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Abstract

Air pollution is an increasing issue in developing nations. The continuous rising of vehicle
numbers in big cities may lead to high levels of pollutants, such as FPs (FPs or PM2s,
aerodynamic diameter < 2.5 um) or UFPs (UFPs or PMy.1; aecrodynamic diameter < 0.1 pm)
posing negative impacts on human health. However, the numbers of studies on different
particle size ranges and their chemical compositions have limited in developing countries
such as Vietnam. The lack of scientific evidence may lead to difficulty building up air
pollution control strategies. Therefore, this study focuses on investigating the seasonal
variation of UFPs and FPs concentration and chemical composition, the effects of emission
sources and meteorological parameters, and the hypothesis of particle growth from ultrafine
to fine-size ranges.

UFPs and FPs were sampled by nanosampler (Model 3182, KANOMAX, Suita, Japan) and
cyclone (URG-2000-30EH, University Research Glassware Corp., Chapel Hill, NC, USA),
respectively by quartz fiber filter (2500 QAT-UP, Pall Corp., USA). There were five
sampling campaigns, conducted from 2020 to 2021, including summer (August 10-24,
2020), the summer-to-winter transitional period (STP; October 14-27, 2020), winter
(December 2 — 15, 2020), the winter-to-summer transitional periods (WTP; March 24—April
7, 2021), and the summer of 2021 (July 9 — 24, 2021). UFPs and FPs were monitored in
different locations, including the roadside (RS), ambient (AS), and indoor sites. The
meteorological parameters (temperature, humidity, number of rainy days, and wind speed)
were also acquired. The samples were then analyzed for chemical compositions
(carbonaceous and ion species) at Saitama University, Japan.

The results of clarification particle formation and growth in two seasons with different
humidity showed that organic carbon (OC) and elemental carbon (EC) were the major
compounds in both particle sizes, accounting for up to 56% and 80% of the analyzed
components in FPs and UFPs, respectively. Secondary organic carbon (SOC) accounted for
36-41% and 37-47% of the total OC in FPs and UFPs, respectively, indicating the crucial
contribution of secondary sources to OC. The strong correlations between water-soluble
organic carbon (WSOC) and sulfate and nitrate showed that photochemical reactions
contributed considerably to WSOC formation. Furthermore, the correlations between
absolute humidity and other chemical components suggest that FPs collected in Hanoi were
formed by secondary processes in the aqueous phase on the aerosol surface. In contrast, no
correlation was found between the relative humidity and other chemical components. These
observations indicate that particle growth depends on the number of water molecules above
a certain level under drizzle-like weather conditions particular to the study area.

The UFPs concentration at the AS was in the order of winter > STP > WTP > summer,
whereas that of the FPs was winter > WTP > STP > summer. The highest concentration of
UFPs and FPs in winter may be due to adverse weather conditions, such as less wet removal
and low mixing height layer, which lead to the accumulation of air pollutants and hinder the
dilution. A higher concentration of FPs in WTP than in STP was due to a significant increase
in ionic species, particularly sulfate, nitrate, and ammonium (SNA). The higher EC level,
lower OC/EC ratio, and a higher NO3/SO4?" ratio indicate that traffic-related emissions were
more noticeable in UFPs at the RS than at the AS. The concentrations of analyzed
components in UFPs at the RS were generally higher than at the AS, suggesting particle
decay from the emission sources. The poor relationships of the chemical components
between UFPs at the RS and FPs at the AS suggest the possibility of particle growth. This
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growth may explain the difference in size distribution and chemical characteristics of
particles in the different sampling locations.

The results of FPs and UFPs at the residential house show that the total concentration of
indoor FPs was higher than outdoor FPs. It may be because of the indoor emissions in the
residential house. The FPs concentration between the two sampling periods in the summer
of 2020 and 2021 insignificantly varied, suggesting stable emission of FPs in the study area.
The average ratio between indoor and outdoor concentration (I/O) in FPs was higher than
1.0, indicating the contribution of indoor emissions. The variation of the I/O ratio was
insignificant between summer and winter, while the daily variation of the I/O ratio shows
the influence of indoor emissions. The sharp increase in the SNA concentration suggests the
contribution of secondary particles. However, the variation of the total ion concentration
between the two sampling sites was minor. More significant daily variation of ions in outdoor
FPs suggests the contribution of the secondary particles under adverse weather conditions
(such as low mixing layer and temperature inversion), which impact outdoor FPs more than
indoor FPs.

The results of this study contribute to the understanding of the particle characteristics in
different locations in Hanoi, Vietnam. The chemical compositions of indoor and outdoor
particles may be crucial to assessing the effects on human health, particularly for people
living in urban areas or near the roadway. In this study, we also investigate the possibility of
particle growth, which may be vital to understanding emission sources and the size
distribution of particles. Further investigation is required to get a deeper understanding of
the particle's chemical characteristics. Specifically, the sampling period should be longer,
and more than two sampling locations should be conducted. The sampling at different
determined distances from the traffic emissions is expected to monitor. More types of
residential houses and other chemical components should be included in future studies.
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Chapter 1

Introduction
1.1 Background

According to the World Health Organization (WHO, 2020), air pollution is one of the
primary environmental risks to human health. In 2016, an estimated 7 million deaths were
caused by outdoor and indoor air pollution, while in 2012 was 6.5 million (WHO, 2016,
2020). The exposure and effect of air pollution are different in low-, middle-, and high-
income countries. People in low- and middle-income countries accounted for more than 90%
of fatalities caused by air pollution in 2016 (WHO, 2020). In early research on the impact of
air pollution on human health, PM¢ (particles with aerodynamic diameter <10 um) were
common. Fine particles (FPs or PM» 5, aerodynamic diameter < 2.5 um) can penetrate deep
into the lung (pulmonary alveoli) and other parts of the human body via the blood. Recent
studies on ultrafine particles (UFPs or PMo.1; aerodynamic diameter < 0.1 um) showed that
UFPs is more dangerous because they can penetrate deeper into the lung or directly go to
other organs without being absorbed by the blood (Oberdorster et al., 2004; Stolzel et al.,
2007).

Traffic emission is one of the leading sources of urban air pollution in Asian cities. The
development of the economy and increased urbanization led to the growth of population and
vehicle numbers. In Vietnam, vehicle numbers increased by approximately 10% of
motorcycles and 17% of personal cars from 2013 to 2018 (Vietnam Registration [VR],
2019). A wide array of transport vehicles, such as motorcycles, cars, taxis, vans, and trucks,
were found in Vietnam; however, personal motorbikes have dominated. As a result, the high
level of air pollution in urban areas such as Hanoi or Ho Chi Minh City was reported,
particularly the high concentration of particulate matter (PM).

The studies of FPs have been reported in many regions and countries worldwide. In Asian
countries, several studies have been conducted, such as studies on carbonaceous composition
(Pachauri et al., 2013; Phairuang et al., 2020; Thuy et al., 2017), soluble inorganic species
(Lim et al., 2012; Ying Wang et al., 2005), organic groups and organic compounds (Phuc &
Kim Oanh, 2018; Pongpiachan et al., 2013; Truc & Kim Oanh, 2007). However, limited
published studies of chemical characteristics of UFPs in different microenvironments in
Vietnam have been found, except for our previous studies (Nghiem et al., 2020; Thuy et al.,
2018), and the behavior of UFPs related to multiple fundamental chemical components and
weather conditions has not been clarified in this city. Determination of chemical
compositions and seasonal variation of particles are therefore considered critical steps in
evaluating the human health impacts and understanding their emission sources. Furthermore,
investigation of the transformation processes, such as the growth, decay, or transport of
particles in the atmosphere, could help to explain the variation of chemical compositions,
concentration, and size distribution of particles.

1.2 Statement of problems

Hanoi is in the Red River Delta region, located in northern Vietnam and is the country’s key
economic city and political and cultural center. Hanoi is the second biggest city in Vietnam,
with a population of 8,246,5000 (as of December 31, 2020), and an average population
density of 2454 people/km? (Hanoi Statistical Office, 2021). Similar to many cities in Asian
countries, with the rapid population growth and urbanization, Hanoi is facing several
environmental issues such as air pollution. According to the national report of the Ministry
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of Natural Resources and Environment (MONRE, 2015), more than 50% of total monitoring
days in Hanoi had poor air quality and 11 days had very poor air quality, which is mainly
related to a high level of PM2 5. Compared to Ho Chi Minh City, the biggest city in Vietnam,
Hanoi has been frequently reported with more severe air pollution (MONRE, 2015).

Some scattered studies on FPs have been conducted in Vietnam (Hai & Kim Oanh, 2013;
Hien et al., 2002; Hopke et al., 2008; Kim Oanh et al., 2006; Ly et al., 2018). The published
studies on the chemical composition and characteristics of UFPs have been limited, except
for our previous studies (Nghiem et al., 2020; Thuy et al., 2018). In addition, the comparison
between indoor and outdoor FPs and UFPs has not yet been comprehensively studied.
Therefore, this study focuses on observing UFPs and FPs in different environments (the
roadside, ambient, and indoor site), determining the seasonal variation and the contribution
of traffic-related emissions to compositions of PM, and evaluating the characteristics of
indoor and outdoor particles in the residential building in Hanoi, Vietnam.

1.3 Objectives of the study

The overall purpose of this study is to investigate the variation of chemical compositions and
concentrations of UFPs and FPs in different environments in Hanoi, Vietnam. The main
objectives are:

1. To determine the seasonal variations of chemical compositions and concentration in
UFPs and FPs.

2. To evaluate the effects of traffic-related emissions on the chemical compounds in FPs
and UFPs.

3. To assess the characteristics of indoor and outdoor particles.

14 Scope of the study

The study simultaneously considered the FPs and UFPs chemical compositions and their
variations at multiple sites and periods through three major tasks:

Task 1 focuses on monitoring UFPs and FPs in some selected areas in Hanoi, including the
roadside, ambient, and indoor residential site. The monitoring was implemented 23.5 hours
a day and seven days a week during five sampling campaigns. Besides the sample collection,
the real-time data of PMjs and meteorological data (temperature and humidity) were
recorded by a P-sensor and Thermor recorder, respectively.

Task 2 analyzes the chemical compositions of all collected samples. Carbonaceous
components including organic carbon (OC) and elemental carbon (EC), and eight water-
soluble ions including chloride (CI'), sulfate (SOs*), nitrate (NOs’), sodium (Na¥),
ammonium (NH4"), potassium (K*), magnesium (Mg**), and calcium (Ca*") would be
analyzed for all samples. The real-time data (PM3 s, temperature, and humidity) would be
processed, and the PMz 5 concentrations and wind speed, measured by the third party, would
be collected.

Task 3 focuses on the calculation and visualization of the analysis data according to the
major objectives of this study.



1.5 Structure of the dissertation

This study is divided into seven chapters. The content details in each chapter are described
as follows:

Chapter 1: Briefly described the background information of the study, the statement of
problems, main objectives, and scope.

Chapter 2: Provide the literature review of relevant issues in the study area. It includes
emission sources and characteristics of particles, traffic-related air pollution in Vietnam, and
indoor and outdoor air pollution. This chapter would give an overview of the pollution
situation in Vietnam, basic information on ultrafine and fine particles, and the original
motivation to conduct this study.

Chapter 3: Describe generally the sampling locations, sampling devices, and sample analysis
in this study. From this chapter, the readers can roughly understand the overall picture of the
study.

Chapter 4: This chapter focuses on the effect of absolute humidity on the chemical
compositions of ultrafine and fine particles.

Chapter 5: Focuses on the effect of traffic-related emissions on chemical compounds in
different particle sizes. The seasonal variation of particles and the possibility of particle
growth from ultra- to the fine-size range of particles are also investigated in this chapter.

Chapter 6: Focuses on the indoor and outdoor particle’s characteristics. The indoor emission
sources and their effects are also assessed.

Chapter 7: Conclude the key findings from this study and recommendations for future
studies.



Chapter 2

Literature Review

2.1 Emission sources and characteristic of UFPs

2.1.1 Emission sources of UFPs

There were two important sources of UFPs in the urban areas, primary and secondary sources
(Hama et al., 2017). The primary sources of UFPs are mainly combustion processes such as
vehicles, coal-fired power plants, gas-fired facilities, and biomass burning (Kumar et al.,
2014; Wehner & Wiedensohler, 2003). Indoor combustion was also a source of UFPs, such
as stoves, heaters, or smoking. These emissions sources have been reported to impact the
particle size distribution, e.g., the size range of particles emitted from diesel engines was
different compared to that of gasoline engines. According to Paasonen (2013), road transport
was responsible for 60% of the total particle emissions (including UFP and PMo.i.1),
followed by non-road transport (including other non-road transport and shipping activities)
at around 19%. The domestic emissions (cooking, heating) contributed approximately 13%
of the total particle number. Other studies also mentioned that traffic is one of the major
sources of UFPs (Keogh et al., 2009; Kumar et al., 2014). Particularly, the higher emission
of UFPs from traffic is observed in developing countries, e.g., in Delhi, India (M&nkkonen
et al., 2004). The secondary sources include the new particle formation in the ambient air,
which may be due to the photochemical reaction of gaseous precursors after emissions
(Kulmala & Kerminen, 2008). There were two main steps of particle formation, including
nucleation of an initial cluster (gas phase compound), and then lead to the particle growth.
Sulfuric acid molecules contributed considerably to particle formation and may be in charge
of particle growth by condensation.

2.1.2 Characteristics of UFPs
2.1.2.1 Size distribution

The size distribution of UFP can give insights into emission sources as well as the impacts
on human health. The accumulation mode (particle size >50 nm) contributes more
significantly to the mass concentration of particles. Meanwhile, the higher particle number
fraction was observed in the size range of less than 20 nm (nucleation mode). The number
of particles in the nucleation mode is much higher than the bigger size. Particles in the
nucleation mode had a maximum value on warm days, and the highest mean particle number
concentration was in summer (Agudelo-Castafieda et al., 2019). The higher concentration of
particles in the nucleation mode may be because of photochemical nucleation, which
depends strongly on the intensity of solar radiation. On the other hand, the number
concentration of particles with a diameter exceeding 20 nm is higher during winter. It was
explained by the lower temperatures promoting nucleation processes and the increase in
lifetime, associated with increased traffic exhaust emissions. However, other studies showed
that the increase of nucleation mode could happen on both warm and cold days (Wehner &
Wiedensohler, 2003).

The particle size distribution also depends on the emissions sources. The size of the particle
emitted from diesel engines ranges from 20-130nm, while that from gasoline engines ranges
from 20-60nm (Ristovski et al., 2004). Lin et al. (2007) found that the particles had a bi-



modal distribution with one main peak in the fine size (0.56-1 um at the roadside, and 1-1.8
um at the rural site) and another peak in the coarse size (3.2-5.6 pum). The smaller size range
of UFPs (less than 30 nm) was emitted directly from combustion engines, and the bigger size
of UFPs (30-100 nm) formed via coagulation and condensation of primary particles and
gaseous pollutants.

2.1.2.2 Chemical concentrations

The EC can be used as a marker for combustion processes, particularly for diesel engines.
Besides, ionic species such as SO+, NOs", and NH4" are important components of secondary
aerosols. The study of chemical components of UFPs is therefore important to evaluate the
emission sources, formation process, and health impacts. According to Sardar et al. (2005),
OC accounted for 32-69%; EC from 1-34%,; sulfate from 0-24% and nitrate from 0-4%
(Figure 2.1). UFP components study by Kim et al. (2011) shows the higher composition of
carbonaceous species (83-92% of OC and EC) and lower ionic species (8-17%). A similar
result of UFP composition (OC, EC, NH4", NOs", SO4*, CI') was reported by Kudo et al.
(2011). Lin et al. (2007) conducted a study of the chemical composition of UFPs in different
locations (roadside and rural sites), which shows that the primary peak of SO4*” and NH4"
were in the fine particles (0.56-1.0 um), the second peak in bigger size particles (3.2-5.6 um)
and third peak in UFPs (0.032-0.056 um). The concentration of NOj3™ in the roadside site was
approximately 1.3 times higher than in the rural site, and the peak was found in the particle
size range of 1.0-1.8 um. Other components of UFPs were studied by Corsini et al. (2017),
such as polycyclic aromatic hydrocarbons (PAHs) or metals affected by wood burning.
PAHs were trace gaseous, contributing <1% of UFP mass concentration.
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Figure 2.1 Contribution of chemical species to the total particulate mass in ultrafine
and accumulation modes (Source: Sardar et al., 2005)
2.1.2.3 Temporal variation

Many factors affect the seasonal variation of UFPs, including increasing factors
(atmospheric stability and increased emissions) and decreasing factors (better mixing



conditions or lower traffic flow rate during holiday periods). According to Corsini et al.
(2017), the total mass concentration of UFPs did not show significant seasonal differences
(2.2 ng/m?, range: 1.6-3.2 ug/m? in the winter period and 2.0 pg/m?, range 1.0-3.1 pg/m? in
the summer period). However, the variation was observed in the compositions of UFPs, e.g.,
total PAH concentrations were higher in winter than in summer (Corsini et al., 2017). Kim
et al. (2011) reported that the concentration of each component was higher in fall and winter.
Similarly, Hussein et al. (2004) showed the lowest number concentration of nucleation mode
particles in Helsinki during summer, while the highest concentration was in spring and
winter (Figure 2.2). It might be due to higher temperatures, better mixing conditions, and
less traffic during summer. Meanwhile, it was lower temperature, low boundary layer height,
and high radiation in spring, which was associated with the formation of nucleation mode
particles.
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Figure 2.2 Seasonal number size distribution (Source: Hussein et al., 2004)
a) workdays and b) weekend at Siltavuori; ¢) workdays and d) weekend at Kumpula (season 1:
Winter; season 2: Spring; season 3: Summer; season 4: Autumn)

Strong diurnal variations of UFP concentrations and compositions were observed,
particularly in the urban environment. It was closely related to the variation of traffic density
on weekdays or weekends. It has been reported by many studies (Agudelo-Castaiieda et al.,
2019; Mendes et al., 2018) that the peak of UFP concentrations was related to the traffic rush
hour. Figure 2.3-a shows the difference in size range in the metro platform and urban
background (Mendes et al., 2018). Three UFP concentration episodes were observed,
including (1) the first episode from 6:00 to 9:00 h, which coincides with an increase in
morning traffic; (i1) the second one from 12:00 to 16:00 h, which can be related to new
particle formation events commonly observed in the urban environment; (ii1) the third one
during the period from 21:00 to 01:00 h, which might be attributed to a lower mixing height
at nighttime. A similar trend has been seen with the number concentration of UFP in the
urban background (Figure 2.3-b). Hama et al. (2017) also reported that the maximum number
concentration of particles was found around midday (11:00-14:00) when low equivalent
black carbon and high ozone levels were recorded. During the cold period (winter), the
diurnal variation of particle number concentration had two peaks in the morning and
afternoon traffic rush hours. However, the daily cycle was weaker in the warmer period, and
the evening peak was not found. The peak of the particles in nucleation mode (20-30 nm)
was found during midday during the warm period (June, July, and August).



2.1.3 UFPs in urban environments
2.1.3.1 UFPs near the roadside

The distribution of particles is observed when conducting the sampling at the roadside at a
specific distance from the road where the airflow is not disturbed by building or other
barriers. The changes in particle size distribution, concentration, or chemical compositions
according to the distance from the roadway can be investigated and compared to see the
changes of particles after emission. In general, particle concentration decreases with the
distance from the roadway. With a distance up to about 300 m, the particle concentrations
and the size distribution are nearly similar to the background. According to Zhu et al. (2002),
total particle number concentration in the size range of 6 to 25 nm, which accounted for
about 70% of total UFPs number concentration, dropped sharply to around 80%, after 100
m. The particles in the size range of 25-50 nm and 50-100 nm experienced a similar trend,
which reduced and approached the background concentration at around 150 m from the
emission point (Figure 2.3). This phenomenon can be explained by the smaller particles
coagulating with these particles to increase their size. Other studies show that particles in
nucleation mode dominate in ultrafine particle number near the road and decrease with
distance. It is associated with vehicle flow characteristics (the higher the speed, the greater
the particle concentration, and the smaller the particle size) (Kittelson et al., 2004). The total
concentrations at the roadside were reported to range between 10* and 10° particles cm™>
(Kittelson et al., 2004). The concentration was increasing with increasing traffic rate, and
the effect of traffic rate was stronger on particles smaller than 63 nm than on the larger
particles.
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Figure 2.3 Particle number concentration as a function of distance
(Source: Zhu et al., 2002)

In contrast, the concentration of larger particles is independent of distance from the roadway.
According to Jacobson et al. (2005), the decay of ultrafine particles is likely a result of a
combination of dilution, evaporation, and coagulation. These factors are also proved that
associated with the higher decay rate in the study of Zhu et al. (2002), which found that all
species decayed rapidly downwind of the roadway with characteristic decay distances
ranging from 13 to 46 m. Meanwhile, the longer distance of 92 m has been reported in the
study of Jacobson et al. (2005). According to Saha et al. (2018), the changing of particle
concentration is the combination of several factors, such as dilution and coagulation, and
dilution itself could not explain the decrease in particle concentration.



