRISS urban PMs
was preliminarily estimated by comparing the concentration levels of the elements.

2. Materials and Methods

2.1. Sampling

NIST SRM 1648a urban PM is urban dust that was collected from St. Louis, USA, in 1976-1977.
More details are given in the NIST certificate [35]. The raw material of KRISS urban dust CRM
candidate was the urban dust collected from the air ventilation medium filters of buildings in Seoul
(the capital city) and Gyeonggi-do (close to Seoul) in South Korea. The collected dust was a primary
sieve sample having a size of <100 um using a vibratory sieve shaker (Analysette 3 Pro, Fritsch GmbH,
Idar-Oberstein, Germany) without the milling process as shown in Figure 1. The KRISS ash CRM
candidate (CRM no. 109-08-001) was a sample obtained from an incineration facility in Cheongju,
South Korea. The collected sample was ground with an air jet mill (Hosokawa Alpine, fluidized bed
opposed jet mill, 100 AFG, Augsburg, Germany). The particle size before grinding was about 300 pm,
and the particle size after grinding was about 130 um. The pulverized sample was homogenized
through rotation of a V-mixer for 15 h at a speed of 15 rpm. The samples were aliquoted in 120 mL
Amber bottles and then were irradiated with a dose of gamma-ray ®°Co at 25 kGy for 25 h.

KRISS urban particulate
matter CRM candidate

(b) (c)

Figure 1. Picture of (a) sieve shaker; (b) >100 um and <100 pm sieved KRISS urban dust CRM candidate;
(c) powder form of KRISS urban dust CRM candidate (<100 um) for analysis.

2.2. ko-INAA Experiment

NIST SRM 1648a urban PM, KRISS urban dust CRM candidate, and KRISS ash CRM candidate samples
were analyzed in solid form using the kp-INAA method at JoZef Stefan Institute (JSI), Slovenia [36,37].
All the samples were made into pellets in cellulose paper (Whatman® 542, ¢ 55 mm) as shown in Figure 2a.
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About 100 mg of each sample was used. The thickness and diameter of each prepared sample as a pressed
pellet were about 2.7 mm and 13 mm, respectively. For 12 h long irradiation, nine subsamples for NIST
SRM 1648a, six for KRISS urban dust CRM candidate, three for KRISS ash CRM candidate, and five
for blank cellulose paper were analyzed. For short irradiation, i.e., 2 min for the samples and 5 min
for cellulose paper (blank sample), three additional subsamples were analyzed for each sample. In the
case of the KRISS urban dust CRM candidate, the relative standard deviations (RSDs) of mass fractions
between subsamples, which represent the homogeneity of the sample, were less than 10% for all elements,
except for six elements, including Ag, Au, Cd, Hg, I, and Sn. Those elements with high RSDs were at a
level similar to the limit of detection (LOD) of the analysis except for Au. In the case of NIST SRM 1648a
and the KRISS ash CRM candidate, the RSDs of elements were less than 10%, excluding four (Au, Cu,
W, and Zr) and three (Ba, Cu, and In) elements, respectively. The RSD and LOD of each element for all
samples are shown in the Supplementary Materials (Table S1).

Dry mass measurements were carried out using Mg(ClO,), desiccant for 48 h by employing
0.5 g of four replicates. The NIST SRM 1648a sample was dried to a constant mass before being
weighed for analysis, whereas, for all other samples, a separate sub-sample was taken for dry mass
correction from the bottle at the time of analysis [35]. In the case of cellulose paper, moisture content
was measured by keeping it in a desiccator for 180 h to reach equilibrium. The dry masses of the
samples were as follows: NIST SRM 1648a, 98.63% + 0.09% (unitless, 4,y = 1.0139); KRISS urban dust
CRM candidate, 95.60% + 0.11% (unitless, fq;y = 1.0460); KRISS ash CRM candidate, 99.79% + 0.11%
(unitless, {4,y = 1.0021); and cellulose paper, 96.59% + 0.09% (unitless, {4,y = 1.0353).

