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Abstract

This study aims to analyze the sensitivity of volatile organic compounds (VOCs) to ambient concentrations of fine
particles (PM, ) in the representative industrial city of Ulsan, Korea. For the calculation of sensitivity coefficients
between VOCs and PM, s (SVOCs-PM, <), PM, < data were obtained from an air quality monitoring station, and their
corresponding 6-h average concentrations of VOCs (alkanes, alkenes, aromatics, and total VOCs) were measured at
the Yeongnam intensive air monitoring station. The air monitoring period was divided into the warm-hot season
(May-October 2020) and the cold season (November 2020-January 2021). The sensitivity coefficients in the low pol-
lution period of PM, « (5 <PM, . <15 ug/m?) were higher and much higher than those in the medium pollution period
(15 <PM, . <35 ug/m?) and high pollution period (35 < PM, <50 pg/m?), respectively. This result indicates that the
change ratios of PM, s concentrations to the background (PM, s <5 ug/m?) per unit concentration change of VOCs
(particularly alkenes) in the high PM, s pollution period were much higher than those in the low pollution period. This
also indicates that PM, s concentrations above 35 pg/m? were more easily affected by the unit concentration change
of VOCs (particularly alkenes) than those below 15 ug/m?>. The average sensitivity coefficients during the cold season
increased in a range of 23-125% as compared to those during the warm-hot season, except the alkenes-PM, ;s sensi-
tivity with a decrease of 7%. It means that the impact of VOCs (except alkenes) on PM, s concentrations was relatively
low in the cold season. However, in the cold season, the alkenes might contribute more to PM, s formation, particu-
larly over the high pollution period, having PM, . > 35 ug/m?, than other VOC groups. The result of this study can be a
basis for establishing PM, s management plans in industrial cities with large VOC emissions.
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1 Introduction
Most people in the world are exposed to ambient and
indoor particulate matter (PM) every day through-
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Eykle;rgdiglfkr effects (EEA, 2017; WHO, 2018). Particularly, the expo-
Sung-Deuk Choi sure to fine particles, such as PM, ;, and/or PM, , and/
sdchoigunistackr 4 o o or respirable PM, having a 50% cut point at 4.0 pm par-
Department‘onvH and Environmental Engineering, University of Ulsan, ticles, brings a much higher lung deposition rate than
Ulsan, Republic of Korea .
2 Department of Urban and Environmental Engineering, Ulsan National that the exposure to coarse particles (PM;, , 5) (NIOSH,
Institute of Science and Technology (UNIST), Ulsan, Republic of Korea 1998; Phillips & Oh, 2020; Vallero, 2014). Fine particles

Air Quality Research D|V|s(|on, National Institute of Environmental usually have increased surface areas per unit mass and
Research, Incheon, Republic of Korea

high mobility compared to coarse particles and thus

. ©The Author(s) 2023. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
@ Sprlnger permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
— original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.


http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1007/s44273-023-00003-y&domain=pdf

Lee et al. Asian Journal of Atmospheric Environment 2023,17(1):3

can carry more toxic or hazardous air pollutants (Apte
et al., 2015; Brown et al, 2013; EEA, 2014; Lelieveld
et al., 2015), such as heavy metals and polychlorinated
dibenzo-p-dioxins/furans, which can trigger various
mutagenicity or cancers (Bari & Kindzierski, 2017; Del-
fino, 2002; Goodkind et al., 2019). In order to minimize
the adverse health effects of fine particles, therefore,
it is very important not only to decrease the exposure
to PM,; (including PM, ;) but also to figure out their
detailed composition and formation mechanism (Heo
et al,, 2016; Saini & Sharma, 2020). PM, ; is defined
as particulate matter with an aerodynamic diameter
less than or equal to a nominal 2.5 pm. PM, ;5 is also
composed of primary and secondary PM. Primary PM
means particulate matter directly emitted from sources,
such as vehicles or mobile tailpipes, re-entrained road
dust or fugitive dust and industrial stacks and processes
(Querol et al,, 2001). Secondary PM represents par-
ticulate matter formed via chemical reactions between
primary PM components and other chemical species,
including moisture and ozone (O3) in the atmosphere
or under sunlight irradiation (Luo et al., 2018; Yan et al,,
2021). Typical secondary PM is generated from emis-
sions of precursor compounds, including sulfur oxides
(SOx: SO,+S0,), nitrogen oxides (NOy: NO+NO,),
volatile organic compounds (VOCs), and ammonia
(NH,;), released from various sources of air emissions
such as traffic emissions, industrial emissions, port and
ship emissions, and natural emissions (Park et al., 2013;
Sun et al., 2006).