2.1.3.2 UFPs in different locations in urban areas

Numerous studies monitored particle concentration in different locations in relation to traffic
emissions in urban areas. The results of those studies provide the relationship between the
concentrations and the distance from a particular roadway or traffic flow. Westerdahl et al.
(2005) reported that the concentration of UFPs varied significantly according to the
monitoring locations. Particle number concentration decreased as the distance of the
monitoring site from the street increased. This observation was also applied for other
pollutants, including CO, CO,, NO, BC, and PAHs. Besides, the variation of UFPs
concentration between the sites near and far away from traffic emissions was much more
significant than that of bigger particles, such as coarse size particles.

The size distribution of particles stronger fluctuates in urban environments than in rural areas
(Ristovski et al., 2004). In the location near the roadway, the particle in nano size (particle
diameter <50 nm) is dominant the particle concentration, and it decreases with the distance
from the emissions point (Kittelson et al., 2004). The number concentration of nanoparticles
in the location near the road (10 m from the roadway) is significantly higher than in the place
located 700 m from the road (Figure 2.4).
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Figure 2.4 Average particle number concentration of size distributions grouped by
location (Source: Kittelson et al., 2004)

2.2 The characteristics of FPs and the contribution of emission sources in Hanoi

The concentration and chemical compositions of FPs are important to evaluate the impacts
on human health, environment, and climate. This information can be also used as an indicator
of emission sources and applied further for mitigation measures. In Vietnam, the mean
annual FPs concentration has been regulated in the Vietnamese National Standard on
ambient air quality since 2013 at 25 pg/m?, which is higher than the WHO air quality
guideline (10 pg/m?). Available monitoring data show high levels of PM in cities in Vietnam
that often exceeded the national ambient air quality standards, particularly in big cities such
as Hanoi. According to the database of the US Embassy monitoring station, the yearly
average concentration of FPs in Hanoi in 2016 reached 50.5 pg/m?, approximately two times
higher than the Standard (Thuy et al., 2018). In this section, the characteristics and emission
sources of FPs in Hanoi are discussed. The effects of traffic emissions on the characteristics
of FPs are also reviewed.



2.2.1 Characteristics of FPs
2.2.1.1 FPs concentration

The annual average concentrations of FPs during the period 2010-2017 reported by the
Center for Environmental Monitoring (CEM), MONRE were higher than the Vietnamese
National Standard of 25 pg/m? (Figure 2.5). The FPs concentration was higher in Hanoi than
in other cities, such as Hue, Da Nang, Nha Trang, and Ho Chi Minh City. The variation of
FPs concentration is different in summer, winter, and transitional periods. A higher
concentration was observed during wintertime, particularly during December and January
(Cohen et al., 2010; Ly et al., 2018). In contrast, a lower FPs concentration was found during
summer (from May to August) (Hien et al., 2002; Ly et al., 2018). The concentration during
transitional seasons was higher than in summer and lower than in winter (Figure 2.6). The
stable atmosphere conditions (low wind speed and low mixing layer) may lead to a higher
concentration of PM» s during wintertime. This variation trend was also observed in different
areas in South East and East Asia, such as in Japan, China, and Thailand, indicating the
regional contribution of PM> 5 (Ly et al., 2018). Table 2.1 illustrates the FPs concentration
collected in different periods in Hanoi. A similar trend of seasonal variation was observed in
FPs concentrations in previous studies.
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Figure 2.5 Annual average concentration of FPs in Vietnam from 2010-2017
(Source: MONRE, 2017)
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Table 2.1 Comparison of FPs concentration in different studies

Period Season Devices FPs 3 References
(ng/m’)
09/1998- Gent stack filter unit .
08/1999 Over years (SFU) 36.1 Hien et al (2002)
Dry (Nov- Andersen Kim Oanh et al.
2001-2004 Mar) dichotomous sampler 124 (2006)
Wet (Apr- Andersen Kim Oanh et al.
2001-2004 Oct) dichotomous sampler 33 (2006)
2001-2008 | Over years PM; 5 cyclone 54 Cohen et al. (2010)
12/2006- Winter Andersen 76 Hai and Kim Oanh
02/2007 dichotomous sampler (2013)
12/2016 Winter Low-cost sensor 76 Ly et al. (2018)
07/2017 Summer Low-cost sensor 22 Ly et al. (2018)

The diurnal variation of the FPs concentration fluctuates depending on studies and
monitoring stations. There was an unclear peak during rush hours measured at the campus
of HUST (Ly et al., 2018). The difference in diurnal variation of FPs concentration suggested
the effect of traffic emission was not abundant. This result was also found in the study of
Nhat et al., (2018) for the FPs concentration measured at the station of the US Embassy in
Hanoi. In contrast, the database from the CEM station (556 Nguyen Van Cu, Long Bien,
Hanoi) shows that the diurnal variation was closely related to the traffic density fluctuation,
which increased during morning and afternoon rush hours (MONRE, 2017). The highest
concentrations of FPs were observed during rush hours in the morning (7:00 - 8:00 am) and
afternoon (6:00 - 7:00 pm); however, it was low at midday (1:00 - 2:00 pm). It noted that a
higher FPs concentration was observed at nighttime (20-22h) at the CEM station. It may be
due to nocturnal radiation inversions and subsidence temperature inversions.

2.3.1.2 FPs compositions

According to Cohen et al. (2010), ammonium sulfate accounted for the highest portion of
FPs mass concentration of 29 + 8%, followed by soil (inorganic compound), organic matter,
salt, and black carbon (BC). Other studies had different classifications of FPs components to
gain insights into the emission sources or other objectives. The compositions of FPs could
be divided into different groups, including carbonaceous compounds, ionic species, and
elemental components (Hai & Kim Oanh, 2013; Kim Oanh et al., 2006). Ionic species and
carbonaceous components were the major compounds, contributing significantly to the mass
concentration of FPs (Hai & Kim Oanh, 2013; Kim Oanh et al., 2006; Thuy et al., 2018).
Higher mean concentrations of sulfate and nitrate ions were observed during wintertime,
which might partly be due to the effects of meteorological conditions, such as less wet
removal, and a low mixing layer (Hai & Kim Oanh, 2013). OC and EC concentrations were
unchanged in both seasons in Hanoi (Thuy et al., 2018). However, significantly higher OC
and EC concentrations were found during the biomass burning periods after the harvest of
two rice crops in June and November (Hai & Kim Oanh, 2013; Thuy et al., 2018). Element
components including Fe, Zn, Si, Al, Ca, Mg, V, Mn, Ni, Zr, Sn, Sb, Cu, As, Se, Br, Rb, and

10



Pb could suggest the contribution of several sources such as combustion processes, road dust,
construction activities. A higher concentration of Ca, Si, Fe, Zn, Mg, and Al were observed
in Hanoi (Gatari et al., 2005; Hai & Kim Oanh, 2013). The seasonal variation of element
concentration was the same as the mass concentration. A higher concentration of element
was observed in winter (dry season) in Hanoi, approximately two times higher than in
summer (wet season) (Kim Oanh et al., 2006).

2.2.2 Emission sources of FPs

Few studies on the contribution of the FPs emission source have been conducted in past years
in Hanoi. These studies investigated the emission sources based on the chemical
components. Besides, Positive Matrix Factorization (PMF) receptor model has been applied
in the study of Cohen et al. (2010); Hai & Kim Oanh (2013). The main emission sources in
Hanoi include traffic, industry, construction, soil/road dust, biomass burning, coal
combustion, and secondary aerosols (Cohen et al., 2010; Hai & Kim Oanh, 2013; Hopke et
al., 2008; Kim Oanh et al., 2006). According to Ly et al. (2018), the emission from local
transportation was not dominant, while other local sources and regional-scale backgrounds
might contribute more to the FPs level. The study conducted by Hai & Kim Oanh (2013)
shows that the main sources of FPs were secondary mixed PM (40%), followed by
residential/commercial cooking (16%) and diesel traffic (10%). In contrast, Cohen et al.
(2010) confirmed that the major emission source was automobiles (40 £ 10%). The detail of
sources and their contribution to the FPs level is shown in Table 2.2.

Table 2.2 Summary of studies on FPs emission sources in Hanoi

Site Period Sources References
Urban site, Hanoi Northern trajectory | LRT: 25, LBP emission: 14.9, (Hien et
(Sep/Oct to Dec soil dust: 0.3, LSA: 0.7, marine al., 2004)
1999) aerosols: 0.7, CI DMA: 2.6,

vehicle/road dust: 2.9 (u/m?)
Northeast trajectory | LRT: 15.1, LBP emission: 6.4, (Hien et

(Jan to Mar/Apr soil dust: 3.6, LSA: 5, marine al., 2004)
2001) aerosols: 0.4, CI' DMA: 1.5(u/m?)
Urban mixed 2001-2004 Traffic, secondary sulfate and (Kim Oanh
/residential/commercial nitrate particles, biomass et al.,
sites burning, and soil dust. 2006)
Urban site 2002-2005 Burning biofuel for cooking and | (Hopke et
home heating, two-stroke al., 2008)
engines of motorbike
Industrial site Dec 23, 2006 — Jan | secondary mixed PM (40%), (Hai &
7, diesel traffic (10%), cooking Kim Oanh,
2007 (16%), secondary sulfate (16%), | 2013)

aged sea salt mixed (11%),
industry/ incinerator (6%),
construction/ soil (1%).

Urban site Apr 25,2001 — Dec | automobile (40 = 10%), soil (3.4 | (Cohen et
31, + 29%), secondary al., 2010)
2008 sulfates (7.8 = 10%), smoke (13 +

6%), industry (19 +
8%), and coal (17 = 7%)
LRT: Long-range transport; LBP emission: local burning primary emission; LSA: local secondary aerosol;
MA: depleted marine aerosols.
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2.3 Indoor and outdoor FPs in urban environments
2.3.1 Outdoor FPs

The outdoor FPs emitted from primary sources (including combustion processes,
transportation, industry, or construction) and secondary sources (photochemical reactions)
(Zhang et al., 2021). Traffic emission is one of the crucial primary sources, accounting for
approximately 25% of total FPs emissions in urban ambient air on the global scale
(Karagulian et al., 2015). However, in some other regions, traffic contributed more than the
global average, e.g., Southeast Asia (36%) or India (37%) (Figure 2.7). The traffic emissions
mainly include diesel soot and non-exhaust emissions, such as brakes and tires. Industry and
domestic burning were responsible for around 15-20% of the total FPs emission in urban
areas (Karagulian et al., 2015). Secondary sources were also important, which accounted for
approximately 23% of total FPs emissions in Beijing, China (Yan et al., 2021). These sources
formed the particles from precursor gases, such as the oxidation of sulfur and nitrogen oxides
into ammonium sulfate and nitrate, respectively. The secondary particles accounted for a
very high proportion in some countries, e.g., Canada (62%), the USA (46%), the Republic
of Korea (45%), Western Europe (44%), and Turkey (42%) (Karagulian et al., 2015).
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Figure 2.7 Population-weighted averages for relative source contributions to total
PM2:s in urban sites (Source: Karagulian et al., 2015)

2.3.2 Indoor FPs

Indoor FPs can be emitted by cooking activities, smoking, or the combustion of coal, wood,
or other biomass types. Burning coal, wood, or other biomass during winter for heating or
cooking purposes are important sources of FPs emissions in China (Li et al., 2016), Nepal
(Pokhrel et al., 2015), and other countries. For instance, in Lanzhou, northwest China, the
indoor FPs level is higher in winter because of solid biomass burning for priding heat (Figure
2.8). Cooking food at high temperatures may lead to the emissions of particles (Yassin et al.,
2012). Other sources of indoor FPs may be incense burning (Kuo et al., 2015), candles
(Derudi et al., 2014), and smoking (Sleiman et al., 2014). In the school and office, printers,
photocopies, fax machines, and other similar devices have been reported as one the FPs
sources, contributing to the increased indoor FPs level (McGarry et al., 2011). Indoor FPs
also could be from the sources of cosmetics or other chemicals used in the house such as
anti-insect, hair sprayers, perfume, and cleaning agents (Hollbacher et al., 2017). As a result,
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the FPs concentration varies in indifferent rooms in the house (e.g., in the kitchen, living
room, and bedroom). In addition, FPs from the outdoor environment could enter the indoor
by two mechanisms (natural infiltration and mechanical ventilation). Nearly all particles
smaller than 1.0 um and approximately 70% of particles from 1.0-2.5 um could enter the
house (Chen et al., 2012). In the case of mechanical ventilation, the airflow from the outdoor
environment could go into the indoor by the fans or air conditioner. If the air conditioner
uses the filter cloth, FPs can be partly removed. However, without a filter-based air-
conditioner and fans, FPs freely penetrate the buildings. In an indoor environment without
smoking or other strong emissions sources, indoor FPs is expected to be the same as, or
lower than outdoor concentration. The ratio between indoor and outdoor (I/O) FPs
concentration is used to determine the indoor PM pollution evaluation. I/O ratios were lower
than 1.0 in the laboratory and office, indicating the lower effect of the outdoor airflow. In
contrast, the higher I/O ratios were observed in the kitchen and in the canteen, where the
cooking and human activities were presented (Goyal & Kumar, 2013).
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Figure 2.8 Comparison of indoor and outdoor FPs concentrations during the non-
heating and the heating sampling periods
(Source: Li et al., 2016)

2.3.3 Regulation of FPs concentration

The FPs concentration has been regulated in the guidelines of WHO for the daily and annual
average. The guidelines state that annual average FPs concentrations should not exceed 5
ng/m?, while 24-hour average exposures should not exceed 15 pg/m?, and more than 3 — 4
days a year. The different regulations of FPs concentration have been applied worldwide.
India and Egypt set the limit of FPs concentration much higher than WHO’s guidelines of
around 40-50 ug/m?® on an annual average, while that in China and Hong Kong is 35 ug/m?
(Cheng et al., 2016). Vietnam, Thailand, and the Republic of Korea regulate the annual mean
concentrations of FPs of 25 mg/m>. Japan, the US, and Canada set the annual mean FPs
concentrations of 15, 12, and 10 ug/m?, respectively. Australia regulates the lowest annual
average FPs concentration of 8 pg/m’, which is even lower than WHO’s guidelines. The
regulation for indoor FPs is not mentioned in the guidelines of WHO and most countries.
However, it has been noted that the ambient concentration of FPs could be used as indoor
guidelines, particularly in developing countries where a high level of FPs was found in
indoor environments.
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Chapter 3
Methodology

33 Study area

With a population of 8,246,500 and a high average density of 2,454 person km™ (as of
December 31, 2020), Hanoi is the capital city and the commercial and industrial center in
northern Vietnam (Hanoi Statistical Office, 2020). The rapid population growth and
economic development led to increased vehicle numbers, one of Hanoi's significant sources
of air pollution. Other sources, such as open solid waste and biomass burning, construction,
industry, and indoor cooking, contribute considerably to air pollution, especially the PM
concentration in Hanoi. Thus, Hanoi is expected to have a high PM level of different size
ranges, such as PM» s and PMy 1.

Hanoi is influenced by northeast and southeast monsoon, leading to different weather
conditions throughout the year. There are two main seasons in Hanoi, summer (May to
August) and winter (November to March next year), and two transitional periods between
those seasons. In summer, the weather is hot and humid with frequent heavy rain; it is thus
called wet summer or wet season. In contrast, the weather is cold and dry in winter affected
by the northeast monsoon from mainland China with associated low-mixing height and calm
wind. Under this adverse condition, a high level of air pollution was usually observed,
particularly PMzs. During the summer-to-winter transitional period (STP), the weather
condition is milder; the temperature and humidity are gradually lower. Meanwhile, during
the winter-to-summer transitional period (WTP), the southeasterly flow of maritime air
becomes dominant, bringing moist and warm air to this area (Hien et al., 2002).

The selected sampling sites are in Hanoi University of Science and Technology (HUST),
Hai Ba Trung District, Hanoi, Vietnam (21°020"N, 105°50'39"E), and a residential house at
Truong Dinh St., Hoang Mai District (21°28'59"N, 105°24'49"E), approximately 2 km from
HUST. The roadside (RS), ambient (AS), and indoor (AI) samples were collected at HUST.
The RS samples were collected at the place next to Tran Dai Nghia St., a two traffic lanes
road running through three universities and a highly populated area (Figure 2.1). The AS and
Al sites are on the rooftop of a four-story building of the School of Materials Science and
Engineering, HUST. The AS site is approximately 12 m in height from the ground and is
surrounded by diverse institutional and residential areas. The distance from the sampling
sites to the three main streets is around 200m, i.e., 200 m from Dai Co Viet St., 250 m from
Giai Phong St., and 200 m from Tran Dai Nghia St. (Figure 2.1). The indoor (RI) and outdoor
(RO) samples were monitored in a residential house, a terraced house with four floors. The
house is in Truong Dinh St., a two-traffic lane (inbound and outbound) street. Both sides of
the road have a pavement of about 1.5-2 m in width and are bordered by residential buildings.
The devices were placed on the third floor, approximately 9 m from the ground and 1.5m
from the floor (Figure 3.1).
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Table 3.1 Monitoring schedule and number of samples collected

FPs UFPs PM:2ssensor T & RH
Period Date Site
Cyclone Nanosampler Sensor Thermo recorder
AS 15 15 15 15
Al 15 15
August 08/10/2020 - RS 15
(Summer 2020) 08/24/2020
RI 6 6 6
RO 6 6 6
(SS];II)I,ngZ:Otl:)e:"vinter 10/15/2020 - AS H H H H
2020) 10/27/2020 RS 14
AS 14 14 14 14
Al 14 14
December 12/02/2020 - RS 14
(Winter 2020) 12/15/2020
RI 14 14 14
RO 14 14 14
W"l."P, March 03/24/2020 - AS 16 15 15 14
(Winter to summer 04/07/2020
2021) Al 15 15 14
AS 16 16
(Summer 2021) 07/24/2021
RO 16 16 16 14
Total 147 193 174 141

T & RH: Temperature and Relative Humidity; STP: summer-to-winter transitional period; WTP: winter-to-summer transitional period; AS: Ambient site;
Al Indoor site at HUST; RS: Roadside site; RI: Indoor sampling at residential house, RO: outdoor sampling at residential house
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3.2.  Sample collection

The samplings were done simultaneously at all sites in different seasons. In short, five
sampling campaigns were from 2020 to 2021, and 340 samples were collected in total.
Details of different sampling campaigns and the number of collected samples are illustrated
in Table 3.1. Samples of UFPs and FPs were collected by Nanosampler (Model 3182,
KANOMAX, Suita, Japan) and cyclone (URG-2000-30EH, University Research Glassware
Corp., Chapel Hill, NC, USA), respectively (Figure 3.2). Nanosampler includes five
impaction stages to classify particles of different diameters at <0.1, 0.1-0.5, 0.5-1, 1-2.5,
2.5-10, and >10 pm. Nanosampler was set up at a flow rate of 40 L/min while cyclone was
at 16 L/min. Quartz fiber filter (2500 QAT-UP, Pall Corp., USA) was used for both devices
(55-mm filter for Nanosampler and 47-mm filter for cyclone). Before sampling, the filters
were baked at 350 °C for 2 h to remove possible contaminants. Samples after collecting were
placed in a Petri dish and then kept in an airtight aluminum bag at —40 °C to avoid additional
reactions. Besides, blank samples were prepared and carried out in the same way as the
samples. The total blank samples were at least 10% of the total number of samples.