All details of the experimental procedures are available in our previous literature [13,38]. The short
irradiation was performed for 2 min to analyze short-lived nuclides; in the case of cellulose paper, it was
irradiated for 5 min, because the concentrations of the elements were mostly low. The long irradiation
was performed for 12 h to analyze elements having medium/long half-life nuclides. NIST SRM 1648a
was used as the quality control (QC) sample for each irradiation, and all samples were irradiated in
the carousel facility of the 250 kW TRIGA Mark II reactor of the JSI with a thermal neutron flux of
1.1x 102 em=2:s71, The f value was 28.43 + 0.93 (unitless, k = 1), and the a value was —0.0042 + 0.0020
(unitless, k = 1) [36,37]. The f value is a thermal-to-epithermal neutron flux ratio and « is a parameter
describing the epithermal flux that deviated from the ideal 1/E distribution, which were obtained
through the Cd-ratio method [32]. The kq constant, Qp (resonance integral to 2200 m-s~! cross-section
ratios), E; (effective resonance energy), and T/, (half-life) were obtained from the literature [39,40].
A single standard (IRMM-530R, Al-0.1%Au alloy in the form of a disc, 7 mm in dia. and 0.1 mm
thick) is irradiated together with each sample to determine the neutron flux in the sample for short
irradiation. For long irradiation, two or three samples were allowed between the Al-0.1%Au discs
(<1 cm). Figure 2b,c show a sample stacked with Al-0.1%Au discs in a sandwich form for long
irradiation. The relative neutron flux was determined according to the relative position of the sample
from the Al-0.1%Au disc.

The absolute efficiency (¢p) pre-defined three different HPGe detection systems (Figure 2d) that
were used to measure the gamma-rays after appropriate cooling times [24,36]. All samples and
Al-0.1%Au discs that were irradiated together in the same rabbit were measured using the same
detector. The gamma-ray measurement of the sample was carried out at different cooling times to
measure the nuclides with different half-lives with minimal or negligible interferences from other
nuclides. Each sample was measured 3 times after 3, 7-10, and 20-26 days after long irradiation;
and twice at ~10 and ~30 min cooling times after short irradiation. After the peak areas were determined
using the HyperLab program (HyperLabs Software, Budapest, Hungary) version 2002 [41,42], the mass
fraction and effective solid angle for the defined matrix and dimensions of the pellet were determined
using the KayWin® software (kyp-ware, Heerlen, The Netherlands) version 2.42 [43].
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Figure 2. Image of (a) prepared sample pellets and Al-0.1%Au discs; (b) rabbit for irradiation; (c)
arrangement of samples and Al-0.1%Au discs in rabbit; (d) gamma-ray counting system at JSI.

2.3. WD-XRF Experiment

The major elements in the samples were also determined by the complementary WD-XRF method
using a Bruker S8 Tiger WD-XRF spectrometer. The spectrometer consists of an X-ray tube operating at
<60 kV and <170 mA, three analyzing crystals (LiF200, PET, and XS-55), and two detectors (scintillation
and gas flow proportional counters) [44]. The fusion bead sample preparation method was used,
which is known to provide more accurate results than the pressed pellet/powder method by minimizing
the matrix and mineral effects [45]. The fusion bead was made by mixing a sample and a lithium
tetraborate flux at a 1:10 ratio with 0.5% LiBr as a wetting agent. The sample was kept on top of the
flux and heated to 800 °C to remove the carbon content before the fusion mixture process. The fusion
mixture went through a full fusion cycle to form a 40 mm diameter glass bead in a platinum (Pt-5%Au)
crucible. Each sample was prepared in duplicate and measured three times. The spectrometer was
calibrated using Geo-Quant CRMs [46]. To validate the methodology, the NIST SRM 1648a was
prepared in the same way as the dust and ash samples. In total, 20 elements (Al, As, Ba, Ca, Cr, Cu,
Fe, K, Mg, Mn, Na, Ni, P, Pb, Si, Sr, Ti, V, Zn, and Zr) were determined. S and CI were analyzed
but not considered in the present study, due to potential loss of content during the adopted fusion
cycle process.

3. Results and Discussion

3.1. Elemental Composition of Blank (Cellulose Paper) by ko-INAA

In the case of the cellulose paper used for the preparation of pellets, the same batch used for sample
preparation was used and analyzed in the same way as that done for the sample. Through the analysis of
46 elements, the mass fraction values of the 12 elements at dry mass basis of the cellulose paper were
obtained, and the LOD values were provided for the other elements accordingly (Table 1). All the mass
fractions of the elements in Table 2, Tables S1 and S2 were obtained at the dry mass basis subtracting the
contribution of the elements present in cellulose paper. The blank contributions for all elements were
less than 0.6% (the highest contributing element was Cl) for NIST SRM 1648a and 0.3% (Br contribution)
for KRISS urban dust. Br contribution for the KRISS ash CRM candidate was about 7.5%, because Br
concentration is relatively low in ash CRM (other elements have contributions of 0.2% or less).
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Table 1. Elemental mass fractions (above LODs) of cellulose paper analyzed by ky-INAA and their LODs.