The national ambient air quality standards (NAAQS)
on PM, ; enforced from January 1, 2015, in Korea are
35 pg/m? (24-h average) and 15 pg/m?® (annual average;
its 99 percentile must not be exceeded in the annual
standard value). The US Environmental Protection
Agency (EPA) strengthened its primary annual stand-
ard of PM, ; from 15 to 12 pg/m® on December 14, 2012,
requiring the 3-year average of its annual average should
be less than or equal to 12.0 ug/m?3 (US EPA, 2012). These
strengthening trends of NAAQS on fine particles indi-
cate that reducing PM, ; concentrations are crucial for
public health protection, which also has brought major
public interest or agenda to reduce ambient PM, ; lev-
els in Korea. Therefore, there have been a lot of stud-
ies to identify PM,., components and find secondary
PM formation mechanisms, particularly in Korea. Sec-
ondary PM, ; mainly consists of both inorganic matter
of sulfates and nitrates, including ammonium sulfate
((NH,),SO,), ammonium bisulfate ((NH,)HSO,), and
ammonium nitrate (NH,NO;), formed from chemical
reactions of primary emissions of SOy, NOy, and NH,,
and organic matter including organic aerosols formed
from coagulation through condensation/nucleation and/
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or photochemical oxidation of VOCs (Kim et al., 2022;
Lee et al., 2023; Park et al., 2013, 2018).

One of the major environmental policies in Korea is
to reduce ambient levels of PM, ; to improve urban air
quality and minimize the adverse health effects associ-
ated with PM, ; exposures (Kim & Lee, 2018). In par-
ticular, many people who live in the metropolitan city
of Ulsan, which is a typical and largest industrial city in
Korea, have been so much concerned about the ambi-
ent PM, ; level. In Ulsan, large amounts of air pollutants,
such as SOx, NOx, NH,, and VOCs, are emitted from
world scale-industrial complexes of petrochemical, non-
ferrous, shipbuilding, and automobile industries (NIER,
2022). In addition, emissions from ports and ships can-
not be neglected. The air emissions of toxic or hazardous
chemicals including VOCs from industrial activities in
Ulsan are much larger than those in other industrial cit-
ies in Korea (Kim et al., 2019; Nguyen et al., 2018; Vuong
et al., 2022). Therefore, the Korean Government and
the Ulsan Metropolitan Government have been greatly
interested in reducing VOC emissions in terms of pub-
lic health. Furthermore, the ambient levels of secondary
organic aerosol (SOA) can be declined by reducing VOC
emissions because large fractions of PM, ; are generated
from VOCs through condensation, aggregation, nuclea-
tion, condensation growth of nuclei, and coagulation (Lee
et al., 2023; Yang et al., 2020). To evaluate the impacts of
VOCs on the level of PM, ;, information on the forma-
tion of SOA is required. Recently, the concept of sensitiv-
ity coefficients between VOCs and PM, 5 (or O;) values
has been introduced to find more detailed information
on secondary PM, .. There have been only a few stud-
ies in China on sensitivity analysis of VOC concentra-
tion changes that affect ambient PM,; concentrations
(Han et al., 2017, 2018; Zhang et al., 2020). Yang et al.
(2020) first conducted numerical sensitivity simulations
of VOCs on PM,; concentrations in Busan and Ulsan,
Korea, during the heat wave period in 2018. They found
that the increase in VOCs emission does not result in
increasing SOA generation in a linear manner. They also
reported that the tenfold increase in VOCs emission
seems to increase 30% in SOA formation. However, the
information on the change of PM,; concentrations by
unit concentration change of VOCs considering their
background concentrations has not been clearly found
yet world around. In particular, tremendous amounts of
VOC:s are released into the ambient environment from
industrial activities such as world-scale petrochemi-
cal refinery and production, automobile manufacturing,
shipbuilding, etc., in Ulsan, the largest industrial city in
Korea. Thus, this study aims to evaluate how much sensi-
tive the ambient PM, ; concentrations are to VOCs meas-
ured in Ulsan.
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2 Basic theory

Han et al. (2017) proposed a concept of sensitivity or sen-
sitivity coefficients between ambient VOC and fine par-
ticle (PM,;) concentrations and also between ambient
VOC and ozone (O;) concentrations (SVOCs-O;) based
on a similarity or close relationship between VOC and
PM, ; values and also between VOC and Oy values. The
sensitivity analysis is based on the sensitivity coefficients
of VOC to PM, ; concentrations. The sensitivity coeffi-
cient (SVOCs-PM, ) of measured VOC concentrations
to measured PM, ; concentrations is defined as follows
(Han et al., 2017, 2018):

Avocs/Bvocs  Avocs/ Apm, s
ApM,5/Bpm,.  Bvocs/Bpmy

SvoCs—PMy 5=

where SVOCs-PM, ; is the sensitivity coefficient between
ambient VOC and PM, . concentrations. Bpy s is the
background value defined as an average of the PM, - con-
centrations, which is equal to or less than 5 pg/m® out
of the PM, . values measured at the interest site during
the study period. By, is the background value defined
as an average of the VOC concentrations obtained at the
study site during the background period of PM, - (BPM, -
period). AVOCs represent the VOC concentration dif-
ference between the obtained By, and the measured
VOC values during the study period. Similarly, APM, -
indicates the PM, - concentration difference between the
obtained BPM, ; and the measured PM, ; values.

