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Abstract: Atmospheric pollution caused by particulate matter (PM), which has been identified
as a carcinogen, is a major concern in South Korea, with various PM emission sources identified,
including vehicles and power plants. The Korean government recently announced plans to increase
research and development (R&D) expenditure to reduce PM levels in the atmosphere. In this study,
the research topics and research networks for PM technology are summarized to help policymakers
to more efficiently plan future R&D investment. A topic model is implemented to identify the main
keywords from Science Citation Index (SCI) papers related to PM, and social network analysis is
used to understand research collaboration between different countries or institutions. The results
reveal that China and the USA published the largest number of SCI papers related to PM research,
while South Korea was ranked in the top five globally. Unlike China and South Korea, developed
countries such as the USA, Germany, and France have been carrying out PM research on climate
change, ozone, NH3, nanoparticles, and the health effects on pregnant women. The primary research
networks are centered on China and the USA, while South Korea has weak collaboration with other
countries or institutions. More effort is thus required to improve strategic R&D investment and the
research network within Korea.

Keywords: particulate matter; topic model; social network analysis; SCI paper; research and
development investment

1. Introduction

Atmospheric dust can be classified into total suspended particles (TSP) and particulate matter (PM),
with the latter characterized by a particle size of 50 µm or less. Both PM10 and PM2.5 defined particulate
matter as smaller than 10 and 2.5 µm, respectively. PM is primarily generated by the burning of fossil fuels
such as coal and oil and in the emissions from factories and vehicles. Exposure to PM varies depending on
the characteristics of the local environment such as the weather, seasonal patterns, terrain, and sources, as
well as the respiratory characteristics of an individual, but there is direct correlation between PM size and
the harm it inflicts on the human body. In general, small particles more readily penetrate the respiratory
system and cause serious harm to the human body. Particles smaller than 1 µm have similar behavior to
gas molecules, so they can penetrate the lung vacuoles and may enter cellular tissue [1]. The World Health
Organization (WHO) reported that 7 million people die prematurely due to PM, while the International
Agency for Research on Cancer (IARC) classified it as a carcinogen in 2013 [2,3].

The global population-weighted PM2.5 concentration increased from 39.7 µg/m3 in 1990 to
44.2 µg/m3 in 2015, a rise of about 4.5. Since 2010, the rate of increase has accelerated, with major

Sustainability 2019, 11, 5594; doi:10.3390/su11205594 www.mdpi.com/journal/sustainability

http://www.mdpi.com/journal/sustainability
http://www.mdpi.com
https://orcid.org/0000-0002-3981-2765
https://orcid.org/0000-0002-7785-7155
http://www.mdpi.com/2071-1050/11/20/5594?type=check_update&version=1
http://dx.doi.org/10.3390/su11205594
http://www.mdpi.com/journal/sustainability


Sustainability 2019, 11, 5594 2 of 16

changes in air pollution levels in more populated countries. This can be attributed to a range of
combustion emission sources, including domestic solid fuel use, thermal power plants, agriculture,
open burning, and industrial and transportation sectors [4]. The highest concentrations of PM2.5 have
been found in northern India and Southern Asia, including Bangladesh, followed by Southeast Asia,
Eastern China, and Central and Western sub-Saharan Africa. In particular, India and Bangladesh have
experienced a sharp increase in exposure since 2010 [5,6].

We reviewed research in China, particularly in relation to PM2.5 concentration and migration
problems [7–15]. With its rapid economic development and urbanization in recent decades, China has
consumed enormous amounts of energy, mainly through coal and fossil fuel. The resulting nitrates
and sulfates have led to severe air pollution, particularly the smog associated with PM2.5, making
China one of the most polluted countries in the world in terms of PM2.5 levels [16–18].

In addition, other countries in Asia have experienced the effects of the transport of PM2.5 from
China. For example, the contribution of long-range transport (LRT) and local pollution (LP) to PM2.5

levels in Taiwan was analyzed [19]. The 10-year average LRT–PM2.5 and LP–PM2.5 contributions were
approximately 70% and 30%, respectively, in Northern Taiwan. As with Taiwan, the LRT of PM2.5

from the Asian continent to downstream areas such as Korea is also possible. Due to this, Korea has
exhibited great concern about PM2.5 pollution, which appears to be worsening. An illustration of this
is that the number of public warnings regarding PM2.5 levels in Korea increased from 1 day in 2013 to
10 days in 2017. In addition, based on online search data over the past decade, interest in PM2.5 has
increased sharply since 2013. The countries within which searches on information regarding PM2.5

have been most common since 2013 are Taiwan, Japan, China, and Korea, i.e., countries in East Asia.
In particular, Korea’s interest in PM began to increase in 2014, with interest at its highest level in 2019.