£l Mass Fraction + Expanded LOD Kl Mass Fraction + Expanded LOD
) Uncertainty (mg/kg, k = 2) (mg/kg) ’ Uncertainty (mg/kg, k = 2) (mg/kg)
Ag 0.030 La 0.002
Al 1.63 +0.42 0.09 Mg 1.74 + 0.651 1.07
As 0.0063 Mn 0.0387 + 0.0036 0.0045
Au 0.00014 + 0.00011 0.00005 Mo 0.023
Ba 0.68 Na 164 +£3.1 0.1
Br 0.175 + 0.024 0.008 Nd 0.04
Ca 32.9 Rb 0.23
Cd 0.05 Sb 0.0025 + 0.0004 0.0010
Ce 0.03 Sc 0.001
Cl 28.2+3.8 0.4 Se 0.03
Co 0.009 Sm 0.00017 + 0.00005 0.00015
Cr 0.232 + 0.050 0.056 Sn 14
Cs 0.006 Sr 2.5
Cu 0.27 Ta 0.002
Dy 0.002 Tb 0.002
Eu 0.0007 Th 0.0041
Fe 3.77 + 0.669 3.76 Ti 0.85
Ga 0.037 8] 0.0014
Hf 0.005 \% 0.0070
Hg 0.017 W 0.013
I 0.028 Yb 0.0021
In 0.0005 Zn 0.190 + 0.050 0.059
K 3.3 Zr 3.4

3.2. Validation of the ko-INAA Method Using NIST SRM 1648a Urban PM

To validate the kp-INAA method for elemental analysis in airborne PM at JSI, we analyzed
the NIST SRM 1648a urban PM, which provides certified and reference values for mass fractions
of several elements. Figure 3 shows the gamma-ray spectra of short-lived nuclides irradiated for
2 min after cooling times of ~11 and ~35 min and those of long-lived nuclides irradiated for 12 h
after a cooling time of ~3, ~10, and ~28 days. The corresponding nuclide and gamma-ray energy of
several isotopes are indicated in each spectrum for reference. Multiple measurements at different
cooling times were conducted to measure the elements with different half-lives, with minimum
influence of spectral interferences. Isotopes such as 52y (T12 =3.75m), 28A] (T1 = 2.2414 m), and 5Ty
(T12 = 5.76 m) have a short half-life time of less than 10 min and should be measured as soon as
possible after irradiation. The distance between the detector and the sample should be adjusted so
that the dead time is less than 10%. Isotopes with a half-life of 10 min or more are measured after
isotopes with a shorter half-life have sufficiently decayed and the background signal has decreased.
For example, Mg and **Mn emit gamma-rays at energies very close to each other upon nuclear
activation (E, = 843.8 keV, E, = 846.8 keV, respectively), which may interfere with each other. However,
their influence can be reduced by measuring them at different cooling times, as they have different
half-life times (*’Mg, Ty = 9.462 m; *Mn, Ty, = 2.579 h). The HyperLab software helps further
resolution of residual overlaps of gamma peaks of Mg and **Mn in this energy interval. For the
2’Myg isotope, different gamma-ray emissions at 170.7 keV and 1014.4 keV can be used alternatively.
However, their emission rates (I, = 0.8% and I, = 28%, respectively) are relatively lower than 843.8 keV
(I, = 71.8%), resulting in a significantly weak signal with a concomitant increase of measurement
uncertainty. Depending on the specific gamma-ray interferences experienced by different analyte
isotopes, such as °Se (T, = 119.781 d, E, = 264.7 keV, E, = 279.5 keV) and ?®*Hg (Ty, = 46.61 d,
E, =279.2 keV), the data obtained at different cooling times have been used to calculate the mass
fractions of each element.
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JSI has been accredited to the kp-INAA method in accordance with ISO/IEC 17025 (General
requirements for the competence of testing and calibration laboratories, International Organization for
Standardization, Vernier, GE, Switzerland) since 2009 (Accreditation Certificate LP-090) for analysis of
various matrices samples based on concentration range, detection limit, and uncertainty. The elemental
mass fraction values labeled # in Table 2 represent non-accredited activities, in accordance with LP-090,
beyond the scope of the range of testing or the specified uncertainty.

T T T T T 1027 T T T T T T ]
101 M 846.8 keV b
10"+ %Zn 1115.5 keV b
% 10" N s il °Fe 1291.6 keV Na (E)
g PRz Ao :_2 10° CoA3325keV | g
38,
S C1 2{67.4 keV s / a8
G 10° i 3
o 3 1"
= 244 el -
° Na 2754 keV ©
€ 101 1 € 10
= 3
o .| o
© 2K 1524.7 keV ¥Cl 1642. © o
10
104_
1073— T T T T T T T T T I
0 500 1000 1500 2000 2500 3000 0 500 1000 1500 2000 2500 3000
Energy (keV) Energy (keV)
1st counting [ NIST SRM 1648 7 —— 2nd counting
a(12hirr.
NIST SRM 1648a (cooling T: 11m 07s) ( ) (cooling T: 10d 14h 18m 11s)
min irradiation ——— 2nd countin st countin rd countin
(2 diation) 2nd ting 1st ting 3rd ting
(cooling T: 35m 14s) (cooling T: 2d 18h 41m 11s) (cooling T: 28d 14h 45m 37s)
(a) (b)

Figure 3. Gamma-ray spectra of NIST SRM 1648a urban PM irradiated for (a) 2 min and (b) 12 h.