The sensitivity information on VOC concentrations
to PM, - concentrations means how much PM, . values
are affected by the change in VOC values. The sensitiv-
ity analysis between VOCs and PM,; is based on the
information on the sensitivity coefficients of interested
ambient VOCs and their corresponding PM, . concen-
trations. The information on the sensitivity coefficients
of VOCs to PM, ; (SVOCs-PM, ;) can help to figure out
the impacts of PM, - concentration change to the back-
ground PM, ; value associated with the VOC concentra-
tion change to the background VOC value. Based on the
definition of the sensitivity coeflicient, such a high coef-
ficient much higher than 1.0 means that a large change
in VOC concentrations against the background value of
VOC:s is required to get a unit concentration change of
PM, 5. Such a low coefficient, much lower than 1.0, rep-
resents that PM, . concentrations are easily affected by
a small change of VOC concentrations against the back-
ground value of VOCs. From the sensitivity informa-
tion on VOCs-PM, ; concentrations, we can estimate or
evaluate how much PM, . concentrations can be affected
by the change of VOC concentrations at the site of inter-
est. The sensitivity coefficients of different types of VOCs
can be classified into alkanes, alkenes, aromatics, and
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TVOCs based on their main chemical structures and
concentrations, which can be used to analyze the detailed
impacts on PM, ; formation or concentrations of VOCs
with different structures. Their sensitivity coefficients
can provide relative numerical information on different
types of VOCs toward PM, ; concentrations or forma-
tion. Thus, their relative sensitivity information can be
used for deciding priority VOCs to cut their emissions at
specific sources to decrease the PM, ; levels. If the emis-
sion profiles of VOCs are known for major industries,
the sensitivity coefficients of the VOCs could be useful
information to cut the emissions of VOCs, particularly
during high PM events. However, this sensitivity coeffi-
cient information does not provide the solid relationship
between VOCs and PM, ; concentrations of an interest
area. Also, this sensitivity approach does not also differ-
entiate transboundary inflow or local-generated PM, ; or
VOCs concentrations, which would lead to some limita-
tion to use the sensitivity coefficients.

3 Methods

3.1 Data collection of VOCs and PM,, 5

For the analysis of the sensitivity coefficients (SVOCs-
PM, s of VOCs-PM,;), this study used the PM, ; data
obtained from an air quality monitoring station (AQMS)
at an urban residential site and their corresponding VOC
concentrations (6-h average) measured at the Yeong-
nam (YN) intensive air monitoring station (Fig. 1). At
the AQMS, hourly concentrations of ambient PM, ; were
measured using a particulate monitor (BAM-1020, Met
One, USA). Six-h-averaged VOC samples were collected
using a sequential tube sampler (STS-25, Perkin Elmer,
USA) with a pump (MP-X30KNII, Sibata, Japan) at a
flow rate of 50 mL/min. Adsorbent tubes (Carbotrap 300,
Supelco, USA) were filled with Carbotrap C, Carbotrap B,
and Carbosieve S-III. Target VOCs (29 alkanes, 9 alkenes,
and 16 aromatics) were analyzed using a thermal desorp-
tion instrument (TD; UNITY Series 2, Markes, UK) cou-
pled with a gas chromatograph/mass spectrometer (GC/
MS) (7890B/5975A, Agilent, USA). For quality assurance/
quality control (QA/QC), the method detection lim-
its (MDLs) were calculated by multiplying the Student’s
t-value (ts) at 99% confidence (3.14) with the standard
deviation (SD) of the concentrations of the target VOCs
in the spiked seven replicates using a gaseous standard
mixture (0.2 pg/m?). The gaseous standard mixture was
prepared by combining the Custom Terpene Standard
(5-94000-02, AccuStandard, USA) and Wisconsin DNR
Mix (GRH-003S, AccuStandard, USA). Details on instru-
mental conditions and quality assurance/quality control
(QA/QC) can be found elsewhere (Kim et al., 2022). The
VOC sampling site was located in an urban-background
residential area at a distance of<1 km from the AQMS.
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Fig. 1 Location of the Yeongnam (YN) intensive air monitoring station forVOC sampllng and an air qual|ty mon|tormg station (AQMS) for PM, 5

monitoring in Ulsan, Korea

They are located downwind from the petrochemical and
automobile ICs between late spring and mid-summer.
Thus, the PM, ; and VOC sampling sites can be affected
by emissions from industrial activities, depending upon
prevailing seasonal winds, rather than the traffic emis-
sions from the metropolitan areas of Ulsan.