One of the important features of PM pollution in South Korea is that more than three-quarters
of the observed PM is from secondary production. Here, primary PM are originated from human
and natural activities. Meanwhile, secondary PM is formed by physical and chemical reactions from
precursors including nitrogen oxides, sulfur dioxide, and ammonia. The Korea–United States Air
Quality Study (KORUS-AQ) campaign with NASA observed and analyzed the components of PM
around the Seoul Metropolitan Area with an aircraft (DC-8) and found that organic matter was the most
common source, but sulfates and nitrates accounted for almost half of the total amount of secondary
production. PM levels in South Korea are determined by complex processes with a number of variables.
Emissions can be controlled for various air pollutants in Korea, but influx is determined by air pollution
and weather conditions in countries bordering Korea: China, North Korea, and others [20]. Therefore,
for high concentrations of PM2.5 that exceed environmental standards, the direct effect of LRT from
East Asia, including China, cannot be ignored. This indicates that domestic pollutants and pollutants
from upwind sources are responsible for the worst conditions [21].

Unlike other developed countries, such as Germany and Japan, in which air pollution tends to fall
as their economic level increases, South Korea has high PM concentrations and greenhouse gas (GHG)
emissions compared to its economic level. This situation is due to its manufacturing-oriented economy
and significant coal consumption compared to those of other developed countries. Thus, in order to
reduce PM pollution levels, various components of the pollution problem need to be investigated, such as
the control of different emission sites, mobile pollutant limits, and climate and weather conditions, to
better support government policy in this area. The main objective of the present study was thus to
understand the global research trends for PM using text mining and social network analysis. The future
direction for R&D investment in order to solve the PM problem in Korea is then discussed.

2. Methods

2.1. Database

This study investigated PM research in Science Citation Index (SCI) papers related to identification
and forecasting, emission reduction, and health impact assessment. The database of SCI papers used
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in this research was constructed by Clarivate Analytics, an academic citation indexing and searching
service combined with web linking, provided by Thomson Reuters. Initially, a total of 42,625 SCI
papers published from 2015 to 2017 were selected, having been identified as PM-related through a
keyword search. Experts in PM research confirmed that 9,260 of these papers were directly related to
PM and subdivided them into three categories according to their technical research field as shown in
Table 1. The record of each SCI paper included its title, abstract, journal, publication type, authors’
affiliation, country, and publication year. Here, papers with one or more of these variables missing or
unknown were excluded so that the final database used for the analysis consisted of 9,260 papers.

Table 1. Technical particulate matter (PM) research fields.

Technical Field Subsector

Identification and forecasting
Causes

Diagnosis and measurement
Modeling of air quality

Emission reduction

Stationary sources
Vehicle emission sources

Non-road transport emission sources
Fugitive dust

Health impact assessment
Toxicity assessment

Human exposure assessment
Epidemiological risk

2.2. Topic Models

Topic modeling is a probabilistic modeling technique that identifies the main keywords (i.e., topics)
in an unstructured collection of documents, such as abstracts from journals [22]. This method predicts
the structure of a document by expressing each document as a mixture of topics and each topic as a
distribution of words [23]. The simplest topic model is latent Dirichlet allocation (LDA), which seeks
multiple topics within each document. Each word in each document is assumed to be related to one of
the topics, where the selected topic is chosen from a predocument distribution of topics.