All details of uncertainty evaluation of ko-INAA method is explained in our previous studies [13,38]
and the literature [32]. The expanded uncertainties for mass fraction values represented in Tables 1 and 2
have a coverage factor k = 2 at 95% confidence level. The combined standard uncertainties (typically,
3.5%) were calculated based on the quadratic summation of a number of parameters such as kg
constant (~1%), Qo (~1%), f (~1%), a (~1.5%), ¢, measurement (~2%), and true coincidence correction
(~1.5%) of ko-INAA method and the standard deviation of the replicates of each sample. The results
obtained by kyp-INAA are given in Table 2, where the E, score [38,47] of NIST SRM 1648a was used
to evaluate the quality of the data. By definition, the E, score is a ratio between the difference of the
lab result and the assigned value and the square root of the quadratic summation of the expanded
uncertainties (k = 2) of the lab and assigned value. According to the literature, satisfactory results
are when —1.0 < E, < 1.0. Scores of E, > 1.0 or E, < —1.0 could indicate possible problems in the
uncertainty estimations and measurement models, which need to be corrected and evaluated. As can
be seen in Table 2, there is good agreement between the data obtained by ko-INAA and certified values
by NIST except for Hg (En = 1.07). The slightly higher value of Hg, obtained by 2*Hg (E,, = 279.2 keV),
can be explained by a large subtraction due to the interference of Se (26.1 mg/kg, "°Se E,, = 279.5 keV),
whose contribution was about 75%. In Table 2, we also calculated the E,, score for reference values
given by NIST (marked green), but this is given for information only. NIST established certified values
using at least two different analytical techniques, while reference values were established by only
a single method [35]. It should be mentioned that NIST established certified value for Ce (the only
certified value among rare earth elements (REEs)) using INAA and PAA (photon activation analysis)
techniques which is potentially influenced by fission of 2°U. Unfortunately, mass fraction data of U in
NIST SRM 1648a is not available, but we found the content of U to be about 5.4 mg/kg (see Table 2)
and Ce data obtained by ko-INAA were corrected for about 3% of U contribution. This may explain
a slightly lower value of the Ej, score of Ce (—0.88) obtained by ko-INAA. According to Zeisler [48],
INAA procedure at NIST uses multi-elemental solution dried on filter paper (10 pL or 20 pL standard
solution on 5 mm diameter filter paper) as a calibration standard. Hence, it may not compensate for
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the interference of fission products of 2°U, if the multi-elemental standard does not include a similar
amount of U as in the sample. However, the contribution of fission of 22U may be ignored if only a
low amount of U is present in the sample, which is not the case of NIST SRM 1648a.

Table 2. Comparison of the mass fractions of elements determined by ky-INAA in NIST SRM 1648a
urban PM, KRISS urban dust CRM candidate, and KRISS ash CRM candidate.