3.2 Calculations of sensitivity coefficients of VOCs
toward PM,

The sensitivity coefficients of VOCs toward correspond-
ing PM,; (SVOCs-PM, ;) were computed according to
the calculation formula proposed by Han et al. (2017), as
shown above. For calculating the sensitivity coefficient of
each VOC, its concentration needs to be matched with
its corresponding PM, ; concentration. In this study, the
individual concentrations of all the target VOCs in each
sample showed high variability mostly due to the vari-
ability of detection and level of each VOC identified for
the 6-h-sampling period. To calculate the sensitivity coef-
ficients of the classified VOC groups, it is also necessary
to obtain all the VOC concentrations matched with the
PM, 5 concentrations. In particular, it is essential to find
the average background value (Bygc,) of all the VOC
groups matched with the average background value of
PM, ; (BPM,:: PM, <5.0 pug/m?). If each VOC is not
detected or its concentration is less than the By, it is
impossible to compute the difference (AVOCs) between
the measured and background VOC concentrations,
resulting in O or no information on the sensitivity coeffi-
cient of the corresponding VOC-PM, ; pair, which makes
troubles for this study. In this study, therefore, 6-h aver-
aged values of BPM, ;. and APM, ; were used by adding

all the 1-h data and then dividing it by 6, based on the
hourly concentrations of the PM, . measured for 6 h of
the VOC sampling periods. The Bygc, and AVOCs,
which should be matched with the BPM, ; and APM,,
respectively, were obtained to calculate the sensitivity
coeflicient of the corresponding VOCs-PM, ; pair.

The classified groups of alkanes, alkenes, aromatics,
and TVOCs were composed of 29, 9, 16, and 52 VOCs,
respectively. However, not all the VOCs in each classified
group were identified in the samples, which have vari-
ability in terms of the detection frequency of individual
compounds among the collected samples. For this rea-
son, it was difficult to keep good consistency among dif-
ferent samples for their sensitivity evaluation. In order
to minimize the variability existing among the different
VOC samples in keeping with a sort of representativity of
the classified groups, this study only used the VOC sam-
ples identified more than 68% (using a concept of p+1c
in statistics) out of the total number (29, 9, 16, and 52
components in alkanes, alkenes, aromatics, and TVOCs,
respectively) of the VOC groups. Also, only the PM, ¢
data matching with the VOC samples (having more than
19, 7, 11, and 36 components in alkanes, alkenes, aro-
matics, and TVOC s, respectively) were used to calculate
the sensitivity coefficients (SVOCs-PM, ;) of the VOCs-
PM, ; pairs.

4 Results and discussion

4.1 Levels and patterns of VOCs

Table 1 provides descriptive statistics of the target
alkanes, akenes, and aromatics, respectively, detected
from 319 samples collected at the YN station during the
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Table 1 Descriptive statistics of the concentrations (ug/m?) of target VOCs measured at the Yeongnam (YN) intensive air monitoring
station in Ulsan, South Korea

Groups VOC species Geomean STDEV Min Max Median Average

Alkanes Propane 0.55 1.71 0.02 12.31 0.54 1.22
Isobutane 0.21 042 0.02 2.08 0.20 0.38
n-Butane 043 097 0.00 512 0.46 0.88
iso-Pentane 1.87 12.56 0.01 72.74 1.51 7.13
n-Pentane 3.61 8.60 0.04 33.83 4.89 7.96
2,2-Dimethylbutane 0.04 0.10 0.00 0.68 0.05 0.08
Cyclopentane 0.07 0.15 0.00 0.73 0.07 0.13
2,3-Dimethylbutane 0.10 0.18 0.01 0.77 0.10 0.17
2-Methylpentane 0.50 1.08 0.01 6.23 0.51 0.94
3-Methylpentane 043 1.13 0.00 6.56 040 0.87
Methylcyclopentane 0.25 1.13 0.00 7.19 0.20 0.67
2,4-Dimethylpentane 0.03 0.05 0.00 0.30 0.03 0.04
Cyclohexane - 0.00 0.00 0.00 - 0.00
2-Methylhexane 0.08 012 0.00 0.72 0.09 0.13
2,3-Dimethylpentane 0.04 0.05 0.00 0.32 0.04 0.06
3-Methylhexane 0.07 0.19 0.00 1.75 0.10 0.15
2,24-Trimethylpentane 0.09 0.23 0.00 161 0.09 0.18
n-Heptane 0.07 0.13 0.00 0.60 0.07 0.12
Methylcyclohexane 0.08 0.14 0.00 0.64 0.10 0.14
2,3,4-Trimethylpentane 0.03 0.03 0.00 0.18 0.03 0.04
2-Methylheptane 0.02 0.03 0.00 0.14 0.02 0.03
3-Methylheptane - 0.00 0.00 0.00 - 0.00
n-Octane 0.05 0.13 0.00 0.70 0.05 0.11
n-Nonane 0.10 0.35 0.00 241 012 0.27
n-Decane 0.06 0.31 0.00 3.31 0.06 0.13
Undecane 0.03 0.16 0.00 1.22 0.04 0.07
Dodecane 0.11 0.82 0.00 9.08 0.11 0.27
Subtotal 892 2217