The topics are β1:K, where each βK is a distribution over the vocabulary. The topic proportions
for the dth document are θd, where each θd,k is the proportion for topic k in document d. The topic
assignments for the dth document are zd, where zd,n is the topic assignment for the nth word in document
d. Finally, the observed words for document d are wd, where wd,n is the nth word in document d,
which is an element from the fixed vocabulary list. Unlike the Bayesian method of independent words,
topic models infer posterior probabilities according to the assumption that the words are dependent:

p(β1:K,θ1:D, z1:D, w1:D) =
K∏

i=1

p(βi)
D∏

d=1

p(θd)

 N∏
n=1

p
(
zd,n

∣∣∣θd
)
p
(
wd,n

∣∣∣β1:K, zd,n
)

Based on the algorithm above, topic modeling for PM was analyzed using NetMiner, a commercial
Korean software tool developed by Cyram Inc. In the topic model, only the abstracts from the database
(9,260 papers) were extracted by year and country. The main keywords were analyzed from the
database and the topic model.

2.3. Network Analysis

The research network for PM was also analyzed in the present study using NetMiner, which allows
exploratory analysis and the visualization of data to understand the patterns and structures of a
network [24–26]. Network analysis was thus used to detect collaborative relationships between
different countries or institutes. In this study, the data for network analysis were SCI papers from
the Web of Science provided by Clarivate Analytics. The type of SCI paper was only extracted with
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article, but review and proceeding papers were excluded. A network map was visualized by setting
each country or research institute as a node and the papers as links. It was assumed that there was no
collaboration work if the country to which the author belongs was the same.

The first step in network analysis was to set the abbreviations for countries and institutions in the
PM-related SCI papers published from 2015 to 2017. NetMiner was then used to analyze large networks
composed of 100,000 nodes, after which a network map between nodes and links was drawn. Finally,
the degree of centrality for the network was calculated. This represents the number of neighboring
nodes to which a focal node is connected (Figure 1).
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3. Results and Discussions

3.1. Trends in PM Research

Figure 2 shows the trends in the PM research in SCI papers by area. From 2015 to 2017, the number
of SCI papers for all PM research areas increased each year. The identification and forecasting area
was investigated more than other fields, such as emission reduction and health impact assessment,
while the number of papers on emission reduction increased yearly, but this area remained the least
studied of the target categories in the present study.
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Figure 3 shows the number of SCI papers published for the top 10 countries from 2015 to 2017.
Figure 3a compares the number of SCI papers in all PM-related research areas, showing that China and
the USA produced the largest number of SCI papers, followed by India, Italy, and Korea. Figure 3b–d
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shows the number of SCI papers for PM identification and forecasting, PM emission reduction,
and health impact assessment, respectively, by the top 10 countries. In the identification and forecasting
area, the number of SCI papers published in China was the highest, and most countries except India
and Thailand had an increasing number of SCI papers in this area over the period of study. For emission
reduction and health impact assessment, the largest number of SCI papers came from China and the
USA, and these increased yearly, but the number of SCI papers from other countries did not increase
every year. Interestingly, the number of Korean SCI papers focusing on emission reduction was higher
than that from other countries.
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Figure 4 shows that the number of SCI papers and the weighting of the number of citations
divided by the number of papers published for the top 10 countries from 2015 to 2017. The USA
and China had the highest number of PM-related papers, but Germany and Canada had the highest
weighting. South Korea and Japan had the lowest weighting at 9th and 10th, respectively.
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3.2. Topics in PM Research

In total, 9,260 abstracts related to PM research were collected for the period 2015–2017. Using these,
we utilized two different topic model approaches. First, topic analysis was performed with the abstracts
for all papers combined and with the abstracts of each research year in order to compare chronological
trends. Second, a topic model was conducted by country to compare differences between them.

3.2.1. Annual Analysis Results

From the three-year collection of abstracts from PM-related SCI articles, we identified 10 topics
with 10 main keywords per topic. Related keywords were grouped together, and these topics were
used to represents specific areas of PM research (Tables 2 and 3). For 2015–2017, a wide range of
PM research was conducted, including identifying pollutant sources, emission reduction methods,
and health risk assessment.

Table 2. Topics related to PM for SCI articles published during 2015–2017.

Topic 1 Characteristics of mobile (i.e., vehicle) pollutant sources

Topic 2 Causes and mechanisms of secondary PM production

Topic 3 Characteristics of indoor air pollutant sources

Topic 4 Causes of PM formation

Topic 5 PM predictive modeling

Topic 6 PM toxicity assessment

Topic 7 Indoor air quality management

Topic 8 Risk of hazardous air pollutants

Topic 9 Yellow dust

Topic 10 Characteristics of large emission sources
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Table 3. Research topics and keywords for PM research during 2015–2017.