KRISS Urban Dust CRM

NIST SRM 1648a Urban PM Candi KRISS Ash CRM Candidate
andidate
ko-INAA + NIST Values ko-INAA ko-INAA
B Fr;wct?zi . e Frsalc\:[izsrf N $ Mass Fraction +
Expanded Cert,, Ref. orInf.  En (k=2) Expan ed § % Dev. Expanded $ % Dev.
Uncertainty Values (mg/kg) Uncertainty (KRISS/NIST) Uncertainty (KRISS/NIST)
(mg/kg, k=2) (mg/kg, k=2) (mg/kg, k =2)
Ag 6.94 + 0.50 6.0+0.3 1.60 1.27 +0.18 —82% 203 +15 192%
* Al 33,528 + 2402 34,300 + 1300 -0.28 49,359 + 3847 47% 10,6021 + 7457 216%
As 1249 + 8.8 1155+ 39 0.98 347 +25 -72% 194+14 —84%
Au 0.028 + 0.006 N/A - 0.279 £ 0.115 904% 4.08 +0.32 14563%
#Ba 680 + 57 N/A - 1361 + 102 100% 1917 + 233 182%
Br 520 + 37 502 £ 10 0.47 57.8 +4.1 -89% 217 +£0.18 —100%
Ca 56,422 + 4074 58,400 + 1900 —-0.44 42,076 + 3186 -25% 48,097 + 3929 -15%
#Cd 763 £5.5 737 +£23 0.44 5.45 +1.50 -93% 722 +£0.82 —91%
Ce 50.8 +3.8 546 +22 -0.88 69.1£5.8 36% 99.1+74 95%
#Cl 4729 + 334 4543 + 47 0.55 12,642 + 930 167% LOD =112 -
Co 173+1.3 17.93 £ 0.68 —-0.42 191+14 10% 16.8+1.2 -3.0%
Cr 397 +29 402 +13 -0.16 219 +18 —45% 238 + 17 —40%
Cs 3.38 +0.24 34+02 -0.06 4.67 +0.33 38% 530 +£0.38 57%
#Cu 682 + 90 610 +70 0.63 854 + 100 25% 2054 + 252 201%
# Dy 3.37 £ 0.30 N/A - 3.40 £ 0.42 0.9% 3.95+0.48 17%
Eu 1.52 +0.11 N/A - 1.15 +0.09 —24% 1.32+0.11 -13%
Fe 38,162 + 2767 39,200 + 2100 -0.30 39,139 + 2997 2.6% 39,446 + 2838 3.4%
*Ga 175+1.3 N/A - LOD =18.1 - 246 +25 41%
Hf 4.15+0.30 52 - 7.40 + 0.53 78% 4.74 £ 0.35 14%
Hg 1.49 £0.14 1.323 + 0.064 1.07 0.447 + 0.074 -70% LOD =05 -
#1 20.5+35 N/A - 272 %52 33% LOD =18 -
#In 0.986 + 0.077 N/A - 1.08 £ 0.08 10% 0.547 + 0.091 —45%
K 9986 + 763 10,560 + 490 -0.63 16,739 + 1486 68% 29630 + 2470 197%
La 353 +2.6 39+3 -0.94 36.4+29 3.1% 553 +4.0 56%
#Mg 7992 + 708 8130 + 120 -0.19 10,331 + 733 29% 18,834 + 1916 136%
#Mn 790 + 56 790 + 44 -0.01 682 + 52 -14% 1170 + 82 48%
Mo 184 +1.3 N/A - 25.9+£2.0 41% 26.0+19 41%
Na 4295 + 308 4240 + 60 0.17 14,302 + 1033 233% 8499 + 601 98%
Nd 272+22 N/A - 276 +23 1.4% 352+34 29%
Rb 48.1 £3.5 51.0+15 -0.76 95.3 £ 6.9 98% 114 £ 8 137%
Sb 446 +3.2 454+14 -0.23 733+£52 64% 9.78 £0.71 -78%
Sc 6.54 + 0.47 6 to 120 - 7.70 £ 0.59 18% 8.12 £ 0.58 24%
Se 261+19 284 +1.1 -1.06 6.01 +0.49 ~77% 213 +0.15 -92%
Sm 432 +0.31 43+03 0.04 4.75 +0.34 10% 6.80 + 0.55 58%
#Sn 151+13 N/A - 138 +17 —8.4% 146 + 13 -2.9%
Sr 226 +18 215 +17 0.43 LOD =94.2 - 416 + 31 84%
Ta 6.47 + 0.49 N/A - 1.01 + 0.08 —84% 1.22 +0.10 —81%
Tb 0.518 + 0.037 N/A - 0.837 + 0.060 62% 0.723 + 0.052 40%
Th 7.19 £ 0.51 7 to 107 - 127 +0.9 77% 156 +1.3 116%
*Ti 3855 + 315 4021 + 86 -0.51 3815 + 335 -1.0% 4712 + 352 22%
U 5.36 + 0.39 N/A - 2.96 +0.29 —45% 94.6 £ 6.9 1665%
v 131+9 127 + 11 0.29 64.9 £5.0 -50% 741+£51 —44%
W 5.55 + 0.54 46+03 1.54 284 +22 412% 145+1.1 160%
Yb 1.71+£0.13 N/A - 1.85+£0.14 7.8% 1.70 £ 0.12 -0.9%
Zn 4623 + 334 4800 + 270 -0.41 21,126 + 1578 357% 2852 + 207 -38%
Zr 155+ 16 N/A - 314 +29 102% 226 + 20 46%

The values represented as N/A are not available. y Among the values provided by NIST, the black color values
are the certified values, the green values are the reference values, and the blue values can be used as information
only. ® Gray colored characters represent LODs of elements not presents above the detection limit of ko-INAA
method. § The percentage (%) deviation calculated as (KRISS kg-INAA value-NIST 1648a ko-INAA value)/NIST 1648a
ko-INAA value x 100. # The values labeled with # are not accredited according to the Accreditation Certificate LP-090.