Alkenes Propylene 045 0.68 0.01 3.28 0.51 0.74
1-Butene - 0.34 0.00 1.63 0.18 032
trans-2-Butene 0.02 0.13 0.00 143 0.03 0.05
cis-2-Butene 0.02 0.05 0.00 0.31 0.03 0.05
1-Pentene - 1.50 0.00 11.90 0.57 1.02
Isoprene 0.17 0.58 0.00 3.28 0.20 0.41
trans-2-Pentene 0.06 032 0.00 247 0.05 0.17
cis-2-Pentene 0.04 0.18 0.00 1.39 0.04 0.1
1-Hexene 047 6.01 0.00 45.13 042 3.01
Subtotal 123 5.88
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Table 1 (continued)

Groups VOC species Geomean STDEV Min Max Median Average

Aromatics Benzene 0.55 1.71 0.02 1231 0.54 122
Toluene 021 042 0.02 2.08 0.20 038
Ethylbenzene 043 0.97 0.00 5.12 0.46 0.88
m,p-Xylene 1.87 12.56 0.01 72.74 1.51 713
Styrene 361 8.60 0.04 33.83 4.89 7.96
o-Xylene 0.04 0.10 0.00 0.68 0.05 0.08
Isopropylbenzene 0.07 0.15 0.00 0.73 0.07 0.13
n-Propylbenzene 0.10 0.18 0.01 0.77 0.10 017
m-Ethyltoluene 0.50 1.08 0.01 6.23 0.51 0.94
p-Ethyltoluene 043 1.13 0.00 6.56 040 0.87
1,3,5-Trimethylbenzene 0.25 113 0.00 719 0.20 0.67
o-Ethyltoluene 0.03 0.05 0.00 0.30 0.03 0.04
1,24-Trimethylbenzene - 0.00 0.00 0.00 - 0.00
1,2,3-Trimethylbenzene 0.08 0.12 0.00 0.72 0.09 013
m-Diethylbenzene 0.04 0.05 0.00 032 0.04 0.06
p-Diethylbenzene 0.07 0.19 0.00 1.75 0.10 0.15
Subtotal 5.62 16.73

Note: “-"in the table means that its value cannot be calculated by the definition of geomean

study period. The concentrations of total VOCs (TVOCs)
by adding their geo-mean and arithmetic mean values of
alkanes, alkenes, and aromatics were 15.77 and 44.78 pg/
m?, respectively. This large difference in the TVOC con-
centration is due to large concentration variations of
individual compounds among the air samples. The major
compounds with relatively high concentrations were
iso-pentane, n-pentane, propane, and other pentanes in
alkanes; 1-pentene, 1-hexene, and propylene in alkenes;
and toluene, ethylbenzene, m,p-xylenes, benzene, and
o-xylene in aromatics. The relative fractions of alkanes,
alkenes, and aromatics to the TVOC concentrations were

GeoMean

Aromatics

55.6, 7.8, and 35.6% in geo-mean values and 49.5, 13.1,
and 37.4% in arithmetic mean values, respectively (Fig. 2).
Based on the information on the TVOC concentrations
identified at the site, the emission reduction priority of
VOCs could be in the following order: alkanes>aromat-
ics >alkenes. However, in order to make a decision on the
emission reduction policy or priority of the VOCs for
reducing PM, ; concentrations, it is necessary to consider
many factors, including emission amounts and strength
considering seasonal variations or characteristics in pro-
duction amounts, facilities, and processes at sources,
control technology maturity and application feasibility,

Arithmetic mean

Aromatics
37.4%

Alkenes
13.1%

Fig. 2 Mean fractions of three major VOC groups measured at the YN station
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meteorological conditions, and socio-economical situa-
tions. However, most of these factors could not be feasi-
ble options to be selectable at emission sources because
they are given as unchangeable or fixed forms or condi-
tions in the actual field. Therefore, this study focuses on
the VOCs-PM, 5 sensitivity coefficients (SVOCs-PM,;),
which may provide basic ideas for VOC emission reduc-
tion or control measures for PM,; reduction through
better understanding the VOC sensitivity, considering
their chemical structures, toward PM, ; concentrations.