The real-time PM> 5 concentrations in different sampling locations were recorded by a PM 5
sensor (P-sensor, Industrial Hygiene Device Calibration, Inc.). Temperature and relative
humidity (RH) in the sampling sites were collected by a thermo recorder (TR-72bwb,
TECPEL CO., LTD.). PM» 5 data measured by a beta attenuation monitor (BAM) at the US
Embassy in Hanoi, located approximately 3.1 km from the sampling site, were collected
from the AirNow website (https://www.airnow.gov/international/us-embassies-and-
consulates/#Vietnam$Hanoi). The data on PM> s concentration were acquired on an hourly
average and then calculated to get the mean concentration of the sampling periods. Thirty-
minute average wind speed measured at 6 m in height at Lang station, Hanoi (21.02N
105.80E), located approximately 4.7 km from the sampling point, was obtained from the
Wyoming Weather website (https://weather.uwyo.edu).
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Figure 3.2 Sampling devices

3.3.  Analytical methods

A 0.503-cm? punched-out filter was used to determine carbonaceous components (OC and
EC) by using a carbon analyzer (DRI model 2001, Atmoslytic Inc., Calabasas, CA, USA).
The different fractions of OC and EC were analyzed by applying IMPROVE (Interagency
Monitoring of Protected Visual Environments) method (Chow et al., 2001). According to
IMPROVE method, OC fractions were analyzed at different temperatures of 120, 250, 450,
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and 550 °C for OC1, OC2, OC3, and OC4, respectively, in a non-oxidizing helium
atmosphere. EC fractions including EC1, EC2, and EC3 were analyzed at higher
temperatures of 550, 700, and 800 °C, respectively, in an oxidizing atmosphere (2% O, 98%
He). OC and EC then were defined as the sum of all OC fractions plus the pyrolysis of
organic carbon (PyOC) and the sum of all EC fractions minus PyOC, respectively. PyOC
was monitored simultaneously by the reflectance and transmittance of laser signals during
the analysis of carbon fractions. Meanwhile, char-EC and soot-EC were further defined as
EC1-PyOC and EC2+EC3, respectively (Chow et al., 2004; Han et al., 2007; Zhu et al.,
2010). Quality assurance and quality control were ensured by the semiannual calibration of
the Potassium Hydrogen Phthalate (KHP) solution. Besides, samples were analyzed times
and the difference was smaller than 5% for total carbon (TC), and 10% for OC and EC.

Ionic components were analyzed by an ion chromatography (ICS-1600, Dionex Corp.,
Sunnyvale, CA, USA) and water-soluble organic carbon (WSOC) by a total carbon analyzer
(Multi N/C 3100, Analytik Jena, Jena, Germany). The water-insoluble organic compound
(WIOC) concentration is calculated by the total OC minus WSOC (WIOC = OC — WSOC).
Before analysis, samples were extracted with 20 mL ultrapure water in 20 mins by an
ultrasonic bath. To ensure QA/QC of analysis, all vials and glassware were cleaned by
ultrasonic bath and dried by oven before use. An instrument blank was analyzed with field
samples to assess the presence of instrument contamination. The coefficient of the standard
curves (built by five different concentrations) for anions and cations was more than 0.995.
The detected limitation of anions and cations are below 0.0063 mg/L and 0.0071 mg/L,
respectively. Furthermore, an instrument blank was analyzed before field samples to assess
the presence of instrument contamination. On average, the ion concentrations in the trip
blanks were below the detected limitation for Na*, K*, Mg?", and less than 0.004 pg/m?® for
CI', 0.009 pg/m? for SO4*, NO3", 0.03 pg/m? for NH4", and 0.08 pg/m3 for Ca®*. The detail
of QA/QC has been described in the study by Wang et al. (2005). The steps of analysis are
shown in Figure 3.3.

Carbon analyzer

All samples 8mm punched

= » OC, EC

Y of filter ’

v ] | 3 OC1, 0C2,0C3, OC4

Extraction EC1, EC2, EC3
TOC

Y -

[o] Ak i

- i 1 ———] wsoc

Y

= lons

,—’1 Cl, 8O,%, NO,-, NH*,

Na*, K*, Mg?* , Ca?*

Figure 3.3 Steps of sample analysis
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Chapter 4

Impact of absolute humidity on chemical compositions of UFPs and FPs
4.1. Introduction

Atmospheric particulate matter is a major air pollutant and has received increasing attention
in recent decades. PM has a wide range of particle sizes, such as PMio, PM2 s, and PMy ;. It
has been reported that high PM levels are related to increases in morbidity, mortality, and
several other adverse health effects (Anderson et al., 2005). According to Hofmann (2011),
the deposition rate of aerosol in different parts of the respiratory tract depends on the particle
size distribution. Although PMy.; accounts for less than 10% of the total particle mass in
ambient air (Komppula et al., 2003; Pakkanen et al., 2001), the number concentration is
higher, accounting for a higher fraction in ambient air (Tuch et al., 1997). Thus, a larger
fraction of UFPs is deposited in the human body than bigger size particles.

Traffic is a crucial primary source of PMy.1 in urban areas, particularly emissions from on-
road vehicles, such as motorcycles and automobiles (Kittelson et al., 2004; Minoura et al.,
2009; Wang Yungang et al., 2012; Y. Zhu et al., 2002). Other primary sources of PMy
emissions include biomass or coal burning and industrial and cooking activities (Kumar et
al., 2014; Wehner & Wiedensohler, 2003). Several studies have indicated that secondary
formation via gas-to-particle conversion processes or photochemical transformation
contributes considerably to the concentration of UFPs (Agudelo-Castafieda et al., 2019;
Kulmala & Kerminen, 2008; Sardar et al., 2005). Precursor gases such as sulfur dioxide
(SO») or nitrogen oxides (NOy) play a vital role in these processes and may also govern
particle growth by condensation. Besides, the carbonaceous components, including EC and
OC, and their fraction in UFPs, can be used to infer the emission source of particles. For
example, the origin of EC could be from primary combustion, while OC could be from
primary or secondary sources. Therefore, the chemical components of particles can be used
as an indicator of their emission sources, their behavior, and their impacts on human health
and the environment.

In Vietnam, few studies of UFPs have been conducted, except for our previous studies
(Nghiem et al., 2020; Thuy et al., 2018), and the behavior of UFPs related to multiple
fundamental chemical components and weather conditions has not been clarified. Thus,
information on the chemical concentration of each component in UFPs would be valuable to
understanding their particle characteristics and possible emission sources. Additionally,
since Hanoi has different weather conditions in different seasons - for example, the summer
is rainy with high insolation and high humidity with drizzle-like weather, and winter is dry
- it is an important location for confirming the particle growth process.

In this chapter, PM25 and PMy.1 (the latter of which exists stably in high concentrations in
urban areas and forms the nucleus of particles) were simultaneously collected in Hanoi
during summer and winter, that is, under different weather conditions. The chemical
components, including carbonaceous components and water-soluble ions, were analyzed to
characterize the particles. The possible emission sources of PM»s and PMy, and their
behavior associated with secondary formation and growth were examined in the two seasons,
which have different humidities.
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4.2. Materials and Methods

The sampling periods were in summer 2015 (July 13 to August 2) and winter 2016 (March
2 to 16). The monitoring was designed to evaluate the impact of humidity on the
concentration and characteristics of PM. The selected sampling site was on the third floor of
the Center of Foreign Languages, HUST, Hai Ba Trung District, Hanoi (Figure 4.1). Hai Ba
Trung is one of the central districts of Hanoi with a high population density of 29,581
person/km?, approximately 13 times higher than the average population density of Hanoi of
2,454 person/km? in 2020 (Hanoi Statistical Office, 2021). The sampling site is located near
a street with a heavy traffic load (being situated near two busy streets, namely Dai Co Viet
and Giai Phong) and is surrounded by institutional buildings, trees, and residential houses.
The high traffic volume was found on some major roadways near the sampling sites, around
100,000-150,000 vehicles per day (Phan et al., 2010). Therefore, the PM level and
composition at this sampling site could be influenced by different sources, such as
transportation, construction, and cooking activities.

PM; 5 was collected on a 47-mm quartz fiber filter (2500 QAT-UP, Pall Corp., USA) by
cyclone (URG-2000-30EH, University Research Glassware Corp., Chapel Hill, NC, USA).
The PM 5 cyclone was operated at a flow rate of 16.7 L/min for 23.5 h. PMo.; was sampled
using a prototype nanosampler (hereafter referred to as “pt-nanosampler”, Model 3180,
Kanomax Japan Inc., Osaka, Japan). The pt-nanosampler included five impaction stages to
classify the particles with diameters of 0.1, 0.5, 1.0, 2.5, and 10 um, respectively (Furuuchi
et al., 2010; Otani et al., 2007). The 47-mm quartz fiber filter was used to collect particles in
the PMy.1 stage. The pt-nanosampler was used to collect particles for 23.5 h at a flow rate of
40 L/min. Before sampling, the quartz fiber filters were prebaked at 350 °C for 1 h to remove
possible organic carbon contaminants according to the standard method of the Ministry of
the Environment, Government of Japan. After sampling, the filter samples were placed into
a Petri dish and kept separately in an aluminum bag inside an airtight plastic bag. The
samples were stored in a refrigerator at —20 °C to avoid volatilization and additional
reactions. Field blanks were carried out using the same procedures as the collected samples.

Temperature, relative humidity, and rainfall during the sampling period were obtained to
evaluate the impact of the meteorological conditions on the concentration and characteristics
of PM. Temperature and relative humidity were obtained from Lang station (21°01°N,
105°48’E), located approximately 6 km from the sapling site. Rainfall data were collected
from the Weather Underground website (http://www.wunderground.com) for Noi Bai
airport, around 30 km from the sampling site.

OC, EC, WSOC, and ionic species were analyzed for all samples. The IMPROVE
(Interagency Monitoring of Protected Visual Environments) method was applied to analyze
carbonaceous components. More details of the carbonaceous analysis are available in
Section 3.3. For WSOC and ionic species, a quarter of the quartz fiber filter was extracted
with ultrapure water for 15 mins and then analyzed with a total carbon analyzer (TOC-Vcph,
Shimadzu Corp., Kyoto, Japan) and ion chromatography (ICS-1600, Dionex Corp.,
Sunnyvale, CA, USA) to monitor WSOC, ionic species, and oxalic acid, respectively. To
ensure data quality, the QA/QC procedure was implemented for this analysis. All glassware
is to undergo ultrasonic cleaning and oven drying before use. The QA/QC procedures have
been described in detail in the previous study (Wang et al., 2005).
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Figure 4.1 Sampling site in Hanoi

4.3. Results and Discussion
4.3.1 Concentration of major components

The total concentrations of measured components (hereafter called the ‘concentrations’) and
the concentration of each component are shown in Table 3.1. Note that the concentrations of
FPs and UFPs were judged from the sum of all analyzed components (reconstructed mass
approach). Therefore, other components (e.g., elements) were not included in this study, and
consequently, the actual FPs and UFPs mass concentration might have been higher than the
reported results. The UFPs concentrations were 1.47 +0.54 and 1.71 £ 0.61 pg/m? in summer
and winter, respectively. In general, the daily average concentration of UFPs was high
regardless of the season. The highest concentrations were observed on the days without
heavy rain. Rapid increases in concentration were observed after rainy days. The average
concentrations of FPs during the summer and winter were 9.38 + 6.67 and 13.79 + 8.90
ng/m?, respectively. In general, the concentration of FPs tended to be higher during winter.
Similar to UFPs, lower FPs concentrations were observed during days of heavy rain. The
FPs concentrations observed in this study were lower than the Vietnamese national standard
for ambient air quality, which requires an annual average of < 25 ug/m*. However, the FPs
concentration in the winter sampling period exceeded the guideline of the WHO, which
requires an annual mean of < 10 pg/m?>.

OC and EC were the major compounds in both particle sizes, accounting for up to 56% and
80% of the analyzed components in FPs and UFPs, respectively. Total carbon (TC)
contributed approximately 56% and 33% to the concentration of FPs in summer and winter,
respectively. The mean OC concentrations in FPs were 3.84 = 2.12 and 3.34 + 1.21 pg/m’
in summer and winter, respectively, while the mean EC concentrations during the same
seasons were 1.37 £ 0.87 ng/m> and 1.15 £ 0.63 pg/m?, respectively. OC contributed a higher
proportion in TC than EC, comprising more than 80% and 70% of the UFPs concentration
in summer and winter, respectively, corresponding to OC and EC concentrations of 1.04 +
0.35 and 0.18 £ 0.084 pg/m?, respectively, in summer, and 1.08 = 0.32 and 0.14 + 0.084
ng/m?, respectively, in winter. The significant contribution of carbonaceous compounds to
the particle concentration indicates that these compounds were abundant in both particle
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sizes, particularly UFPs. However, the concentrations of OC and EC in both particle size
ranges did not vary significantly between summer and winter, therefore, the variation of
reported particle concentration in this study was mainly caused by ionic species. Similarly,
Thuy et al. (2018) reported that very small variations of carbonaceous compounds between
summer and winter were found in Hanoi, except for the period of biomass burning. These
results suggest the presence of stable emission sources in Hanoi during the sampling periods,
such as vehicle exhaust, industry, or cooking. The source apportionment studies using
Positive Matrix Factorization (PMF) receptor model by Hopke et al. (2008), Cohen et al.
(2010), Hai & Kim Oanh (2013), and Nghiem et al. (2020) were also showed that traffic,
industry, cooking, and biomass burning were the major primary emission sources in Hanoi.
Other studies which using Principal Component Analysis (PCA) to identify the emission
sources from the data of carbonaceous compounds, water-soluble inorganic species, and
polycyclic aromatic hydrocarbon (PAH) showed that traffic was the main source of emission,
following by biomass burning, industry, and sea salt aerosol in Phuket (Choochuay et al.,
2020a) and Bangkok, Thailand (ChooChuay et al., 2020b).

Table 4.1 Concentrations of carbonaceous and water-soluble ionic components in FPs
and UFPs in Hanoi during summer and winter

FPs UFPs

Summer Winter Summer Winter

(n=17) (n=14) (n=18) (n=15)

Avel+SD.Y  Ave+S.D. Ave+£ S.D. Ave£ S.D.
OC (pg/m?) 3.84+2.12 3.34+1.21 1.04 +0.35 1.08 +0.32
EC (ug/m®) 1.37 +0.87 1.15+0.63  0.18+0.084  0.14+ 0.084
TC (ng/m®) 5.21+2.95 4.49 +1.81 1.22 +0.42 1.22 +0.39
WSOC (ug/m?) 1.93 + 1.41 1.64 + 0.96 0.51 +0.21 0.51+0.21
WIOC (pg/m®) 1.91+0.77 1.70 + 0.47 0.53 +0.21 0.57+0.18
Na' (ug/m?) 0.05 + 0.031 0.17 £0.22 i K
NH4" (ug/m?) 0.82 +£0.99 235+1.73  0.072+0.032 0.12 +0.92
K* (ng/m?) 0.19+0.13 0.14+0.10  0.009+0.01 0.014+0.011
Mg?" (ng/m®) 0.034+0.02 0.054+0.036 - -
Ca?" (ug/m?) 0.56 £ 0.20 0.45+0.17 - -
Cl' (ug/m?) 0.16 +0.14 0.70+0.60  0.009 +0.003 0.014 +0.014
SO4> (ng/m?) 1.97 +2.33 3.98 +3.65 0.10 + 0.07 0.20 +0.13
NOs5™ (ng/m?) 0.40 + 0.50 1.46+1.09 0.063+0.031  0.14+0.095
PM concentration® o 10 ¢ 67 1370+890 1474054 1714061

(ng/m’)

# Average concentration

b Standard deviation
¢ Below detection limit

4 Sum of the analyzed compounds
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Inorganic ions contributed up to 67% of the PM2s concentration and 29% of the UFPs
concentration. The lower proportion of ionic species in UFPs could be explained by the
secondary aerosol formation from the precursor gases such as SO, (Kumar et al., 2014).
According to Yang et al. (2021), the condensation of sulfuric acid and nitric acid could
impact the particle growth from nano-sized particles to FPs. The three major ions in both
FPs and UFPs were SO4>, NH4" and NOs", which together accounted for around 80% of the
total ionic concentration in FPs and more than 90% in UFPs. The concentrations of these
ions were significantly higher in winter; the mean concentration of SO4>" was 1.97 £ 2.33
pg/m? in summer and 3.98 + 3.65 pug/m? in winter (Table 3.1). High concentrations of these
ions could be the result of rapid emissions of precursor gases such as SOz or NOx from
vehicular exhausts under adverse weather conditions in winter. Hien et al. (2014) reported
that concentrations SO> and NO> were several times higher in the winter compared to
summer. The average concentrations of SO> and NO> have been recorded in some Districts
in Hanoi ranged from 11.7 - 47.4 pg/m? and 17.9 — 65.9 ug/m?, respectively (Hien et al.,
2014). Similarly, it has been reported that concentrations of NOz and NOx reached higher
levels during winter in Hanoi (Sakamoto et al., 2018).

4.3.2 Carbonaceous compounds

The OC and EC fractions in PM2 5 and PMy.; are shown in Figure 4.2. The carbonaceous
content in PM» s was approximately four times higher than that in PMy ;. The contributions
of carbonaceous component in PMa s were: EC1>0C3>0C2>PyOC>0C4>EC2>0C1>EC3;
and in PMo.1: OC3>0C2>0C4>EC1>EC2>PyOC>0OC1>EC3. The main carbon fractions in
PM; s were EC1 and OC3, which accounted for approximately 25% and 20% of the total
carbonaceous concentration, respectively. OC1 and EC3 contributed less than 2% to the total
concentration in both seasons while OC2, OC4, EC2, and PyOC contributed between 7%
and 16%. In PMy.;, OC2 and OC3 were the main contributors, accounting for around 25%
to 30% of the carbonaceous concentration, meanwhile, OC4, EC1, EC2, and PyOC
contributed approximately 8-14%. The highly volatile OC1 contributed smaller fraction of
1-4% while EC3, a carbon polymer that does not burn easily, accounting for only 0.8-1.2%
of total carbonaceous concentration (Figure S3-b). The EC fractions in PM> 5 were higher
than that in PMo 1, particularly EC1 (Figure S3). It could be explained by the formation of
particles during the combustion process. EC is emitted as tiny spherules during combustion
and then aggregated to form particles of larger size from 0.1 to 1 pm which is the subclass
of PM25 (United States Environmental Protection Agency [USEPA], 2012). According to
Chow et al. (2004), OC3 was mainly produced by cooking activities, while a smaller fraction
is produced by gasoline motor vehicle exhaust and around 1% is contributed by road dust.
Meanwhile, EC1 was mainly contributed by motor vehicle emissions, vegetative burning,
and coal burning (Cao et al., 2005; Chow et al., 2004; Phairuang et al., 2020). OC2 was
mainly found in the coal combustion sample (> 45%), in biomass burning, or from SOC (Cao
et al., 2005; Chow et al., 2004). The main carbonaceous components in PM2 s and PMo
indicate possible emission sources such as gasoline motor vehicles, cooking activities (LPG
burning), biomass, and coal combustion.
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Figure 4.3 Relationships between OC and EC in FPs (a) and UFPs (b)

The correlation between OC and EC in PM» s and PMo. is shown in Figure 4.3. In both
seasons of the sampling period (winter and summer), a strong correlation was observed
between OC and EC in PM> 5 (r> 0.9). A strong correlation was also found between OC and
EC in PMo. both seasons (r= 0.84). The high r value indicates that there were common
dominant sources of OC and EC in particles at the sampling site. However, the lower
correlation between OC and EC in PMo 1 suggests that the various sources of PMo.1 may have
a stronger effect on the characteristics of OC and EC in PMy 1 than in PM2s.