3.3. Analysis of Elemental Compositions in Urban PMs and Incineration Ash

The ko-INAA method was used to analyze several elements simultaneously, including the
mono-isotopes in airborne PM and ash samples without chemical treatment. In total, 46 elements
were analyzed by the kg-INAA method in NIST SRM 1648a, KRISS urban dust, and KRISS ash CRM
candidates. In addition, some of major elements were analyzed using WD-XRE.
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3.3.1. Analysis of Elements of Incineration Ash by the ko-INAA Method

The KRISS ash CRM candidate with a similar matrix to airborne PM was analyzed using the
ko-INAA method. As this was a study to verify the applicability of the kp-INAA method in the analysis
of environmental samples, such as urban PMs, ash CRM candidate was also analyzed as part of the
CRM development that is comparison target of urban PM CRM candidate. The analytical method was
basically the same as that for the NIST SRM 1648a sample analysis. The ash samples were measured
with slightly different cooling and counting times because the concentration levels of elements were
slightly different. The concentration levels of the elements were compared with those of NIST SRM
1648a, and the results are shown in Table 2. The gamma-ray spectra of the KRISS ash CRM candidate
and blank cellulose paper are shown in the Supplementary Materials (Figures S1 and S2). Accordingtoa
source distribution study of PMs in Turkey, biomass and wood-burning contributions are dominated by
Kand Rb, as well as high concentrations of Ca, Mg, and Na [4]. The concentrations of these elements are
high because the raw material was collected from an incineration facility. However, the concentrations
of As (—84%, percentage difference relative to NIST SRM 1648a), Br (-100%), Cd (=91%), Cr (—40%),
and Hg (less than 0.5 mg/kg), generally known as toxic elements, are significantly lower than those in
NIST SRM 1648a.

3.3.2. Analysis of Elements of Incineration Ash and Urban PMs by the WD-XRF Method

Some of the chemical fingerprint elements (P, Si, Ni, and Pb) for source identification that are
difficult to analyze with the ko-INAA method were analyzed with WD-XRF. The detailed results are
shown in Table 3 and were compared to NIST SRM certified values or ID-ICP/MS results. The expanded
uncertainties (k = 2) in Table 3 and Table S2 were calculated from combined uncertainty at 1o included
the contribution factors of statistical error (0.5—10%), instrument error (1%), calibration curve error
(1%), and fusion bead preparation (2%) [49]. The source apportionment study of metallic elements
demonstrated that the generation of Pb was related to a combination of two anthropogenic causes,
namely, steel/smelting activity and vehicle emissions [3]. As lead was banned as a fuel additive in the
USA in 1996, the Pb concentration in dust seems to have decreased significantly with Br (lead scavenger)
concentration [19,50,51]. NIST SRM 1648a urban dust contains 6550 mg/kg of Pb, whereas KRISS urban
dust contains only less than 150 mg/kg. Ni and Pb elements are related mainly to the combustion of
fossil fuels, and even after the ban on the use of additives, these elements are still present in airborne
PM [3,8,19,52,53]. Si is a typical soil component (Earth’s crust) similar to Al, Ca, Fe, and Mg, and its
contribution comes from soil-derived particles [1,54]. Therefore, Si has a high mass fraction of over 12%
in dust and ash, as shown in Table 3. The main origin of atmospheric P is windblown soils, biogenic
emissions, and ash from biomass combustion. It is also known to originate from industrial and mining
emissions [55,56]. In KRISS urban dust, the concentration of P is higher than that in NIST SRM 1648a
(8410 mg/kg vs. 1100 mg/kg). The P level in KRISS ash is significantly high (70,907 mg/kg) due to the
contribution of the incineration process. The atmospheric transport of P is an important mechanism
for delivering nutrients to lake ecosystems [55], but it can also cause eutrophication problems when
present in excess [57]. The mass fractions of other elements analyzed by WD-XRF are shown in the
Supplementary Materials (Table S2) and compared with ky-INAA results. The percentage deviations
between two methods are within 10% except few elements (i.e., trace or minor level).
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Table 3. Mass fractions of elements in NIST SRM 1648a urban PM, KRISS urban dust CRM candidate,
and KRISS ash CRM candidate analyzed by WD-XRF and ID-ICP/MS.

NIST SRM 1648a Urban PM KRISS Urban Dust CRM Candidate KRISS Ash CRM Candidate
El. WD-XRF NIST Certified Values WD-XRF WD-XRF ID-ICP/MS
Mass Fraction + Expanded Uncertainty (mg/kg, k = 2)
P 8410 + 588 N/A 1100 + 177 70,907 + 3686 N/A
Si 124,500 + 6400 128,000 + 4000 138,000 + 7070 182,360 + 9243 N/A
Ni 90 £15 81.1+6.8 90 + 16 110.46 + 29 952 +6.7
Pb N/A 6550 + 330 <150 164.9 + 27 1452 +2.0

The values represented as N/A are not available.  Among the values certified by NIST, the mass fraction value of Si
is the reference value, and the others are certified values.