Topic 1 Topic 2 Topic 3 Topic 4 Topic 5 Topic 6 Topic 7 Topic 8 Topic 9 Topic 10

exhaust size ventilation road surface DNA bacterium disease wind carbon
coal water school plant observation mechanism phthalate year sulfur dioxide chemical
gas acid PM10 coal AOD stress flame mortality impact component

vehicle reaction road hydrocarbon impact gene child PM10 PM10 specie
carbon monoxide gas quality soil resolution inflammation surface risk control composition

engine temperature monitoring dust distribution mouse house death city summer
combustion distribution traffic PM10 dust lung PBDEs age haze dust

diesel surface building PAH climate expression storm birth quality sulfate
NOx efficiency size risk simulation cell worker NO2 Beijing biomass
fuel formation UFP metal cloud pathway dust child China burning

UFP: Ultrafine particle; PAH: Polycyclic aromatic hydrocarbon, AOD: Aerosol optical depth; PBDEs: Polybrominated diphenyl ethers.
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Chronological analysis revealed that Topic 4 (causes of PM formation), Topic 6 (predictive modeling
for PM), and Topic 8 (risk of hazardous air pollutants) continued to be of strong interest. Topic 9 (yellow
dust) and Topic 10 (characteristics of large emission sources) attracted decreasing research interest,
but urban area emissions and long-distance movement gained more attention over the study period.
A number of new keywords such as PM10 and NO2 have only recently appeared as research keywords,
whereas keywords such as power and wind appeared to be decreasing. As a whole, the research topics
tended to become more specific over time, including topics such as toxicity assessment and chemical
composition. This indicates that PM research is not just a question of identifying pollution levels but
also involves understanding the chemical composition of PM and its toxicity.

This trend can be found by analyzing the weight of the main keywords extracted from the topic
model method. Out of 100 main keywords for the baseline year 2015, the top 10 most frequent main
keywords were extracted and the chronological trend charted, as shown in Figure 5. Words such as dust,
cell, PAH, carbon, and disease were more common in the later years, while diesel, fuel, and vehicle were
less common (Figure 6). This indicates that general research interest in dust is rising, but the topics are
becoming more subdivided. The interest in identifying sources of PM, which has been studied for a
long time (as suggested by the keywords fuel, combustion, and diesel) is decreasing, whereas health
impact-related keywords have increased. This may be because of the WHO’s announcement in 2014
that PM is a carcinogen. Therefore, the PM research interest has tended to shift towards health issues.
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3.2.2. Analysis Results for Different Countries

South Korea, China, the United States, Germany, and France were analyzed separately in terms of
keywords and topic trends. It was found that Korea has recently pursued PM research in various areas,
including the long-distance movement of PM from East Asia and the subsequent effects on the Korean
peninsula and indoor air pollution in public areas such as subways and tunnels (Table 4). On the other
hand, China has focused more on the diagnosis and risk assessment of PM, particularly in relation to
yellow dust, rather than emission reduction (Table 5).

The analysis results for the USA and European countries, which have been carrying out research
on air pollution for a long period of time, differed from those for Korea and China (Tables 6–8).
New keywords including climate, ozone, NH3, nanoparticles, and secondary sulfate aerosols (SSAs)
appeared. This indicates that PM is related to climate change, city ozone problems, and NH3,
while health risk assessment is needed for smaller particulate sizes and the secondary production of
PM as a hazardous pollutant [27,28].
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Table 4. Research topics and keywords for PM during 2015–2017 in South Korea.

Topic 1 Topic 2 Topic 3 Topic 4 Topic 5

NO2 surface carbon engine vehicle
risk transport subway fuel efficiency

disease deposition ventilation combustion gas
mortality East Asia wind diesel catalyst

carbon monoxide composition tunnel injection nanoparticles
patient AOD smoking cell temperature

sulfur dioxide biofilter transport NOx test
monitoring soil control test particulate
symptom plume summer regulation material

age chemical WSOC acid collection

Table 5. Research topics and keywords for PM during 2015–2017 in China.