The rank of carbonaceous components indicated the possible sources of PM, whereas the
OC/EC ratio confirmed the major emission sources and the characteristics of variation in
carbonaceous aerosols. Thus, the average OC/EC ratios were calculated for both PM> s and
PMo.1 for the two sampling periods to determine the emission sources in the sampling area
(Table 3.2). The EC fraction was emitted from primary sources while OC may have been
emitted from both primary and secondary sources; that is, a smaller OC/EC ratio was found
near the emission source (Pio et al., 2011). The OC/EC ratio in PM>5 from motorcycle
exhaust ranged from 1 to 4.2 (Panicker et al., 2015). A ratio between 2.5 and 10.5 represented
residential coal burning (Chen et al., 2006), a ratio between 3.8 and 13.2 indicated emissions
from biomass burning, and a ratio of 4.3-7.7 suggests a contribution from cooking activities
(Pachauri et al., 2013). In this study, the mean OC/EC ratios of PM> 5 in summer and winter
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were 3.19 £ 1.12 (range 1.79-6.67) and 3.20 = 0.77 (range 2.03-4.54), respectively. In
contrast, the ratios for PMo.1 were significantly higher, at 6.15 + 1.75 (range 3.73-9.96) in
summer and 8.70 £+ 2.88 (range 4.36-13.87) in winter. The range of carbonaceous ratios in
this study suggest the contributions of coal burning, cooking activities, biomass burning, and
motorcycle exhaust. A similar average OC/EC ratio of 3.52 £+ 1.41 was found in PM; 5 in the
study of ChooChuay et al. (2020b) for Bangkok, Thailand. The source apportionment by
PCA was shown that the emission sources in Bangkok, Thailand were vehicular exhausts,
biomass burning, sea salt aerosols, power plants, and industrial emissions (ChooChuay et
al., 2020b). The previous study by using PMF model for Hanoi, Vietnam reported that local
burning and vehicle/road dust were the main anthropogenic emission sources (Hien et al.,
2004). In the study of Cohen et al. (2010), the automobile contributed up to 40% of total
emission, following by secondary sulfate aerosol and industry. The reported results of
emission sources in this study are also consistent with the characteristics of the sampling site
at HUST. This site is considered as a mixed site surrounded by residential houses, buildings,
and busy streets; therefore, it might be affected by emissions from domestic cooking,
construction, transportation, and coal or biomass burning.

The OC/EC ratios were more than 2.0, indicating the existence of SOA in the particles
(Pachauri et al., 2013). The rapid increase of secondary OC, which resulted from
photochemical reactions and self-condensation, caused the increase in the OC/EC ratio (Pio
et al., 2011; Plaza et al., 2011). In this study, the OC/EC ratios of both FPs and UFPs were
greater than 2.0; thus, the emission sources of such PM might be primary emissions (as
mentioned above) or secondary sources (secondary particles). Furthermore, the OC/EC ratio
was generally higher during the winter sampling period, especially for PMy.;. Higher OC/EC
ratios in winter have also been reported in other studies for Shanghai, China (Feng et al.,
2009), Taiyuan, China (Meng et al., 2007), and Agra, India (Pachauri et al., 2013). Several
factors might be responsible for this result, such as the stagnant condition of the atmosphere
(low mixing height and calm wind) or the condensation of semi-volatile organic compounds
at lower temperatures.

The average concentrations of char-EC and soot-EC in PM2 s were respectively 0.70 + 0.62
pg/m? and 0.67 + 0.32 ug/m? in the summer sampling period and 0.74 £ 0.57 pg/m> and 0.41
+0.15 pg/m?® in the winter sampling period. Meanwhile, the average concentrations of char-
EC and soot-EC in PMy; were respectively 0.05 + 0.04 pg/m? and 0.15 £ 0.05 pg/m’ in
summer and 0.04 + 0.03 pg/m?® and 0.11 + 0.06 pg/m? in winter (Table 3.2). A higher char-
EC fraction was found in PMys, while soot-EC was dominant in PMy1. This result is
consistent with previous studies that reported abundant char-EC in FPs and abundant soot-
EC in UFPs (Han et al., 2007; Zhu et al., 2010).

The concentration of SOC in PM> 5 was calculated based on the indirect method, namely, the
EC-tracer method. This method uses EC as the tracer for primary organic carbon because
EC is emitted mainly from primary sources with other primary organic components (Turpin
& Huntzicker, 1995). The SOC concentrations in PM, s were 1.46 + 0.73 pg/m® in summer
and 1.09 + 0.37 pg/m® in winter (Table 3.2). These values for SOC accounted for
approximately 41% and 36% of the OC concentration in summer and winter, respectively.
In contrast, the concentration of SOC in PMy.1 was found to be 0.38 £ 0.17 pg/m? in summer
and 0.48 £ 0.16 pg/m’ in winter, representing 37% and 47% of the OC concentration in each
season, respectively. In general, the formation of SOC by photochemical reactions occurred
more in the summer owing to the high intensity of solar radiation. However, in this study,
no significant difference was found between the SOC concentration in summer and winter

25



in either FPs or UFPs. A slightly higher concentration of SOC was observed in PM> s during
the summer sampling period, while the SOC concentration in PMo 1 slightly increased during
winter. It has previously been shown that the stable atmospheric condition and low
temperature in winter strengthen the oxidation and condensation processes, leading to the
formation of SOC (Kudo et al., 2011; Thuy et al., 2018); this might explain the higher
SOC/OC ratio during the winter sampling period in the present study. The high proportion
of SOC in both particle size ranges indicates a considerable contribution of SOC to the OC
concentration. These results are consistent with other studies that reported a considerable
contribution of SOC to the OC in PM in locations such as in Shanghai, China (PM2s,
annually, 27-33%; Feng et al., 2009), Agra, India (PM2 s, wintertime, 18-60%; Pachauri et
al., 2013), and Southern Thailand (PMy.1, monsoon season, 43%; Phairuang et al., 2020).

Table 4.2 OC/EC ratio, concentrations of char-EC, soot-EC, SOC, and the SOC/OC
ratio in FPs and UFPs

FPs UFPs

Summer Winter Summer Winter
OC/EC 3.19+1.12 3.20+0.77 6.15+1.75 8.70 +2.88
Char-EC (ug/m*)  0.70 +£0.62 0.74 +0.57 0.05 + 0.04 0.04 + 0.03
Soot-EC (ug/m®)  0.67 +£0.32 0.41£0.15 0.15+0.05 0.11 £ 0.06
SOC (ug/m?) 1.46 £ 0.73 1.09 +0.37 0.38+£0.17 0.48 £0.16
SOC/OC (%) 41.2 35.8 37.1 47.4

The correlations of char-EC with OC and EC, and of soot-EC with OC and EC, were plotted
to illustrate the relationships between those components, as shown in Figure 4.4. In FPs,
compared with soot-EC, char-EC had a stronger correlation with both OC and EC (r> 0.9)
in both seasons (Figure 4.4-a and 4.4-c). The strong relationship between char-EC and OC
indicated that char-EC contributed more to the total EC than did soot-EC and was closely
related to the OC concentration. In UFPs, char-EC had a moderate correlation with both OC
and EC (Figure 4.4-b and 4.4-d). In contrast, the relationships between soot-EC and OC and
EC were more complicated. Moderate correlations between soot-EC and OC and EC were
observed in PM: s in the summer sampling period (during which time humidity was higher),
whereas poor correlations were observed during the winter sampling period.

The strongest correlations between soot-EC and OC and EC were obtained in PMy.1 (Figure
4.5). In particular, there was a strong relationship between soot-EC and EC for PMo; (r =
0.9). These results suggest that the EC in FPs was dominated by char-EC while the EC in
UFPs mainly comprised soot-EC. The correlations observed in this study were in agreement
with the findings of previous studies that reported a smaller proportion of soot-EC than char-
EC in FPs in Japan (Kim, Sekiguchi, Furuuchi, et al., 2011) and China (Han et al., 2009).
Additionally, UFPs may exist as a stable mixture of char-EC and soot-EC (Kim, Sekiguchi,
Furuuchi, et al., 2011). In the present study, OC and EC showed a moderate correlation with
soot-EC in PM2 5 in the humid summer, suggesting that UFPs containing soot grow in humid
conditions and contribute to FPs.
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4.3.3 Relationship between WSOC and PM components

Most SOA consists of water-soluble compounds with polar functional groups such as
hydroxyl, carbonyl, or carboxyl, leading to their solubility. Although some SOA contains
large carbon-hydrogen functional groups (which are insoluble), the largest fraction of SOA
comprise WSOC (Miyazaki et al., 2006). Therefore, WSOC has been used as a marker of
SOA when studying SOA formation. Some previous studies noted that SOA can be formed
by oxidation processes in ambient air (Miyazaki et al., 2006) or can be produced by primary
combustion such as of fossil fuel or in biomass burning (Mayol-Bracero et al., 2002; Tang
et al., 2016). Clarifying the sources of WSOC is important for understanding the behavior of
carbonaceous components in ambient air.

The correlations between WSOC and SO4>", NOs", K*, and oxalic acid (Cz) were plotted to
identify the origin of WSOC in both FPs and UFPs. A strong positive correlation was
observed between WSOC and SO4>", NOs", K*, and oxalic acid (C2) in PM2 s during both the
summer and winter sampling periods (Figure 4.6). The secondary components (SO4> and
NOs") were used as the indicators of photochemical reactions. When a high concentration of
these compounds is observed, the atmosphere can be considered as photochemically active
and WSOC may be formed (Kumagai et al., 2009). Strong correlations were observed
between WSOC and SO4>" and NOs™ in PMa 5 (Figure 4.6-a and 4.6-b), indicating that the
WSOC might have been formed by secondary reactions. K™ has been shown to be a primary
product of coal and biomass burning (Kumagai et al., 2009, 2010; Watson et al., 2001), while
oxalic acid can be emitted from both primary (e.g., vehicular exhaust and coal and biomass
combustion) and secondary (e.g., the photochemical oxidation of organic precursors)
sources. The strong relationship between WSOC and K* suggests that combustion processes
may contribute to the WSOC in PM; 5 (Figure 4.6-c). In this study, a significant correlation
was observed between WSOC and oxalic acid in PM> s in both summer (r = 0.968) and winter
(r = 0.940) (Figure 4.6-d). This result implies that the sources of oxalic acid were stable
during the sampling periods, and therefore this compound may have been produced by both
primary and secondary sources.
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Figure 4.6 Relationships between WSOC and K*, SO4*, NOs", and oxalic acid (C2) in
FPs

Strong correlations were found between WSOC and other components in PMz s and PMo.1,
except for the correlation between WSOC and SO4> (both summer and winter) and NOs5"
(wintertime) in PMo.,; (Figure 4.7). Compared with winter, stronger correlations were
observed between WSOC and SO4* (Figure 4.7-a) and NOj3™ (Figure 4.7-b) in summer,
demonstrating the contribution of secondary formation. Agudelo-Castafieda et al. (2019)
found that the number of particles in the nucleation mode was highest on warm days and that
the highest mean particle number concentration occurred in summer. The higher
concentration of particles on warmer days has been shown to be caused by the photochemical
reaction of gaseous precursors such as SO; or NOx after their emission (Kulmala &
Kerminen, 2008). Therefore, it was considered that the contribution of secondary generation
to UFP was low. On the other hand, since the correlation between WSOC and NO3™ was
higher in summer, it is possible that NOx and organic components derived from combustion
(e.g., traffic and coal combustion) were mixed with UFPs under high-humidity conditions.
The relationship between WSOC and K" was not significantly different between winter and
summer, suggesting stable sources of K*. Additionally, the stronger correlation between
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WSOC and oxalic acid in summer (r = 0.905) compared with that in winter (r = 0.730)
implies the contribution of photochemical reactions to PM during summer.

0.6
s 2) m o4t ® =
%0 ' O Summer g{) O Summer
= @ Winter (W 3 @ Winter

04 F ~03
= =
2 S
= | =
503 m O g
3 (] . 3
502 | e Q-- g
o o
ey 5
2 o ge B o 7

O L L L L L

0.0 0.2 0.4 0.6 0.8 1.0 1.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2

WSOC concentration (pug/m?)

summer: y = 0.23x - 0.02, » = 0.691, n=18, p<0.05
winter: y = 0.36x + 0.02, »=0.570, n =15, p < 0.5

winter: y = 0.20x + 0.04, » = 0.450, n=14, p < 0.5

WSOC concentration (ug/m?)
summer: y =0.11x + 0.01, »=0.723, n=18, p <0.001

0.05 )
c a O
d -

_ E006 | 9 .-
= 0.04 || OSummer O = -
) @ Winter g
2 =

=
g 0.03 jé 004 }
1= 5)
£ 2
50.02 S O Summer
Q o .
g '50.02 H EWinter
Q (o]
+ Q
N 0.01 %

X

O O 00 L L L L L

0.00 :
0.0 0.2 04 0.6 0.8 1.0 1.2

0.0 0.2 0.4 06 038 1.0

WSOC concentration (pg/m?)

1.2

WSOC concentration (png/m?®)

summer: y = 0.04x - 0.01, »=0.775, n=18, p<0.001
winter: y = 0.04x - 0.005, »=0.714, n =15, p > 0.05

summer: y = 0.02x + 0.04, =0.905, n=18, p <0.001
winter: y = 0.01x + 0.04, »=0.730, n =15, p < 0.001

Figure 4.7 Relationships between WSOC and K*, SO4*, NOs", and oxalic acid (C2) in
UFPs

Based on this observation, the primary sources of PM in Hanoi are hypothesized to be from
traffic, coal, and biomass combustion. It has been reported that the air quality in Hanoi is
affected by biomass burning, particularly the burning of rice straw after rice cultivation (Hai
& Kim Oanh, 2013). Additionally, since coal is used for cooking in Hanoi and the city is
surrounded by coal power plants, this could also be a considerable emission source.
Furthermore, a large number of motor vehicles in Hanoi might represent another important
source. In this study, the relationships between WSOC and K" did not vary significantly
between summer and winter for both FPs and UFPs. These results suggest that the
contribution of biomass burning during the sampling period was insignificant compared to
traffic and industry emissions. It should be noted that vehicular exhaust, industry, biomass
burning, and residential/commercial cooking were important sources in Hanoi as mentioned
in several studies (Cohen et al., 2010; Hai & Kim Oanh, 2013; Hopke et al., 2008; Nghiem
etal., 2020). The sampling periods in this study did not cover the intensive rice-straw burning
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periods, which occur around June and November each year (Hai & Kim Oanh, 2013).
However, to clarify the contribution of each source in detail, it is necessary to analyze more
components such as levoglucosan (a marker of biomass burning) or polycyclic aromatic
hydrocarbons, which are derived from fossil fuel combustion. Future studies are expected to
enhance the understanding of emission sources and their contribution to PM in Hanoi.

4.3.4 Relationship between absolute humidity and particle formation

The impact of RH was first plotted; however, no correlation was found between RH and
particle components. High RH has been proven to increase the size of particles in the
atmosphere (Kozakova et al., 2017; X. Wang et al., 2012; Xiang et al., 2017). However, very
high RH (> 85%) has been shown not to affect the increase in the concentration of particles
(L. Zhang et al., 2017). It has also been shown that high RH (>80%) can cause the depletion
of oxidants, leading to the reduction of the intensity of the oxidation reaction between
volatile organic compounds (VOCs) and the oxidants (Xiang et al., 2017). In this study, the
RH was more than 85% on 12 of the 36 analysis days, particularly on rainy days. A previous
study found that rainfall can reduce the particle level and therefore lead to a negative
correlation between RH and particle concentration (Vecchi et al., 2004). This phenomenon
could explain the lack of correlation between RH and particle components in this study.

More interestingly, a correlation was observed between particle components and the absolute
humidity (AH), the total mass of water vapor present in a volume of air. Figure 4.8 illustrates
the relationships between SO4*, NOs-, WSOC, char-EC, soot-EC, and AH. During the
summer, positive correlations were observed between AH and SO4*, NOs", and WSOC in
FPs. The strongest correlation was found between AH and WSOC (r = 0.850), followed by
the correlation between AH and SO4> (r = 0.808). According to Wang et al. (2012), the water
in aerosol is the limiting factor for the occurrence of the uptake of precursor gases on the
aerosol surface. This was associated with the formation of secondary aerosol in the condition
of the abundant precursor gases, liquid water content and large surface area of aerosol. The
strong correlations between AH and SO4>" and NO3™ demonstrate that SO4> and NOs™ were
formed in the aqueous phase during the summer sampling period. A strong correlation was
also found during summer between AH and char-EC (r = 0.825) and soot-EC (r = 0.740). In
contrast, no correlation was found between AH and other components in winter, under the
condition of low AH.

In UFPs, a positive correlation between AH and NO3™ (r = 0.809) and a lower positive
correlation (r = 0.508) between AH and SO4* were observed in summer. There was a
tendency for high concentrations of soot-EC and WSOC under high AH conditions; however,
the correlations between AH and soot-EC and WSOC were lower (r = 0.441 and r = 0.337,
respectively). These results suggest that the contribution of secondary generation to UFPs
was low in Hanoi, as described above, but that NOy, soot-EC, and WSOC derived from
combustion might be incorporated under high-humidity conditions. The family of NOx
compounds includes several different oxides which are formed when burning fossil fuel at
high temperatures. NOx is emitted from on-road vehicles (e.g., motorbikes, automobiles,
buses, trucks, etc.), non-road vehicles (e.g., boats, equipment, etc.), or industrial sources.
NOx is primarily emitted in the form of nitric oxide (NO) which is then oxidized within hours
to nitrogen dioxide (NO2). NO; is further oxidized to dinitrogen pentoxide (N20s) or nitric
acid (HNOs3) (USEPA, 1999). In an environment near roads where NOx production is
abundant, it is rapidly oxidized and produced by interacting with water molecules to form
NOgs". Therefore, the correlation between NO3™ and AH is high in UFP due to its
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hydrophilicity. In contrast, soot-EC and WSOC had low correlations with AH in UFPs but
high correlations in FPs because it took some time to interact with water molecules owing to
their hydrophobic properties. A high correlation was observed between AH and all
components in FPs, including soot-EC and WSOC, meaning that significant particle growth
from UFPs to FPs may have occurred via water molecules under high-AH conditions. AH
has different influences on particle sizes (FPs and UFPs). It is considered that the influence
of AH on particle size may occur in areas where a large amount of exhaust gas is emitted
(e.g., motorcycles) under high-humidity conditions (e.g., drizzle).
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4.4 Conclusion

In general, the concentration of FPs tended to be higher in winter. An insignificant variation
in the UFPs concentration was observed between summer and winter. A lower concentration
of UFPs was observed during rainy days; however, after the rain stopped, the concentration
of UFPs quickly increased. Carbonaceous material (OC and EC) was the main component
of particles, comprising up to 56% and 80% of FPs and UFPs, respectively. SO4*, NOs", and
NH4" were the main ionic species in both size ranges; the high concentrations of these ions
suggest the influence of secondary formation processes.

The main carbon fractions were different in FPs and UFPs. EC1 and OC3 were the major
fractions in FPs, while OC2 and OC3 accounted for higher shares in PMy.1. The OC/EC ratio
in FPs and UFPs did not vary significantly between summer and winter. The OC/EC ratios
were used to infer the contribution of primary sources and the presence of SOA during the
sampling period. Abundant char-EC was found in FPs, while soot-EC was dominant in
UFPs. Secondary formation contributed considerably to the OC concentration, accounting
for 36-41% and 37-47% of FPs and UFPs, respectively.

In FPs, WSOC correlated with SO4>", NOs", K*, and oxalic acid in both seasons. In UFPs,
strong correlations were observed between WSOC and SO4>, NOs", and oxalic acid in
summer, whereas moderate correlations were observed between WSOC and K* in both
summer and winter. The results imply that WSOC may be emitted from the combustion of
coal or other fossil fuels and may be from photochemical reactions.

No relationship between RH and particle components was found in this study. However,
strong correlations were observed between AH and SO4*, NO3", WSOC, char-EC, and soot-
EC during summer. This finding may be explained by the very high RH (>85%) and rainy
conditions that occur in summer in the study region. The strong correlations between AH
and other components during summer might be related to secondary transformation
processes involving water molecules, regardless of temperature. Therefore, it is necessary to
consider the particle formation via water molecules that can occur in highly contaminated
areas under high humidity environments. A different influence of AH on the WSOC
concentration was seen in FPs and UFPs. It was found that the AH had a stronger effect on
the WSOC concentration in FPs than in UFPs.
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Chapter 5

Assessment of traffic-related chemical components in UFPs and FPs
5.1 Background

The characteristics of particles vary significantly depending on the size ranges. Particles with
diameters above 30 um can easily sediment by gravity, whereas PM> s remain in the air for
a long time. PMb> s can also travel longer distances than coarse particles. In early research on
the impact of air pollution on human health, PMio was common. It is now known that PM> 5
can penetrate deep into the lung (pulmonary alveoli) and other parts of the human body via
the blood. Recent studies on PMy.1 and human health showed that PMy 1 is more dangerous
because it can penetrate deeper into the lung or directly go to other organs without being
absorbed by the blood (Dumkova et al., 2016; Oberdorster et al., 2004; Stolzel et al., 2007).