3.4. Comparison of NIST SRM 1648a Urban PM and KRISS Urban Dust CRM Candidate: Element
Composition and Source Contribution

In the KRISS urban dust CRM candidate, 46 elements were analyzed using ko-INAA method,
and the concentration levels for all elements were compared with those of NIST SRM 1648a (Table 2).
NIST SRM 1648a is an urban PM that was collected from St. Louis, USA in 1976-1977 [35]; St. Louis is an
industrial area in the state of Missouri [51]. The KRISS urban dust CRM candidate is the dust collected
from air-ventilation filters installed on top of the buildings in metropolitan areas (Seoul/Gyeonggi-do
City) in South Korea in 2019. The KRISS urban dust sample is a time-integrated sample (no seasonal or
temporal variation information) similar to NIST SRM 1648a. The sample does not represent specific
areas or sources from which it was collected; rather, it reflects the atmospheric dust of urban areas in
South Korea. The sample collection locations are mixed residential, commercial, and industrial areas.
Figure 4 shows the gamma-ray spectra of short-lived nuclides irradiated for 2 min after cooling times
of ~11 and ~34 m and those of the long-lived nuclides irradiated for 12 h after cooling times of ~3, ~9,
and ~29 days.
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Figure 4. Gamma-ray spectra of KRISS urban dust CRM candidate irradiated for (a) 2 min and (b) 12 h.

In the comparison of the mass fractions of the two types of airborne PM, the elements in the
KRISS urban dust CRM candidate that showed a high concentration as compared to NIST SRM 1648a
are Au (+904%), Cl (+167%), Na (+233%), W (+412%), and Zn (+357%). Of these, Na and Cl are the
major ionic species of airborne particulates, and their values seem to indicate the effects of sea salt,
biomass burning, and road salt (K element is also 68% high.) [1,4,54]. The high Zn mass fraction
appears to be associated with vehicle traffic effects because Zn is known to be associated primarily with
engine oil combustion, tire debris, and brake lining [3,52,58]. In addition, Ba, Sb, and Cu are +100%,
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+64%, and +254% high, respectively. These elements are known to be related to fuel combustion and
automotive brake wear emission [3,50,58—60]; Ba is particularly used in the form of BaSO,, which is
employed as a quantitative marker for vehicular emission [3]. A temporal variation study of airborne
particulates in 2015-2016 showed that the concentrations of Zn and Ba are lower during weekends
than during weekdays due to road traffic reduction; by contrast, Cu and Pb rise during weekends
because of an increase in industrial emissions [58].

The elements in KRISS urban dust CRM candidate as compared to NIST SRM 1648a that showed
relatively lower concentrations are Ag (—82%), As (=72%), Br (=89%), Cd (=93%), Cr (—45%), Hg (=70%),
Se (=77%), Ta (—84%), U (—45%), and V (-50%). The concentrations of the elements As, Br, Cd, Cr,
and Hg, which are generally known to be toxic, are relatively low compared to those in NIST SRM 1648a.
According to the air quality guidelines from the World Health Organization [61], the International
Agency for Research on Cancer has classified As, Cd, Cr(VI), and Ni as human carcinogens (Group 1)
and Pb as probably carcinogenic to humans (Group 2A) [2,58,61,62]. Cd, As, and Pb are particularly
known to be associated with industrial activities, such as heavy and metallurgical industry, coal burning,
and copper production [2,53,58]. In addition, Cd and Cr are elements of industrial origin that enter the
air due to the resuspension of soil dust [52]. Hg comes mostly from industrial use, coal combustion,
and waste incineration [60]. Ag is newly introduced to the environment [63]; as photo films disappear,
silver emission decreases in the short term. However, predictions indicate that the emission patterns of
Ag will change steadily as it is increasingly applied in electronic devices and the textile and plastic
industries [64]. The source apportionment study showed that residual combustion sources are Ni and
V; As, Se, and TI are related to coal combustion [1,4,50,54].