4.2 Analysis of VOCs-PM, ; sensitivity coefficients
in warm-hot seasons

The ambient PM, 5 concentrations at the YN station are
affected by many factors, including direct emissions from
primary sources, scattering dust near the sampling site,
short- and long-range transport, and secondary forma-
tion of inorganic and organic aerosols. The ambient
PM, ; concentrations are also greatly affected by environ-
mental factors (e.g., topography and terrain) and mete-
orological parameters (e.g., relative humidity, wind speed
and direction, and intensity of solar radiation). However,
this study focused on the impacts of levels and patterns
of VOCs with different chemical structures, including
alkanes, alkenes, and aromatics, on the ambient concen-
trations of PM, ; in two seasonal periods, including the
warm-hot season (May—October 2020) and the cold sea-
son (November 2020-January 2021). The VOCs-PM, ;
sensitivity coefficients (SVOCs-PM,;) were obtained
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using the Eq. (1) for the different VOC groups of alkanes,
alkenes, aromatics (Table 1), and TVOCs, respectively,
matched with the 6-h-averaged PM, ; data. During the
warm-hot season, the arithmetic mean sensitivity coeffi-
cients, excluded in the background period (PM, ;<5 pg/
m?), were obtained in the following order: aromatics
(1.34+2.04) >TVOCs (0.91+0.67) >alkenes (0.82+0.78)
~ alkanes (0.82+0.54). The obtained averaged sensitiv-
ity coeflicients were separated into the three concen-
tration periods, classified based on the 6-h-averaged
PM, ; values, including low pollution (5<PM, ;<15 pg/
m?), medium pollution (15<PM,.<35 pg/m®), and
high pollution (35<PM, ;<50 pg/m?). The low pollu-
tion period showed the highest average values of the
sensitivity coefficients in the following order (Fig. 3):
aromatics (2.64+3.17)>TVOCs (2.34+0.77) > alkanes
(2.09+0.00) >alkenes (1.49+1.27). As the PM,; con-
centrations increased up to 25 pg/m> (up to 20 pg/m?3
in PM, 5 value for aromatics), the sensitivity coefficients
rapidly decreased and, after that, slowly decreased or not
even significantly changed.

The high sensitivity coefficient in the low pollution
period (or zone) below PM, <15 pg/m? indicates that
a more change in VOC concentrations against its back-
ground value (By(,) is required to make a unit change
of PM,; concentration against its background value
(BPM, : PM, - <5 pg/m?). This result implies that PM, ;
concentrations could be more easily or greatly affected by
other factors rather than changes in VOC concentrations

6 6
Alkanes Alkenes
4 - 4
2.09
21 21 140
0.'(6 0_153 0.62 0.57
s o \ ol = :
& 5<PM,, <15 15<PM,,<35 35<PM,,<50 5<PM,-<15 15<PM,;<35 35<PM,-<50
(6]
SO 6
a Aromatics TVOCs
4 - 4
2.64 a ki
2 - 2
0.79 OTS of:}
ol Bl ol ; :
5<PM,;<15 15<PM,;<35 35<PM,;<50 5<PM25515 5<PM25535 35<PM,; <50

Domains of PM, s Concentration (ug/m?3)
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and their physicochemical properties in the low pollu-
tion period. Instead, PM, s concentrations may be more
influenced by meteorological conditions (e.g., relative
humidity, wind speed, and wind direction) and/or the
secondary formation of PM,;, mostly affected by inor-
ganic ions such as sulfates, nitrates, and ammonium.
The result of the sensitivity coefficients also suggests
that PM,; concentrations are more easily affected by
VOC:s in the medium and high pollution periods above
15 pg/m? in PM, ; values than those in the low pollution
period (5<PM, ; <15 pg/m?®) less than or equal to 15 pg/
m?, which is the NAAQS on PM, ; in Korea. In particu-
lar, alkenes showed the lowest sensitivity coefficients
in all the pollution periods (5<PM, ;<50 pg/m?). This
result means that PM, ; concentrations were affected the
most easily by the small concentration change of alkenes
against their background value at the YN station. Then,
the alkanes in the low and high pollution periods of PM, -
(5-15 pg/m?® and 35-50 pg/m®) or the TVOCs in the
medium pollution period (15-35 pg/m?) were the next
following VOC groups which easily affect the concentra-
tion change of PM, ; at the YN station.

Figure 4 shows the sensitivity coefficients (SVOCs-
PM,;) in the Y-axis against PM,; concentrations in
the X-axis over the warm-hot season. In the regression
analysis of their relationship (SVOCs-PM,; vs. PM, ;)
for VOC groups, the alkanes showed the highest deter-
mination coefficient (R?=0.60), followed by the alkenes
(R2=0.45) and the aromatics (R*=0.19), which is an
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opposite trend to the order in the sensitivity coefficients:
aromatics (2.64+3.17) >alkanes (2.09+0.00) > alkenes
(149+1.27). In the regression analysis of the poly-
nomial (trigonal) equations on the sensitivity coeffi-
cients (SVOCs-PM, ;) versus PM, ¢ concentrations, the
determination coefficients (R?) were in the following
order: alkanes (R?>=0.83)>alkenes (R*=0.71)>aromat-
ics (R*=0.27), which are much higher than their corre-
sponding natural log-scaled R? values. The determination
coefficients (SVOCs-PM, 5 vs. PM, ; concentrations) of
the TVOCs, which were determined from the concen-
trations of all the detected VOCs, showed high values of
R?>=0.54 (log-scaled) and R*=0.84 (polynomial (trigo-
nal) equation). However, the R? values of the aromatics,
which are mostly emitted from the national industrial
complexes, were much lower than those of the alkanes,
alkenes, and TVOCs (NICS, 2022). This result represents
that the concentration changes of alkanes, alkenes, and
TVOCs greatly affect changes in PM, ; concentrations.
Therefore, the emission reduction of TVOCs can be a
good strategy for reducing PM, ; levels in urban areas of
Ulsan. In particular, focusing on the emission reduction
of alkanes and alkenes rather than aromatics would be
more effective for PM, ; reduction. However, this conjec-
ture does not mean that the emission reduction of aro-
matics is not necessary to reduce PM, ; levels in Ulsan.
The higher values of R? on the log-scaled sensitivity coef-
ficients of alkanes and alkenes vs. PM, ; concentrations
were also identified in a ferrous-metal industrial area in