Various emission sources of particles such as vehicular exhaust, construction activities,
industry, and coal and biomass burning in urban areas have been reported (ChooChuay et al.,
2020; Hai & Kim Oanh, 2013; Hopke et al., 2008; Vu et al., 2015). Traffic emissions have
been mentioned as an important source of UFPs (Minoura et al., 2009; Nghiem et al., 2020;
Yungang Wang et al., 2012). The emissions from traffic include particles in the solid phase,
low-volatile liquid, and gaseous pollutants such as NOx, SO2, and VOCs (Jacobson et al.,
2005; Khalek et al., 2015; Rivas et al., 2020). The mixture of gases and particles from traffic
emissions and other sources are favorable conditions for physicochemical processes, which
affect the concentration and composition of particles, particularly the ultra-size range
particles. For instance, the gases emitted from vehicles or other combustion sources might
condense immediately to form particles or generate secondary particles by photochemical
reactions. Therefore, the temporal and spatial variations of UFPs are expected to be more
complicated than bigger size particles.

In a study of UFPs at roadsides, a decrease in particle concentration with distance from the
road was observed. With a distance of up to approximately 300 m, the particle concentrations
and size distribution are nearly similar to the background (Zhu et al., 2002). This
phenomenon is explained by several processes, such as the dilution, coagulation, and
evaporation of particles (Jacobson et al., 2005; Saha et al., 2018). Those results show the
critical contribution of traffic-related emissions to the UFPs in urban areas, particularly in
populated cities such as Hanoi, Vietnam. Limited published studies on the chemical
composition and the transformation of particles near the roadside are available. The spatial
variation of chemical properties and concentration of particles near busy roadways is crucial
because of its potential health impacts on people (Jeong et al., 2015). Thus, observing
particles near the road is vital to determine the change of concentration and compositions
from the emission source to the ambient air. It would reveal the particles’ growth or decay
processes, explaining the differences in particle concentration and size distribution in
different sampling locations.

UFPs and FPs were simultaneously collected in Hanoi during different seasons at the
roadside and ambient sites. The chemical components, including carbonaceous and ionic
species, were measured to characterize particles, evaluate the seasonal variation, and the
spatial difference between RS and AS. Furthermore, the relationship between UFPs from the
roadside and FPs in the ambient site was examined to observe the chemical composition
changes and the contribution of particle growth processes.
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5.2 Methods
5.2.1 Sampling site description

Two selected sampling sites were at HUST, Hai Ba Trung District, Hanoi, including a
roadside (RS) and ambient (AS) site. The RS is next to Tran Dai Nghia St., a two traffic
lanes road, running through three universities and a highly populated area (Figure 5.1). Tran
Dai Nghia St. is two traffic lanes road, approximately 8-10 m in width. Both sides of the
street have a pavement of about 2.5-3m in width. Traffic volume in Tran Dai Nghia St. was
not counted in this study. However, around 100,000—-150,000 vehicles per day are expected
on this street. This traffic volume was observed in similar roadways near the sampling
locations in the study by Phan et al. (2010). The AS site is on the rooftop of a four-story
building of the School of Materials Science and Engineering, HUST, approximately 12 m in
height from the ground. This site is around 200 m from Dai Co Viet St., 250 m from Giai
Phong St., 200 m from Tran Dai Nghia St., and surrounded by diverse institutional and
residential areas (Figure 5.1).
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Figure 5.1 Horizontal sketch (a) and Vertical sketch (b) of sampling sites

5.2.2 Sample collection and analysis

The sampling was done simultaneously in different seasons at the RS and AS. At the AS,
daily samples (23.5 h) of UFPs and FPs were collected in summer (August 10-24, 2020),
STP (October 14-27, 2020), winter (December 02—15, 2020), and WTP (March 24—-April 7,
2021). At the RS, due to the limitation of sampling devices, only UFPs were collected. The
roadside samples were collected in summer, STP, and winter, except for the WTP sampling
due to the construction activities at the site. The sampling equipment at the RS was set up
approximately 7 m away from the traffic lane at the street’s outer edge. All the sampling
devices were placed at 1.5 m in height from the floor and at least 1 m from any barriers such
as walls, doors, and windows. UFPs and FPs were collected by Nanosampler (Model 3182,
KANOMAX, Suita, Japan) and cyclone (URG-2000-30EH, University Research Glassware
Corp., Chapel Hill, NC, USA), respectively. Nanosampler includes five impaction stages to
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classify particles of different diameters at <0.1, 0.1-0.5, 0.5-1, 1-2.5, 2.5-10, and >10 um.
Nanosampler was operated at a flow rate of 40 L/min while cyclone was at 16 L/min. Quartz
fiber filter (2500 QAT-UP, Pall Corp., USA) was used for both devices (55 mm filter for
Nanosampler and 47-mm filter for cyclone). Before sampling, the filters were baked at
350 °C for 2 h to remove possible contaminants. After collection, the samples were placed
in a Petri dish and then kept in an airtight aluminum bag at —40 °C to avoid any reactions.
Blank samples were prepared and treated the same way as the samples. The total number of
blank samples was at least 10% of the total number of samples. PM2 s measured by BAM at
the US Embassy in Hanoi, located approximately 3.1 km from the sampling site, were
collected from the AirNow website (https://www.airnow.gov/international/us-embassies-
and-consulates/#Vietnam$Hanoi). A thermo recorder was set up in the same location as the
other devices to record the temperature and relative humidity. The wind speed during the
sampling periods, measured at Lang station in Hanoi (21.02N 105.80E), approximately 4.7
km from the sampling site, was obtained from the Wyoming Weather website
(https://weather.uwyo.edu/surface/meteorogram/seasia.shtml).

A 0.503 cm? punch-out filter was used to determine the carbonaceous components (OC and
EC) using a carbon analyzer (DRI model 2001, Atmoslytic Inc., Calabasas, CA, USA). The
different fractions of the OC and EC were analyzed following the Interagency Monitoring
of Protected Visual Environments (IMPROVE) method (Chow et al., 2001). Details of each
carbonaceous fraction analysis are further discussed in Section 3.3. Quality assurance and
quality control were ensured by the semiannual calibration of the Potassium Hydrogen
Phthalate (KHP) solution. In addition, the samples were analyzed twice, and the difference
was smaller than 5% for total carbon (TC = OC + EC). Further, QA/QC procedures were
discussed in the study by Huyen et al. (2021). Ionic components were analyzed by ion
chromatography (ICS-1600, Dionex Corp., Sunnyvale, CA, USA) and water-soluble organic
carbon (WSOC) by a total carbon analyzer (Multi N/C 3100, Analytik Jena, Jena, Germany).
Before analysis, the samples were extracted with 20 mL ultrapure water for 20 min in an
ultrasonic bath. To ensure QA/QC of the analysis, all the vials and glassware were cleaned
by ultrasonic bath and oven-dried before use. An instrument blank was analyzed with field
samples to assess the presence of instrument contamination. The detail of QA/QC has been
described in the study by Wang et al. (2005).

5.3 Results and Discussion
5.3.1 UFPs at RS
5.3.1.1 OC and EC fraction

The OC and EC concentrations in UFPs in this study were compared with that of other
published studies (Table 5.1). The mean OC concentration at RS during summer was
comparable to those from similar samples in Japan, Germany. Meanwhile, the OC
concentration in winter was approximately two times higher than that in the samples
collected during summer in Japan, Germany, and for the whole year in Taiwan and Thailand.
The high OC concentration during winter may be associated with the effect of long-range
transportation, the rice straw burning in surrounding agriculture areas (Hai & Kim Oanh,
2013; MONRE, 2017), or meteorological conditions (Hien et al., 2011; Kim, Sekiguchi,
Furuuchi, et al., 2011). The mean concentration of OC for all the sampling periods was 1.61
+0.67 pg/m>. It was higher than the annual average OC concentration in UFPs from the AS
(1.48 £ 0.67 pg/m?) and samples collected in Phuket, Thailand (0.68 + 0.60 pg/m?). In
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contrast, the mean EC concentration for all the sampling periods in this study was 0.46 +
0.22 ug/m?, approximately four times higher than in Japan and Germany and 1.3 times higher
than in Taiwan. The high EC level might be due to the fuel quality, the low engine standards,
and the lack of control technology for existing vehicles in the study area. In Vietnam,
following Decision number 49/2011/QD-TTg, four fuel types are available that comply with
Euro II, III, IV, and V (as of 2022). Euro IV and V standards for imported and newly
assembled automobiles have been applied since 2017 and 2022, respectively, and Euro III
for motorcycles since 2017. Motorcycles and automobiles assembled or imported before
2017 have been following Euro II standards. As a result, even though the Euro IV and IV
have been in place, the majority of the vehicle fleet in circulation only meet Euro II standards,
particularly motorcycles. These factors could have led to the high emissions of other
pollutants such as VOCs and BTEX (a mixture of benzene, toluene, ethylbenzene, and
xylene) (Phuc & Kim Oanh, 2018; Trang et al., 2015).

Table 5.1 Comparison of OC and EC concentrations in UFPs from different locations

Sampling

Sampling

5 3 3
site periods Devices OC (ug/m’) EC (ug/m’) References
. Summer

RS, Hanol, — \\610 - 24, Nanosampler 4 34 (56 036£0.10 This study
Vietnam 3182

2020

STP

Oct 14 - 27, 1.44+091 0.45+0.27 This study

2020

Winter

Dec 02 - 15, 2.10+£0.40 0.59+0.21 This study

2020

Average 1.61£0.67 0.46+0.22 This study
AS, Hanoi, Nanosampler .
Vietnam Annual average 3182 1.48+0.67 0.35+£0.20 This study
Roadside, Summer Inertial filter (Kudo et al.,
Japan Jul-Aug 2009 (INF) 101016 0.08£0.05 555,
Roadside, Summer Inertial filter (Kudo et al.,

+ +
Germany  Aug-Sep 2009  (INF) 121043 0.14£006 555
Roadside, Annual average (Chen et al.,
Taiwan Jan - Dec 2008 MOUDIs 0.54+0.07 0.36+0.17 2010)
Ambient
site Annual (Phairuang et al
’ average Inertial filter 0.68+0.60 0.23+0.14 v
Phuket, 2020)
. Jan - Dec 2018

Thailand

OC and EC concentrations are written as Average concentration + Standard deviation
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Figure 5.2 Seasonal variation of carbon fractions in UFPs at RS and AS

The average contributions of each component in UFPSs at RS for all seasons (summer,
winter, and STP) were OC3 (24.1%) > OC2 (20.8%) > EC1 (15.4%) > EC2 (13.2%) > OC4
(12.6%) > PyOC (10.5%) > EC3 (1.9%) > OC1 (1.4%). OC2 and OC3 were the major
carbonaceous components in UFPs, where OC3 was emitted mainly from cooking,
motorbike exhaust, and a small fraction from road dust (Cao et al., 2005; Gu et al., 2010;
Panicker et al., 2015), and OC2 was found in the coal or biomass combustion (Cao et al.,
2005; Gu et al., 2010). EC1, produced by motorbike emission, coal, and vegetative burning
(Cao et al., 2005; Phairuang et al., 2020), also accounted for 13%—15%. The OC and EC
fractions ranking provided the sign of multiple emission sources in the study area, including
motorbike exhaust, coal and biomass combustion, and cooking activities. The seasonal
variations of each carbon fraction in UFPs at RS and AS are shown in Figure 5.2.

The concentrations of OC, EC, char-EC, soot-EC, and their ratios in UFPs at RS in the
different sampling periods are shown in Table 4.2. The OC concentrations at RS were 1.30
+£0.26, 1.44+0.91, and 2.10 + 0.40 pg/m> and the EC concentrations were 0.36 = 0.10, 0.45
+ 0.27, and 0.59 + 0.21 pg/m® in summer, STP, and winter, respectively. The highest
concentrations of OC and EC were found in winter and the lowest in summer. The seasonal
variation of OC and EC in UPFs at RS was consistent with the PM concentration, which was
higher in winter than in summer. The OC and EC concentrations in UFPs at RS were higher
than those collected from the AS, except for the OC concentration during STP. Even though
the OC and EC concentration varied from summer to winter, the contribution of those
components to TC was virtually unchanged. For instance, OC concentration accounted for
approximately 76%—78% of TC, irrespective of the season change. The contribution of EC
to TC was around 22%—24%. This was higher than UFPs at the AS of 18%—-20%. The higher
EC concentration and contribution to TC in the RS samples indicated that the vehicular
exhaust’s effect on the RS samples was stronger than that on the AS samples.

The ratio between OC and EC concentrations has been used in numerous studies to identify
the effect of traffic-related emissions. The OC/EC ratio in FPs at the roadside was 1.64 in
Japan (Kudo et al., 2012) and 1.0 in Hong Kong (Cao et al., 2006). The ratio in FPs at the
tunnel in Guangzhou, China was 0.56 (Huang et al., 2006), while that in Xueshan Tunnel,
Taiwan was 1.26 (Zhu et al., 2010). In general, low OC/EC ratios at the tunnel or the roadside
were observed because of traffic-related emissions (primary emissions of OC and EC).
Meanwhile, the OC/EC ratios in FPs at the ambient site were higher, e.g., the ratio of OC/EC
was 3.52 in Bangkok, Thailand (ChooChuay et al., 2020a), 2.03 in Saitama, Japan (Kim et
al., 2011), and 3.2 in Hanoi, Vietnam (Huyen et al., 2021). Higher OC/EC ratios at the
ambient site may be due to secondary organic particle formation or other primary OC-rich
sources such as biomass burning (Kudo et al., 2012). Kim et al. (2013) reported that the
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OC/EC ratio in UFPs during daytime was lowest at the site located Sm away from the
intersection (5.52), while the highest ratio was found at the site located 150 away from the
intersection (6.76). The study by Thuy et al. (2018) shows that a slightly lower OC/EC ratio
in UFPs was observed in the place near the road (3.79—4.67) in comparison with the ambient
site (4.78-5.68) in Hanoi, Vietnam. In this study, the OC/EC ratios in PMy 1 at RS were 3.73
+ 0.64 in summer, 3.39 £+ 0.82 in STP, and 3.84 = 0.83 in winter (Table 4.2). These OC/EC
ratios were lower than PMy 1 at the AS in all the sampling periods, ranging from 4.72 to 5.10.
The higher OC/EC ratios at the AS indicated that OC and EC in PMo.; samples at RS were
affected more by the primary sources, i.e., vehicular exhaust while OC in the PMy.; samples
at the AS may be influenced by secondary formation from the gaseous phase or other primary
sources such as biomass combustion.

Table 5.2 Average concentrations of carbonaceous compounds in UFPs at the RS

UFPs at the RS
Char-
Char-EC Soot-EC
OC (ug/m? EC (ug/m*) OC/EC EC/soot-

Aver+SD)' Ave+SD. Ave+SD. Ave.£S.D. Ave+xS.D. Ave+S.D.

(S;lmlsn)er 130026  036+0.10 3.73+0.64 0.06+0.04 030£0.09 0.23=+0.29
(SnT:Pl g 144091 0455027 3394082 0154016 030+0.12 041+039
Winter

(n=14) 2.10+0.40 0.59+0.21 3.84+0.83 0.14+0.16 045+0.16 0.38+0.38

Average 1.61 +0.67 046+0.22 3.65+0.77 0.12+£0.13 035+0.14 0.34=+0.35

® Average concentration
b Standard deviation

The average concentrations of char-EC in UFPs were 0.06 + 0.04, 0.15 = 0.16, and 0.14 +
0.16 pg/m?® in summer, STP, and winter, respectively. The concentrations of soot-EC were
0.30 £ 0.09, 0.30 £ 0.12, and 0.45 £ 0.16 ng/m> in summer, STP, and winter, respectively.
Soot-EC, formed at a higher temperature from the gaseous phase, was the main fraction of
EC, accounting for approximately 66%—84% of the total EC. In contrast, char-EC, a product
of burning carbon materials such as coal or biomass, was responsible for a smaller fraction
(16%—34%). The char-EC concentrations were lowest in summer and virtually unchanged
from STP to winter (Figure 5.3). It might be associated with biomass burning, which was
more frequently observed during the dry season (around STP and winter). However, the
minor change in the char-EC concentration between STP and winter indicated that it was not
an intensive biomass burning period. According to Thuy et al. (2018), the char-EC
concentration significantly increased approximately three times in the Vinacomin sampling
site, which was affected by biomass burning during the dry season in Hanoi. Meanwhile,
soot-EC reached a peak during winter, suggesting the impact of meteorological factors such
as the low mixing height and low precipitation. In this study, the mean char-EC/soot-EC
ratio for UFPs at RS was 0.34 + 0.35. This ratio is comparable with the char-EC/soot-EC
ratio in Songkhla, Thailand (0.36) (Phairuang et al., 2020) and slightly lower than the char-
EC/soot-EC ratio in Kuala Lumpur, Malaysia (0.67) (Jamhari et al., 2022), and in Bangkok,
Thailand (0.72) (Phairuang et al., 2019). It should be noted that the significant impact of
vehicular exhaust on air pollution has been reported in these locations, particularly
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motorcycle emissions. In contrast, an increased value of the char-EC/soot-EC ratio suggests
the effect of biomass burning, such as during the dry season in Hanoi, Vietnam (2.58) (Thuy
et al., 2018), or in Chiangmai, Thailand (2.73) (Phairuang et al., 2019, 2020). The low ratio
of char-EC/soot-EC for UFPs at the RS was observed in all three sampling periods in this
study, indicating the significant contribution of vehicle emissions. Correlations between
char-EC, soot-EC and OC, EC in UFPs at RS were plotted in Figure 5.4. Positive correlations
(r=0.72-0.82) between char-EC, soot-EC and OC, EC were observed. This result indicates
that the common emission sources of char-EC, soot-EC, OC, and EC, such as vehicular
exhaust, might be expected in this sampling site. However, further studies such as the
analysis of polycyclic aromatic hydrocarbons or VOCs should be carried out to clarify the
contribution of traffic emission to the level of carbon fractions in UFPs near the roadside.
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Figure 5.3 Seasonal variation of char-EC and soot-EC in UPFs at the RS
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Figure 5.4 Relationship between char-EC, soot-EC and OC, EC in UPFs at the RS

5.3.1.2 Ionic species and WSOC

The concentrations of WSOC, WIOC, and ionic species in UFPs at RS during different
sampling periods are illustrated in Table 5.3. The concentrations of WSOC and WIOC were
approximately equal in summer and STP. However, the WSOC concentration was double
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that of the WIOC in winter. A higher WSOC concentration or WSOC/OC ratio suggests the
formation of secondary organic aerosol (SOA) by photochemical reactions (Miyazaki et al.,
2006) or from biomass burning emission (Kudo et al., 2012). However, a poor relationship
(r = 0.43) between WSOC and K", a biomass burning tracer, was observed in UFPs at RS
during winter (r = 0.43). Furthermore, the intensive period of biomass burning, mainly rice
straw, occurs in June and November yearly in the vicinity of Hanoi (Hai & Kim Oanh, 2013).
In addition, the variation of ozone concentration could be used to evaluate the secondary
emissions by photochemical reactions. One-year ozone observation in Hanoi by Sakamoto
et al. (2018) showed that the ozone concentration decreased from summer to winter
depending on the photochemical activity. However, the abnormally high ozone
concentration was approximately 100 ppb during early winter (in late October), while the
highest ozone concentration in summer was 25.7 ppb. The abnormal ozone concentration
was supposed to link to the winter monsoon bringing air parcels from northern or
northeastern areas associated with other meteorological factors (e.g., low wind speed and
temperature inversion). Therefore, during the winter sampling period (December 2—15), the
high concentration of WSOC may be because of air mass transportation under adverse
meteorological conditions such as low wind speed, temperature inversion, and low mixing
height.