The origin of airborne particulates cannot be determined simply from the change of mass fractions
of certain elements by several factors, because they are known to contribute in combination [1].
For example, in the case of Pb and Zn, both come from the metal processing industry, but they are also
related to automobile emissions [54]. As the source of Cu is vehicle (brake wear) [3,54] and industrial
(combustion in smelting furnaces) emissions [53], its exact contributions cannot be easily determined.
Among the various elements present in dust, Al, As, Fe, Ti, Mn, etc. originate from not only natural
sources (crust, desert, air mass transport, volcanic emission) but also anthropogenic origins [23,60].
A recent source apportionment study revealed that the main anthropogenic sources contributing to
the concentrations of toxic metallic elements are vehicle and industrial emissions [3]. Based on these
results, this work carefully concluded that relative to that in NIST SRM 1648a (St. Louis is an industrial
township in Missouri, USA [51], and NIST SRM 1648a dust was collected in 1976-1977 [35]), the effect
of vehicular emission in the KRISS urban dust CRM candidate (collected in 2019) is greater than the
effect of industrial activity. In addition, the concentrations of toxic metallic elements seem to decrease
in the KRISS urban dust as the use of toxic elements drops due to environmental regulations.

The mass fractions of REEs, U, and Th in the KRISS urban dust CRM candidate obtained through
the ko-INAA method were compared with those in NIST SRM 1648a (Figure 5). The REEs, U, and Th
are soil/crustal-originated metals, such as Al, Ba, Ca, Mg, and Sr [4]. The presence of REEs is attributed
to local crustal contributions when the relative levels are Ce > La > Sm [23,60]. The same trend was
observed for NIST SRM 1648a and KRISS urban dust. This result indicated that lanthanide elements
originated from natural sources [60]. The mass fractions of REEs in the KRISS urban dust CRM
candidate tend to be slightly high relative to those in NIST SRM 1648a, except for the Eu element.
In the case of U and Th, the opposite tendency is shown in Figure 5, that is, Th is high in KRISS urban
dust, and U is slightly high in NIST SRM 1648a.
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Figure 5. Comparison of mass fractions of REEs, U, and Th in NIST SRM 1648a urban PM and KRISS
urban dust CRM candidate.

It would be interesting to know the concentrations of U, Th, and REEs for observation of natural
radioactivity [65] and abundance patterns in the environment [66]; however, their analysis is also
important in terms of improving the accuracy of the overall analysis. In SC-INAA, only the elements
of interest are analyzed (interference elements are excluded). Thus, correcting the nuclear product
or nuclear interference experimentally is not possible. For example, the 2°U(n,f) fission products,
which contribute to ?°Zr, °Nb, ™Nb, Mo, ¥™MTc, 139Ba, 140La, 141Ce, and 1*"Nd isotopes, must be
corrected [24,30], but their nuclear interference could not be corrected if the U concentration were
unknown. In another example, the 2Mg(n,y)>’Mg reaction competes with the 2’ Al(n,p)*’Mg via
nuclear isotope interference reaction (threshold reaction with fast neutrons); hence, the amount of Al
must be determined to establish the accurate concentration of Mg [19,27,31]. The kyp-INAA method is a
multi-elemental analysis approach that analyzes interference elements, such as U and Al, together
without the need to prepare standards. Hence, the primary nuclear interference can be corrected
accurately with this method.

4. Conclusions

The KRISS urban dust CRM candidate and related samples were analyzed using the kp-INAA and
WD-XRF method. The proposed method was validated using NIST SRM 1648a urban PM, and the
mass fractions of all of the elements obtained by ko-INAA show good agreement with the NIST certified
values within their specified uncertainties. The major source of KRISS urban dust was estimated
to be traffic emissions, followed by industry emissions based on multi-elemental signature analysis,
which showed a different characteristics of elemental composition compared with NIST SRM 1648a.
KRISS urban dust CRM, which will be developed based on the results of this study, will provide useful
information to CRM users who would prefer to verify their analytical method using CRMs.

Previously, KRISS used only the SC-INAA method, which has the advantage of low uncertainty.
However, it cannot correct the nuclear interferences of some elements (e.g., U and Al corrections) that
are predominantly present in environmental samples. The ko-INAA method seems to be useful for
the analysis of environmental samples, such as airborne PMs, because more than 40 elements can be
analyzed simultaneously and no complicated sample preparation is required. Therefore, the ky-INAA
method is one of the suitable methods for the analysis of complex matrix CRM, such as airborne PMs,
which are challenging to analyze using other analytical methods.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-3417/10/19/6649/s1,
Figure S1. Gamma-ray spectra of KRISS ash CRM candidate after 2 min and 12 h irradiation, Figure S2. Gamma-ray
spectra of cellulose paper after 5 min and 12 h irradiation, Table S1. Mass fractions, RSDs, and LODs of samples
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obtained by ky-INAA, Table S2. Mass fractions of elements in NIST SRM 1648a, KRISS urban dust CRM candidate,
and KRISS ash CRM candidate analyzed by WD-XRF and kg-INAA.
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