3 6
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2 * 44 o
‘e =-1.05In(x) + 4.22
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Fig. 4 Distribution of VOCs-PM, s sensitivity coefficients (SVOCs-PM, ) and determination coefficients (R?) as a function of PM,  concentrations

measured during the warm-hot season
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China (Zhang et al., 2020). In the current study, however,
the R* value on the log-scaled or polynomial (trigonal)
equation for the sensitivity coefficient of the aromatics
vs. PM, ; values was much lower than that of alkanes and
alkenes vs. PM, ; concentrations. This result is somewhat
different from the higher R* value, given in log-scaled
equations, identified in a petrochemical industrial area
in China (Han et al., 2018). However, there is a limita-
tion in directly comparing their R* values between the
relevant studies in China and the current study in Ulsan,
Korea, because there is a large difference in the concen-
tration ranges of PM, ; investigated among the studies.
For example, the investigated PM, ; data in Ulsan, Korea,
were below 50 pg/m?, which are relatively low concentra-
tions; however, they were below 300 pg/m? in the Chi-
nese studies, which are extremely high concentrations.

4.3 Analysis of VOCs-PM, ; sensitivity coefficients
in the cold season

During the cold season (November 2022-January 2022),
the arithmetic mean sensitivity coefficients (SVOCs-PM, ;)
in the PM, ; concentration range (from 5 to 50 pg/m®) were
as follows: alkanes (1.84+2.85)>TVOCs (1.78 +£2.00) >aro-
matics (1.66+2.29) >alkenes (0.76+0.39). The average sen-
sitivity coeflicients obtained in the cold season were higher
(125% increase in alkanes, 95% increase in TVOCs, and 23%
increase in aromatics) than those in the warm-hot season,
except for a 7% decrease in alkenes. This result represents
that the unit concentration change of VOCs (alkanes, aro-
matics, and TVOCs except for alkenes) leads to more minor
changes in PM, ; concentrations in the cold season than in
the warm-hot season. In other words, the PM, 5 concentra-
tions in the cold period were less sensitive to the concen-
tration change of VOCs except alkenes than those in the
warm-hot season (Table 2).

The average sensitivity coefficients toward the PM,;
concentrations (5<PM, ; <50 pg/m?) during the cold sea-
son were separated into three concentration periods: low,
medium, and high pollution periods (Fig. 5). The low pol-
lution period (5<PM,;<15 pg/m?® showed the highest
average values of the sensitivity coefficients in the following
order: alkanes (2.85+4.41)>TVOCs (2.79+2.97)>aro-
matics (2.24+3.26) >alkenes (0.83+0.07). The order of
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the average sensitivity coefficients in the cold season
was quite different from that in the warm-hot season
[aromatics (2.64+3.17)>TVOCs (2.34+0.77) >alkanes
(2.0940.00) >alkenes (1.49+1.27)]. During the entire
pollution period (5<PM, ;<50 pg/m®), a large change in
PM, 5 concentration was observed by a change in the unit
concentration of alkenes in the cold season (Fig. 5). The
concentration change of all the VOC groups in the cold
season greatly affected the change of PM,; concentra-
tions during the high pollution period (35<PM, s <50 pg/
m?). However, the concentration change of other VOCs
(alkanes, aromatics, and TVOCs) in the low pollution
period resulted in a relatively small change in PM, ; con-
centrations compared to the case of the high pollution
period of PM, ; concentrations.

Compared to the results of the average sensitivity
coefficients in the warm-hot season, the cold season in
the low pollution period (5<PM, ;<15 pg/m®) showed
two distinct characteristics depending upon their
chemical structures. The sensitivity coefficients for
alkanes and TVOCs were increased by 36% and 19%,
respectively (Table 3). On the other hand, alkenes and
aromatics showed a reverse trend of sensitivity coeffi-
cients, decreased by 7% and 16%.