Sulfate, nitrate, and ammonium (SNA) were the dominant ions in UFPs, accounting for
50%—-89% of the total ion concentration. The concentrations of SNA tended to be higher in
winter than in summer, particularly the nitrate ions. In winter, nitrate made up the highest
concentration of the SNA ions of 0.40 + 0.15 pg/m?, followed by ammonium (0.38 + 0.17
ng/m?) and sulfate (0.28 + 0.12 pg/m?). In contrast, sulfate accounted for the most significant
proportion in the other seasons (summer and STP). The dominance of nitrate in winter may
be explained by the formation pathways of nitrate, including the photochemical reactions of
precursor gases (NOx) and hydrolysis of N2Os. The photochemical reaction is enhanced by
strong sunlight. However, high temperature causes significant volatilization of nitrate and
ammonium, leading to lower concentrations of those ions. Xu et al. (2019) showed that the
nitrate concentration significantly declined due to volatilization loss when the average
temperature reached 26.2 °C. The average temperature of 30.3 °C during the summer
sampling resulted in an evaporative loss, and a low nitrate concentration was recorded. In
contrast, the low temperature during winter associated with a low mixing layer promoted
nitrate formation. Furthermore, the nitrate formation was influenced by the hydrolysis of
N20s at night (Xu et al., 2019). The adverse weather conditions enhanced this process during
winter, which prevented the dilution of atmospheric pollutants. The ratios of NO3/SO4> are
widely used to relatively identify the emission sources as mobile or stationary sources. NOx
originated primarily from traffic emissions (mobile sources), while SO, came from coal
burning (stationary sources). The lower NO3/SO4*" ratio suggests that the emissions from
the stationary sources were more dominant than those of the mobile sources. The ratio of
NO37/SO4* tended to increase from summer to winter, similar to the trend of the SNA species
(Table 5.3). As discussed above, it might be caused by the volatilization of nitrate during
summer. The mean ratio of NO3/SO4> for all sampling campaigns was 1.07 + 0.75. This
ratio was higher than the ratio of samples at the AS (0.81 + 0.46) for three seasons (summer,
STP, and winter). This result suggests a higher contribution of traffic emissions to the
samples at RS than at the AS. The NO3/SO4*" ratio may provide the first sign of the relative
contributions of the stationary and mobile sources; however, further studies such as modeling
need to be conducted to quantify the specific contribution of each source.

42



Other ions, including Cl" and K", accounted for smaller fractions and contributed less than
5% of the total ionic concentration, while Na* and Mg?" were not detected in the samples at
RS. In contrast, the concentration of Ca? was highest in the summer sampling at 0.28 + 0.22
ng/m3, accounting for approximately 49% of the total concentration of ionic species,
followed by STP (0.13 + 0.13 pug/m?) and winter (0.07 £ 0.05 pg/m?). The construction
activities near the sampling point could have affected the Ca," level during summer.
Furthermore, the calcium ion concentrations in UFPs at RS were higher than that from the
AS in all the seasons, reflecting the impact of the road dust emissions.

Table 5.3 Average concentrations of WSOC, WIOC, and ionic species in UFPs at the

RS
UFPs at the RS
Summer (n=15) STP (n=14) Winter (n=14)
Avel+S.D.} Ave+ S.D. Ave.£ S.D.
WSOC (ug/m?) 0.67+0.18 0.78 + 0.44 1.38+0.34
WIOC(pg/m?®) 0.64 +0.23 0.66 + 0.48 0.72+0.16
Cl' (ng/m®) 0.014 + 0.008 0.007 + 0.007 0.05 + 0.02
SO4* (ng/m?) 0.14 +0.06 0.19+0.14 0.28 £0.12
NO3™ (pg/m’) 0.07 +0.03 0.15+0.07 0.40 +0.17
Na' (ug/m?) - - ,
NH4" (ng/m®) 0.06 + 0.03 0.10+0.10 0.38+0.17
K' (ng/m?) - 0.008 £ 0.016 0.006 + 0.01
Mg*" (ug/m?) - - _
Ca*" (ug/m?) 0.28 +0.22 0.13+0.13 0.065 + 0.045
NO37/ SO4* 0.54 +0.21 1.21£0.99 1.49 + 0.49

* Average concentration
® Standard deviation
¢ Below detection limit

5.3.2 Seasonal variation of UFPs and FPs
5.3.2.1 Concentration of UFPs and FPs

The concentrations of the analyzed components, including carbonaceous and ionic species
in UFPs and FPs at AS, and the mean PM> s concentration from the US Embassy are shown
in Table 5.4. The total concentration of analyzed components, including carbonaceous and
ionic species, was used in this study. Other components such as elements were not included
in the actual concentration of particles. For instance, the mean PM2 s concentrations collected
by BAM from the US Embassy were higher than those reported in this study, regardless of
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the sampling method and location differences. However, data from both sources show a
similar trend of variation, i.e., higher concentration in winter than in the other seasons. It is
worth mentioning that the carbonaceous and ionic species are the primary chemical
compositions of particles, accounting for approximately 70% of the mass of particles (Sardar
et al., 2005). In this study, the concentration of analyzed components in FPs accounted for
approximately 46.7-74.0% of the mass concentrations monitored by BAM at the US
Embassy. The lowest proportion was in summer when frequent rain was observed at the
sampling site. A good correlation was found between the measured FPs concentration in this
study and the data from the US Embassy (r = 0.89). This result suggests that it is reliable to
use the total concentration of analyzed species to observe the seasonal variation in the study
area.

The highest concentration of PMo1 was observed in winter (3.24 £ 1.25 ug/m?), followed by
STP (2.65 + 1.36 pg/m?), summer (1.91 + 0.46 pg/m®), and WTP (1.65 £ 0.61 pg/m?).
Similarly, the level of PM»s was highest in winter (49.2 + 21.9 ug/m?), approximately 4.5
times higher than in summer (10.9 + 3.53 pg/m?), 2.4 times higher than in STP (20.9 + 14.3
ng/m?), and 1.5 times higher than in WTP (31.7 + 11.9 pg/m?®). The higher concentration of
PMy.1 and PM; s in winter indicated that stable weather conditions possibly affected the
concentration of particles. The stable atmospheric conditions (low mixing height, low
temperature, and less rain) normally allow the accumulation of air pollution and hinder the
dilution processes, leading to a considerably high level of air pollutants. The concentration
of PMy. followed the order of winter > STP > WTP > summer. Meanwhile, PM> s was
highest during winter > WTP > STP > summer. The higher concentration of PM2.s in WTP
than in STP was due to the significant increase of ionic species, particularly the
concentrations of SNA. It may be due to the drizzle-like weather conditions associated with
a high humidity during the WTP sampling, which promoted PM; s formation by secondary
processes on the aerosol surface (Huyen et al., 2021).

The PMo.1 concentration at the AS fluctuated slightly, while a significant variation was
observed in the PM» s concentration. It may be explained by the stable emission sources of
PMoy.1 and the different removal processes of PMy.1 and PM 5, which depend primarily on
the particle size. While bigger particles such as PMio might be removed easily by
gravitational forces, FPs (PM;s) are difficult to settle and remove mainly by wet processes.
In contrast, the removal and transport of PMo.1 was affected by a combination of dilution,
evaporation, and coagulation (Jacobson et al., 2005). According to Holmes (2007), UFPs
can grow to bigger sizes under suitable conditions, such as the availability of solid surfaces,
the presence of VOCs, and favorable weather conditions, leading to the variation of UFPs
concentration. However, it may not vary significantly between seasons due to the stable
emission of UFPs from the local sources and the minor effect of long-range transportation.
Therefore, particles can grow to bigger sizes under suitable conditions, such as the presence
of VOCs and favorable weather conditions, leading to a temporary variation in PMo.1
concentrations. However, it may not vary significantly due to the stable emission sources of
PMy.;. These lead to a variation of the particle lifetime, i.e., PMio and PMy, are not
transported over long distances and removed after days or even minutes, while PM2.s may
remain in the ambient air for a longer time, from days to weeks (Ronkko et al., 2018).

The PM 5 concentrations of measured components in this study were lower than the mean
PM; 5 concentration collected by BAM from the US Embassy. It might be explained by the
other components which were not included in this study. However, data from both sources
show a similar trend of variation, i.e., higher concentration in winter than in other seasons.
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It is worth mentioning that the carbonaceous and ionic species are major chemical
components of particles, accounting for approximately 70% of the mass concentration
(Sardar et al., 2005). The highest concentrations of both PMo.1 and PM> 5 in winter indicate
that stable weather conditions possibly affected the concentration of particles. The stable
atmospheric conditions normally allow the accumulation of air pollution and hinder the
dilution process, leading to a high level of pollutants. The PMy.1 concentration follows the
orders: winter > STP > WTP > summer. Meanwhile, the PM 5 level was winter > WTP >
STP > summer. The higher concentration of PM2 s in WTP than in STP was caused by the
significant increase of ionic species, particularly the SNA concentrations. It may be
explained by the drizzle-like weather conditions associated with high humidity during WTP,
which promotes the PM 5 formation by secondary processes on the aerosol surface (Huyen
et al., 2021).
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Table 5.4 Average concentrations of chemical compositions in UFPs and FPs at the AS

UFPs at the AS FPs at the AS
Summer _ Winter _ Summer STP Winter WTP
=15y S0 @h oy WIPeED s (n=14)  (n=12) (n=14)

Ave.=S.D.2 Ave.£S.D. Ave.= S.D. Ave.£ S.D. Ave.£S.D. AvexS.D. AvexS.D. Ave=xS.D.
OC (pug/m’) 122£031  1.69+077 197+073  1.05+031 3.77+0.78 859+6.55 147+578 6.05=1.96
EC (ng/m?) 029+0.11  041+026 044023  024+0.10 1.85+049 294+20 514196 2.79+0.98
TC (pg/m?) 151 €040  2.10+1.03 241+096  129+040 562+121 11.5+£853 198+7.69 8.84+2.88
WSOC (ug/m®)  0.66+0.17  0.87+042 1.19+036  0.61+£020 1.86+0.78 4.06+3.14 8.16+3.16 4.61+1.70
WIOC(ug/m®)  0.56+£020  0.82+036 078+041  044+0.17  1.91+0.79 4.53+£345 6.53+£2.93 1.43£0.96
CI (ug/m?) 0.014+0.02 0.008+0.003 0.024+0.01 0.010+£0.003 024+021 034+034 149+£091 1.37+0.60
SO& (pg/m®)  0.16+0.07  021£0.15 024+0.12  0.11+£0.08 267+139 3.87+2.16 102+498 8.52+3.47
NOs (ug/m?) 0.08+0.08  0.12+0.05 026009  0.12+0.10 071+041 195+1.85 924+6.06 6.32+3.78
Na' (ug/m’) b ; ; ; - 0.06+0.08 0.08=0.09 021+0.29
NHs" (ug/m®)  0.08+£0.04  0.17+0.12 025+£0.09  0.11+0.08  1.32+£0.71 148+121 5.67+284 573+2.03
K* (ug/m?) ~0.009+0.014 0'80091; . 015007 052£037 089+034 036=031
Mg** (ug/m?) - - - - 0.015+£0.004 0.14+0.05 0.22+0.18 0.05+0.03
Ca?* (pg/m’) 0.06+0.09  0.03+001 0.04+0.01 0.004+0.004 020+0.06 096+0.79 1.57+1.45 0.28+0.20
(Tu"gt/a;l:f)"“c‘ 191046  2.65+136 324+125  1.65£0.61  10.9+3.53 209=143 492+21.9 31.7+11.9

d

PM.s conc. 23.3 40.1 69.3 45.1
(ng/m>)

® Average concentration & Standard deviation

® Below detection limit

¢ Sum of the analyzed components

4 Mean PM s concentrations collected by BAM from the US Embassy
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5.3.2.2 Seasonal variation of carbonaceous components

Table 5.4 illustrates the OC and EC concentrations in UFPs and FPs during the four sampling
periods at AS. The highest concentrations of OC and EC in UFPs were found in winter,
followed by STP, summer, and WTP. Similarly, the concentration of those components in
FPs was higher in winter and STP and lower in WTP and summer. This result was consistent
with the study in Japan by Kim et al. (2011), which indicated higher concentrations of OC
and EC in winter and fall (dry season) than in spring and summer. The concentrations of TC
in UFPs were 1.51 £ 0.40,2.10 + 1.03, 2.41 £ 0.96, and 1.29 = 0.40 pg/m> in summer, STP,
winter, and WTP, respectively. In FPs, the concentrations of TC were 5.62 £ 1.21 ug/m3 in
summer, 11.5 = 8.53 pg/m? in STP, 19.8 £ 7.69 pug/m? in winter, and 8.84 = 2.88 ug/m?® in
WTP. TC accounted for approximately 75%—79% of the measured components in UFPs and
28%—-55% in FPs, indicating that carbonaceous components were dominant in both particle
sizes, particularly in UFPs. The relative contributions of OC and EC to TC in UFPs were
virtually unchanged during different seasons, suggesting stable emission sources such as the
automobile and motorcycle exhaust. The highest fraction of OC in TC was 82% during
winter, while the lowest was 80% during STP. The EC accounted for a lower fraction in the
TC of approximately 18%—-20% than the OC. Similarly, OC accounted for a higher
proportion than EC in FPs, e.g., the contributions of OC and EC to TC were approximately
67%—74% and 26%—33%, respectively.

The average char-EC and soot-EC concentrations in UFPs and FPs in the different sampling
periods are shown in Table 6. The mean concentration of soot-EC in UFPs for all the
sampling periods was 0.26 + 0.12 pg/m?’, while that for char-EC was 0.08 + 0.09 ug/m?. In
contrast, the average char-EC concentration for the four seasons in FPs was 2.65 + 1.91
ng/m?, significantly higher than soot-EC of 0.53 £ 0.17 pg/m>. Soot-EC was more dominant
in UFPs, while char-EC accounted for a higher fraction in FPs. The char-EC and soot-EC
concentrations in UFPs tended to increase from summer to winter (Figure 5.5-a). Char-EC
in FPs showed a similar variation as char-EC and soot-EC in UFPs, indicating that biomass
and coal combustion associated with the adverse weather conditions might contribute to the
higher char-EC concentration during winter. Meanwhile, soot-EC in FPs reached the highest
level in summer and remained relatively stable during other seasons (Figure 5.5-b). A similar
result was reported in Japan, where a higher concentration of soot-EC in FPs observed during
the summer (Kim et al., 2011).
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Figure 5.5 Char-EC and soot-EC concentrations in UFPs and FPs at AS
The OC/EC ratio could suggest the possible emission sources and secondary particle
formation. In this study, the mean OC/EC ratios of UFPs and FPs for the four sampling
periods were 4.87 = 1.60 (range 2.71-11.4) and 2.50 £ 0.51 (range 1.58-3.73). The
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carbonaceous ratios in this study implied the possible emission sources in the study area, 1.e.,
vehicular exhaust, biomass burning, coal combustion, cooking activities, and secondary
sources. This result is consistent with the previous studies of the primary emission sources
in Hanoi, which were local combustion and traffic-related emissions (vehicle/road dust)
(Hien et al., 2004) and automobile, secondary sulfate aerosol, and industry (Cohen et al.,
2010).

Table 5.5 shows the OC/EC ratios in UFPs and FPs at AS during the different sampling
periods. The OC/EC ratio was lower in summer and WTP and higher in STP and winter in
both UFPs and FPs. The higher ratio of OC/EC during winter was also reported elsewhere,
such as in Shanghai, China (Feng et al., 2009) and Agra, India (Pachauri et al., 2013). It may
be affected by the adverse weather conditions during winter promoting SOA formation. The
ratio of char-EC/soot-EC is used to identify the emission sources to avoid the significant bias
caused by SOA formation. According to Han et al. (2009), the char-EC/soot-EC ratio of
vehicular exhaust, including diesel and gasoline emissions, was lower than 1.0, and coal and
biomass burning were 1.9 and more than 10, respectively. A wide range of char-EC/soot-EC
ratios for UFPs (0-1.39) and FPs (0.18-22.6) were found in this study, suggesting mixed
emission sources including vehicular exhaust, coal combustion, and biomass burning.

The char-EC/soot-EC ratios fluctuated more than the OC/EC ratios, e.g., the char-EC/soot-
EC ratio for FPs in winter was approximately fourfold higher than that in summer while
OC/EC ratio was virtually unchanged (Table 5.5). The char-EC/soot-EC ratio for FPs was
highest in winter (9.37 + 5.31), followed by WTP (5.13 + 2.49), STP (4.57 + 3.70), and
summer (2.40 + 1.75), suggesting the contribution of biomass burning or coal combustion
during winter. In contrast, the char-EC/soot-EC ratios for UFPs were similar in WTP and
summer (approximately 0.18) and higher in STP (0.34 £+ 0.39) and winter (0.35 £ 0.28). The
different trends of the char-EC/soot-EC ratios between FPs and UFPs may be due to the char
and soot characteristics. Char-EC is formed by the solid residues of combustion and is
composed of relatively larger particles, whereas soot-EC is formed through high-temperature
condensation of gases and is composed of submicron particles (Han et al., 2009), leading to
different residence times, transport mechanisms, and removal processes of particles.

Table 5.5 OC/EC ratios, concentrations of char-EC, soot-EC, and char-/soot-EC ratio
in UFPs and FPs at the AS

ccre oSSt e
UFPs at Summer 4.72 +1.55 0.05+0.04 024+£0.09 0.18+0.14
the AS STP 5.10£2.35 0.12+0.14 029+0.14 0.34+0.39
Winter 5.05+1.33 0.12+0.09 032+0.16 0.35+0.28
WTP 4.60 +£0.92 0.04 £0.04 0.20+£0.06 0.18+0.15
FPs at the Summer 2.04 +£0.34 1.24 + 0.48 0.61 £0.21 240+ 1.75
AS STP 2.92+0.45 2.41+1.99 0.53+£0.08 4.57+3.70
Winter 2.86 £0.33 4,62 +1.97 0.52+0.10 9.37+5.31
WTP 2.19+0.34 2.31+0.99 048 £0.11 5.13+£2.49

Values are written as Average concentration = Standard deviation
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The correlations of char-EC, soot-EC and OC and EC were examined to investigate the
relationships between these components (Figure 5.6). The strongest association was found
between char-EC and EC in FPs for all the seasons (r = 0.997), indicating the significant
contribution of char-EC in FPs. A strong relationship was also found between char-EC and
OC (r=0.96), while no correlation was between soot-EC and OC and EC. In contrast, char-
EC showed moderate correlations (r = 0.88—0.89) with EC and OC in UFPs. A moderate
correlation (r = 0.83) was found between soot-EC and OC, while a good relationship (r =
0.94) was observed between soot-EC and EC. This result implies that soot-EC dominated
the EC fraction in UFPs, and OC and EC came from vehicular exhausts. The findings in this
study were consistent with previous studies by Han et al. (2009) for China and Kim et al.
(2011) for Japan. In addition, the growth of particles due to the condensation of secondary
ions on soot particles led to the reduction of the soot-EC concentration. It explained the
higher ratio of char-EC/soot-EC in STP and winter and the moderate relationship between

OC, a carbonaceous fraction formed by both primary and secondary conversion processes,
and soot-EC in UFPs.
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Figure 5.6 The relationships between OC, EC and char-EC, soot-EC in UFPs and FPs
5.3.2.3 Seasonal variation of ionic species

The seasonal variations of ion concentrations in UFPs and FPs are shown in Figure 5.7. lonic
species accounted for approximately 43%—72% of the analyzed components in FPs and
21%-25% in UFPs. This result indicates that the carbonaceous fraction was more dominant
in UFPs, whereas carbonaceous and ionic species were important in FPs. The average
concentrations of ionic species in UFPs were 0.41 £ 0.22 pug/m? in summer, 0.55 £+ 0.34
pg/m? in STP, 0.82 + 0.32 ug/m? in winter, and 0.36 + 0.26 ug/m® in WTP. In FPs, the mean
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concentrations of ions were 5.30 £ 2.46, 9.32 + 6.24, 29.4 + 15.5, and 22.8 + 9.46 ug/m? in
summer, STP, winter, and WTP, respectively. The total concentration of ionic species in
UFPs increased from summer to winter and declined in WTP when the lowest concentration
was recorded. Meanwhile, the mean concentration of ions in FPs reached a peak in winter,
followed by WTP, STP, and summer. The daily variations of ionic species are shown in
Figure 5.8. Both particle sizes showed fluctuation in ion concentrations during STP and
winter. During summer and WTP, a milder daily variation was observed, particularly in FPs.
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Figure 5.7 Seasonal variations of ion concentrations in UFPs and FPs at the AS
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Figure 5.8 Daily variation of ionic species in UFPs and FPs at the AS

In general, the concentration of ionic species in both UFPs and FPs was ranked in following
order: SO4* > NOs™ > NH4"> Ca?" > CI' > K*. Mg?* and Na* were not detected in the UFPs
samples and accounted for a minor proportion of the total concentration of ionic species in
FPs. SNA were three major ions contributing approximately 80-90% of the total ionic
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species concentration in both particle sizes. The large proportion of SNA indicates the
contribution of ion condensation to UFPs and FPs. According to Dai et al. (2021), the SNA
species appeared in a wide range of particle sizes, from ultrafine to the mode between 0.18
and 0.6 um (the subclass of FPs). The primary particles emitted from the engines are majority
carbonaceous compounds in the solid phase, and may also contain ash, and adsorbed or
condensed sulfur compounds (Morawska et al., 2008). The condensation of the hot exhaust
gases emitted from vehicles could form the secondary particles, which are in the ultrafine
mode of less than 30 nm and contain mainly hydrocarbons and hydrated sulfuric acid
(Morawska et al., 2008). Furthermore, transformations of precursor gases (SO2, NOy) to
secondary ions (SO4>, NOs". NH4") in the atmosphere are crucial to the secondary formation
of particles. The condensation of secondary ionic species on freshly emitted particles could
lead to the growth of particles from ultrafine to the fine size range.