Topic 1 Topic 2 Topic 3 Topic 4 Topic 5

carbon Beijing dust efficiency lung
haze sulfur dioxide risk size exposure
dust PM10 exposure combustion cell

burning city mortality coal pathway
Beijing control metal gas mechanism

formation correlation PM10 removal mouse
summer AOD PAH process expression
sulfate measure cancer temperature stress
specie impact child fuel inflammation
spring NO2 disease vehicle damage
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Table 6. Research topics and keywords for PM during 2015–2017 in the USA.

Topic 1 Topic 2 Topic 3 Topic 4 Topic 5

carbon monoxide mortality dust diesel acid
control disease observation vehicle water
traffic risk simulation size oxidation

monitoring birth surface efficiency reaction
stove asthma climate distribution specie

monitor child AOD fuel mouse
city age sensitivity engine ion
fuel pregnancy cloud combustion dust
NOx woman transport dust cell

ventilation ozone bias test deposition

Table 7. Research topics and keywords for PM during 2015–2017 in Germany.

Topic 1 Topic 2 Topic 3 Topic 4 Topic 5

NOx reaction risk NH3 combustion
case biomass UFP instrument fuel
flux growth mortality application cell
soil carbon monoxide Beijing cloud engine

wind field noise water cigarette
center input inflammation abatement specie

Saharan Berlin PNC absorption diesel
dust nitrate lung uncertainty component
layer SSA cohort climate ship
lidar coefficient measure detection exhaust

Table 8. Research topics and keywords for PM during 2015–2017 in France.

Topic 1 Topic 2 Topic 3 Topic 4 Topic 5

dust climate cell pollutant lidar
deposition ozone SVOC vehicle dust

carbon pollutant inhalation NO2 AOD
metal Europe lung cycle plume
PAH Paris dwelling birth cloud

mineral temperature metal diesel fire
flux experiment toxicity woman instrument

combustion inventory nanoparticles engine summer
water performance vitro cancer agreement
soil coefficient NHBE fog layer

3.3. Network Analysis of PM Research

The collaboration on PM-related technology was investigated using social network analysis (SNA).
Figure 7 presents the network of the top 5% of countries that have worked together in publishing
SCI papers related to PM for the years 2015–2017. Here, the thickness of the lines in the network
map represents the extent of the collaboration between two countries. As can be seen in Figure 7a,
the USA, China, and European countries such as Germany, England, France, Italy, and Switzerland are
important members of the collaboration network. China has mainly collaborated with the USA, Japan,
Canada, England, Germany, and Australia. The USA, which has produced the second-highest number
of SCI papers, has collaborated closely with China, Canada, England, Germany, Switzerland, France,
and Korea. Korea was shown to actively collaborate with the USA but exhibited weak collaboration
activity with China. Figure 7b displays the network collaboration for PM-related technology in the
area of identification and forecasting of PM. Both the USA and China are located at the center of the
network, with strong collaboration between the two countries. Strong connections between European
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countries are also evident. However, even though both India and Korea have published many SCI
papers, they exhibit weak collaboration with other countries. Figure 7c,d presents network maps for
PM emission reduction and health impact assessment, respectively. In the latter area, both the USA
and England actively collaborated with other countries, but Asian countries such as China and Japan
showed weak connections with the USA and European countries. Even though Korea is ranked the
top five countries in terms of the total number of SCI papers published related to PM, it has no strong
collaboration with other countries.
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Figure 8 presents the collaboration network for the top 0.05% of research institutes publishing
PM-related SCI papers, within which three sub-networks can be identified. The first is a China-based
network, in which the Chinese Academy of Sciences (CAS) is particularly important, with active
collaboration among CAS, the Chinese Academy Meteorology Science, and Nanjing University
Information S&T. They have also strongly collaborated with other research institutes in China.
Unlike the network map of China, the second sub-network based in the USA has a number of
intensively collaborating sub-network groups. Of particular note is the connection between NOAA
and the University of Colorado. The third group contains research institutes in European countries.
The University of Basel has actively collaborated with the Swiss Tropical and Public Health Institute in
Switzerland, while in the Netherlands, the University of Utrecht and University Medical Center Utrecht
have worked closely together. From these results, it is clear that the smaller the area, the stronger the
research network.
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Figure 9a presents the network map for PM identification and forecasting for 2015–2017 among
research institutes, illustrating three main sub-networks. The sub-networks mostly consisted of
institutes from China, the USA, and European countries. The largest sub-network consisted of
institutes mostly from China. The CAS was the center of research connection between other institutes
in China. It exhibited active collaboration with the University of Chinese Academy Science, Nanjing
University Information S&T, Xi An Jiao Tong University, Peking University, and the Paul Scherrer
Institute, which is located at Switzerland. In the USA, NASA played an important role in linking with
other institutes, demonstrating strong collaboration between NOAA and the University of Colorado.
For PM emission reduction (Figure 9b), CAS had a very strong connection with the University of
Chinese Academy Science. For PM health impact assessment, a diverse research network is illustrated
in Figure 9c. Research institutes from Switzerland, China, and the Netherlands mainly collaborated
among themselves, while the institutes in Switzerland and the Netherlands showed a weak connection.
There were no connections for research institutes from India and Korea.