The average sensitivity coefficient of only alkenes dur-
ing the medium pollution period (15<PM,;<35 pg/
m?) in the cold season was 0.82 (vs. 0.62 in the warm-
hot season) lower than 1. However, the values of other
VOCs (alkanes, aromatics, and TVOCs) were 1.30-1.31
(0.70-0.79 in the warm-hot season) and were higher
than 1. This result means that PM,; concentrations
over the medium pollution period in the cold sea-
son were less sensitive to the concentration change of
VOCs than those in the warm-hot season. This result
also indicates that other factors, such as meteoro-
logical and/or environmental conditions, were more
important in affecting the PM, ; levels. However, over
the high pollution period (35<PM, ;<50 pg/m?), the
average value of sensitivity coefficients of the alkenes
was 0.16 (vs. 0.57 in the warm-hot season), which was
much lower than 1. In addition, the values of other
groups of VOCs were 0.50-0.59 (vs. 0.63-0.93 in the
warm-hot season). These low sensitivity coefficients

Table 2 Comparison of VOCs-PM, 5 sensitivity coefficients (SVOCs-PM, ) for VOC groups over all the PM, 4 concentration ranges
(5-50 pg/m?>) measured between the cold and the warm-hot seasons

Season SVOCs-PM2.5

Alkanes Alkenes Aromatics TVOCs
Warm-hot (May-October 2020) 0.82+0.54 0.82+0.78 1344204 091+067
Cold (November 2020-January 2021) 1.84+285 0.76+0.39 1.66+2.29 1.78+2.00

Change ratio (cold/warm-hot) 125% increase

7% decrease 23% increase 95% increase
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Table 3 Comparison of VOCs-PM, 4 sensitivity coefficients (SVOCs-PM, ;) for VOC groups over the low PM, s concentration range
(5-15 pg/m>) measured between the cold and the warm-hot seasons

Season SVOCs-PM, 5

Alkanes Alkenes Aromatics TVOCs
Warm-hot (May-October 2020) 2.09+0.00 1494127 264+3.17 2344077
Cold (November 2020-January 2021) 2.85+441 0.83+0.07 224+3.26 2794297

Change ratio (cold/warm-hot) 36% increase

45% decrease 16% decrease 19% increase

imply that PM,; concentrations over the high pollu-
tion period in the cold season would be greatly affected
by the concentration change of VOCs, in particular by
the concentration change of the alkenes. Based on these
results, the emission reduction of alkenes should be the
top priority strategy for controlling VOCs to reduce
PM, 5 levels in the cold season over all the pollution
periods (5<PM, ;<50 pg/m?), in particular, over the
high pollution period.

Figure 6 shows the log-scaled sensitivity coefficients
(SVOCs-PM, ;) in the Y-axis against PM,; concentra-
tions in the X-axis over the cold season. In the regression
analysis of their relationship (SVOCs-PM,; vs. PM, ),
the determination coefficient (R?) values of the VOC
groups were in the following order: TVOCs (0.25) > alk-
enes (0.22)>alkanes (0.15)>aromatics (0.11). The R?
values in the regression analysis of their polynomial
(trigonal) equations were in the following order: alkenes
(0.35) > TVOCs (0.34) >alkanes (0.25) >aromatics (0.15),
which were much lower than those over the warm-hot

season. However, their low determination coefficients
do not represent that controlling VOC emissions would
not effectively reduce PM, ; levels in the cold season. It is
because their sensitivity coefficients over the high pollu-
tion period were much lower than those over the warm-
hot season. Therefore, the emission reduction strategies
of all the VOCs, focusing on alkenes at major emission
sources, could somehow contribute to decreasing the
PM, ; levels in the cold season, particularly over the high
pollution period.

5 Conclusion

In the analysis of VOCs-PM, ¢ sensitivity coefficients
(SVOCs-PM, ;) for VOCs (<14 pg/m® and PM,;
(<50 pg/m®) measured at the sampling site located in
a less-busy urban area of Ulsan, Korea, the PM, ;5 con-
centrations change ratio compared to background
values was evaluated. The influence of VOC unit con-
centration change was found to be greater during the
high pollution period (35 <PM, ;<50 pg/m?) than the
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measured during the cold season

low pollution period (5<PM, ;<15 pg/m?). This result
represents that the PM,. concentrations against the
unit concentration change of the VOCs were more
sensitively changed as the PM, levels were higher
than 35 pg/m3. Over the low to the medium pollution
periods (5<PM,;<35 pg/m?), the highest ratio was
observed for the alkenes, indicating that the PM, - con-
centrations were more sensitively changed by the unit
concentration change of the alkenes than other VOC
groups. In the seasonal comparison of the VOCs-PM, -
sensitivity coefficients, the change ratio of the PM, .
concentrations by the unit concentration change of the
VOCs, except the alkenes, over the medium pollution
period (15<PM, ;<35 pg/m® was lower in the cold
season than those in the warm-hot season. In particu-
lar, the PM, ¢ concentrations were easily changed by the
unit concentration change of the alkenes over the high
pollution period in the cold season rather than those
in the warm-hot season. The current study outcome
can be used to evaluate the potential or sensitivity to
changes (or reduction) in ambient PM, . concentrations
by changing (or reducing) VOC emissions, and then,
it can be helpful to make a policy decision to reduce
ambient PM, ; levels in Ulsan, Korea, and around the
world.
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