In UFPs, the mean concentration of SNA tended to increase from summer to winter and then
lowered in WTP. The SNA concentrations in UFPs were 0.33 + 0.14 ug/m® in summer, 0.50
+£0.32 pg/m*in STP, 0.75 £ 0.31 pg/m? in winter, and 0.34 + 0.26 pg/m? in WTP. In contrast,
the mean concentration of SNA in FPs was lowest in summer at 4.70 + 2.41 ug/m’, while
that was approximately twofold in STP of 7.31 + 4.98 ug/m?, fourfold in WTP of 20.6 + 8.75
ng/m?, and fivefold in winter of 25.1 = 13.6 pg/m®. The high concentration of SNA species
in both particle sizes indicates the contribution of secondary formations. Higher
concentrations in winter might result from the oxidation of precursor gases such as SO» and
NOx from vehicular exhaust or industry under the stagnant condition of the atmosphere,
which lengthened the reaction time and hindered the dispersion of the air pollutants. A study
by Sakamoto et al. (2018) indicated that Hanoi's NO> and NOx concentrations increased
from summer to winter. Furthermore, the higher NO> and SO concentrations were higher at
traffic and industry hotspots, and the background NO; concentration was highest in the
populated area, downtown Hanoi (Hien et al., 2014).

WSOC and WIOC accounted for approximately equal fractions of OC in summer and STP
in both particle sizes. Meanwhile, the concentration of WSOC was higher than that of the
WIOC during winter and WTP, e.g., the concentration of WSOC in FPs during WTP was
4.61 £ 1.70 pg/m>, which was threefold higher than WIOC concentration. The seasonal
variation of WSOC concentration was similar to the total ionic species in both particle sizes.
In UFPs, the variation of WSOC followed the pattern: winter > STP > summer > WTP, and
that in FPs was winter > WTP > STP > summer. The variability in the WIOC concentration
in FPs was the same as that of WSOC in UFPs, while that in UFPs was STP > winter >
summer > WTP. The correlations between WSOC and secondary ions (SO4>", NOs", and
NH4") and inorganic tracer of biomass burning (K*) were examined to identify the sources
of the WSOC (Table 5.6). WSOC correlated well with secondary ions in STP, winter, and
WTP, particularly sulfate ions in UFPs during STP (r = 0.99). This result indicates that
WSOC might be formed by secondary processes and condensed in the atmosphere, similar
to SNA ions. In summer, poor correlation coefficients (r < 0.3) were found between WSOC
and other ions. The frequent rain may explain it during the summer sampling (11 per 15
sampling days), which promoted washout and rainout in the atmosphere. A strong
relationship was found between WSOC and K" in FPs during STP (r = 0.98) and winter (r =
0.90), while a moderate relationship was found in WTP and a negative correlation coefficient
in summer. A higher correlation coefficient was found in UFPs during STP than during
winter. In contrast, no K was recorded in the summer and WTP. The significant correlation
between WSOC and K* demonstrates that combustion activities may contribute to the
WSOC level in FPs during STP and winter. In addition, moderate and good association (r =
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0.7-0.92) between WIOC and soot-EC in UFPs was found in all the seasons, while no
relationship was observed in FPs (Table 5.7). This result implies that WIOC and soot-EC
could be products from the exhaust gases of the fuels and oils of vehicles. Therefore, particles
were stably emitted from vehicles such as automobiles and motorcycles. Biomass burning
and secondary sources also contributed to the UFPs and FPs levels in the sampling sites. The
condensation of chemical components in the atmosphere may lead to new UFPs that may
grow to the fine size range. Notably, those emission sources were marked as predominant
sources in Hanoi, also mentioned in other studies (Hai & Kim Oanh, 2013; Hien et al., 2004;
Hopke et al., 2008; Nghiem et al., 2020).

The correlations between WSOC and SNA and inorganic tracer of biomass burning (K")
show that WSOC might be formed by secondary processes and condensed in the atmosphere
similar to SNA ions. In summer, very poor correlation coefficients were found between
WSOC and other ions (r < 0.3). It might be explained by the frequent rain observed during
summer sampling (11 per 15 sampling days) which promoted the washout and rainout
processes. The significant correlation between WSOC and K* (r > 0.9) demonstrates that
combustion activities might contribute to the WSOC level in FPs during STP and winter. In
addition, the moderate and very good relationships between WIOC and soot-EC in UFPs
were found in all seasons (r = 0.7 — 0.92) while there was no relationship was observed in
FPs. This result implies that both WIOC and soot-EC could be the products in the exhaust
gases caused by fuels and oils of vehicles. Therefore, it hypothesized that particles were
stably emitted from vehicles such as automobiles and motorcycles. Biomass burning and
secondary sources also contributed to the UFPs and FPs levels in the sampling site. The
condensation of chemical components in the atmosphere might lead to the formation of new
particles in ultrafine mode and the growth to the fine size range. It should be noted that those
sources were marked as predominant sources in Hanoi, which were mentioned in other
studies (Hai & Kim Oanh, 2013; Hien et al., 2004; Hopke et al., 2008; Nghiem et al., 2020).

Table 5.6 Correlation coefficient (r) between WSOC and ionic species in UFPs and
FPs at the AS

WSOC in UFPs WSOC in FPs

Summer STP Winter WTP Summer STP Winter WTP
SO4* 0.27 0.99 0.91 0.80 0.30 0.77 0.90 0.69
NOs 0.27 0.91 0.89 0.77 -0.16 091 0.79 0.82
NH4" 0.25 0.97 0.94 0.84 0.26 0.62 0.85 0.77
K* - 0.88 0.41 - -0.21 0.98 0.90 0.75

Bold values indicated p < 0.01
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Table 5.7 Correlation coefficient (r) between WIOC and carbonaceous components in
UFPs and FPs at the AS

WSIC in UFPs WIOC in FPs

Summer STP Winter WTP Summer STP Winter WTP
oC 0.88 0.98 0.95 0.86 0.51 0.99 0.94 0.50
EC 0.70 0.95 0.85 0.76 0.44 0.98 0.93 0.38
Char-EC  0.32 0.82 0.92 0.70 0.57 0.97 0.93 0.37
Soot-EC  0.71 0.92 0.70 0.73 -0.28 0.25 0.07 0.03

Bold values indicated p < 0.01

5.3.3 Relationship between particles from RS and AS
5.3.3.1 Difference in UFPs concentration at the RS and AS

The total concentration of the measured components in UFPs differed between the RS and
AS in three seasons, summer, STP, and winter. In general, slightly higher concentrations of
the analyzed components were found in the samples at the RS (Figure 5.9). For example,
UFPs at the RS had higher concentrations of EC than the AS in all sampling periods (Figure
5.9). Suppose the traffic emissions at the RS (emissions by vehicles from Tran Dai Nghia
St.) were hypothesized as a single emission source in the sampling site, and there were no
other significant sources during the sampling periods. In that case, the samples at the AS
could be affected by traffic emissions at the RS. According to Zhu et al. (2002), the total
particle number concentration in the size range of 6 to 25 nm, which accounted for
approximately 70% of the total UFPs number concentration, dropped sharply to around 80%
after 100 m. Particles in the size range of 25-50 and 50—100 nm decreased and approached
the background concentration at approximately 150 m from the emission point. The study
by Jeong et al. (2015) found a gradual decrease of non-volatile particles, and the effect of
the emissions was still apparent at a distance of 300 m. Fujitani et al. (2012) also reported
that both mass and particle number concentration exponentially declined with distance from
the traffic emission source. Since the distance between the RS and AS in this study was
approximately 200 m, the exponential decrease in the concentration of UFPs at the AS was
expected to observe. However, the total concentrations of measured components and the
levels of single composition in UFPs at the AS varied slightly compared with UFPs samples
from the RS. The emissions from two other main roads (Dai Co Viet and Giai Phong St.)
and other sources, such as biomass or coal burning, and cooking activities in the surrounding
areas may provide a reason for the concentration differences. Further studies should be
conducted to measure the concentration and chemical compositions in UFPs and FPs at
increasing distances from major roads in the study area to clarify the contribution of traffic-
related emission sources.
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Figure 5.9 Comparison of UFPs concentration between the RS and AS in

different seasons

5.3.3.2 Possibility of particle growth

The relationship between carbonaceous components and secondary ions (SNA) in UFPs
from RS and FPs from AS was examined to assess the transport of particles and their growth
processes in different microenvironments. Table 5.8 shows the relationship between major
components (OC, EC, and SNA) from those two sites. An exceptional relationship was seen
only during winter and the transitional period, while low correlations were found for all
components in summer, except ammonium. A moderate correlation was found between OC
in UFPs at RS and FPs at AS during STP (r = 0.89) and winter (r = 0.85); it was very low in
summer (r = 0.36). A similar trend was observed in the relationship of EC between these two
sampling sites. In contrast, the relationships of SNA from the UFPs and FPs from RS and
AS differed. A moderate correlation coefficient (r =0.63—0.72) was found in winter for SNA.
In other sampling periods (summer and STP), the relationship of sulfate between the two
sites was unchanged (r = 0.53), suggesting the stable development of this ion irrespective of
the season change. However, a very poor correlation (r = 0.18) was found in the nitrate
relationship during summer. In contrast, the ammonium in UFPs at RS correlated better with
FPs at AS in summer (r = 0.64) than in the transitional period (r = 0.45). In general, moderate
and poor relationships of each component between UFPs at the RS and FPs at the AS were
found. A number of reasons may lead to the poor correlations between chemical components
in two particle sizes, including the sources and spatial differences, and the contribution of
particle growth. Under a high concentration of UFPs and other pollutants (SO2, NOx, VOCs)
in Hanoi (Hien et al., 2014; Thuy et al., 2018), which means the presence of large surface
area and the availability of gas-phase pollutants, the evolution of particles is possibly found
(Holmes, 2007). The effect of emission sources of UFPs and FPs, and the spatial difference
may be significant. However, based on the chemical compositions and their relationships in
particle sizes, we initially investigated the possibility of particle growth in this area. Further
investigation is needed to explain the contribution of particle growth to FPs concentrations.
However, this result may be vital for investigating particle evolution under highly polluted
conditions in big cities in Vietnam in the future.
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Table 5.8 Correlation coefficient (r) of OC, EC and SNA between UFPs at RS and FPs
at the AS

UFPs at the RS vs. FPs at the AS

Summer (n=15) STP (n=14) Winter (n=14)
oC 0.36 0.89 0.85
EC 0.30 0.89 0.66
SO4* 0.53 0.53 0.63
NO3 0.18 0.72 0.72
NH4" 0.64 0.45 0.70

Bold values indicated p < 0.01
5.4 Conclusion

Higher concentrations of carbonaceous components in UFPs at the RS were found compared
to at the AS and other published studies. A higher EC fraction, and the lower OC/EC ratio
in UFPs at the RS indicate that the effect of the primary emissions such as vehicular exhausts
might be more substantial than at the AS. The mean ratio of NO37/SO4*" used to identify the
relative contributions of the stationary and mobile sources was higher in UFPs at the RS,
suggesting the contribution of traffic emissions.

The UFPs and FPs concentrations at the AS increased from summer to winter and dropped
in the winter-to-summer transitional period. The adverse weather conditions (low mixing
height, temperature inversion, less rain) may allow the accumulation of air pollutants,
leading to higher concentrations of both particle sizes in winter. During two transitional
periods, the concentration of UPFs was higher in STP than in WTP, while that of FPs was
higher in WTP than in STP. The difference is probably due to secondary processes which
formed FPs under drizzle and foggy conditions during the WTP sampling. This finding
provides useful information for policy maker and stakeholders in building up the related
policies and air pollution control measures, especially during highly polluted seasons.

Carbonaceous compounds (OC and EC) were the major components of particles,
contributing up to 55% and 80% of the concentration of FPs and UFPs at the AS,
respectively. The ratios of OC/EC and char-EC/soot-EC suggest that the possible emission
sources in the study area were vehicular exhaust, biomass burning, coal combustion, cooking
activities, and secondary sources. High levels of SO4>", NOs", and NH4" were found in both
UFPs and FPs, and the unique relationship between WSOC and SNA species suggested the
influence of secondary particle formation.

Under the high concentration of UFPs and other presence of gas-phase pollutants in Hanoi,
the relationships of OC, EC and SNA ions between the roadside UFPs and ambient FPs
suggest the possibility of particle growth from ultrafine to the fine-size range. Further
investigation should be conducted to evaluate and quantify the contribution of particle
growth to the chemical composition and size distribution of particles.
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Chapter 6

Chemical characterization of indoor and outdoor particles
6.1 Introduction

According to the World Health Organization (WHO, 2020), air pollution is a major
environmental risk to human health. In 2016, there was an estimated 7 million deaths caused
by outdoor and indoor air pollution while in 2012 was 6.5 million (WHO, 2016, 2020). The
exposure and impact of air pollution are different in low-, middle-, and high-income
countries. People in low- and middle-income countries are more vulnerable, accounting for
more than 90% of fatalities caused by air pollution in 2016 (WHO, 2020). People in those
countries have relied mainly on polluting cooking fuel which is one of the primary sources
of indoor air pollution. According to WHO (2020), less than 20% of Africans in the WHO
Region used clean cooking fuel while that was more than 90% in the European and Americas
region. Besides, the high pollution levels from the outdoor environment could transport into
the indoor environment by ventilation and infiltration airflows, leading to high
concentrations of indoor pollutants.

In Vietnam, the high level of air pollution in big cities has been reported in the last some
decades, particularly high concentrations of PM»s caused poor or very poor air quality.
According to Green Innovation and Development Centre GreenID (2018), in 2017, the levels
of PM, 5 in Hanoi exceeded the Vietnamese National Standard for annual PM> s (25 pg/m?)
for 85 days compared to 14 days in Ho Chi Minh City. The high level of PM in the ambient
air, together with other indoor emission sources are the reasons for poor indoor air quality.
The high concentrations of indoor pollutants pose even higher risks to human health than
outdoor ones because people spend approximately 90% of their time in indoor environments
such as houses, offices, and schools. However, indoor air pollutants and indoor particles in
Vietnam have not yet been paid attention to in comparison with outdoor particles. It is due
to the limitation of monitoring data and the accessibility of field sampling.

Very few studies on indoor air pollution in Vietnam have been published, such as the study
on the impact of incense burning on PM> 5 concentration (Tran et al., 2021), indoor trace
elements compositions in coarse, fine, and ultrafine particles in school environments (Tran
et al., 2020), indoor trace elements and PAHs in the residential houses (Ha et al., 2020; Vo
et al., 2022), parabens in indoor dust at private houses, laboratories, and medical stores (Tran
et al., 2021) indoor particle number concentration in a household in Hanoi (Quang et al.,
2017). A limited number of studies on ultrafine particles and their chemical components
have been published. The effects of indoor and outdoor emission sources have not been
comprehensively studied.

In this chapter, PM2.s and PMo.1 were simultaneously collected in a residential house and an
unused classroom in Hanoi during different seasons. The chemical components including
the carbonaceous and ionic components were analyzed to observe the characteristics of
indoor and outdoor particles. The relationships between indoor and outdoor emission sources
were also investigated to understand the contribution of each emission source.
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6.2 Methods

Two selected sampling sites were in Hanoi, including a residential house located in Truong
Dinh St., Hoang Mai District (21°28'59"N, 105°24’49"E) and Hanoi University of Science
and Technology (HUST), Hai Ba Trung District, Hanoi, Vietnam (21°020"N, 105°50'39"E).
The distance between the two sampling sites is approximately 2 km. The sampling was done
simultaneously at both sites during different seasons. The residential house is in Truong Dinh
St., a two-traffic lanes (inbound and outbound) street. Both sides of the street have a
pavement of about 1.5-2m in width and are bordered by residential buildings. At the
residential house, the indoor (RI) and outdoor (RO) samples were monitored on the fourth
floor of a terraced house, approximately 9m from the ground. (Figure 6.1). The Al sampling
site is on the rooftop of a four-story building of the School of Materials Science and
Engineering, HUST, approximately 11 m from the ground. This site is around 200 m from
Dai Co Viet St., 250 m from Giai Phong St., 200 m from Tran Dai Nghia St., and surrounded
by diverse institutional and residential areas (Figure 6.1). Devices in both sites were placed
approximately 1.5m in height from the floor.
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Figure 6.1 Sketch of sampling site at the residential house (a) and classroom (b)

At the residential house, the indoor (RI) and outdoor (RO) FPs samples were collected in
summer (August 10 — 16), winter (December 2 — 15) in 2020, and both UFPs and FPs were
collected in the summer of 2021 (July 9 — 24). The first sampling period in summer lasted
only 6 days due to the covid-19 situation at the sampling site. At HUST, due to the limitation
of the devices, only indoor (AI) UFPs were sampled in three different periods summer
(August 10 — 24), winter (December 2 — 15) in 2020, and the transitional period from winter
to summer 2021 (March 24 — April 7). The real-time data of PM2 5, temperature and humidity
were recorded by sensors at RI, Al, and AS during all sampling periods, except the final
sampling in the summer of 2021. Furthermore, the data of hourly PM2 s measured by BAM
from the AirNow website, the US Embassy located approximately 3.5 km from HUST, was
also obtained.

PM; 5 was collected by cyclone (URG-2000-30EH, University Research Glassware Corp.,
Chapel Hill, NC, USA), operated at a flow rate of 16 L/min while PMy.; was sampled by a
Nanosampler (Model 3182, KANOMAX) at 40 L/min. Both PM> s and PMy,; were collected
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in 23.5 h by a quartz fiber filter (2500 QAT-UP, Pall Corp., USA), with a diameter of 55
mm for Nanosampler and 47 mm for cyclone. Further details of sampling devices and
sampling methods were discussed in Section 3.2. PM2 5 sensor (P-sensor, Industrial Hygiene
Device Calibration, Inc.) was hung in the same place as other sampling devices and set up
to get data every 10 seconds. The temperature and humidity in the sampling sites were also
recorded by a thermo recorder (TR-72bwb, TECPEL CO., LTD.). The data of hourly PM3 s
measured by BAM from AirNow, the US Embassy located approximately 3.5 km from
HUST, was obtained as well to compare to the real-time data.

Carbonaceous and ionic species were analyzed for all indoor and outdoor samples. A 0.503
cm? punch-out filter was used to measure carbonaceous compounds by a carbon analyzer
(DRI model 2001, Atmoslytic Inc., Calabasas, CA, USA). The Interagency Monitoring of
Protected Visual Environments (IMPROVE) method was used to analyze OC and EC
fractions (Chow et al., 2001). Ionic components were analyzed by ion chromatography (ICS-
1600, Dionex Corp., Sunnyvale, CA, USA) and water-soluble organic carbon (WSOC) by a
total carbon analyzer (Multi N/C 3100, Analytik Jena, Jena, Germany). Before analysis, the
samples were extracted with 20 mL ultrapure water for 20 min in an ultrasonic bath. Details
of carbonaceous and ionic species analysis were further discussed in Section 3.3.

6.3 Results and Discussion
6.3.1 PM:2s and meteorological data

PM; 5 concentrations from the US Embassy and recorded by a P-sensor in this study show a
similar trend of seasonal variation, which is higher in winter than in other seasons. The real-
time PM> 5 concentration in this study correlated well with the mean PM> 5 concentration
from the US Embassy (r = 0.67 — 0.86), except in winter (r = 0.54). The real-time data of
indoor and outdoor PM> s shows that indoor concentration was lower than outdoor in all
seasons (Figure 6.2). The PM2s concentration was significantly higher than the Vietnamese
national standard for an annual average of 25 ug/m?, except in summer. The PM, 5 levels at
RI were higher than at Al in both summer and winter. It may be due to the other emission
sources at RI, such as cooking activities or incense burning, while there were no other indoor
sources at Al It should be noted that the indoor site at Al was an unused classroom at HUST.
The real-time PM2.5 data collected by a sensor at the outdoor site at AS was consistent with
data from the US Embassy, which were higher in winter than in other seasons.