The degree of centrality for countries and research institutes was calculated using NetMiner,
and the top 10 in the PM-related network are listed in Table 9 by year. The USA and European countries
such as France, England, and Germany were most important in connecting other countries within the
collaboration network, with France and China increasing in importance in this regard over the three
years. Research institutes from China such as CAS, Peking University, and Fudan University were
particularly important in terms of the degree of centrality for research institutes.
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Table 9. Top 10 countries and research institutes ranked by degree of centrality (2015–2017).

Countries Research Institutes

2015 2016 2017 2015 2016 2017

1 USA USA USA Chinese Acad Sci Chinese Acad Sci Chinese Acad Sci
2 England Germany France Univ Utrecht Univ Washington NASA
3 Italy France Germany Harvard Univ Harvard Univ Peking Univ

4 Germany Italy Spain Ctr Res Environm
Epidemiol CREAL

Finnish Meteorol
Inst Univ Colorado

5 Canada Finland Italy Univ London Imperial
Coll Sci Technol & Med NASA Univ Utrecht

6 France England England US EPA Univ Helsinki Univ Washington
7 Greece Canada China TNO Tsinghua Univ Harvard Univ
8 Netherlands Switzerland Greece Peking Univ Univ Utrecht Paul Scherrer Inst

9 Spain China Switzerland Swiss Trop & Publ Hlth
Inst

Swiss Trop & Publ
Hlth Inst

Max Planck Inst
Chem

10 Sweden Spain Canada Univ Basel Univ Calif
Berkeley Fudan Univ
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4. Conclusions

In this study, we utilized topic model and social network analysis to understand the research
trends for PM. The main results for the analysis were as follows. First, China and the USA produced
the largest number of SCI papers related to PM in 2015–2017. South Korea was ranked in the top five
with an average annual increase of 27.7%. Second, the interest in particular research topics changed
from 2015 to 2017. New keywords such as PM10 and NO2 have newly emerged, and the proportion of
research papers on yellow dust and fossil fuel power generation has reduced. In addition, South Korea
is pursuing research on various areas of PM, while China is more focused on diagnosis and risk
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assessment rather than emission reduction. A closer look at the trends of developed countries including
the USA, Germany, and France revealed greater interest in smaller dust particles and their sources,
the effects of climate change and ozone, and the health effects on vulnerable groups, including pregnant
women. Based on these trends, South Korea should emphasize PM2.5, secondary production, and the
health effects on vulnerable groups, while also strengthening the R&D budget for these research fields
in the near future. Third, research networks have formed mainly in China and the USA, while South
Korea has a weak network structure, with Seoul National University located in the center of the
research network in South Korea, and the National Institute of Environmental Science and Korea
University also active. South Korea’s technological levels for dealing with PM are only 70% on average
compared to those of the USA and Europe, which have the latest technology [29]. Therefore, in order
to enhance the competitiveness of PM technology and to strategically promote it, greater international
cooperation with excellent research institutes overseas is required. The limitation for this result is
that three years of data can be short to analyze the whole trend and find chronological differences.
Thus, future work will include analyzing the research trends by adding the year. PM is emerging as
a major issue among neighboring countries because air pollution is a transboundary issue, so joint
research is needed to find solutions. It is expected that the results of the present analysis can be used as
a foundation for this effort.
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