Mean PM, s concentration

N W b ad
O o o O O

Concentration (ug/m3)

=y
o

o

I i .Nﬂﬂ B |

US Embassy AS

ESummer BT1 @BWinter O0T2

Figure 6.2 Mean PM:.s concentration at different sites
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Temperature and humidity recorded by the thermos recorder at AS, Al, and RI are illustrated
in Table 6.1. The variation in temperature and humidity among the sampling sites was
insignificant. In contrast, it was a remarkable change in temperature and humidity in different
seasons. Higher temperature and humidity, and frequent rainy days were observed in
summer. Temperature and humidity gradually decreased from summer to winter, then
increased in WTP. In winter, lower temperatures are associated with stable weather
conditions (low mixing layer and less rain) may be the reason for the high PM> s level.

Table 6.1 Meteorological conditions during the sampling periods

AS Al RI
N(.)' of Wind speed
Season rainy (m/s)
TEC) | H%) | T(C) | H(%) | T(°C) | H (%) days
Summer 29
August 10 -24,| 30.3 76.0 31.5 71.1 31.9 72.4 11/15 ’
2020 (0-7.2)
STP 29
October 15 - 24.4 67.4 3/14 ) 5
27,2020 (0-7.2)
Winter 29
December 02 - | 20.6 62.8 22.1 58.3 21.4 54.3 2/14 )
15, 2020 (0-7.7)
WTP 31
March 24 — 25.2 82.1 26.7 76.8 4/14 ’
April 07, 2021 (1-62)

T: Temperature

H: Relative humidity

No. of rainy days: Number of rainy days per total sampling days
Wind speed: Average wind speed and wind speed range

6.3.2 Indoor and outdoor particles at the residential house
6.3.2.1 FPs

The total concentration of analyzed components in FPs at RI was higher than at RO, and in
winter than in summer (Figure 6.3). The total concentrations of FPs were 20.8 £+ 11.5 pg/m?,
37.4+13.7 ug/m?,20.2 £ 4.2 ug/m> at Rl and 15.6 + 3.25 pg/m>, 33.1 + 14.9 pg/m>, 13.9 +
2.63 pg/m® at RO in summer 2020, winter 2020, and summer 2021, respectively. Indoor and
outdoor FPs concentrations significantly varied between summer and winter. The
concentration of FPs in winter was approximately twofold higher than in summer. The
seasonal variation of indoor and outdoor FPs was similar to the FPs variation at AS, which
was mentioned in Section 4.3.2 of this study. The higher concentrations of FPs during winter
may be due to adverse weather conditions, such as low mixing layer, and less rain, which
led to the accumulation of air pollutants and hinder the dilution. Furthermore, the similar
variation of indoor and outdoor FPs may be explained by the air circulation between indoor
and outdoor environments. In contrast, the FPs concentrations between the two sampling
periods in the summer of 2020 and 2021 were insignificant fluctuations in both indoor and
outdoor samples. This result implies stable emissions of particles in the sampling sites.
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Figure 6.3 Concentration of carbonaceous and ionic species in FPs at RI and RO

The indoor/outdoor (I/O) ratio for the total concentration of FPs suggests the influence of
indoor or outdoor emission sources. The I/O ratio of less than 1.0 presents the predominance
of outdoor sources, while the ratio is higher than 1.0, indicating the influence of indoor
sources. In this study, the average I/O ratios varied from 1.13 to 1.45, suggesting the
contribution of indoor sources such as cooking and incense burning. The I/O ratio variation
was insignificant between the summer and winter periods. The average I/O ratios were 1.28,
1.27, and 1.46 in summer 2020, winter 2020, and summer 2021. This result confirms the
stable emission sources of particles at RI and RO. The daily variation in the I/O ratio shows
that the indoor emission sources remarkably influenced the ratio (Figure 6.4). The high I/O
ratio was recorded when burning incense in the residential house. The indoor FPs
concentration significantly increased during the incense burning event, particularly the OC
concentration. For example, the OC concentration was 16.6 ug/m? on the incense burning
day compared to the average OC concentration of 9.34 ug/m?.
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Figure 6.4 The daily variation of I/O ratio at the residential house
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Table 6.2 illustrates the concentrations of carbonaceous compounds and their ratios in FPs
at RI and RO. The TC concentration was higher at RI than RO in both seasons. However,
the contribution of each carbon fraction to the TC concentration was similar in both sites and
seasons. OC and EC accounted for approximately 72 — 77% and 23 — 28% of TC in FPs at
both RI and RO, respectively. Similarly, the OC/EC ratios slightly varied between two
seasons in both indoor and outdoor FPs. The OC/EC ratios in FPs at RI varied from 2.80 to
3.24, while in FPs at RO were 2.73 — 3.28. The OC/EC ratios suggest the contributions of
cooking activities, biomass and coal burning, and traffic emissions. This result is consistent
with the results in Section 4.3.2. The contribution of OC and EC to TC and minor variation
of OC/EC ratios indicate the stable emission sources of carbonaceous compounds.

Char-EC was more dominant in EC, accounting for approximately 80% of the EC
concentration. The mean concentrations of char-EC and soot-EC for all the sampling periods
at RI were 3.35 ug/m’ and 0.60 pg/m?, respectively. Meanwhile, the average char-EC and
soot-EC concentrations at RO were 2.25 pg/m® and 0.57 pug/m?, respectively. Soot-EC
concentrations in FPs at RI and RO were approximately the same, while the higher char-EC
concentration was observed in FPs at RI. It may be due to incense burning events in the
indoor environment. As the result, a higher char-EC/soot-EC ratio was found in the indoor
FPs than in the outdoor samples.

Table 6.2 Carbonaceous concentrations, OC/EC, and char-EC/soot-EC ratios in FPs

FPs at RI FPs at RO
Summer Winter Summer Summer Winter Summer
2020 2020 2021 2020 2020 2021
(n=6) (n=14) (n=15) (n=6) (n=14) (n=15)
OC (pg/m3) 126 +10.2 132+3.89 935+248 8.03+298 10.5+336 6.12+0.90
EC (ng/m3) 3.84+0.97 4.52+145 3514125 257+035 3.55+127 234+0.72
TC (pg/m®)  164+105 17.7+£527 1294339 1094295 14.1+4.60 8.46+2.54
OC/EC 324+231 295+037 280+0.67 3.28+1.29 301+028 2.73+£041
(CM};;];:)C 334+1.09 381+149 291+1.26 2.10+040 2.85+1.30 1.81+0.82
(Slfg/ﬁf 0.50+£0.18 0.70+0.12 0.60+0.11 048+020 0.69+0.08 0.53+0.17
Char-
EC/s00t-EC 8.08+5.05 5.78+3.31 504+£243 515+227 426+£223 3.06+1.71

Value is written as Average concentration = Standard deviation

Total ion concentration was significantly higher in winter than in summer, e.g., the total ion
concentration in FPs at RI was 19.7 +9.13 ug/m? in winter while that in summer was 7.34 +
2.75 pg/m? (Table 6.3). The rise in the total ion concentration is primarily caused by the
increase in SNA concentration. The SNA concentration in winter was approximately three
to nine times higher than in summer. Particularly the nitrate concentration increased
significantly in the winter sampling. The sharp increase in the SNA concentration suggests
that the contribution of secondary particles may be crucial in the FPs concentration in these
sampling sites. However, the variation in the total ion concentration between the two
sampling sites was minor. For example, the total ion concentrations in FPs at RI and RO in

61



winter were 19.7 £ 9.13 ug/m® and 19.0 + 10.8 pg/m?, respectively. More significant daily
variation of ions in outdoor FPs was observed compared to the indoor samples. It may be
because of secondary particles under adverse weather conditions, which impact outdoor FPs
more than indoor FPs.

Table 6.3 Ion concentrations in FPs at RI and RO

FPs at RI FPs at RO

Summer Winter Summer Summer Winter 2020 Summer

2020 (n=6) 2020 2021 2020 (n=6) (n=14) 2021

(n=14) (n=15) (n=15)

CI (ng/m3) 042+043 1.11+£0.69 027+0.19 0.50+0.42 1.17+£0.70 0.26+0.17
SO4* (ug/m3) 1.78+0.25 6.82+2.99 3.79+1.51 1.69+0.34 5.77+3.08 2.61+0.99
NO;™ (ng/m?) 0.59+0.12 5.63+£3.61 090+0.56 0.86+0.20 6.14+458 0.85+0.39
Na*™ (ug/m?) 0.01+0.02 0.02+0.04 0.03£0.04 - 0.01+£0.02 0.05+0.08
NHs" (ug/m’)  0.89+022 427+197 1.69+081 0.54+027 3.59+2.10 1.10+0.49
K* (ng/m?) 042+061 0.57+£027 030+£0.10 0.26+0.22 0414+022 0.20+0.09
Mg (ug/m’®)  0.02+0.003 0.08+0.04 0.04=0.02 06050§ 0.12+0.12  0.04+0.01
Ca?" (ug/m?) 026+0.06 1.20+0.35 0.32+0.20 0.81+0.21 1.81+£0.66 0.35+£0.16
Total ion
concentration 438+1.16 19.7+9.13 734+2.75 4.69+1.25 19.0+10.8 547+1.70
(ng/m’)

Values are written as Average concentration + Standard deviation
6.3.2.2 UFPs

Due to the limitation of sampling devices, indoor and outdoor UFPs were sampled in the
summer of 2021 (July 9 — 24). The total concentration of UFPs at RI was 3.53 + 0.84 pug/m°,
higher than at RO of 2.93 + 0.59 pg/m®. OC and EC concentrations in UFPs at RI were 2.65
+£0.70 pg/m3and 0.51 £ 0.20 pg/m’, respectively. Meanwhile, the OC and EC concentrations
in UFPs at RO were 2.04 + 0.45 pg/m’and 0.47 = 0.15 pug/m?, respectively, which were
slightly lower than at RI. The higher OC concentration in UFPs at RI may be the result of
burning incense in the indoor environment. In contrast, the total ion concentration in UFPs
at RI was 0.38 = 0.09 pg/m?, slightly lower than that in UFPs at RO (0.42 £ 0.10 pg/m?).
The SNA concentration at RO was higher than at RI. It may be explained by the effect of
photochemical reactions, which impact outdoor UFPs more than indoor UFPs. Meanwhile,
the higher concentration of chloride and potassium ions, which are used as biomass burning
markers, in indoor samples indicates the impact of incense burning.

Daily /O ratios for the total concentration of measured components in UFPs follow a similar
trend of FPs in these sampling sites, which is higher than 1.0 and significantly increase
during the incense burning days (Figure 6.5). The average 1/O ratio was 1.22 (range 0.81 —
2.01) indicating the contribution of indoor emission sources. The highest I/O ratio was found
during the incense burning day (I/O ratio ~ 2.05).
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Table 6.4 Carbonaceous and ionic concentrations in UFPs at RI and RO

UFPs at RI

UFPs at RO

Summer 2021 (n = 16)

Summer 2021 (n = 16)

OC (pg/m®) 2.65+0.70 2.04 +0.45
EC (ng/m?) 0.51+0.20 0.47 +0.15
WSOC (pg/m?) 0.93+0.32 0.83+0.15
WIOC(pg/m?) 1.72 + 0.40 1.21 +0.34
CI" (ng/m?) 0.012 + 0.005 0.009 + 0.004
SO4* (ug/m?) 0.12 £ 0.04 0.16 £ 0.05
NO;™ (pg/m?) 0.08 + 0.003 0.09 + 0.04
Na“ (ug/m?) - -
NH4" (ug/m?) 0.09 £ 0.04 0.09 + 0.04
K' (ng/m?) 0.004 + 0.009 -
Mg®" (ug/m’) - -
Ca*" (ug/m®) 0.07 +£0.02 0.08 + 0.04
Total concentration (ug/m?3) 3.53+0.84 2.93 £0.59
Values are written as Average concentration + Standard deviation
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6.3.3 UFPs at Al

The total concentrations of analyzed components in UFPs were highest in winter, followed
by WTP and summer. The UFPs concentrations at Al were slightly higher than at AS, as
mentioned in Section 5.3.2 (Figure 6.6). The concentration of carbonaceous compounds was
also slightly higher in the indoor UFPs. However, the FPs recorded by the sensor showed

63

Figure 6.5 1/0 ratio for UFPs at the residential house



that the FPs concentration at Al was significantly lower than at AS. This result may be
explained by the difference in the characteristic of UFPs. UFPs can penetrate the room by
infiltration through the gaps or cracks, which may be easier than particles in the fine-size
range. It should be noted that there were no human activities at Al except the sampling
activity. However, both UFPs and FPs samples are expected to conduct in future studies to
clarify the impact of infiltration on the concentration and composition of UFPs and FPs
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Figure 6.6 The total UFPs concentration at AI and AS

6.4 Conclusion

The real-time PM> 5 concentrations were highest in winter, followed by WTP, STP, and
summer. The real-time showed a good correlation with the PM2 5 concentrations measured
by BAM. Both data illustrated a similar variation trend of PM2 5 concentrations.

The real-time PM2s levels at RI were higher than at Al in both summer and winter,
suggesting the contribution of indoor emissions such as cooking activities or incense
burning, while there was no human activity in an unused classroom at Al

The total concentration of analyzed compounds in FPs at RI was higher than at RO, and in
winter than in summer. The concentration of FPs in winter was approximately twofold higher
than in summer. This result may be due to the adverse weather conditions (low mixing height
layer, and less rain), which led to the accumulation of air pollutants and hinder the dilution.

The variation of indoor and outdoor UFPs was similar in this study. It may be explained by
the air circulation between indoor and outdoor environments. In contrast, the FPs
concentration between the two sampling periods in the summer of 2020 and 2021 were
insignificant fluctuations in both indoor and outdoor samples, indicating stable emissions of
particles in the sampling sites.

The average 1/O ratio in FPs was greater than 1.0 (1.13 — 1.45), suggesting the contribution
of indoor sources such as cooking or incense burning. The variation of the I/O ratio was
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insignificant between the summer and winter periods, while the daily I/O ratio variation
shows the influence of indoor emission sources.

The sharp increase in the SNA concentration suggests the contribution of secondary
particles. However, the variation of the total ion concentration between the two sampling
sites was minor. More significant daily variation of ions in outdoor FPs was observed
compared to the indoor samples. It may be because of secondary particles under adverse
weather conditions, which impact outdoor FPs more than indoor FPs.

Similar to the FPs concentration, the higher UFPs concentration was found in indoor
samples. The higher OC concentration in UFPs at RI was due to the incense burning, while
the ion concentration was slightly lower in UFPs at RI, particularly SNA species. It may be
explained by the effect of photochemical reactions, which impact outdoor UFPs more than
indoor UFPs. Daily I/O ratios in UFPs follow a similar trend of FPs variation, which is higher
than 1.0 and significantly increases due to incense burning.

The total concentrations of UFPs at Al were highest in winter, followed by WTP and
summer. However, the FPs recorded by the sensor at the same sampling site show that the
FPs concentration at Al was significantly lower than at AS. This result may be due to the
difference in the characteristic of UFPs. However, both UFPs and FPs samples are expected
to conduct in future studies to clarify the impact of infiltration on the concentration and
composition of UFPs and FPs.
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Chapter 7

Conclusions and recommendations
7.1 Conclusions

In this study, UFPs and FPs were collected in different locations in Hanoi, Vietnam,
including the roadside, ambient, and indoor environment. Monitoring was conducted in
different seasons according to the variation of the weather conditions from 2020 to 2021.
The chemical compositions (carbonaceous and ionic compounds) of particles were analyzed
to investigate the characteristics of particles and the contribution of different emission
sources to particle concentrations. The real-time data of FPs, temperature, and humidity were
recorded to get an overview of the daily and seasonal variation of FPs concentrations in
different locations. This is the first study that monitored the indoor and outdoor UFPs, FPs
in a residential house with normal human activities and in a school environment without
human activity. Furthermore, this is also a pioneer study that conducted the roadside UFPs
samples in Hanoi and the possibility of particle growth from the ultrafine to fine-size range
particles. Based on the results, the following conclusions can be drawn:

- The good correlation between AH and particle components was found in this study, while
the relationship between RH and particle components was not observed. It may be due
to the very high RH (>85%) and rainy conditions that occur in summer in the study
region. The strong correlations between AH and other components during summer might
be related to secondary transformation processes involving water molecules, regardless
of temperature. Therefore, it is necessary to consider the particle formation via water
molecules that can occur in highly contaminated areas under high humidity conditions.
A different influence of AH on the WSOC concentration was found in FPs and UFPs.

- The higher concentration of carbonaceous components, higher EC fraction, and the lower
OC/EC ratio in UFPs at RS indicate that the effect of the primary emissions such as
vehicular exhausts might be more substantial than that at AS. The mean ratio of NO3-
/SOA42- in UFPs at RS was higher than that at AS, suggesting the higher contribution of
traffic emissions. A significantly higher concentration of calcium ions was found during
summer, which might be due to the construction site near the sampling point. The higher
concentration of calcium ions at the roadside may reflect the impact of road dust
emissions.

- The UFPs and FPs concentrations at AS increased from summer to winter and dropped
in the transitional period from winter to summer. The stable weather conditions (low
mixing height, and low precipitation) may allow the accumulation of air pollutants,
leading to higher concentrations of both particle sizes during winter. However, the
different order of the UFPs and FPs concentrations is probably due to secondary
processes, which formed FPs under drizzle-like conditions associated with high humidity
during the WTP sampling.

- The relationship between particle compositions in UFPs at the RS and FPs at the AS
indicates the possibility of particle growth from the ultra- to the fine-size range. It may
be crucial to explain the secondary emission sources and the chemical compositions and
size distribution of particles in different sampling locations.
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7.2

- The higher real-time FPs concentrations were found in the residential house with
human activity (cooking, incense burning, cleaning, etc.). In contrast, lower FPs
levels were found in the unused classroom in the school environment. The real-time
data also show the highest concentration of FPs in winter, followed by WTP, STP,
and summer. This result was consistent with the FPs concentrations measured by
BAM from the US Embassy and the total concentration of all analyzed components
in this study.

- The total concentration of analyzed compounds in FPs at RI was higher than at RO,
and in winter than in summer. A similar variation was found in the indoor and
outdoor UFPs, which was higher in the indoor samples. The I/O ratio was greater
than 1.0 for both UFPs and FPs, suggesting the contribution of indoor sources such
as cooking and incense burning. The similar variation of indoor and outdoor FPs
indicates the air circulation between indoor and outdoor environments in the
residential house.

Recommendations

The findings of this study contribute to the understanding of particle compositions in
different size ranges and the characteristics of particles in multiple locations. This is a
pioneer study to get an overview of particle composition in the urban areas in Vietnam,
which may be vital to assess the human health effects and significantly contribute to the
decision-making in air pollution control measures in Vietnam. However, some
recommendations are expected to fill up as follows:

A longer sampling period is expected to conduct in future studies, e.g., one month
continuously for each season or one full year should be done to acquire comprehensive
data on the variation of particle chemical composition and concentration.

More than two sampling locations and the different determined distances from the traffic
emission source should be conducted to investigate the effect of vehicular exhaust and
its contribution to the particle in different size ranges in the ambient air.

More types of residential houses (e.g., apartments or private houses with different
numbers of rooms or residents) should be included to evaluate the contribution of indoor
and outdoor emission sources.

PAHs should be analyzed in the indoor and ambient samples to clarify the effects of
traffic-related emissions on particles. It is also crucial to evaluate the human health
impacts.

Both UFPs and FPs should be monitored at the same time in the indoor and outdoor
environments for determining the effect of infiltration and ventilation of particles and
investigating the difference in characteristics of particles in different size ranges.

The particle number concentration should be included together with the chemical
characteristics to get a comprehensive understanding of size distribution and its chemical
composition in different environments, such as indoor, outdoor, or near roadways
environments.
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Other chemical compounds, such as trace elements should be included to get
comprehensive data on chemical compounds in particles.

Impact of meteorological parameters, such as solar radiation or wind direction should be

further clarified to get insights into weather conditions on particle characteristics and
concentrations.
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